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Sazetak

SAZETAK

MEHANOKEMIJSKE STRATEGIJE ZA SINTEZU | MODIFIKACIJU
FUNKCIONALNIH METALO-ORGANSKIH MREZA

Valentina Martinez
Institut Ruder Boskovié, Bijenicka cesta 54, 10000 Zagreb

Metalo-organske mreze (MOF) medu najistrazivanim Su poroznim materijalima zbog
prilagodljivosti njihovih fizikalno-kemijskih svojstava kroz modifikacije u strukturi i Sirokog
potencijala primjene. Mehanokemijska sinteza MOF-ova odrziva je i Cesto nadmocnija
alternativa otopinskoj sintezi MOF-ova. Stoga je cilj ovog rada bio unaprijediti
mehanokemijske strategije sinteze i modifikacije MOF-ova kao i njihovih nekonvencionalnih
derivata, koriStenjem dvije dobro istrazene grupe MOF-ova, ZIF-8 i MOF-74. To je uklju¢ivalo
razvoj kontrolirane mehanokemijske sintetske strategije za enkapsulaciju funkcionalnih gostiju
u MOF-ove, koriste¢i enkapsulaciju Buckminsterfullerena u ZIF-8 kao modelni sustav.
Nadalje, istrazivana je priprema Kristalnih i amorfnih faza multivarijantnih MOF-ova,
bimetalnih cink-bakarnih MOF-74 materijala razli¢itim sintetskim putevima, ukljucujuci
mehanokemijsku amorfizaciju. Rezultati su pokazali da odabir odgovarajuce sintetske strategije

znacajno utjece na fizikalna i kemijska svojstva te na mogucu primjenu istrazenih MOF-ova.

Kljuéne rijeci: amorfizacija/ enkapsulacija/ funkcionalni materijali/ mehanokemija/
multivarijantni MOF







Abstract

ABSTRACT

MECHANOCHEMICAL STRATEGIES FOR SYNTHESIS AND MODIFICATION
OF FUNCTIONAL METAL-ORGANIC FRAMEWORKS

Valentina Martinez
Ruder Boskovi¢ Institute, Bijenicka cesta 54, 10000 Zagreb

Metal-organic frameworks (MOF) are among the most researched porous materials due to the
tunability of their physico-chemical properties through structural changes and broad application
potential. Mechanochemical MOF synthesis is a sustainable and often superior alternative to
solution MOF synthesis. Therefore, this work aimed to advance mechanochemical strategies
for the synthesis and modification of MOFs and their unconventional derivatives by using two
well-investigated MOF classes, ZIF-8 and MOF-74. It involved the development of the
controllable mechanochemical synthetic strategy for the encapsulation of functional guests into
MOFs, using the encapsulation of Buckminsterfullerene into ZIF-8 as a model system.
Moreover, it explored the preparation of both crystalline and amorphous phases of multivariate
MOFs, bimetallic zinc-copper MOF-74 materials through diverse synthetic pathways, including
mechanochemical amorphisation. The results have demonstrated that the selection of an
appropriate synthetic strategy significantly affects the physical and chemical characteristics and

the possible applications of explored MOFs.

Keywords: amorphisation/ encapsulation/ functional materials/ mechanochemistry/
multivariate MOF/
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Introduction

§1. INTRODUCTION

Mechanochemistry is an interdisciplinary field of science that studies chemical reactions
initiated by mechanical forces, typically through shearing, stretching, and grinding, thus
generating reactive sites. With its roots in ancient times, mechanochemistry has evolved into
an indispensable tool for modern synthetic chemists in less than thirty years. Its ability to
overcome the limitations of traditional solvent-based synthesis methods, coupled with
technological advancements, has broadened its applicability and efficiency in the synthesis of
novel materials.! Mechanochemical synthesis has proven its value for preparing porous
materials, such as zeolites, porous carbons, metal-organic frameworks (MOFs), and others. In
the last 20 years, it has advanced notably in the field of metal-organic frameworks (MOFs), a
class of materials that offer a unique combination of properties. MOFs are assembled of metal
and organic components, termed nodes and linkers. Metal nodes are cations or complex metal-
oxo clusters, while linkers are typically mono-, di-, tri-, or tetravalent organic molecules that
bridge metal nodes. Due to their permanent porosity, design possibilities through metal
coordination preferences, organic linker size, geometry, and connectivity, and due to vast and
diverse application potential, MOFs are widely studied.? In 2019, IUPAC included metal-
organic frameworks and mechanochemistry in the Top Ten Emerging Technologies in
Chemistry, with the potential to make our planet more sustainable.?

Generally, MOFs are synthesised using the solvothermal method. However, this method
presents several challenges. Typically, it requires high boiling point solvents and heating to
high temperatures (120 °C) for extended periods, ranging from 12 hours to several days.* The
high temperatures needed in the solvothermal synthesis are energy-consuming. Moreover, the
metal precursor and organic linker must be relatively soluble when the mixture reaches the
target temperature, which limits the choice of metal precursors to more soluble and potentially
corrosive salts. The reaction temperature, time, solvent, reagent concentration, pH, and nature
of the precursors are all parameters that can be systematically varied, and these variations can
affect the topology, crystal size, and phase composition of the resulting MOF. Achieving the
desired topology, size, and phase control is not straightforward. Alternative methods, such as
mechanochemical synthesis, are emerging as promising alternatives to the solvothermal

synthesis of MOFs. These methods address some of the challenges associated with the
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solvothermal method and offer new possibilities for better control over the topology, size, and
phase composition of MOFs.®

This dissertation explores the potential of mechanochemical synthesis and transformation
of functional metal-organic frameworks with the ability to exhibit distinct properties potentially
useful for numerous applications. To achieve this, it explores two archetypical MOF classes,
ZIFs and MOF-74. Zeolitic-imidazolate frameworks (ZIFs) are a subclass of metal-organic
frameworks that bear a structural resemblance to zeolites. They are composed of metal ions (M)
with tetrahedral coordination, typically Zn(I1) or Co(ll), coordinated to nitrogen atoms from
imidazolate linkers. The similarity between ZIFs and zeolites is attributed to the M-Im-M angle
of 145°, which closely approximates the Si-O-Si angle commonly observed in zeolites®
Zeolitic-imidazolate frameworks of sodalite topology, namely ZIF-8, are characterised by large
pores with small openings. They are suitable for encapsulating and immobilising various
functional guests, bringing new functionalities to ZIFs. Guest encapsulation in solvent-based
approaches has challenges and lacks control.” Thus, this dissertation aims to develop a
mechanochemical strategy for controlled guest molecule encapsulation into ZIF-8 and to
determine the effect of the encapsulated guests on ZIF-8 properties. Furthermore, it explores
the MOF-74 family, that is, MOFs constructed from 2,5-dihydroxyterephthalic acid and the
various divalent metal cations, typically transition or alkaline-earth metal cations. MOF-74
frameworks is characterised by hexagonal channel pores that extend along the crystallographic
axis ¢ and contain open metal sites at their corners. These unsaturated metal coordination sites
act as Lewis acidic centres that can strongly interact with incoming molecules, making them
suitable for storage and catalytic applications.®1° This work examines the effect of heterometal
or defect introduction into the MOF-74 structure on their properties and applicability. Including
heterometals in the framework creates a new chemical environment due to the synergistic action
of metals, and these new features open new application opportunities. Main synthetic strategies
again rely on mechanochemistry as solvent-based approaches are generally inefficient, metal
type dependent, and result in inhomogeneous metal distribution.!

It is hypothesised that the guest molecules’ encapsulation by mechanochemistry can be
controlled and that the encapsulated guests will improve the properties of ZIF-8. Equally
important, it is hypothesised that the properties of bimetallic MOF-74 materials should differ
depending on the mechanochemical synthetic route used. Among the routes, amorphisation, a
mechanochemical transformation, is hypothesised to give amorphous MOF-74 materials with
improved properties compared to crystalline ones.
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§ 2. STATE OF THE ART

2.1. Mechanochemistry

2.1.1. The evolution of mechanochemistry

Mechanochemistry is a branch of chemistry that studies physico-chemical transformations
initiated by mechanical energy generated by mechanical stress compression, extrusion,
shearing, and friction, among others. A material subjected to mechanical treatment can undergo
significant geometric and electronic distortions at the molecular or atomic level. Mechanical
stimuli cause chemical species within the material to approach each other at high velocities,
which can ultimately lead to the formation of covalent bonds. In other instances, this force can
influence intermolecular non-covalent interactions or cause structural defects, which can
modify crystal packing and alter the physico-chemical properties of the bulk material.*? These
transformations occur either without solvents or with minimal amounts of solvents. Therefore,
mechanochemical methods are more sustainable and efficient than the classical solution
methods as they do not depend on the reactants’ and products’ solubility in often harmful
solvents needed for solution syntheses. This also enables using reactants in a stoichiometrical
ratio rather than in excess.™® All of this makes them more efficient.

The first documented use of mechanochemistry dates to ca. 300 BC. In the short booklet
titled “On Stones”, Theophrastus of Eresus described the reduction of cinnabar (HgS) to
mercury by grinding with a small amount of vinegar in copper mortar. In the next 2000 years,
milling and grinding have been used to process minerals, grains, and medicine and prepare
chemicals for further processing. In his early papers from 1820, M. Faraday termed the method
a “dry way” of reaction induction. His and other references to the technique suggest that it was
common knowledge that grinding in a mortar can occasionally introduce some chemical action
between solids. However, there has been no extensive study on the chemical effects of
mechanical action. Mechanochemistry slowly began to gain recognition in the 1880s when W.
Spring established geological mechanochemistry. Following that, in the 1890s, M. Carey Lea
carried out the first systematic studies on the chemical effect of mechanical action, and A.R.
Ling and J. L. Baker researched mechanochemical reactions in organic systems. Their work
marked the beginning of systematic research in mechanochemistry. Then, in 1919, Ostwald
officially recognised mechanochemistry as a separate branch of chemistry by including it in his

chemical systematics alongside photochemistry, thermochemistry, and electrochemistry.
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The development of lab-scale mills and related technological advancements have played a
crucial role in facilitating the broader implementation of mechanochemistry. Initially,
mechanochemical research primarily focused on minerals, inorganic compounds, and
polymers. It was in the 1980s that supramolecular and organic chemistry were systematically
explored and incorporated into the field, thanks to the research of F. Toda, M. C. Etter, and W.
Jones, among others. Their work paved the way for modern mechanochemistry, which has
proven superior to solution synthesis in many ways.*3

Nowadays, it is used to prepare new organic and inorganic materials, discover new
synthetic pathways and intermediates, and produce products otherwise inaccessible by solution
methods. Mechanochemistry has the potential to offer innovative solutions across scientific
disciplines and present exciting breakthroughs in the future. In this context, mechanochemical
processing is often accompanied by direct reaction monitoring, which enables a rational
understanding of observed transformations and provides the necessary information to develop
models of mechanochemical reactivity and optimise reaction conditions.!**® Furthermore,
newly developed experimental setups combine mechanochemistry with other energy sources,

including heat, light, sound, and electrical impulses, further advancing the field.*
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2.1.2. An overview of mechanochemical equipment and techniques

Mechanochemical processes involve a range of variables, both external and internal. External
variables are related to the physical setup of the mechanochemical process. They include the
type of milling equipment used (e.g., mortar and pestle, mixer mill, planetary mill, twin-screw
extruder), the composition and size of the milling vessel (e.g., polymethylmethacrylate,
stainless steel, zirconia oxide, Teflon), the characteristics of the grinding balls (composition,
size and number of balls amongst others), and the duration and frequency of milling. (Figure 1)
The researcher can control and adjust these variables to optimise the process. They can use
batch or continuous mechanochemical approaches depending on the specific needs. The batch
processes include mortar-and-pestle grinding and milling in various mills, such as mixer,
planetary, eccentric, and Simoloyer mills. The resulting batch sizes can range from milligrams
for a mixer mill to kilograms for a Simoloyer mill.

Conversely, a continuous process utilising a single- or twin-screw extruder allows for
multiple throughputs, from gmin™' to kg min*, without requiring the equipment to scale up
with the amounts of the material that can be processed. In addition, resonant acoustic mixing is
a novel upscaling mechanochemical technology based on agitation that eliminates the need for
milling media, such as balls. While not a new technology per se, resonant acoustic mixing is a

valuable new addition to mechanochemistry.®

Figure 1. Standard equipment used for mechanochemical reactions. Left to right: mortar and
pestle; mixer mill with milling vessels (Teflon, stainless steel, PMMA) and balls

(ZrOy, stainless steel); planetary mill with stainless steel milling vessel; twin-screw extruder.
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Internal variables are inherent to the chemical environment and the reagents used. These
variables are typically dictated by the nature of the materials being processed and the specific
reactions taking place. They include the solid-state structure of the reagents or the use of
additives, which will be further discussed below.'” Neat grinding (NG) represents the most
rudimentary form of mechanochemical synthesis, in which solid reactants undergo grinding
without any solvent. This dry grinding is commonly used to avoid solvent coordination and
insertion or solvate formation, but it can often result in incomplete reactions or amorphisation
of the product. The other commonly used form of grinding that solves these issues is liquid-
assisted grinding (LAG). It uses a minimal quantity of liquid during the grinding process, and
this liquid serves dual purposes: it functions as a lubricant and can also participate directly in
the reactions, influencing the reaction pathway and product distribution.’® The defining
parameter for LAG is 7, which represents the ratio of the volume of liquid (in uL) to the
combined weights of the solid reactants (in mg). This parameter was first explored for cocrystal
synthesis®® but has also proved applicable for other systems with slight »-scale modifications.’
Figure 2.a illustrates a parameter # scale suitable for most explored systems.

In addition to neat and liquid-assisted grinding, variations of mechanochemical grinding
exist that involve additives other than solvents, some of which are displayed in Figure 2.b.
Appropriate additives can enhance both reaction selectivity and product quality. Others can
slow down or prevent specific chemical reactions. Additives have a complex role in a system,
even when added in small amounts. They can stabilise certain solid forms, enhance particle
diffusion and partial dissolution of reactants, and activate specific reactions. One such method
is ion- and liquid-assisted grinding (ILAG), where a liquid and an ionic compound are added
to the grinding process. These additives are usually used to promote the dissolution of solid
reactants, creating a homogeneous reaction mixture, which enhances the reactivity of the
reactants and thus improves the efficiency of the grinding process. It is worth noting that these
grinding forms can be integrated so that the reaction initiates as neat-grinding, and additives are
added after the initial pre-milling.2%%

Two less common mechanochemical grinding forms are seeding-assisted grinding (SEAG)
and polymer-assisted grinding (POLAG). SEAG involves grinding in the presence of seed
crystals of the desired product polymorph to obtain the desired polymorph of a compound.?2
Grinding with macromolecules, such as polyethylene glycol polymers (PEGSs), as solid or liquid
additives in POLAG provides advantages over conventional liquid-assisted grinding. It
eliminates the risk of undesirable solvate formation while also allowing control of the resulting

particle size or high yield for some specific organic reactions.?>-28
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Figure 2 a) Scale of parameter 7, which represents the ratio of the volume of liquid (in pL) to
the combined weights of the solid reactants (in mg) and defines LAG. b) Various forms of
mechanochemical grinding (NG - neat grinding, LAG - liquid-assisted grinding, ILAG - ion-
and liquid-assisted grinding, SEAG seeding-assisted grinding, POLAG polymer-assisted
grinding)

Real-time in-situ monitoring methods are another significant advancement in modern-day
mechanochemistry.?” They are crucial in providing insights into the kinetics and mechanisms
of mechanochemical reactions. Among these methods, synchrotron X-ray diffraction and
Raman spectroscopy have proven effective in detecting reaction intermediates, metastable
phases, and compounds that may change at ambient conditions of ex-situ measurement and for
determining kinetic models. The measurements are conducted in excellent time resolution (e.g.,
ten scans per second), thereby enabling the kinetics of mechanochemical reactions to be

determined accurately without interrupting or perturbing the chemical processes. 4%
Combinations of miscellaneous energy sources with mechanochemistry also show
significant potential, with heat and light currently being the most explored. The rate of a
mechanochemical reaction, the formation of products, and the overall efficiency of the process
can be significantly influenced by variations in temperature.?®-*° Temperature monitoring is a
crucial aspect of many chemical processes that involve controlled heating. It ensures that the
temperature remains within acceptable limits so that the process proceeds as intended.
However, heat may sometimes be generated due to exothermic reactions or friction and
mechanical action. In such situations, temperature monitoring helps to obtain information about
7
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the nature of the reaction. Light can drive reactions by creating radical or excited-state species.
Therefore, a combination of mechanical- and photo-activation can provide new synthetic
possibilities. However, specific prerequisites must be met. The milling vessel must be
transparent to the incident light source, and the appropriate light source must be chosen
according to its intended use. In this context, irradiation with ultraviolet light is still challenging
due to the opaque materials commonly used for milling jars.3! In contrast, the situation with
visible light is much simpler because many materials suitable for milling jars are transparent in
this wavelength range. Photo-mechanochemistry can speed up reaction times, reduce the
amount of catalyst required,® or even eliminate the need for a catalyst.* With continued
research and development, thermo- and photo-mechanochemistry can transform synthetic

chemistry and lead to new and impactful discoveries.
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2.2. Advancements in MOF mechanochemistry

2.2.1. The emergence of mechanochemistry in MOF synthesis

Conventional solvothermal MOF synthesis involves mixing a metal salt with a multitopic
organic linker in a high boiling point solvent (e.g., N, N-diethylformamide (DEF), N, N-
dimethylformamide (DMF), dimethylsulfoxide, (DMSO)). The mixture is then heated, typically
for 12 to 48 hours, with the prerequisite that the precursors are at least slightly soluble at the
target temperature. This type of MOF synthesis can be susceptible to synthesis conditions and
precursor changes, so reproducibility requires profuse optimisation.* Unlike solution-based
methods, which predominantly use excess precursors and vast amounts of solvent to produce
sub-gram quantities of MOF, mechanochemistry uses precursors in stoichiometric ratios and
avoids large amounts of solvent, thus preventing waste. Therefore, it is not surprising that
following the first report on the use of mechanochemistry in MOF preparation in 2006, the
field of MOF mechanochemistry evolved and grew.

In the following sections, some significant advancements in MOF mechanochemistry will
be discussed. The scope of metal precursors used for MOF preparation is expanding to more
sustainable options such as metal oxides and carbonates. This is possible because
mechanochemistry does not require bulk solvent, which means that reactions can occur
irrespective of the solubility of starting materials. Furthermore, LAG and ILAG techniques
showed great value in MOF synthesis. These techniques typically improve the reactivity and
yield of some reactions and accelerate the others. Specifically, in MOF synthesis, the liquid or
ionic additive can direct a reaction to a specific MOF polymorph. In recent years, the use of
direct time-resolved in-situ reaction monitoring has brought about a significant transformation
to the field of mechanochemistry. Through the implementation of time-resolved in-situ
techniques for reaction monitoring, we have gained a better understanding of MOF formation
and have been able to optimise some reactions. This approach has also allowed us to identify
reaction intermediates not previously observed by conventional solution synthesis. Due to the
increasing complexity of their composition and properties, new strategies for synthesising
MOFs are constantly being developed. Mechanochemistry offers a sustainable and rapid
approach to MOF preparation, allowing for precise control of the chemical composition within
the framework and, together with reaction monitoring methods, provides new insights into the

framework formation process.®
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2.2.2. Grinding with benign metal precursors and milling additives

Remarkable advances in the mechanochemistry of MOFs have been achieved thanks to their
capability to employ metal oxides, hydroxides, and other metal precursors of low solubility in
MOF preparation. The merit of utilising such materials is that they usually produce water as the
reaction’s only byproduct, making it environmentally friendly and atom-efficient. Besides that,
water originating from hydrate salts or as a byproduct of said reaction can enhance the reaction
rate and crystallinity in solvent-free reactions. At an early stage of MOF mechanochemistry,
zinc oxide (ZnQO) was recognised as a valuable compound among the metal oxides. As such, it
has been used to synthesise various coordination polymers and MOFs.20%% Recently, Thorne
et al. investigated the efficiency of different ZIF-62 synthesis routes. Their study of ZIF-62
synthesis showed the supremacy of the mechanochemical synthetic route over the solvothermal
one in terms of atom economy. The mechanochemical route that used ZnO and appropriate
organic linkers displayed a high atom economy of 92.2%. In comparison, the solvothermal route
had an atom economy of 2.2% owing to the vast excess of the used organic linker.%’

Not every mechanochemical reaction can be initiated in solvent-free conditions; thus, the
field of preparative mechanochemistry flourished substantially in the early 2000s with the
introduction of liquid (solvents) and solid (ionic salts) additives into mechanochemical
procedures. This extended to MOF mechanochemistry as well. Two strategies, LAG with liquid
additives and ILAG with liquid and ionic additives combine acid-base reactions and self-
assembly to facilitate the framework construction. Further investigations have shown that the
choice of liquid and ionic additive can determine the type of MOF product.

Using different liquid additives, Yuan et al. constructed three different MOFs from the
same ZnO and 1,4-benzene dicarboxylic acid mixture (Figure 3.a). Water as a liquid additive
gave one-dimensional [Zn(bdc)(H20).], DMF gave two-dimensional [Zn(bdc)(H20)]-DMF,
and methanol (MeOH) gave three-dimensional [Zn(bdc)(H20)] material.® Similarly,
Karadeniz et al. demonstrated that depending on the use of a liquid additive (MeOH, DMF or
DEF) and a zirconium precursor (Zre or Zri> oxo-cluster), milling can selectively produce
polymorphic porphyrinic zirconium MOFs, MOF-525 or PCN-223 MOF. (Figure 3.b). While
polar protic liquid additive MeOH enabled the formation of MOF-525, polar aprotic liquid
additives DMF and DEF facilitated the formation of PCN-223. Notably, the solution-based
synthesis of these materials did not exhibit such solvent-dependent selectivity.3®
nitrates (NaNOs, NHsNO3, KNO3) and sulphates (Na2SOs, (NH4)2S0a4, K2SOs4) salts, on the

final topology of a pillared MOF [Zn2(bdc)2(DABCO)] (Figure 3.c). They observed that nitrate
10
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additives governed the reaction toward cubic MOF topology, while sulphate additives favoured
the formation of a hexagonal MOF topology.?’ This impact of ionic additives was further
explored on other MOFs, including ZIFs. Beldon et al. reported that ammonium salts as ionic
additives directed the mechanochemical MOF formation toward three different MOF
topologies with varying porosities: rho topology with (NH4)2SOa, gtz topology with NHsNO3
g and ana topology with NH4CH3SOs3 (Figure 3.d).*® All of the above examples demonstrate

the versatility of mechanochemical reactions while maintaining sustainability.

LAG

HOOC
ZnO+ H,bdc O\COOH

Zrg cluster
H,0 DMF MeOH
| DMF
Zn(bdc)(H,0),  Zn(bdc)(H,0)-DMF  Zn(bdc)(H,0) DEF MeOH
PCN-223 MOF-525
ILAG
N
c d
) [8 j HOOG ‘ =\
N \©\ N NH
ZnO + DABCO+ H,bdc COOH Zno + 2-Etim J’
. A
SO; DMF

(NH,),S0, NH,NO;  NH,CH,S0,

cubic hexagonal rho-Zn(Etim), qtz-Zn(Etim), ana-Zn(Etim),
Zn,(bdc),(DABCO) Zn,(bdc),(DABCO)

Figure 3 Diversity of metal-organic frameworks (MOFs) achieved through different

liquid(a, b) or ionic (c, d) additives.
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2.2.3. Time-resolved in-situ monitoring of mechanochemical reactions

As described in the following paragraphs, the introduction of real-time in-situ reaction
monitoring techniques has significantly improved the understanding of mechanochemical
processes and provided valuable insight into the mechanisms of MOF formation. Here, high-
energy synchrotron X-rays pass through the reaction vessel, diffracting on the present materials
and allowing for uninterrupted monitoring of dynamic crystalline phase changes with the
resolution in seconds (Figure 4.a).1* Real-time reaction monitoring enabled the discovery of
simple, intermediate phases, such as discrete or polymeric metal—organic complexes,*
intermediate phases of MOF transformation,** and others. Also, it gave insight into reaction
progress depending on the solvent or the milling duration.*® Usually, a more prolonged milling
leads solely to better conversion. Still, in some cases, it can affect MOF type by reducing the
porosity and crystallinity of the MOF, giving more dense or amorphous phases.®

frameworks. Their study examined how the type and quantity of liquid or ionic additive (solvent
and salt additive) affect the formation of different Zn(HIm)2, Zn(Melm)z, and Zn(Etim).
phases.*? The research yielded several interesting findings. In the case of the HIm reaction with
ZnO, salt additives accelerated product formation and increased yield, and different solvent
additives stabilised different Zn(HIm)2 topologies (zni, ZIF-4, ZIF-6). At the same time, NG
resulted in a non-porous polymer. The study also demonstrated the importance of ionic
additives (simple ammonium salts) for the rapid completion of the ZIF-8 (Zn(Melm),)
synthesis. Moreover, the synthesis of Zn(Etim). following the rho—ana—qtz topologies
transformation can be influenced by both ionic and liquid additives, with no reaction occurring
with additive-free LAG or NG. The salt and solvent additive type affects the phase
transformation rate and stabilises a specific topology.

Katsenis et al. made a fascinating observation while monitoring the mechanochemical
synthesis of ZIF-8 using synchrotron in-situ powder X-ray diffraction. They noticed that after
the preparation of ZIF-8 sod-polymorph, further milling led to amorphisation. Following that,
an unexpected recrystallisation occurred. In repeated experiments, recrystallisation led either to
previously unreported kat polymorph and subsequently to non-porous dia polymorph or went
directly to dia. These observations suggest that the mechanochemical process ends in a
thermodynamically more stable phase.** (Figure 4.b) A similar thing was observed with the
previously mentioned porphyrinic zirconium MOFs, where prolonged milling converted MOF-
525 to a more thermodynamically stable PCN-223 phase.

12
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In another instance, Beamish-Cook et al. used synchrotron in-situ powder X-ray diffraction
to investigate the mechanism of mechanochemical synthesis of the Zn-MOF-74, which led to
the identification of four reaction intermediates.*® It displayed how mechanochemical synthesis
can be complex, and parameters must be closely monitored and optimised to ensure the desired
outcome. In this case, DMF as a liquid additive governs the reaction through a mechanism
different from the previously reported for the analogous mechanochemical synthesis of Zn-
MOF-74 with water as a liquid additive (Figure 4.c). This once again confirmed the significance

of the careful selection of liquid additives depending on the desired outcome.*°
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Figure 4 In-situ synchrotron XRD monitoring a) Setup for mechanochemical reactions, with
an example of time-resolved diffractograms illustrating the reactants-to-products phase
transformation. b) The sequence of solid-state transformations observed in the LAG (2.5 mol
dm acetic acid) reaction of ZnO and 2-Melm (1:2 ratio) in ref 41. c) Illustration of the
observed phase evolution during the mechanochemical reaction between ZnO and HsDHTA
(2:1ratio) in the presence of DMF (ref 43) or H20 (ref 40) liquid additives. Displayed structures
were acquired from CCDC,* and their refcodes are shown in the figure. Hydrogen atoms are
omitted for clarity.
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2.2.4. Multivariate MOFs (4th generation MOFs)
Another significant advancement in the mechanochemistry of MOFs came with the introduction
of functional MOFs. In the context of metal-organic frameworks, the term functional refers to
the ability of MOFs to exhibit specific properties that are useful for various applications. There
Is a constant development in the complexity of frameworks and their properties. The first-
generation MOFs had a structure that collapsed upon solvent removal. The second generation
of MOFs overcame this issue and could survive the removal of the guests, leading to a
substantial increase in the complexity of MOF chemistry and potential applications. The third
generation introduced flexible MOFs that can adapt their crystal and electronic structure in
response to the guests and the environment. The latest fourth generation brought about a notable
increase in the complexity of metal-organic frameworks, considering factors such as their
constituents, guests, and defects. This has resulted in the creation of multifunctional materials,
significantly broadening the MOF’s field of application.*®

The rise in complexity of fourth-generation MOFs is particularly evident in multivariate
MOFs, which comprise at least two distinct organic linkers or metal nodes.*® These complex
materials often display superb catalytic or selective properties compared to their homogeneous
counterparts.*’~#° While MOFs with diverse organic linkers featuring equivalent node-linker
connectivity but differing functional groups are frequently studied, those with diverse metal
nodes are significantly less explored. This can be attributed to the challenges associated with
their solution synthesis. The linker multivariance relies primarily on linkers of comparable
length that can achieve equivalent node-linker connectivity and, therefore, MOFs of
comparable structures regardless of linkers’ additional features. However, the extension of this
concept to metal nodes and the synthesis of heterometallic MOFs with structure and topology
comparable to those of analogous monometallic MOFs presents a formidable challenge. The
control of the distribution of metal with varying ionic radii, polarising power, acidity, or
coordination geometries within the framework and their respective ratios is much more
complex.®® This is arguably why linker multivariance in MOFs is often approached via direct
synthesis, while metal multivariance has necessitated the development of alternative synthetic
strategies, not necessarily solution-based ones. Mechanochemistry has proven to be a
straightforward and dependable method for heterometallic MOF synthesis.

Panda et al. have demonstrated that mechanochemical alloying can successfully be used to
produce bimetallic MOFs. They tested this method on three representative MOF groups: Al-
ndc, ZIF-8, and MOF-74. To do this, they first prepared two monometallic MOFs they planned

to mix, such as Al-ndc and Ga-ndc or Zn-MOF-74 and Co-MOF-74, then mixed them in
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different molar ratios. These mixtures were then subjected to ball milling, which caused
amorphisation. The powders were then exposed to saturated water or methanol vapour at 25°C
for three days, producing bimetallic crystalline materials with varying properties that are
isostructural to their parent MOFs. Furthermore, the researchers investigated several metal
combinations and found that bimetallic MOFs typically formed when metals of similar atomic
radii were combined. For some of the investigated MOFs, mechanical milling was the only
successful method for synthesising bimetallic MOF material, as conventional solution-based
syntheses failed to provide the crystalline bimetallic MOF material.>*

In a recent study, mechanochemistry was once again proven more effective than solution-
based syntheses. Xu et al. used mechanochemical synthesis to create a high-entropy zeolitic
imidazole framework (HE-ZIF) of sodalite topology inspired by high-entropy alloys (HEAS).
The new material consisted of five metal ions, namely Zn(1l), Co(l1), Cd(1l), Ni(Il), and Cu(ll),
coordinated to 2-methylimidazole linkers and randomly dispersed in the ZIF lattice. Even
though Cd(I1), Ni(ll), and Cu(ll) have a different usual coordination mode than Zn(ll) and
Co(Il), which are known to solely form sodalite ZIF frameworks, ZIF-8(Zn) and ZIF-67(Co),
the HE-ZIF was successfully assembled with the desired metal ratio and distribution. HE-ZIF
showed enhanced catalytic properties compared to single-metal ZIF materials or their physical
mixture, likely due to the synergistic effect of the five metal ions. On the other hand, solution
synthesis was unable to provide the HE-ZIF.5

Ayoub et al. have proposed a two-step mechanochemical synthesis strategy for fabricating
bimetallic MM’-MOF-74 materials (M, M’ — alkaline earth or divalent transition metal), which
is rational, fast, and efficient. In the first step, a simple coordination complex (M(DHTA) or
M’(DHTA)), termed intermediate, is constructed using 2,5-dihydroxyterephtalic acid (DHTA)
and corresponding metal salt (oxide, hydroxide or acetate) in a 1:1 stoichiometric ratio. In the
second step, this intermediate is combined with the corresponding metal salt to produce the
final MM’-MOF-74 material, which has a 1:1 molar ratio of the two metals.>® The concept
behind this process is known as template-directed synthesis. This approach involves using a 1D
metal-organic polymer with well-defined binding sites within its structure as a template for
incorporating a secondary metal, which converts it into an open 3D structure, metal-organic
framework.>* Interestingly, the 1D metal-organic polymer Zn(H20)2(H2.DHTA) (intermediate)
phase used in the Ayoub et al. study was first observed by Julien et al. during the in-situ
monitoring of the Zn-MOF-74 formation thus confirming the importance of reactive
intermediates in MOF mechanosynthesis.*
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Expanding the mechanochemical approach to other valuable MOFs, Thorne et al.
researched mixed metal glass-forming zeolitic imidazolate framework (ZIF-62) materials. They
discovered that the mechanosynthetic route allowed precise control over metal dopant content
and could incorporate up to 20% Co(ll) into the framework. This resulted in a melting
temperature (Tm) decrease compared to the pure Zn analogue. The findings suggest that this
discovery has the potential to broaden the operational scope of ZIF liquids.®’

This section explores heterometallic MOFs, which feature distinct metals as the primary
building blocks (metal nodes). However, it is important to highlight that this classification also
encompasses MOFs that involve supplementary metals integrated into the organic linker (such
as those found in porphyrin rings) or those that have them included in the structure in some
other capacity and have garnered increased attention in recent years.>%%

Metal-organic frameworks have proven to be excellent host matrices for encapsulating
various guest molecules. Guest encapsulation into MOFs primarily relies on solution-based
methods, which are dependent on the solubility, MOF pore size, and aperture size. However,
the main challenge associated with this approach is the limited control over the encapsulation
process, primarily stemming from the competition of guest molecules with solvent molecules
for MOF pore inhabitation.”®® Although limited attention has been devoted to the
mechanochemical preparation of guest@MOF composites, it emerged as an attractive strategy
that may facilitate the expansion of guest encapsulation to unexplored MOFs.5 ¢

Li et al. have developed a sustainable and straightforward mechanochemical approach for
encapsulating metal nanoparticles (MNPs) into MOFs.%® MNPs@MOF composites are formed
by direct mechanochemical transformation of solid metal precursor-supported MNPs hybrids
(e.g. ZnO with palladium MNPs). This approach does not require MNPs stabilising agents,
usually used in solution synthesis, and overcomes other drawbacks of solution synthesis. MNPs
in synthesised MNPs@MOFs are well-entrapped in the MOF matrices and mainly distributed
near the surface of the MOFs, which is beneficial for their catalytic selectivity and activity.
Furthermore, the MNPs@MOF composites can be easily synthesised on a gram scale,
indicating their potential for industrial applications.

In another instance, Wei et al. demonstrated the encapsulation of enzymes into MOFs using
ball milling.5! Careful tuning of pH and synthesis planning enabled the successful encapsulation
of chosen enzymes into MOFs (ZIF-8, UiO-66-NH> and MOF-74) with controlled enzyme
loading and even distribution throughout the MOF. To evaluate the efficacy of enzyme@MOF
composites, they were incubated with peptidase, demonstrating the shielding ability of MOFs,

which enabled the enzyme to retain its activity.
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Furthermore, the introduction of structural defects in metal-organic frameworks (MOFs)
can lead to the emergence of new functionalities. There are various approaches to introduce
such defects, both pre- and post-synthetically.®> However, mechanochemical defect
introduction usually results in amorphous MOFs. Amorphous MOFs usually retain their
crystalline counterparts' structural units and connectivity but lack long-range order. Their
amorphous nature presents numerous exciting possibilities for practical applications, either as
novel functional materials or as mediators of other processes.%®

Muratovi¢ et al. explored the amorphisation of MOF-74 materials. They prepared
amorphous phases of Zn-MOF-74 and Ni-MOF-74 by the mechanochemical treatment of
dehydrated Zn-MOF-74 and Ni-MOF-74. It was observed that amorphous Ni-MOF-74 displays
significantly lower bulk magnetisation compared to its crystalline counterpart due to changes
in the coordination sphere of nickel occurring upon mechanical action, resulting in the spin
crossover (fromS=1to S =0).%

Moreover, Cao et al. first explored mechanochemical amorphisation of ZIF-8, which is a
process that irreversibly transforms the crystalline to amorphous ZIF-8.%° Subsequent studies
revealed that heating the resulting amorphous phase under argon leads to the formation of gtz-
ZIF-8, a crystalline polymorph of ZIF-8.%° Additionally, it was discovered that mixed ligand
zeolitic-imidazolate framework, ZIF-62, can also be mechanochemically amorphised and can
directly produce glass when melt-quenched.®” This provides a novel route to a wider variety of
glass-forming systems and removes the requirement for melt-quenching only crystalline
materials. These findings underscore the crucial role of amorphous phases of MOFs as
metastable intermediates in the formation of crystalline or glassy phases.
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8§ 3. DISCUSSION
3.1. Preface

Because of their remarkable properties, MOFs are continuously and extensively studied in
academic research groups and industry. As already demonstrated in the State of the art, the
mechanochemistry of 4™ generation MOFs is still largely unexplored. However, significant
advances have been achieved in recent years. This dissertation makes a valuable contribution
to the advancement of functional MOFs through the development of guest@MOF and
multivariate MOF synthetic strategies. It investigates the mechanochemical synthesis and
transformation of functional metal-organic frameworks (MOF) development, focusing on two
archetypical MOF classes, ZIF-8 and MOF-74.%8-70

The primary objective of this study was to develop a mechanochemical method for the
controlled encapsulation of guest molecules into ZIF-8 and to evaluate the impact of the
encapsulated guests on the properties of the given MOF. The study utilised
Buckminsterfullerene, a spherical Ceo fullerene, as a guest molecule due to its great potential
for enhancing the properties of the materials in which it is integrated or enclosed.%® Moreover,
it explored the impact of heterometal or defect introduction into the MOF-74 structure on their
characteristics and potential applications.?®’® To achieve these goals, the primary synthetic
approaches rely on mechanochemistry, as solvent-based methods tend to be ineffective, metal
type dependent, and result in uneven metal distribution.

The synthesis of target MOF materials was carried out following the principles of green
chemistry. Metal oxides and hydroxides were used as reactants for synthesis to avoid the
harmful environmental effects of nitrates, sulphates, or chlorides. Furthermore, green solvents
were prioritised as liquid additives for synthesis, where the solvent amount was minimal. The
synthesised materials were thoroughly characterised by a range of spectroscopic (FTIR, NMR,
UV-Vis, EPR), microscopic (TEM, SEM), and diffraction (PXRD) techniques. The magnetic
properties of particular MOFs were investigated using an EPR spectrometer and a SQUID
magnetometer. Additionally, in-situ monitoring was conducted using diffraction of synchrotron
X-ray radiation to understand better the course of mechanochemical synthesis of bimetallic
MOF materials and improve the synthesis process. Certain materials were also tested for their
catalytic activity. Through these analyses, we established that introducing guests, heterometals,
or defects into the structure changes and, in most cases, enhances MOFs’ properties.
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3.2. Development of a mechanochemical method for the controlled

guest@MOF encapsulation

Our exploration of functional metal-organic framework preparation and transformation started
with developing a method for controlled synthesis of composite guest@MOF materials, with
Ceo@ZIF-8 as a model system(Appendix 1).°8 Generally, functional materials with fullerenes
or fullerene derivatives embedded in their structure exhibit enhanced stability, conductivity,
magnetism, or catalytic activity compared to their constituents.” Since metal-organic
frameworks have proven to be excellent matrices for encapsulating guest molecules,**"* and
the mechanochemical approach of guest encapsulation is superior to the solution
approach,>"°86%61 the development of here described method is of great importance for the
further development of functional guest@MOF materials. Selecting a suitable MOF host for
the encapsulation and immobilisation of guests is critical for successfully implementing various
applications. In this regard, ZIF-8 has emerged as the preferred choice due to its optimal pore
size, geometry, and hydrophobicity. With a pore diameter of 11.6 A and pore aperture diameter
of only 3.4 A, ZIF-8 is particularly well-suited for accommodating and immobilising Ceo
fullerene, which has a diameter of about 6.8 A (Figure 5.a).%> We have aimed to prepare four
Ceo@ZIF-8 materials containing 15, 30, 60, and 100 mol% of fullerene relative to the maximum
available ZIF-8 pores. In order to determine the best approach for Ceo@ZIF-8 preparation and
assess the encapsulation efficacy of the approaches, we utilised mechanochemical synthesis,
solvothermal synthesis, and post-synthetic modification.

Mechanochemical synthesis of Ceo@ZIF-8 materials was carried out in a stepwise manner,
beginning with the 10-minute milling of stoichiometric amounts of zinc oxide (ZnO) and
2-methylimidazole (2-Melm) with fullerene Ceo. This aimed to ensure reactive components are
well mixed; no crystalline MOF was prepared at this stage (Figure S2, Appendix I1). After that,
ethanol (EtOH) and ammonium nitrate (NH4sNO3) were added, and milling resumed for 45
minutes, resulting in purple-coloured materials; the colour of the materials darkened with the
increase in the fullerene content (Figure 1, Appendix I). The mechanochemical synthesis was
conducted in the described manner to ensure the assembly of the ZIF-8 framework around the
fullerene and its efficient entrapment (Figure 5.b). Before further analyses, all ground materials
were washed with toluene to remove potential excess of Ceo from the crystallite surface. Even
in high target ratios, the successful inclusion of fullerene guests was confirmed by colourless
wash-out (Figure S1, Appendix IlI). (note: Traces of Ceo fullerene in the toluene are easily

observable as they colour the solution intensive purple.)
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Figure 5 a) Sodalite topology ZIF-8 pore (11.6 A) and aperture (3.4 A) diameter size in

comparison to that of Ceo fullerene (6.8 A) b) Ceo@ZIF-8 materials synthesis scheme
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b) 2-Melm + ZnO + Cy,
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PXRD analysis confirmed that ball milling successfully generated phase-pure Ceo@ZIF-8

materials. Interestingly, the relative peak intensity in the PXRD of Ceo@ZIF-8 materials varied

depending on the amount of fullerene encapsulated. This feature was then used to estimate the

extent of Ceo encapsulation (Figure 2, Appendix I). The Bragg reflection most suitable for this

purpose is (110), as the changes in its intensity are the most pronounced. This can be ascribed

to the inclusion of hollow Ceo, which modifies the electronic density in the ZIF-8 cages,

significantly reducing the intensity of the (110) mirror plane located at the centre of the pore.

To confirm this finding, we have constructed the ZIF-8 3x3x3 unit cell with varying amounts

of Cgo in the pores using the atomic simulation environment.”® The PXRD of simulated

structures shows excellent agreement with the experimentally observed PXRD data (Figure 6),

thus confirming that the reduction of the (110) peak intensity is a direct result of guest inclusion.
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Figure 6 Experimental (a) and calculated (b) PXRD data for the ZIF-8 and the Ceo@ZIF-8

composites
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Furthermore, guest-free ZIF-8 was prepared as a white microcrystalline solid through the
above-described ILAG procedure without adding the fullerene. Milling prepared ZIF-8 with
Ceo resulted in a low degree of encapsulation, as evidenced by the colour of the products and
PXRD and IR spectroscopic analysis (Figures S3 and S8, Appendix Il). The solid products of
the mechanochemical post-synthetic encapsulation attempts remained almost colourless after
the washing, whereas the wash-outs were deep purple. These findings confirmed that for the
inclusion of the Ceo fullerene guests into sodalite MOFs, the mechanochemical formation of the
framework around the Ceo template is more appropriate. Additional experiments were
conducted to exclude the presence of any Ceso-2Melm complex species that may play a role in
moderating encapsulation (Figures S5 and S15, Appendix I1).

Additionally, the attempt to prepare Ceo@ZIF-8 from the solution post-synthetically by
immersing the guest-free ZIF-8 in an oversaturated toluene solution of Ceo resulted in low
fullerene loading. After a week of soaking, only a small amount of fullerene was encapsulated,
evident from the sample’s pale beige colour and the PXRD and IR analyses (Figures S4 and
S8, Appendix I1). A similar outcome was observed with the solvothermal synthesis attempt in
the DMF-toluene mixture at 120 °C. (Figure S4, Appendix Il). The low efficiency in the
encapsulation for solution-based syntheses may be attributed to the solvation and competition
of fullerene with the solvent molecules for the ZIF-8 pore. This is supported by the IR
spectroscopic analyses of the products (see Section S3, Appendix I1).

Moreover, computational simulations of molecular dynamics (MD) were conducted to
study the nature of Ceo encapsulation into ZIF-8 and better understand this behaviour.
According to the density-functional based tight-binding (DFTB) molecular dynamics (MD)
simulation, the transport of fullerene molecules from pore to pore is found to be a challenging
task that requires simultaneous rotation of all six imidazole rings on the aperture to enable Ceo
to move to the next pore. Such a low-probability event in ZIF-8 may account for the low loading
of Ceo in the standard soaking approach (see Figure 7, Appendix I; Section S5, Appendix I1).

As noted earlier, quantitative IR spectroscopic analysis was carried out as a straightforward
method to evaluate the success of Ceo encapsulation. Pellets of standard samples were prepared
and analysed parallel to mechanochemically synthesised samples to determine the amount of
encapsulated fullerene. The experimentally observed amount of the encapsulated Ceo was then
compared with the theoretically expected amount to assess the efficiency and controllability of

the encapsulation process.
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The IR spectrum of Ceo fullerene is characterised by four distinctive bands. Of these, two
bands at 577 and 528 cm™! are attributed to the radial motion of carbon atoms, while the other
two, at 1428 and 1182 cm™!, are attributed to the tangential motion of carbon atoms. The latter
two significantly overlap with ZIF-8 bands in the IR spectra of prepared Ceo@ZIF-8 samples
(Figure S8, Appendix Il). However, the radial-motion bands do not and serve as markers for
further analysis of Ceo@ZIF-8 (Figure 3a, Appendix | and Figure S9, Appendix Il). The IR
spectrum of ZIF-8 is in good agreement with previous reports. The IR spectra of Ceo@ZIF-8
samples were evaluated concerning varying loadings of fullerene Ceo (detailed in Section S3,
Appendix I1). At low Ceo loadings, the IR spectrum of ZIF-8 remains largely unaffected.
However, higher Ceo loadings result in more prominent spectral changes. Specifically, the
spectral envelope, attributed to ethanol confined in the ZIF-8 cages between 1280 and
1200 cm™!, disappears for 30% and higher loadings. (detailed in Figure 3a, Appendix | and
Figure S12, Appendix I1). The imidazole stretching bands at 1425 and 1458 cm™!, respectively,
change their relative intensity (Figure S10, Appendix Il). Moreover, the in-plane deformation
band at 1380 cm™' experiences a substantial increase in intensity, though less prominent for
loadings over 30% (Figure S11, Appendix Il). As expected, upon Ceo encapsulation, the
imidazole ring deformation bands change. Specifically, the 780—720 cm™! spectral envelope is
composed of two bands, namely 760 cm™' and 750 cm™'. While the in-plane imidazole ring
deformation band at 750 cm™' remains unaffected, the out-of-plane deformation band at
760 cm™! significantly increases in intensity (Figure S13, Appendix I1). This indicates that,
although free-standing inside the pore, the encapsulated Ceo molecule affects the dynamics of
the imidazole linkers and the MOF framework. Furthermore, the zinc-nitrogen stretching band
and the above-mentioned Buckminsterfullerene radial motion bands slightly shift (Figure S14,
Appendix I1).

The efficiency of Ceo encapsulation was quantified by analysing the 528 and 577 cm™!
fullerene bands. (detailed in Section S.3.2, Appendix Il). The intensities and other spectral
parameters related to the Ceo molar ratio were determined by individually fitting the 528 and
577 cm™! bands. The corresponding bands for an equivalent amount of the Ceo Standards are
considered in the same spectral ranges. The mechanochemical approach described in this study
allowed efficient Ceo encapsulation, achieving up to 95% efficiency for 100%Ceso@ZIF-8.
Conversely, the post-synthetic process, which involved milling of fullerene and ZIF-8 and
soaking it in toluene solution with an excess of fullerene as well as solvothermal synthesis,

resulted in low loading (< 2.0 %) (Figure 4, Appendix ).
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Since the mechanochemical approach was most successful, we attempted to make
30% Ceo@ZIF-8 material at the 10-milligram scale, as one of the initial motivations for this
work was developing a procedure for efficient encapsulation of endofullerenes (commonly
available in sub-milligram amount). The scaled-down synthesis was successful, and toluene
filtrates were again colourless, proving the efficiency of the mechanochemical procedure
regardless of the synthesis scale (Figure S6 and S16, Appendix II).

Furthermore, the materials underwent various analyses to investigate the influence of the
encapsulated fullerene on the physicochemical properties of the ZIF-8. Electron paramagnetic
resonance (EPR) spectroscopy determined that Ceo in the framework was intact, as there were
no changes in the spectra upon Ceo encapsulation (Figures S21 and S22, Appendix I1). High-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and
high-resolution transmission electron microscopy (HRTEM) were used to examine the
fullerene position in the pore of ZIF-8 (Figure 6 Appendix I). Although its position was not
unambiguously uncovered, we have seen the structure of ZIF-8 and discovered that
Ceo@ZIF-8 materials have better stability under electron radiation than empty ZIF-8, which
loses its crystallinity upon the same dose. UV-Vis spectroscopy was used to examine the effect
of the guest on the material’s electronic properties. It was determined that encapsulation of Ceo
into the framework drastically reduces interactions between the Cso molecules and isolates them
properly, and spectra of Ceo@ZIF-8 resemble the one from diluted Ceo solution (Figure 5,
Appendix |, Figures S19 and S20, Appendix Il). The inclusion of Cg did not significantly
improve the thermal stability of ZIF-8 material (Figures S23 and S24, Appendix Il). Finally,
the chemical stability of Ceo@ZIF-8 composites in acidic (0.5 mol dm™ HCI (aq)) and basic
(1 mol dm™ KOH (aq)) environments was also examined. Cso@ZIF-8 samples were submerged
in HCI or KOH water solutions and layered with toluene. Upon sonication, the sample in the
basic solution remained unharmed, and the one in the acidic solution showed the release of Ceo
evidenced by characteristic toluene colouration. (Figure 8, Appendix I). These observations
prove that mechanochemically encapsulated Ceo is efficiently captured in the ZIF-8 framework

and gets released only after framework destruction.
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3.3. Strategies for bimetallic zinc-copper MOF-74 materials synthesis

and modification

The next objective of our research was to advance bimetallic MOF synthesis. We investigated
the mechanochemical synthesis of bimetallic zinc-copper MOF-74 materials to evaluate the
impact of introducing heterometals on the framework through the MOF-74 materials’ magnetic
properties.5® MOF-74 was chosen due to its chemical stability and tunable properties. This MOF
is characterised by large hexagonal channel pores with 12 A in diameter that extend along the
crystallographic axis c. These channels are made of divalent metal cations (M?*) ordered in
1D metal-oxo chains bridged by 2,5-dihydroxy-1,4-terephthalate anion (DHTA#"), forming the
M>DHTA framework (Figure 1a, Appendix I11). MOF-74 class is highly modular, with several
monometallic MOFs known and multiple applications investigated.®° This modularity also
allows for the preparation of mixed metal phases with unique properties that stem from the
synergistic effect between the two metals coupled closely in the 1D oxometallic chain.”

The controllable introduction of specific heterometallic combinations into the oxometallic
chain of MOF through solution-based procedures remains a formidable challenge. As outlined
in the State of the art, mechanochemical procedures offer a unique level of selectivity,
stoichiometric control, and the ability to create unique products. One such example is the
bimetallic MOFs. The efficient mechanochemical preparation of bimetallic MOFs can be
achieved by two main approaches, either by combining already synthesised MOFs by
mechanochemical alloying °* or by stepwise synthesis starting from inorganic sources and
organic ligands, thus enabling control over the metal stoichiometric ratio and minimising
solvent consumption.>® The latter approach in MOF-74 synthesis exploits the different binding
capabilities of carboxylic and phenolic functional groups of HsDHTA, which allow for the
selective and controllable binding of target metals to a specific position. In the first step, this
approach produces a 1D metal-organic polymer with well-defined binding sites within its
structure that serve as a template for incorporating a secondary metal, which converts the
structure into an open 3D metal-organic framework.

Here, we present three distinct bimetallic MM-MOF-74 materials containing zinc (1) and
copper (II) nodes in a 1:1 ratio. These materials were synthesised using various
mechanochemical approaches and polymeric precursors (Figure 1b, Appendix I1lI). In order to
determine the magnetic properties of the monometallic Cu-MOF-74 and to see how copper
dilution and distribution within the bimetallic framework affect the magnetic properties of
MOF-74 materials, we prepared Cu-MOF-74 by milling Cu(OH). with DHTA in 2:1 ratio.
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Next, we prepared three zinc-copper MOF-74 materials following different reaction pathways
inspired by the ones in the previous paragraph.®>® The ZnCu-MOF-74 material was prepared
in two steps following a previously described technique.> In the first step, ZnO and DHTA
were milled together to form the zinc intermediate phase, followed by the introduction of
Cu(OH)2 in the second step. The mechanochemical synthesis of the CuZn-MOF-74 material
was designed analogously, preparing the Cu-INT in the first step and adding ZnO in the second
step, resulting in CuZn-MOF-74 material. Zn/Cu-MOF-74-alloyed material was prepared by
mixing Zn-MOF-74 and Cu-MOF-74 in a 1:1 ratio. The mixture of the two materials was
milled, dried and then amorphised. The crystalline Zn/Cu-MOF-74-alloyed phase was obtained
by exposing the amorphous mixture to methanol vapours (accelerated ageing).” The synthesis
details can be found in Section 1.1 of Appendix IV. Three prepared zinc-copper MOF-74
materials are phase pure (Figures S2-S5 and S10-13, Appendix 1V), indistinguishable by
PXRD, and their FTIR spectra closely match (Figure 7 and Figure 2, Appendix I11). Established
based on flame atomic absorption spectroscopy (AAS) and scanning electron microscopy-
energy dispersive X-ray analysis (SEM-EDAX), the molar ratio of the two metals in bimetallic

zinc-copper MOF-74 materials is approximately 1:1 (Section S2.4. Appendix V).
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Figure 7 Mechanochemically synthesised zinc-copper MOF-74 a) PXRD patterns compared
to the simulated pattern of MOF-74 (CCDC code: COKMOG), and b) FTIR spectra.

Additional bands in the spectra originate from residual methanol (dashed line).

To study the differences that heterometal introduction brings, we examined the magnetic
properties of prepared zinc-copper MOF-74 materials and compared them with Cu-MOF-74.
Electron paramagnetic resonance (EPR) spectroscopy and superconducting quantum
interference device (SQUID) analysis are powerful tools for investigating spin dynamics and

magnetic properties that can provide detailed information on magnetic and electronic states.
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Here, EPR analysis was applied to investigate local structural and magnetic properties, and
subsequent SQUID analysis gave a more precise interpretation of EPR data and clarified bulk
MOF-74 magnetic behaviour. X-band-EPR and HF-EPR spectra of Cu-MOF-74 are shown in
Figure 3 in Appendix Ill. HF-EPR spectral shape analysis reveals two contributions, one
corresponding to noninteracting, paramagnetic spin species and the other to magnetically
coupled spin species. SQUID revealed that Cu-MOF-74 contains antiferromagnetic copper
chains with weak interchain ferromagnetic interaction (Figure 4, Appendix I11). X-band-EPR
and HF-EPR spectra of zinc-copper MOF-74 materials are shown in Figure 5, Appendix IlI.
The HF-EPR spectrum of ZnCu-MOF-74 exhibits a typical pattern with a peak and a
shoulder, and the spectra of CuZn-MOF-74 and Zn/Cu-MOF-74-alloyed are single Lorentzian-
shaped lines pointing at the presence of noteworthy antiferromagnetic interactions. The
narrower line of Zn/Cu-MOF-74-alloyed indicates a stronger antiferromagnetic interaction than
in CuzZn-MOF-74. The SQUID data for bimetallic MOF-74 materials exhibit distinct
differences when compared among them and to monometallic Cu-MOF-74. The introduction
of non-magnetic zinc to dilute magnetic copper leads to an increase in the number of
paramagnetic spins and higher magnetisation in bimetallic MOFs. Figure 6 in Appendix Il
illustrates diverse magnetisation curves that do not overlap, indicating different types of spin
clustering based on the synthetic route. This is also evident in the differences in magnetic
susceptibility. CuZn-MOF-74 exhibits a combination of isolated paramagnetic copper species
and long copper—copper associations. It is similar to Cu-MOF-74 but shows reduced intrachain
coupling and ferromagnetic interchain interaction. ZnCu-MOF-74 displays a combination of
well-isolated paramagnetic copper species and short copper dimers. Finally, Zn/Cu-MOF-74-
alloyed, according to magnetic and other data, seems to be a physical mixture of Cu-MOF-74
and Zn-MOF-74. More details are in Appendix I11 and Sections S2.5 and S2.6 of Appendix V).
To complement EPR and SQUID results, we used solid-state nuclear magnetic resonance
(ssNMR). The *C MAS NMR spectra of bimetallic MOFs, CuZn-MOF-74, ZnCu-MOF-74,
and Zn-Cu-MOF-74-alloyed were compared to the spectra of neat Cu-MOF-74 and Zn-MOF-
74 (detailed in Appendix IlI). All bimetallic samples have methanol remnants in pores,
indicated by a sharp signal at about 50 ppm and many broad framework-related signals with
isotropic shifts, ranging from about —100 to 700 ppm. The absence of signals at shifts
characteristic for monometallic copper and zinc MOF-74 indicates that carbon nuclei within
both CuzZn-MOF-74 and ZnCu-MOF-74 samples experience diverse environments, which
implicates that functional groups of DHTA linkers of the MOF-74 framework connect to metal

nodes of different types. In contrast, the 3C MAS NMR spectrum of Zn/Cu-MOF-74-alloyed
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suggests that this sample is either a mixture of monometallic copper and zinc MOF-74 or has
large monometallic copper- and zinc-based domains (Figure 7, Appendix I11).

Time-resolved in-situ PXRD reaction monitoring has revealed mechanisms beyond diverse
copper-zinc MOF-74 formation. The transformation of Zn-INT to ZnCu-MOF-74 occurs
through a multistep process that includes a short-lived UTSA-74 phase’™ (Figure 8a, Appendix
I11). This reaction does not involve any observable transformation of the Zn-INT to Cu-INT
phase, indicating that copper does not exchange zinc from the carboxylate sites; it is
incorporated at available free metal sites. The transformation of Cu-INT to CuZn-MOF-74
exhibits different dynamics. The consumption of ZnO in the synthesis of CuZn-MOF-74 occurs
slowly (Figures 8b, Appendix Il and S18, Appendix V). This observation implies that Cu-INT
undergoes partial conversion to Cu-MOF-74, as observed in the solution (Figure S1, Appendix
IV), and that zinc incorporates at vacant metal sites, leading to reduced copper dilution,
determined through magnetic measurements. The higher reactivity of the copper (1) with the
DHTA ligand is further supported by the monitoring of the formation of the bimetallic
framework MOF-74 using DHTA, ZnO, and Cu(OH)2, where different copper intermediate
phases are formed before the final MOF-74 (Figures 8c, Appendix 111, and S19, Appendix V).
The observed differences in reactivity and affinity of the two metals for the functional groups
of DHTA ligand, along with the crystal structure of the Cu-INT, which is being reported for the
first time in this study (details in Section S2.2, Appendix 1V),*5° may explain the variations in
the distribution of metals in the oxometallic chains and the magnetic properties of three copper-
zinc MOFs. The higher reactivity of copper compared to zinc, even towards phenolic groups,
rationalises the formation of longer copper chains in the CuZn-MOF-74 and the efficient

dispersion of copper nodes in the ZnCu-MOF-74 suggested by magnetic measurements.
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3.4. Effects of defect and heterometal introduction on catalytic properties
of MOF-74 materials

The final objective of our research was to explore the effects of mechanical amorphisation on
MOF properties in the context of catalytic applications.’”” MOFs’ distinct characteristics and
considerable catalytic capacity have made them a focal point in the ongoing quest for novel
catalysts. Their qualities arise from their porous structure and the nature of the metal nodes and
organic linkers that comprise them.? This is emphasised after the recent synthetic advances in
heterometallic MOF catalyst preparation, which display enhanced stability and applicability
potential compared to their monometallic analogues.®* A particularly exciting class of MOFs in
this context is MOF-74, a family of MOF whose mechanochemical synthesis and structure is
described in detail in Section 3.3. Moreover, it was recently shown that introducing traces of
other metals into the oxometallic chain of MOF-74 could increase the activity and stability of
the resulting heterometallic material.>® Ball milling can be used for the stoichiometry-controlled
formation of bimetallic zinc-copper MOF-74 materials with a 1:1 Zn: Cu molar ratio (Figure 1,
Appendix V). Here, we explored the catalytic properties of ZnCu-MOF-74 upon
mechanochemical amorphisation. Among potential zinc-copper MOF-74 materials, we chose
this one as analyses showed it has the best copper distribution and dilution in the framework.5°

The proximity of Zn and Cu cations gives rise to complex interactions that may have
practical implications in catalytic reactions. This study aimed to investigate the potential of
such an arrangement in ZnCu-MOF-74, coupled with its high porosity, for hydrogenating CO>
to methanol. Recent research has demonstrated that metal-organic frameworks (MOFs) can
effectively support active nanocatalysts, improving selectivity in methanol synthesis.””8 This
work seeks to build upon this promising avenue of research by examining the catalytic
performance of ZnCu-MOF-74.

We have prepared the crystalline ZnCu-MOF-74 (c-ZnCu-MOF-74) and compared its
catalytic performance to the monometallic CuMOF-74 and the industrial Cu/ZnO/Al>O3
catalyst. Furthermore, we aimed to investigate the influence of mechanochemical
amorphisation, which introduces defects and causes the collapse of the porous framework
(Figure 8a),’® on the solid-gas phase heterogeneous catalytic reaction by examining the catalytic
performance of amorphous ZnCu-MOF-74 (a-ZnCu-MOF-74). As detailed below, the catalytic
activity and selectivity of bimetallic MOF-74 are significantly influenced by the
mechanochemical amorphisation, more so than by the high porosity and accessibility of Zn and
Cu metal nodes in c-ZnCu-MOF-74.
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The mechanochemical incorporation of defects to ZnCu-MOF-74 leads to the fast collapse
of the MOF-74 structure, as observed previously for Ni- and Zn-MOF-74.%* This phenomenon
is evident through a significant disparity in porosity between the crystalline and amorphous
samples (Figures 2 and 3, Appendix V). The surface area and pore volume of a-ZnCu-MOF-74
are much lower than that of c-ZnCu-MOF-74, and the amorphised ZnCu-MOF-74 (a-ZnCu-
MOF-74) displays a broad PXRD pattern without Bragg peaks characteristic of crystalline
MOF-74 (Figure 8a).

FTIR spectra of c-ZnCu-MOF-74 show sharp signals that broaden and shift upon
amorphisation (Figure 8b). The most notable difference in the spectra is the appearance of a
new band corresponding to the stretching vibration of the uncoordinated carbonyl group, which
was previously observed during the mechanochemical amorphisation of Ni-MOF-74.%4 The
present evidence suggests that the amorphisation of ZnCu-MOF-74 is a result of the partial
breakage of the metal-carboxylate bonds, forming a defective coordination sphere around
copper and zinc metals. This claim is corroborated by a recent theoretical study that revealed
the dynamic nature of metal-linker bonds in MOFs, which can break and reform under specific

conditions.8°
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Figure 8 a) PXRD patterns of c-ZnCu-MOF-74 and a-ZnCu-MOF-74 compared to
monometallic Cu-MOF-74 and simulated pattern of MOF-74 (CCDC code: COKMOG); (b)
FTIR spectra of mechanochemically synthesised c-ZnCu-MOF-74 and a-ZnCu-MOF-74. A
new band that appears upon amorphisation is circled. Additional bands in the spectra originate

from residual methanol (dashed line square).
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Cu-MOF-74, ¢c-ZnCu-MOF-74 and a-ZnCu-MOF-74 exhibit similar decomposition profiles
under the nitrogen flow within the temperature range of 400-900 °C (solvent-free MOF); see
Figures S7 and S8, Appendix VI. This suggests that introducing a loss of long-range ordering
does not significantly impact the thermal stability of MOF-74. To determine the local
arrangement of metals in synthesised MOF-74 catalysts, we employed solid-state nuclear
magnetic resonance spectroscopy (sSSNMR).

As evident from Figure 4 in Appendix V, neither the 1*C MAS NMR spectrum of c-ZnCu-
MOF-74 nor the spectrum of a-ZnCu-MOF-74 is a simple sum of the spectra of Zn-MOF-74
and Cu-MOF-74. This indicates that prepared bimetallic samples are new mixed metal phases.
The 3C MAS NMR spectra of ¢-ZnCu-MOF-74 and a-ZnCu-MOF-74 are rather similar but
not identical to one another. They both exhibit several narrow signals in the range between 0
and 240 ppm and several broad signals in the range between 0 and 800 ppm. The narrow signals
belong to carbon atoms in diamagnetic amorphous species. In the spectrum of a-ZnCu-MOF-
74, the denoted signals belong to PMMA, an impurity introduced by milling, whereas the
signals at 123, 155, and 170 ppm belong to domains of amorphous Zn-MOF-74. An additional
narrow signal is present at about 213 ppm, which might correspond to the uncoordinated
carbonyl group of the linker molecule. The broad signals are associated with carbon atoms near
paramagnetic Cu centres. Strong hyperfine coupling between the unpaired electronic spins of
copper ions and nuclear spins of **C nuclei results in significant shifts and broadening of these
signals. The number, the positions, and the width of the broad signals of c-ZnCuMOF-74 and
a-ZnCu-MOF-74 differ from those in the spectrum of the pure crystalline Cu-MOF-74. This
suggests that Zn and Cu atoms are partially well-dispersed and “intimately”” mixed within the
two mixed-metal frameworks, giving rise to several different chemical environments for the
nearby carbon atoms. In the spectrum of the crystalline material, we can notice a strong, sharp
signal of MeOH. Moreover, the spectra of the two bimetallic samples exhibit differences in the
broad signals resonating between 300 and 800 ppm. These findings are consistent with the
results of the IR analysis, indicating that the connectivity of Zn and Cu within the frameworks
of the crystalline and amorphous ZnCu-MOF-74 is rather different.

The mechanochemical synthesis resulted in ZnCu-MOF-74 particles of an irregular shape
and size range of 10-80 nm, further decreasing to 5-30 nm upon amorphisation (Figure 5,
Appendix V). Furthermore, SEM-EDAX analysis indicated homogeneous distribution and 1:1
Zn:Cu ratio in both the crystalline and amorphous ZnCu-MOF-74 materials (Figures S9-S11,
Appendix VI).
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The catalytic performance of monometallic Cu-MOF-74 was found to be significantly
improved by the incorporation of zinc. The bimetallic c-ZnCu-MOF-74 catalyst exhibited
four to six times better catalytic activity towards methanol synthesis than Cu-MOF-74 material
(Figure 6, Appendix V). This is attributed to the formation of additional active catalytic sites,
which are facilitated by the lower activation energy towards methanol in the commercial
Cu/ZnO/Al,03 catalyst caused by zinc. The high surface area of active copper species in the
Cu/ZnO/Al, 03 catalyst is achieved by the dispersion of copper in the ZnO/Al>03 matrix, which
led us to hypothesis that the activity of c-ZnCu-MOF-74 would be somewhat similar. However,
it was observed that using a-ZnCu-MOF-74 was more beneficial, with a further increase in
activity by four- to seven-fold after amorphisation (Figure 6, Appendix V).

The surface area of a-ZnCu-MOF-74 is much lower (~250 times) than the surface area of
c-ZnCu-MOF-74. This observation indicates that introducing defects through amorphisation is
instrumental in creating more active sites and, consequently, plays a more critical role in MeOH
synthesis than the porosity of crystalline MOF. The impact of catalyst structure and composition
on catalytic properties was evaluated using the Arrhenius plot (Figure 7, Appendix V).
Moreover, Table 1 in Appendix V contains activation energy (Ea), preexponential factors (A),
and the rates of MeOH and CO formation (r) for synthesised MOF-74 samples and
Cu/ZnO/Al,03 catalyst for MeOH and CO formation at 200 °C.

Together with catalytic activity, selectivity toward methanol was also examined. It was
observed that adding zinc to the oxometallic chain in crystalline Cu-MOF-74 led to an almost
five-fold (approx. 4.7) increase in MeOH synthesis selectivity (Figure 8, Appendix V). The
amorphisation of c-ZnCu-MOF-74 reduced the surface area and particle size, changing the
metal nodes' coordination sphere in MOF-74. These changes resulted in an increase in
selectivity toward MeOH by a factor of 8.3 for amorphous ZnCu-MOF-74. In contrast,
separated copper atoms or small copper clusters in the crystalline MOF tend to promote the
competitive RWGS (reverse water-gas shift) reaction, with the rate of RWGS reaction of c-
ZnCu-MOF-74 nearly reaching that of MeOH synthesis.
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§ 4. CONCLUSIONS

The mechanochemical ILAG approach emerged as a highly efficient, sustainable, and precise
method for preparing fulleretic materials with specific amounts of fullerene Ceo guests. This
method outperforms traditional solution synthetic and post-synthetic encapsulation procedures,
as it resolves solvent-related issues such as solubility, solvation, and competition of the
fullerene guest with solvent molecules for the MOF pores. Moreover, as hypothesised in the
Introduction, the studied approach enables stoichiometrically controlled loading of the
Buckminsterfullerene into ZIF-8. Additionally, the confinement of Ceo in the ZIF-8 contributes
to the enhanced properties of ZIF-8, as hypothesised, particularly in terms of rigidity and
stability of ZIF-8 against electron dose radiation. DFTB-based molecular dynamics studies
indicate that the hollow fullerene is accommodated in the middle of the cage, rationalising the
changes in the IR and PXRD data observed upon encapsulation. Entrapped fullerene is
immobilised and exhibits almost single-molecule properties. Transport of the fullerene through
the framework is an energetically unfavourable process and requires substantial rearrangement
in the aperture structure. The entrapped Ceo are well isolated from one another, making ZIF-8
a suitable matrix for the efficient immobilisation of fullerene guests. The remarkable efficiency
and scalability of the presented mechanochemical procedure suggest its potential extension to
the entrapment of metallofullerenes, obtainable at a sub-milligram scale, to develop novel
fulleretic materials with advanced functionalities.

Prepared mixed-metal MOF-74 materials are almost indistinguishable from PXRD and
FTIR but have different magnetic behaviour. The presented magnetic analysis of zinc-copper
MOF-74 materials shows that magnetically active nodes can be efficiently dispersed in the
MOF-74 framework using mechanochemical synthesis, leading to different magnetic properties
among them and compared to the monometallic Cu-MOF-74. Cu-MOF-74 possesses
antiferromagnetic copper chains with weaker interchain ferromagnetic interaction.
CuzZn-MOF-74, obtained via the copper intermediate phase, combines isolated paramagnetic
copper species and longer copper—copper associations with the reduced strength of intrachain
coupling and ferromagnetic interchain interaction. Moreover, ZnCu-MOF-74, obtained via the
zinc-intermediate phase, combines well-isolated paramagnetic copper species and short copper
dimers. According to magnetic (EPR and SQUID), microscopic (SEM-EDAX), and

spectroscopic (sSNMR) results, the alloyed sample was predominantly a physical mixture of
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Cu-MOF-74 and Zn-MOF-74 domains. Besides that, real-time in-situ synchrotron PXRD
monitoring uncovered that the difference between the materials stems from the different natures
of the metal species and their affinity for the DHTA functional groups. In the present case, zinc
is firmly bound to DHTA in Zn-INT, resulting in an efficient dispersion and isolation of
paramagnetic copper nodes introduced in the second synthetic step. Contrarywise, the high
reactivity of copper (1) with DHTA ligand leads to the formation of longer copper chains and
different magnetic properties. This confirms the hypothesis that the properties of bimetallic
MOF vary depending on the mechanochemical synthetic route used. Therefore, one should be
cautious of the order in which two metals are combined, as small changes in spin states and
magnetic anisotropy among synthesised materials lead to substantially different magnetic
behaviours.

ZnCu-MOF-74, which showed the most uniform zinc-copper metal distribution of all
zinc-copper MOF-74 materials, was further studied for catalysis. Unlike the monometallic
Cu-MOF-74, bimetallic crystalline ZnCu-MOF-74, shows good catalytic activity for selective
reduction of CO2 to methanol. Mechanochemical amorphisation of the desolvated porous
crystalline ZnCu-MOF-74 material results in the formation of amorphous and non-porous
ZnCu-MOF-74 material with a similar distribution of heterometal nodes. The spectroscopic
analyses show that the coordination sphere of the nodes is changed upon amorphisation, most
likely due to the break of carboxylate—metal bonds. The catalytic activity of the amorphous
catalysts significantly surpasses that of the crystalline ZnCu-MOF-74 counterpart due to the
additional active sites formed during the amorphisation. This confirms the hypothesis that the
amorphisation of MOF-74 vyields amorphous materials with improved properties when
compared to the crystalline MOF counterparts. Particularly noteworthy is the increase in the
selectivity towards methanol formation following the amorphisation of the MOF. The
amorphous ZnCu-MOF-74 exhibits selectivity comparable to that of the industrial
Cu/ZnO/Al03. In the context of the methanol synthesis reaction, it becomes evident that the
introduction of defects through amorphisation is more important than the initial catalyst
porosity. This suggests that CO- reduction primarily occurs on the surface of the MOF catalyst.

The findings outlined in this work represent significant advancements in the
development of mechanochemical synthetic strategies for the preparation of functional MOFs.
Together, they shed light on how guest encapsulation and metal or defect introduction into the
framework affect its structure and properties, providing better understanding and novel insights
and paving the way for future research and development in the field of metal-organic

frameworks.
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§ 5. LIST OF ABBREVIATIONS, ACRONYMS, AND
SYMBOLS

2-Melm (or Melm) - 2-methylimidazole

A - preexponential factor

a-ZnCu-MOF-74 — amorphous bimetallic zinc-copper MOF-74

AAS- atomic absorption spectroscopy

bdc - 1,4-benzene dicarboxylic acid

c-ZnCu-MOF-74 — crystalline bimetallic zinc-copper MOF-74

Cu-INT - copper intermediate

DABCO - 1,4-diazabicyclo[2.2.2]octane

DEF - N, N-diethylformamide

DHTA - 2,5-dihydroxyterephtalic acid or 2,5-dihydroxy-1,4-terephthalic acid*
DMF - N, N-dimethylformamide

DMSO - dimethylsulfoxide

Ea -activation energy

EPR - electron paramagnetic resonance

Etlm - ethyl-imidazole

EtOH - ethanol

FTIR-ATR - Fourier transform infrared spectroscopy — attenuated total reflectance
HAADF-STEM - high-angle annular dark-field scanning transmission electron microscopy
HE-ZIF - high-entropy zeolitic imidazolate framework

HEA - high-entropy alloy

HF-EPR - high-field electron paramagnetic resonance

HRTEM - high-resolution transmission electron microscopy
ILAG-ion-assisted grinding

HIm - imidazole

LAG - liquid-assisted grinding

MAS- magic-angle spinning

MD - molecular dynamics

MNP - metal nanoparticle

MOF - metal-organic framework
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List of abbreviations, acronyms, and symbols

MeOH - methanol

n - parameter in mechanochemical synthesis, which represents the ratio of the volume of liquid
(in puL) to the combined weights of the solid reactants (in mg) and defines LAG
NG - neat grinding

NMR - nuclear-magnetic resonance

NP - nanoparticle

PEG - polyethylene glycol polymers

PMMA- polymethylmethacrylate

POLAG — polymer-assisted grinding

PXRD - powder diffraction

r -reaction rate

RWGS - reverse water-gas shift

SEAG - seeding-assisted grinding

SEM-EDAX - scanning electron microscopy-energy dispersive X-ray analysis
sSNMR - solid-state nuclear magnetic resonance

TEM - transmission electron microscopy

TGA- thermogravimetric analysis

Tm — melting temperature

UV-Vis - ultraviolet-visible spectroscopy

ZIF - zeolitic imidazolate framework

*present also in half (H.DHTA) or fully (HsDHTA) protonated (abbreviated) form
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ABSTRACT: Encapsulation and confinement of fullerene guests
in metal-organic frameworks (MOFs) lead to a novel class of

[l Metrics & More | @ Supporting Information

4T @
crystalline fulleretic materials with unique physicochemical proper- o [, oV, Bl
ties and a broad field of potential applications. The control over the 3 (‘*ﬁ
amount of target guests confined in the MOF structure remains a . R h“{‘ 3
significant challenge, which is particularly pronounced in the 2 P

confinement of hardly accessible fullerene derivatives. The main
strategies used in constructing fulleretic composites are limited by the solubility of components used and solvent versus guest
competition for inhabitation of the framework voids. As mechanochemical procedures often overcome these issues, we developed
here solvent-free processing by ball milling to gain control over the encapsulation of bulky and rigid Cgo-fullerene into a sodalite
MOF with large cages and narrow cage-apertures. A rapid, green, efficient, and stoichiometry-controlled mechanochemical
processing afforded four model Cg@zeolitic-imidazolate framework 8 (ZIF-8) crystalline materials containing target 13, 30, 60, and
100 mol % of fullerene entrapped in the accessible cages of the model sodalite zeolitic-imidazolate framework 8 (ZIF-8), in stark
contrast to the solution-based strategies that resulted in almost no loading. Varying the fullerene content affects the framework’s
vibrational properties, color and luminescence of the composites, and the electron-dose radiation stability. The computational and
spectroscopic studies show that the fullerene is accommodated in the cage’s center and that the cage-to-cage transport is a hardly
feasible and energetically unfavored process. However, the fast release of Cg molecules from ZIF-8 can be effectively controlled by
the pH. The entrapment of fullerene molecules in ZIF-8 resulted in their effective isolation even in higher loadings, paving the way
to other tunable porous fulleretics containing single-molecule magnets or nanoprobes available on low scales.

B INTRODUCTION

Due to their unique molecular structure and electronic
properties, buckminsterfullerene (Cg) and fullerene deriva-
tives became one of the most important classes of functional
materials in the fundamental and applied sciences, such as
molecular electromcs, magneuc resonance nmagmg, smgle
molecule magnetism,™ “ tumor therapy, catalysis,” gas storage,
and others. Electron-accepting property, hollow interior, and
readiness for functionalization promote their potential
application areas, which are especially emphasized in fullerenes
functionalized at the exterior or interior side.'™"" Combination
of fullerene’s intrinsic properties with the modular structures
and chemical properties of metal nodes and walls of porous
metal-organic frameworks (MOFs) opens a path toward a
novel class of crystalline fulleretic materials with distinctive
physmochemxcal properties and strong potential for applica-
tion." Structurally, MOFs could serve as stable, modular,
and versatile matrices,'™'® enabling spatial distribution and
confinement of large guests like fullerenes.'”

As in other porous materials, the primary strategies for
encapsulation'® of guests into MOFs are the in situ synthesis of
the guest inside the cage, in situ growth of the framework in
the presence of guests, and post-synthetic absorption (soaking)

© 2020 American Chemical Society

~ ACS Publications

of guests from the solution. Fullerenes were already considered
for postsynthetic inclusion by soaking into MOFs with larger
apertures, such as Zn-MOF-177, 419 and zirconium DUT-51%°
and NU-901.*' This strategy, besides requiring an excess of
fullerene and a suitable solvent, offers little control in the
loading process, and allows the migration and potential egress
of fullerene guest.'”’** A particularly exciting example
showing limitations in postsynthetic loading is the inclusion
of Cg in the cobalt-based molecular sponge. The guests
populated the channels exclusively, whereas the small cage-
apertures prevented their inclusion in sizeable MyL, cages.”’
The in situ formation of MOF in a solution containing
fullerene was also re?orted for zirconium-based MOFs, UiO-
67,** and PCN-222.° In all presented cases, the inclusion of
fullerene to MOFs was accompanied by the increase in their
stability,” conductivity,”" and catalytic or photocatalytic
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properties™ "** and has also led to interesting spin structures in
these fulleretic materials.”” However, a general method for the
encapsulation of fullerenes into MOFs is still a big challenge
due to the low efficiency, solubility of fullerenes, and a need for
a large excess of toluene or dichloromethane solvents. Another
critical limiting factor is the competition with the solvent for
cage inhabitation, which is particularly emphasized when
working with costly and sparse metallofullerenes available at
sub-milligram scales.”” ™"

Recently, mechanochemical reactions, widely used in other
fields of materials chemistry,’” " have emerged as a
particularly suitable technique for synthesns, transformation,
and functionalization of MOFs,” ~> with the examples of
relevant MOFs as HKUST-1,"""** MOF-74,"*' zirconium
carboxylate MOFs,"* ™" and various zeolitic-imidazolate
frameworks (ZIFs).*~*' Ball milling is best known for
avoiding solvation and solubility issues, and atom efficiency.
It was also used for the encapsulation of discrete orgamc
molecules.**** Even large flexible guests as enzymes™ were
successfully incorporated into MOFs’ cavities by ball milling,
enabling a pathway toward MOF biocomposites with improved
stability and drug-release time.

Here, we describe a solid-state strategy for controllable
encapsulation and immobilization of rigid and bulky
buckminsterfullerene Cg, molecules in the cages of the sodalite
phase of ZIF-8"" using mechanochemical agitation. The
strategy relies on the formation of a sodalite framework
around the solid template in a highly efficient and
stoichiometry-controlled ion- and liquid-assisted grinding
(ILAG)** procedure by ball milling. The ILAG procedure
allowed for the use of simple, green, and abundant starting
materials such as ZnO or ethanol. We have successfully
prepared four Cg@ZIF-8 fulleretic materials with nominal
targets 13, 30, 60, and 100 mol % of fullerene guests, relative to
the number of cages available in the ZIF-8 structure (Scheme
1). This procedure, which is accomplishable at room

Scheme 1. Schematic Representation of the lon- and Liquid-
Assisted Grinding Procedure for Controllable
Encapsulation of Fullerene Guests into Cavities of ZIF-8”

O i

;a\ 9

EOH @ @ © NH,NO,

¢ e 3
Con, o™ c,,@znm
@ %cﬁae"" (15%, 30%, 60%, 100%)

“The prepared fulleretic materials contaln 15, 30, 60, and 100 mol %
of fullerene relative to the i theoretical ber of voids.

temperature (RT), is much faster and advantageous before
both the solvothermal in situ loading and the postsynthetic
soaking approach. The amount of fullerene guests habituating
the cages of ZIF-8 has an impact on the vibrational properties
of the metal-imidazolate framework and the luminescence of
the prepared composites. Computational methods were used
to estimate the fullerene’s position in the framework and the
possibility of fullerene transport through the framework. While
the Cg immobilized in the sodalite framework remains
captured when the composite is sonicated or stirred for a
prolonged period, the fast release of the Cg is readily

accomplished by changing the pH. Spectroscopic data revealed
that the efficient entrapment of fullerenes enables studies on
"single-molecule” fullerene even in composites with a higher
loading due to weak interactions of fullerene with other
fullerenes or with the MOF walls.

W RESULTS AND DISCUSSION

Zeolitic-imidazolate frameworks (ZIFs) are a subclass of
MOFs formed by imidazole linkers and metal ions
characterized by topologies similar to zeolites. Sodalite
MOFs with large cages and small cage-apertures are well
represented by zeolitic-imidazolate framework-8 (ZIF-8)."
ZIF-8, one of the first commercially available MOFs, is often
used, among other applications, for encapsulation of various
organic molecules and enzymes for drug delivery and
catalysis.”” ™" It was also one of the first MOF synthesized
by ball mxllmg.” At right n'ullmg conditions, ZIF-8 can
transform into amorphous phase’’ or more stable (and less
porous) katsenite and dia polymorphs,”*** but the sodalite
phase is still considered as the most interesting form for
application and composite preparation.

We were inspired by the recent work by Brekalo et al,*’
showing how the topology in imidazole-based ZIF (Zn(im),)
can be directed even to thermodynamically unstable forms by
templating with MeMeCH, cavitands, in a process authors
named the "shoe-last” principle. ZIF-8 was chosen as a host in
our work due to the size, geometry, and hydrophobicity of the
cavity that seemed particularly suitable for encapsulation and
immobilization of Cg, fullerene. It has large cages with a
diameter of 11.6 A, while the cage aperture is relatively small,
only 3.4 A in diameter.”” Thus, with a diameter of ca. 6.8 A,
Cg molecules can be comfortably accommodated in the ZIF-8
cavity. On the other hand, Cg should be efficiently
immobilized as it is too large to pass through the cage
aperture. We also expected that these small cage-apertures
would prevent the preparation of C,@ZIF-8 fulleretic
materials from the solution by soaking procedure unless the
cage aperture is flexible and rearranges to allow the entering
and transport of fullerene through the MOF structure.

Synthesis of Fulleretic C,,@ZIF-8 Materials. The ILAG
of zinc oxide, 2-methylimidazole (2-Melm), and defined
amounts of fullerene using ethanol and ammonium nitrate
additives, resulted in rapid and tunable encapsulation of Cg, in
the ZIF-8 framework. The main idea was to avoid pushing the
Cg4 molecules into the ZIF-8 cavities but rather to assemble
the ZIF-8 framework around the fullerene template, without
the need for dissolving the reactants, in particular fullerene.
Partial encapsulation of Cg in ZIF-8 from an excess of
fullerene was demonstrated recently in developmg porous
nitrogen-doped carbon anode for Li-ion batteries.”" Herein,
the loading of fullerene by ILAG was stoichiometry-controlled,
and it required only traces of polar liquid additives as ethanol,
in which the fullerene is insoluble, to facilitate the fulleretic
formation. We designed the milling procedure in two steps. As
it is well-established that ball milling is an excellent method for
achieving a fast molecular diffusion in soft materials by
breaking and recrystallizing the solid particles,”* our initial step
involved dry milling of ZnO, fullerene, and 2-methylimidazole
in a ball mill operating at 30 Hz, for 10—15 min, to mix the
reactants thoroughly. Powder X-ray diffraction (PXRD)
analyses showed that no crystalline MOF was prepared at
this stage (Figure S2a). In the second step, milling was stopped
for a short period, ethanol and ammonium nitrate additives
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were added to the milled reaction mixture, and milling was
resumed for an additional 45 min. After the opening of the
vessel, a dry purple microcrystalline powder was collected. This
mechanochemical approach by ILAG required a simple work-
up by washing with a small volume of toluene. Even in higher
target ratios, the successful inclusion of fullerene guests could
have been seen already during the washing. The products were
sonicated during the washing procedure to remove the
fullerene from ZIF-8 particles’ surfaces, and even the initial
wash-out was almost colorless (traces of fullerene color the
toluene solution to intensive purple).

We have targeted four different Cy@ZIF-8 composites
containing nominally 15, 30, 60, and 100 mol % of fullerene,
relative to the maximum number of available cages in the
structure of ZIF-8 (Cambridge Structural Database code
VELVOY).” The purple color of C,@ZIF-8 composites
darkens with the increase in the fullerene content (Figure 1).

(9 (/
. ' '1
R 03

Figure 1. Different concentrations of Cg in mechanochemically
prepared C @ZIF-8. From left to right: 0, 30, 60, and 100% C,@

ZIF-8, respectively.

‘a.

One motivation for this work is developing a procedure for
efficient encapsulation of rare and scarce endofullerenes,
commonly available at sub-milligram levels. Thus, we also
prepared Cg@ZIF-8 (30%) by capturing the sub-milligram
amount of Cg, (Figures S6 and S16). The EtOH and toluene
filtrates were colorless, again proving the efficiency of the
mechanochemical procedure (Figure S1). Guest-free ZIF-8
was prepared as a colorless microcrystalline solid in an
identical ILAG procedure, only without adding the fullerene to
the reaction mixture.

To test whether the Cg, and 2-Melm react in the first step,
forming potentially complex species that would not be
encapsulated, we performed several milling experiments

mimicking the procedure for the preparation of C,@ZIF-8
composites, only without the addition of zinc source. The
analyses of the resulting purple product show only the
amorphization of the reaction mixture, and the milling
products are soluble in our standard washing procedure
(Figures S5 and S13).

Interestingly, milling of the presynthesized ZIF-8 with Cg,
fullerene resulted in a very low encapsulation despite the
increased molecular mobility and pamde recrystallization
resulting from the ball-milling procedure.®® Our results show
that mechanochemical treatment on the formed ZIF-8
framework, where the cages may get disassembled and
recrystallized by ball milling to include the Cg template,
resulted in very low loading, as evidenced from the color of the
products and spectroscopic analysis. The products of the
mechanochemical postsynthetic encapsulation attempts re-
mained almost colorless after the washing, whereas the wash-
outs were a deep purple. It can be concluded that for the
inclusion of the rigid and large guests as Cg, fullerene into
sodalite MOFs, the in situ mechanochemical formation of the
framework around the Cg, template is a much better approach.

We also attempted to prepare Cyy@ZIF-8 from the solution
by postsynthetic soaking and in the solvothermal synthesis of
the ZIF-8 in the presence of an excess of Cg, respectively.
After a week of soaking of ZIF-8 in toluene containing an
excess of fullerene, only a small amount of fullerene got
encapsulated, which was evident from the sample’s pale beige
color and from the PXRD and IR analyses (Figures S4 and S8).
In situ solvothermal synthesis of ZIF-8 with fullerene in the
dimethylformamide (DMF)—toluene mixture at 120 °C also
resulted in a low yield of Cy,@ZIF-8 (Figure S4). The
probable reason for such a low efficiency in encapsulation
during solvothermal synthesis is the solvation and competition
of the fullerene for the habitation of cages with the solvent
molecules that are in vast excess, which is also suggested in
spectroscopic analyses of fulleretic products (see Section S.3,
Supporting Information (SI)).

PXRD Analysis. The absence of Bragg peaks characteristic
of C4, confirms that ball milling yielded phase-pure C,@ZIF-8
(Figure 2a), whereas the absence of Bragg peaks of ZnO
reveals that the reaction was completed (Figure S2b). The
encapsulation of Cg in ZIF-8 did not significantly influence
the unit-cell parameters of the ZIF-8 structure; the position of
the peaks is nearly identical to pure ZIF-8. Interestingly, the
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Figure 2. (a) F_rpenmentzl P)G!D data for the mechanochemically prepared ZIF-8 and the C,@ZIF-8 composites; (b) calculated PXRD data for
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PXRD method can be used as a measure of loading of fullerene
in this MOF. The relative intensity of peaks in the PXRD of
the composites changes with an increase in the fullerene
content, which can be used to estimate the encapsulation
extent. In more detail, the intensity of a low angle (110) peak
of ZIF-8, at 20 = 7.3°, decreases”*"~"" concurrently with the
higher loading of Cg,, whereas the intensity of the (200) peak
at 26 = 10.3° increases gradually until it becomes stronger than
the (211) peak at 26 = 12.7° (Figure 2a). For the estimation of
loading success, (110) peak is the most suitable to serve as a
probe of the encapsulation success, as the changes in intensity
are the most pronounced. A significant reduction of the
intensity of the (110) mirror plane, which is positioned in the
center of the cage, results from modified electronic density in
the ZIF-8 cages due to the inclusion of hollow Cg4 To
rationalize and confirm this finding, we have built the ZIF-8 3
X 3 X 3 unit cell with different amounts of disordered
fullerenes in the cages, usmg the atomic simulation environ-
ment (ASE) (Figure 2¢).”” The simulated PXRDs of such
structures show excellent agreement with the experimentally
observed PXRD data (Figure 2b), confirming that the
reduction in the intensity of the (110) peak is indeed a direct
result of the guest inclusion. PXRD analysis also revealed a low
degree of loading of fullerene in postsynthetic milling and
solution strategies (Figures S3 and S4).

IR Spectroscopy. The IR spectrum of Cg is
dominated by two bands at 577 and 528 cm™, ascnbed to
the radial motion of carbon atoms (Figures 3 and S8). The
other two bands, located at 1428 and 1182 cm™, are attributed
to the tangential motion of carbon atoms; however, this pair of
bands is highly overlapped by ZIF-8 features (see Figure S8,
SI) in IR spectra of samples obtained by encapsulation and
confining of C,, inside the ZIF-8 cages. On the other hand, the
radial-motion bands do not overlap with any bands of ZIF-8
and so further in the text they serve as analytical markers. The
IR spectrum of the activated ZIF-8 is in excellent agreement
with previous reports (Figures 3a and $9).57° The

absorption bands for ZIF-8 at 3134 and 2929 cm™ are due
to the aromatic and aliphatic C H stretch of imidazole,
respectively. The band at 1583 cm™" is attributed to the C=N
stretch. The bands in the region of 1500—1350 cm™ are
assigned to various stretching vibrations of the imidazole ring.
The in-plane deformations of the ring dominate the 1350—900
cm™' region, while those in the 800—650 cm™ region are
associated with the out-of-plane bending of the ring. The band
at 420 cm™ is ascribed to the Zn—N stretch.

The 4000—2000 cm™ region is not significantly affected by
the encapsulation of Cg molecules inside the ZIF-8 frame-
work. The changes are mostly located in the fingerprint region.
At low Cy, loadings (15% Cg@ZIF-8), the IR spectrum of
ZIF-8 remains qualitatively more or less unaffected. However,
higher loadings result in more noticeable spectral changes: (1)
the envelope due to EtOH confined in the ZIF-8 cages,
between 1280 and 1200 cm ™, disappears and it is not present
for 30% and higher loadings (Figures 3a and S12); (2) ¢(CC)
and £(CN) bands at 1425 and 1458 cm™, respectively (Figure
S10), change their relative intensity. The most evident is the
change in their intensity ratio with x(C,); (3) the 5(NH) +
5(CN) combination band at 1380 ecm™" suffers a significant
increase in intensity but it slowly decreases for x(Cg) over
30% (Figure S11); (4) the 780—720 cm™ envelope consists of
two bands, one due to the out-of-plane imidazole ring
deformations at 760 cm™" and the other due to the in-plane
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Figure 3. (a) Changes in the experimental IR spectra of ZlF-8
occurring due to encapsulation of Cy. F due to the dy
relation of Cg and EtOH are framed by dashed rec les. (b)
Density ﬁ.mn:honal theory (DFT)—computed IR spectra of CQ@ZIF 8
and empty ZIF-8.

ring deformation at 750 cm™ (Figure S13). While the in-plane
deformation band remains unaffected, the out-of-plane
contribution significantly increases in intensity; (5) the
v(ZnN) band shifts its position (Figure S14); and (6) Cg
bands due to radial motions are located at 525 and 576 cm™,
respectively.

Intensities of both C,, bands follow the second-order
polynomial function of x(Cy), qualitatively the same as
observed for pure C, in the KBr matrix. A comparison of the
gas-phase IR spectra of Cgy and the previously considered
UV /vis spectra indicates no significant interaction between the
ZIF-8 framework and fullerene molecule, so we could consider
the encapsulated Cy, as almost free-standing inside the cage.
This is corroborated by the UV—vis measurements and
molecular dynamics (MD) modeling discussed below.

The imidazole ring deformation bands change upon Cg
encapsulation. This indicates that, although itself free-standing
inside the cage, the encapsulated Cg molecule affects the
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dynamics of the imidazole linkers and the three-dimensional
(3D) MOF framework. This is in line with intuitive
expectations since these constituents define the ZIF-8 cavity,
which is now occupied by the bulk spherical Cg,. The intensity
of the (NH) + 8(CN) combination band at 1380 cm™'
initially significantly increases but it slowly decreases for Cg,
loadings over 30% (Figures 3 and S11). Density-functional-
based tight-binding (DFTB)-based MD modeling indicates
that the transport of the fullerene molecules along the cages is
hardly possible. To allow Cg, to move to the next cage, all six
imidazole rings of the aperture should exhibit concerted
rotation. For ZIF-8, such a concerted change in the position of
imidazoles is a low-probability event that may account for the
low loading of Cg, in the standa.rd soaking approach. Far-IR
spectroscopy of the ZIF-8”* indicates the corresponding gate-
opening mode at 33.4 cm™". Although this mode is far from the
reach of available instrumentation, in- and out-of-plane
imidazole ring deformation modes are indirectly informative
in this respect. Namely, while the in-plane imidazole ring
deformation band at 750 cm™' remains unaffected by Cg,
loading, the out-of-plane contribution at 760 cm™" significantly
increases in intensity (Figure S13), in line with the DFT
findings obtained in this work at the Perdew—Burke—
Ernzerhof (PBE)/projector augmented wave (PAW) level of
theory (Figure 3b and SI). Additionally, both experiments and
DFT clearly show intensification of the imidazole (CH,;)C—N
stretching modes around 1460 cm™. All of these findings
indicate the increased amplitude of out-of-plane movements of
the imidazole rings.

As previously mentioned, the solvation and competition of
the fullerene with solvent molecules is a possible reason for the
observed poor efficiency in Cg, solvothermal encapsulation.
The IR data revealed an interesting behavior of the broad
1280—1200 cm™" envelope, which arises due to the EtOH
confined inside the ZIF-8 cages, which completely disappears
in fulleretic C4o@ZIF-8 materials with higher fullerene loading
(Figure 3a and details in the Section S.3, SI).

The estimation of the Cg, encapsulation efficiency was done
by quantitative analysis of fullerene 528 and 577 cm™ bands
with respect to the standard crystalline C4, measured at the
same conditions (Section $.3.2, Supporting Information).
Intensities (and other spectral parameters) with respect to
the Cg, molar ratio are determined by fitting the 528 and 577
cm™! bands, each band individually, to Lorentzian functions.
For the 528 cm™" band, fitting was done in the spectral range
from 555 to 475 cm™', taking the ZIF-8 band at 504 cm™ into
consideration. Fitting of the 577 cm™ band was done in the
range from 610 to 550 am™, taking the ZIF-8 band at 555
cm™' into consideration. The corresponding bands for an
equivalent amount of the Cg, standards are considered in the
same spectral ranges. The results are shown in Figure 4, while
the details on the analysis are given in the SI (Section $.4.2). It
can be concluded that Cg4 molecules are very efficiently
encapsulated by the described mechanochemical strategy,
reaching 95% efficiency at the highest loading. Postsynthetic
loading by milling of fullerene and ZIF-8, and by soaking the
ZIF-8 in the toluene solution containing an excess of fullerene,
resulted in low loading, 2.0 and 1.7%, respectively (Figure 4),
which is also evident from the color of the samples.

UV-Vis Spectroscopy. UV—vis spectroscopic studies of
Cg@ZIF-8 in the visible range were performed to understand
how the encapsulation in ZIF-8 affects the electronic
properties of Cg. Powder samples were placed onto KBr
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substrates and measured with an Fourier transform infrared
(FT-IR) microscope in the transmission mode; the solution
was measured with a dispersive absorption spectrometer in a
standard 1 cm quartz cell. Figure 5 compares the absorption
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Figure 5. (a) Absorption spectra of ZIFE-8, Cg powder, Cg solution
in toluene, and Ce@ZIF-8 (100%) in the visible range. (b)
Luminescence spectra of Cg@ZIF-8 and C,, powder, excitation
with the laser with 4 = §15 nm.

spectra of the powder samples of ZIF-8, Cg, and C4;,@ZIF-8.
As expected for the colorless powder, ZIF-8 does not absorb
light in the visible range and thus should not interfere with the
light absorption by the encapsulated fullerene. C,@ZIF-8
exhibits the onset of the absorption near 740 nm, followed by
the band with well-resolved features at 622, 611, 600, and 591
nm. An absorption spectrum of the C4, powder is substantially
different from that of C@ZIF-8. The absorption onset of the
fullerene powder is located at 780 nm, and the absorption band
at shorter wavelengths is broad and almost featureless except
for the relatively sharp inflection at 685 nm. Thus,
encapsulation in ZIF-8 shifts electronic transitions of Cg, to
higher energy and makes the features better resolved. These
differences can be explained by the dramatically reduced
interactions between Cg, molecules in Cg@ZIF-8, resulting in
nearly single-molecule properties. Indeed, a spectrum similar to
Cg@ZIF-8 is obtained for C, in diluted solutions (see Figure
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Figure 6. HAADF-STEM images of Co@ZIF-8 along the [100] zone-axis (a), the [111] zone-axis (b). Insets show the fast Fourier transform
(FFT) of the areas selected by red squares. (¢) HRTEM image of Ceo@ZIF-8 along the [111] zone-axis. The inset shows a typical low-resolution
image of ;}ﬂomerated particles. (d, e) Sy y-imposed and lattic ged images along the [100] and [111] zone-axis, obtained using CRISP
software,”” with a structural model of ZIF-8 embedded. Images (d) and (e) are cropped to 5 X $ unit cells and rotated by —123 and —61.3°,
respectively, as compared to the areas outlined by red squares in images (a) and (b). In HAADF-STEM images, the contrast is approximately
proportional to the square of the atomic number (Z); hence, the columns of the ZnN, tetrahedra (shown in cyan) are bright and the voids are dark.
(f) A zoomed region of the specimen is outlined by the red square in Figure 6c. The intensity profile along the yellow line shows some minor
changes in the contrast close to the center of a ZIF-8 cage, not visible in Figure 6e. The scale bar for all images in the upper row is 15 and =2 nm in

the lower row.

5 for Cg, in toluene and ref 79 for the spectrum in diluted
hexane solution). Intermolecular interactions in crystalline Cg,
are comparably strong for the molecular crystal, leading to the
significant dispersion of the highest occupied molecular orbital
(HOMO)- and lowest unoccupied molecular orbital
(LUMO)-derived bands and, therefore, to the broadening of
the absorption spectrum.

The differences in the electronic states of Cg, in the ZIF-8
matrix and the fullerene powder are further corroborated by
their luminescence spectra (Figure 5b). Cg@ZIF-8 shows the
luminescence band with the maximum at 718 nm and several
vibronic features, whereas the maximum of the solid Cg
luminescence is shifted to 750 nm. Furthermore, we found
that the position of the peak in Cg powder depends on the
sample morphology and excitation wavelength and shifts by
10—20 nm, whereas the spectrum of C¢@ZIF-8 is not affected
by these measurement parameters or the load of Cg in ZIF-8.
The fluorescence lifetime of Cg,@ZIF-8 at room temperature
is approximately 1.3 ns, and that of powder Cg is less than 1
ns. Thus, once again, we find that Cg, entrapped in the ZIF-8
matrix shows different optical properties than the solid Ce. We
can conclude that ZIF-8 app to be a co ient matrix for
the studies of almost “single-molecule” properties of fullerenes
in the solid form without the need for substantial dilution.

Electron Spin Resonance (ESR) Spectroscopy. The
presence of fullerene guests in the cages of ZIF-8 is confirmed
additionally by ESR spectroscopy. Off-the-shelf fullerene shows
a weak, sharp ESR line with a g-value around g = 2.002 and the
peak-to-peak line width around W, = 0.1 mT, due to defects
in the fullerene structure™ ™" (f?igu.re $21). While pristine
ZIF-8 does not show this signal, both ESR investigated Ceo@
ZIF-8 (15%) and Cg,@ZIF-8 (100%) exhibit a similar but
broader W, & 0.2 mT fullerene line (Figure S21). ESR is a
very sensitive technique, and the fact that the signal of
enc lated Cg remains similar to that of the crystalline

fullerene reveals how mechanochemical treatment did not
significantly damage the full guests. Mechanoch Y
looks like a reliable and suitable technique for fullerene
loading. Importantly, no new paramagnetic defects were
generated during the mechanochemical synthesis of Cg@
ZIF-8 (Figure S22).

High-Angle Annular Dark-Field Scanning Transmis-
sion Electron Microscopy (HAADF-STEM) and High-
Resolution Transmission Electron Microscopy (HRTEM)
Analyses. MOF materials are known to be highly unstable
under electron beam irradiation. To date, only a few studies
have reported TEM imaging of MOFs, includin MIL-101,*
MOF-5,% Ui0-66,"" and, very recently, ZIF-8.**" The Cy@
ZIF-8 specimen was transferred to a lacey carbon grid by
airflow. TEM experiments were carried out on a Themis Z
(Thermo Fisher Scientific) microscope operated at 300 kV.
We tested the Cgo@ZIF-8 specimen at the lh!uid nitrogen
temperature following the procedure by Li et al. ;¥ however, no
improvement in the resolution was gained and therefore the
structure characterization described below has been conducted
at noncryogenic conditions.

The crystals of C4@ZIF-8 (100%) obtained by ball milling
are typically ~70 % 15 nm in size, nonuniformly shaped, and
tend to agglomerate. Crystals with a square cross section and
90° angles between the surface facets commonly lie on the
carbon support in the [100] zone-axis orientation (Figure 6a),
and those having a triangular shape are close to the [111]
zone-axis (Figure 6b). Although MOFs are often vulnerable
under scanning transmission electron microscopy (STEM)
conditions, it was possible to collect the images shown in
Figure 6ab using the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) settings
and achieve a high resolution. It is worth noting that the
pristine ZIF-8 immediately loses its crystallinity under STEM
conditions while being illuminated with the same electron dose

10633 httpsJ/dx doLorg/10.1021/2cs chemmater 0c03796

Chem. Mater. 2020, 32, 1062810640

50




Dissertation supplement

Chemistry of Materials

pubs.acs.org/cm

as Cgo@ZIF-8. While the fullerene loading did little to affect
the thermal stability of the composites (Section S.7, SI), it
leads to improved beam stability. This increase in stability can
be considered as additional indirect evidence of filling the
cages in the ZIF-8 structure and a particularly exciting feature
of the Cg@ZIF-8 composites. The lattice parameter a = 17.1
A, obtained from the fast Fourier transform (FFT) (insets in
Figure 6a,b), is in agreement with the value reported for the
pristine ZIF-8 in the literature (a = 17.03 CSD code
VELVOY)*” and the experimental PXRD data (Figure 2a).
The d-spacings up to 5.5 A are resolvable from the FFT.
Therefore, the individual ZnN, tetrahedra located at ~3.4 A
apart from each other cannot be distinguished. Imposing a
projection symmetry (P31m and P4m, correspondingly) on the
lattice-averaged images results in a good match to the
structural model of ZIF-8 along with both the [111] and
[100] directions, thus providing additional proof that the ZIF-
8 framework is retained during the C4@ZIF-8 preparation by
ball milling (Figure 6d,e). Since the contrast in HAADF-STEM
is predominantly formed by the Zn metal centers (Figure
6a,b), we also took a high-resolution TEM (HRTEM) image
of Ce@ZIF-8 viewed along the [111] zone axis (Figure 6c).
The image has been both Fourier filtered and bandpass filtered
to reduce random noise. At the given value of defocus, the
HRTEM image has an inverted contrast: dark regions
correspond to the cage space, whereas bright areas are formed
by the Zn metal centers. The HRTEM image has additional
features which have not been revealed and confirmed by
HAADF-STEM experiments. Namely, for some thin areas of
the specimen, an additional contrast was found approximately
in the center of the ZIF-8 main channels, corresponding to the
most energetically favorable position of the Cg, molecule in the
ZIF-8 framework, according to the calculated energy profile
shown in Figure 7. Such a feature has been already reported as
TEM evidence of CO, loading in ZIF-8.*" Here, based on the
collected TEM data alone, this contrast cannot be
unambiguously attributed to the real fullerene position in the
structure. However, this finding lays a path toward further
investigations of the electron-dose-stable ZIF-8 composites
and their local structure on the atomic level.

Molecular Dynamics Simulations. To get further insight
into the location and dynamics of Cg molecules inside ZIF-8,
molecular dynamics simulations were performed using a
density-functional-based tight-binding (DFTB) method. The
calculations showed that Cg could freely rotate and oscillate
near the center of the cage. However, over the whole 250 ps
trajectory with a Nosé—Hoover thermostat temperature of T =
300 K, we did not observe a single event of passing from one
cage to another (Figure 7a and SI), indicating that the Cg,
migration through ZIF-8, if possible at all, must be very rare.
Once Cg is encapsulated into a cage, it is likely to remain in
that position. This contrasts with previous studies of the
successful inclusion of small gases (N,, CO,) into empty ZIF-
8. The previous reports talk about the “gate-opening”
phenomenon in a relatively flexible structure of ZIF-8.7*
The methyl groups of 2-methylimidazole linkers spatially
rearrange, ensuring the capture of gases bigger than the
aperture.

Since the observation of a spontaneous movement of
fullerene between the cages is not feasible on a reasonable
time scale, the C4 molecule was dragged from one cage to
another using distance constrain between a carbon atom in the
fullerene cage and the center of the targeted cage. In contrast,

Figure 7. (a) DFTB-based molecular dynamics simulations of Ce@
ZIF-8 at 300 K (left and right parts visualize two orientations of the
structure). Gray dots show all positions of carbon atoms in the 250 ps
trajectory. (b) DFTB-based energy profile and selected configuration
of Cy@ZIF-8 obtained while dragging the C, molecule from one
cage to the neighboring cage through the larger aperture. (c) The
structure of the aperture with two positions of Cgp: in the middle of
the cage (left) and in the moment of passing through the aperture
(right). Hydrogen atoms and the rest of the ZIF-8 structure are
omitted for clarity.

all other degrees of freedom were allowed to relax. Figure 7b
shows the energy profile obtained in the course of such a
trajectory (see SI for computational details and the full
propagation path animation). The calculation reveals that the
migration of C, between the cages requires overcoming a
substantial barrier of ca. 8 eV. Although the reliability of the
DFTB approach in the precise estimation of the relative
energies for this system is probably not very high, the
prohibitively large barrier is another confirmation of the low
loading efficiency in a solution soaking process or postsynthetic
mechanochemical loading. The primary reason for a large
energy demand can be well seen in Figure 7c, which compares
the geometry of the aperture for two positions of the fullerene
molecule, one in the center of the cage and another at the
moment when Cg, passes through the orifice. To let Cg, pass
through, all methylimidazole units should orient in a concerted
manner parallel to the Cg, surface, and the ring should expand
by a considerable rearrangement of all N—Zn—N angles.
pH-Controlled Release of Cg,. The releasing experiments
also prove that Cg is effectively captured and immobilized in
the sodalite framework. The fulleretics remain stable in neutral
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or basic solutions (water/toluene mixtures) and do not release
Cg upon sonication. However, Cg, gets released almost
immediately under acidic conditions (pH 2—4) (Figure 8),

[ o

Figure 8. Test tubes with Co@ZIF-8 added to layered H,O and
toluene after the addition of (a) 0.5 mol dm™ HCl (aq), and (b) 1
mol dm™ KOH (aq). (c) Ce@ZIF-8 was initially dispersed in a basic
solution of 1| mol dm™ KOH (aq) and toluene was added

bsequently. The releasing was only observed in (a).

revealing that the releasing process can be controlled by the
acidity of the environment, which one has to bear in mind in
potential applications of Cg@ZIF-8 fulleretics. 'I‘he sensitivity
of ZIFs to the acidic environment is well studied,” and it is
already used for the pH-controlled release of encapsulated dru%
molecules from MOF vehicles, such as 5-fluorouracil@ZIF-8.”
Slow release of S-fluorouracil from the ZIF-8 voids can be
dramatically accelerated by lowering the pH of the slurry from
7.4 to 5.0, following the difference between the normal blood
pH and the pH of cancer cells. The release of 5-fluorouracil
was followed by the dissolution of the ZIF-8 structure, a
degradation of the framework, and the increase of Zn®* ions in
the solution.”*”*

B CONCLUSIONS

To summarize, we have shown here how the mechanochemical
ILAG approach leads to rapid, efficient, green, and controllable
preparation of four tunable fulleretic materials, with specified
amounts of Cyy-fullerene guests. This mechanochemical
strategy, involving cheap and easily accessible reactants such
as ZnO and ethanol, proved superior to the solution synthetic
and postsynthetic procedures. It avoided problems related to
solubility, solvation, the competition of the target fullerene
with the solvent molecules, and small cage-apertures. It
allowed for a high level of stoichiometric-controlled loading
of the buckminsterfullerene into the cages of ZIF-8. The
confinement of Cg, in the ZIF-8 cage does not influence the
unit-cell parameters of ZIF-8, but increases the rigidity of the
framework and improves the stability of fulleretic material
toward the electron dose radiation. While the HAADF-STEM
could not provide unambiguous proof on the fullerene’s exact

position in the cages, the DFTB-based molecular dynamics
studies indicate that the hollow fullerene is accommodated in
the middle of the cage, which also rationalizes the changes in
the IR and PXRD data observed upon encapsulation. Once
entrapped, the fullerene is immobilized in one cage, and the
transport of the fullerene through the network requires energy
and substantial rearrangement in the aperture structure. The
entrapped C, molecules are in a weak interaction with the
MOF wall and well isolated from oneother, even in high
loading. This makes ZIF-8 a convenient matrix for the efficient
immobilization of fullerene guests and achieving well-ordered,
almost “single-molecule” properties of fullerenes in the solid
form without substantial dilution. Due to high efficiency of the
presented mechanochemical procedure, we aim to apply this
mechanochemical strategy for entrapment of anisotropic and
magnetic metallofullerenes available at sub-milligram scale to
develop fulleretic materials with tunable content of magnetic
centers, and to expand the interesting but poorly investigated
field of fulleretic materials. We believe this strategy may prove
general also for the stoichiometry-controlled confinement of
other rigid nanoguests, such as polyoxometalates or metallic
nanoparticles in MOF(s) with suitable structure and nature of
the voids.

B EXPERIMENTAL SECTION

Materials. ZnO, ammonium nitrate, and 2-methyl imidazole
(Melm) were obtained from Sigma-Aldrich. Ethanol (EtOH) was
purchased from G L. Tol was obtained from Sigma-Aldrich.
Fullerene-C4 was supplied from TCL

Mechanochemical Syntheses. Mechanochemical Synthes:s of
ZIF-8. ZIF-8 was synthesized according to the literature method.*”

Mechanochemical Syntheses of Cs/@ZIF-8 Materials. ZnO (40
mg, 0.491 mmol), 2-methyl imidazole (80.70 mg, 0.982 mmol), and
Cg (9 mg (15%)) were placed into a Teflon jar with two stainless
steel balls (7 mm). The mixture was neatly ground for 10 min at 30
Hz using IST-500 mixer mill, followed by further milling for 45 min
by the addition of EtOH (45 uL) and 6 mg of NH,NO;. The
resulting compound was washed first with EtOH and then with
toluene, filtered, and air-dried. A purple compound was obtained and
analyzed by PXRD, FTIR-attenuated total reflection (ATR), and
thermogravimetric analysis (TGA). The quantity of Cg was
calculated on the basis of the maximum number of voids in the
ZIF-8 structure, which accounts for one-sixth of the ZIF-8 total
quantity. The reaction was repeated using different ratios of Cg (18
nf, (30%), 36 mg (60%), 60 mg (100%)). Elemental analysis

ated (%) for A (C4HN,Zn); C:42.22, H: 443, N:24.62,
found C:43.40, H: 5.11, N: 21.32. For 30% C,@ZIF-8
(CiHgNyZn); C:50.11, H: 3.82, N:21.25, found C:49.00, H: 4.31,
N: 19.82. For 100% Ceo@ZIF-8 (CysH N, Zn); C:62.18, H: 2.90,
N:16.11, found C:59.31, H: 3.88, N: 16.16.

Small-Scale Mechanochemical Synthesis of 30% Cg@ZIF-8
Material. ZnO (2 mg, 0.0245 mmol), 2-methyl imidazole (4 mg,
0.0491 mmol), and Cg, (0.9 mg (30%)) were placed into a Teflon jar
with two stainless steel balls (7 mm). The mixture was neatly ground
for 10 min at 30 Hz using IST-500 mixer mill, followed by further
milling for 45 min by the addmon of EtOH (S uL) and 04 mg of

NH,NO,. The c d was washed first with EtOH and
then with toluene (foﬂowlng the procedure stated above), filtered,
and air-dried. A purple compound was obtained and analyzed by

PXRD and FTIR-ATR.

Neat Grinding of 2-Methyl Imidazole and C,, 2-Methyl
imidazole (25 mg, 0.306 mmol) and C (12.5 mg) were placed
into a Teflon jar with two stainless steel balls (7 mm). The mixture
was neatly ground for 1 h at 30 Hz using IST-500 mixer mill. The
msultmg product was analyzed by PXRD and FTIR-ATR. The milling

t dissolves by washing with EtOH and toluene following the
proccdure given above.
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ILAG of 2-Methyl Imidazole and Ces 2-Methyl imidazole (25 mg,
0.306 mmol) and Cg (12.5 mg) were placed into a Teflon jar with
two stainless steel balls (7 mm). The mixture was neatly ground for
15 min at 30 Hz using IST-500 mixer mill followed by further milling
by the addition of NH,NO; (3 mg) and 20 uL of EtOH. The
resulting crude product was analyzed by PXRD and FTIR-ATR. The
milling product was dissolved by washing with EtOH and toluene,
following the procedure stated above.

ILAG of 2-Methyl Imidazole. 2-Methyl imidazole (25 mg, 0.306
mmol) and NH,NO; (3 mg) were placed into a Teflon jar with two
stainless steel balls (7 mm). EtOH (20 uL) was added and the

(PerkinElmer, Inc.) using Spectrum10 software (PerkinElmer, Inc.) in
the transmittance mode by the KBr pellet technique and FTIR-ATR.

Vis—Near-Infrared (NIR) Absorption Spectroscopy. Absorption
spectra of ZIF-8, C, and C@ZIF-8 powder samples in the visible
range were measured with a Hyperion microscope attached to the
Vertex FTIR spectrometer (Bruker). Powder samples were placed
onto KBr single-crystal substrates, and the spectra were recorded in
the transmission mode. The absorption spectrum of the fullerene

lution in tol was d with a dispersive UV—vis—NIR
spectrometer Shimadzu UV 3101PC.

Luminescence Spectroscopy. Steady-state luminescence spectra of

A,

mixture was milled for 30 min. The resulting product was analyzed by
PXRD and FTIR-ATR.

Postsynthetic Method for the Encapsulation of Cg, into
Mechanochemically Synthesized ZIF-8. Mechanochemically synthe-
sized ZIF-8 (15 mg) and 15 mg fullerene-C,, were placed into a
Teflon jar with two stainless steel balls (7 mm). The mixture was
milled for 45 min at 30 Hz using a IST-500 mixer mill. The resulting
powder was washed with tol three times (3 X 10 mL). A beige-
colored solid was obtained and analyzed by PXRD and FTIR-ATR.

Solvothermal Synthesis of ZIF-8 and Postsynthetic Encapsula-
tion of Cg by &)aking in Toluene Solution. Zn(NO,),-6H,0
(108.70 mg, 0.365 mmol) and 2-methyl imidazole (60 mg, 0.730
mmol) were each dissolved in $ mL of DMF. The prepared solutions
were placed into a 20 mL Teflon-lined stainless steel autoclave. The
mixture was then heated for 24 h at 120 °C. A white powder was
precipitated, which was washed with DMF, air-dried, and analyzed by
PXRD and FTIR-ATR. The resulting solid was then soaked for a
week in toluene solution with an excess amount of Cg, fullerene. A
beige-colored solid obtained was analyzed by PXRD and FTIR-ATR.

One-Pot Solvothermal Synthesis of C@ZIF-8 Materials. Zn-
(NO;),6H,0 (108.70 mg, 0.365 mmol) and 2-methyl imidazole (60
mg, 0.730 mmol) were each dissolved in 5 mL of DMF. The prepared
solutions and 8 mL of the toluene solution of C, (25 mg, 0.0346
mmol) were placed into a 20 mL Teflon-lined stainless steel
autoclave. The mixture was then autoclaved for 24 h at 120 °C.
The obtained precipitate was light-colored while the mother liquid
remained purple. It was subsequently washed several times with DMF
and then with toluene. The beige-colored solid obtained was analyzed
by PXRD and FTIR-ATR.

Activation of C@ZIF-8 Samples for IR Measurements. C @
ZIF-8 samples were washed with EtOH three times and soaked in
EtOH for 2 days; EtOH was changed three times a day. Afterward,
they were left at 100 °C overnight.

Releasing Experiments. Test Tube 1. A suspension (5 g) of
Cg@ZIF-8 in deionized H,0 (S5 mL) was stirred at RT, while 0.5 mol
dm™ HCl (aq) was added dropwise. The resulting mixture was
ultrasounded for a few seconds. When the color of the suspension
started to turn brown, toluene was added to the mixture. The toluene
phase turned purple immediately, which is the evidence of the
successful release of fullerene Cg,.

Test Tube 2. C,@ZIF-8 (5 mg) was added to the mixed layer of
deionized H,O (5 mL) and toluene (5 mL) and stirred at RT, while 1
mol dm™ KOH (aq) was added dropwise. The resulting mixture was
ultrasounded for a few seconds. No color change was observed since
C,, was unable to be released from the pores.

Test Tube 3. A suspension (§ g) of C@ZIF-8 in deionized H,0
(5 mL) was stirred at RT, while 1 mol dm™ KOH (aq) was added
dropwise. The lting mi was ultr ded for a few seconds.
When the color of the suspension started to turn brown, toluene was
added to the resulting mixture. No color change was observed since
Cgo was unable to be released from the pores.

Powder X-ray Diffraction (PXRD). PXRD data for as-synthesized
samples was analyzed using the PANalytical Aeris Research tabletop
diffractometer, with Cu Ka radiation (40 kV, 7.5 mA) in the Bragg
Brentano geometry, with the sample mounted on a zero-background
silicon plate.

FTIR Spectroscopy. Measurements were performed on a
PerkinElmer Fourier transform infrared spect ter Spectrum Two

10636

P ples were d with a modular spectrometer of local
design comprising Omicron PhoxX diode lasers for excitation (405,
488, 515 nm), Avantes AvaSpec HS1024x122TEC high-sensitivity
fiber-optic spectrometer with TE-cooled back-thinned CCD detector
(200-1000 nm), and an optical microscope of local design. Variable-

perature were performed with a Janis ST-500
microscopy cryostat (temperatures down to 4 K). Luminescence
lifetimes were measured by the time-correlated single-photon
counting (TCSPC) technique using PicoQuant TimeHarp counter/
timer and FluoFit software. Luminescence is excited by Omicron
diode lasers modulated up to a frequency of 80 MHz (allowing the
measurement of lifetimes longer than ~0.7 ns), time-resolved
detection is performed by a PMA 192 PMT (Picoquant) in a visible
range (250-850 nm).

ESR Spectroscopy. The electron spin resonance (ESR) or electron
paramagnetic resonance (EPR) study was performed on powder
samples in the range from room temperature down to 78 K using a
Bruker Elexsys 580 FT/CW X-band spect ter. The mic
frequency was around 9.7 GHz, the magnetic field dulati
amplitude was 0.03 mT, and the modulation frequency was 100 kHz.

TGA Experiments. All TGA experiments were performed using a

imul thermal ly STA 6000 (PerkinElmer, Inc.) in
alumina crucibles at a heating rate of 5 °C min™" from 35 to 900 °C
under nitrogen gas, and from 35 to 800 °C under oxygen gas,

-1

respectively, purging at a flow of 30 mL min™".
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S.1 Experimental section

Figure S1. Toluene waste after washing (left), solid 30% Cs;@ZIF-8 (right).

59




Dissertation supplement

S.2 Powder X-ray diffraction (PXRD) Analysis
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Figure S2: PXRD data of (a) The product after neat grinding of mixture of ZnO, 2-Melm, and fullerene for
10 minutes; and (b) a product of ILAG loading of fullerene (red) shows no traces of ZnO (asterisk) and

fullerene, only the pure ZIF-8 phase. Green is the calculated diffractogram for the deposited ZIF-8
structure (CSD code VELVOQY), and blue is the PXRD of ZnO.
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Figure S3. PXRD data of red: ZIF-8 (VELVOY), black: 100% Cso@ZIF-8, navy: 15% Cso @ZIF-8, brown: Cso@ZIF-
8 by mechanochemical post-synthetic method
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Figure S4. PXRD data of red: ZIF-8 (VELVOY), black: 100% Ceo@ZIF-8, blue: Ceo@ZIF-8 by in situ
solvothermal synthesis, green: post-synthetic encapsulation of Cg by soaking in toluene solution.
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Figure S5. PXRD data of red: 2-methyl imidazole, black: Fullerene Cs, brown: attempted NG reaction of 2-
methyl imidazole and Cso, blue: attempted ILAG reaction of 2-methyl imidazole and Ceo.
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Figure S6. PXRD data of mechanochemically prepared red: ZIF-8, black: 30% Cgo@ZIF-8, blue: small-scaled

30% Cso@ZIF-8.

62




S.3 Infrared (IR) spectroscopy

S.3.1 Qualitative analysis

To confirm the formation of ZIF-8, as well as to confirm encapsulation of fullerene in ZIF-8 framework, IR
spectra of prepared KBr pellets were examined. First, one should understand IR spectra of the
constituents, which are fullerene Cg, and 2-methylimidazole (2MelM) as a main building block of the ZIF-
8 metal-organic framework. IR spectrum of fullerene®? is dominated by two main bands, found at 577 and
528 cm™, ascribed to radial motion of its carbon atoms. Fullerene is fully characterized by the other two
bands at 1428 and 1182 cm™, attributed to a tangential motion of carbon atoms. IR spectrum of 2Ml is
fully assigned by Arivazhagan et al.“The comparison of 2MI and ZIF-8 IR spectra is given in Figure S7, which

Dissertation supplement

provides a basis for a tentative assignation of ZIF-8 IR bands, as given in Table S1.

ZIF-8

__/———"‘%

2-Methylimidazole

T T

4000 3500 3000 2500 2000 1500 1000 500
wavenumber / cm”'
Figure S7. IR spectra of 2-methylimidazole and ZIF-8.
Table S1. The comparison of experimental IR spectra of 2MI and ZIF-8.
2ZMelm= ZIF-8 Assignation
3173 3177 v(NH)
3136 3129 v(CH)
3110 vs(CH3)
3019 2960 v(CH3) out-of-plane
2925 2929 vs(CHz)
2898 2868 vss(CH2)
3000-2200 v(NH) hydrogen bonded
1853 a combination envelope
1672 1672 v(C=N)
1595 1583 v(CN)
1503 8(CHs)
1478 1482 v(CN)
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1445 1459 v(CN)
1407 1424 v(CC)
1370 1383 S(NH)+ 8(CN)
1303 1309 8(ring)+&(CC)

1246 Confined EtOH
1209 1216 Confined EtOH
1169 d(CH3)
1153 1178 8(CHz)
1129 1147 ¥(CHz)
1114 p(CH2)+3(CN)
1046 y(NH)+ y[CH)
996 995 p(CHs) in-plane
962 p(CHz) out-of-plane
937 954 ¥(CH)+ ¥(CC)
914 Y(NH)
840 843 ¥(CH)
753 760 v(CH)+ y(CN)
740 751 8(CC)+a(CN)
678 695 v(CCHs)
653 685 t(ring)
627 641 ¥(CH)+ (CC)

555

503
420 422 v(ZnN)

a[M. Arivazhagan, 5. Manivel, 5. leyavijayan, R. Meenakshi, Spectrochim. Acta A, 134 (2015) 493-450]

®n - stretching; s - symmetric; as - antisymmetric; & - in-plane deformation; y - out-of-plane deformation; p- rocking; t- torsion

Mow, we consider changes in IR spectra due to the encapsulation of Cg; molecules inside ZIF-8 framework.
Due to overlap of bands corresponding to tangential motion modes of Cs with bands belonging to

Ceo@ZIF-8 samples only the ones ascribed to radial motion are used (Figure 58).
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milling Cg,@2IF-8 100%

soaking Cg + ZIF-8
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Figure S8. IR spectra of green: Ceo fullerene, red: ZIF-8, black: Ceo+ZIF-8 by post-synthesis, blue: 100 %
Ce@ZIF-8 by one-pot mechanochemistry

A broad envelope in the 1280-1200 cm ™ range completely disappears for Cg; loadings over 15%. The origin
of this envelope is resolved by comparing the spectra for ZIF-8 prepared in different conditions, as shown
in Figure S9. For this reason, ZIF-8 was synthesized in following ways: 1. solvothermally from Zn(NO3): in
DMF. After the synthesis the sample was washed with toluene; 2. solvothermally from Zn(NOs): in DMF.
After the synthesis the sample was washed with EtOH; 3. LAG ball milling from ZnO with EtOH; 4. LAG ball
milling from ZnO with MeOH; 5. ILAG ball milling from ZnO using EtOH and NH,NO; (the method used for
preparation of here considered samples); 6. ILAG ball milling of the mixture of Ceo (15% with respect of
the ZIF-8 precursors) from ZnO using EtOH and NHsNOs (the method used for preparation of here
considered samples).

It is evident that this spectral feature is present exclusively in cases of ZIF-8 prepared in the presence of
ethanol (EtOH). While it is visible in the nascent ZIF-8 prepared by ILAG using EtOH, this feature is almost
unnoticeable in mechanochemically prepared 30% Cso@ZIF-8. It could not be detected for greater Cso
loadings (Figures 3a in the manuscript and S12). In solution, the EtOH molecule acts as a hydrogen bond
donor for electron pairs of the N atoms of imidazole rings, which may cause stronger binding with respect
of Cg which, together with the vast excess of solvent molecules in solvothermal synthesis, may reduce
the loading of fullerene guests. This is further corroborated by evidence from the v(Zn-N) band. For neat
ZIF-8 and low Ceo loadings, it consists of two bands, one peaking at 422 and another at 416 cm ™. The 416
cm™ contribution rapidly decreases in intensity and completely disappears for x(Cs) = 30%. On the other
hand, the intensity of the 422 cm™ band is unaffected by Ceo loading, but it is narrowed. It is important to
note that for ZIF-8 prepared from DMF, only 422cm™ contribution is observed (SI). This indicates that, for
ZIF-8 prepared in the presence of EtOH, the Zn-N moiety is in interaction with EtOH, possibly through
hydrogen bonding. The same supramolecular interaction is absent in the presence of Cso, thus setting the
Zn-N vibrator free. That being so, in solution strategies, an excess of EtOH prevents substantial loading of
Cso. However, in LAG and ILAG conditions, EtOH is present in amounts much lower than Cso enabling the
Cso molecules to efficiently compete for the inhabitation of ZIF-8 cages.
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Cgp + 2IF-8
solvothermal (DMF & toluene)

Co/@2IF-8

ILAG (E1OH + NH,NO,)

ZIF-8
ILAG (EtOH + NH,NO,)

ZIF-8
LAG (EIOH)

1400 1200 1000
-1
viem
Figure S9. Comparison of the ZIF-8 samples prepared by different methods. The 1280-1200 cm™ feature
is present exclusively when EtOH was used in the synthetic process.

The fullerene bands are located at the same positions for neat Cg, and unaffected by amount of the
encapsulated Cg inside the ZIF-8 framework. Gas-phase IR spectra of Cg show the corresponding bands
at 528 and 576 cm™, respectively. Here observed bandwidths are also very similar to those for gas-phase
samples.® Altogether, this shows that there is no significant interaction between ZIF-8 framework and
fullerene molecule, so it is free standing inside the cage. ZIF-8 does not absorb light in the visible range -
so all the features come from Cg,. The lowest-energy absorption of Cs, powder is rather broad absorption,
the onset is near 760 nm. Cso@ZIF-8 sample shows different absorption pattern. It is better resolved and
is shifted to higher energy. Again, like in luminescence spectra, these differences may be attributed to
considerable interactions between Cg, molecules in the fullerene solid (there should be some dispersion
in the electronic bands) and the absence of such interactions in C5@ZIF-8 samples. This suggestion is
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further verified by comparison to Cg spectrum measured in solution (i.e. Cgo molecules are also non-
interacting), which is very similar to the spectrum of Ceco@ZIF-8. In brief, Cso in Cso@ZIF-8 shows electronic
properties of the single molecule not affected by intermolecular interaction.

Cgo encapsulation-induced changes in IR spectrum of the ZIF-8 are mainly limited to the features due to
the deformations of the imidazole ring. This indicates that embedding of C5, molecule significantly affects
the dynamics of the imidazole moiety, which is in line with intuitive expectations, since these m oieties
define the dimensions of the ZIF-8 cavity, now occupied by bulk spherical Cgo.

The envelope attributed to v(ZnN) mode consists of two bands for ZIF-8, one at 422 cm™ and another at
416 cm™. The 416 cm™ contribution rapidly decreases in intensity and completely disappears for x(Csg) =
30%. Simultaneously, the intensity of the 422 cm™ band remains constant, but it is narrowed. This
indicates that Zn-N moiety is in some interaction with its surrounding for empty ZIF-8, which is broken by
encapsulation of Cso, making the Zn-N vibrator free.

: 304
100 (1425 cm’) 284 o~ 1425em")1K1458 cm)
o 1(1458cm )
80 26—
; g
2 ~ r 24 -
§ w- §
g 224
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x(Cgo) 1 %
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Figure S10. Intensity of the v(CC) and v(CN) band, respectively, and their ratio. Error bars represent
standard deviations of intensity of the band as obtained by fitting to Lorentzian function.
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Figure S11. Intensity of the 8(NH) + 8(CN) combination band. Error bars represent standard deviations of
intensity of the band as obtained by fitting to Lorentzian function.
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Figure 512. Envelope in the 1280-1200 cm™ range due to the EtOH confined inside the ZIF-8 pores.
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Figure S13. Intensity and full width at half height of the in-plane and out-of-plane deformation,
respectively, of the imidazole ring. Error bars represent standard deviations of the corresponding
parameters as obtained by fitting to Lorentzian function.
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Figure S14. IR absorption due to the v(ZnN) vibrational mode.
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(a)
2-Melm + Cgp - NG

(b)
2-Melm + Cqg - ILAG

(c) ‘7\
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(d)
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S I
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Figure S15. IR spectra of black: Fullerene Cso, red: 2-methyl imidazole, orange: attempted ILAG reaction of

2-methyl imidazole, blue: attempted ILAG reaction of 2-methyl imidazole and Cg, violet: attempted NG
reaction of 2-methyl imidazole and Ceo.
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Figure S16. IR spectra of mechanochemically-synthesized black: ZIF-8, violet: 30% Cg@ZIF-8, blue: small-

scaled 30% Cs@ZIF-8.
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5.3.2 Quantitative analysis

The amounts of KBr and ZIF-8, fullerene (Cg) or fullerene encapsulated ZIF-8 (Cgn@ZIF-8) used for pellet
preparation are given in the Table 52. Each spectrum was recorded across the range of 4000-350 cm™ with
the spectral resolution of 1 cm™. IR spectra were subsequently examined to study amount of Cg

encapsulated in ZIF-8.

Table S2. The preparation of pellets for the FT-IR spectroscopy

Sample m{Cesa or ZIF-8 sample)/ mg m(KBr)/mg*
Ceo_30% 0.42 102.58
Ceo_60% 0.72 102.28
Cso_100% 1.05 101.95

ZIF-8 3 100
Ceo@ZIF-8_15% 3 100
Ceo@ZIF-8_30% 3 100
Ceo@ZIF-8_60% 3 100
Cea@ZIF-8_100% 3 100

*Sufficient for the preparation of pellets with a total weight of 103 mg. Cey: fullerene; Ce@72IF-8: fullerene encapsulated ZIF-8

To obtain calibration curve, approximate fullerene content in 30 %, 60 % and 100 % Cg@ ZIF-8 were
calculated and relative amounts of corresponding free fullerene, were mixed with powdered KBr,
previously dried at 100°C in an oven to constant weight, to prepare the 103 mg pellets. The powders were
mixed and ground in an agate mortar to obtain a homogeneous mixture. Thereafter, this mixture was
compressed with a mechanical press for one minute under the pressure of 10 bar to obtain translucent
pellets.

Previously dried empty ZIF-8 sample, as well as four Ceo@ZIF-8 samples, containing 15%, 30 %, 60 % and
100 % of Cgg, were made into KBr pellets following the same procedure. In order to obtain 103 mg pellets,
3 mg of ZIF-8 or Cs@ZIF-8 samples were taken and diluted with 100 mg of powd ered KBr.

In order to determine efficiency of encapsulation of Ce into the ZIF-8 matrix, we selected 528 and 577 cm’
'bands. These bands are well isolated from the rest of the spectral features, as well as well separated to
each other (Figure 517), allowing a highly accurate measurement of spectral parameters. As seen from
Figure 517, 528 cm™ band is partially overlapped by 504 cm™ feature of ZIF-8, but this does not affect the
results.
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Figure S17. Changes in IR spectra (region 650-450 cm™) upon loading of fullerene.

Intensities (and other spectral parameters) with respect of C5, molar ratio were determined by fitting the
528 and 577 cm™ bands, each band individually, to Lorentzian functions. For 528 cm™ band, fitting was
done in the spectral range from 555 to 475 cm™, taking the ZIF-8 504 cm™ into consideration. Fitting of
the 577 cm™band was done in the range from 610 to 550 cm ™, taking the ZIF-8 555 cm™ into consideration.
The corresponding bands for equivalent amount of neat Cg; are considered in the same spectral ranges.
The results are given in Table S3 and Figure S18.

Table S3. Intensities of the fullerene 528 and 577 cm™ band, respectively, as obtained by fitting them to
Lorentzian shape functions.

Nominal x{Cgo) / % T it
526 cm™ 575 cm™ 528 cm™ 577 cm™
15 1.30+0.11 0.49+0.12 1.35+0.05 0.38+0.03
30 2.38+0.12 0.99+0.14 197 +0.03 0.73+0.03
60 3.84+0.12 1.49+0.14 3.49+0.05 1.44+0.04
100 4,88 +0.18 1.94 +0.20 4.49 +0.06 1.89+0.05
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Figure S18. (a) Intensities and (b) peak positions of the characteristic fullerene bands. Error bars for
intensities represent standard deviations of the intensity as obtained by fitting to Lorentzian function,
while the error bars for peak positions represent the resolution of the recorded IR spectra.

Now, the intensities of fullerene bands at 528 and 577 cm ™ are fitted to second-order polynomial function
of the form:

I = ax(Cso) + bxz(c6o)
The obtained fitting parameters are given in Table S4.

Table S4. Second-order fitting parameters for intensities of fullerene bands.

Cso Ceo@ZIF-8
a b a b
/(528 cm™) | 0.090 +0.002 |-0.00041 +2.5-10° | 0.080 +0.006 -0.00035 + 6.3-10°
577 cm™) | 0.035+0.002 | -0.00016 +2.4-10° | 0.029 +0.002 -0.00001 * 2.4-10°

Figure S18 a shows comparison of intensities of the neat Cg, with those for the corresponding bands for
encapsulated Cg, together with fitting of these data to second-order polynomial functions. It is evident
that the behavior of encapsulated Cg, is very similar to neat Cgo. The expected behavior for is given by
dashed lines, but in both cases Cg; significantly deviates from linear behavior with respect of molar ratio.
For these reasons, in order to finally determine the encapsulation efficiency of Cso inside the ZIF-8 pores,
we compared the molar ratio dependent intensities of neat with respect to encapsulated Cg,. Thus, the
encapsulation efficiency fen for corresponding band ¥ is calculated as:

Ineat(¥(Co0)) = Tenc(¥(Co0))]
]x (Ce0)
Ineat(x(CGO))
where I (x(Cgp)) and I, (x(Cgp)) represent intensity of neat and encapsulated Cqo, respectively, for
given nominal molar ratio x(Cgq).

fEnc(ﬁ) = 1=
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S.4.Luminescence spectroscopy
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Figure $19. Luminescence spectra of Ceo@ZIF-8 samples with different Cso loading and the spectrum of Ceo
powder. Room temperature, excitation at 515 nm, all spectra are normalized to have similar intensity
(absolute intensities are not comparable, i.e. we do not know if quantum yield is changing).

The interactions between Cg molecules in solid Cg, and their absence in the ZIF-8 encapsulated fullerene
changes the exciton properties. Comparison of the luminescence spectra of Cso@ZIF-8 and Cso Samples
reveals an evident shift of encapsulated Cs, luminescence to higher energy, suggesting almost isolated Cg
molecules inside ZIF-8 cages.(Figure S19) The measured fluorescence lifetime of Ceo itself is less than 1 ns
(the set-up used in the measurement has the limit of ~0.7 ns), while for C5,@ZIF-8 it is increased to 1.4 ns
and it seems to be independent on the load. Temperature dependent luminescence spectra show
constant fluorescence lifetimes down to liquid He temperatures (4 K). However, while the spectra of the
Cs powder is significantly intensified by cooling, the intensity of the Cs@ZIF-8 spectra is only slightly
increased. This points to the decrease of interaction with other Cso neighbors in Cso@ZIF-8, thus indicating
mutual isolation of Cso molecules due to the encapsulation in ZIF-8 matrix.

C.@ZIF-8, &,, =405 nm C,, powder, 7, =405nm
6x10°H 1x10°4
9x10°
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Figure S20. Luminescence spectra of Ceo@ZIF-8 (50%) and the spectrum of Cso powder measured at
different temperatures, excitation at 405 nm. Spectra of Cso powder seem to be different with different
excitation wavelength, whereas those of Cs,@ZIF-8 are only slightly changing.
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S.5 Theoretical methods and models

Two theoretical frameworks were employed for the different computational tasks according to their
computational needs and time efficiency. Density functional based tight-binding (DFTB) model® was used
for the molecular dynamic propagation of ZIF-8 and Cg@ZIF-8 (Figure 7a in the main text) and potential
energy scan (PES) along the Cs; motion between the centers of two pores (Figure 7b,c in the main text).
Density functional theory (DFT) at PBE level of theory was used for the computations of harmonic
vibrational spectra of ZIF-8 and Cg,@ZIF-8 (Figure 3b).

DFTB calculations were performed using DFTB+ code (ver. 20.1) and the Slater-Koster parameters 3ob-3-
1-CC optimized for organic and biological systems.”# The dynamic trajectories propagated for 250ps with
the time step of 0.5 fs within the canonical (NVT) ensemble, using the Nosé~Hoover thermostat set at
T=300 K for temperature control. The PES profile for Cs “leap” between two consequent pores was
obtained by using constraint optimization techniques. In this run, the distance between the front carbon
of the cage and the central point of the targeted-pore was changed step-wise and remained fixed at the
optimization, while all other degrees of freedom were optimized down to the gradient of 102 eV/A.
Animation (animation.mp4) shows the geometrical changes along this reaction path.

For the ZIF-8 and Ceo@ZIF-8 structures well-optimized at the DFT/PBE level of theory, dynamic matrixes
and Born effective charges were computed using the plane-wave basis set and the projector augmented
wave method with energy cutoffs recommended by VASP5.1 developers.®'%***2 The results of the density
functional perturbation theory (DFTP) computations were used to estimate IR frequencies and intensities
in the dipole approximation for periodic systems (Figure 3b in the main text)."***
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S.6 ESR spectroscopy

The presence of fullerene guests in the cages of ZIF-8 is confirmed also by ESR spectroscopy. Off-the-shelf
fullerene shows weak sharp ESR line with g-value around g = 2.002 and peak-to-peak line-width around
W, =0.1 mT, due to defects in fullerene structure,®*? as could be seen in Figure S21 a. While pristine ZIF-
8 does not show this signal (Figure S21 b), both investigated Cs@ZIF-8 (15%) and Cs@ZIF-8 (100%) clearly
exhibit the similar but broader fullerene line with W, = 0.2 mT (Figures S21 c and d). Stronger line intensity
of Ceo@ZIF-8 (100%) compared to weaker line intensity of Cso@ZIF-8 (15%) agrees with different mol% of

fullerene in ZIF-8.
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Figure S21. Comparison of the ESR spectra for a) Cg, b) ZIF-8, c) Cso@ZIF-8 (15%) and d) Ce,@ZIF-8 (100%)
at indicated temperatures.

In order to check does synthesis of Ceo@ZIF-8 produce some additional paramagnetic signal, ESR spectra
of investigated samples were recorded also in the broader magnetic field range 0-800 mT (Figure S22). In
the spectrum of pristine ZIF-8, a weak and broad background signal is visible (Figure S22b), probably due
to presence of small amount of paramagnetic impurities. The same background line is presented in
Ceo@ZIF-8 (15%) and Ceo@ZIF-8 (100%), as can be seen in Figure S22 c and d, respectively. However, no
additional lines (beside fullerene line) are presented in Ceo@ZIF-8 confirming that during the synthesis no

new paramagnetic defects were generated.
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Figure S22. ESR spectra recorded in the magnetic field range 0-800 mT for a) Ceo, b) ZIF-8, c) Ceo@ZIF-8
(15%) and d) Cso@2ZIF-8 (100%) at indicated temperatures. The lines labelled with asterisks originate from

the ESR cavity.
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Figure S23. TGA-DTA data collected under N,, heating rate 5 °C/min for (from left to right): ZIF-8, 30%
Ceo@ZIF-8, and 100% Cso@ZIF-8. Endotherm was set to point upwards for all experiments.
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Figure S24. TGA-DTA data collected under O, heating rate 5 °C/min for (from left to right): ZIF-8, 30%
Ceo@2ZIF-8, and 100% Cg@ZIF-8. Endotherm was set to point upwards for all experiments.
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ABSTRACT: MOF-74 is an archetypal magnetic metal—-organic
framework (MOF) family, with metal nodes bridged by 2,5-
dioxido-1,4-benzenedicarboxylic acid (H,dobdc) and arranged into
one of the simplest representations of the 1D Ising magnetic model.
Recently, a novel mechano-synthetic approach opened a pathway
toward 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 heterometallic MOFs. We
explore here how different mechanochemical procedures affect the
interaction between the metal nodes of the model system of three
multivariate copper(Il)/zinc(I1)-MOF-74 materials, two of which
were obtained through a template-controlled procedure, and the

'r

x(T)T

third one was obtained by recently developed mechanical MOF-alloying combined with subsequent accelerated aging. While the
three Cu/Zn-MOF-74 products have almost identical powder X-ray diffraction (PXRD) diffractograms and Fourier transform
infrared spectra, they differ significantly in their magnetic properties, as revealed through detailed magnetization and X-band and
multifrequency high-field electron spin resonance measurements. The magnetic results of the three multivariate Cu/Zn-MOF-74s
were compared to the properties of the monometallic Cu-MOF-74, which shows antiferromagnetic intrachain and weaker
ferromagnetic interchain interactions. Energy-dispersive X-ray spectroscopy/scanning electron microscopy and solid-state nuclear
magnetic resonance spectroscopy helped rationalize the observed differences in magnetization, and in situ synchrotron PXRD
monitoring of template-controlled MOF formation revealed different reaction pathways when using the zinc or copper
intermediates, involving even the fleeting occurrence of a rare MOF-74 polymorph.

W INTRODUCTION
Thirty years after their discovery, metal—organic frameworks

process is still limited, and the process is hard to control.'*"
In the direct synthesis approach, MM-MOFs are built from

(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 subfields that attract
significant attention are multivariate MOF materials 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 in controlling the uniformity of
distribution and the relative ratio of the respective metal-node
constituents in the two main conventional solvothermal
approaches, postsynthetic metal exchange, and direct syn-
thesis.” Postsynthetic exchange relies on the soaking of
monometallic MOF in a solution containing the salt of the
other metal(s), usually for a period of days to weeks. 1 The

literature on thermodynamic and kinetic factors governing the

© 2022 American Chemical Society

4 ACS Publications 18181

solutions containing linkers and multiple metal salts. While
there are several studies 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 inclusion of a respective metal is most often
serendipitous.'*'® This is mostly expected, and many factors
such as the nature of the metal cation (such as the acidity,
charge, softness, and radius), solvent effects (solubility, pH,
and solvation), and the thermodynamics of the process must
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Figure 1. (a) Rep

Zn

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(H,dobdc)(H,0),], (Cu-INT) prepared in this study. (d) Structure of [Zn(H,dobdc)(H,0),], (Zn-INT) CCDC code: ODIPOH.'™** Color
code: copper, blue; zinc, yellow; carbon, grey; oxygen, red; and hydrogen, light grey.

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, characterized by large
channels (12 A diameter) and open metal sites, stood out on
account of their outstanding pn’)l:»eﬂ:ies.l'm In MOF-74, the
metal cations are ordered in the 1D metal-oxo chain secondary
building units (SBUs), bridged by 2,5-dioxido-1,4-benzenedi-
carboxylate anions (dobdc*”) to form an M,(dobdc) MOF
with hexagonal channels in a honeycomb arrangement (Figure
la). They are highly modular, and several monometallic M-
MOF-74 are known (M = Mg, Zn, Cd, Co, Mn, Fe, Nij, and
Cu),”'™* providing an ideal platform for the 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 postsynthetic metal
exchange showed that the replacement of the metal cation is
not straightforward, and the reported transmetallation
efficiency was low.™ Nevertheless, even with a low inclusion
of the second metal, the obtained materials expressed large
advances in their catalytic properties and chemical stability.

Conversely, the direct solvothermal synthesis approach
yielded MM-MOF-74 materials with up to 10 different metals
incorporated in the framework,” but with significant
inhomogeneity both in the ratio and distribution of the
metal nodes, yielding crystallites with different compositions in
the same product. The same group recently reported a series of
binary MM-MOF-74 materials incorporating Co, Cd, Pb, and
Mn, where atom probe tomography was used to tackle the
issue of the 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 incorporated, and

18182

the temperature of the synthesis.” It follows that, while the
metal-oxo chains in MOF-74 can accommodate different
metals in close vicinity—making them a prime target for MM-
MOF synthesis—current synthetic approaches lack the needed
control and tunability to truly realize the potential of these
materials. Therefore, overcoming the limitations of conven-
tional 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 mechanical
alloying.”” Here, the authors dry milled a mixture containing 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, including the ionic radii,
coordination preferences, charge, electronegativity of the metal
nodes, and the MOF topology. The other mechanochemical
method is a two-step process involving monometallic
coordination intermediates and ditopic ligands. To the best
of our knowledge, it presents the only chemically controlled
approach toward MM-MOFs reported to date, where the
different reactivity of the functional groups on the ligand leads
to controllable coordination 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 12 porous, stable, and well-defined 1:1 binary MM-
MOF-74 materials with pairs of main and transition metals.””
In the first step, the first metal and H,dobdc formed a
precursor [M(H,dobdc)(solvent)], through coordination of
the reactive carboxylate groups, while the second metal

hitps//dodorg/10.1021/acs inorgehem. 2002898
Inorg. Chem. 2022, 61, 1818118192
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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 has been
tested for the real-world application so far. Though the
monometallic zinc or copper MOF-74 materials were inactive,
the mixed metal ZnCu-MOF-74 showed dramatically increased
catalytic activity toward the selective catalytic formation of
methanol from carbon dioxide based on a synergistic action
among the zinc and copper nodes.”

As one of unique potential applications, the MM-MOF-74
allows for the systematic study of low-dimensional magnetism
in multimetallic systems. These porous magnets have an
advantage compared to inorganic materials, such as oxides and
polymers, as the targeted synthesis leads to better control of
the spatial arrangement and separation of magnetic centers and
chains, which are much sought after for advanced applications.
Metal nodes are organized into infinite and efficiently
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 an anti-
ferromagnetic (AFM) state, metamagnetism, spin-crossover,
and so forth.2>**73* To the best of our knowledge, only three
heterometallic MOF-74 were studied, none with a defined
metal distribution. Rubio-Giménez and coworkers studied the
spontaneous magnetization of Ni-MOF-74 upon iron doping
(Ni,_,Fe,-MOF-74, x = 4 or 6%)** The Zhao group
investigated Co,Fe,_,-MOF-74 for its catalytic activity with
only electron spin resonance (ESR) spectra presented,”” and
recently, CoNi,_.-MOF-74, where x = 0.752, 0.458, and
0.233, were reported.”’

Here, we present the magnetic properties of three different
binary multivariate MM-MOF-74 materials comprised of
zinc(II) and copper(Il) nodes in a 1:1 ratio (Figure 1b)
prepared by different mechanochemical approaches and from
different polymeric precursors. As the magnetic properties of
monometallic Cu-MOF-74 are unknown, we first thoroughly
characterized Cu-MOF-74, followed by the preparation of two
bimetallic Cu/Zn materials by a template-controlled approach.
Two different coordination M(H.dobdc) polymers, [Cu-
(H,dobdc)(H,0),], (Cu-INT) (Figure Ic) and [Zn-
(H,dobdc)(H,0),], (Zn-INT) (Figure 1d), were used as
the precursors in the preparation of CuZn-MOF-74 and ZnCu-
MOF-74, respectively. A third mixed metal MOF, Zn/Cu-
MOF-74-alloyed, was prepared by mechanical amorphization
and then aging of the 1:1 mixture of monometallic Zn-MOF-
74 and Cu-MOF-74 in methanol vapors. All products are
highly crystalline, with similar PXRD diffractograms (Figures
§2—S5) and Fourier transform infrared (FTIR) spectra
(Figures S10—513), and the similar molar ratio of two metals
in the bulk sample was observed using flame atomic absorption
spectroscopy (AAS). However, they show significant differ-
ences in their ESR spectra and static magnetization properties.
®C magic angle spinning nuclear magnetic resonance (“°C
MAS NMR) spectra, together with the scanning electron
microscopy with energy-dispersive X-ray spectroscopy
(EDAX/SEM) and in situ synchrotron PXRD monitori.ng“"'
of the mechanochemical formation of MOFs, were used for
estimating the local ordering of the metal nodes in the chains
and the rationalization of differences in magnetic properties of
the three materials.

M RESULTS

In order to determine the magnetic properties of the
monometallic Cu-MOF-74 and to see how copper dilution
with zinc and distribution within the framework affect the
magnetic properties of multivariate MOF-74 materials, we
prepared Cu-MOF-74 by an adapted, recently described
procedure.”” Next, we prepared three multivariate MOF-74
materials that differ in synthetic pathways. The ZnCu-MOF-74
material was prepared in a stsp-wise manner following a
previously described procedure.”” In the first step, ZnO and
H,dobdc were milled together to form Zn-intermediate (Zn-
INT, CCDC code: ODIPOH)"’m followed by introducing
copper hydroxide in the second step, where the MOF-74
framework assembles upon further milling. The mechano-
chemical synthesis of the CuZn-MOF-74 material was
designed in an analogous way, preparing the Cu-INT in the
first step and adding ZnO in the second step, resulting in a
crystalline CuZn-MOF-74 material. For the preparation of Zn/
Cu-MOF-74-alloyed, a 1:1 mixture of crystalline Zn-MOF-74
and Cu-MOF-74 was milled, then dried and amorphized
according to a recently described procedure.” The crystalline
Zn/Cu-MOF-74-alloyed phase was obtained by aging of the
amorphous mixture in methanol vapors. The details of the
synthesis can be found in Section 1.1 of Supporting
Information. The different prepared phases of three MM-
MOF-74 are indistinguishable by PXRD (Figure 2a) and their
FTIR spectra closely match (Figure 2b). In the spectra of
MOF-74 materials, the free carboxyl group stretching band of
H,dobdc ligand around 1640 cm™' disappeared and was
replaced by bands around 1550 and 1366 cm™', which
correspond to the asymmetric and symmetric stretching of the
coordinated carboxyl group, respectively, while the phenolic
group stretching band shifted to 1246 ecm™."* A certain
amount of methanol remaining in the pores is manifested by a
band at about 1025 em™.** The molar ratio of the two metals
in MM-MOF-74 materials is approximately 1:1, established on
the basis of flame AAS and EDAX/SEM (Table S2).

While the Zn-INT, used in the preparation of ZnCu-MOF-
74, was previously reported,'””' the Cu-INT detected in the
first step of the two-step synthesis of CuZn-MOF-74 did not
correspond to any known copper—H,dobdc complex.'® All
attempts at solution synthesis and single crystal preparation of
Cu-INT were unsuccessful due to its partial transformation
into Cu-MOF-74 (Figure S1). The crystal structure of Cu-INT
was, therefore, determined from room temperature PXRD data
(Table S1), with the composition Cu(dobdc)(H,0), obtained
through TGA analysis (Figures S7 and S8). The Cu-INT
structure consists of square-pyramidally coordinated copper
atoms, with two water molecules and two different dobdc
molecules occupying the equatorial positions in a trans
conformation, and a third dobdc molecule coordinated in
the axial position (Figures lc and S9a). Importantly, each
dobdc molecule bridges three different copper centers, two
through each carboxylic group (non-chelating, equatorial
binding of Cu) and one through one of the hydroxyl groups
(axial position of Cu). This is markedly distinct from both the
previously reported Cu(dobdc)(H,0), compound (CCDC
code: KUSNAQ)'® and Zn-INT, where the hydroxyl groups of
dobdc are uncoordinated, and the ligand is bound in a quasi-
tetrahedral coordination (Figures 1d and S9b). For the full
description of the Cu-INT crystal structure and the details of
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Figure 2. (a) PXRD patterns of mechanochemically synthesized
bimetallic copper/zinc MOF-74 materials (Cu Ka radiation)
compared to the simulated pattern of MOF-74 (CCDC code:
COKMOG);'**" (b) FTIR spectra of mechanochemically synthe-
sized bimetallic copper/zinc MOF-74 materials compared to the
ligand Hydobdc. Additional bands in the spectra are from residual
MeOH (dashed line).

the structure solution, see Section 2.2 in Supporting
Information.

B MAGNETIC CHARACTERIZATION

Monometallic Cu-MOF-74 Sample. ESR Study. The
temperature dependence of the X-band ESR and HF-ESR
spectra of Cu-MOF-74 are shown in Figure 3a,b, respectively.
The frequency versus resonance field dependence obtained in
the HF-ESR measurements at T = 4 K is presented in the inset
to Figure 3b together with characteristic HF-ESR spectra. The
analysis of the spectral shape reveals that it is composed of two
contributions, one corresponding to noninteracting, purely
paramagnetic, and other corresponding to magnetically
coupled spin species. With this assumption, the X-band
spectrum at 10 K was successfully simulated by using the
EasySpin software,** assuming spin-Hamiltonian with Zeeman
and hyperfine terms

H =y B-g-S + S-A-l (1)

T=207TK T=50K
'?v ﬁ T=8K
-é s é \———v‘;
8 o 10k | | v=292 GHz T=4K
g 2
v < " 292 GHz.
o 0| FoplTT4K ¥
[77] n| 3 775 GHz
w w| = '
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Ted2K g =208
* ESR cavity : B(Y) 216
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Figure 3. Temperature dependence of (a) X-band ESR spectra of the
Cu-MOF-74 complex together with the simulated spectrum at 10 K
and (b) HF-ESR spectra of this c plex The frequency vs ©

field diagram at 4 K for prominent points labeled by red arrows is
shown in the inset to (b) together with exemplary HF-ESR spectra.
Asterisks in panel (a) mark parasitic signals from the ESR cavity.

where B is the applied magnetic field, g is the g-tensor, S is the
electron spin operator for copper spin (S = 1/2), g is Bohr
magneton, A is the hyperfine tensor, and I is the nuclear spin
operator for copper (I = 3/2). Both copper species in Cu-
MOF-74 can be simulated with the same spin-Hamiltonian
parameters: g = [2.07 2.36] and A = [0 400] MHz but with
different line-widths of assumed Lorentzian lines, one broader
and one narrower for coupled and paramagnetic species,
respectively. The used parameters of the simulation are given
in Table S3, while the simulated spectrum at 10 K is presented
in Figure 3a.

Magnetization Study. The field dependence of the
magnetization M(H) of Cu-MOF-74 at the lowest measured
temperature of 1.8 K is shown in Figure 4a. Even at the highest
applied field of 7 T, M(H) is far from the expected saturation
value M = nguyS (n is the number of magnetic moments per
mole),* u\dxcatmg a significant AFM interaction between the
Cu spins in Cu-MOF-74. Namely, for one Cu(Il) ion in a
formula unit with g = 2.171 taken as the powder averaged g-

SPTE YN
factor <g > = N 3(3“' + 2g;) from ESR results, M,,, should

amount to 1.086 pg, but a much smaller value of 0.12 uy is
observed.

This conclusion is corroborated on the quantitative level by
the analysis of the temperature dependence of the magnetic
susceptibility y(T), presented in Figure 4b. Fitting of the I(Tz
curve (in the range 100—300 K) with the Curie—Weiss law*’

x=C/T-0)+y (2)

yields the Weiss temperature ® ~ —55 K and the Curie
constant C = 0.57 erg K/(G® mol) (Table 1).
Here, y, is the temperature independent susceptibility. This
value of C is somewhat larger than the expected Curie
constant of the noninteracting Cu spins,

= (n;l;gZS(S +1))/(3k;) = 0442 erg K/(G® mol),
where ky is the Boltzmann constant.”” Such an overestimate
may be related to the large value of ©, comparable to the
temperatures of the fitting range, while, strictly speaking, eq 2
is applicable at T >> ©, only. Indeed, the product y(T)T,
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Figure 4. (a) Field dependence of the magnetization M(H) of Cu-

MOF-74 at T = 1.8 K. The inset shows the temperature dependence
of the product (T)T in units of erg K/(G* mol). Red solid line
represents the fit to the extended Bonner—Fisher model for § = 1/2
according to egs SI and S2. (b) Temperature dependence of the
magnetic susceptibility #(T) of Cu-MOF-74 and of its inverse 7 *(T)
measured in a field of 0.1 T. The black solid line is the fit to the
Curie—Weiss law given by eq 2. The fitting results are presented in
Table 1.

plotted in the inset to Figure 4a, is very small at low
temperatures, as expected for the strong AFM coupling, and
gradually increases to its temperature-independent limit ¥(T)T
= C by approaching room temperature, where it gives a more
realistic estimate of C & 0.433 erg K/(G” mol).

Considering the chain structure of Cu-MOF-74 and the
AFM type of the M(H) and x(T) dependences, the yT(T)
curve was fitted in the entire temperature range to the AFM
spin-chain Bonner—Fisher model, including the interchain
mean field correction eqs S1—53.%*

The fit result plotted as the red solid line in Figure 4a inset
yielded the nearest neighbor intrachain AFM exchange
constant ] & —57 K and the residual inter-chain coupling j
=~ 7.5 K. Also, the fit requires adding a Curie term C/T to

account for paramagnetic Cu ions around 9%. Such a
significant amount of the "paramagnetic Cu sites may
originate from the boundaries of the nanometer-sized
crystallites, usual for mechanochemical synthesis, and is in
agreement with the value of 10% obtained from the ESR
simulations (Table S3).

Bimetallic Cu/Zn-MOF-74 Samples. ESR Study. Exper-
imental X-band ESR spectra of CuZn-MOF-74, ZnCu-MOF-
74, and Zn/Cu-MOF-74-alloyed at different temperatures are
shown in Figure 5a together with their simulations at T= 10K
made on the basis of the spin-Hamiltonian (eq 1) and under
the assumption of the presence of a two-component spin
system in these materials, similar to the analysis in the previous
section. The spin-Hamiltonian parameters g = [2.07 2.36] and
A = [0 400] MHz appeared to be the same as those used for
the simulation of the Cu-MOF-74 ESR spectra, but with the
different weights of the spectral components, linewidths, and g-
strain values (Table S3).

The temperature dependence of the HF-ESR spectra of the
investigated MOF samples is presented in Figure 5b. Lowering
the temperature results in an increase of the spectral intensity,
as expected, while the shape, width, and position of the lines
do not change. The HF-ESR spectrum of ZnCu-MOF-74
exhibits a typical powder pattern with a peak and a shoulder
corresponding to g, and gy, respectively. In contrast, the
spectra of CuZn-MOF-74 and Zn/Cu-MOF-74-alloyed are
single Lorentzian-shaped lines pointing at the presence of
significant AFM interactions in these comgounds, resulting in a
well-known exchange narrowing effect.”””" These observations
are in agreement with the magnetic susceptibility data (see
below) and obtained Weiss parameters given in Table 1. The
more narrow line of Zn/Cu-MOF-74-alloyed indicates a
stronger AFM interaction, as compared to CuZn-MOF-74.
The frequency dependence of the HF-ESR spectra of the
mixed-metals MOFs was recorded at T = 4 K at several chosen
frequencies from 142 to 317 GHz. The frequency versus
resonant magnetic field diagram, together with the selected
spectra, are shown in Figure S17 of SI. From this dependence,
the approximate values of the g-factors were determined, and
their values are presented in the insets of the respective
gmphs.\l—s.l

Magnetization Study. The field dependence of the
magnetization M(H) of CuZn-MOF-74, ZnCu-MOF-74, and
Zn/Cu-MOF-74-alloyed recorded at 1.8 K are shown in Figure
6a. The M(H) curve of Cu-MOF-74, discussed in the previous
section, is plotted in the same graph for comparison. One can
notice that all three M(H)-curves of the mixed compounds are
mutually different and also are very different from that of Cu-
MOF-74. At the maximum magnetic field of 7 T, the
magnetization is far from the saturation for all compounds

Table 1. Parameters of the Fit to the Curie—Weiss Law eq 2, Extended Bonner—Fisher Model eqs S1—-53, and Bleaney—

Bowers Dimer Model eqs S4 and S5

temp. range C
sample Curie~Weiss (erg K/(G* mol))
Cu-MOF-74 100-300 K 0.5710(5)
CuZn-MOF-74 50-300 K 0.5150(3)
ZnCu-MOF-74 50-300 K 0.5050(2)
Zn-Cu-MOF-74-alloyed 50-300 K 0.4660(1)

“For details, see the main text and Supporting Information.

18185

L] Jky j/ks paramag.

(K) (K) (K) species %
-54.5(1) —-56.8(2) 7.5(3) 9.06(5)
—~18.70(5) —-36.0(3) 133(4) 33.5(1)
-1.81(3) ~11.19(1) 37.59(4)

-19.51(1)
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pointing at the presence of significant AFM interactions in
these materials.

It is interesting to note that the magnetization is lowest for
the Cu-MOF-74 sample although it has two times more copper
ions per formula unit as compared to mixed samples. This is in
fact expected since, in Cu-MOF-74, the majority of the Cu ions
are coupled into AFM spin-chains and only a small fraction
remains “free”, giving rise to the paramagnetic Curie

contribution to the sample’s magnetization and susceptibility
at low temperatures. The nonmagnetic dilution in the mixed
MOF-74 systems increases the amount of paramagnetic spins,
as compared to the monometallic version, and yields larger
magnetization. If the Cu and Zn ions in a 1:1 proportion
would randomly occupy the metal sites in the structure, all
three M(H) curves should overlap. It is clear from Figure 6a
that this is not the case. Obviously, a random distribution is

18186 https//doiorg/10.1021/acs.inorgchem. 2002898
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not achieved in the mixed samples and, depending on the
synthetic route, various types of spin clustering may take place,
which is also reflected in a distinct behavior of the magnetic
susceptibility x(T).

The temperature dependence of the product y(T)T and
#(T) for all three mixed samples are presented in Figure 6b,c,
respectively, along with the respective curves for the
monometallic Cu-MOF-74 sample, scaled by a factor of 0.5
to account for the presence of two copper ions in the formula
unit. The high temperature part (50—300 K) of the x(T)
dependence can be fitted to the Curie—Weiss law (eq 2), as
shown in the inset to Figure 6¢, with the parameters listed in
Table 1. The weakening of the average AFM interactions due
to nonmagnetic dilution is reflected in the reduction of the
Weiss temperature ©. Still, the numbers obtained should be
considered only as an order of magnitude estimate due to the
complexity of the spin structures in the mixed compounds, as
discussed below.

At room temperature, the product yT for the mixed ZnCu-
MOF-74 and Zn/Cu-MOF-74-alloyed complexes exceeds the
ideal value #(T)T ~ C = 0.442 erg K/(G” mol) expected for an
equal amount of the Cu and Zn ions, suggesting the slight
excess of the magnetic Cu ions in these samples. As the
EDAX/SEM and AAS analyses (Table S2) both show almost
identical metal composition in all samples, this difference likely
stems from the unequal composition of the guests in pores of
these molecular sponges, where the water and methanol may
exchange, thus slightly changing the molar mass of materials
and influencing the absolute values of magnetic susceptibility.

As discussed in the previous section, a strong reduction of
the product 7(T)T at low temperatures for the monometallic
Cu-MOF-74 sample is due to a significant AFM interaction
between the majority of the Cu ions arranged into the spin-
chains, whereas noninteracting, paramagnetic Cu ions are
present in a relatively small amount of 9—10% only. An
appreciable increase of y(T)T at low T for the mixed samples
indicates fragmentation of the AFM spin-chains into shorter
segments and a corresponding increase of the concentration of
uncompensated spins up to 30—40%, in agreement with the
values obtained from ESR simulations ~30% (Table S3).

Theoretical Models. In addition to the standard Curie—
Weiss model used, by comparing the shapes of the y(T)T
curves, it is possible to derive some qualitative conclusions on
the feasible spin arrangements in the mixed compounds. The
#(T)T dependence for CuZn-MOF-74 is most similar to that
for Cu-MOF-74. This suggests that the synthetic route of
CuZn-MOF-74 is as follows: first the Cu ions form the AFM
spin-chains, which the Zn ions then break into segments of
different lengths. In contrast, it seems that the synthetic route
of ZnCu-MOF-74 is as follows: first, the nonmagnetic Zn
chains are formed, and then, Cu ions break their continuity,
yielding spin monomers (paramagnetic centers), spin dimers,
or some short spin-chain segments.

In view of the various types of the Cu/Zn site disorder
present in the mixed CuZn-MOF-74 and ZnCu-MOF-74
complexes, it is not feasible to define a unique microscopic spin
interaction model, which would enable a unified fitting of the
measured susceptibility curves of these compounds. The
magnetic behavior of the CuZn-MOF-74 complex is
qualitatively closest to its monometallic counterpart, Cu-
MOF-74, suggesting applicability of the extended AFM spin-
chain Bonner—Fisher model to CuZn-MOF-74 (eqs S1-S3).
Indeed, its 7(T) T dependence can be reasonably well fitted to

this model, yielding the intrachain exchange constant | ~ —36
K and the positive inter-chain exchange constant j ~ 13 K
(Figure 6b). This result shows that the AFM interaction within
the chain segments is weakened in comparison to Cu-MOF-74,
and there is an appreciable effective FM interaction between
these segments.

The #T(T) curve for ZnCu-MOF-74 is more reminiscent of
that for spin dimers and, in fact, the Bleaney—Bowers AFM
dimer model (eqs S4 and S5) nicely reproduces the
experimental dependence with the intradimer exchange
constant | &~ —I1 K (Figure 6b)."** Nevertheless, the
presence of more extended spin clusters, for example, trimers
and tetramers, in this compound cannot be excluded.

The alloyed compound shows a completely different
magnetic behavior as compared with both ZnCu- and CuZn-
MOF-74. Presumably, the Cu-based spin system of this
compound is composed of spin-chain fragments with a
distribution of the superexchange interaction strengths, and
therefore, a reasonable physical model here could not be
performed. An indication for that is a continuous increase of
the product (T)T even above the room temperature, despite a
rather small value of © derived from the Curie—Weiss fit
(Table 1). This behavior above 100 K is very similar to the
behavior of Cu-MOF-74 curve, but disagreement between
these two curves could be seen in the low-temperature region,
due to different magnetic compositions.

W SOLID-STATE NMR

Solid-state NMR spectroscopy can often provide additional
insight into the local structure of solids; therefore, Bc MAS
NMR spectra of CuZn-MOF-74, ZnCuMOF-74, and Zn/Cu-
MOF-74-alloyed were recorded and compared to the spectra
of pure crystalline Cu-MOF-74 and Zn-MOF-74 (Figure 7).
The spectra of CuZn-MOF-74 and ZnCuMOF-74 are very
similar to one another. They both show a high, sharp signal of
methanol molecules at about 50 ppm, and a large number of
broad signals with isotropic shifts ranging from about —100 to
700 ppm. Large positive and negative isotropic shifts are
typical for carbon nuclei in close proximity to paramagnetic
centers. The fact that the signals do not appear only at shifts
characteristic for either Cu-MOF-74 or Zn-MOF-74 suggests
that carbon nuclei within these two samples experience many
different environments—most probably because the dobdc
linkers of the MOF-74 framework connect not only the metal
nodes of a single type but also the metal nodes of two different
types (i.e., dobdc linkers can be bound to various numbers of
Cu and Zn centers). In other words, the large number of
signals and the spread of their isotropic chemical shifts suggest
that in CuZn-MOF-74 and ZnCuMOF-74, copper and zinc
atoms are mixed within the frameworks on the (sub)-
nanometer scale.

The C MAS NMR spectrum of Zn/Cu-MOF-74-alloyed is
different from the spectra of the above-described mixed-metal
samples and strongly suggests that the alloyed sample is a
physical mixture of Cu-MOF-74 and Zn-MOF-74 particles or
is built of large copper-based and zinc-based domains. In the
spectrum of Zn/Cu-MOF-74-alloyed, we can see strong sharp
signals at 174, 157, 128, and 126 ppm, which are typical for
neat Zn-MOF-74, and broad signals at about 500 and —60
ppm, which very much resemble the signals of neat Cu-MOF-
74. The signal of the C3 carbon nuclei, which can be found at
90 ppm in the spectrum of neat Cu-MOF-74, is shifted in the
spectrum of the alloyed sample and overlaps with the sharp
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signal of the zinc-based particles and the spinning sidebands of
the signals of the copper-based particles in the range between
170 and 210 ppm. Taking into account that Zn/Cu-MOF-74-
alloyed contains a large amount of methanol molecules or
methoxy species, such a shift is not surprising—even subtle
changes of the local environment of copper centers can lead to
notable changes in the magnitude of the hyperfine coupling
between the unpaired electrons of Cu(Il) and the *C nudlei
and thus in the isotropic shift of these nuclei.

B EDAX/SEM ANALYSIS

Elemental maps obtained by EDAX/SEM analysis indicate
homogenous distribution of Cu and Zn throughout the
selected areas of the CuZn-MOF-74 and ZnCu-MOF-74
samples, respectively (Figures S14 and S15), with Cu/Zn
molar ratios of approximately 0.95 in both cases (Table S2).
On the other hand, in spite of slightly lower Zn content (Cu/
Zn = 1.03), the agglomerates of Zn/Cu-MOF-74-alloyed

sample contain some Zn-rich domains/grains, implying lower
homogeneity of the distributed metal cations (Figure S16).
These results are in line with the metal ratios determined in
bulk samples using flame AAS.

Real-Time in situ Monitored Syntheses. To gain insight
into the mechanism of mechanochemical synthesis of copper/
zinc MOF-74 materials and to rationalize the observed
differences in the magnetic properties of these materials, as
well as the differences compared to monometallic Cu-MOF-74,
we designed several real-time in situ PXRD monitoring
experiments and carried them out at the Deutsches
Elektronen-Synchrotron (DESY), described in SI For in situ
PXRD monitoring experiments, pre-prepared intermediates
Zn-INT and Cu-INT were used to not only closely mimic the
two-step synthetic route but also simplify the studied system.

ZnCu-MOF-74. In situ PXRD monitoring of the synthesis of
ZnCu-MOF-74 was performed by milling Zn-INT and
Cu(OH), in a 1:1 stoichiometric ratio with the addition of a
small amount of MeOH. Intensities of the reflections of the
reactants decrease within the first few minutes of milling. The
reflections of MOF-74 appear 6 min from the onset of milling,
along with those of UTSA- 74,”" a recently discovered high-
temperature MOF-74 polymorph. This phase forms jointly
with the MOF-74 phase and transforms to pure ZnCu-MOF-
74 after an additional 10 min of milling (Figure 8a).

CuZn-MOF-74. Next, CuZn-MOF-74 was prepared by
milling Cu-INT and ZnO in a 1:1 stoichiometric ratio, with
the addition of a small amount of MeOH. Within § min from
the start of milling, the reflections of MOF-74 start to appear,
and after 10 min, the peaks of Cu-INT disappear completely
(Figure 8b). Unlike Cu-INT, the consumption of ZnO is
gradual and slower, and the reflections of ZnO are detectable
for further 15 min after milling (Figure S18).

Zn/Cu-MOF-74-one-step. To establish the reactivity and
affinity of the two metal sources for the binding to H,dobdc,
we explored the mechanochemical formation of zinc/copper
MOF-74 by performing the milling of ZnO, Cu(OH),, and
H,dobdc in a 1:1:1 stoichiometric ratio with the addition of
small amounts of H,O and MeOH. During the first minute of
the synthesis, a new phase is detected. MOF-74 reflections are
observed after 8 min milling, and after 25 min, MOF-74 is the
only observable crystalline phase (Figure 8c). We identified the
unknown phase to be a mixture of three copper H,dobdc
complexes cis-[Cu(H,dobdc)(H,0),] (CCDC code: KUS-
NAQ), " “trans-[ Cu(H,dobdc)(H,0),] (Cu-INT, identified in
this study), and a copper complex with H,dobdc (of yet
unknown structure) that can be prepared by milling Cu(OH),
and H,dobdc in a 1:1 stoichiometric ratio using excess MeOH
as a liquid additive (Figure S19).

B DISCUSSION

Mechanochemical procedures are now well known for their
high level of stoichiometric control and the ability to open
pathways toward unique products, as was also the case with the
bimetallic MOF-74 materials.*"In situ PXRD monitoring shows
that the Zn-INT to ZnCu-MOF-74 transformation occurs as a
multistep process through the transient UTSA-74 phase’

(Figure 8a). The reaction happens without any observable
transformation of the Zn-INT to Cu-INT phase, indicating
that the copper did not exchange the zinc from the carboxylate
sites. Together with the results of solid-state NMR and
magnetic studies, one can assume that this process includes the
incorporation of copper atoms at available free metal sites,
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leading to a homogeneous distribution of copper nodes in the
oxo-chains of the MOF and the most paramagnetic-like
behavior in comparison with the remaining two materials.

The slower consumption of ZnO in the formation of CuZn-
MOF-74 from the Cu-INT, compared to the MOF-74
formation (Figures 8b and S18), is indicative of a process
where the copper(II) nodes from the Cu-INT partially react
into the Cu-MOF-74, as was already observed during the
crystallization of Cu-INT in methanol, unlike the zinc
analogue. The higher reactivity of the Cu(II) for the dobdc
ligand is corroborated by the monitoring of the formation of
copper/zinc MOF-74 from the mixture of ZnO and Cu(OH),,
where different copper intermediate phases are formed
(Figures 8c and S19). The different reactivity and affinity of
two metals for the dobdc ligand, and the unique structure of
the Cu-INT, where even the less reactive phenolic groups
coordinate the copper node, may explain the differences
between the different structures of the oxometallic chains and
the magnetic properties of the three tested copper/zinc MOFs.
The higher reactivity of copper, even for phenolic groups, will
induce the formation of longer chains containing exclusively
the copper nodes for the CuZn-MOF-74. The efficient
dispersion of copper nodes in the ZnCu-MOF-74 results in
higher magnetization than Cu-MOF-74, despite ZnCu-MOF-
74 containing half the copper(Il) nodes. It reveals that the
copper is not exchanging the zinc node coordinated to
carboxylate. It rather coordinates the remaining phenolic
groups, leading to the observed magnetic properties of the
ZnCu-MOF-74.

Another exciting observation is the short occurrence of the
fleeting UTSA-74 polymorph, which is most likely a mixed-
metal phase. UTSA-74 emerged only in a few instances until
now, showing new and exciting properties compared to MOF-
74. The possibility to form the mixed-metal UTSA-74 may
expand the application potential for these two MOF
polymorphs.

B CONCLUSIONS

The presented magnetic analysis shows that magnetically active
nodes can be efficiently dispersed in the bimetallic copper/
zinc-MOF-74 material, leading to the different magnetic
properties, as compared to the monometallic Cu-MOF-74.
Cu-MOF-74 can be described, using the extended Bonner—
Fisher model, as AFM copper chains (] & —57 K) with weaker
interchain ferromagnetic interaction (j & 7.5 K). This is an
interesting result as all the other known magnetic MOFs-74,
Co-MOF-74, Fe-MOF-74, and Ni-MOF-74, containing nodes
with spin higher than 1/2, have ferromagnetically coupled
metal ions inside the oxo-chains, while the interchain
interactions are AFM.”"**** Small changes in spin states
and magnetic anisotropy, as well as subtle structural changes,
led to substantially different magnetic behaviors. Combined
with the open coordination sites on the metal nodes present in
the 1D oxometallic chains, this makes the MOF-74 family a
particularly interesting platform for the investigation of low-
dimensional magnetism in MOFs.

Although mixed-metal MOFs have almost indistinguishable
PXRD and FTIR, different magnetic behaviors reveal different
interactivity of copper(II) and zinc(II) ions inside MOF
structures. CuZn-MOF-74, obtained via the new complex Cu-
INT, can be described as a combination of isolated
paramagnetic copper species and longer copper—copper
associations; CuZn-MOQOF-74 can be described similar to
monometallic Cu-MOF-74 using the extended Bonner—Fisher
model but with the reduced strength of intrachain coupling (J
~ —36 K) and FM interchain interaction (j & 13 K). On the
other hand, ZnCu-MOF-74, obtained via the Zn-INT complex,
can be described as a combination of well-isolated para-
magnetic copper species and short copper dimers fitted by the
Bleaney—Bowers model (] & —11 K). According to magnetic,
EDAX/SEM, and SS NMR results, the alloyed sample seemed
to be predominantly a physical mixture of Cu-MOF-74 and
Zn-MOF-74 domains, with mixed phases on the grain
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interfaces. Our results also show that the application of MOFs
as real system magnets will be in part complicated by the hard-
to-control content of the pores. The dynamic exchange of the
solvent in pores with the atmosphere will influence the
absolute magnetization values due to the change in the molar
mass of the compound.

Performing real-time in situ synchrotron PXRD monitored
synthesis, the obtained difference is rationalized with different
copper versus zinc reactivity and the affinity of the copper or
zinc toward the functional groups of the ligand. Although the
mechanochemical procedure offers an unprecedented level of
control in the synthesis of bimetallic MOFs from monometallic
coordination polymers, the synthetic process still relies on the
nature and affinity of the chemical species at hand. The
experimentalist must take into account, in the future design
and production of bimetallic MOF-74 materials, not only
parameters such as the structure of the coordination polymer
reactant and the reactivity of the metal nodes for the particular
binding group on the ligand but also the order in which the
two metals are added into the reaction. In the presented case,
zinc is strongly bound in Zn-INT, resulting in an efficient
dispersion and isolation of paramagnetic copper nodes added
in the second synthetic step. On the other hand, the high
reactivity of Cu(Il) for H,dobdc leads to the formation of
directly bound longer copper-chain clusters in the formed
material and different magnetic properties.

We will now focus on determining magnetic properties for
new bimetallic MOF-74 materials containing pairs of para-
magnetic centers such as Co(II), Mn(II), Fe(II), Ni(1I), and
Cu(II) to explore the magnetic properties in these materials
stemming from close contacts and interactions between centers
with different spin states. We also aim to tune the synthetic
parameters toward the stabilization of the bimetallic UTSA-74
polymorph, which would present a particularly interesting class
of magnetic compounds.
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S1 Materials and methods

S1.1 Synthesis

Zn0O, Cu(OH); and 2,5-dihydroxy-1.4-benzenedicarboxylic acid (Hsdobdc) were obtained from
Sigma-Aldrich. Methanol (MeOH) was purchased from Lach-ner.

If not stated otherwise mechanochemical milling syntheses were performed using an IST-
500 (InSolido Technologies) vibratory ball mill at 30Hz in 14 mL of poly(methyl methacrylate)
(PMMA) jars and with one 4 g (10 mm) ss ball.

Mechanochemical synthesis of Cu-MOF-74

220 mg (1.11 mmol) of Hydobdc and 216.68 mg (2.22 mmol) of Cu(OH)> were placed into a
14 mL PMMA jar along with 360 uL of MeOH and the reaction mixture was milled for 30 minutes
to form the brown product.

Mechanochemical synthesis of ZnCu-MOF-74

First, 220 mg (1.11 mmol) of Hydobdc and 90.38 mg (1.11 mmol) of ZnO were placed into a
14 mL PMMA jar with one 4 g (10 mm) stainless steel ball. Then 100 uL of H>O was added and
the reaction mixture was milled for 15 minutes to form a zinc intermediate. Next, 108.34 mg (1.11
mmol) of Cu(OH), was added along with 150 uL of MeOH and the reaction mixture was milled
for 60 minutes to form the brown ZnCu-MOF-74.

Mechanochemical synthesis of CuZn-MOF-74

First, 220 mg (1.11 mmol) of Hydobdc and 108.34 mg (1.11 mmol) of Cu(OH), were placed
into a 14 mL PMMA jar with one 4 g (10 mm) stainless steel ball. Then 110 uL. of MeOH was
added and the reaction mixture was milled for 15 minutes to form a copper intermediate. Next,
90.38 mg (1.11 mmol) of ZnO was added along with 150 uL of MeOH and the reaction mixture
was milled for 30 minutes to form the brown CuZn-MOF-74.

Mechanochemical synthesis of zinc-copper MOF-74 alloyed

Zn-MOF-74 and Cu-MOF-74 used for alloying were synthesized according to the literature.>*
160 mg of Zn-MOF-74 and 158 mg of Cu-MOF-74 were placed into a 14 mL PMMA jar with two
1.98 g (8 mm) stainless steel balls. Then 100 uL of MeOH was added and the reaction mixture was
milled for 15 minutes at 30 Hz. Amorphous material was attained by drying the milling product
overnight at 150°C then neat grounding it in a PMMA jar with one 4 g ss ball for 90 minutes at
30 Hz. Finally, the crystalline phase was recovered by the exposure of the amorphized product to
vapours of MeOH at 45°C for 9 days.

The crystalline MOF-74 products were washed three times with a small volume of MeOH, then
filtered and dried, analyzed by powder X-ray diffraction (PXRD) and FTIR-ATR and subjected to
further analyses.

Zn-INT 220 mg (1.11 mmol) of Hydobdc and 90.38 mg (1.11 mmol) of ZnO were placed into
a 14 mL PMMA jar with one 4 g (10 mm) stainless steel ball. Then 200 uL of H>O was added and
the reaction mixture was milled for 15 minutes to form beige product.

Cu-INT 220 mg (1.11 mmol) of Hydobdc and 108.34 mg (1.11 mmol) of Cu(OH)> were placed
into a 14 mL PMMA jar with one 4 g (10 mm) stainless steel ball. Then 220 uL of MeOH was
added and the reaction mixture was milled for 15 minutes to form turquoise product.

Intermediates were washed three times with a small volume of distilled water, then filtered and
dried.
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S1.2 PXRD

Powder X-ray diffraction (PXRD) data was collected by Panalytical Aeris Research tabletop pow-
der X-ray diffractometer, with CuK, radiation (40 kV, 7.5 mA) in Bragg-Bretano geometry, with
the sample mounted on zero background silicon plate. The data were collected in the range of
5-50°. The step size was 0.005°with a time per step of 8 s.

S1.3 TGA analysis

Thermogravimetric (TGA) experiments were performed on a Simultaneous thermal analyzer (STA)
6000 (PerkinElmer, Inc.) in alumina crucibles at 5°C min ™! heating rate from 40 °C to 950 °C
under oxygen gas purging at the flow of 30 mL min~'.

S1.4 Structure determination from PXRD data

The crystal structure of Cu-INT was determined from room temperature (RT) PXRD data collected
in an analogous way to S1.2, except the range used was 5-80°, and the step size was 0.005°with a
time per step of 550 s.

The powder pattern was indexed using DICVOLO6, as implemented in the program EXPO
v1.21.09, resulting in the Pbcn space group with the following unit cell parameters: a = 14.7903(6)
A, b = 6.9442(3) A, c=21.651(1) A. Pawley refinement, simulated annealing structure solution
and Rietveld refinement were performed using TOPAS Academic 6. First, Pawley refinement was
used to refine unit cell parameters, peak shape parameters (pseudo-Voigt function) and background
Chebyshev polynomial terms.

The optimal values for unit cell, peak shape and background polynomials found in Pawley
refinement were fixed during the Simulated Annealing structure solution. The position and orien-
tation of the rigid body fragment representing the dobdc ligand molecule, along with a Cu atom
and two oxygen atoms representing water molecules (composition determined from TGA analysis
(Figure S7), were allowed to vary along with the overall scale factor (Fig. S6a).

Once a satisfactory structural model was found, Rietveld refinement was performed. During the
refinement procedure all previously constrained parameters (unit cell, peak shape and background)
were allowed to refine. At this stage hydrogen atoms were added to water molecules in the positions
ensuring the most reasonable hydrogen bonding pattern (Fig. S6b).

S1.5 FTIR spectroscopy

Measurements were performed on a PerkinElmer Fourier transform infrared spectrometer Spectrum
Two (PerkinElmer.Inc.) using Spectrum10 software (PerkinElmer, Inc.) in transmittance mode by
FTIR-ATR technique.

S1.6 Flame AAS

Flame atomic absorption spectroscopy (AAS) analysis was carried out on Perkin Elmer AAnalyst
200 Atomic Absorption Spectrometer with air/acetylene burner head and hollow cathode lamp for
Cu and Zn, respectively. ZnCu-MOF-74 and CuZn-MOF-74 were dissolved using aqua regia and
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diluted with deionized water (DI) to a total volume of 50 mL in a volumetric flask. Solutions were
then diluted with DI to meet linearity response range for a given element. Standards for calibration
were prepared by diluting Fluka (Cu) and AlfaAesar (Zn) 1000 ppm standard solutions.

S1.7 EDAX/SEM

Elemental maps of the investigated samples were obtained by energy dispersive X-ray analysis
(EDAX) on a Thermo Fisher Verios 4G HP field-emission scanning electron microscope (FEG-
SEM) using Aztec Live Ultim Max EDS detection/analysis system (Oxford Instruments).

S1.8 Magnetic susceptibility analysis

Temperature- and field dependences of the susceptibility and magnetization, respectively, were
measured in the temperature range 1.8-300 K and in magnetic fields up to 7 T using a commercial
SQUID (superconducting quantum interferometer device) VSM (vibrating sample magnetometer),
model MPMS3 from Quantum Design. The powder samples were cooled down from room tem-
perature down to 1.8 K without applied magnetic field, then the magnetization curves M(H) were
measured by ramping the field from 0 to 7 T and back to 0 T. After that a field of 0.1 T was applied
and the susceptibility temperature dependence ¥ (7T) was measured upon heating the sample. Dur-
ing the fits the susceptibility data were corrected for a small sample and instrumental dependent
offset.

S1.9 ESR spectroscopy

X-band ESR/EFPR measurements were performed on a Bruker Elexsys 580 FT/CW X-band spec-
trometer at a frequency around 9.7 GHz. Magnetic field modulation amplitude was 0.5 mT and the
modulation frequency was 100 kHz. HF-ESR study was carried out on a home-made spectrometer
based on Vector Network Analyzer that uses 16 T magnetocryostat.” HF-ESR specira of the sam-
ples were recorded at several selected frequencies from 142 GHz up to 317 GHz in the temperature
range 4-50 K.

S1.10  Solid-state NMR

Solid-state '*C magic-angle spinning (MAS) NMR spectra were recorded on a 600 MHz Varian
VNMRS spectrometer equipped with a 1.6 mm HXY Varian MAS probe. The spectra of copper-
containing samples were obtained with a Hahn echo sequence. The duration of the 90- and 180-
degree pulses was 2 and 4 s, respectively, and the interpulse delay was equal to one rotation period.
MAS frequencies of 38 and 40 kHz were used. Repetition delay between consecutive scans was 100
ms, and the number of scans was between 600,000 and 800,000. The Ig_13¢ cross-polarization
(CP) MAS NMR spectrum of Zn-MOF-74 was recorded at a MAS frequency of 32 kHz using a
ramp during the 5 ms CP block and high-power XiX proton decoupling during acquisition. The
repetition delay was 2 s, and the number of scans was 3200. All 13C shifts are reported relative to
the position of the '*C signal of tetramethylsilane.
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S1.11  In-situ synchrotron PXRD monitoring

In-situ synchrotron PXRD monitoring was performed at the PO2.1 beamline (X-ray beam: E =~ 60
keV, A =0.20735 ;\) at PETRA III. DESY. Diffraction data was collected on a VAREX XRD4343CT
area detector,with exposure time of 10 s. Millings were conducted using a modified IST-636 (In-
Solido Technologies) vibratory ball mill operating at 30 Hz, controlled remotely from outside of
the experimental hutch.

Real-time in-situ monitored synthesis of ZnCu-MOF-74 starting from Zn-INT

259.8 mg (0.87 mmol) of Zn-INT [Zn(H2dobdc)(H20)2] and 85.20 mg (0.87 mmol) of Cu(OH)>
were placed into separate parts of 14 mL PMMA jar with one 4 g (10 mm) stainless steel ball along
with 170 uL of MeOH and milled for 45 minutes.

Real-time in-situ monitored synthesis of CuZn-MOF-74 starting from Cu-INT

328.37 mg (1.11 mmoljof Cu-INT (Cu(Hzdobdc)(H>0);) and 90.38 mg (1.11 mmol) of ZnO
were placed into separate parts of 14 mL PMMA jar with one 4 g (10 mm) stainless steel ball along
with 200 L of MeOH and milled for 45 minutes.

Real-time in-situ monitored synthesis of Zn/Cu-MOF-74 in one step

90.38 mg (1.11 mmol) of ZnO and 108.34 mg (1.11 mmol) of Cu(OH)2 along with 100uL of
H>0 and 220 mg (1.11 mmol) of Hydobdc with 250uL. MeOH were placed into separate parts of
14 mL PMMA jar with one 4 g (10 mm) stainless steel ball and the reaction mixture was milled for
45 minutes.
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S2 Results
S2.1 PXRD
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Figure S1: PXRD patterns of copper intermediate phase (Cu-INT) detected in the first step in the
step-wise synthesis of CuZn-MOF-74 (Cu(OH)>+Hasdobdc-1:1-mech-1st-step), Cu-INT solution
preparation attempts at RT (Cu-INT-solution-RT) and 4°C (Cu-INT-solution-cooled) that resulted
in partial transformation to MOF-74 phase, and mechanochemically prepared Cu-INT washed with
water(Cu-INT-w-H;0) compared to the simulated pattern of Cu-MOF-74 (CCDC code: COK-
MOG). Observed MOF-74 reflexes are marked with asterisks.
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Figure S2: PXRD patterns of reactants Cu(OH)z and Hydobdc, and Cu-MOF-74 product compared
to the simulated pattern of Cu-MOF-74 (CCDC code: COKMOG) 12,
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Figure S3: PXRD patterns of reactants ZnO, Cu(OH), and Hydobdc, first step intermedi-

ate [Cu(H,dobdc)(H>0),] and CuZn-MOF-74 product compared to the simulated patterns of
[Cu(H,dobdc)(H>0),] and Cu-MOF-74 (CCDC code: COKMOG) 2.
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Figure S4: PXRD patterns of reactants ZnO, Cu(OH)> and Hadobdc, first step intermedi-
ate [Zn(Hadobdc)(H20)2] and ZnCu-MOF-74 product compared to the simulated patterns of
[Zn(Hadobdc)(H20)2] and Cu-MOF-74 (CCDC code: COKMOG) 2.
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Figure S5: PXRD patterns of Zn-MOF-74 and Cu-MOF-74, and stages of their alloying into
Zn-Cu-MOF-74-alloyed. Two MOFs were milled (A), dried overnight at 150°C (B) then neat

ground-amorphized (C) and lastly exposed to methanol vapours for 9 days to regain crystallinity
(D).
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S2.2 Structure solution from PXRD data

Cu-INT crystallizes in the Pbcn space group with the following unit cell parameters: a = 14.7903(6)
A b= 6.9442(3) A c= 21.651(1) A (Fig. S9 e). The structure consists of square-pyramidally
coordinated copper atoms, with two water molecules and two different dobdc molecules occupying
the equatorial positions in a trans conformation, and a third dobdc molecule coordinated in the axial
position (Fig. S9a). Each dobdc molecule bridges three different copper centers, two through each
carboxylic group (non-chelating, equatorial binding of Cu), and one through one of the hydroxyl
groups (axial position of Cu). This is markedly distinct from both the other previously reported
[Cu(Hadobdc)(H20)2] compound (CCDC code: KUSNAQ)z, and Zn-INT. In both structures, the
hydroxyl groups of dobdc are uncoordinated, the ligand is bound in a quasi-tetrahedral coordination
(Fig. S9b). In Cu-INT, the square-pyramidal Cu atoms connect into Cu-dobdc chain dimers (dCu-
Cu(chain) = 10.869 A, dCu-Cu(bridgel) = 5.800 A, dCu-Cu(bridge2) = 7.573 A, Fig. S9 ¢), which
then connect through hydrogen bonding of coordinated water molecules, and uncoordinated oxygen
atoms of carboxylic dobdc groups (Fig. S9 d).

Table S1: Crystallographic table for the Cu-INT crystal structure obtained through structure solu-
tion from PXRD data.

Cu-INT
Formula Cu(CgH40,)(H>0),
M, (g mol™') 295.69
Crystal system orthorhombic
alA 14.7903(6)
bIA 6.9442(3)
c/A 21.651(1)
a(®) 90
B 90
7 () 90
VIA3 2223.7(2)
Z 8
Space group Pbcn
pe(gem™) 1.7664
Radiation type CuK g
F(000) 1192
Rip 0.086
R, 0.059
Rbrage 0.064
x> 7.174
CCDC number 2174976
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Figure S6: Graphical results of the a) Pawley, and b) Rietveld refinement of Cu-INT, with the
corresponding r,,p values. The experimental PXRD patterns are drawn in blue, the simulated pat-
terns in red, and the difference curve in grey. The predicted peak positions obtained by indexing
are shown by dark blue bars.
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Figure S7: Thermogram of Cu-INT. After the initial mass loss, attributed to the solvent remnants
from the synthesis and post-synthetic processing, Cu-INT decomposed in two steps. Mass loss in
the first step can be attributed to coordinated water molecules and the second to the decomposition
of the organic moiety. Theoretical mass losses and solid residue percentage calculated according
to Cu-INT composition [Cu(>dobdc)(H,0),] are shown in teal.
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Figure S8: PXRD patterns of copper intermediate analyzed by TGA and solid residue after
the analysis compared to the simulated patterns of [Cu(>dobdc)(H,0);] and CuO (COD code:

1011148)34
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Figure S9: The crystal structure of Cu-INT. a) first coordination sphere of each copper atom, b)
first coordination sphere of a copper atom in the structure of KUSNAQ? Cu-dobdc complex, c) the
double chain of Cu-INT, d) hydrogen bonding between two double-chains of Cu-INT, e) unit cell
of Cu-INT. Dashed purple lines represent hydrogen bonds, spheres represent copper atoms.
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S2.3 FTIR spectroscopy
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Figure S10: FTIR-ATR data of product, Cu-MOF-74 of liquid-assisted grinding of Cu(OH), with
Hydobdc, compared to starting materials.
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Figure S13: FTIR-ATR data of Zn-MOF-74 and Cu-MOF-74, and product of their milling (A) that
was subsequently dried at 150°C (B) then amorphized by neat-grinding (C) and finally exposed to
methanol vapours for 9 days to regain crystallinity and form Zn-Cu-MOF-74-alloyed (D).
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S2.4 Flame AAS and EDAX/SEM analyses

Table S2: Ratio of Cu and Zn metal within the investigated copper/zinc MM-MOF-74 samples
based on EDAX/SEM mapping and Flame AAS analyses.

Sample EDAX/SEM AAS
Cu/Zn Cu/Zn Cu/Zn
(weight ratio) (molar ratio) | (molar ratio)
CuZn-MOF-74 0.92 +0.01 095+0.01 | 097 £0.01
ZnCu-MOF-74 091 +0.01 0.94 +0.01 1.03 £0.01
Zn-Cu-MOF-74-alloyed | 1.00+0.01 1.03+0.01 N/A

&Y
-
pe 10um 105m 10y

Figure S14: a) Scanning electron micrograph of the investigated area used for EDS analysis for
CuZn-MOF-74 sample: b) corresponding colour overlay map with the Cu (red), Zn (green), O
(blue) and C (purple) elemental distribution.
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Cu
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Figure S15: a) Scanning electron micrograph of the investigated area used for EDS analysis for
ZnCu-MOF-74 sample; b) corresponding colour overlay map with the Cu (red), Zn (green), O
(blue) and C (purple) elemental distribution.
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Figure S16: a) Scanning electron micrograph of the investigated area used for EDS analysis for Zn-
Cu-MOF-74-alloyed sample; b) corresponding colour overlay map with the Cu (red), Zn (green),
O (blue) and C (purple) elemental distribution.

114




Dissertation supplement

S2.5 Magnetic susceptibility analysis

The Bonner-Fisher formula is given by:*

Nauzg?  0.25+0.074975x+0.075235x2
ksT 1+0.9931x+0.172135x2 +0.757825x3

Xchain = (S1)

where x = |J| /kgT, and thereafter additionally modified with the mean field correction (like in Ref.

9
Xchain

where z = 3 is number of the nearest neighbour spin-chains. Total susceptibility, with the correction
due to paramagnetic impurities and background, is fitted by:

where r is the molar fraction of noncoupled species and D is the background contribution.
The Bleaney-Bowers formula is given by:®

= Napzg*
kT (3 + exp(—J /ksT))

Y4 (S4)
With the correction for paramagnetic impurities and background, the total susceptibility is fitted
by:

Xiowat = F(r(C/T) + (1 =r)%) +D. (85)
Here F is the fraction of experimental / theoretical copper content, where theoretical copper content
for ZnCu-MOF-74 is 50%. Due to 50% copper ions in ZnCu-MOF-74, factor 2 is removed in the
numerator of the eq. S4.
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S2.6 ESR spectroscopy

Table S3: The spin-Hamiltonian parameters used for the simulation of X-band ESR spectra of the

investigated samples. Lorentzian lineshapes were used for the all simulations.

Compound g1 g A, (MHz) A, (MHz) g-strain [, (mT) Weight
Cu-MOF-74 207 236 0 400 000 2 0.10
207 236 0 400 000 12 0.90
CuZn-MOF-74 207 236 0 400 0.0500 11 0.32
207 236 0 400 02500 20 0.68
ZnCu-MOF-74 207 236 0 400 0.0700 9 0.29
207 236 0 400 0.3100 14 0.71
Zn-Cu-MOF-74-alloyed | 2.07 2.36 0 400 0.1300 9 0.30
207 236 0 400 0.1600 20 0.70
350 350 50
e I 7 3004 T=4K
250 292GHz| 550, 2026Hz| 250 e
’hT ﬁ o 251 GHz
T 200 T 5 200 poee (Ip 200
<1507 <150 <150 ==
100+ g=2.152 100 9, ~2.226 100
g,=2.085 g=2002
50- 50 50+
E __CuzoMOF-74 ol ZCuMOFTa oW MioyedMOF74
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 18 0 2 4 6 8 10 12 14 16

B(T)

Figure S17: Frequency vs. resonance field dependencies of the prominent spectral points with
two selected spectra of CuZn-MOF-74, ZnCu-MOF-74 and Alloyed-MOF-74 samples, measured

at different frequencies at 7 = 4 K.
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S2.7 In-situ synchrotron PXRD monitoring
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Figure S18: a) Time-resolved diffractograms for the synthesis of CuZn-MOF-74 from

[Cu(H>dobdc)(H»0);] and ZnO by LAG (MeOH). Fading of the reactants Bragg reflections within
first 5 minutes of the reaction can be ascribed to uneven distribution of material in the jar caused by
it sticking on the balls and jar walls. After this period distribution is getting more even and at 7 min
from the reaction onset, reaction mixture looks evenly distributed. b) Changes in the normalized
integrated peak intensity of the most prominent Bragg reflections of MOF-74 (20 = (0.92°), Cu-INT
(20 = 1.88°) and ZnO (20 = 6.21°), over the course of the reaction. Mixing period is shown in
grey. In case of ZnO we chose less prominent reflection because more prominent ones overlap with
MOF-74 Bragg reflections.
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Figure S19: Time-resolved diffractograms for the first 2.5 minutes of the Zn/Cu-MOF-74 one step
synthesis displaying mixed intermediate phase consisting of different Cu-H,dobdc complexes.
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Scalable Mechanochemical Amorphization of Bimetallic Cu—Zn
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ABSTRACT: Selective catalytic reduction of CO, to methanol has 5 By s ~
tremendous importance in the chemical industry. It mitigates two critical -(f}'ﬂ%: Lo
issues in the modemn society, the overwhelming climate change and the ' "“'_ 37 M f ~
OF % A
& .

dependence on fossil fuels. The most used catalysts are currently based on

mixed copper and zinc phases, where the high surface of active copper species

is a critical factor for the catalyst performance. Motivated by the recent Q’\
breakthrough in the controllable synthesis of bimetallic MOF-74 materials by

ball milling, we targeted to study the potential of ZnCu-MOF-74 for catalytic

CO, reduction. Here, we tested whether the nanosized channels decorated

with readily accessible and homogeneously distributed Zn and Cu metal sites would be advantageous for the catalytic CO,
reduction. Unlike the inactive monometallic Cu-MOF-74, ZnCu-MOF-74 shows moderate catalytic activity and selectivity for the
methanol synthesis. Interestingly, the postsynthetic mechanochemical treatment of desolvated ZnCu-MOF-74 resulted in
amorphization and a significant increase in both the activity and selectivity of the catalyst despite the destruction of the well-ordered
and porous MOF-74 architecture. The results emphasize the importance of defects for the MOF catalytic activity and the potential
of amorphous MOFs to be considered as heterogeneous catalysts. Scanning electron microscopy (SEM), X-ray powder diffraction
(XRD) and "*C magic angle-spinning nuclear magnetic resonance (MAS NMR) were applied to establish quantitative structure—
reactivity relationships. The apparent activation energy of rate reaction kinetics has indicated different pathway mechanisms,
primarily through reverse water—gas shift (RWGS). Prolonged time on stream productivity, stability and deactivation were assessed,
analysing the robustness or degradation of metal—organic framework nanomaterials. Scalable MOF production processes are making
the latter more appealing within emerging industrial decarbonisation, in particular for carbon capture and utilisation (CCU) or
hydrogen carrier storage. Acknowledging scale, the costs of fabrication are paramount.

KEYWORDS: mechanochemistry, ball-milling, MOF-catalyzed methanol production, bimetallic MOF-74, amorphous MOF,
CO; hydrogenation

B INTRODUCTION catalysts for methanol synthesis are the ones based on mixed
copper/zinc oxide materials, such as Cu/ZnO/ALO,’ Cu/
ZnO/Al,O; (CuZnAl) denotes a family of catalysts comprised
of Cu and ZnO nanoparticles (NPs), with at least 50 mol % of
Cu metal content in the mixture. The spherical Cu NPs in the
industrial catalyst are in a close contact with ZnO NPs. The two
types of NPs form aggregates with the moderately high surface
area of the active Cu NPs. Although the exact role of Cu and
ZnO constituents is still debated, a large body of evidence
confirms that ZnO dramatically increases the intrinsic activity of
the copper catalyst, a phenomenon better known as Cu—ZnO
synergy.‘_q Furthermore, ALLO; is the most commonly used

Extensive usage of fossil fuels for the production of energy has
led to huge amounts of anthropogenic CO, emissions. This
represents one of the greatest problems facing our society and a
pressing need to close the carbon cycle. Therefore, it is of
tremendous interest to develop chemical processes that would
use carbon dioxide as a feed stock and convert it to useful
products. One example of such a value-added reaction is
catalytic hydrogenation of CO,, which can nonselectively result
in methanol synthesis via hydrogenation, CO through reverse-
water gas shift (RWGS) reaction, CH, through CO,
methanation, or hydrocarbons by a combination of CO,
reduction with Fischer—Tropsch reactions.’ Among them,
methanol is especially important because it is a bulk commercial Received: November 30, 2020
chemical and is used as a versatile C, source in the chemical Accepted:  December 28, 2020
industry. If methanol can be efficiently synthesized from Published: January 6, 2021
atmospheric CO,, it not only mitigates greenhouse gas

emissions but can also be used as a biofuel, hence the origin of

the term “methanol economy”.” One of the most used industrial

© 2021 American Chemical Society https//dx.doi.org/10.1021/acsami 0c21265
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Figure 1. (a) Two-step mechanochemical synthesis of bimetallic crystalline ZnCu-MOF-74 (c-Zn-MOF-74) from ZnO and Cu(OH),; (b) cross
sections of Zn-MOF-74 (left), Cu-MOF-74 (center), and idealized ZnCu-MOF-74 (right) walls along the crystallographic c-axis. The nearest
distances among metal nodes in the oxometallic chain are denoted on the right. CSD denotes the Cambridge Structural Database codes. Color scheme:

Zn-yellow, Cu-blue, O-red, C-grey, and H-white.

structural promoter for this catalyst fa.mdy and leads to an
increased catalytically active surface area.”

In constant search for better catalysts, MOFs have garnered
special attention because of their unique properties and high
catalytic potential stemming from the porous architecture and
the nature of metal nodes and organic linkers.'”"" This is
particularly emphasized after the recent synthetic breakthroughs
that enabled the preparation of MOF catalysts containing more
than one type of metal node.'” These multimetallic MOFs
displayed enhanced stability and applxcabxhty potentlal as
compared to their monometallic counterparts.'*'? Particularly,
the interesting class of MOFs in this context is MOF- 74,'* a
family of modular MOFs built from various divalent metal
cations (M = Zn, Mg, Cu, Ni, Co, Mn, Fe, Cd, and others) and
2,5-dihydroxyterephthalic acid (H,dhta, Figure 1), widely
studied for catalytic and storage applications. The metal cations
in MOF-74 form rod-like oxometallic chains along the ¢-
crystallographic axis with a complex interactivity among the
metal centers and one open coordination site per node for
coordination of the guest molecule (Figure 1b right). The
oxometallic chains are bridged by fully deprotonated dhta*”
form a highly porous honeycomb structure with a channel
diameter of approximately 12 A.'*' It was shown recently how
the introduction of traces of other metals into the oxometallic
chain of MOF-74 will increase the activity and stability of the
resulting heterometallic material. 7% However, the controllable
introduction of specific heterometallic combinations into the
oxometallic chains of MOF-74 by conventional procedures still
presents a significant challenge.'” Only recently we demon-
strated how ball milling can be used for stoichiometry controlled
formation of bimetallic MIM2-MOF-74 with 1:1 M1/M2 molar
ratio (Figure 12).*" The strategy exploits different binding
capabilities of carboxylic and phenolic functionalities of H,dhta
that allow for the selective and controllable binding of target
metals to a specific position, affording a series of bimetallic
MOF-74 materials with homogeneous distribution of hetero-
metals, high porosity, and stability.

Among other bimetallic MOF-74 materials in the series, we
have prepared ZnCu-MOF-74 with 1:1 ratio of Zn and Cu nodes
and a Brunaver—Emmett—Teller (BET) surface of almost 1000
m’/g*" The Zn and Cu cations are in a close proximity and

3071

complex interaction (Figure 1b). In this work, we wanted to
establish whether this arrangement, together with a high
porosity of ZnCu-MOF-74, could be exploited in the catalytic
hydrogenation of CO, to methanol. It was recently shown that
MOFs can be utilized as a support for active NPs, prevent their
aggregation and phase separation, and achieve better selectivity
toward methanol synthesis.”*' ™" Here, we have prepared
crystalline ZnCu-MOF-74 (c-ZnCu-MOF-74) and have
compared its catalytic performance to monometallic Cu-
MOF-74 and the industrial Cu/ZnO/Al, O, catalyst. Addition-
ally, we were interested to see whether the introduction of
defects and collapse of the porous MOF-74 structure via
mechanochemical amorphization might play a role in this solid—
gas phase heterogeneous catalytic reaction. The results show
that even more than the high porosity and accessibility of Zn and
Cu metal nodes, the mechanochemical amorphization has a
profound effect both on the catalytic activity and the selectivity
of the bimetallic MOF-74 catalyst.

B EXPERIMENTAL SECTION

Mechanochemical milling reactions were performed using an InSolido
Technologies IST-500 vit y ball mill. Reactions were conducted at
30 Hz in 14 mL of poly(methyl methacrylate) (PMMA) jars and with
one 2.7 g of tungsten carbide ball as the milling media.
Mechanochemlczl synthesis of c-ZnCu-MOF-74 was carried out ina
foll g a recently described procedure (Figure 1).*°
Fn'sl. 1.5 mmol ZnO was milled with 1.5 mmol 2,5-dihydroxyter-
ephtalic acid (Hydhta) in the presence of 150 uL of H,0. Liquid-
assisted grinding reaction was conducted for 90 min and after the
nonporous 2-D [Zn(H,dhta)(H,0),], coordination polymer was
formed,™ 1.5 mmol Cu(OH), was added together with 250 uL MeOH.
Finally, after 90 more minutes of milling, brown-reddish powder which
corresponded to ¢-ZnCu-MOF-74 was formed, washed three times
with a small volume of MeOH, and vacuum-dried. In order to
amorphize the crystalline bimetallic MOF and prepare a-ZnCu-MOF-
74, ¢-ZnCu-MOF-74 was held under vacuum at 150 °C overnight to
remove the guest and coordinated solvent, after which the sample was
milled for 90 min (Figure 2a).**
For mechanochemical synthesis of Cu-MOF-74, Cu(OH), (292 mg,
3 mmol) and H,dhta (297 mg, 1.5 mmol) were placed into a 14 mL
PMMA jar along with 400 uL of methanol. The mixture was milled for
30 min using an IST-500 vibratory ball mill (InSolido Technologies).
The product was washed three times with $ mL of MeOH, then filtered,

https2//dx.doi.org/10.1021/acsami 0c21265
ACS Appl Mater. Interfoces 2021, 13, 3070-3077

122




Dissertation supplement

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

3) a-ZnCu-MOF-74
3
2 , S Y ¢-ZnCu-MOF-74
i
]
£
| Cu-MOF-74 (CSD code: COKNIE)
! | Zn-MOF-74 (CSD code: WOBHIF)
T - Al \J T
10 20 30 40
2Theta/®
b)
\\ T a-ZnCu-MOF-74
. v 7\ f /

= st "5 T 4 X T
“- TAVAY) \.4." S—,
-
g ©-ZnCu-MOF-74
£
173
c
e
(=

T T T T T T T 1

2000 1800 1600 1400 1200 1000 800 600 400

Wavenumbers / cm’'

Figure 2. (a) PXRD patterns of mechanochemically synthesized c-
ZnCu-MOF-74 and a-ZnCu-MOF-74 compared to monometallic Zn-
MOF-74 and Cu-MOF-74; (b) FTIR spectra of mechanochemically
synthesized c-ZnCu-MOF-74 and a-ZnCu-MOF-74. A new band that
appears in a-ZnCu-MOF-74 at 1727 cm™ is highlighted.

and vacuum dried. The resultant compound was analyzed by powder X-
ray diffraction (PXRD) and FTIR-ATR and subyected to further
analyses described in the main text.

Solid-state **C magic-angle spinning (MAS) NMR spectra were
recorded on a 600 MHz Varian VNMRS spectrometer equipped with a
1.6 mm HXY Varian MAS probe. MAS fmquem:les ranged between 32
and 40 kHz. The spectra of copper-contai ples were ob
with a Hahn echo sequence. The durations of 90 and 180° pulse were 2
and 4 us, respectively, and the interpulse delay was equal to one rotation
period. Repetition delay between consecutive scans was 100 ms, and the
number of scans was 800,000. The '"H~"C cross-polarization (CP)
MAS NMR spectrum of Zn-MOF-74 was recorded at a MAS frequency
of 32 kHz using a ramp during 5 ms CP block and high-power XiX
proton decoupling during acquisition. The repetition delay was 2 s, and
the number of scans was 3200. All *C shifts are reported relative to the
position of the **C signal of tetramethylsilane.

Scanning electron microscopy (SEM) was performed on SUPRA3S
VP (Carl Zeiss) coupled with an energy-dispersive X-ray spectroscopy
(EDS) detector Inca 400 (Oxford Instr ts). The ples were
coated by 3 nm of Au using a calibrated precision etching and coating
system, Gatan 682.

N, physnsorptlon was used to obtain specific surface areas and other
ts were performed on Micromeritics ASAP
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2020, with degassing at 150 “C for 20 h with 50 mg of sample. The BET
surface area and pore volume were determined using adsorption data.

Catalytic tests were performed in a para.llel reactor system with
online gas comp on analysis using gas c hy (Agilent 490
Micro GC, TCD detectors equipped with CP- Molsieve and PoraPlot U
columns). The gas mixture with a ratio H,/CO, = 3 was prepared by
mixing H, (99.999%, Messer) and CO, (99.999%, Messer). Samples
(200 mg) were mixed with SiC (1 g 300 ym) to ensure sufficient
thermal conductivity and uniform gas flow. Mixtures were then inserted
into packed bed reactors and pre-reduced at 230 °C for 12 hin pure H,
at 1 bar. The catalytic tests were performed between 160 and 230 °C, 20
bar, and flow 33,000 NmL /g h. Commercial CuZnAl catalyst HiFuel
W230 (particle sizes 240-400 um) was used as a reference for
methanol synthesis.

W RESULTS AND DISCUSSION

Mechanochemistry, that is, chemncal | reactivity in the solid state
induced by mechanical action,”*’ emerged recently as a
sustainable method for the ra Pnd and green production®*** of
several functional MOFs.”*™** These mechanochemical proce-
dures were developed without using bulk solvents and applicable
even in a continuous production on pilot scales using a twin-
screw extrusion.’** Moreover, the mechanochemical proce-
dures offer a unique level of selectivity and control. An efficient
mechanochemical preparation of bimetallic MOFs is demon-
strated by either (a) milling together a.lready s‘ynthesized MOFs
in a mechanochemical alloying approach™™™ or (b) using a
bottom-up approach where bimetallic MOFs are synthesized in
a stepwise manner starting from inorganic sources and organic
ligands thus gaining a control over the metal stoichiometric ratio
and minimizing solvent consumption.”’

As evidenced from Figure 2a, a-ZnCu-MOF-74 lacks long-
range crystal ordering and exhibits a broad PXRD pattern absent
of characteristic Bragg peaks. FTIR spectra of c-ZnCu-MOF-74
show sharp signals that broaden and shift upon amorphization.
However, the most notable difference is the appearance of a new
band at 1727 cm™ which is assigned to the stretching vibration
of the uncoordinated carbonyl group. This suggests that the
amorphization proceeds via partial breakage of the node-linker
carboxylate bonds, thus creating a defective coordination sphere
around copper and zinc nodes. The recent theoretical study has
shown that the linker-metal bonds in MOF-74 matenals are
dynamic and can brake under certain conditions.”’ Similar
observations of the appearance of the uncoordinated carbonyl
group were also recently described in the case of mechano-
chemical amorphization of Ni-MOF-74, where the amorphiza-
tion led to spin-crossover and significant drop in magnet-
ization.”* Furthermore, there seems to be a correlation between
the mechanochemical amorphization and the introduction of
defects as observed by Bennett et al. in zirconia-based MOFs.**

The established BET surface area of the here prepared
bimetallic c-ZnCu-MOF-74 is about 660 m*/g, which is slightly
lower than the reference (910 m’/g)."’ There is a large
difference in porosity between the crystalline and amorphous
samples (Figure 3). The surface area of a-ZnCu-MOF-74 is 250
times lower than the surface area of c-ZnCu-MOF-74 (2. 6 m?/
g)- Also, the pore volume of materials drops from 0.56 cm®/g in
c-ZnCu-MOF-74 to 0.029 cm®/g after the mechanochemical
treatment. Mechanochemical incorporation of defects to
activated ¢-ZnCu-MOF-74 thus leads to the fast collapse of
the open and porous MOF-74 structure, as already observed for
Ni- and Zn-MOF-74.>

The difference in guest accommodation properties for two
materials is also visible from thermogravimetric analysis (TGA).
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Figure 3. Nitrogen adsorption—desorption isotherms measured at 77 K

for crystalline and amorphous ZnCu-MOF-74 catalysts prepared by
mechanochemical processing.

The initial mass loss in c-ZnCu-MOF-74 starts almost
immediately upon heating, denoting the loss of MeOH and
water guests from the channels (Figures S7 and S8). Amorphous
a-ZnCu-MOF-74 exhibits a less pronounced step in the same
temperature region due to the presence of a limited amount of
guests in the collapsed MOF structure. Both materials show
similar decomposition profiles in the range of 400—900 °C,

indicating that the collapse of the long-range ordering had little
effect on the thermal stability of ZnCu-MOF-74 materials.

In order to probe local ordering of metals in c-ZnCu-MOF-74
and a-ZnCu-MOF-74 solid catalysts, we utilized solid-state
nuclear magnetic resonance spectroscopy.”'’ As evident from
Figure 4, neither the '*C MAS NMR spectrum of c-ZnCu-MOF-
74 nor the spectrum of a-ZnCu-MOF-74 is a simple sum of the
spectra of Zn-MOF-74 and Cu-MOF-74. This indicates that the
two bimetallic samples are not mixtures of two single-metal
phases and are not composed only of single-metal domains. The
5C MAS NMR spectra of ¢-ZnCu-MOF-74 and a-ZnCu-MOF-
74 are rather similar but not identical to one another. They both
exhibit several narrow signals in the range between 0 and 240
ppm and several broad signals in the range between 0 and 800
ppm. The narrow signals belong to carbon atoms in diamagnetic
amorphous species. In the spectrum of a-ZnCu-MOF-74, the
signals at 18, 45, 52, and 178 ppm belong to PMMA, an impurity
introduced by milling, whereas the signals at 123, 155, and 170
ppm belong to domains of amorphous Zn-MOF-74. There is an
additional narrow signal present at about 213 ppm, which might
correspond to the unbound and deprotonated —COO™ groups
of the linker molecules. The broad signals belong to carbon
atoms, which are close to paramagnetic Cu centers. Strong
hyperfine coupling among the unpaired electronic spins of
copper ions and nuclear spins of "*C nuclei gives rise to huge
shifts and broadening of these signals. The number, the
positions, and the widths of the broad signals of c-ZnCu-
MOF-74 and a-ZnCu-MOF-74 are different from those in the

¢-ZnCu-MOF-74

"é\-—-.-——-

a-ZnCu-MOF-74

: ~

MeOH

_;\/'\J\_H_
.

Zn-MOF-74

-C00~

1
1200 800 400 0 -400 -800

shift / ppm

Figure 4. ’C MAS NMR spectra of ¢-ZnCu-MOF-74 and a-ZnCu-MOF-74, c

T T T T 1

T T
240 200 160 120 80 40 0
shift/ ppm

np d to the cor P

ding spectra of the crystalline Zn-MOF-74

and Cu-MOF-74. The left panel shows full spectra; asterisks above the spectrum of Cu-MOF-74 mark the spinning sidebands; in the spectrum of a-
ZnCu-MOF-74 individual broad contributions, as identified by the spectral deconvolution, are shown by black solid lines; red and blue vertical dotted
lines mark the positions of the *’C signals of Zn-MOF-74 and Cu-MOF-74, respectively. The right panel shows only a selected part of the spectra;
contributions of MeOH, Zn-MOF-74 domains, PMMA impurities, and potential ~COQ" groups are denoted.
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spectrum of the pure crystalline Cu-MOF-74. This strongly
suggests that Zn and Cu atoms are partially well-dispersed and
“intimately” mixed within the two mixed-metal frameworks,
giving rise to a number of different chemical environments for
the nearby carbon atoms. As already mentioned, *C MAS NMR
spectra of c-ZnCu-MOF-74 and a-ZnCu-MOF-74 are some-
what different from one another. In the spectrum of the
crystalline material, we can notice a strong, sharp signal of
MeOH, which is not present in the spectrum of the amorphous
material. More interestingly, the spectra of the two bimetallic
samples exhibit differences also in the broad signals resonating in
the range between 300 and 800 ppm; these complies with the
results of the IR analysis indicating that the connectivity of Zn
and Cu within the frameworks of the crystalline and amorphous
ZnCu-MOF-74 is somewhat different.

Mechanochemical synthesis afforded the c-ZnCu-MOF-74
material particles with an irregular shape and a broad size
ranging from 10 to 80 nm (Figure 5a,b). Based on the performed

Figure 5. (a) SEM micrographs for (a,b) crystalline ZnCu-MOF-74;
(c) amorphous ZnCu-MOF-74; and (d) amorphous ZnCu-MOF-74
after catalysis.

SEM—EDS analysis, both the crystalline and amorphous ZnCu-
MOF-74 materials have homogeneous distribution and similar
loading of copper and zinc metals on the surface (Figures S9—
S11). The crystalline sample exhibits a hierarchical structure of
separated porous MOF particles thus showing potential for
excellent gas transport properties. On the other hand,
amorphization changes the catalyst morphology and the a-
ZnCu-MOF-74 material consists of smaller particles of an
average size of 5—30 nm, which are dispersed without much
agglomeration (Figure 5c). This arrangement may assist in
allowing the direct access of gases to Cu- and Zn-based phases
on the catalyst surface. After the catalytic process, the
amorphous particles form conglomerates with a diameter of
50—200 nm, which again consisted of nanosized MOF particles
(Figure 5d).

During CO; reduction using MOF samples, we observed a
formation of H,0, CO, and MeOH. Compared to the
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monometallic Cu-MOF-74 catalyst, the activity toward MeOH
synthesis increased by 4—6 times when using the bimetallic c-
ZnCu-MOF-74 (Figure 6). It is already established that zinc

6 300
® c-ZnCu-MOF-74

5 F « aZnCuMOF-74

i ® c-Cu-MOF-74 1250

e Temperature

w

N
~N
8
Temperature [*C]

MeOH productivity-10? [mol/(g.,h)
-

o
Ok
J

o |

g8

10 20
Time [h]

Figure 6. Evolution of MeOH molar productivity during the catalytic
experiments.

increases the binding energy of the reaction intermediates on the
Cu surface in commercial catalysts, causing the formation of
more active catalytic sites by lowering activation energy of
critical elementary steps toward MeOH.” One important factor
for the activity of the commercial CuZnAl catalyst is the high
surface area of active copper species achieved by dispersion in
the ZnO/AlL, O, matrix. We expected here the crystalline and
highly porous ¢-ZnCu-MOF-74 to readily compete with the
commercial CuZnAl catalyst. However, the observed catalytic
methanol production rise further when using amorphous a-
ZnCu-MOF-74, with a collapsed structure and very low porosity
(Figure 6). The activity of a-ZnCu-MOF-74 even increases
during the catalytic test at 230 °C. The MeOH molar fraction
increased in 2 h by 1, §, and 21% for Cu, ¢-ZnCu, and a-ZnCu(-
MOF-74) at 230 °C, respectively. A large increase of the MeOH
synthesis rate with a-ZnCu-MOF-74 is highly likely due to the
lack of rigid structure, active metal sites on disordered MOF
surfaces, and the sintering of Cu particles, which all cause a
MeOH TOF increase.'""'” The change of the reaction rate was
much lower when catalytic tests were repeated by lowering the
temperature down to 160 °C (Figure 6). Overall, the c-ZnCu-
MOF-74 sample activity increased by 4—7 fold after
amorphization. The surface area of a-ZnCu-MOF-74 is about
250-times lower than the one of the crystalline sample which
points to the fact that for this industrial setup, the introduction
of defects in the MOF catalyst enables the creation of more
active sites for MeOH synthesis and plays more important role
than the well-ordered and porous MOF architecture. The PXRD
analysis of the catalyst after the catalytic cycle reveals traces of
copper NPs in the amorphous matrix (Figure S12).

The impact of the catalyst structure and composition on the
catalytic properties was examined using the Arrhenius plot
(Figure 7). The concentration of MeOH and CO of the last four
stable points at a single temperature step was averaged and
plotted. The CO concentration below 107°% could not be
determined due to experimental limitations. The apparent
activation energies (E,) were determined at temperatures below
200 °C to avoid mistakes due to the possible mass transfer
limitation or proximity to equilibrium. Due to the high gas flow
rate (WHSV = 33,000 NmL/g_,h), the CO, conversion at the
highest conversion of the MOF is low (0.9% for a-ZnCu-MOF-
74). Therefore, the decrease of the MeOH productivity due to
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Figure 7. Comparison of the catalytic activities of different MOFs. E, is
determined in the low temperature range to avoid an apparent decrease
of E, due to reaction proximity to chemical equilibrium. The circled
points with the black line indicates points that did not reach the steady
state.

the proximity to the chemical equilibrium at high temperature is
not expected. It is observed that at higher temperatures, the log
of the rate of MeOH formation for a-ZnCu-MOF-74 and Cu-
MOF-74 deviates from linear Arrhenius correlation, indicating
intraparticle mass transfer limitation.***" Artificial linear
correlation at T > 200 °C is observed for c-ZnCu-MOF-74
because the data points obtained are from the part of the
catalytic tests where the temperature is increased, causing
morphology change and increased activity. The apparent
activation energy and preexponential factor of CO, to CO
reaction (RWGS) are much higher for ¢-ZnCu-MOF-74 in
comparison to the a-ZnCu-MOF-74 catalyst, pointing to a large
difference in the reaction mechanism. The rate of competitive
RWGS reaction of the crystalline sample increases nearly up to
the rate of MeOH synthesis at 230 °C.

The Table 1 contains E,, pre-exponential factors A, and the
rates of MeOH and CO synthesis (r), including comparison
with the commercial CuZnAl catalyst. It is observed that the
activation energy for methanol synthesis catalyzed by MOF
samples is similar to the one when using the CuZnAl catalyst.
The catalytic properties for CO formation of a-ZnCu-MOF-74
sample are very special with a large difference in the value of
apparent activation energy (91.1 kJ/mol) comparing to the
CuZnAl sample (149 kJ/mol). This could occur due to a
difference in the exposure of the terminal crystal plane of Cu
since apparent energy for CO formation varies from 78 kJ/mol
on Cu(110) to 135 kJ/mol on polycrystalline Cu, while it is
significantly more constant for MeOH synthesis where it varies
between 67 and 77 kJ/mol for Cu(110) and polycrystalline Cu,
respectively.'

The selectivity toward MeOH therefore increases by defects
introduced into the bimetallic MOF structure (Figure R),

120
S, EQ- 59096 (4t 14140 €, =20 bar, K,/C0,43)

100 } oueou

i . "0 -7,

% E"'Pt'r
“‘ > R ) anre
5 e
% o-_ e

MeOH selectivity [%]
o @
o o

40 b Speon=-8.304x 4+ 100 OCuUZnAl
Spaeon * -19.5%., + 100 #a-ZnCu-MOF-74
20 b Spuon = -162'%c, +100  ec-ZnCu-MOF-74
Spseon = 760%%.,, + 100  ec-Cu-MOF-74
0 A A A A
Q 1 2 3 4 5 8 7
CO, conversion [%)]

Figure 8. MeOH selectivity (Sy.on) at the same CO, conversion
(xcu'.) increases in order: Cu-MOF-74 < ¢-ZnCu-MOF-74 < a-ZnCu-
MOF-74 < CuZnAlL Commercial CuZnAl catalyst is, as expected,
objectively more selective at certain catalyst activity. a-ZnCu-MOF-74
displays significantly higher selectivity than crystalline c-ZnCu-MOF-
74. MeOH selectivity converges to 100% at zero CO, conversion as
expected by the chemical equilibrium by decreasing the temperature
below 140 °C as determined using Gascq.“'

allowing copper phase agglomeration, which is also in line with
the conclusions about the basis for activity of the industrial
CuZnAl catalyst. The performance enhancing parameters in the
CuZnAl system are the presence of the Cu surface plane steps by
increasing the Cu particle size''"** and strong metal-support
interaction which enables high degree of Cu substitution with
Zn atoms and consequently favorable binding of reaction
intermediates.”*” Addition of Zn to the c-Cu-MOF-74 increases
MeOH synthesis selectivity by 4.7 times which is a consequence
of incorporation of Zn into the active Cu phase. The
amorphization of c-ZnCu-MOF-74 decreases the surface area
but also reduces the particle sizes and changes the coordination
sphere of the metal nodes in MOF-74, thus increasing the
MeOH selectivity by a factor of 8.3. Separated Cu atoms or small
Cu clusters in the crystalline MOF tend to promote the
competitive RWGS reaction, while the amorphization leads to
the promotion of methanol synthesis.

B CONCLUSIONS

To summarize, unlike the monometallic Cu-MOF-74, bimetallic
crystalline ZnCu-MOF-74 prepared by the mechanochemical
procedure shows activity for the catalytic reduction of CO, to
methanol. Mechanochemical treatment of the activated and
degassed crystalline ZnCu-MOF-74 results in the formation of
amorphous and non-porous a-ZnCu-MOF-74 with similar
distribution of heterometal nodes as in the crystalline phase.

Table 1. Values of E,, A, and r Parameters for MeOH and CO Formation at 200 °C“

MeOH co
mﬂe E.’ log(A)“ ,(m oc)u E,‘ log(A)“ '(m °C)“
a-ZnCu-MOF-74 78.6 59 16x 107" 911 6.3 L1x10™
¢-ZaCu-MOF-74 692 40 22x10°* 168 140 32x10°*
c-Cu-MOF-74 69.1 33 s0x10° na na na
CuZnAl 628 48 74x 107" 149 138 20x 107

“*unit k]/mol, ** unit mol/(g.h).
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The spectroscopic analyses show that the coordination sphere of
the nodes is changed upon amorphization, most likely due to
breaking of carboxylate—metal bonds. The catalyst activity is
significantly higher for the amorphous ZnCu-MOF-74 than the
crystalline counterpart due to the additional active sites formed
during the amorphization. More importantly, the selectivity of
process changes upon amorphization of ¢-ZnCu-MOF-74. In
reaction catalyzed by amorphous ZnCu-MOF-74, the selectivity
toward methanol formation is comparable even to the industrial
Cu/ZnO/ALO; benchmark. For the methanol synthesis
reaction, the introduction of defects via amorphization thus
seems to be more important than the catalyst porosity, revealing
that the CO, reduction is conducted on the surface of the MOF
catalyst. Our future work will be directed toward exploiting the
potential of mechanochemical MOF transformations™ for
expanding the portfolio of catalytically active non-conventional
MOF materials.
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7.6. Appendix VI — Supplementary Information for Publication 3

Supporting Information for:
Mechanochemical amorphization of bimetallic
MOF-74 catalyst for selective hydrogenation
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Materials

Zn0, Cu(OH); and 2,5-dihydroxyterephtalic acid (H,dhta) were obtained from Sigma-Aldrich.

Methanol was purchased from Lach-ner.

Powder X-ray Diffraction (PXRD) analysis

PXRD data for all samples was analyzed by Panalytical Aeris Research tabletop X-ray
diffractometer, with CuK, radiation (40 kV, 7.5 mA) in Bragg-Bretano geometry, with the
sample mounted on zero background silicon plate.

As it can be seen in Figures S1 and S2 resultant materials are of good crystallinity and
phase pure. In the Figure S3 we can notice the change in PXRD pattern of ZnCu-MOF-74

upon desolvation and subsequent amorphization by neat grinding.
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Figure S1: PXRD data for ¢-Cu-MOF-74, compared to the starting materials Cu(OH), and
Hydhta and the calculated Cu-MOF-74 (CSD code COKNIB)
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PXRD data for ¢-ZnCu-MOF-74, desolvated ¢-ZnCu-MOF-74 and a-ZnCu-MOF-
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Infrared Spectroscopy

Measurements were performed on a PerkinElmer Fourier transform infrared spectrometer

Spectrum Two (PerkinElmer.Inc.) using Spectrum10 software (PerkinElmer, Inc.) in trans-

mittance mode by FTIR-ATR technique.
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Figure S4: FTIR-ATR data for Cu-MOF-74, compared to the starting materials Cu(OH)»
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Figure S5: FTIR-ATR data for ¢-ZnCu-MOF-74, compared to the starting materials

Cu(OH),, ZnO and H,dhta, and the intermediate phase [Zn(H,dhta)(H,0)],,
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o~ a-ZnCu-MOF-74

% T

~ desolvated c-ZnCu-MOF-74

-

——— c-ZnCu-MOF-74

%T % T
5258033888885 203 2R 8 RSRBINFIBERB8L 8

1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm-")

Figure S6: FTIR-ATR data for ¢-ZnCu-MOF-74, desolvated ¢-ZnCu-MOF-74, distinguished

by the absence of characteristic methanol peak around 1020 em ™! and a-ZnCu-MOF74 with
additional peak around 1727 em ™! assigned to the free carboxyl group
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Thermal Analysis (DSC & TGA)

TGA and DSC experiments were performed by Simultaneous thermal analyzer (STA) 6000

(PerkinElmer,Inc.) in alumina crucibles at 10°C min~' heating rate from 35°C to 950°C

under nitrogen gas purging at flow of 30 mL min='.
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Figure S7: Simultaneous TGA (red coloured) and DSC (blue coloured) traces for: (a) ¢

ZnCu-MOF-74 and (b) a-ZnCu-MOF-74.
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Figure S8: Simultaneous TGA (red coloured) and DSC (blue coloured) traces for e-Cu-MOF-
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SEM-EDS

In the Figures S9 - S11 given below, we can observe the uniform dispersion of Zn and Cu
over all MOF samples. The analyses were performed at 20 kV using 60 pm aperture and 5
minute exposure time. Note that the Cu and Zn distributions do not even change after the

catalytic test as observed in Figure S11.

¥ 60pum b Mix
Figure S9: SEM-EDS micrographs of crystalline ZnCu-MOF-74. Green color represents Zn
and red Cu.
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70um U Mix

Figure S10: SEM-EDS micrographs of amorphous ZnCu-MOF-74. Green color represents
Zn and red Cu.

70um ' Mix

Figure S11: SEM-EDS micrographs of amorphous ZnCu-MOF-74 after catalysis. Green
color represents Zn and red Cu.
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Figure S12: PXRD of used catalysts after catalysis.
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