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Metalo-organske mreže (MOF) među najistraživanim su poroznim materijalima zbog 

prilagodljivosti njihovih fizikalno-kemijskih svojstava kroz modifikacije u strukturi i širokog 

potencijala primjene. Mehanokemijska sinteza MOF-ova održiva je i često nadmoćnija 

alternativa otopinskoj sintezi MOF-ova. Stoga je cilj ovog rada bio unaprijediti 

mehanokemijske strategije sinteze i modifikacije MOF-ova kao i njihovih nekonvencionalnih 

derivata, korištenjem dvije dobro istražene grupe MOF-ova, ZIF-8 i MOF-74. To je uključivalo 

razvoj kontrolirane mehanokemijske sintetske strategije za enkapsulaciju funkcionalnih gostiju 

u MOF-ove, koristeći enkapsulaciju Buckminsterfullerena u ZIF-8 kao modelni sustav. 

Nadalje, istraživana je priprema kristalnih i amorfnih faza multivarijantnih MOF-ova, 

bimetalnih cink-bakarnih MOF-74 materijala različitim sintetskim putevima, uključujući 

mehanokemijsku amorfizaciju. Rezultati su pokazali da odabir odgovarajuće sintetske strategije 

značajno utječe na fizikalna i kemijska svojstva te na moguću primjenu istraženih MOF-ova. 

 

 

 

Ključne riječi: amorfizacija/ enkapsulacija/ funkcionalni materijali/ mehanokemija/ 

multivarijantni MOF 
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ABSTRACT 

MECHANOCHEMICAL STRATEGIES FOR SYNTHESIS AND MODIFICATION 

OF FUNCTIONAL METAL-ORGANIC FRAMEWORKS 

 

Valentina Martinez 

Ruđer Bošković Institute, Bijenička 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. 
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§ 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.1 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.2 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.3 

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.4 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.5 

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(II) or Co(II), 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 zeolites6 

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.7 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 c 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.8–10 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.11 

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.12 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.13 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.13 
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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.13 

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.14,15 Furthermore, 

newly developed experimental setups combine mechanochemistry with other energy sources, 

including heat, light, sound, and electrical impulses, further advancing the field.1 
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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 g min−1 to kg min−1, 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.16 

 

 

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 

(ZrO2, 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.17 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.18 The defining 

parameter for LAG is η, which represents the ratio of the volume of liquid (in μL) to the 

combined weights of the solid reactants (in mg). This parameter was first explored for cocrystal 

synthesis19 but has also proved applicable for other systems with slight η-scale modifications.17 

Figure 2.a illustrates a parameter η 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.20,21 

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.22 

Grinding with macromolecules, such as polyethylene glycol polymers (PEGs), 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.23–26 
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Figure 2 a) Scale of parameter η, which represents the ratio of the volume of liquid (in μL) 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.27 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.14,15  

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.28–30 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 
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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.31 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,32 or even eliminate the need for a catalyst.33 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.4 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 2006,34 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.5 

  



State of the art 

10 

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 (ZnO) was recognised as a valuable compound among the metal oxides. As such, it 

has been used to synthesise various coordination polymers and MOFs.20,35,36 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.37 

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)(H2O)2], DMF gave two-dimensional [Zn(bdc)(H2O)]⋅DMF, 

and methanol (MeOH) gave three-dimensional [Zn(bdc)(H2O)] material.38 Similarly, 

Karadeniz et al. demonstrated that depending on the use of a liquid additive (MeOH, DMF or 

DEF) and a zirconium precursor (Zr6 or Zr12 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.39 

Furthermore, Friščić et al. investigated the impact of different ionic additives, specifically 

nitrates (NaNO3, NH4NO3, KNO3) and sulphates (Na2SO4, (NH4)2SO4, K2SO4) salts, on the 

final topology of a pillared MOF [Zn2(bdc)2(DABCO)] (Figure 3.c). They observed that nitrate 
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additives governed the reaction toward cubic MOF topology, while sulphate additives favoured 

the formation of a hexagonal MOF topology.20 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)2SO4, qtz topology with NH4NO3 

g and ana topology with NH4CH3SO3 (Figure 3.d).36 All of the above examples demonstrate 

the versatility of mechanochemical reactions while maintaining sustainability. 

 

 

 

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).14 Real-time reaction monitoring enabled the discovery of 

simple, intermediate phases, such as discrete or polymeric metal−organic complexes,40 

intermediate phases of MOF transformation,41 and others. Also, it gave insight into reaction 

progress depending on the solvent or the milling duration.40 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.5 

Friščić et al. have provided novel insights into the mechanosynthesis of zinc imidazolate 

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(MeIm)2, and Zn(EtIm)2 

phases.42 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(MeIm)2) 

synthesis. Moreover, the synthesis of Zn(EtIm)2 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.41 (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.39 
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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.43 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.40 
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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−3 acetic acid) reaction of ZnO and 2-MeIm (1:2 ratio) in ref 41. c) Illustration of the 

observed phase evolution during the mechanochemical reaction between ZnO and H4DHTA 

(2:1 ratio) in the presence of DMF (ref 43) or H2O (ref 40) liquid additives. Displayed structures 

were acquired from CCDC,44 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.45 

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.46 These complex 

materials often display superb catalytic or selective properties compared to their homogeneous 

counterparts.47–49 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.50 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.51 

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(II), Co(II), Cd(II), Ni(II), and Cu(II), 

coordinated to 2-methylimidazole linkers and randomly dispersed in the ZIF lattice. Even 

though Cd(II), Ni(II), and Cu(II) have a different usual coordination mode than Zn(II) and 

Co(II), 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.52 

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.53 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.54 Interestingly, the 1D metal-organic polymer Zn(H2O)2(H2DHTA) (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.40 
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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(II) 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.37 

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.50,55 

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.7,56 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.57–59 

Li et al. have developed a sustainable and straightforward mechanochemical approach for 

encapsulating metal nanoparticles (MNPs) into MOFs.60 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.61 Careful tuning of pH and synthesis planning enabled the successful encapsulation 

of chosen enzymes into MOFs (ZIF-8, UiO-66-NH2 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.62 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.63 

Muratović 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 (from S = 1 to S = 0).64 

Moreover, Cao et al. first explored mechanochemical amorphisation of ZIF-8, which is a 

process that irreversibly transforms the crystalline to amorphous ZIF-8.65 Subsequent studies 

revealed that heating the resulting amorphous phase under argon leads to the formation of qtz-

ZIF-8, a crystalline polymorph of ZIF-8.66 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.67 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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§ 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 4th 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-74.68–70 

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 C60 fullerene, as a guest molecule due to its great potential 

for enhancing the properties of the materials in which it is integrated or enclosed.68 Moreover, 

it explored the impact of heterometal or defect introduction into the MOF-74 structure on their 

characteristics and potential applications.69,70 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 

C60@ZIF-8 as a model system(Appendix I).68 Generally, functional materials with fullerenes 

or fullerene derivatives embedded in their structure exhibit enhanced stability, conductivity, 

magnetism, or catalytic activity compared to their constituents.7 Since metal-organic 

frameworks have proven to be excellent matrices for encapsulating guest molecules,59,71 and 

the mechanochemical approach of guest encapsulation is superior to the solution 

approach,57,58,60,61 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 Å and pore aperture diameter 

of only 3.4 Å, ZIF-8 is particularly well-suited for accommodating and immobilising C60 

fullerene, which has a diameter of about 6.8 Å (Figure 5.a).6,72 We have aimed to prepare four 

C60@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 C60@ZIF-8 preparation and 

assess the encapsulation efficacy of the approaches, we utilised mechanochemical synthesis, 

solvothermal synthesis, and post-synthetic modification. 

Mechanochemical synthesis of C60@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-MeIm) with fullerene C60. This aimed to ensure reactive components are 

well mixed; no crystalline MOF was prepared at this stage (Figure S2, Appendix II). After that, 

ethanol (EtOH) and ammonium nitrate (NH4NO3) 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 C60 from the crystallite surface. Even 

in high target ratios, the successful inclusion of fullerene guests was confirmed by colourless 

wash-out (Figure S1, Appendix II). (note: Traces of C60 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 Å) and aperture (3.4 Å) diameter size in 

comparison to that of C60 fullerene (6.8 Å) b) C60@ZIF-8 materials synthesis scheme 

 

PXRD analysis confirmed that ball milling successfully generated phase-pure C60@ZIF-8 

materials. Interestingly, the relative peak intensity in the PXRD of C60@ZIF-8 materials varied 

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

extent of C60 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 C60, 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 3×3×3 unit cell with varying amounts 

of C60 in the pores using the atomic simulation environment.73 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.  

 

 

Figure 6 Experimental (a) and calculated (b) PXRD data for the ZIF-8 and the C60@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 

C60 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 II). 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 C60 fullerene guests into sodalite MOFs, the mechanochemical formation of the 

framework around the C60 template is more appropriate. Additional experiments were 

conducted to exclude the presence of any C60-2MeIm complex species that may play a role in 

moderating encapsulation (Figures S5 and S15, Appendix II). 

Additionally, the attempt to prepare C60@ZIF-8 from the solution post-synthetically by 

immersing the guest-free ZIF-8 in an oversaturated toluene solution of C60 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 II). A similar outcome was observed with the solvothermal synthesis attempt in 

the DMF-toluene mixture at 120 °C. (Figure S4, Appendix II). 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 II). 

Moreover, computational simulations of molecular dynamics (MD) were conducted to 

study the nature of C60 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 C60 

to move to the next pore. Such a low-probability event in ZIF-8 may account for the low loading 

of C60 in the standard soaking approach (see Figure 7, Appendix I; Section S5, Appendix II). 

As noted earlier, quantitative IR spectroscopic analysis was carried out as a straightforward 

method to evaluate the success of C60 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 C60 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 C60 fullerene is characterised by four distinctive bands. Of these, two 

bands at 577 and 528 cm−1 are attributed to the radial motion of carbon atoms, while the other 

two, at 1428 and 1182 cm−1, are attributed to the tangential motion of carbon atoms. The latter 

two significantly overlap with ZIF-8 bands in the IR spectra of prepared C60@ZIF-8 samples 

(Figure S8, Appendix II). However, the radial-motion bands do not and serve as markers for 

further analysis of C60@ZIF-8 (Figure 3a, Appendix I and Figure S9, Appendix II). The IR 

spectrum of ZIF-8 is in good agreement with previous reports. The IR spectra of C60@ZIF-8 

samples were evaluated concerning varying loadings of fullerene C60 (detailed in Section S3, 

Appendix II). At low C60 loadings, the IR spectrum of ZIF-8 remains largely unaffected. 

However, higher C60 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−1, disappears for 30% and higher loadings. (detailed in Figure 3a, Appendix I and 

Figure S12, Appendix II). The imidazole stretching bands at 1425 and 1458 cm−1, respectively, 

change their relative intensity (Figure S10, Appendix II). Moreover, the in-plane deformation 

band at 1380 cm−1 experiences a substantial increase in intensity, though less prominent for 

loadings over 30% (Figure S11, Appendix II). As expected, upon C60 encapsulation, the 

imidazole ring deformation bands change. Specifically, the 780−720 cm−1 spectral envelope is 

composed of two bands, namely 760 cm−1 and 750 cm−1. While the in-plane imidazole ring 

deformation band at 750 cm−1 remains unaffected, the out-of-plane deformation band at 

760 cm−1 significantly increases in intensity (Figure S13, Appendix II). This indicates that, 

although free-standing inside the pore, the encapsulated C60 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 II). 

The efficiency of C60 encapsulation was quantified by analysing the 528 and 577 cm−1 

fullerene bands. (detailed in Section S.3.2, Appendix II). The intensities and other spectral 

parameters related to the C60 molar ratio were determined by individually fitting the 528 and 

577 cm−1 bands. The corresponding bands for an equivalent amount of the C60 standards are 

considered in the same spectral ranges. The mechanochemical approach described in this study 

allowed efficient C60 encapsulation, achieving up to 95% efficiency for 100%C60@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 I). 
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Since the mechanochemical approach was most successful, we attempted to make 

30% C60@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 C60 in the framework was intact, as there were 

no changes in the spectra upon C60 encapsulation (Figures S21 and S22, Appendix II). 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 

C60@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 C60 

into the framework drastically reduces interactions between the C60 molecules and isolates them 

properly, and spectra of C60@ZIF-8 resemble the one from diluted C60 solution (Figure 5, 

Appendix I, Figures S19 and S20, Appendix II). The inclusion of C60 did not significantly 

improve the thermal stability of ZIF-8 material (Figures S23 and S24, Appendix II). Finally, 

the chemical stability of C60@ZIF-8 composites in acidic (0.5 mol dm−3 HCl (aq)) and basic 

(1 mol dm−3 KOH (aq)) environments was also examined. C60@ZIF-8 samples were submerged 

in HCl 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 C60 

evidenced by characteristic toluene colouration. (Figure 8, Appendix I). These observations 

prove that mechanochemically encapsulated C60 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.69 MOF-74 was chosen due to its chemical stability and tunable properties. This MOF 

is characterised by large hexagonal channel pores with 12 Å in diameter that extend along the 

crystallographic axis c. These channels are made of divalent metal cations (M2+) ordered in 

1D metal-oxo chains bridged by 2,5-dihydroxy-1,4-terephthalate anion (DHTA4−), forming the 

M2DHTA framework (Figure 1a, Appendix III). MOF-74 class is highly modular, with several 

monometallic MOFs known and multiple applications investigated.8–10 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.74 

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 51 or by stepwise synthesis starting from inorganic sources and 

organic ligands, thus enabling control over the metal stoichiometric ratio and minimising 

solvent consumption.53 The latter approach in MOF-74 synthesis exploits the different binding 

capabilities of carboxylic and phenolic functional groups of H4DHTA, 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 (II) and 

copper (II) nodes in a 1:1 ratio. These materials were synthesised using various 

mechanochemical approaches and polymeric precursors (Figure 1b, Appendix III). 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)2 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.51,53 The ZnCu-MOF-74 material was prepared 

in two steps following a previously described technique.53 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).75 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 IV), indistinguishable by 

PXRD, and their FTIR spectra closely match (Figure 7 and Figure 2, Appendix III). 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 IV).  

 

 

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 III. 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 III). X-band-EPR 

and HF-EPR spectra of zinc-copper MOF-74 materials are shown in Figure 5, Appendix III. 

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 CuZn-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 III 

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 III and Sections S2.5 and S2.6 of Appendix IV). 

To complement EPR and SQUID results, we used solid-state nuclear magnetic resonance 

(ssNMR). The 13C 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 III). 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 CuZn-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 13C 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 III).  

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 phase76 (Figure 8a, Appendix 

III). 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 III and S18, Appendix IV). 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 (II) 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 III, and S19, Appendix IV). 

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 IV),44,69 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.70 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.2 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.61 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.53 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.69 

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 CO2 

to methanol. Recent research has demonstrated that metal-organic frameworks (MOFs) can 

effectively support active nanocatalysts, improving selectivity in methanol synthesis.77,78 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/Al2O3 

catalyst. Furthermore, we aimed to investigate the influence of mechanochemical 

amorphisation, which introduces defects and causes the collapse of the porous framework 

(Figure 8a),79 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-74.64 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-74.64 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.80 

 

 

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 (ssNMR). 

As evident from Figure 4 in Appendix V, neither the 13C 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 13C MAS NMR spectra of c-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 13C 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/Al2O3 catalyst caused by zinc. The high surface area of active copper species in the 

Cu/ZnO/Al2O3 catalyst is achieved by the dispersion of copper in the ZnO/Al2O3 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/Al2O3 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 C60 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 C60 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 C60 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. 

CuZn-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 (II) 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 yields 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/Al2O3. 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 CO2 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-MeIm (or MeIm) - 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 

EtIm - 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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MeOH - methanol 

η - parameter in mechanochemical synthesis, which represents the ratio of the volume of liquid 

(in μL) 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 (H2DHTA) or fully (H4DHTA) protonated (abbreviated) form 
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