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Abstract 

The present PhD dissertation has been dedicated to establishing the foundation for Clip-off 

Chemistry within three-dimensional metal-organic frameworks (3-D MOFs). We aim to introduce and 

develop a new synthetic approach based on bond cleavage, termed as Clip-off Chemistry, to achieve 

the targeted synthesis of new molecules and materials, and to discover new phenomena in MOFs. 

Chapter 1 provides readers with a brief overview of the journey of MOFs, from their rise as porous 

coordination polymers to their successful practical real-world applications. This chapter showcases the 

cutting-edge synthetic approaches for constructing targeted functional MOFs, which focuses on two 

key aspects: the bond-forming process by the guidance of reticular chemistry and bond-breaking 

process leading to the formation of deconstructed MOFs. A particular emphasis is placed on addressing 

the current state and challenges associated with the bond-breaking process. 

Chapter 2 describes the general and specific objectives of the dissertation. 

Chapter 3 aims to develop a new enzyme-powered micromotor based on a hierarchically porous 

MOF. In particular, this MOF is generated by subjecting a presynthesized microporous MOF to an 

ozonolysis reaction, effectively breaking and removing randomly distributed olefin-containing linkers. 

This process facilitates the fusion of micropores to mesopores within the MOF structure. By making 

use of the hierarchical porosity, we validate that the enzyme catalase can be successfully adsorbed inside 

the mesopores. This encapsulation enables the resulting MOF (or MOFtor) to exhibit the jet-like bubble 

propulsion in the presence of H2O2. The study further explores the control of MOFtor speed through 

varying enzyme incubation times and H2O2 concentrations. Additionally, thanks to the remaining empty 

pores inside the MOFtor, we show its potential capability to capture rhodamine B in water during its 

self-propulsion. 

Chapter 4 extends the concept of the covalent bond breaking into well-defined reticular materials 

where all cleavable bonds are spatially arranged in an ordered fashion. By programmed disassembly of 

reticular materials through bond breaking, we are able to achieve remarkable molecules and materials 

that are unattainable by direct syhthesis. This innovative approach that we call Clip-off Chemistry can 

revolutionize the design and targeted synthesis of desired structures. Based on this, we validate Clip-

off Chemistry by synthesizing two topologically distinct 3-D MOFs (Zr-pcu-MOF and Sc-pcu-MOF, 

respectively) from two other well-established 3-D MOF precursors (Zr-scu-MOF and Sc-soc-MOF). 

Through these illustrative examples, we demonstrate the periodic, quantitative, and selective nature of 

bond breaking within these structures. Notably, this process corroborates that this cleavage is effective 

in both solid and liquid phases, while also exhibiting the ability to occur in a single-crystal-to-single-

crystal fashion throughout the entire bulk precursor sample.  



 

 

VI 

 

Chapter 5 applies the principle of Clip-off Chemistry within a more intricate system. In this case, 

our focus is on multicomponent MOFs based on the MIL-142 family, which consist of both cleavable 

and noncleavable organic linkers. Through a solid-gas phase ozonolysis reaction, we are able to 

selectively and quantitatively break all the cleavable linkers within these frameworks into two 

fragments. Subsequently, by incubating these ozonated MOFs into certain solvent, we observe an 

unusual phenomenon: spontaneous self-rearrangement leading to the formation of contracted 

isoreticular MOFs. This transformation involves various dynamic chemical and structural processes 

taking place within the frameworks. Remarkably, the single-crystal nature of the parent MOF is retained 

throughout the entire transformation, enabling us to monitor the contraction using single-crystal X-ray 

diffraction.  

Finally, Chapter 6 presents the key findings and main conclusions. Additionally, it also offers 

valuable insights into future perspectives toward covalent bond-breaking in reticular materials. 
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Resum 

La present tesi doctoral s'ha dedicat a establir les bases de Clip-off Chemistry utilitzant xarxes 

metal·lorgàniques tridimensionals (3-D MOFs). El nostre objectiu és introduir i desenvolupar un nou 

mètode sintètic, anomenat Clip-off Chemistry, per aconseguir la síntesi de noves molècules i materials, 

i descobrir nous fenòmens en MOFs, utilitzant el trencament d'enllaços. 

El capítol 1 proporciona als lectors una breu visió general dels MOFs, des del seu inici com a 

polímers de coordinació porosos fins a les seves exitoses aplicacions en el món real. Aquest capítol 

mostra els mètodes sintètics prèviament desenvolupats per a la construcció de MOFs funcionals, que se 

centren en dos aspectes clau: el procés de formació d'enllaços guiat per la química reticular i el procés 

de ruptura d'enllaços que condueix a la formació de MOFs deconstruits. Es fa especial èmfasi en abordar 

l'estat actual i els reptes associats amb el procés de ruptura d'enllaços. 

El capítol 2 descriu els objectius generals i específics de la tesi doctoral. 

El Capítol 3 té com a objectiu desenvolupar un nou micromotor accionat per enzims basat en un 

MOF jeràrquicament porós. En particular, aquest MOF es genera sotmetent un MOF microporós a una 

reacció d'ozonòlisi, trencant i eliminant eficaçment els lligands que contenen enllaços olefínics i que 

estan distribuïts aleatòriament. Aquest procés facilita la fusió de micropors a mesopors dins l'estructura 

del MOF. Aprofitant la porositat jeràrquica, es valida que l'enzim catalasa pot ser absorbit amb èxit dins 

els mesopors. Aquesta encapsulació permet que el MOF resultant (o MOFtor) mostri una propulsió de 

bombolles similar a un jet en presència de H2O2. L'estudi també explora el control de la velocitat del 

MOFtor mitjançant la variació del temps d'incubació de l'enzim i les concentracions de H2O2. A més, 

gràcies als pors buits restants dins del MOFtor, es mostra la seva capacitat per capturar la rodamina B 

en aigua durant la seva autopropulsió. 

El capítol 4 exté el concepte de trencament d’enllaços covalents en materials reticulars on tots els 

enllaços que es poden trencar estan ordenats espacialment dins l'estructura. Mitjançant el desmuntatge 

programat de materials reticulars a través del trencament d'enllaços som capaços d'aconseguir 

molècules i materials que abans no són accessibles per la síntesis directa. Aquest mètode sintètic 

innovador, que anomenem Clip-off Chemistry, pot revolucionar el disseny i la síntesis selectiva 

d'estructures desitjades. Basant-nos en això, en aquest capítol es valida la Clip-off Chemistry mitjançant 

la síntesi de dos nous MOFs 3-D topològicament diferents (Zr-pcu-MOF i Sc-pcu-MOF) utilitzant dos 

MOF 3-D precursors (Zr-scu-MOF i Sc-soc-MOF). A través d'aquests exemples il·lustratius, es 

demostra la naturalesa periòdica, quantitativa i selectiva dels enllaços que es trenquen dins d'aquestes 

estructures. Cal destacar que aquest procés corrobora que aquesta escissió és efectiva tant en fase sòlida 
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com líquida, mentre que també demostra la possibilitat de tenir lloc de cristall-a-cristall al llarg de tota 

la mostra precursora. 

El capítol 5 aplica el principi de Clip-off Chemistry dins d'un sistema més complex. En aquest cas, 

el nostre focus està en MOFs multicomponents basats en la família del MIL-142, que estan formats per 

en lligands orgànics que es poedn i no es poden trencar. Mitjançant una reacció d'ozonòlisi sòlid-gas, 

som capaços de trencar selectivament i quantitativament tots els lligands que es poden trencar en dos 

fragments. Posteriorment, l'incubació d'aquests MOFs ozonats en un cert dissolvent provoca d'un 

fenomen inusual: una autoreordenació espontània que condueix a la formació de nous MOFs 

isoreticulars contrets. Aquesta transformació implica diversos processos dinàmics i estructurals que 

tenen lloc dins de les xarxes metal·lorganiques. Cal remarcar que la naturalesa de monocristall es manté 

durant tota la transformació, permetent-nos monitoritzar la contracció mitjançant difracció de raigs X 

de monocristall. 

Finalment, el capítol 6 presenta les troballes clau i les conclusions principals. A més, també ofereix 

valuoses idees sobre perspectives futures cap a la ruptura d'enllaços covalents en materials reticulars. 
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1.1 Metal-organic frameworks 

Metal-organic frameworks (MOFs), a class of crystalline porous materials, have aroused 

considerable interest over the past few decades. According to the International Union of Pure and 

Applied Chemistry (IUPAC), MOFs are defined as coordination networks consisting of organic ligands 

with potential voids.1 This definition highlights two key characteristics of MOFs. First, as coordination 

networks, MOFs can be considered as the self-assembly outcome of inorganic and organic moieties. By 

this means, different combinations of these two moieties can bring out a multitude of structures and 

functionalities of MOFs. Notably, the number of MOF structures deposited in the Cambridge Structural 

Database (CSD) has steadily grown, reaching to over 100000 in 2020 (Figure 1.1).2,3 And second, MOFs 

exhibit confined voids, such as pores, which can range in size from micropores (˂ 2 nm) to mesopores 

(≤ 50 nm and ≥ 2 nm). It is worth mentioning that MOFs hold the experimental record for the highest 

Brunauer-Emmett-Teller (BET) surface areas among all reported porous materials, reaching a milestone 

of 7800 m²/g.4 

 

Figure 1.1 a) Scheme of the MOF formation.5 b) The number of MOFs reported in the CSD from 2000 to 2020.6  

1.2 Historical perspective 

The development of MOFs, recognized as the coordination networks, can be dated back to the year 

of 1959 when Prof. Saito and co-workers reported a series of bis(alkylnitrilo)copper(I) structures by 

single-crystal X-ray diffraction.7-9 Those structures were all built from tetrahedral Cu(CN)4 building 

units. Due to different lengths and conformations of organic moieties, those building units could be 

further assembled into various dimensionalities: one dimensional (1D) chains, and 2D and 3D 

coordination networks. 
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In 1989, pioneering work was made by Prof. Hoskins and Prof. Robson who presented the synthesis 

of what they called “infinite polymeric frameworks”.10 They obtained the first 3D framework assembled 

from tetrahedral Cu(I) building units and tetratopic 4,4',4'',4'''-tetracyanotetraphenylmethane (TCTPM) 

organic ligands. The resultant framework with the formula [Cu(TCTPM)](BF4) showed a non-

interpenetrated and diamond-like lattice (dia). This framework was cationic and the counter ions BF4
- 

were charge-balanced and located inside the pores. Interestingly, upon exchanging between BF4
- and 

PF6
-, the integrity of the framework could still be maintained. In the following year, they expanded their 

syntheses for obtaining “scaffolding like materials”, analogous 3D diamond-like structures from 

different combinations of single metal ions and polytopic nitrogen-donor ligands.11 More importantly, 

in this work, they envisioned that the final structure of the framework could be predicted and achieved 

based on node and spacer approach, which was proposed by Prof. A. F. Wells in 1977.12 The neutral N-

donor ligands used here can be regarded as spacers, whereas the single metal ions can be considered to 

be nodes. Later, lots of 3D networks have been greatly synthesized following this geometric design 

principle.13-16 

The term metal-organic frameworks or MOFs was first proposed by Prof. Yaghi and co-workers in 

1995.17 It was initially utilized for the description and simplification of coordination networks from two 

aspects: the chemical composition (metal-organic) and the unique feature of the structure (frameworks). 

In their work, they synthesized a diamond-like 3D framework (dia) built up from a single metal ion, 

Cu(I), in trigonal planar geometry, and the linear ligand 4,4'-bipyridine (4,4'-bpy). The overall structure 

with the formula [Cu(4,4'-bpy)1.5](NO3) showed a cationic interpenetrated 3D framework with an 

underlying ThSi2 (ths) topology, where counter NO3
- ions were situated inside the channels and could 

be readily exchanged with BF4
- or SO4

2-, without interference of the whole framework integrity. 

Significantly, different from conventional diffusion method, this MOF was synthesized under 

hydrothermal conditions adapted from zeolite chemistry. Afterwards, hydrothermal or solvothermal 

synthesis has become very common for the synthesis of MOFs. 

However, these early coordination networks displayed a major drawback. Because of the flexible 

and weak nature of the monodentate metal-nitrogen bond, the resultant materials did not show 

permanent porosity and their long-range order periodic structures were totally lost upon complete or 

partial removal of the guest solvent molecules inside the pores. This is also known as the “first 

generation of MOFs”.18,19 Based on this, Prof. Yaghi and coworkers reported the first MOF composed 

of a charged chelating ligand in 1995.20 Instead of using neutral N-donor ligands, they synthesized a 

MOF with Co(II) and BTC ligands (BTC = 1,3,5-benzenetricarboxylate). In the structure, each single 

Co(II) center was six-coordinated by two pyridine and three carboxylates from three different tritopic 

BTC ligands. Among these three BTC ligands around the Co(II) center, only one BTC was fully 

deprotonated and coordinated in a bidentate fashion, while the other two BTC remain monodentate. 
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Because of the strong coordination bond formed by charged chelating ligands, this MOF showed 

extraordinary thermal and chemical stability. The integrity of the structure still remained after removing 

the pyridine molecules and only collapse at a temperature above 350 °C. Two years later, Prof. Kitagawa 

and coworkers reported a 3D MOF that was able to adsorb various gases (CH4, N2, CO2) at 298 K under 

high pressure (1-36 atm), also confirming the porosity nature of MOFs.21 

One of the greatest discoveries that has exerted a far-reaching influence on MOF chemistry is 

MOF-2 reported by Prof. Yaghi and co-workers in 1998.22 Instead of monotonous single metal ion-

based MOFs, they introduced polynuclear metal-based clusters into the MOF structure, which could 

ultimately enhance the rigidity and stability of the framework. In the MOF-2 structure, each bimetallic 

Zn(II) cluster forms a 4-connected paddle wheel Zn2(COO)4, which is linked by BDC ligands (BDC = 

1,4-benzenedicarboxylate) to give a stacked 2-periodic crystalline framework with a square grid (sql) 

topology (Figure 1.2). The incorporation of the paddle-wheel building block in the structure provides 

MOF-2 with permanent microporosity, as confirmed by N2 and CO2 gas adsorption at 77 K and 195 K, 

respectively. Right after the publication of MOF-2, Prof. Williams and co-workers used the same 

concept to construct HKUST-1 through the assembly of dinuclear Cu2(COO)4 paddle wheel clusters 

and BTC linkers (Figure 1.2).23 This 3D MOF exhibited high adsorption of N2 molecules. 

 

Figure 1.2 Assembly of a paddle wheel cluster with BDC or BTC forms the structure of 2-periodic MOF-2 or 3-

periodic HKUST-1. 
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Since then, increasing the complexity of both polynuclear clusters and gas adsorption performance 

has become the main goal of this field. In 1999, Prof. Yaghi and co-workers synthesized MOF-5, which 

represents an iconic milestone in the development of MOFs.24 In this work, they first introduced the 

concept of “secondary building units” (SBUs) for the description of well-defined polynuclear clusters. 

In this case, MOF-5 was constructed from octahedral Zn4O(COO)6 clusters and ditopic BDC ligands, 

forming a 3D framework with the underlying pcu topology (Figure 1.3). These inorganic clusters, in 

which each Zn(II) was adapted in a tetrahedral ZnO4 fashion through a central oxygen atom, can greatly 

constrain the orientation of BDC ligands perpendicularly to one another, giving the resultant MOF-5 an 

exceptional architecture stability. The permanent porosity of MOF-5 was tested by N2 adsorption at 77 

K upon the evacuation of chloroform as guest molecules. The adsorption isotherm revealed its 

microporosity nature with a Langmuir surface area of 2900 m2·g-1 and a pore volume of 0.61 cm3/cm3. 

Remarkably, these two values were far beyond any reported records in zeolites and amorphous carbon 

materials.25  

 

Figure 1.3 Assembly of octahedral Zn tetranuclear clusters with BDC forms the structure of 3-periodic MOF-5. 

After that, there has been an explosive surge in research focused on MOFs, utilizing a wide range of 

building units. For example, Prof. Férey and co-workers reported the synthesis of MIL-series MOFs 

(MIL stands for Material Institut Lavoisier) based on trimeric SBUs, including the well-established 

MIL-5326, MIL-10027 and MIL-10128. In 2005, Prof. Yaghi and co-workers, as well as Prof. Dietzel and 

co-workers, independently synthesized MOF-74 (also known as CPO-27) based on infinite rod-shaped 

metal oxide building blocks.29,30 Prof. Lillerud and co-workers first obtained UiO-66 (UiO stands for 

University of Oslo) in 2008.31 This latter MOF is based on hexanuclear Zr(IV) clusters and it has 

attracted numerous attentions because of the extra high stability under water and acidic conditions 

(Figure 1.4).  
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Figure 1.4 Assembly of different molecular building blocks with BDC forms various MOF structures. 

1.3 Applications of MOFs 

MOFs possessing high surface areas, structural diversity as well as tailorable pore sizes have been 

considered as the ideal candidates in various applications. In this section, some applications of MOFs 

will be briefly explained. 

1.3.1 Gas adsorption 

Gas adsorption including gas storage and sequestration has become a very important issue in industry. 

On one hand, developing a suitable technology will allow the ideal adsorbents to store fuel gases 

efficiently, such as methane, propane and hydrogen. On the other hand, it is crucial for adsorbents to 

sequester toxic gases, such as carbon monoxide, hydrogen sulfide and nitrogen dioxide, in a more 

energy-saving and eco-friendly way. Since the gas adsorption behavior will occur when the surface of 

the adsorbent poses a strong affinity to the certain gas, rational design and selection of the adsorbent 

has turned into a critical point. Nowadays, various types of porous materials like zeolites, activated 

carbon and silica have been widely studied and explored, but most of them failed to be designated or 

functionalized for a special need.32,33 In this context, MOFs can be considered as potential candidates 

for gas adsorption owing to their high surface area, tailorable pore sizes and operative surface 
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functionalization. In this section, some of the representative examples toward certain gas adsorption in 

MOFs are discussed. 

1.3.1.1 Methane storage 

The increasing demand for crude oil has drawn tremendous attention to the sustainability of natural 

resources and environmental issues. The significant emission of carbon dioxide (CO2) during the 

combustion of fossil fuels in power plants and vehicles has made it essential for humans to be aware of 

the severity of the global warming. Methane (CH4), the major component of natural gas, is considered 

as a promising and alternative fuel to replace the crude oil due to the following two aspects: first, 

methane is affordable and environmentally sustainable in comparison to conventional liquid fossil fuels; 

and second, the combustion of methane is releasing small amounts of CO2 per unit of heat owing to its 

high hydrogen to carbon ratio.34-36 However, methane has a low volumetric energy density of 0.12 % 

(i.e. the amount of the energy released per unit volume of methane during the combustion) in 

comparison to that of the liquid fossil fuels, which severely constrains its widespread use.36 Therefore, 

it is desirable to find ways to store high amounts of methane in a compressed manner. One possible 

solution is to use porous materials to adsorb methane, as these materials can maximally confine and 

store high densities of methane molecules. Furthermore, compared to conventional technologies such 

as compression at high pressure (e.g. 200-250 bar) or liquefaction at low temperature (e.g. 112 K)37-39, 

keeping methane molecules in porous materials allows for packing the same or greater amount per unit 

volume under feasible pressure and temperature conditions. This approach potentially avoids safety 

risks and reduces costs.  

To promote the widespread commercialization of alternative fuels, U.S. Department of Energy 

(DOE) standardized metrics for the development of methane onboard storage.40 The targeted 

gravimetric storage capacity is 0.5 g·g-1 (meaning 0.5 g of methane in 1 g of adsorbents), and the 

volumetric target is 263 cm3 (standard temperature and pressure, STP)·cm-3. In 2020, Prof. Farha and 

co-workers synthesized a record-breaking MOF material, NU-1501-Al, which is based on the Al3O 

trimer cluster and hexatopic linker.41 This MOF has shown the highest gravimetric CH4 uptake at 100 

bar, both at 296 K (0.54 g·g-1) and 270 K (0.66 g·g-1), among all reported MOFs, surpassing the standard 

recommended by the DOE (Figure 1.5). 
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Figure 1.5 a) Schematic representation of the crystal structure of NU-1501-Al. b) Methane uptake of NU-1501-

Al at 270 K and 298K.41 

1.3.1.2 Carbon dioxide capture 

Carbon dioxide (CO2) is the major contributor to the rise in global temperatures. Since the early 

1800s, overall CO2 emissions have dramatically increased to nearly 2 times higher than before.42 It is 

urgent to limit the CO2 emissions, particularly from anthropogenic sources. Currently, a significant 

amount of CO2 emissions comes from the combustion of fossil fuels in power plants. While developing 

alternative, cleaner, carbon-free fuels such as solar and wind power can radically transform the energy 

infrastructure and reduce reliance on natural resources, the use of fossil fuels is still dominant.43 

Therefore, it is essential and highly valuable to explore strategies that can effectively capture and store 

CO2 before its release. Considering that flue gas from stationary power plants contains only 15-16% 

CO2, potential candidates for CO2 capture should be capable of operating under low pressure and even 

humid conditions.44-47 

MOFs, due to their unique structural diversity, have shown their potential use for CO2 capture. So 

far, there are two main strategies to enhance CO2 capture in MOFs: utilizing unsaturated metal sites and 

chemical functionalization inside the pores. Unsaturated metal sites can be considered as Lewis acid, 

allowing CO2 molecules to bind to these metal centers through dipole-dipole interactions.48-53 MOF-74, 

which possesses high-density unsaturated metal sites, is a promising candidate. Prof. Matzger and co-

workers reported that Mg-MOF-74 has a record-high CO2 uptake value, providing an uptake of 23.6 

wt % at 0.1 atm (Figure 1.6).54 Subsequently, Prof. Queen and co-workers studied how different types 

of unsaturated metal sites can affect CO2 adsorption capacity in MOF-74.55 They synthesized a series 

of MOF-74 structures based on various metals types and observed that the CO2 uptake increased with 

changes in the metal source at low pressure, following the order of Mg2+, Ni2+, Co2+, Fe2+, Mn2+, Zn2+, 

and Cu2+. However, when the MOF was exposed to more realistic conditions where water vapor was 
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present in the flue gas, water molecules would compete with CO2 for binding to the unsaturated metal 

sites, resulting in the reduced CO2 adsorption capacity.56-60 To address this challenge, chemical 

functionalization of MOFs has become a prevalent strategy. This functionalization can be achieved 

through ligand decoration or post-synthetic appending of amine groups. In the latter approach, a 

common design involves the use of alkyldiamine-appended MOFs, where diamines bind to unsaturated 

metal sites. In this context, CO2 can selectively react with diamines and be inserted into metal-amine 

bonds, leading to the formation of ammonium carbamate chains.61-68 A very recent study by Prof. Long 

and co-workers showed that a MOF-74 analogue, Mg2(olz), could be functionalized with nine different 

1°,1°-, or 1°,2°-, or 1°,3°-diamines. A specific MOF, denoted as ee-2–Mg2(olz), functionalized with 

N,N-diethylethylenediamine, was chosen for detailed CO2 adsorption studies (Figure 1.6).69 In a 

simulated coal flue gas stream containing 15% humidified CO2 in N2, ee-2–Mg2(olz) was able to capture 

90% of the CO2. Exposure and cycling tests were conducted to demonstrate the stability and reusability 

of this MOF, showing that ee-2–Mg2(olz) maintained excellent CO2 adsorption capacity of 15.5 g/100 

g and the long-term stability over 1000 adsorption-desorption cycles under simulated humid flue gas 

conditions. 

 

Figure 1.6 a) Crystallographic structures of MOF-74, Mg2(dobdc), showing the interaction between CO2 and 

activated magnesium(II) sites.55 b) Schematic illustration of CO2 insertion into diamine-Mg2(olz) to form 

ammonium carbamate.69 

1.3.1.3 Water harvesting 

Water is indispensable for human life. However, only 2.5% of the Earth's water is freshwater, and 

nearly four billion of the population are living in water-stressed regions. This global challenge calls for 

increased efforts to find solutions.70-72 The majority of water on Earth, about 96.5%, is found in oceans, 

but purifying seawater through processes like desalination is complex and energy-intensive.73,74 One 

alternative strategy is to extract water from the atmosphere, which requires the use of water adsorbents 
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that meet specific criteria: they should be stable enough in water during repeated cycles, capture water 

at low relative humidity (RH), and maximumly release water in an energy-saving manner.71,75,76 

In 2017, Prof. Yaghi and co-workers developed the first water harvesting device to test its viability. 

The device consisted of an enclosure with a lid containing activated MOF-801 and a condenser (Figure 

1.8). The water harvesting experiment was conducted on a building´s roof and later in the Arizona 

desert.77,78 The MOF-801 adsorbent (1.8 g) began capturing water from the ambient air at night. Once 

saturated, the enclosure was sealed to create a closed system. The desorption process occurred when 

the device was exposed to natural sunlight during midday, causing the water to be released and 

condensed on the cooled condenser. However, the device only yielded water droplets, and no significant 

water collection was achieved. Inspired by these results, the same group optimized the apparatus by 

loading kilograms of MOF-801 to collect a considerable amount of water.79 The improved apparatus 

consisted of two boxes, with the smaller one fitted inside (Figure 1.8). The smaller box, open and loaded 

with MOF-801, was placed within the outer box, which had a lid that could be opened at night and 

closed during the day. In this configuration, the inner wall of the outer box acted as the condenser, and 

part of the device was covered with soil to maximize the temperature difference between the inside and 

outside of the outer box. Remarkably, using 0.825 kg of MOF-801, they were able to collect 55 mL of 

liquid water in the Arizona desert. However, there are still some issues that need to be addressed to 

optimize the efficiency of water harvesting. The inner box used in this setup did not provide full 

accessibility of the MOF to the air, which may have resulted in a lower water productivity than expected. 

Additionally, the low heat conductivity of MOF-801 affected the kinetics of water release.  

The discovery of MOF-303 has enabled MOFs to fully realize their potential as water adsorbents in 

practical applications. MOF-303 is constructed from an infinite 1D Al-oxo chain and HPDC (1H-

pyrazole-3,5-dicarboxylate). This MOF possesses unique features: the strong Al-O bonds can prevent 

the hydrolysis, ensuring exceptional stability in water over multiple cycles; the pyrazole-based linkers 

can create hydrophilic sites inside the 1D channel for rapid water adsorption; and the use of inexpensive 

Al(III) sources allows for large-scale preparation of MOFs.76,80,81 In 2019, Prof. Yaghi and co-workers 

tested MOF-303 for water harvesting in the Mojave Desert, the most arid area in North America. Instead 

of using the abovementioned passive devices, they invented a new one powered by solar panels that 

utilized fans to facilitate airflow through the MOF-303 cartridge (Figure 1.8).82 Surprisingly, this device 

was capable of delivering 0.7 L water/kg of MOF per day, representing an improvement of nealy one 

order of magnitude compared to previous water harvesting devices. In 2023, Yaghi and co-workers 

designed a new passive device for water harvesting.83 This device has two separated compartments: a 

cylinder-shaped MOF cartridge and a condenser (Figure 1.8). The MOF cartridge contains a pellet made 

of MOF-303 mixed with graphite to enhance thermal conductivity and mechanical properties. The pellet 

is loaded into the cartridge along with porous Ni foams to maximize airflow diffusion and heat 
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conduction. Water harvesting experiments were conducted in Death Valley under extremely dry and 

hot conditions. As a result, the device containing MOF-303 achieved a water productivity of 210 g 

water/kg of MOF per day, showing the highest water productivity among reported passive devices.  

 

Figure 1.8 Evolution of the used MOFs and related devices for water harvesting. 

1.3.2 MOF-based swimmers 

The development of miniaturization from macroscopic swimmers to micro/nanoscale replicas is 

indispensable in multidisciplinary fields.84 These tiny self-propelled machines, inspired by 

biomolecular machines found in animals, individual cells or micro-organisms, are capable of swimming 

in certain fluids through interfacial reactions with the surrounding environment or external forces such 

as light,85,86 magnetic fields87 and electric fields88. Due to their capability of autonomous locomotion, 

these artificial swimmers have garnered interest in a myriad of applications including sensors89,90, 

therapeutic mobile carriers91 and environmental remediation92. 

MOFs, owing to their ordered structures, high accessible surface area and tailorable pore sizes, have 

become attractive candidates and have shown promise as autonomous swimmers. During the synthesis 

of MOFs, many guest molecules with a wide range of sizes, such as drugs and active biomolecules, can 

be incorporated, offering a promising loading capacity.93-97 In addition, these molecules can engage in 

specific interactions within the pre-existing structure of the MOF, either through pore or surface 

chemistry. This provides an additional opportunity for incorporating external complexes into the 
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MOFs.98-102 This section will place special emphasis on catalytically-driven MOFs-based micro/nano 

swimmers. 

1.3.2.1 Catalytically-driven MOF-based swimmers 

Catalytically-driven swimmers, also known as micro/nanomotors, are mainly based on converting 

chemical energy into mechanical motion.103,104 It involves introducing an additional fuel supply into the 

swimming environment, initiating a certain catalytic reaction within the MOF particle. This reaction 

generates products that, in turn, propel the micro/nanomotors into autonomous motion. 

One method to achieve the locomotion of the motor is to create the bubble ejection.105,106 In this case, 

hydrogen peroxide (H2O2) is widely used as the fuel for catalysis. The decomposition of H2O2 generates 

and expels oxygen bubbles in the swimming environment around the motor, resulting in the propulsion 

of the MOF particle. 

One strategy for catalyzing H2O2 is to use metals, alloys or metal oxides. Prof. Chin and co-workers 

reported the first catalytic propulsion in MOFs based on Janus particles.107 They first partially embedded 

ZIF-8 crystals with a poly(methyl methacrylate) (PMMA) film, allowing the exposed surface of ZIF-8 

to be further covered with a ZIF-67 layer through epitaxial growth. Subsequently, the PMMA film was 

washed away with ethyl acetate, resulting in the formation of ZIF-67/ZIF-8 Janus particles. The motion 

of Janus particles was propelled by O2 bubbles, where Co(II) nodes from ZIF-67 prompted the 

decomposition of H2O2. In 2016, Prof. Maspoch and co-workers prepared a monolayer of MOFs (ZIF-

8, UiO-66) on a substrate through drop casting.108 This monolayer was then sputtered with one or more 

layers of various metals (Co, Au, or Pt), resulting in the formation of Janus particles. Among them, ZIF-

8 covered with asymmetric Pt layer, denoted as Pt@ZIF-8, showed good motion ability upon the 

addition of H2O2 through bubble propulsion (Figure 1.11). Instead of MOF-based Janus motors, in 2017, 

Prof. Cohen and co-workers proposed a different approach to incorporate metals.109 They synthesized 

UiO-67 using mixed ligands, dcbpy (2,2'-bipyridine-dicarboxylate) and bpdc (biphenyldicarboxylate). 

By post-synthetical metalation of bipyridine sites with catalytically active metal centers (cobalt or 

manganese), the resulting MOF could achieve catalytic motion through bubble propulsion upon the 

addition of H2O2. The speed of the motor could be adjusted by choosing the metal centers (Figure 1.11). 

Furthermore, the motor was able to brake chemically by introducing acidic chelators, iminodiacetic acid 

(IDA) or ethylenediaminetetraacetic acid (EDTA). These acids were used to completely remove the 

metals from the MOF, resulting in the loss of motor propulsion. 
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Figure 1.11 MOF motion driven by the catalytic reaction. a) Scheme of Janus metal@MOF particle. b) SEM 

image of Janus Au@MOF particles showing the asymmetric Au layer on ZIF-8 particle. c) EDX mapping of Janus 

Pt@MOF particle showing the elementals (Zn and Pt) distribution. d) Optical microscopy images of motorized 

Pt@ZIF-8 particle at different catalysis time.108 e) Scheme of the metalation process in Zr-MOF. f) Optical 

microscopy images of motorized Zr-MOF with different metal sources. g) Tuning the speed of motorized Zr-MOF 

with different metal sources.109 

Another strategy to catalyze H2O2 is by using enzymes. Prof. Ma and co-workers reported dual 

enzyme-functionalized ZIF-8 encapsulated with upconversion nanoparticles (UCNPs) and 

photosensitizers (PSs) for cancer treatment.110 Two types of enzymes, glucose and catalase, were 

bounded onto the surface of ZIF-8, triggering two enzymatic cascade reactions for both motor motion 

and therapeutic effects. In particular, glucose was decomposed into H2O2 by glucose oxidase as the 

catalyst. The generated H2O2, when encountered with catalase, further converted into H2O and O2. The 

O2 molecules not only created bubbles for the propulsion of the motor motion, but also converted into 

the singlet oxygen state for photodynamic therapy (PDT) process (Figure 1.12).  
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Figure 1.12 Schematic illustration showing the motor motion based on ZIF-8 particle triggered by two enzymatic 

cascade reactions.110 

1.4 Bond forming process: MOF synthesis and reticular chemistry 

One of the most fascinating aspects in MOFs is that their crystalline structures can be designed based 

on the specific knowledge of their chemical compositions. In particular, the emergence of reticular 

chemistry has facilitated the synthesis of a growing number of novel MOF structures with unique pore 

shapes, sizes and functionalities. 

Reticular chemistry refers to the chemistry of linking molecular building blocks by strong bonds to 

make crystalline open frameworks.111,112 In this context, strong bonds in reticular chemistry indicate not 

only covalent bonds but also metal-charged ligand bonds, which significantly differentiates from the 

early discovery of coordination networks and expands its scope to other reticular materials such as 

covalent-organic frameworks (COFs) and metal-organic polyhedra (MOPs).113-115 Reticular chemistry 

enables the predesign of a suitable net as a blueprint, and the molecular building blocks encoded with 

desired constrains in geometry, directionality and rigidity can be implemented to achieve the final 

targeted framework. While synthesis may sometimes encounter challenges in practice, the knowledge 

gained can further enhance the delicate design under the guidance of reticular chemistry. 

In the following sections, a general introduction to topology will be provided to describe the 

underlying nets and design principles through reticular chemistry. 
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1.4.1 Topology of MOFs 

MOFs, owing to their long-range order periodic structures, can be abstracted and simplified into 

their network topology, known as underlying nets. The analysis of the underlying nets of MOFs allows 

scientists to identify and classify numerous MOF structures from databases, and these underlying nets 

can serve as blueprints for the judicious design of new frameworks. 

The topology analysis of MOFs is typically conducted through the calculation of coordination 

sequences and vertex symbols.116,117 Various software tools are available for determining the underlying 

nets. One commonly used software is TOPOS118, which is based on a comprehesive database. Another 

tool is Systre116,119, which is associated with RCSR (Reticular Chemistry Structure Resource) database 

and capable of identifying new nets not included in the RCSR. 

The RCSR database, developed by Prof. O’Keeffe and co-workers119, is a collection of existing nets. 

It contains a multitude of underlying nets in the field of reticular materials, and the related topology for 

each net is described using a bold lowercase three-letter code. The terminology of these codes or 

symbols inside the database can be considered as derivatives from several sources: (1) the known solids, 

such as diamond (dia), fluorite (flu), Nb2O5 (nbo); (2) the intrinsic connectivity or geometrical building 

units of a given net, such as face-centered cubic (fcu), square and cube (scu), square and octahedron 

(soc); (3) zeolite database, such as MTN (mtn), SOD (sod), RHO (rho); and (4) author’s name or choice, 

such as Zhiyong Guo (zyg), Nottingham (ntt), Queen of MOFs (qom). 

1.4.2 Molecular building blocks and secondary building units 

To describe each organic or inorganic node for the targeted design and synthesis of MOFs, it is 

essential to introduce molecular building blocks (MBBs) and secondary building units (SBUs). MBBs 

stand for chemical entities, including their detailed composition, while SBUs represent the geometrical 

entities by connecting their points of extension (e.g. carbon atoms from carboxylates are the points 

which link to the organic moiety) from a given MBBs.120-122 For instance, a 12-c hexanuclear cluster 

can be considered as an MBB, and by connecting its points of extension, a SBU with cuboctahedral 

shape is formed (Figure 1.13).   
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Figure 1.13 Representation of some common MBBs and their corresponding SBBs. 

1.4.3 Reticular design principle 

Based on the above mentioned, an entire network topology can be regarded as the combination of 

different sets of organic and inorganic SBUs encoded with special geometrical constrains. Thus, for the 

synthesis of targeted MOF structures, predetermining an ideal net as a blueprint and rational design of 

these related building blocks are highly valuable. Based on this, various design routes are discussed in 

this section. 

1.4.3.1 Molecular building block (MBB) approach 

The MBB approach has become a prevailing and dominant strategy for the synthesis of novel MOFs. 

Briefly, it started with the careful analysis of the organic and inorganic SBUs from the targeted 

underlying net. Then, any MBBs of interest, including organic linkers and inorganic clusters, that 

represent the same directionality and connectivity as those SBUs can be judiciously designed prior to 
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the assembly process. In this way, MOFs with desired topology are possible to be synthesized (Figure 

1.14).  

In general, there are two ways to implement MBBs, particularly inorganic MBBs, into the desired 

structure. One is to synthesize the requisite inorganic MBBs in-situ, which requires the appropriate 

synthetic condition. Another way is to use pre-assembled inorganic MBBs with designed connectivity 

and geometry.123,124 In this case, the solubility of the inorganic cluster is the key point. 

 

Figure 1.14 Representation of the synthesis of MOF-5 by using the MBB approach. 

1.4.3.2 Supermolecular building block (SBB) approach 

SBB approach refers to the assembly of externally functionalized metal-organic polyhedra (MOPs) 

into targeted MOFs, giving the final structure with a highly connected net.125-127 

Similar to the mentioned above, the formation of MOPs as SBBs can be formed in-situ or pre-

assembled prior to the synthesis. For example, MOFs with rht topology was first discovered to describe 

this concept.128-133 This rht-MOF has its unique binodal (3,24)-connected net which is composed of 24-

connected rhombicuboctahedra (rco) and 3-connected triangles. Here, 3-connected (3-c) triangles can 

be viewed as the central core of organic ligands, whereas the 24-c rco is considered as the combination 

of 12 4-c Cu(II) paddle wheels and 24 isophthalates ligands when 5-position of the isophthalates are 

acting as the functionalized vertices. This polyhedron has been recognized as the well-known MOP-1 

(Figure 1.15).134 It is noteworthy that the geometry of the MOP as a SBB can differ a lot depending on 

the decorated vertices of the linkage. That is to say, MOP-1 can also be seen as the 12-c cuboctahedron 

(cuo) when axial positions of the paddle wheels are counting as vertices. When this 12-c cuboctahedron 

is further linked by a 4-c square, a highly connected MOF with ftw topology is formed (Figure 1.15).135 
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Figure 1.15 Representation of the syntheses of a rht-MOF and a ftw-MOF by the SBB approach. 

Besides MOP-1, other types of polyhedra as SBBs can also be implemented into the structure, 

promoting the formation of targeted MOFs with desired topologies. For example, octahedron (oct) and 

elongated triangular orthobicupola (ebc) MOPs allow to give their related MOFs with 6-c pcu136,137 and 

(3, 18)-c gea138 nets, respectively. 

1.4.3.3 Supermolecular building layer (SBL) approach 

SBL approach is introduced to describe 3-periodic pillared MOFs by linking 2-periodic layers.139 

Actually, many 3-periodic MOFs with their underlying nets can be destructed into this type. The isolated 

metal-organic 2D layers, considered as the building block, are able to construct a series of MOFs with 

unlimited confined spaces (pores or cavities). Here, the critical point is to design organic linkers for 

pillaring those layers. 

One successful example for implementing this SBL approach is the well-known HKUST-1 with tbo 

topology.139 This structure can be destructed into 2-periodic square lattice (sql) layers linked by the 

pillars, 4-c Cu(II) paddle wheels as the central cores. Further by substituting paddle wheel structures 
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with various organic linkers having the same geometry, a series of tbo-MOFs with different pore sizes 

were successfully synthesized. 

1.4.3.4 Isoreticular principle 

Isoreticular principle is widely used for the synthesis of novel MOFs through rational design. The 

main objective of this strategy is to tune the ligands or metal clusters inside the framework without 

affecting their underlying nets. So far, there are three existing ways to achieve this goal. 

1.4.3.4.1 Substitution or modification of the building blocks 

The modification of the building blocks here refers to the ligand functionalization. The common way 

is to introduce specific functional groups inside organic linkers toward certain property or application. 

An interesting example is to synthesize MOF-5 analogues functionalized by BDC linker with long alkyl 

side chains so that a certain degree of the frustrated flexibility appears inside MOF-5 upon 

desolvation.140 Substitution of the building blocks mainly focuses on the replacement of the metal 

clusters and organic linkers. Replacing metal clusters by using different metal sources requires the 

formed clusters have the same connectivity and geometry. For example, Zr hexanuclear clusters in UiO-

66 can be replaced by Hf and Ce analogues.141,142 The replacement of the organic linkers, involving the 

post-synthetic modification and bond-breaking process, will be discussed in the next subchapter of this 

dissertation. 

1.4.3.4.2 Expansion or contraction of building blocks 

Expansion or contraction of building blocks is only limited to the organic linkers. The length 

between the central core and chelating moieties of the organic linker can be designed and implemented 

into the framework, resulting in the change of the whole lattice or pore sizes. The best example is the 

isoreticular synthesis of MOF-5 from a series of organic linkers with different lengths. In this family of 

MOF-5 analogues, the pore sizes are in the range of 3.8 to 28.8 Å (Figure 1.16).143 

1.4.3.4.3 The multivariate approach (MTV) 

The multivariate approach aims to employ more than one types of metal clusters or organic linkers 

into the framework for increasing the whole complexity. It should be noted that a multivariate MOF 

means that various chemical species (multiple metals or ligands) have the same equivalent positions in 

the framework but they are not periodically occupying in the crystal structure. Thus different 

combinations of those species should be observed in the multivariate MOF. So far, up to 10 different 
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types of metals could be incorporated into the rod building block of MOF-74,144 and up to 8 different 

ligands were simultaneously incorporated in the structure of MOF-5.145 

 

Figure 1.16 Ligands used for the syntheses of isoreticular IRMOFs and their corresponding crystal structures. 

1.5 Bond breaking process: post-synthetic MOF deconstruction 

The implementation of reticular chemistry into MOFs has successfully expanded the structural 

diversity and potential applications of MOFs. However, the formation of various chemical bonds during 

synthesis introduces uncertainties in achieving the desired products. For example, while 2D layered 

MOFs can be obtained directly, the synthesis of ultrathin (multilayer or even single-layer) MOF 

nanosheets is still highly demanding. This is because the bulk 2D MOF crystal has a strong bonding 

within the plane, whereas the interlayer is often connected by weak interactions. Thus, the formation of 

weak interactions during synthesis may hinder their broad use in the field of electronic devices, 

separation and sensing.146,147 Another example is the design of hierarchical pores in MOFs. 

Hierarchically porous MOFs (HP MOFs), which contain multiple ranges of porosities, exhibit the 

unique characteristic of integrating micropores and mesopores/macropores, potentially solving mass 

transfer issues when used as catalysts.148,149 Currently, a major challenge is to synthesize HP MOFs. By 

simply elongating the ligand through the isoreticular principle, the resulting framework may lead to 

self-dual interpenetration such as in well-known IRMOF-15143, UiO-69150. An alternative approach is 

to introduce monodentate modulators to create defects during synthesis, but only a few reported systems 
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have limited their widespread utilization.151-153 Therefore, finding a feasible and general strategy to 

overcome these difficulties is of great importance. 

Contrary to the bond forming process (bottom-up), bond breaking from an existing MOF (top-down) 

has gained increasing research interest.154,155 This approach allows to break certain type(s) of bonds 

selectively inside an already made MOF and the ultimate modified structure can still maintain its 

crystallinity. In this case, bond breaking inside the MOF can be considered as the post-synthetic 

deconstruction process in which MOF served as the precursor is able to moderately tailor its constituents 

and consequently transform into a new material with distinct characteristics. Based on this, an ultrathin 

layer is possible to be obtained from the bulk 2D MOF materials through breaking weak interactions 

between layers. Similarly, breaking coordination or covalent bonds in a microporous MOF and 

removing the corresponding fragments can lead to the synthesis of HP MOFs. 

Overall, the deconstruction of MOFs through bond breaking allows for the creation of daughter 

MOFs with new functionalities, including the generation of defects, hierarchical pores and novel 

morphologies. It is important to note that both the parent and daughter MOFs should maintain their 

crystallinity throughout the post-synthetic modification (PSM) process. Any attempts to create 

amorphous daughter MOFs are not considered in this dissertation. 

In the following Table 1.1, we summarize the most representative examples of PSM in MOFs using 

different types of bond breaking. 

Table 1.1 Representative examples of different bond-breaking types in MOFs. 

MOFs 
Bond-breaking 

type 
Stimuli Resultant MOFs Mechanism ref. 

MIL-100 (Fe) Coordination HClO4 or CF3COOH Defective MOFs Partial ligand replacement 156 

MOF-5 @ UiO-66 Coordination HCl HP UiO-66 The dissociation of MOF-5 157 

CuBDC Coordination L-ascorbic acid Cu2BDC 
Ligand removal and Cu2+ 

reduction 

158 

Ni-MOFNA Coordination ultraviolet/ozone Defective MOFs 
Partial ligand 

decomposition 

159 

Zn-MOF Coordination H2O 
MOFs with partial 

rearrangement 
Partial ligand replacement 160 

POST-66 (Y) Coordination H2O HP MOFs Leaching of yttrium ions 161 

Zn/Cu-UMOM-10 Coordination DMSO HP MOFs 
Leaching of weak 

coordinating molecule 

162 

Zn-MOF Coordination 
H2O, DMF or MeOH + 

grinding 
New Zn-MOF Structural rearrangement 163 

3D Co-MOF Coordination MeOH, CHCl3 or sc CO2 2D Co-MOF 
Ligand decoordination and 

recoordination 

164 
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HKUST-1 Coordination CH3OH vapor HP MOFs 
Ligand removal and Cu2+ 

reduction 

165 

hcp UiO-67 Coordination 
Grinding or 

ultrasonication 
Nanosheets 

Breaking hafnium-

carboxylate bonds 

166 

ZIF-8, ZIF-67 Coordination 
Acidified/basified xylenol 

orange 

Diverse crystal 

morphologies 

Leaching of metal ions and 

ligand removal 

167 

MIL-101 (Cr) Coordination Acetic acid Hollow MOF 
Leaching of Cr3+ and 

ligand replacement 

168 

MCF-13 Coordination 
Electrochemical 

exfoliation 
Nanosheets 

Breaking and removing 

interlayer ligands 

169 

HKUST-1 Coordination H2O vapor Stacked nanosheets Ligand replacement 170 

Zn2(bim)4 
Weak 

interactions 

Ball-milling and 

ultrasonication 
Nanosheets 

Breaking van der Waals 

forces 

171 

Ca-MOF 
Weak 

interactions 

Grinding or 

ultrasonication 
Nanosheets 

Breaking van der Waals 

forces 

172 

Cd-MOF, Zn-MOF 
Weak 

interactions 
Ultrasonication Nanosheets 

Breaking van der Waals 

forces 

173 

ZIF-9(III) 
Weak 

interactions 
Ultrasonication  Nanosheets 

Breaking van der Waals 

forces 

174 

[Cu2Br(IN)2]n 
Weak 

interactions 
Ultrasonication Nanosheets Breaking π-π interaction 175 

Zn2(bim)3 
Weak 

interactions 

Ball-milling and 

ultrasonication 
Nanosheets 

Breaking van der Waals 

forces 

176 

[Co(CNS)2(pyz)2]n 
Weak 

interactions 
Ultrasonication Nanosheets 

Breaking van der Waals 

forces 

177 

[Cu(μ-pym2S2)(μ-Cl)]n 
Weak 

interactions 
Ultrasonication Nanosheets 

Breaking van der Waals 

forces 

178 

MOF-2 
Weak 

interactions 
Ultrasonication Nanosheets 

Breaking hydrogen-

bonding 

179 

[Hphen]2[(UO2)2(ox)3] 
Weak 

interactions 
UV irradiation Nanosheets Breaking π-π interaction 180 

MIL-121 Covalent Heating HP MIL-121 Decarboxylation 181 

PCN-250 Covalent Heating HP PCN-250 Decarboxylation 

182, 

183 

CPM-33 Covalent Heating HP CPM-33 Decarboxylation 184 

UiO-66(Zr), UiO-

66(Zr)-NO2, MIL101 

(Fe), MIL125(Ti)-

NH2, MIL-101(Cr) 

Covalent UV/Vis irradiation HP MOFs Photodecarboxylation 185 

Zn-MOF Covalent UV irradiation 
MOFs with enhanced 

gas adsorption 
Photodecarboxylation 186 

Co, Cu, Mn-MOF Covalent 
Electrolyte ion (Li+) 

intercalation 

MOF-based batteries 

with enhanced 

capacities 

Dynamic formation and 

cleavage of disulfide bond 

187 

ZIF-8 with crosslinked 

imine moiety 
Covalent Heating 

ZIF-8 functionalized 

with aldehyde groups 
Cleavage of imine bond 

 

188 
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PCN-160 with partial 

labile ligands 
Covalent Acidic DMF solution 

PCN-160 

implemented with 

different metals 

Cleavage of imine bond 189 

MOF-on-MOF 

heterostructure 
Covalent Singlet oxygen (1O2) Exfoliated nanosheets  Cleavage of olefinic bond 190 

In the following section, various types of bond breaking and how this cleavage can affect the 

formation of new MOFs will be discussed. 

1.5.1 Coordination bond cleavage 

Coordination bond cleavage usually occurs between the metal-based node and organic linker when 

external forces (e.g. solvents, acids, pressure) are applied, resulting in the formation of defective MOF 

with missing clusters or/and missing linkers. 

One representative example of coordination bond cleavage in MOFs is the use of acid as an etching 

reagent. The acidic etching can be considered as the ligand exchange by replacing existing coordinated 

ligands. Prof. Kim and co-worker reported size-dependent acid etching in MOFs, resulting in the 

generation of mesopores from the microporous MOFs (Figure 1.17).191 In particular, the structure of the 

selected water-stable MIL-100(Fe), which is constructed from Fe3+- trimer clusters and BTC linkers, 

exhibits two types of cages: large cages with hexagonal windows (d = 0.89 nm) and small cages with 

pentagonal windows (d = 0.49 nm). Phosphoric acid was chosen as the etching agent due to its exclusive 

size (d = 0.61 nm), which allowed diffusion only into the large cages of the MOF. By incubating MIL-

100(Fe) in various concentrations of acid in a DMF solution (0 to 80 mM) under 70 °C, a gradual change 

in the N2 adsorption isotherms was observed, from a microporous type I to a mesoporous type IV. The 

pore size distribution also showed a gradual increase in mesopore size from 2.4 to 18.4 nm. This whole 

acidic etching process involved the stepwise destruction of the large cage, enabling further merging 

with adjacent small cages to form larger mesopores. 
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Figure 1.17 a) Illustration of the etching process for MIL-100(Fe) by using phosphoric acid. b) Representation of 

the two types of cages existing inside MIL-100(Fe).191 

Introducing external acids for the partial destruction of MOFs is a very useful strategy, but how to 

control the amount of acids is a critical point as it may lead to the generation of either hierarchical pores 

or amorphization of MOFs. An interesting example reported by Prof. Wu and co-workers showed that 

an excess amount of introduced acid can not only fully dissociate MOFs but also trigger an unusual 

structure arrangement, from MOF-5 into ZIF-8 through the incorporation of 2-methylimidazole 

(Hmim).192 In particular, the introduction of an Hmim solution creates a weakly acidic environment 

(Hmim ⇌ (1-x)H+ + (1-x)mim− + xHmim), enabling the disassociation of less stable Zn-O tetrahedral 

coordination in MOF-5. The dissociated free Zn2+ is able to coordinate with deprotonated mim− in the 

solution, forming a more stable Zn-N tetrahedral coordination. This etching mechanism reveals that the 

transformation from MOF-5 to ZIF-8 occurs through a diffusion-controlled exchange process. Initially, 

ZIF-8 started to nucleate and grow on the surface of MOF-5 crystal. Due to the fact that the dissociation 

rate of MOF-5 was much faster than the crystallization rate of ZIF-8, a hollow nanotube-shaped pure 

ZIF-8 particle was eventually obtained. Interestingly, the dissociation rate of MOF-5 could be adjusted 

by controlling the etching time and temperature so that ZIF-8 with different nanoarchitectures was able 

to be observed: yolk-shell MOF-5@ZIF-8, single-shell ZIF-8, double-shell ZIF-8, ball-in-box ZIF-8, et 

al. (Figure 1.18) 
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Figure 1.18 a) Phase transformation from MOF-5 to ZIF-8 triggered by solvent-assisted ligand exchange (SALE) 

process. b) TEM images of single-shell ZIF-8 nanotube (top), yolk-shell MOF-5@ZIF-8 nanotube (middle), 

double-shell ZIF-8 nanotube (bottom).192 

Instead of using acids, the solvent itself can also trigger the cleavage of coordination bonds between 

the metal-based node and ligand, resulting in the porosity and topology changes in MOFs. Prof. Zhou 

and co-workers reported a fascinating example of the structural rearrangement in MOFs through the 

desolvation and resolvation process (Figure 1.19).193 They synthesized Al-based MOF, AlTz-53, which 

consists of 1D Al-oxo chains linked by TzDB ligands (4,4'-(1,2,4,5-tetrazine-3,6-diyl)dibenzoate) and 

coordinating DEF solvents (N,N-diethylformamide), with sql topology. By exchanging the solvent from 

DEF to toluene and then subjecting it to thermal desolvation, AlTz-53 could be transformed into a new 

MOF, AlTz-68, with kgm topology. AlTz-68 showed a dramatic increase in BET surface area from 725 

to 2749 m2/g and enhanced crystallinity in PXRD. Interestingly, AlTz-68 can also convert back to AlTz-

53 by incubating it in polar solvents such as DMF, H2O and DMSO. This desolvation-resolvation cycle 

was achieved twice without any loss of the crystallinity. Further mechanistic studies revealed that the 

desolvated MOF, upon the loss of the coordinating solvents, entered a metastable state, triggering the 

decoordination and recoordination of ligands to different metal centers. Thus, this self-arrangement of 

the lattice led to the formation of a more stable AlTz-68 MOF.  
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Figure 1.19 Lattice rearrangement from AlTz-53 to AlTz-68 triggered by desolvation process.193 

1.5.2 Weak interactions cleavage 

Weak interactions refers to intermolecular forces such as van der Waals forces, π-π interactions, 

hydrogen bonding, which are generally fragile when external forces are employed.147,194 Cleavage of 

weak interactions usually occurs in 2D layered MOFs, resulting in single-layer or multi-layer structures  

suitable for applications such as molecular sieving, catalysis and sensing.195 This is classified as a top-

down strategy which focuses on the disintegration of starting bulk materials. So far, there are two ways 

to break weak interactions: mechanical forces (pressure, grinding and sonication) or increasing the 

distance between layers through the intercalation of external molecules. 147,196 

One representative example is the use of mechanical exfoliation (e.g. ultrasonication) to obtain 

crystalline metal-organic nanosheets from bulk materials. Prof. Moorthy and co-workers reported that 

a 2D Cd-MOF constructed from Cd2+ single ions and H4BPDP linker (biphenyl dipyrrole 

tetracarboxylic acid) exhibited a 2-fold interpenetrated framework linked by weak hydrogen bonds.197 

Each framework consisted of two interwoven 2D layers (Figure 1.20). By sonicating this Cd-MOF in 

methanol for 60 min, a few layered 2D nanosheets could be successfully delaminated from the bulk 

precursors. Several techniques were then applied to confirm this result, including Tyndall light 

scattering, atomic force microscopy (AFM) and scanning electron microscopy (SEM). The crystallinity 

nature of 2D nanosheets was verified by selected area electron diffraction (SAED). Additionally, they 

demonstrated that mechanical grinding for 30 min could also achieve the synthesis of few-layered 2D 

nanosheets. 
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Figure 1.20 a) Exfoliation of bulk precursors into 2D nanosheets by ultrasound sonication or mechanical grinding. 

b) AFM image (left) and the height-profile diagram (right) of nanosheets. c) Tyndall light scattering effect of 

nanosheets.197 

Interestingly, instead of using mechanical forces to exfoliate interlayers of MOFs, the solvent itself 

can play a significant role in delaminating 2D MOFs. In this case, the solvent can not only break the 

weak interactions of MOFs but also stabilize the obtained nanosheets. The key factor here is to choose 

the proper solvent, because the surface tension between certain solvents and bulk MOFs can 

tremendously reduce the energy and enhance the efficiency of exfoliation. Prof. Aida and co-workers 

first synthesized the layered Cu-MOF, kgmSMe, which is constructed from Cu(II)-paddlewheel units 

and SMe-H2ip linker (5-methylthioisophthalic acid).198 This MOF showed an infinite 2D kagomé lattice 

where each interlayer was connected by hydrogen bonds, and the relative distance was 6.8 Å. When 

this MOF was exposed to THF vapor at 20 °C for 5 min, the interlayer expansion of kgmSMe rapidly 

occurred, forming the bilayer-expanded state (state II). Upon exposure of this MOF for 1 day, the bilayer 

of state II crystals could further evolve into monolayer-expanded state (state III). AFM characterization 

confirmed the existence of state II and III, showing the successful preparation of bilayer and monolayer 

nanosheets (Figure 1.21). A similar study has been reported by Prof. Zhao and co-workers, showing 

that homogeneous bilayered nanosheets could be successfully obtained and separated from the bulk Ni-

MOF by shear forces from hexane after 10-cycle freeze-thaw treatments.199 
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Figure 1.21 a) Structural changes from as-synthesized (state I) kgmSMe to bilayer-expanded state (state II) and 

monolayer-expanded state (state III) induced by THF. b) AFM image (left) and the height-profile diagram (right) 

of state II. c) AFM image (left) and the height-profile diagram (right) of state III.198 

1.5.3 Covalent bond cleavage 

The abovementioned two types of cleavage can endow daughter MOFs with distinct properties 

compared to their parent MOFs, but they still have some inevitable drawbacks. For example, it is 

challenging to control the limit for breaking coordination bonds inside MOFs as the structure can be 

easily collapsed by simple removal of metal-based nodes or organic linkers, or only limited structures 

like 2D layered MOFs can be applied to certain means of exfoliation. Unlike these two kinds of cleavage, 

covalent bond cleavage has recently aroused great interest due to the fact that breaking covalent bonds 

inside the MOF structure shows promising prospects, and the cleavage selectively takes place inside 

the organic linker without interfering with metal-based nodes. 

In coordination chemistry, a prevailing viewpoint toward bond breaking is that the coordination 

bond is more fragile than the covalent bond.200,201 If the covalent bond is cleaved inside coordination 

solids, the coordination bond is likely to be cleaved simultaneously or prior to the covalent bond 

cleavage, which ultimately leads to amorphization. However, recent developments in the MOF field 

have revealed that MOFs can be considered as ideal chemical substrates for covalent 

modifications.202,203 In this section, we will show recent advancements and progress in MOFs toward 

breaking covalent bonds while maintaining the integrity of the whole framework. 
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So far, the common strategy for MOF deconstruction is to incorporate labile covalent bonds into the 

backbone of the MOF structure. By breaking these labile bonds, some metal-based nodes or clusters in 

the local structure may undergo changes in connectivity, resulting in the emergence of new 

characteristics in the material. Based on this, we will discuss different types of covalent bond cleavage 

and how this cleavage can directly affect certain properties of MOFs. 

1.5.3.1 Disulfide bond cleavage 

The disulfide bond, referring to the functional group R-S-S-R', is an important and commonly 

observed structural moiety, especially in the structure of proteins.204 Disulfide bonds are strong and can 

be cleaved through reduction. Several reductants can be used for this purpose. For example, in 

biochemistry, the cleavage of disulfide bonds can be triggered by thios or phosphines such as tris(2-

carboxyethyl)phosphine (TCEP), β-mercaptoethanol (β-ME) and dithiothreitol (DTT).205 In organic 

chemistry, this cleavage can occur through the introduction of alkali or alkaline earth metal complexes 

such as sodium chloride.206 The cleavage of disulfide bond can be represented as follows (Figure 1.22): 

 

Figure 1.22 Scheme of disulfide bond cleavage. 

Prof. Zhou and co-workers reported that untrathin 2D MOF nanosheets can be produced by the 

chemical cleavage of disulfide bonds.207 They synthesized a 2D layered Zn2(PdTCPP) MOF (TCPP = 

tetrakis(4-carboxyphenyl)porphyrin). By further intercalating the labile ligand DPDS (4,4'-dipyridyl 

disulfide) into the interlayer, the resulting intercalated Zn-MOF showed a dramatic increase in interlayer 

distance from 9.8 to 22.6 Å. Since the length of the labile ligand DPDS is only around 10 Å, the single 

crystal structure revealed that only one pyridinic N from DPDS ligand is able to coordinate with Zn2+, 

while the other remains free. Further chemical reduction of sulfide groups using trimethylphosphine 

(TMP) as a reductant in ethanol for 10 h under N2 atmosphere resulted in partial cleavage of the labile 

DPDS, generating ultrathin 2D MOF nanosheets (Figure 1.23). These obtained nanosheets were further 

characterized by HRTEM and AFM, confirming their crystalline nature and single-layer features with 

a uniform thickness of ~ 1 nm. Three years later, Prof. Lei and coworkers used the same MOF but with 

Cu2+ for the cleavage of S-S bonds when glutathione (GSH) was used as a reducing agent.  
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Figure 1.23 Illustrated creation of 2D MOF nanosheets through intercalation and chemical exfoliation.207 

1.5.3.2 Ester bond cleavage 

The ester bond is considered to be more chemically stable than the disulfide bond, which can favor 

the direct synthesis of MOFs under mild conditions. The structure of the ester complex plays an 

important role in ester bond cleavage. Primary esters can undergo bond cleavage under basic conditions, 

while tertiary esters are more labile under acidic environments and are subjected to thermal 

decomposition at elevated temperatures.208 The cleavage of the ester bond, forming carboxylic acid and 

hydroxyl groups, can be seen as follows (Figure 1.24): 

 

Figure 1.24 Scheme of ester bond cleavage. 

Prof. Xiao and co-workers reported the first case of ester bond cleavage in MOFs.208 In their work, 

they chose the mixed linker system, H4dotpc (4,4''-dioxido-[1,1':4',1''-terphenyl]-3,3''-dicarboxylic acid) 

and pentyl cross-linker H8-TE-L5 containing tertiary esters, for the construction of a MOF-74 analogue. 

In this isoreticular MOF-704 structure, these two types of ligands were randomly distributed in a certain 

ratio, containing 23% TE-L58- or 50% TE-L58-. Geometry optimization of this cross-linker TE-L58- 

through density functional calculations revealed that this cross-linker could only adopt and be located 

down the pore channels of MOF-74. Subsequently, under microwave heating at 230 °C for 10 min, 

tertiary ester groups from this linker could be completely cleaved and converted into free carboxylic 

acids. Interestingly, after this thermolysis treatment, MOF-74 containing 23% TE-L58- showed a 

dramatic increase in BET surface area (2510 m2/g) compared to that of MOF containing 50% TE-L58- 
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(2190 m2/g) due to the lower density of free carboxylic acids within MOF pores (Figure 1.25). However, 

this study also showed that in order to obtain better crystallinity for the MOF-74 analogues, increasing 

the reaction time might induce the uncontrollable decomposition of H8-TE-L5, which limits a broad 

application for the direct synthesis of other MOFs containing tertiary ester bonds. 

 

Figure 1.25 a) Representation of the used mixed linkers. b) Illustration of cross-linker changes inside the MOF 

structure before and after thermolysis. c) Surface area of initial MOFs and thermo-treated MOFs.208 

1.5.3.3 Imine bond cleavage 

The imine bond, recognized as a dynamic covalent bond, has been widely used in the synthesis of 

covalent-organic frameworks (COFs) and organic cages.209,210 The imine bond can be selectively broken 

through hydrolysis under acidic conditions. The cleavage of the imine bond, forming amino and 

aldehyde groups, can be seen as follows (Figure 1.26): 

 

Figure 1.26 Scheme of imine bond cleavage. 

In 2017, Prof. Zhou and co-workers first reported the cleavage of the imine bond in MOFs.211 They 

focused on a Zr-MOF, which is built from 12-connected Zr6 clusters and azo linkers (azo = azobenzene-
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4,4ʼ-dicarboxylate). Later, different amounts of the labile linker CBAB (4-carboxybenzylidene-4-

aminobenzate) containing the imine bond were introduced into Zr-MOF by ligand exchange, and the 

exchange ratio of the CBAB linker varied from 5 to 65 %. These two types of linkers are randomly 

distributed inside the structure, forming a multivariate Zr-MOF. By adjusting the concentration of acetic 

acid in a DMF solution from 0.5 M to 2 M, these labile linkers could be partially dissociated and 

removed, resulting in the formation of mesoporosity in the microporous MOF with pore sizes ranging 

from 2.5 nm to 13.6 nm (Figure 1.27). Further investigation into the formation of hierarchical pores 

revealed that the labile CBAB linkers could be initially cleaved and removed by acetic acid, generating 

missing linker defects inside the Zr-MOF. As the remaining less connected Zr-clusters became “weak” 

compared to defect-free ones, acid washing could further remove some parts of these weak points, 

forming missing-cluster defects. As a result, the mesopore size got enlarged while the crystallinity of 

the Zr-MOF was not affected. This study perfectly showed that the porosity inside the MOF structure 

can be finely tuned through the cleavage of covalent imine bonds, but how to cleave labile covalent 

bonds in a quantitative, controllable way is still a challenging issue. 

 

Figure 1.27 Illustrated creation of hierarchically porous MOF by the cleavage of imine bond.211 

Later, the same group reported that the level of interpenetration in Zr-MOFs can be controlled by 

imine bond cleavage and new linker reinstallation.212 In their study, the organic linker azo used for the 

synthesis of Zr-MOF could be totally exchanged to the labile CBAB linker post-synthetically. This Zr-

MOF made by CBAB linkers can be recognized as a metastable intermediate. Subsequently, introducing 

H2TPDC (terphenyl-4,4''-dicarboxylic acid) into this Zr-MOF could generate a weak acidic 

environment, which enables the partial dissociation of the CBAB linker. As a result, the metastable 

MOF became destabilized, and with continuous etching of H2TPDC, a complete linker exchange from 

CBAB to TPDC could be realized. In this case, the MOF structure comprised of 12-connected Zr(IV) 
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hexanuclear clusters and TPDC linkers was identified as the non-interpenetrated UiO-68 (Figure 1.28). 

Compared to the traditional one-pot synthesis, which inevitably involves the formation of 2-fold 

interpenetrated UiO-68, this strategy, through linker cleavage and reinstallation, provides a new way to 

obtain a dynamically kinetic product. In addition, this work also showed that using Zr-MOF with labile 

linkers as a template, a series of secondary organic linkers with different lengths could be sequentially 

reinstalled, resulting in the contraction or expansion of their lattices. 

 

Figure 1.28 Illustration of linker labilization and reinstallation in Zr-MOF.212 

In addition to that, the topology of MOFs can also be tuned by cleaving the labile imine bond inside 

the organic linker. Prof. Zhou and co-workers first synthesized Zr-MOF, PCN-160-imine, with fully 

labile CBAB linkers.213 By using the abovementioned strategy, introducing the Co-isonicotinate moiety 

(Co-INA2) could induce a complete linker exchange, resulting in the generation of a new Zr-MOF, 

PCN-160-CoCl2. In this structure, Co-INA2 moiety, in which the metal center Co(II) was coordinated 

with two INA linkers, two Cl- and two solvent molecules, showed in a trans orientation. Due to the 

lability of these two coordinated solvent molecules, another pair of INA ligands could be further 

incorporated and replace them, forming the square planar-shaped metaloligand (Co-INA4) with two free 

carboxylic acids. Interestingly, these free carboxylic acids were able to further coordinate with new Zr 

hexanuclear clusters by the extra addition of Zr(IV) salts. Consequently, the resulting MOF, PCN-161-

CoCl2, showed a topology transformation from fcu to ftw (Figure 1.29). In addition, different metals 

(Fe2+) and counterions (OH-, Cl-, Br-, I-, NCS- or NCSe-) could also be introduced into this metaloligand, 

endowing the Zr-MOF with its potential to exhibit single-ion magnetic behavior. 
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Figure 1.29 Single-crystal structures of PCN-160-imine, PCN-160-CoCl2, PCN-161-CoCl2 and their relative 

topology transformation.213 

1.5.3.4 C-carboxylate bond cleavage 

The C-carboxylate bond cleavage in MOF chemistry refers to the decarboxylation process. 

Decarboxylation is a chemical reaction that breaks C-C bonds to release CO2 from carboxylic acids. 

This reaction can be triggered by light or elevated temperatures.214 The decarboxylation process can be 

seen as follows (Figure 1.30):  

 

Figure 1.30 Scheme of C-carboxylate bond cleavage. 

Prof. Zhou and co-workers reported that hierarchical pores could be created in MOFs by linker 

thermolysis.215 In this work, mixed linkers, thermostable terephthalate (BDC) and thermolabile 2-

amino-1,4-benzenedicarboxylate (BDC-NH2) were randomly incorporated into UiO-66 type MOFs. 

Upon heating to 350 °C for 3.5 h, thermolabile BDC-NH2 linkers were selectively decomposed and 
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underwent the decarboxylation process by the removal of CO2. The complete decarboxylation reaction 

was confirmed and characterized by TGA-MS, FTIR and 1H NMR, respectively. As a result, the 

resulting framework showed hierarchical porosity, and the mesopore size gradually increased from 5.5 

nm to 13 nm with the programed temperature up to 375 °C (Figure 1.31). Further investigation revealed 

that the decarboxylation reaction was facilitated by certain functional groups (e.g. -NH2, -NO2) inside 

the organic linker. These functional groups could weaken the strength of the C-C bonds between 

carboxylates and phenylene rings, ultimately leading to the cleavage of the C-C bonds. However, in this 

case, unexpected ultrasmall ZrO2 nanoparticles were formed inside the pores of MOFs during the 

decarboxylation process. In the same year, Prof. De Vos and co-workers also reported similar work in 

which thermolabile linkers, trans-1,4-cyclohexane-dicarboxylates, were selectively cleaved inside 

UiO-66 to create missing linker defects.216 

 

Figure 1.31 Illustration of the decarboxylation of thermolabile linker (top) and the resulting porosity changes in 

MOFs (bottom).215 

Besides using the thermolysis strategy for decarboxylation, Prof. Kim and co-workers reported that 

the discriminative etching chemistry, known as silver-catalyzed decarboxylation, can also achieve 

efficient elimination of carboxylic groups in MOFs under mild conditions.217 In their study, a series of 

representative MOFs with highly structural stability were chosen, including HKUST-1 (Cu), UiO-66 

(Zr), Eu-MOF, MIL-100 (Al or Fe), MIL-100 (Al), MIL-53 (Al) and MIL-101 (Cr). By mixing these 

MOFs with AgNO3 and K2S2O8 in acetonitrile under solvothermal conditions at 120 °C, MOFs would 

undergo the decarboxylation process and as a result, different pore sizes ranging from mesopores to 

macropores could be observed depending on the reaction time. For example, when the reaction time 

was 20 min or 40 min, mesopores were generated in microporous HKUST-1 (Cu), as evidenced by the 
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N2 sorption isotherm where the typical mesoporous hysteresis loop appeared. Furthermore, when the 

reaction time was increased to 60 min, macropores started to grow from 50 nm to 100 nm in size (Figure 

1.32). Further mechanistic studies revealed that the decarboxylation occurred through two aspects: the 

change of the chemical state from Ag(I) to Ag(III) and the presence of a radical sulfate ion (SO4
•-) from 

potassium persulfate.  

 

Figure 1.32 a) Illustrated creation of hierarchically porous HKUST-1 through silver-catalyzed decarboxylation. 

b) N2 adsorption isotherms (left) and the relative pore-size distribution of HKUST-1 before and after 

decarboxylation under different reaction time (right).217 

Another interesting way to create hierarchically porous MOFs is through photolysis. Prof. Zhou and 

co-workers partially incorporated the photolabile porphyrin-based ligand TCPP (tetrakis(4-

carboxyphenyl)porphyrin) into UiO-66, resulting in the formation of a MTV MOF.218 The used 

porphyrin ligand has a strong ability to absorb light in the UV-vis region. When the sample was 

irradiated by an ultraviolet laser (7 × 107 W/m2) for different exposure times (20 ms, 40 ms, 80 ms), the 

TCPP ligand could be selectively and gradually eliminated. Consequently, an increasing number of 

defects occurred inside UiO-66 with longer exposure times. After washing the sample with acidic DMF 

solution, the defective UiO-66 showed a significant increase in BET surface area and the number of 

mesopores (Figure 1.33). Further analysis revealed that the decomposition of TCPP was initiated by 

decarboxylation and oxidation destruction reactions once the ligand had absorbed the energy of laser. 

This led to the formation of a large number of missing-cluster defects in MOFs. By removing all 
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residues, including free metal-based clusters and decomposed ligand fragments, through acidic DMF 

solution washing, MOFs with hierarchical porosity could be obtained. Additionally, the researchers 

attempted to increase the complexity of this MTV Zr-MOFs by incorporating another photolabile BDC-

NH2 ligand, resulting in the generation of more mesopores under the UV laser. 

 

Figure 1.33 a) Illustrated creation of hierarchically porous Zr-MOF through linker photolysis. b) N2 adsorption 

isotherms (top) and the relative pore-size distribution before and after photolysis with various exposure time under 

laser (bottom).218 

1.5.3.5 Olefinic bond cleavage 

Despite their usefulness, the aforementioned covalent bond cleavage methods have some drawbacks: 

 The labile linker can only be incorporated into the framework post-synthetically, and the extent 

to which the labile linker can be exchanged remains uncertain.  

 While some labile ligands are possible to be used directly for one-pot synthesis, most of them 

are acid-sensitive and can only survive under mild conditions. The introduction of an acidic 

modulator in the synthesis or the acidic nature of the ligand itself can greatly hinder the 

synthesis of MOFs. 

 Achieving quantitative cleavage of the labile linker inside the MOF is still a challenging and 

critical issue. 
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To address these challenges, olefinic bond cleavage has been recently developed and has shown 

great control over the cleavage. In this case, ozone gas has been demonstrated as the most efficient 

method for breaking the olefinic bond. 

Ozone is a powerful oxidizing reagent widely used in various fields of the chemical industry. It is 

commonly employed in the production of azelaic acid and pelargonic acid through the ozonolysis of 

oleic acid in the industry.219 Recently, there has been increasing attention towards maximizing the 

potential of ozone for multiple applications, such as water and wastewater purification, as well as 

sewage and industrial waste treatment.220 

In ozone chemistry, several terms are frequently used, but their definitions may not be clear to 

readers. Therefore, we would like to highlight and provide clear definitions for these terms based on 

numerous reported papers. The term ozonator refers to an apparatus used for the ozone generation. Both 

ozonization or ozonation indicate the action of ozone on any substance in a broad sense. And the term 

ozonolysis has a narrow and specific meaning, which only denotes to designate the cleavage of covalent 

bonds comprised of sp2 or sp carbon atoms.  

Ozonolysis reactions are targeted towards the oxidative cleavage of unsaturated compounds. It can 

be applied to the cleavage of olefinic bonds, acetylenic bonds, aromatic rings (both carbocylic rings and 

heterocyclic rings), carbonyl groups and alkanes.221 When multiple unsaturated groups exist in the same 

system, ozone can react with some groups much faster than others or react with some groups exclusively. 

The relative relationship between ozone and the reactivity of corresponding groups can be summarized 

as follows (Figure 1.34): 

 

Figure 1.34 Scheme of the reactivity of unsaturated bonds toward ozone. 

This mean that, for example, alcohols or even alkanes can be used as solvents during the ozonolysis 

of olefins due to the significant difference between these two groups.  

The use of the ozone-reactive olefinic bond in MOFs can offer several unprecedented advantages in 

terms of the covalent bond cleavage: 

 The ligand containing olefinic bonds is stable enough to resist any acidic and basic conditions, 

which means it can be easily characterized by NMR spectroscopy, mass spectrometry, etc. 
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Using aggressive conditions such as HF or NaOH aqueous solution for MOF digestion will not 

result in the loss of the olefinic bond signal. 

 The ligand containing olefinic bonds can be directly used for the direct synthesis of MOFs, 

even under harsh conditions. 

 The ozonolysis reaction for olefinic bond cleavage can be performed in the solid-gas phase, 

which has several benefits: first, solid-gas phase reactions are considered time-saving, energy-

efficient and environmentally friendly; second, the use of a reactive gas can overcome the 

limitation of diffusion into porous materials, which is a challenge in conventional solid-liquid 

phase reactions. 

The cleavage of the olefinic bond through ozonolysis can generate a mixture of carboxylic and 

aldehyde groups. By further oxidative or reductive workup, only one type of product containing either 

one of these two groups can be formed. The relative cleavage process can be seen as follows (Figure 

1.35): 

 

Figure 1.35 Scheme of olefinic bond cleavage. 

Prof. Maspoch and co-workers reported the first case of ozonolysis reaction in MOFs with an olefinic 

bond-containing ligand.222 In this study, they used H2EBDC (2-ethenylbenzene-1,4-dicarboxylic acid) 

ligand to construct isoreticular UiO-66, named as ZrEBDC, where the olefinic groups have been 

regarded as the dangling groups pointing to the pore of the framework (Figure 1.36). The cleavage of 

the olefinic bond was achieved by ozonolysis treatment under solid-gas phase reaction conditions. In 

particular, the activated ZrEBDC sample loaded in a U-shaped Pyrex tube was ozonized under a dry 

ice/acetone bath at -78 °C for 30 min. Further characterization of this ozonized sample, ozo-ZrBDC, by 

single crystal X-ray diffraction and NMR spectroscopy revealed that the olefinic bond had been 

completely converted into a 1,2,4-trioxolane group. This cyclic ring, 1,2,4-trioxolane, recognized as the 

ozonide intermediate during the ozonolysis reaction, could be further transformed into either partial 

aldehyde groups under an acidic solution of dimethyl sulfide (reductive workup) or full carboxylic 

groups in the presence of an aqueous hydrogen peroxide (H2O2) solution (oxidative workup). 
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Figure 1.36 a) Cleavage of olefinic bond and the following two pathways: oxidative and reductive workup. b) 

Set-up used for ozonolysis reaction. c) Single crystal structures of ozo-ZrBDC (top) and full carboxylate-

functionalized Zr-MOF after oxidative workup.222 

Later, the same group reported that the cleavable olefinic bond could be incorporated into the 

backbone of the framework, resulting in changes in the porosity of MOFs after bond cleavage.223 They 

synthesized multivariate Zr-MOFs by mixing two types of carboxylate ligands with similar shape and 

length: the ozone-inert H2azo (4,4'-azobenzene dicarboxylic acid) and the ozone-active H2sti (4,4'-

stilbene dicarboxylic acid). These two types of ligands were randomly distributed inside the MOF 

structure. Interestingly, the ratio of azo/sti (ranging from 90:10 to 40:60) could be directly adjusted 

during the synthesis, forming the corresponding MOFs, denoted as Zr-fcu-azo/sti-X% (X ≈ 10, 20, 30, 

40, 50, 60 sti molar percentage). The solid-gas phase ozonolysis reaction was carried out at room 

temperature for 30 min. After the quantitative cleavage of olefinic bonds and being washed in acidic 

DMF solution, those ozonated MOFs showed a gradual increase in the number of mesopores from N2 

sorption isotherms. From ozonated Zr-fcu-azo/sti-10% to ozonated Zr-fcu-azo/sti-50%, the ratio of 

mesopores to micropores increased by nearly 40 %. Likewise, the fusion of micropores to mesopores 

could also be achieved in a similar system, Zr-MOF constructed from the ozone-inert H2bpdc ligand 

(4,4'-biphenyldicarboxylic acid) and the ozone-active H2pdac ligand (1,4-phenylenediacrylic acid), by 

the sublimation of terephthaldehyde (Figure 1.37).  
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Figure 1.37 Illustration of mixed ligands used for constructing Zr-MOF and the formed hierarchically porous 

framework after solid-gas ozonolysis reaction.223 

In addition to that, breaking the olefinic bond can create open metal sites for installing other 

catalytically active metals, which endows MOF with the potential for certain applications such as 

catalysis. Prof. Lin and co-workers synthesized a multivariate Al-MOF, isoreticular to MIL-53, which 

consists of a rod-like (Al-OH)n chain and a ligand pair: the ozone-inert H2dcbpy (2,2'-bipyridine-5,5'-

dicarboxylic acid) and the ozone-active H2pdac.224 Through ozonolysis treatment and acidic DMF 

washing, the pdac ligand could be completely cleaved and eliminated, forming open metal sites along 

the Al-based chain. These generated open metal sites were able to accommodate a strong Lewis acidic 

center, trimethylsilyl triflate (Me3SiOTf). By subsequent metalation of dcbpy ligands with Pd 

nanoparticles (NPs), this Al-MOF, acting as a synergistic catalyst, showed excellent performance in the 

tandem dehydroalkoxylation-hydrogenation reaction of C-O bonds (Figure 1.38). Later, the same group 

installed [Ir(ppy)2(Cl)]2 instead of Pd into the dcpby ligand to effectively catalyze new reactions in a 

bioinspired fashion.225 
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Figure 1.38 Illustration of stepwise incorporation of Lewis acid and Pd NP inside the MOF.224 
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As shown in the previous chapter, the practice of breaking bonds, particularly covalent bonds within 

organic linkers in MOFs, holds the potential to enable the synthesis of archetypical MOFs that are 

generally unattainable by direct synthesis. As observed in many reported cases, the presence of 

cleavable covalent bonds, randomly distributed within the framework, results in the formation of 

hierarchically porous MOFs after the bond cleavage. However, there is no such a research concerning 

the precise positioning of cleavable covalent bonds within the framework. In the latter, the cleavage of 

said bonds within MOFs will allow for the prediction of outcomes, thus enabling the generation of 

desired new molecules and materials. 

Based on the mentioned above, the aim of this dissertation is to push the boundaries of the bond 

breaking, with a particular emphasis on the covalent bond breaking, for the synthesis of new molecules 

and materials. This innovative synthetic approach, which we have coined "Clip-off Chemistry", has the 

potential to synthesize a diverse array of molecules and materials with a wide range of compositions 

(e.g., metal-organic clusters, MOPs) and dimensionalities (e.g., 3-D to 0-D, 3-D to 2-D, 3-D to 3-D).  

The successful implementation of Clip-off Chemistry requires several key principles: 

 Encoding cleavable covalent bonds inside organic linkers. 

 Positioning cleavable bonds precisely inside the crystal structure. 

 The targeted and selective cleavage of specific covalent bonds.  

 The quantitative cleavage of the said bonds. 

In this dissertation, we will show the evolution of bond-breaking process, transitioning from random 

cleavage to precise cleavage of covalent bonds in 3-D MOFs. Our main aim is thus demonstrating the 

feasibility of the above-mentioned key principles, opening new avenues for the Clip-off Chemsitry. 

Regarding the choice of covalent bond breaking, our target is the cleavage of olefinic bonds using 

ozonolysis reactions. To be more precise, the dissertation aims to achieve the following specific 

objectives: 

 Make use of the hierarchically porous MOF for the generation of a porous motor. Our previous 

work showed that microporous MTV Zr-MOFs built up from randomly-positioned alkene-

containing (i.e. cleavable) ligands were able to generate larger pores at the mesoscale by 

selectively breaking those alkene bonds. To this end, we would like to take advantage of those 

hierarchical pores (both micropores and mesopores) for encapsulation of a bigger molecule, 

enzyme such as catalase (size: 6 × 10 nm). Those encapsulated catalase will be characterized 

by various techniques to identify the amount and location inside the framework. We will then 

study the feasibility of using these encapsulated catalase enzymes to create an enzyme-powered 

porous MOF motor. 
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 Expand the scope of bond-breaking regime and develop a new synthetic methodology, Clip-off 

Chemistry. In this case, we aim to locate the cleavable bonds at precise positions inside a MOF 

structure and study their topology transformation from a 3-D MOF precursor to a new 3-D 

MOF. To do so, we will first focus on the synthesis of MOFs with only one type of polytopic 

ligands containing alkene bonds. The used polytopic linker should have different circuits of 

connections where at least one contains the cleavable bond. By carefully selecting the MOF 

precursor, a series of MOFs with this polytopic linker can be potentially synthesized. In addition, 

we will study the bond breaking behavior of these MOFs toward the ozonolysis reaction and 

follow the process of structural evolution by the use of the single-crystal X-ray diffraction. 

 

 Explore the first-time ozonolysis reaction in a multicomponent 3-D MOF. Based on the 

previous MOFs built from only one type of polytopic ligands, we intend to increase the whole 

complexity by selecting two types of linkers. These two types of linkers, of which one contains 

cleavable alkene bond while another does not, have distinct geometries and are able to occupy 

at specific positions in the framework. To this end, we will study the isoreticular contraction of 

this multicomponent MOFs by cleaving the olefinic bond.  
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3.1 Introduction 

The field of bioinspired micro- and nanomotors has evolved extensively over the past decade.1 From 

the various ways these tiny motors can be powered, self-propulsion via chemical reactions is one of the 

most widely used. Among them, the use of natural catalysts, such as enzymes, is a promising alternative 

to achieve efficient and biocompatible systems. Several milestones toward real-world applications of 

such motors have been achieved, primarily in the fields of biomedicine2-7 and environmental 

applications.8-11 In those applications, porosity of the motor chassis is crucial, as it enables adsorption, 

transport, and/or release of cargo (e.g. drugs or pollutants).8,12,13 Its performance is then being dictated 

mainly by its sorption capacity and its cargo transport versatility.14-17 

Among the alternatives available for developing enzyme-powered porous motors, metal–organic 

frameworks (MOFs) are an attractive choice.18-19 MOFs exhibit very high surface areas, tunable pore 

sizes and shapes, and adjustable pore-surface functionality, suggesting their potential for myriad 

applications, including gas storage, separation, catalysis, contaminant removal, and drug delivery.20,21 

In fact, researchers have used MOFs to build a stable and adaptable chassis for micro- and 

nanomotors,18,22 in which motion is based on Marangoni effects,23-26 magnetically driven corkscrew 

locomotion,27,28 or bubble propulsion.29-35 In parallel, researchers have demonstrated that biomolecules, 

particularly enzymes, can be encapsulated within MOFs for protection and to confer the MOFs with 

new functionalities, mainly in catalysis. For instance, Falcaro, Doonan, and co-workers explored 

biomimetic mineralization and controlled co-precipitation to encapsulate several enzymes in ZIF-8.36 

Another challenging approach has required custom-made linkers to assemble MOFs with pores large 

enough (mesopores) to adsorb and host enzymes. For instance, the groups of Farha,37 Zhou,38 and 

Ma39 exploited MOF mesopores to encapsulate various enzymes. Importantly, for a MOF to be used as 

the chassis of an enzyme-powered porous motor, it must combine mesopores sufficiently large to host 

the enzyme used for propulsion, with micropores of an appropriate size to adsorb and release additional 

guest species. 

In this chapter, the aim is to design an enzyme-powered, porous, MOF-based micromotor via 

compartmentalized encapsulation of the enzyme catalase within a hierarchical micro- and mesoporous 

MOF (Figure 3.1). Catalase is selected as a model enzyme, as it has been extensively used to induce 

ballistic propulsion through bubble propulsion via decomposition of H2O2.40-43 Moreover, a UiO-type 

Zr-MOF is chosen as the chassis because of its well-known water stability,44 a condition that should 

fulfill any MOF intended to be used for the fabrication of motors powered by enzymatic reactions. In 

this design, another essential condition was the use of a UiO-type MOF with mesopores sufficiently 

large to host catalase (size: 6–10 nm) and micropores that preserve the ability to adsorb and/or release 

additional guest species. To achieve a rational design for this MOF, an approach that had been 

previously developed by our group was utilized. In this approach, presynthesized microporous MOFs 
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functionalized with a mixture of linkers, some containing olefins and others not, were subjected to 

ozonolysis, which selectively oxidized the olefins, resulting in the generation of new mesopores.45,46 To 

achieve this, a presynthesized UiO-type MOF was subjected to the ozonolysis process, and the newly 

formed mesopores were then utilized to host the catalase molecules. 

 

Figure 3.1 Schematic representation of the multistep process used to synthesize the MOFtors. Cross sections of 

the crystals at bottom.  

3.2 Results and discussion 

3.2.1 Synthesis and characterization of Zr-fcu-MOF 

The synthesis of a UiO-type Zr-fcu-MOF (hereafter called Zr-fcu-azo/sti-30%) was achieved by 

mixing 4,4′-azobenzenedicarboxylic acid (H2azo) with olefin-containing 4,4′-stilbenedicarboxylic acid 

(H2sti) linkers at a molar ratio of 7:3, respectively (Figure 3.2). These two dicarboxylic acids are similar 

in shape and length, and randomly-positioned inside multivariate Zr-fcu-azo/sti-30%. However, the 

reactivity of this ligand pair to ozone is diametrically opposite. Olefin-containing H2sti linkers are prone 

to be cleaved via ozonolysis whereas H2azo linkers are ozone-inert. 

A series of characterizations were carried out for this multivariate Zr-fcu-azo/sti-30%. Field-

emission scanning electron microscopy (FESEM) revealed the formation of octahedral microcrystals 

(size: 2–15 μm) characteristic of Zr-fcu-MOFs (Figure 3.3a), and powder X-ray diffraction (PXRD: 

Figure 3.3b) confirmed the phase purity. 1H NMR of digested crystals confirmed the formation of Zr-

fcu-azo/sti-30% in an azo/sti molar ratio of 7:3 (Figure 3.3c). Moreover, N2 sorption analysis (77 K) 

confirmed the microporosity of Zr-fcu-azo/sti-30%, with a Brunauer–Emmett–Teller surface area (SBET) 

of 2830 m2/g (Figure 3.3d). 
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Figure 3.2 Scheme of the formation of hierarchically porous MOF from a multivariate microporous Zr-fcu-MOF 

via solid-gas phase ozonolysis. 

3.2.2 Ozonolysis of Zr-fcu-MOF 

After the successful synthesis of Zr-fcu-azo/sti-30%, ozonolysis reaction was carried out based on 

our reported protocol.45,46 In order to selectively cleave the sti linkers, ~30 mg of Zr-fcu-azo/sti-30% 

was packed in a plastic tube and connected to the ozonator setup. A continuous flow of ozone passed 

through the desiccator loaded with anhydrous CaCl2 prior to the sample. The reaction was run under 

vacuum for 30 min at room temperature (ozonolysis procedure see section 3.4.2). Afterwards, the 

ozonated sample was directly collected and washed with 0.5 M solution of acetic acid in DMF to remove 

residual organic and Zr(IV) fragments trapped in the pores of the ozonated Zr-fcu-azo/sti-30%.  

In this case, the obtained particles did not exhibit any marked difference in their octahedral shape 

and crystallinity compared to the initial nonozonated samples (Figure 3.4a,b and Figure 3.3a,b). The 
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ozonated Zr-fcu-azo/sti-30% was analyzed by 1H NMR, which revealed that these linkers had been 

completely removed from the crystals (Figure 3.4c). As expected, the remaining signal from 1H NMR 

were found to be the sole azo ligand, confirming its high resistance to ozone. The creation of mesopores 

was confirmed by N2 sorption tests at 77 K (Figure 3.3d). The isotherm did not show the type-I shape 

of the isotherm of the corresponding starting MOF: instead, it exhibited a small hysteresis between the 

adsorption and desorption branch, characteristic of mesoporosity. As expected, ozonolysis reduced the 

apparent SBET down to 2470 m2/g. However, this decrease was offset by the creation of mesopores, at a 

proportion of 24%.47 The mesoporosity was also confirmed by studying the pore size distribution (PSD). 

Compared to the starting material, ozonated Zr-fcu-azo/sti-10% showed a major decrease in the initial 

pore size of microporosity (~ 18 Å) along with a noticeable increase of the second population at ~ 22 

Å (Figure 3.4c). The pores were significantly spread over a wide range up to 50 Å, confirming that the 

micropores are fused and merged into wider pores. The appearance of the mesopores with the size 

around 22 Å could be ascribed to the presence of nonordered reo motifs caused by missing clusters 

defects, as indicated by our previous study.46 

 

Figure 3.3 (a) FESEM image of Zr-fcu-azo/sti-30%. Scale bar: 20 μm. (b,d) PXRD and N2 isotherms of Zr-fcu-

azo/sti-30% before (red) and after (blue) ozonolysis and after catalase encapsulation (orange). In (b), simulated 

pattern for Zr-fcu-azo (black). (c) 1H NMR spectra (250 MHz, DMSO-d6) of digested H2azo (black), H2sti (gray), 

Zr-fcu-azo/sti-30% (red). 
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Figure 3.4 (a) FESEM image of ozonated Zr-fcu-azo/sti-30%. Scale bar: 10 μm. (b) 1H NMR spectra (250 MHz, 

DMSO-d6) of digested Zr-fcu-azo/sti-30% (red) and ozonated Zr-fcu-azo/sti-30% (blue). The sti ligand was 

highlighted in yellow. (c) Pore size distribution estimated by DFT for Zr-fcu-azo/sti-30% (left) and ozonated Zr-

fcu-azo/sti-30% (right). 

3.2.3 Catalase encapsulation 

Once the formation of Zr-fcu-MOF containing hierarchical porosity was confirmed, the study on the 

adsorption of catalase into the latter was conducted. For this, 5 mg of ozonated Zr-fcu-azo/sti-30% was 

incubated in 1 mL of an aqueous solution of catalase (3 mg/mL) for different periods of time. After 

each period, the particle shape was characterized by FESEM and the amount of encapsulated catalase 

was quantified by the standard Bradford protein assay. From FESEM, the catalase-encapsulated Zr-fcu-

MOF did not show any change in their octahedral shape under different incubation time (Figure 3.5c). 

The amount of catalase confined in the ozonated Zr-fcu-azo/sti-30% was gradually increased from 1 h 

(0.14 ± 0.01 mg catalase/mg MOF) to 8 h (0.21 ± 0.01 mg catalase/mg MOF (Figure 3.5a and Table 

3.1).  

To further demonstrate the encapsulation of catalase into the mesopores, the spatial distribution of 

catalase within the Zr-fcu-azo/sti-30% crystals was studied using confocal laser scanning microscopy 

(CLSM). For this, the encapsulation process was repeated over 8 hours, using a catalase tagged with 



Chapter 3 

 

76 

 

the green dye fluorescein isothiocyanate (FITC). For comparison, the encapsulation process was also 

repeated using a non-ozonated Zr-fcu-azo/sti-30% that does not contain mesopores. Micrographs of the 

ozonated and the non-ozonated Zr-fcu-azo/sti-30% demonstrated that catalase is encapsulated only 

within the crystals of the former, where it is predominantly compartmentalized at the subsurface (Figure 

3.5b). The preferential localization of catalase at the subsurface of each MOF crystal was attributed to 

the initial random distribution of azo- and sti- linkers that, following removal of the latter via ozonolysis, 

produce crystals in which the meso- and micropores are randomly localized. This makes the external 

mesoscale cavities more accessible for catalase than the internal ones, as the diffusion of catalase into 

the internal large cavities is highly restricted by the probability of encountering pores smaller than the 

size of catalase. 

 

Figure 3.5 (a) Encapsulation efficiency (cyan) and oxygen generated (orange) vs time. (b) CLSM micrographs of 

(left) as-synthesized and (right) ozonated Zr-fcu-azo/sti-30% crystals after incubation with FITC-tagged catalase 

(green) for 8 h. Scale bars: 50 μm; 5 μm (inset, left) and 3 μm (inset, right). (c) FESEM images of ozonated Zr-

fcu-azo/sti-30% after being incubated with catalase for different incubation time (from left to right): 1 h, 3 h, 5 h 

and 8 h. Scale bars = 20 μm. 

Table 3.1 Catalase loading amount in ozonated Zr-fcu-azo/sti-30%. 

Incubation time (h) 1 3 5 8 

Loading amount (mg/mg MOF) 0.14 ± 0.01 0.16 ± 0.01 0.19 ± 0.01 0.21 ± 0.02 
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After the catalase encapsulation, the ozonated Zr-fcu-azo/sti-30% materials maintained their high 

crystallinity, as confirmed by PXRD (Figure 3.6a). Notably, the encapsulated catalase induced a partial 

loss of the porosity in ozonated Zr-fcu-azo/sti-30%, as demonstrated by a dramatically decrease in the 

apparent SBET down to 1715 cm3/g (Figure 3.3d and section 3.4.7). The proportion of pores with 

mesoscale dimensions derived from the Dubinin–Radushkevich (DR) equation reduced slightly, with a 

contribution of ~20% to the total porosity (Figure 3.6b). 

 

Figure 3.6 (a) PXRD patterns for catalase-encapsulated Zr-fcu-azo/sti-30% (denoted as MOFtor) at different 

incubation time. (b) Change in total pore volume and in the relative contribution of microporosity and 

mesoporosity to total uptake in Zr-fcu-azo/sti-30%, ozonated Zr-fcu-azo/sti-30% and MOFtor calculated using 

the DR equation. 

3.2.4 Self-propulsion of MOF-based motors (in collaboration with Prof. Dr. Samuel Sánchez) 

The self-propulsion of Zr-fcu-azo/sti-30% crystals, into which catalase has been incorporated 

(hereafter called MOFtors), was studied for 1, 3, 5, or 8 h. For these experiments, it was considered that 

bubble propulsion is improved by the addition of surfactants to the media;48-52 thus, the MOFtor crystals 

were recorded in an aqueous solution containing 0.5% H2O2 and Triton X-100 at a 0.25% (v/v) 

concentration. Remarkably, all four samples showed bubble generation and motion capability (Figure 

3.7a), propelling themselves by a thrust of oxygen bubbles released asymmetrically from a point of 

nucleation. In this regard, researchers have reported that any cavity in a micromotor structure, in this 

case in the MOF crystal, due to porosity, surface defects, or crystal aggregation, can enable 

accumulation of oxygen bubbles for jet-like propulsion.53,54 
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Figure 3.7 (a) Speed of MOFtors obtained at different incubation times. (b) Speed of the MOFtors at different 

H2O2 concentrations. (c) Snapshots of the trajectories of MOFtors at different times in the presence (bottom) or 

absence (top) of 0.25% Triton X-100. 

Among the MOFtors generated at different incubation times, the one corresponding to 1 h incubation 

reached the highest maximum speed (2.79 ± 0.55 body-lengths/s). Interestingly, incubation time was 

indirectly proportional to speed (Figure 3.7a). To explore this trend, the enzymatic activity 

(O2 production) of the catalase confined inside the MOFtors was quantified by using the displacement 

method (experimental details see section 3.4.3). For all samples, the amount of generated O2 increased 

during the first 2 min and then gradually plateaued at a saturation value (Figure 3.8). The MOFtor from 

1 h of incubation generated the greatest amount of O2 (61.1 μmol/mgMOFtor) and highest speed of 

O2 generation ([49 μmol O2/min]/mgMOFtor) (Figure 3.5a). These results are consistent with those of the 

aforementioned motion experiments. This slight decrease in activity and motion could be tentatively 
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attributed to either a certain degree of inactivation of catalase inside the MOF crystals or to the fact that 

the catalase molecules diffuse into the interior of MOF crystals more at longer incubation times, thereby 

complicating both arrival of the H2O2 molecules to the enzymes and the release of the O2 bubbles 

produced by the enzymatic reaction. 

 

Figure 3.8 Generated O2 amount versus time in the MOFtors produced with different incubation times after adding 

H2O2. 

Once the optimum incubation time of 1 h had been confirmed, the motion capabilities of the 

corresponding MOFtor were further investigated. Initially, the influence of the surfactant was studied 

by reproducing the recording of MOFtors in an aqueous solution containing 0.5% H2O2 in the presence 

and absence of Triton X-100 (Figure 3.7b,c). Figure 3.7c shows different snapshots from the video 

recordings with their corresponding trajectories where MOFtors in a Triton X-100 dilution displayed 

high bubble production, leading to propulsion. However, in the absence of surfactant (Figure 3.7c), no 

bubbles or self-propulsion were observed. It was reasoned that the surfactant in the medium reduced 

the surface tension of the liquid, which in turn promoted formation of and stabilized the bubbles.40,55 The 

self-propulsion of the MOFtor was also assessed as a function of H2O2 concentration (Figure 3.7b). 

Self-propulsion was observed at low surfactant and fuel concentrations56 compared to those in other 

studies, in which 3% to 5% H2O2 was utilized.53 Given its toxicity, minimizing the concentration of the 

H2O2 is important for biological and environmental applications. When the H2O2 concentration was 

increased to 1.5%, the self-propulsion increased, reaching a maximum speed of 3.56 ± 0.56 body-

lengths/s and propelling for 7.0 ± 0.4 min. Yet, motion can be resumed after the addition of fresh fuel. 
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3.2.5 MOFtors for pollutant removal 

Given that our MOFtor combines both meso- and micropores and that the catalase enzymes are 

encapsulated mainly in the mesopores located at the crystal subsurface, using the remaining empty pores 

to adsorb other guest molecules was highly possible. Considering that MOFtors has accessible porosity 

(SBET = 1715 m2/g) and that their mesopore proportion is 20%, the capacity of MOFtors to capture 

rhodamine B, a common water pollutant from the textile, plastic, and dye industries, was also studied 

during self-propulsion in water. To this end, catalase-powered MOFtors (5 mg) were dispersed in an 

aqueous solution (1 mL) of 0.5 mg/mL rhodamine B and 1.5% H2O2/0.25% Triton X-100 at room 

temperature. After 5 min of incubation, the rhodamine B content adsorbed by the MOFtors was 

determined by UV–vis spectrometry. It turned out that MOFtors was able to capture 51.0 ± 2.7% % of 

rhodamine B from the solution. For comparison, without using H2O2/Triton X-100, non-powered 

MOFtors adsorbed only 14.6 ± 6.4% of rhodamine B, thus confirming the positive effect of self-

propulsion in the performance of MOFtors. The adsorption of rhodamine B in the catalase-powered 

MOFtors was also confirmed by CLSM (Figure 3.9). Indeed, the CLSM image shows that, while 

catalase remains localized at the subsurface of the crystals, rhodamine B molecules are adsorbed 

throughout the entire crystal.  

 

Figure 3.9 (a) CLSM micrographs of MOFtors after adsorption of rhodamine B (red). (b) Enlarged CLSM 

micrographs. The left image is the superposition of both right images showing adsorbed rhodamine B (red, top) 

and compartmentalized FITC-tagged catalase (green, bottom). Scale bars: 50 μm (a) and 5 μm (b). (c) Line-scan 

profile of fluorescence intensity of FTIC-catalase and rhodamine B in a MOFtor particle. The optic image was 

inserted. (d) PXRD pattern for rhodamine B@MOFtor. FESEM image of rhodamine B@MOFtor was inserted 

(scale bars = 20 μm). 
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3.3 Conclusions 

In conclusion, we have reported the multistep synthesis of enzyme-powered MOF-based porous 

motors, which involves generating new mesopores in a microporous UiO-66-type MOF, via ozonolysis. 

We exploited the newly generated mesopores to adsorb and host the enzyme catalase, which were 

compartmentalized at the subsurface of each MOF crystal. This encapsulation enabled jet-like bubble 

propulsion of the MOF crystals using H2O2 as fuel, even at very low concentrations. Moreover, the 

remaining unoccupied micro- and mesopores in these MOFtors can be used for adsorbing additional 

species, as we demonstrated with capture of rhodamine B in water. Our work demonstrates the 

versatility of MOFs as the structural basis of enzyme-powered porous motors for delivery, sorption, and 

catalytic applications. 

3.4 Experimental section 

3.4.1 Chemicals and characterization 

Zirconium(IV) chloride, L-proline, (3-aminopropyl)triethoxysilane (APTES), acetone, catalase from 

bovine liver (≥10,000 units/mg protein), rhodamine B, hydrogen peroxide solution (30 wt. % in H2O), 

fluorescein isothiocyanate (FITC), Bradford reagent were purchased from Sigma-Aldrich. 4,4'-

stilbenedicarboxylic acid and azobenzene-4,4'-dicarboxylic acid were purchased from TCI Chemicals. 

N,N-dimethylformamide (DMF), toluene, conc. HCl, glacial acetic acid were purchased from Fisher 

Chemical. All the reagents and solvents were used as received without further purification. The 

deionized water from all the aqueous solutions in the article was obtained from a Milli-Q® system (18.2 

MΩ∙cm). The ozone generator (model N1668A, 500 mg/h O3 at room temperature) was purchased from 

Ozonotec. Triton X-100 was purchased from Alfa Aesar. 

Powder X-ray diffraction (PXRD) data were collected on an X’Pert PRO MPD analytical 

diffractometer (Panalytical) at 45 KV, 40 mA using Cu-Kα radiation (λ = 0.15406 nm). The diffraction 

patterns were collected between the 2θ range of 4°-30°. Field Emission Scanning Electron Microscopy 

(FESEM) images were collected on a FEI Magellan 400L scanning electron microscope at an 

acceleration voltage of 1.0 KV, using aluminum as support. UV-vis spectra were recorded in Shimadzu 

UV-1900 UV-VIS spectrophotometer at room temperature. Proton Nuclear Magnetic Resonance (1H 

NMR) spectra were acquired in Bruker Avance DPX of 250 MHz NMR Spectrometer. All the digested 

samples were dissolved in DMSO-d6. Nitrogen adsorption/desorption isotherms were collected using 

an ASAP 2460 (Micromeritics). Temperature was controlled by using a liquid nitrogen bath. Micro- 

and meso-pore ratio was obtained by the existing mesopore volume which was calculated at P/P0 = 0.95, 

and the microporous volume was calculated using the Dubinin-Radushkevich equation. Pore size 

distribution was estimated using a density functional theory (DFT) model (N2–cylindrical pores–oxide 
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surface) implemented in the Microactive 4.00 software with a regularization factor of 0.01. Prior to 

sorption measurements, all the samples were activated at 120 °C overnight to obtain at a high vacuum. 

Confocal laser scanning microscopy images were collected on a Leica TCS SP5 microscope. 

3.4.2 Synthetic procedures 

Synthesis of Zr-fcu-azo/sti-30%. Zr-fcu-azo/sti-30% was synthesized according to the previously 

reported method with slight modifications.46 Briefly, ZrCl4 (105 mg, 0.45 mmol), 4,4′-

stilbenedicarboxylic acid (H2sti, 36 mg, 0.14 mmol), azobenzene-4,4′-dicarboxylic acid (H2azo, 84 mg, 

0.3 mmol) and L-proline (250 mg, 2.17 mmol) were dissolved in 15 mL of DMF. Then, 45 µL of conc. 

HCl was transferred. After sonicating for 30 min, the mixture was heated at 120 °C for 24 h. The 

resulting orange solid was washed three times with fresh DMF every 8 h and then, exchanged with fresh 

toluene for three times every 8 h. The final solid sample was obtained by vacuum filtration. 

Ozonolysis of Zr-fcu-azo/sti-30% and acetic acid washing. Ozonolysis procedure was based on 

our previously reported method.1 To this end, 50 mg of Zr-fcu-azo/sti-30% was added into a L-shaped 

glass tube which contained a cotton stopper. Then, the tube was connected to the ozone generator and 

to the colorimetric indicator (aqueous potassium iodine solution). The solid-gas ozonolysis reaction was 

held for 1 h and the resulting solid was directly harvested from the tube. Next, the solid was soaked in 

20 mL of acetic acid solution (0.5 M in DMF) and held at room temperature for 12 h. After that, the 

supernatant was decanted, and ozonated Zr-fcu-azo/sti-30% was washed three times with toluene every 

8 h and collected under vacuum filtration. 

Encapsulation of catalase into ozonated Zr-fcu-azo/sti-30%. The different samples of 

catalase@Zr-fcu-azo/sti-30% (hereafter called MOFtors) were prepared by incubating 5 mg of ozonated 

Zr-fcu-azo/sti-30% into a 1 mL of catalase aqueous solution (3 mg/mL) under continuous stirring at the 

speed of 40 rpm for 1 h, 3 h, 5 h and 8 h. The final solids were collected by centrifugation and washed 

three times with water. 

Catalase labeled with FITC. Catalase (15 mg) was dissolved in 1 mL of PBS (pH 7.4) and then, 2 

mL of borate buffer (pH 8.5) was added. FITC (10.5 mg) was dissolved in DMSO anhydride (3.5 mL) 

to form a clear solution. After that, 0.5 mL of FITC solution was added into 3 mL of the catalase-

containing solution. The mixture was incubated at 37 °C for 90 min. The unreacted FITC was removed 

by PD-10 column. 

3.4.3 Determination of the amount of catalase encapsulated into MOFtors 

Bradford protein assay (Sigma-Aldrich) was used to quantify the amount of the catalase 

encapsulated into the MOFtors at different incubation times. For this, 10 μL of each supernatant that 
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results from the centrifugation processes (see above) were taken out and mixed with 2.99 mL of water. 

Afterwards, 1 mL of each one of these solutions was added to 1 mL of the Bradford solution. The 

resulting mixtures were blended by vortex for 30 s and incubated for 20 min. The catalase content was 

finally quantified by UV-vis. 

 

Figure 3.10 The standard calibration line of Bradford assay for determining the amount of catalase in ozonated 

Zr-fcu-azo/sti-30%. 

3.4.4 Motion recording and analysis (in collaboration with Prof. Dr. Samuel Sánchez) 

Glass slides used for the imaging of the MOftors were previously coated with APTES to avoid 

charge interactions and particles sticking to the glass surface. For this, glass slides were initially 

sonicated in acetone for 10 min. After, they were immersed in a solution of 3 ml APTES and 150 ml of 

acetone for 5 minutes to apply the coating. The glass slide was washed 3 times with ultrapure water and 

let it to dry. Then, 10 μL of micromotors solution were mixed with 10 μL of an aqueous solution on the 

APTES-coated glass slide to obtain a final concentration of 0.25% of Triton X-100 and different H2O2 

concentrations (0.5, 1, 1.5 and 3% v/v). The MOFtors were recorded during, at least, 10 s at a rate of 

25 frames per second (FPS), using an inverted optical microscope (Leica DMi8) equipped with a water 

immersion 63x objective and a Hamamatsu Digital Camera (C11440). For the motion lifetime at 1.5% 

H2O2, each individual video was taken every 30 seconds of motion until the MOFtors stop. The videos 

obtained were analyzed using an in-house designed Python-based code, which allowed to extract the 

trajectories along the X and Y axis, from which the speed was calculated as a function of the total 

distance/total time. After, based on the MOFtor size, the speed value was translated into bodylength per 

second. 
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3.4.5 Determination of the O2 production 

The O2 generation from the different MOFtors was measured via the water displacement method.57 

Figure 3.11 shows the experimental setup. In this setup, 30 mg of MOFtors and 6 mL water were added 

into the conical flask. Next, 15 μL of trition X-100 was added into the suspension. After shaking the 

flask for few seconds, 300 μL of H2O2 (30 wt. %) was introduced into the system. Immediately, the 

generated O2 gas occupied the space in the measuring cylinder, lowering the water level in it. The 

occupied level in the measuring cylinder was recorded based on time. 

 

Figure 3.11 Photography of the experimental setup used for measuring the O2 production via the water 

displacement method. 

3.4.6 Adsorption of rhodamine B in MOFtors 

MOFtors (5 mg) were incubated into an aqueous solution (1 mL) containing 0.5 mg of rhodamine B 

and 1.5% H2O2 and 0.25 % Triton X-100 for 5 min. The final product was collected by centrifugation 

and intensively washed with water until the separated solution is colorless. The discarded supernatants 

were used to measure the free rhodamine that was not encapsulated through spectrophotometry reading 

at 555 nm. The rhodamine B concentration is calculated using Beer-Lambert law Equation: 

𝐴 = 𝜀𝑐𝑙 1 

where 𝐴 is absorbance, 𝜀 is the molar extinction coefficient, 𝑐 is the molar concentration and 𝑙 is the 

path length. The molar extinction coefficient of rhodamine B is 106000 M-1cm-1 and the path length of 

the reading is 0.866 cm. The encapsulated rhodamine B is calculated by extracting the concentration in 

the supernatants to the initial 0.5 mg/ml of rhodamine B. For comparison, we also repeated this process 

without using H2O2/Triton X-100. 
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3.4.7 N2 adsorption fitting 

 

BET surface area: 2830 m2/g 

Slope: 1.54 × 10-3 

Intercept: 6 × 10-6 

Correlation coefficient, r = 0.9995 

C constant: 276 

Figure 3.12 BET linear fit of as-synthesized Zr-fcu-azo/sti-30%. 

 

BET surface area: 2470 m2/g 

Slope: 1.78 × 10-3 

Intercept: 7 × 10-6 

Correlation coefficient, r = 0.9999 

C constant: 274 

Figure 3.13 BET linear fit of ozonated Zr-fcu-azo/sti-30%. 



Chapter 3 

 

86 

 

 

BET surface area: 1715 m2/g 

Slope: 2.52 × 10-3 

Intercept: 9 × 10-6 

Correlation coefficient, r = 0.9999 

C constant: 278 

Figure 3.14 BET linear fit of MOFtor. 
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Chapter 4 

Clip-off Chemistry: Synthesis by Programmed 

Disassembly of Metal–Organic Frameworks 
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4.1 Introduction 

Throughout history, innovations in chemical synthesis have yielded previously inaccessible new 

molecules and materials that have enabled vast improvements in human life, ranging from fine 

chemicals to complex functional materials. Each new reaction and methodology not only help to expand 

accessible chemical space, but also inspire researchers to further innovate in the iterative design and 

preparation of new chemical targets of social, economic or industrial value. To date, most state-of-the-

art synthetic approaches use bottom-up strategies that, at the latter stage, mainly entail controlling the 

formation of new bonds. A relatively recent example of this is reticular chemistry,1-7 in which 

judiciously-designed, rigid molecular building blocks (MBBs) are linked by strong bonds to create 

crystalline open-framework materials8 such as metal-organic frameworks (MOFs),1-4 covalent-organic 

frameworks (COFs)9 and metal-organic polyhedra (MOPs).10-12 Reticular materials are a fascinating 

source of metal-organic and purely organic structures built up from an endless variety of fragments and 

MBBs13 (e.g. metal clusters, cages, cycles, metal layers, metal chains, etc.) that often do not exist in 

their isolated form. 

We envisaged that by selectively breaking certain bonds in reticular materials, we could transform 

them into new frameworks or break them into new molecular fragments or isolated MBBs, as a synthetic 

strategy towards new materials and molecules. We hypothesized that we could use a chemical reaction 

for programmed bond-breaking, such that the de-reticulation process would occur at the molecular level. 

We reasoned that this would require the presence of cleavable groups at specific positions within the 

structures of the corresponding reticular materials, and that reported reticular materials that contain 

linkers featuring alkene bonds would be ideal starting materials for this strategy. However, we thought 

that, in the likely event that the targeted structure-precursor did not contain any alkene groups, we could 

generalize this approach to numerous reticular materials by inserting such groups into the pre-selected 

linkers without modifying their size or geometry, via reticular chemistry. Indeed, reticular chemistry 

dictates that for a given framework, the constituents can be chemically functionalized pre- and/or 

post-synthetically,14,15 without any loss to framework connectivity. Thus, we extended this concept to 

the ability to encode the organic linker of an existing MOF by inserting cleavable alkene groups into it, 

without modifying the linker size or topology, to ultimately enable assembly of the corresponding 

isoreticular MOF structures containing the desired cleavable group.16 

Reticular chemistry dictated that, for a given framework, constituents could be chemically 

functionalized either before or after synthesis, without any compromise to framework connectivity. This 

concept was extended to enable the encoding of the organic linker of an existing MOF by inserting 

cleavable alkene groups into it. This was done without modifying the linker's size or topology, 

ultimately facilitating the assembly of the corresponding isoreticular MOF structures containing the 

desired cleavable group. 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202111228#anie202111228-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202111228#anie202111228-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202111228#anie202111228-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202111228#anie202111228-bib-0010
https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202111228#anie202111228-bib-0014
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In this chapter, the aim is to develop a new synthetic approach, called Clip-off Chemistry, which is 

based on the programmed disassembly of reticular materials by controlled breaking of selected bonds. 

Clip-off Chemistry was verified by the synthesis of two topologically distinct, three-dimensional (3D) 

MOFs from two 3D MOFs in single-crystal-to-single-crystal transformations. Through these two 

examples, it was demonstrated that reticular materials (in this study, MOFs) could be modified via the 

cleavage, rather than formation, of bonds in their frameworks, enabling alterations to the connectivity 

of their constituent MBBs and therefore, to their topology. In all the examples presented here, 

ozonolysis was employed as the chemical reaction to cut off constituent organic MBBs or linkers via 

direct cleavage of their alkene bonds. 

4.2 Results and discussion 

4.2.1 Reaction design in Clip-off Chemistry: synthesis of a first 3D MOF 

Clip-off Chemistry is based on using, as starting materials, structures that contain cleavable groups 

(in this study, alkenes) at specific positions, such that cleavage of said groups generates new molecules 

or materials. Following this principle, the first target was to achieve the clip-off synthesis of a new 3D 

MOF from a 3D MOF precursor. When selecting precursors in Clip-off Chemistry, reticular analysis of 

their underlying nets17-19 is important, as bond-breaking in the structure relates to disassembly of certain 

circuits of connections.20 In reticular materials this disassembly can be performed mainly by erasing 

some of the edges or nodes. Translating this analysis to the chemical field, the clip-off synthesis of a 

structure (here, a 3D MOF) from the disassembly of another structure (here, another 3D MOF) can be 

achieved by selecting either of two potential precursors: i) a structure built from one type of polytopic 

linker that contains different circuits of connections between the clusters, containing a cleavable bond 

in at least one of the circuits; or ii) a mixed-linker structure, in which linkers are located at different 

crystallographic positions, and one of them contains a cleavable bond (Figure 4.1). 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202111228#anie202111228-bib-0017
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Figure 4.1 (a) A 3D MOF structure built from one type of polytopic linker displaying various circuits of 

connections. By removing cleavable circuits (orange), a new 3D MOF structure can be obtained based on those 

non-cleavable circuits (grey). (b) A mixed-linker 3D MOF structure containing both cleavable (light grey) and 

non-cleavable linkers (red). By removing cleavable linker, a new 3D MOF structure can be obtained based on 

those non-cleavable linkers. 

In the case of the polytopic linker-based MOF, cleavage of the polytopic linker will provoke 

disassembly of the circuits of connections in which the cleavable bond is involved, thereby forming a 

structure built up exclusively from those circuits that do not contain the cleavable groups, with a distinct 

underlying topology. Similarly, in the mixed-linker structure, cleavage of the linker containing the 

cleavable bond will provoke disassembly of the circuits of connections in which it is involved, thereby 

forming a structure built up exclusively from those circuits that involve the metal clusters and the other 

linkers that do not contain the cleavable groups. 
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Figure 4.2 Representative examples of Clip-off Chemistry, starting with the isoreticular insertion of cleavable 

(here, alkene) groups into a MOF structure,16 followed by the quantitative breaking of these cleavable groups by 

ozonolysis to afford a new structure.  Top: clip-off synthesis of Zr-pcu-MOF from Zr-scu-MOF. Bottom: clip-off 

synthesis of Sc-pcu-MOF from Sc-soc-MOF. Middle: chemical reaction for both syntheses. The formation of 

aldehyde/carboxylic acid groups after ozonolysis is not shown in the lower magnification nets for better 

illustration of the breaking process. The formation of these groups is shown in the magnified structures, wherein 

the red groups represent aldehyde or carboxylic acid groups. 

In our choice of precursor for the first 3D MOF synthesis, the polytopic linker approach described 

above was followed (Figure 4.2). Thus, the Zr-scu-MOF was selected,21 in which the assembly of 

eight-connected (8-c), quadrangular prismatic Zr6O4(OH)4 clusters to 4-c rectangular linkers 

5-[(3,5-dicarboxyphenyl)diazenyl]benzene-1,3-dicarboxylate (L1) forms a 3D framework with a 4,8-

c scu/3,3,8T132 underlying topology22 and 1D channels (size: ≈7 Å) along one axis. However, as this 

reported structure does not contain any cleavable alkene groups, they had to be inserted chemically, 

using the well-known isoreticular principle.16 This step of introducing cleavable groups into precursors 
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can be performed before the cleavage step as needed, by replacing at least one of the original linkers 

with one of similar size and geometry that contains the desired cleavable groups at strategic positions. 

Once inserted into the isoreticular structure, such linkers generate different circuits of connections, in 

which at least one circuit contains the cleavable bonds.  

In our example, the linker L1 was replaced with 5-[2-(3,5-dicarboxyphenyl)ethenyl]benzene-1,3-

dicarboxylate (L2), which contains olefinic bonds for cleavage. Thus, an isoreticular Zr-scu-MOF 

framework was synthesized and built up from different circuits of connections, wherein only some of 

them contain the cleavable olefinic bonds of L2. It was anticipated that, upon treatment of this 

framework with ozone,23-27 each 4-c L2 linker would be split into two 2-c linkers (doubly deprotonated 

trimesic acid and/or 5-formylisophthalate). Consequently, only the circuits of connections between the 

Zr6O4(OH)4 clusters and these 2-c linkers would remain, forming a Zr-pcu-MOF. In contrast to the 

isoreticular Zr-scu-MOF precursor, which is based on quadrangular prismatic 8-c Zr-clusters, each 

Zr6O4(OH)4 cluster is still coordinated by 8 linkers in this new Zr-pcu-MOF, however its topological 

connectivity decreases from 8-c to a 6-c because two pairs of the eight 2-c linkers connect the same two 

clusters (Figure 4.3).28 

It was expected that this first clip-off reaction would afford the first-ever example of a 3D MOF 

made of archetypical Zr-oxo-hydroxo-clusters linked by isophthalate-like linkers in a pcu underlying 

net. Interestingly, the closest literature example of such a structure is that of a 2D MOF made of 

Zr-oxo-hydroxo-clusters linked by isophthalate, albeit in an hcb topology.29 Our target 3D 

Zr-pcu-MOF could also be seen as exemplifying a connection of Zr-oxo-hydroxo-clusters through 

trimesate linkers, which are coordinated only through two of their three carboxylate groups. 

Accordingly, it could also be considered as the first example of a Zr-structure with a free carboxylic 

acid using trimesate, as researchers have previously reported combination of Zr-oxo-hydroxo-clusters 

with this linker in a spn topology of 3,6-connectivity.30 
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Figure 4.3 Comparison of the cluster environment in (a) Zr-scu-MOF and (b) Zr-pcu-MOF. In Zr-scu-MOF, each 

Zr-oxo-hydroxo-cluster is connected to 14 neighboring Zr-oxo-hydroxo-clusters by eight 4-c L2 linkers. After 

clip-off treatment, each Zr-oxo-hydroxo-cluster in Zr-pcu-MOF is surrounded by 6 neighboring Zr-oxo-hydroxo-

clusters, which are interconnected by eight 2-c linkers. 
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4.2.2 Clip-off synthesis: from Zr-scu-MOF to Zr-pcu-MOF 

Colorless cubic crystals of isoreticular Zr-scu-MOF were synthesized by solvothermal reaction 

(120 °C) of a mixture of ZrOCl2⋅8 H2O and L2 in N,N-dimethylformamide (DMF) and formic acid for 

5 days. The crystal structure revealed the expected isoreticular scu framework, in which L1 had been 

replaced by L2 (Figure 4.4a). Next, the phase purity of the bulk sample was confirmed by powder X-

ray diffraction (PXRD) and field emission scanning electron microscopy (FESEM) (Figure 4.4 and 

Figure 4.5, more PXRD patterns see section 4.4.3). 

 

Figure 4.4 Structural and molecular characterization of Zr-pcu-MOF and Sc-pcu-MOF. (a,b) Crystal structures 

of isoreticular Zr-scu-MOF (a) and Zr-pcu-MOF (b). Magnified views highlight the changes observed in the 

distances and angles of opposite phenyl rings (from a1 = 3.77-3.79 Å and α1 = 14.95-19.71º to b1 = 3.39-3.65 Å 

and β1 = 0º). (c) Magnified view of PXRD spectra for calculated Zr-scu-MOF (black), synthesized Zr-scu-MOF 

(blue), calculated Zr-pcu-MOF (grey), synthesized Zr-pcu-MOF (red) and oxidized Zr-pcu-MOF (green). The 

main structural changes with signal shifts are highlighted. (d) 1H NMR spectra (360 MHz, DMSO-d6) of digested 

L2 (black), Zr-scu-MOF (orange), Zr-pcu-MOF (red), 5-formylisophthalic acid (dark grey), trimesic acid (light 

grey) and oxidized Zr-pcu-MOF (light red).  
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Figure 4.5 FESEM images of (a) Zr-scu-MOF and (b) Zr-pcu-MOF. Scale bars: 25 μm (a, b) and 5 μm (insets). 

In these images, it can be observed that the surface of Zr-pcu-MOF crystals shows some degree of cracking. 

Nevertheless, this cracking does not prevent keeping their single crystal nature. 

 

Figure 4.6 1H NMR spectra (360 MHz, DMSO-d6) of digested (a) trimesic acid, (b) 5-formylisophthalic acid, (c) 

Zr-scu-MOF, (d-f) Zr-scu-MOF after (d) 3rd, (e) 6th and (f) 9th cycle of the ozonolysis solid-gas reaction. Note that 

the spectrum of the 9th cycle corresponds to that of the synthesized Zr-pcu-MOF. 
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To start the clip-off synthesis of Zr-pcu-MOF, 20 mg of synthesized Zr-scu-MOF crystals were 

packed into a plastic tube which was connected on one side to the ozonator (through a CaCl2 humidity 

trap) and, on the other side, to a vacuum pump (through a KI trap), to ensure a continuous flow of ozone 

through the column.23,24 The reaction was run at room temperature for 30 min. Afterwards, the sample 

was connected to vacuum for another 30 min. This ozonation/vacuum cycle was repeated nine times 

for the complete cleavage of all the alkene bonds in Zr-scu-MOF, as evidenced by the gradual 

disappearance of the characteristic olefinic peak at 7.69 ppm in the 1H NMR spectra of the digested Zr-

scu-MOF crystals (Figure 4.6, more 1H NMR spectra see section 4.4.3). After nine cycles, the resulting 

solid was directly collected from the tube and stored in tetrahydrofuran. 

Next, the ozonated Zr-scu-MOF crystals was characterized by single crystal X-ray diffraction 

(SCXRD), which confirmed that they had retained the single-crystal character (Figure 4.4b). For these 

crystals, synchrotron diffraction data were collected at a maximum resolution of 1.2 Å. Data analyses 

revealed a variation in the lattice parameters, as compared to the pristine structure. Both pre- and post-

ozonolysis crystal structures were solved in the monoclinic C2/m space group. However, the cell 

volume of the ozonated crystal was found to be 16 076.00(10) Å3, whereas that of the pristine Zr-scu-

MOF was 16 957.46(10) Å3. Analysis of the diffraction data demonstrated the integrity of the inorganic 

Zr-oxo-hydroxo-clusters after post-synthetic reaction, with no changes in their coordination. Thus, the 

position of all the atoms in the inorganic secondary building units (SBUs, metal and carboxylate atoms) 

were assigned and anisotropically refined. As for the rest of the organic linker, carbon atoms belonging 

to the phenyl ring were located in the difference electron density maps. However, their high thermal 

parameter values indicated a possible positional disorder. Moreover, the olefinic carbon atoms could no 

longer be located, supporting the completeness of the ozonolysis reaction. This is in stark contrast to 

the pristine MOF, in which the positions of these atoms were clearly visible and refined. The position 

of the resulting aldehydes or carboxylic groups, newly inserted in the MOF upon cleavage of the carbon-

carbon double bond, could not be determined from the analysis of the difference electron density maps. 

Instead, a large residual electron density was observed in the vicinity of the positions that were initially 

occupied by the olefinic group. When comparing the two structures, additional differences could be 

observed in the arrangement of other framework atoms. Most notably, the relative orientation of 

opposite phenyl rings in a same linker in Zr-scu-MOF was different after ozonolysis (Figures 4.4b and 

Figure 4.7), indicating that the olefinic bond was no longer present to fix the angle between these rings. 
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Figure 4.7 Representation of the single-crystal structures of (a) Zr-scu-MOF and (b) Zr-pcu-MOF, showing the 

differences in the orientation of the phenyl rings of the linkers before (a) and after (b) the cleavage of the olefinic 

bonds. 

Since the crystal structure of pristine Zr-scu-MOF differed markedly to that of ozonated Zr-scu-

MOF (or Zr-pcu-MOF), these ozonated MOFs were also studied by PXRD. Remarkably, the PXRD 

patterns for each sample perfectly matched those calculated from the corresponding structures 

determined by SCXRD and full-pattern profile refinements further demonstrated phase purity of the 

samples (Figure 4.4c and Figure 4.8). Altogether, these results corroborate two crucial phenomena for 

validation of Clip-off Chemistry: firstly, that it is indeed possible to cleave all the periodic olefinic 

bonds in a 3D structure without destroying it or its single-crystal character; and secondly, that said 

cleavage, and the resultant formation of a new structure (in this case, Zr-pcu-MOF),19 are homogeneous 

throughout the bulk crystalline sample. 

 

Figure 4.8 PXRD pattern and Pawley refinement of (a) Zr-scu-MOF and (b) Zr-pcu-MOF. The experimental 

pattern (red), the refined Pawley fitting (black), the difference plot (orange), simulated pattern (blue) and the 

Bragg positions (grey) are provided. 
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Next, further evidence of the formation of Zr-pcu-MOF was gained by recording the 1H NMR 

spectra of the digested ozonated samples (5 % HF/DMSO-d6) after each cycle, and then comparing each 

spectrum to that of the starting Zr-scu-MOF (Figure 4.4d and Figure 4.6, more 1H NMR spectra see 

section 4.4.3). Under these digestion conditions, the MOF structures are destroyed and the linkers, 

released, thus enabling use of 1H NMR to unveil the composition of the initial MOF structures. The 

spectrum of the digested Zr-scu-MOF showed the characteristic peak of equivalent olefinic protons of 

L2 at δ=7.69 ppm. In contrast, the spectra of ozonated crystals after each cycle confirmed a gradual 

fading of this olefinic signal, which, by the ninth cycle, had fully disappeared. Indeed, 1H NMR of 

digested ozonated Zr-scu-MOF after the ninth cycle confirmed the full conversion of L2 into doubly 

deprotonated trimesic acid and 5-formylisophthalate. Beyond the disappearance of the olefinic protons 

at δ=7.69 ppm, there was also fading of the phenyl (δ=8.49 ppm and 8.39 ppm) and the carboxylic acid 

(δ=13.32 ppm) protons of L2, whereas the characteristic signals for the trimesic acid (δ=13.57 ppm and 

8.65 ppm) and 5-formylisophthalic acid (δ=10.18 ppm, 8.70 ppm and 8.64 ppm) were clearly 

identifiable.  

 

Figure 4.9 ESI-MS spectrometry of digested Zr-scu-MOF (black) and Zr-pcu-MOF (red). The peak at m/z 355.05 

is assigned to [L2−H]− in Zr-scu-MOF, corresponding to the formula [C18H12O8−H]−: expected = 355.05, found = 

355.05. The peak at m/z 193.01 in both samples is assigned to 5-formylisophthalic acid, corresponding to the 

formula [C6H3(COOH)2(CHO)−H]−: expected = 193.02, found = 193.01. The peak at m/z 209.01 in both samples 

is assigned to trimesic acid, corresponding to the formula [C6H3(COOH)3−H]−: expected = 209.02, found = 209.01. 
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Cleavage of the olefinic bonds was corroborated by negative-mode mass spectrometry and Fourier 

transform infrared (FTIR) spectroscopy of both pristine and ozonated Zr-MOFs (Figure 4.9 and Figure 

4.10). In the mass spectrum, the molecular ions [M−H]− corresponding to trimesic acid (m/z = 209.01) 

and 5-formylisophthalic acid (m/z = 193.01) were found, in strong contrast to the absence of any 

molecular ion [M−H]− corresponding to L2 (m/z = 355.05). Similarly, in comparison to the spectrum of 

pristine Zr-scu-MOF, the FTIR spectrum of ozonated Zr-pcu-MOF revealed the appearance of a typical 

carbonyl (C=O) stretching band at 1700 cm−1 and the complete disappearance of an alkene (C=C) 

stretching band at 1622 cm−1. 

 

Figure 4.10 (a) Full FTIR spectra of Zr-scu-MOF (black), Zr-pcu-MOF (red) and (b) magnified area. In FTIR 

spectra, Zr-pcu-MOF displayed a broad band in the region of 3300-2500 cm-1, which was not found in Zr-scu-

MOF. This could be ascribed to the O-H stretching of the free carboxyl groups. The enhanced vibration signal of 

the stretching carbonyl (C=O) groups at 1700 cm-1 was seen in Zr-pcu-MOF. The olefinic bond, which has the 

characteristic absorbance at 1622 cm-1, disappeared in Zr-pcu-MOF, demonstrating the total cleavage of linker L2 

from Zr-scu-MOF. 

Having demonstrated the single-crystal-to-single-crystal synthesis of Zr-pcu-MOF by selectively 

cleaving the olefinic bonds in Zr-scu-MOF into a mixture of aldehyde and carboxylic acid groups, the 

next step was to perform analogous chemistry to synthesize Zr-pcu-MOF functionalized exclusively 

with carboxylic acids to show enhanced control over the final output of the Clip-off Chemistry. To this 

end, ozonated crystals were soaked in 1 mL of hydrogen peroxide (30 wt. % in H2O) solution for 3 

weeks. During this period, the sample was refreshed with fresh hydrogen peroxide every 24 h. Next, 

the sample was centrifuged, and then washed twice with water. The transformation to carboxylic acid 

groups was quantitative, as confirmed by 1H NMR (Figure 4.4d, more 1H NMR spectra see section 
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4.4.2). Moreover, the Zr-pcu-MOF framework had been preserved, as confirmed by PXRD (Figure 4.4c, 

more PXRD patterns see section 4.4.2). 

4.2.3 Clip-off synthesis: from Sc-soc-MOF to Sc-pcu-MOF 

To show that Clip-off Chemistry could be generalized to other 3D MOF structures, the subsequent 

trial aimed to synthesize a 3D Sc-pcu-MOF from an Sc-soc-MOF precursor (Figure 4.1),31 a 3D 

structure built up from linking 6-c trigonal, prismatic Sc3O clusters to 4-c L1 linkers in a 4,6-

c soc/edq topology.32 This structure exhibits a mixture of cubic cavities (size: 11 Å) and 1D channels 

(size: 8 Å) along the three axes. As in the previous case, the precursor by replacing L1 with L2 was 

intentionally designed, thus resulting in the formation of an isoreticular Sc-soc-MOF that contains 

different circuits of connections, some of which contains the cleavable olefins. It is envisioned that, 

upon treatment with ozone, this circuit would be disrupted to form a 3D Sc-pcu-MOF whose Sc3O 

clusters would be connected through trimesate/5-formylisophthalate linkers.  

To start the clip-off synthesis of Sc-pcu-MOF via the aforementioned route, the isoreticular Sc-soc-

MOF precursor was first prepared. Colorless cubic crystals of Sc-soc-MOF were synthesized by heating 

a solution of Sc(NO3)3⋅x H2O and L2 in DMF, ethanol and formic acid at 120 °C for 48 h. However, all 

attempts at complete ozonolysis were unsuccessful, whether using the same synthetic protocol as for 

Zr-scu-MOF or trying slight modifications (e.g. extending the reaction time up to 8 h and/or the number 

of ozonolysis cycles up to twelve; Figure 4.11, more 1H NMR spectra see section 4.3.2). Consequently, 

cleavage of the olefinic bonds was incomplete, reaching a maximum value of 60 % to 70 % under certain 

conditions (e.g. exposing the Sc-soc-MOF crystals to ozone gas for 2 h). A distinct ozonolysis protocol 

was employed: Sc-soc-MOF crystals were immersed in water, and then ozone was bubbled through the 

suspension under stirring at room temperature for 12 h. These conditions afforded greater cleavage of 

the olefinic bonds than in the previous strategy, leading to a mixture of trimesic acid, 5-

formylisophthalic acid and the intermediate 1,2,4-trioxolane ring (Figure 4.12). Importantly, the 

presence of this intermediate indicated that the olefinic bonds had not all been completely cleaved to 

aldehyde/carboxylic acid groups. Moreover, increasing the reaction time under these solid/liquid 

conditions did not provide any major improvement in cleavage, although it did lead to a slight decrease 

in the crystallinity of the ozonated Sc-pcu-MOF. 
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Figure 4.11 1H NMR spectra (360 MHz, DMSO-d6) of digested (a) trimesic acid, (b) 5-formylisophthalic acid, 

(c) Sc-soc-MOF, (d) Sc-soc-MOF after solid-gas reaction for 8 h, and (e) Sc-soc-MOF after solid-gas reaction for 

12 cycles. Note that the characteristic protons from the olefinic bond signal at 7.68 ppm of Sc-soc-MOF could 

still be observed after both solid-gas phase ozonolysis reactions, confirming that the cleavage of olefinic bonds 

under these synthetic conditions was not quantitative. 
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Figure 4.12 Characterization of Sc-soc-MOF after ozonolysis only in water suspension for 12 h. (a) 1H NMR 

spectrum (360 MHz, DMSO-d6) of digested Sc-soc-MOF after only in water suspension ozonolysis reaction for 

12 h. Note that the peak intensity of protons from the olefinic bond at 7.70 ppm (orange dot) was very weak but 

it could still be observed, indicating a high degree of cleavage but not quantitative. Moreover, the signal of the 

proton at 6.64 ppm (red star) was identified as the intermediate trioxolane-metathesis product, which is in 

accordance with the previous paper published by our group.6 (b) ESI-MS spectrometry of digested Sc-soc-MOF 

after in water suspension ozonolysis reaction for 12 h. The peak at m/z 355.05 is assigned to [L2−H]− in Sc-soc-

MOF, corresponding to the formula [C18H12O8−H]−: excepted = 355.05, found = 355.05. The peak at m/z 193.01 

in both samples is assigned to 5-formylisophthalic acid, corresponding to the formula [C6H3(COOH)2(CHO)−H]−: 

expected = 193.02, found = 193.01. The peak at m/z 209.01 is assigned to H3BTC, corresponding to the formula 

[C6H3(COOH)3−H]−: expected = 209.02, found= 209.01. The peak at m/z 403.03 is assigned to the trioxolane 

intermediate, [C18H12O11−H]−: expected = 403.04, found = 403.03. Altogether, these results confirm that, under 

these suspension-gas conditions, ozonolysis could not fully cleave the olefinic bonds. Moreover, the trioxolane 

intermediate was also detected. 
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To address the above drawbacks, the two ozonolysis strategies were combined by first running a 

solid–gas reaction for 2 h and then, cleaving the remaining alkene bonds via suspension/gas reaction 

for an additional 6 h. Under these conditions, olefinic bonds were able to be quantitatively cleaved, 

which has been proven by a series of characterizations including SCXRD, 1H NMR and mass 

spectrometry. 

SCXRD of the resulting crystals confirmed quantitative single-crystal-to-single-crystal cleavage of 

the olefinic bonds of Sc-soc-MOF to synthesize Sc-pcu-MOF (Figure 4.13b).19 However, in this case, 

no changes were observed in the volume of the R3 ̅ rhombohedral unit cell relative to that of the 

precursor, as also confirmed by PXRD (Figure 4.13c, more PXRD patterns see section 4.4.4). 

Nevertheless, SCXRD analysis showed a very similar case to that of ozonated Zr-scu-MOF. Thus, the 

connectivity of the atoms belonging to the inorganic trimeric ScO3 clusters remained identical to that 

of the pristine Sc-soc-MOF (Figure 4.14).  

 

Figure 4.13 Structural and molecular characterization of Sc-pcu-MOF. (a,b) Crystal structures of isoreticular Sc-

soc-MOF (a) and Sc-pcu-MOF (b). Magnified views highlight the changes observed in the distances and angles 

in both phenyl rings (from a2 = 3.82-3.84 Å and α2 = 15.63-17.34º to b2 = 3.62-3.63 Å and β2 = 0º) initially 

composing L2. (c) Magnified view of the PXRD spectra for calculated Sc-soc-MOF (black), synthesized Sc-soc-

MOF (blue), calculated Sc-pcu-MOF (grey) and synthesized Zr-pcu-MOF (red). (d) 1H NMR spectra (360 MHz, 

DMSO-d6) of digested L2 (black), Sc-soc-MOF (orange), Sc-pcu-MOF (red), 5-formylisophthalic acid (dark grey) 

and trimesic acid (light grey). 
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Figure 4.14 Comparison of the cluster environment in (a) Sc-soc-MOF and (b) Sc-pcu-MOF. In Sc-soc-MOF, 

each Sc3O cluster is connected to 12 neighboring clusters by six 4-c linkers L2. After clip-off treatment, each Sc3O 

in Sc-pcu-MOF is surrounded by only 6 neighboring clusters, which are interconnected by six 2-c linkers.  
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Further refinement of the carbon atoms from the organic linkers evidenced a positional disorder for 

some of them, and, unlike Sc-soc-MOF, the Sc-pcu-MOF product did not contain any olefinic atoms. 

Instead, areas of electron density were observed only between the opposite phenyl rings, with a 

maximum value at the middle point between the two rings, but at a distance longer than that expected 

for a C=C bond. This area of higher electron-density points perpendicularly above and below the plane 

of the phenyl rings. Although the refinement indicates the presence of atoms in this area, these atoms 

could not be unambiguously assigned to aldehyde or carboxylate groups (Figure 4.15). These findings 

indicate that the functional groups are not arranged in an orderly fashion within the crystals after 

ozonolysis but are instead randomly oriented in the pores. This is not surprising, considering that the 

resulting aldehydes and/or carboxylic groups are randomly distributed and most likely dangle in 

different orientations into the pores, rather than having a periodically fixed position, such that they 

would not contribute to the periodic diffraction of the crystal.  

 

Figure 4.15 2Fo-Fc maps calculated for both (a) Sc-soc-MOF and (b) Sc-pcu-MOF, showing only presence of 

electron density above and below the plane of the phenyl rings, with no presence of the olefinic carbon atoms. 

Consistent with these SCXRD data, cleavage of all olefinic bonds was confirmed by 1H NMR 

(Figure 4.13d, more 1H NMR spectra see section 4.4.4) and negative-mode mass spectrometry of the 

digested ozonated samples (5 % HF/DMSO-d6) (Figure 4.16), and FTIR of ozonated Sc-pcu-MOF 

(Figure 4.17), from which the olefinic protons (δ=7.68 ppm), molecular ion [M−H]− of L2 and the 

typical alkene (C=C) stretching band, respectively, were not observed. On the contrary, the 1H NMR 

signals, the molecular ions [M−H]− and the carbonyl (C=O) stretching band corresponding to doubly 

deprotonated trimesic acid and 5-formylisophthalate were all clearly identifiable, thus further 

corroborating the clip-off synthesis of Sc-pcu-MOF. 
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Figure 4.16 ESI-MS spectrometry of digested Sc-soc-MOF (black) and Sc-pcu-MOF (red). The peak at m/z 

355.05 is assigned to [L2−H]− in Sc-soc-MOF, corresponding to the formula [C18H12O8−H]−: expected = 355.05, 

found = 355.05. The peak at m/z 193.01 in both samples is assigned to 5-formylisophthalic acid, corresponding 

to the formula [C6H3(COOH)2(CHO)−H]−: expected = 193.02, found = 193.01. The peak at m/z 209.01 in both 

samples is assigned to trimesic acid, corresponding to the formula [C6H3(COOH)3−H]−: expected = 209.02, found 

= 209.01. 

 

Figure 4.17 (a) Full FTIR spectra of Sc-soc-MOF (black), Sc-pcu-MOF (red) and (b) magnified area. In FTIR 

spectra, Sc-pcu-MOF displayed a broad band in the region of 3300-2500 cm-1, which was not found in Sc-soc-

MOF. This could be ascribed to the O-H stretching of the free carboxyl groups. The enhanced vibration signal of 

the stretching carbonyl (C=O) groups at 1695 cm-1 was seen in Sc-pcu-MOF. The olefinic bond, which has the 

characteristic absorbance at 1630 cm-1, disappeared in Sc-pcu-MOF, demonstrating the total cleavage of linker 

L2 from Sc-soc-MOF. 
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4.3 Conclusions 

We have introduced Clip-off Chemistry, a new approach to synthesizing molecules and materials 

based on selective bond-breaking in reticular precursors materials via common organic transformations, 

via programmed de-reticulation and controlled etching at the molecular level. As proof-of-concept, we 

transformed two 3D MOFs (Zr-scu-MOF and Sc-soc-MOF) into two topologically distinct 3D MOFs 

(Zr-pcu-MOF and Sc-pcu-MOF, respectively). In the examples that we have reported here, we 

demonstrated that the cleavage was quantitative and selective; was effective both in solid-phase and 

solution-phase chemistry; and occurred in a single-crystal-to-single crystal fashion across the entire 

bulk precursor sample. Moreover, we demonstrated control over the cleavage of each olefinic bond into 

carboxylic acid groups using oxidative conditions. 

Our preliminary results suggest that Clip-off Chemistry is ripe for further exploration. Since it is 

based on bond cleavage, the dimensionality of the parent reticular material dictates the synthetic 

feasibility of the target molecules and/or materials (Figure 4.18). Thus, it offers the possibility to modify 

structures of reticular materials without changing their dimensionality (e.g. 3D → 3D, or 2D → 2D). 

For example, one might employ Clip-off Chemistry for post-synthetic modification of the topology 

and/or the porosity of a given material. Moreover, it could be applied to 3D structures to augment the 

diversity of new 2D materials: for instance, by converting well-known 3D pillared reticular materials 

into isolated 2D layers, via selective clipping of the pillaring linkers. Similarly, it shows promise for 

using 3D or 2D structures to isolate 1D materials in the form of metallic chains, or to synthesize 0-D 

systems, including MOPs, macrocycles and clusters, from 3D/2D/1D structures and even from other 0-

D systems (e.g. MOPs). Cleavage of bonds in reticular materials may also be expanded to purely organic 

structures. Indeed, COFs and organic cages are another endless source of precursors in Clip-off 

Chemistry for possible synthesis of organic polymers, cages, macrocycles or other organic compounds. 

Similarly, other reactions involving the cleavage of bonds (e.g. photolysis) are potential candidates to 

be applied in reticular materials for their programmable disassembly.33-35 In summary, our results prove 

that the programmed disassembly of reticular materials is feasible, and that Clip-off Chemistry could 

provide researchers with access to myriad new molecular architectures. 

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.202111228#anie202111228-fig-0004


Chapter 4 

 

113 

 

 

Figure 4.18 Clip-off Chemistry for the synthesis of molecular architectures of different dimensionality. Schematic 

illustrating the potential outcomes of Clip-off Chemistry, in which the dimensionality of the parent reticular 

material dictates the dimensionality of the target molecules and structures. 

4.4 Experimental section 

4.4.1 Chemicals and characterizations 

Zirconium oxychloride octahydrate (ZrOCl2·8H2O), formic acid, potassium iodide (KI), 

scandium(III) nitrate hydrate, trimesic acid (H3BTC), formic acid, anhydrous granular CaCl2 (2-6 mm) 

and hydrogen peroxide 30 wt. % in H2O were purchased from Sigma-Aldrich Co. N,N-

dimethylformamide (DMF), absolute ethanol (EtOH) and tetrahydrofuran (THF), acetone were 

obtained from Fisher Chemical. 5-[(E)-2-(3,5-dicarboxyphenyl)ethenyl]benzene-1,3-dicarboxylic acid 

(linker L2) was obtained from Chemextention Co. All the reagents and solvents were used without 

further purification unless otherwise specified. Deionized water was obtained with a Milli-Q® system 

(18.2 MΩ·cm). The ozone generator (model N1668A, 10.4 mmol/h O3 at room temperature) was 

purchased from Ozonotec. 

Powder X-Ray Diffraction (PXRD) data were collected on a Panalytical X’pert PRO MPD 

diffractometer with monochromatic Cu-K radiation (Cu = 1.5406 Å). Proton Nuclear Magnetic 

Resonance (1H NMR) spectra were acquired in Bruker Avance DPX of 250 MHz, 360 MHz NMR 

spectrometer at “Servei de Ressonància Magnètica Nuclear” from Autonomous University of Barcelona 
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(UAB). Field-emission Scanning Electron Microscopy (FESEM) images were performed in a SEM 

Quanta 650 scanning electron microscopy at an acceleration voltage of 2 KV, using aluminium as a 

support. Fourier Transform Infrared (FTIR) spectra were recorded on a Bruker Tensor 27FT-IR 

spectrometer equipped with a Golden Gate diamond attenuated total reflection (ATR) cell, in 

transmittance mode at room temperature. Electrospray Ionization Mass Spectrometry (ESI-MS) spectra 

were obtained in an Agilent 6210 G1969A LC/MSD TOF mass spectrometer. All the digested MOFs 

were measured in the negative-ionization mode. The samples for MS analysis were obtained from the 

1H NMR digestion samples. 

Single-Crystal X-Ray Diffraction (SCXRD) data of Zr-scu-MOF, Zr-pcu-MOF, Sc-soc-MOF, Sc-

pcu-MOF were collected at 100 K at BL13-XALOC beamline at the ALBA synchrotron (λ = 0.82656 

Å).36  Data for Rh-MOP was collected with a Bruker four-circle kappa diffractometer equipped with a 

Cu INCOATED microsource, operated at 50-W power (50 kV, 1.00 mA) to generate Cu Kα radiation 

(λ = 1.54178 Å), and a Bruker VANTEC-500 area detector (microgap technology). Data frames were 

indexed, integrated and scaled using the XDS program, and the APEX3 software.37 The structures were 

solved by direct methods and subsequently refined by corrections of F2 against all reflections, using 

SHELXST201338 and SHELXL201339 within the Olex2 package.40 Non-hydrogen atoms were refined 

with anisotropic thermal parameters by full-matrix least-squares calculations on F2 using the program 

SHELXL2013. Hydrogens atoms were inserted at calculated positions and constrained with isotropic 

thermal parameters. 

4.4.2 Synthetic procedures  

Synthesis of Zr-scu-MOF. A solution of ZrOCl2·8H2O (16 mg, 0.05 mmol) and L2 (7 mg, 0.02 

mmol) in DMF (8 mL) and formic acid (8 mL) was prepared in a 23 mL scintillation vial. Then, the 

sealed vial was placed into a preheated oven at 120 ºC for 5 days. After this period, colourless cubic 

crystals suitable for single-crystal X-ray diffraction (SCXRD) were collected by filtration and washed 

three times by incubating them with 20 mL of fresh DMF for 12 h. Afterwards, solvent exchange with 

THF was performed by incubating the crystals three times with 20 mL of THF for 12 h, and the resulting 

Zr-scu-MOF crystals were dried at room temperature (15 mg).  

Clip-off synthesis of Zr-pcu-MOF via ozonolysis. The synthesis of Zr-pcu-MOF was achieved by 

a solid-gas ozonolysis reaction. This reaction started by packing 20 mg of Zr-scu-MOF crystals into a 

plastic tube, connected on one side to the ozonator (through a CaCl2 humidity trap), and on the other 

side, to a vacuum pump (through a KI trap), to ensure a continuous flow of ozone through the column. 

The reaction was run at room temperature for 30 min. Afterwards, the sample was held in vacuum for 

another 30 min. This ozonation/vacuum cycle was repeated nine times. Finally, the resulting solid (20 

mg) was directly collected from the plastic tube and stored in THF.  
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Oxidation of Zr-pcu-MOF to full –COOH pending groups. Dried ozonated crystals were soaked 

in 1 mL of aqueous H2O2 solution (30 wt. % in H2O) for 3 weeks. During this period, the sample was 

exchanged with a fresh hydrogen peroxide solution every 24 h. After that, the sample was centrifuged 

and washed twice with water. 

Synthesis of Sc-soc-MOF. A solution of Sc(NO3)3·xH2O (48 mg, 0.21 mmol) and L2 (16 mg, 0.04 

mmol) in DMF (8 mL), EtOH (3.2 mL) and formic acid (1.84 mL) was prepared in a 23 mL scintillation 

vial. Then, the sealed vial was placed into a preheated oven at 120 ºC for 48 h. Colourless cubic crystals 

suitable for SCXRD were collected by filtration and washed three times by incubating them with 20 

mL of fresh DMF for 12 h. Afterwards, solvent exchange with acetone was performed by incubating 

the crystals three times with 20 mL of acetone for 12 h, and the resulting crystals were dried at room 

temperature (20 mg).  

Clip-off synthesis of Sc-pcu-MOF via ozonolysis. The clip-off synthesis of Sc-pcu-MOF was done 

in two steps: a first step consisting of a solid-gas ozonolysis reaction; and a second step based on a 

suspension-gas ozonolysis reaction. In the first step, 20 mg of synthesized Sc-soc-MOF crystals were 

packed into the plastic tube, connected on one side to the ozonator (through a CaCl2 humidity trap), and 

on the other side, to a vacuum pump (through a KI trap). The reaction was run at room temperature for 

2 hours. Afterwards, the crystals were collected from the plastic tube and suspended in 4 ml of water. 

The ozone generator was directly connected to the vial through a syringe. Ozone was bubbled in the 

suspension for 6 h while magnetically stirring at 880 rpm. The resulting crystals (20 mg) were collected 

by centrifugation and stored in acetone. 

4.4.3 Characterization: from Zr-scu-MOF to Zr-pcu-MOF 

Single-crystal XRD analysis 

Diffraction data for Zr-scu-MOF and Zr-pcu-MOF was collected at the BL13-XALOC beamline at 

the ALBA synchrotron with λ = 0.82653 Å. All tested specimens were found to be grown as twinned 

crystals, and they could not be separated as single components.  Best results were obtained by indexing 

and reducing the data with the cell parameters corresponding to a single component, although with 

unavoidable presence of a number of overlying reflections, which eventually resulted in high refinement 

residual values, and negative anisotropic displacement parameters for some atoms. Nonetheless, the 

structure could be solved, and the location of the framework atoms unambiguously determined, 

confirming the formation of the isoreticular Zr-scu-MOF.  
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Table 4.1 Crystal data and structure refinement for Zr-scu-MOF.  

Identification code CCDC-2080949 

Formula C72O64Zr12 

Formula weight (g.mol-1) 2983.36 

Temperature (K) 100(2) 

Wavelength (Å) 0.82653 

Crystal system Monoclinic 

Space group C2/m 

Unit cell dimensions a = 25.637(5)Å                  α = 90º 

 b = 36.223(7) Å                 β = 122.54(3)º 

 c = 21.661(4) Å                  γ = 90º 

Volume (Å3) 16958(8) 

Z 4 

Density calculated (g/cm-3) 1.169 

Absorption coefficient (mm-1) 1.157 

F(000) 5696.0 

Crystal size (mm) 0.33 × 0.30 × 0.30 mm 

2Theta range for data collection (º) 2.594 to 58.182 

Index ranges -30 ≤ h ≤ 25, 0 ≤ k ≤ 42, 0 ≤ l ≤ 25 

Reflection collected 44506 

Independent reflections 14607 [Rint = 0.0968, Rsigma = 0.1369] 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14607/114/556 

Goodness-of-fit on F2 1.942 

Final R indices [I>2sigma(I)] R1 = 0.1983, wR2 =  0.4825 

R indices (all data) R1 = 0.2125, wR2 = 0.5069 

Largest diff. peak and hole 8.61, -6.78e.Å-3 
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Table 4.2 Crystal data and structure refinement for Zr-pcu-MOF. 

Identification code  CCDC-2080950 

Formula   C71.25O67.5Zr12 

Formula weight (g.mol-1)  3030.35 

Temperature (K)  100(2)  

Wavelength (Å)  0.82653 

Crystal system  Monoclinic  

Space group  C2/m   

Unit cell dimensions  a = 35.703(7)Å                  α = 90º  

  b = 25.210(5) Å                 β = 134.89(3)º  

  c = 25.210(5) Å                 γ = 90º  

Volume (Å3)  16076(8) 

Z  4  

Density calculated (g/cm-3)  1.252 

Absorption coefficient (mm-1)  0.812 

F(000)  5790.0  

Crystal size (mm)  0.38 × 0.32 × 0.32 mm  

2Theta range for data collection (º)  2.28 to 34.45 

Index ranges  -29 ≤ h ≤ 29, -20 ≤ k ≤ 20, -20 ≤ l ≤ 20 

Reflection collected  28412 

Independent reflections  4867 [Rint = 0.1337, Rsigma = 0.0877]  

Refinement method  Full-matrix least-squares on F2  

Data / restraints / parameters  4867/0/513 

Goodness-of-fit on F2  1.336 

Final R indices [I>2sigma(I)]  R1 = 0.1277, wR2 =  0.3291 

R indices (all data)  R1 = 0.1736, wR2 = 0.3849 

Largest diff. peak and hole  1.13, -0.76 e.Å-3  
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PXRD 

 

Figure 4.19 PXRD of calculated Zr-scu-MOF (black), pristine Zr-scu-MOF (blue), calculated Zr-pcu-MOF 

(green), synthesized Zr-pcu-MOF (red) and oxidized Zr-pcu-MOF (purple). 

1H NMR 

 

Figure 4.20 1H NMR spectrum (360 MHz, DMSO-d6) of the digested Zr-scu-MOF. Zr-scu-MOF crystals were 

digested in 5% HF aqueous solutions at 120 ºC overnight. 

*DMSO

*H2O
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Figure 4.21 1H NMR spectrum (360 MHz, DMSO-d6) of the digested Zr-pcu-MOF after ozonolysis solid reaction. 

Zr-pcu-MOF crystals were digested in 5% HF aqueous solutions at 120 ºC overnight. 

 

 

Figure 4.22 1H NMR spectrum (360 MHz, DMSO-d6) of the digested oxidized Zr-pcu-MOF. Zr-pcu-MOF 

crystals were digested in 5% HF aqueous solutions at 120 ºC overnight. 

*DMSO

*H2O
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Figure 4.23 1H NMR spectrum (360 MHz, DMSO-d6) of the digested Sc-soc-MOF. Sc-soc-MOF crystals were 

digested in 5% HF aqueous solutions at 120 ºC overnight.  

 

 

Figure 4.24 1H NMR spectrum (360 MHz, DMSO-d6) of the digested Sc-soc-MOF after solid-gas ozonolysis 

reaction for 8 h. The resulting crystals were digested in 5% HF aqueous solutions at 120 ºC overnight. 

*DMSO

*DMSO
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Figure 4.25 1H NMR spectrum (360 MHz, DMSO-d6) of the digested Sc-soc-MOF after 12 cycles of solid-gas 

ozonolysis reaction. The resulting crystals were digested in 5% HF aqueous solutions at 120 ºC overnight. 
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4.4.4 Characterization: from Sc-soc-MOF to Sc-pcu-MOF 

Single-crystal XRD analysis 

 

Table 4.3 Crystal data and structure refinement for Sc-soc-MOF.  

Identification code CCDC-2080951 

Formula   C108O64Sc12  

Formula weight (g.mol-1)  2860.60  

Temperature (K)  100  

Wavelength (Å)  0.82653  

Crystal system  Trigonal  

Space group  R -3   

Unit cell dimensions  a = 31.750(5) Å                  α = 90º  

  b = 31.750(5) Å                  β = 90º  

  c = 38.800 (5) Å                 γ = 120º  

Volume (Å3)  33872.7  

Z  6  

Density calculated (g/cm-3)  0.842  

Absorption coefficient (mm-1)  0.594  

F(000)  8480  

Crystal size (mm)  0.27 × 0.23 × 0.21 mm  

2Theta range for data collection (º)  2.584 to 24.409  

Index ranges  -31<=h<=31, -31<=k<=31, -38<=l<=38  

Reflection collected  78341  

Independent reflections  7872 [Rint = 0.0448, Rsigma = 0.0741]  

Refinement method  Full-matrix least-squares on F2  

Data / restraints / parameters  7872 / 0 / 548  

Goodness-of-fit on F2  1.161  

Final R indices [I>2sigma(I)]  R1 = 0.0998, wR2 = 0.2812   

R indices (all data)  R1 = 0.1047, wR2 = 0.2870  

Largest diff. peak and hole  0.949, -1.316 e.Å-3  
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Table 4.4 Crystal data and structure refinement for Sc-pcu-MOF. 

Identification code  CCDC-2080952 

Formula   C31.75O21.83Sc4  

Formula weight (g.mol-1)  910.49  

Temperature (K)  293(2)  

Wavelength (Å)  0.82653  

Crystal system  Trigonal  

Space group  R -3   

Unit cell dimensions  a = 31.650(5) Å                  α = 90º  

  b = 31.650(5) Å                  β = 90º  

  c = 38.763(8) Å                  γ = 120º  

Volume (Å3)  33628 (12)  

Z  18  

Density calculated (g/cm-3)  0.809  

Absorption coefficient (mm-1)  0.392  

F(000)  8085  

Crystal size (mm)  0.21 × 0.18 × 0.17 mm  

2Theta range for data collection (º)  0.910 to 20.797 

Index ranges  -31<=h<=31, -31<=k<=31, -38<=l<=38  

Reflection collected  74052  

Independent reflections  7822 [Rint=0.0494, Rsigma = 0.0241]  

Refinement method  Full-matrix least-squares on F2  

Data / restraints / parameters  7822 / 0 / 539  

Goodness-of-fit on F2  2.036  

Final R indices [I>2sigma(I)]  R1 = 0.1497, wR2 = 0.4331   

R indices (all data)  R1 = 0.1610, wR2 = 0.4579  

Largest diff. peak and hole  0.559, -0.530 e.Å-3  
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PXRD 

 

Figure 4.26 PXRD of calculated Sc-soc-MOF (black), pristine Sc-soc-MOF (blue), calculated Sc-pcu-MOF 

(green) and synthesized Sc-pcu-MOF (red). 

1H NMR 

 

Figure 4.27 1H NMR spectrum (360 MHz, DMSO-d6) of the digested Sc-soc-MOF after the solid-gas ozonolysis 

reaction for 2 h. Sc-soc-MOF crystals were digested in 5% HF aqueous solutions at 120 ºC overnight. 

*DMSO

*H2O
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Figure 4.28 1H NMR spectrum (360 MHz, DMSO-d6) of the digested Sc-pcu-MOF synthesized after the two-

step ozonolysis reaction (solid-gas ozonolysis for 2 h and suspension-gas ozonolysis for 6 h). Sc-pcu-MOF 

crystals were digested in 5% HF aqueous solutions at 120 ºC overnight. 

 

FESEM 

 

Figure 4.29 FESEM images of (a) Sc-soc-MOF, (b) Sc-soc-MOF after the solid-gas ozonolysis for 2 h, and (c) 

Sc-pcu-MOF synthesized after solid-gas and suspension-gas ozonolysis. Scale bars: 50 μm (a-c) and 10 μm 

(insets). The FESEM images revealed that, after the solid-gas ozonolysis reaction for 2 h, the surface of Sc-soc-

MOF crystals suffered some degree of cracking. Moreover, after the suspension-gas ozonolysis step, the crystals 

were broken into smaller crystals. These transformations did not change their single-crystals character, which 

enabled to collect SCXRD data for the fully ozonized sample. 

*DMSO*DMSO
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5.1 Introduction 

MOFs are a class of crystalline materials assembled by combining inorganic metal-based nodes with 

organic linkers, which exhibit long-range ordered structures with permanent porosity.1,2 Given the 

nearly infinite possible permutations of their building blocks, MOFs are highly versatile: they can be 

designed to have distinctive features such as an exceptionally large surface area and adjustable pore 

sizes. 

The design and synthesis of MOFs have been expanded by reticular chemistry, which provides high 

levels of chemical control. This is achieved mainly by either of two strategies: (i) predesign of a novel 

target net through judicious design of the molecular building blocks or (ii) use of a known net as a 

blueprint for a novel material, designed by applying the isoreticular principle.3-6 The primary aim of 

isoreticular chemistry is to tune or functionalize the organic or inorganic moieties without altering their 

underlying nets. Thus, it has proven invaluable for modulating the properties of MOFs and for 

optimizing their performance in myriad applications. Isoreticular MOFs can be synthesized by common 

direct synthesis7-9 or by postsynthetic modification (PSM). PSM-based methodologies to synthesize 

isoreticular MOFs include linker functionalization, transmetalation, sequential linker installation, and 

solvent-assisted linker exchange (SALE).10-12 Among these, SALE is based on substitution of a linker 

that bridges two metal ions/clusters, with an external linker, in the presence of a solvent. This enables 

generation of new isoreticular MOFs: for example, ones in which interpenetration can be controlled13,14 

or that can exhibit nondefault topologies.15 In SALE, replacement is performed chiefly by using external 

linkers whose length is equal to or greater than that of the original linkers, thereby affording a lattice of 

the same or greater size.16-18 Alternatively, a few studies have shown that the framework can also be 

contracted, by using shorter linkers, although this approach has not been widely explored.14,19,20 The 

contraction of lattices can also confer the resultant MOFs21 with unusual properties such as negative 

and stepwise gas-adsorption, modulation of the radical spin stated in solid state, or stimuli 

responsiveness and selectivity, which can be utile for applications such as gas storage and separation, 

catalysis, sensing, and controlled release.22-28 

 In this chapter, the aim is to report a new approach to isoreticular contraction of MOFs that is based 

on breaking of covalent bonds and does not require addition of any external linkers (Figure 5.1). 

Recently, Clip-off Chemistry, a new synthetic strategy to make new molecules and materials based on 

the selective, quantitative, and controlled cleavage of bonds in reticular materials, was well-established 

by our group.29 Here, we show that this concept can be applied to control the stepwise synthesis of 

isoreticular MOFs exhibiting contracted structures relative to their parent MOFs. To this end, two new 

mixed-linker parent MOFs, which are isoreticular to the nht-(Fe)MIL-142 family:30,31 (In)BCN-20B 

and (Sc)BCN-20C (BCN stands for Barcelona Material), have been delicately designed. This new 

isoreticular synthetic approach begins with the cleavage of an olefinic bond of one of the bridging 

https://pubs.acs.org/doi/full/10.1021/jacs.3c05469#fig1
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linkers, which splits the linker into two monocoordinated ligands. This periodic and quantitative 

fracture in the MOF is followed by the decoordination of one of the monocoordinated ligands, using 

solvents. This ligand removal instantaneously induces both contraction of the lattice and a self-healing 

phenomenon, which involves the migration and coordination of the monocoordinated ligand remaining 

in the structure to the accessible metal ions. Interestingly, this stepwise isoreticular contraction of MOFs, 

which involves breaking of a covalent bond, subsequent breaking of a coordination bond, and finally, 

formation of a new coordination bond supported by dynamic structural behavior, can be followed by 

single-crystal X-ray diffraction (SCXRD), as these events occur in a single-crystal to single-crystal 

manner. 

 

Figure 5.1 Schematic of the isoreticular contraction of (In)BCN-20B and (Sc)BCN-20C induced by cleavage of 

covalent bonds. 

5.2 Results and discussion 

5.2.1 (In)BCN-20B system 



Chapter 5 

 

133 

 

In this section, the first system, (In)BCN-20B, will be mainly discussed by using our Clip-off 

Chemistry synthetic approach to produce an isoreticular contracted MOF. 

5.2.1.1 Synthesis and characterization of (In)BCN-20B 

The synthesis of (In)BCN-20B was achieved by the solvothermal reaction. First, a dispersion of 

In(NO3)3·xH2O, 4,4′,4″-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid (H3TATB) and 4-carboxycinnamic 

acid (H2CCA) in N,N-dimethylformamide (DMF) and HNO3 (3.5 M in DMF) was heated at 120 °C for 

30 h. Next, the resulting hexagonal prismatic crystals were analyzed by SCXRD, which confirmed 

formation of a 3D framework isoreticular to nht-(Fe)MIL-142B.  

 

Figure 5.2 (a) Crystal structure of (In)BCN-20B, showing its nht net and octahedral cage. (b) Representation 

showing that the CCA linker is symmetrically disordered about an inversion center, which results in similarity of 

spatial occupation between the dislocated aromatic rings of CCA and naphthalene-2,6-dicarboxylate (NDC). (c) 

Crystal structure of (In)BCN-20B (left) and octahedral cage (right). Note that the disorder in the CCA linker 

resembles a naphthalene-2,6-dicarboxylate (NDC) linker. 
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(In)BCN-20B crystallizes in a trigonal lattice with an R3̅c (No. 167) space group, with unit cell 

parameters of a = b = 30.820 and c = 95.540 Å. The 3D structure of (In)BCN-20B is formed by vertex-

sharing distorted octahedral cages, with an underlying nht topology (Figure 5.2a). Each cage is formed 

by six trigonal prismatic In3O(−CO2)6 clusters located at vertices, which are connected by four tritopic 

TATB linkers and three ditopic CCA linkers. Note that these CCA linkers are symmetrically disordered 

about an inversion center, which results in similarity of spatial occupation between the dislocated 

aromatic rings of the CCA linker and those of a naphthalene molecule (Figure 5.2b,c). The location of 

the two types of linkers within the cage defines one triangular face, whose edges are occupied by three 

CCA linkers (Figure 5.3), and four triangular faces, each of which is occupied by one TATB linker. 

This means that each of the three remaining faces shares one of the edges occupied by a CCA linker 

with the first triangular face, whereas the other two edges are unoccupied.  

 

Figure 5.3 Representation of the three different types of triangular faces composing the octahedral cage in 

(In)BCN-20B. 

The overall framework of (In)BCN-20B shows a 2-fold interpenetrated structure, in which two 

catenane-like octahedral cages from two different nht nets interlocked via one of their pure TATB 

triangular faces (Figure 5.4).  
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Figure 5.4 Crystal structure of (In)BCN-20B, showing (a) the 2-fold interpenetrated structure; and (b) two 

interlocked octahedral cages by interpenetration. 

Further characterization of (In)BCN-20B confirmed its phase purity, as the experimental powder-

XRD (PXRD) pattern matched the simulated one (Figure 5.5a). Furthermore, the 1H NMR spectrum of 

the digested sample contained the expected TATB/CCA ratio of 4:3 (Figure 5.5b). 

 

Figure 5.5 (a) PXRD patterns of simulated (In)BCN-20B (black) and as-made (In)BCN-20B (red). (b) 1H NMR 

spectrum (400 MHz, DMSO-d6) of digested (In)BCN-20B displaying the ratio between TATB and CCA. Note 

that the experimental ratio of TATB over CCA is 4/3, matching the expected one. 

5.2.1.2 Synthesis and characterization of (In)BCN-20B′ by ozonolysis 

Having synthesized (In)BCN-20B, attempted trials were made then to cleave all its alkene bonds 

and subsequently convert them into aldehyde/carboxylic acid groups via a solid–gas ozonolysis 

reaction.29,32,33  First, 20 mg of single crystals of solvent-free (In)BCN-20B were packed into a plastic 
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tube. Next, dry ozone was flowed (∼15 g/Nm3) continuously through the sample for 35 min. Finally, 

the resultant crystals were analyzed by SCXRD, showing that ozonized (In)BCN-20B′ crystallized in a 

trigonal lattice with an R3m̅ (No. 166) space group, having unit cell parameters of a = b = 30.830 

and c = 47.592 Å. Overall, (In)BCN-20B′ exhibited a related 3D structure to that of (In)BCN-20B but 

with evident changes in its connectivity through the CCA linkers. Indeed, SCXRD data confirmed the 

integrity of the inorganic In-oxo clusters and of the TATB linkers. However, at the positions initially 

occupied by the CCA linkers, the similarity in spatial occupation between the dislocated aromatic rings 

of the CCA linker and the naphthalene molecule was lost (Figure 5.6). This observation clearly 

suggested that the CCA linkers no longer existed. 

 

Figure 5.6 Schematic of the olefinic bonds breaking from (In)BCN-20B (left) to (In)BCN-20B′ (right) and 

corresponding SCXRD data, revealing the octahedral cages viewed along the crystallographic c and b axes, 

highlighting transformation of the CCA linker (orange) to the shorter BDC linker (violet) of the triangular face. 

To confirm the oxidative cleavage of CCA linkers into the expected monocoordinated glyoxylate 

and single deprotonated terephthalic acid (BDC) ligands, a digested (In)BCN-20B′ sample was first 

analyzed by 1H NMR and then compared the resulting spectrum to that of the starting (In)BCN-20B 

(Figure 5.7a,b). The spectrum of the digested (In)BCN-20B showed the characteristic peaks of the 



Chapter 5 

 

137 

 

olefinic protons of CCA at δ = 7.64 and δ = 6.65 ppm. In contrast, the spectrum of the digested (In)BCN-

20B′ corroborated the disappearance of this olefinic signal. It also revealed the disappearance of the 

phenyl (δ = 7.94 and δ = 7.81 ppm) and the carboxylic acid (δ = 13.06 ppm) protons of the CCA but 

did show the characteristic signals for the terephthalic acid (BDC, δ = 8.04 ppm). The ratio of TATB 

over BDC is 4/3, matching well with the ratio expected from the cleavage of each CCA linker into a 

BDC linker (Figure 5.6).  

 

Figure 5.7 (a) 1H NMR spectra (400 MHz, DMSO-d6) of digested (In)BCN-20B (orange) and (In)BCN-20B′ 

(cyan), showing the formation of terephthalate (related protons were highlighted in cyan) and disappearance of 

olefinic bonds (related protons were highlighted in orange) after covalent bond breaking. (b) 1H NMR spectrum 

of digested (In)BCN-20B′ displaying the ratio between TATB and BDC. (c) Negative mode ESI-MS spectrum of 

digested (In)BCN-20B′. (d) Full widths of FTIR spectra of (In)BCN-20B (orange) and (In)BCN-20B′ (cyan). 

Unfortunately, from 1H NMR spectrum, the aldehyde proton of the glyoxylic acid was not detected, 

presumably due to the fact that its boiling point (111 °C) is lower than the temperature (120 °C) at 

which the digestion took place overnight. However, the presence of glyoxylic acid was confirmed by 
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electrospray ionization mass spectrometry (ESI-MS) analysis in a negative ion mode using a (In)BCN-

20B′ sample digested under milder conditions (HF in DMSO at room temperature). The ESI-MS 

spectrum (Figure 5.7c) showed a peak at m/z = 72.99, which matches the molecular mass of the 

deprotonated glyoxylate corresponding to the formula [C2H2O3−H]– (m/z = 73.03). Meanwhile, other 

ligands existed in (In)BCN-20B′ were also detectable. The peak at m/z = 165.02 is assigned to BDC, 

corresponding to the formula [C8H6O4−H]− (m/z = 165.03). The peak at m/z = 440.09 is assigned to 

H3TATB, corresponding to the formula [C24H15N3O6−H]− (m/z = 440.10). 

These results clearly indicated that the olefinic bond of the ditopic CCA linkers had been 

quantitatively cleaved by ozonolysis and subsequently converted into two monocoordinated ligands: a 

single deprotonated BDC and a glyoxylate.  

 

Figure 5.8 (a) PXRD patterns of simulated (In)BCN-20B′ (black) and as-made (In)BCN-20B′ (red). (b) 

Representation showing the augmented net of (In)BCN-20B′, containing two kinds of nodes: 4-c tetrahedral and 

3-c triangular nodes. 

Supporting this oxidative cleavage reaction, the FTIR spectrum of the ozonated (In)BCN-20B′ 

exhibited a more intense C═O stretch band at 1697 cm–1 relative to that in the spectrum of the non-

ozonated (In)BCN-20B. Moreover, it showed enhanced, broad absorbance at around 3300 cm–1, 

indicative of large perturbations caused by H-bonded hydroxyl groups of the free carboxylic acid groups 

(Figure 5.7d).34,35 Next, PXRD on a bulk sample of ozonated (In)BCN-20B′ was performed to confirm 

its crystallinity and phase purity. The resulting PXRD pattern matched the one calculated from the 

crystal structure (Figure 5.8a), confirming that the cleavage of alkene bonds via ozonolysis did not 

compromise the crystallinity throughout the bulk sample. Together these results confirmed the 

quantitative cleavage of CCA linkers and the consequent formation of a new structure with less 
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connectivity among its trimeric In3+ clusters. Indeed, analysis of the topology of (In)BCN-20B′ using 

the ToposPro 5.3.3.5 software,36 and considering TATB linkers as 3-connected points of extension (3-

c), and In3O(−CO2)6 clusters as nodes that have four coordination points (4-c), revealed formation of a 

2-fold interpenetrated MOF with two independent underlying trinodal (3,3,4)-c nets (topological 

code 3,3,4T22, Figure 5.8b). 

5.2.1.3 Solvent-assisted isoreticular contraction 

After demonstrating that ditopic CCA linkers could be cleaved into two monocoordinated ligands, 

the possibility of substituting these monocoordinated ligands with solvent molecules was then explored. 

First, crystals of (In)BCN-20B′ were incubated in DMF for 1 week at room temperature. Next, the 

resultant crystals were analyzed by SCXRD, which revealed that a new 3D structure (In)BCN-20A had 

been formed (Figure 5.9a). This new MOF crystallizes in the trigonal lattice with the space 

group R3̅m (No. 166) and lattice parameters of a = b = 28.783 and c = 47.708 Å. (In)BCN-20A, which 

is isostructural to nht-(Fe)MIL-142A,30 recovers the initial 3D nht framework formed by vertex-

sharing distorted octahedral cages. However, its cages are instead formed by six In3O(−CO2)6 clusters 

connected by four tritopic TATB linkers and three ditopic BDC linkers, the latter occupying the 

analogous position of the CCA linkers in (In)BCN-20B (Figure 5.9b) 

 

Figure 5.9 (a) Crystal structure of (In)BCN-20A. (b) Schematic of the isoreticular contraction from (In)BCN-20B′ 

(left) to (In)BCN-20A (right) and corresponding SCXRD data, revealing the octahedral cages viewed along the 

crystallographic c and b axes, highlighting transformation of the contraction of the triangular face. 
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The phase transition from (In)BCN-20B′ to (In)BCN-20A unambiguously unveiled a self-healing 

behavior, which was envisaged to occur in three steps within the pores. First, DMF molecules enter the 

pores and replace the glyoxylate linkers. Here, the release of glyoxylate from the MOF was 

experimentally confirmed by analyzing the DMF supernatant resulting from the incubation process by 

ESI-MS, from which the characteristic peak at m/z = 72.99 was detected (Figure 5.10). Second, the 

decoordination of glyoxylate causes the framework to act dynamically. In the third and final step, this 

behavior leads to coordination of the free carboxylic acid group of each BDC linker to the In3+ metal 

sites that were previously occupied by the glyoxylate. Accordingly, the BDC linker would have to 

migrate a distance of ∼2.4 Å. 

 

Figure 5.10 Negative mode ESI-MS spectrum of DMF supernatant after incubation of (In)BCN-20B′ in DMF 

for 1 week. 

To further evaluate the degree of the aforementioned flexibility, a deliberate comparison of the unit 

cell volumes of the three MOFs was conducted: the initial (In)BCN-20B, the ozonated (In)BCN-20B′, 

and the self-healed (In)BCN-20A. Considering the fact that (In)BCN-20B crystallizes in the 

centrosymmetric trigonal space group R3̅c (No. 167) whereas both (In)BCN-20B′ and (In)BCN-20A 

crystallize in trigonal Bravais lattices with the space group R3̅m (No. 166), the structural relationship 

correlates to a group-subgroup relationship of the space groups. R3̅m has a maximal non-isomorphic 

subgroup R3c̅ (a’ = −a, b’ = −b, c’ = 2c) with klassengleich transition of index 2, indicating R3̅c 

possesses a two times larger unit cell. In order to reduce the symmetry of R3̅m for clear comparison, 

the c parameter in (In)BCN-20B′ and (In)BCN-20A is shown as 2c and the volume as 2V. Based on 

this, the corresponding unit cell parameters of each MOF are summarized in Table 5.1. 



Chapter 5 

 

141 

 

From (In)BCN-20B to (In)BCN-20B′, the unit cell volume only shrunk by 0.3%. However, from 

(In)BCN-20B′ to (In)BCN-20A, the cell volume decreased by 12.6%, an obvious volumetric 

contraction.  

Table 5.1 Comparison of the unit cell parameters of (In)BCN-20B, (In)BCN-20B′, and (In)BCN-20A. 

MOFs a (Å) c (Å) V (Å3) 

(In)BCN-20B 30.820 95.540 78592.5 

(In)BCN-20B′ 30.830 95.184 78350.0 

(In)BCN-20A 28.783 95.415 68457.8 

It was reasoned that the movements involving this dynamic behavior could also be studied by 

comparing the structural changes in the octahedral cage units (Figure 5.11). In the octahedral cage of 

the initial (In)BCN-20B, the length (note: all lengths were calculated starting from the carbon atoms of 

the carboxylate groups of the linkers) of the edges of the face constructed with CCA linkers is 8.0 Å, 

and the average length of the remaining edges is 12.1 Å. As expected, the cleavage of the CCA linkers 

barely affected this octahedral cage unit: the length of the edges of the face occupied by the cleaved 

CCA linkers only increased to 8.2 Å. This slight increase was attributed to the steric hindrance effects 

of both the BDC and the glyoxylate linkers. In (In)BCN-20A, this length decreases significantly, down 

to 5.7 Å, because the BDC linker is much smaller than both the initial and the cleaved CCA linkers. 

Contrariwise, this contraction barely affects the other edges involving the TATB linker, exhibiting an 

average length of 12.0 Å. 
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Figure 5.11 Schematic representation showing the single-crystal-to-single-crystal evolution from (In)BCN-20B 

to (In)BCN-20B′ to (In)BCN-20A, highlighting the changes in the octahedral cage. 

Given that the structure of (In)BCN-20A differs markedly from that of (In)BCN-20B or (In)BCN-

20B′, an investigation was conducted to determine whether this transformation would manifest 

throughout the bulk sample, using PXRD. Supporting a homogeneous transformation, the PXRD 

pattern of (In)BCN-20A matched the one calculated from the corresponding structure determined by 

SCXRD (Figure 5.12a, more PXRD patterns see 5.4.3). By comparing the PXRD patterns of (In)BCN-

20A and (In)BCN-20B, it was observed that the diffraction peak of (In)BCN-20B at 2θ = 3.8°, 

corresponding to the (102)̅ crystallographic plane, had shifted to a higher angle (2θ = 5.1°) within the 

same plane of (In)BCN-20A. This observation confirmed the compression of the framework. 
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Figure 5.12 (a) PXRD patterns of simulated (black) and experimental (orange) (In)BCN-20B; simulated (gray) 

and experimental (cyan) (In)BCN-20B′; and simulated (light gray) and experimental (violet) (In)BCN-20A. (b) 1H 

NMR spectrum (400 MHz, DMSO-d6) of digested (In)BCN-20B′ displaying the ratio between TATB and BDC. 

(c) FTIR spectra of (In)BCN-20B (orange), (In)BCN-20B′ (cyan), and (In)BCN-20A (violet), showing the main 

changes at the wavenumber of 1697 cm-1. 

 Phase homogeneity was also studied by FTIR and 1H NMR. The FTIR spectrum revealed that the 

stretching band of characteristic carbonyl groups (1697 cm–1) and the broad absorbance at around 3300 

cm–1 had been dramatically attenuated, identically to that of the initial (In)BCN-20B (Figure 5.12c). 

The 1H NMR spectrum confirmed the expected TATB/BDC ratio of 4:3 (Figure 5.12b). 

It is worth noting that all our attempts to transform (In)BCN-20B into (In)BCN-20A by direct linker 

exchange of CCA by BDC were unsuccessful (see experimental section 5.4.2). This suggests that 

covalent bond cleavage of the CCA linker highly facilitates the internal restructuration of the framework, 

involving both flexible and self-healing behavior. 
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5.2.2 (Sc)BCN-20C system 

5.2.2.1 Synthesis and characterization of (Sc)BCN-20C 

In order to investigate whether such behavior could occur in an isoreticular framework with greater 

distances between metal clusters, the CCA linker was substituted with the 4,4′-stilbenedicarboxylic acid 

(H2sti) linker, which is longer (Figure 5.13a). However, all our attempts at synthesizing the isostructural 

MOF using In3+ were unsuccessful. Fortunately, its Sc3+ analogue, using the (ditopic) sti linker and the 

(tritopic) 1,3,5-tris(4-carboxyphenyl)benzene (BTB) linker, were able to be synthesized (Figure 5.13b). 

(Sc)BCN-20C crystallizes in the monoclinic symmetry with a C2/c space group (No. 15) and lattice 

parameters of a = 60.279, b = 34.723, and c = 37.136 Å. As its analogues, it contains a 2-fold 

interpenetrated structure with two underlying nht nets (Figure 5.14). Note that the two nets are 

interconnected by formate linkers that can be formed upon decomposition of DMF aided by HNO3.31,37 

These nets are built up from vertex-sharing distorted octahedral cages, which are larger than those of 

(In)BCN-20B or (In)BCN-20A. Their main difference lies in the edges of the triangular face defined 

by three sti linkers, whose length is increased to 12.2 Å. The other edges of the octahedra are slightly 

longer (12.3 Å) than those of (In)BCN-20B (Figure 5.15).  

 

Figure 5.13 (a) Comparison of the linker length between H2CCA and H2sti. (b) Crystal structure of (Sc)BCN-

20C. 



Chapter 5 

 

145 

 

 

Figure 5.14 Crystal structure of (Sc)BCN-20C, showing (a) the 2-fold interpenetrated structure; and (b) two 

interlocked octahedral cages by interpenetration. 

 

Figure 5.15 Schematic representation showing the single-crystal-to-single-crystal evolution from (Sc)BCN-20C 

to (Sc)BCN-20C′ to (Sc)BCN-20A, highlighting the changes in the octahedral cage. 
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The phase purity of (Sc)BCN-20C was confirmed by PXRD, whose pattern matched the one 

simulated from SCXRD data (Figure 5.15a), and by 1H NMR, the spectrum of the digested sample 

confirmed the expected BTB/sti ratio of 4:3 (Figure 5.15b). 

 

Figure 5.15 (a) PXRD of simulated (Sc)BCN-20C (black) and as-made (Sc)BCN-20C (red). (b) 1H NMR 

spectrum (400 MHz, DMSO-d6) of digested (Sc)BCN-20C displaying the ratio between BTB and sti. 

5.2.2.2 Synthesis and characterization of (Sc)BCN-20C′ by ozonolysis 

Next, a cleavage experiment on the sti linkers was performed, similar to the previous experiment on 

the CCA linkers. Thus, ozone was flowed (∼15 g/Nm3) continuously through a crystalline sample of 

solvent-free (Sc)BCN-20C for 5 min. The quantitative cleavage of sti linkers and conversion of the 

resultant fragments to the expected monocoordinated HBDC and 4-formylbenzoate (4-FBA) were 

corroborated by 1H NMR, PXRD, and FTIR. 1H NMR spectrum of the digested (Sc)BCN-20C′ (Figure 

5.16a) showed that the characteristic peaks of the olefinic protons of sti at δ = 7.49 ppm completely 

disappeared. Instead, terephthalic acid (δ = 8.04 ppm) and formyl benzoic acid were able to be detected 

(δ = 8.14 ppm and 8.02 ppm). As expected, the ratio of BDC and 4-FBA, ozonated products from sti, 

was calculated to be 1:1 (Figure 5.16b). PXRD confirmed the phase purity and intrinsic crystallinity 

(Figure 5.16c). FTIR spectrum revealed that the ozonated (Sc)BCN-20C′ exhibits a more intense C=O 

stretch band at 1699 cm-1 relative to those of (Sc)BCN-20C. This is due to the cleavage of sti linkers 

into the BDC and 4-FBA ligands (Figure 5.16d). 

In addition to that, SCXRD data revealed that the structure of (Sc)BCN-20C′ is very similar to that 

of the initial (Sc)BCN-20C, with the corresponding octahedral cage units having similar dimensions. 

However, one significant difference was observed: benzoate ligands─most likely, 4-FBA linkers with 

highly disordered aldehyde groups─bridging the two interpenetrated nets and partially substituting the 

formate ligands. This observation evidenced the mobility of these monocoordinated ligands inside the 

pores upon cleavage of the ditopic linkers.  
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Figure 5.16 (a) 1H NMR spectra (400 MHz, DMSO-d6) of BDC (gray), 4-FBA (black), digested (Sc)BCN-20C 

(blue) and digested (Sc)BCN-20C′ (red). The proton signal of olefinic bonds (δ = 7.49 ppm) was highlighted in 

red. (b) Enlarged 1H NMR spectrum of digested (Sc)BCN-20C′ displaying the ratio among BTB and ozonated 

products, BDC and 4-FBA (c) PXRD of simulated (Sc)BCN-20C′ (black) and as-made (Sc)BCN-20C′ (red). (d) 

FTIR spectra of (Sc)BCN-20C (orange), (Sc)BCN-20C′ (cyan). 

5.2.2.3 Solvent-assisted isoreticular synthesis of (Sc)BCN-20A 

Finally, in the pursuit of eliminating the 4-FBA ligands and inducing the dynamic and self-healing 

behavior for the formation of the isoreticular (Sc)-BCN-20A, (Sc)BCN-20C′ was immersed in DMF 

for a week. Interestingly, SCXRD of the resulting crystals confirmed the formation of this MOF, whose 

structure is isostructural to that of (In)BCN-20A (Figure 5.17a,c). (Sc)-BCN-20A crystallizes in a 

trigonal system with the space group R3̅c (No. 167) and lattice parameters of a = b = 28.682 and c = 

95.606 Å. The bulk sample of (Sc)-BCN-20A were further corroborated by PXRD, FTIR and 1H NMR.  
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Figure 5.17 (a) Crystal structure of (Sc)BCN-20A. (b) PXRD spectra of simulated (black) and experimental 

(orange) (Sc)BCN-20C; simulated (grey) and experimental (cyan) (Sc)BCN-20C′; and simulated (light grey) and 

experimental (violet) (Sc)BCN-20A. (c) 2-fold interpenetrated structures (left) and interlocked octahedral cages 

by interpenetration (right). 

PXRD of (Sc)BCN-20A confirmed the phase purity, which matched with the simulated data (Figure 

5.17b). FTIR spectrum showed that the C=O stretch band at 1699 cm-1 from (Sc)BCN-20A had greatly 

attenuated, identically to that of the initial (Sc)BCN-20C (Figure 5.17b). The release of 4-FBA from 

the MOF was experimentally confirmed by analyzing the DMF supernatant resulting from the 

incubation process by ESI-MS, from which the characteristic peak at m/z = 149.03 was detected (Figure 

5.18c). 1H NMR of digested (Sc)BCN-20A exhibited the complete disappearance of 4-FBA as no 

aldehyde signal (δ = 10.11 ppm) could be found (Figure 5.18b). As expected, the ratio of BTB/BDC 

has determined to be ideal 4:3. 

Accordingly, the unit cell volumes of the three MOFs were compared for assessing their flexibility 

during the phase transition. For comparison, the unit cells of (Sc)BCN-20C and (Sc)BCN-20A were 

intentionally indexed into the lower symmetry, triclinic crystal systems. As summarized in table 5.2, 

this dynamic, self-healing phenomenon uncovered that the cell volume had been dramatically 

compressed by 30.7%. 
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Figure 5.18 (a) FTIR spectra of (Sc)BCN-20C (orange), (Sc)BCN-20C′ (cyan) and (Sc)BCN-20A (violet), 

showing the main changes at the wavenumber of 1699 cm-1. (b) 1H NMR spectra (400 MHz, DMSO-d6; top) of 

the digested (Sc)BCN-20A (black) and (Sc)BCN-20C′ (blue) and enlarged 1H NMR spectrum (bottom) of the 

digested (Sc)BCN-20A displaying the ratio of BTB and BDC. The proton signal of aldehyde groups (δ = 10.11 

ppm) was highlighted in red. (c) Negative mode ESI-MS spectrum of DMF supernatant after incubation of 

(In)BCN-20C′ in DMF for 1 week. 

Table 5.2 Comparison of the unit cell parameters of (Sc)BCN-20C, BCN-20C′ and (Sc)BCN-20A. 

MOFs a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (Å3) 

(Sc)BCN-20C 37.136 34.723 25.362 83.628 94.365 90 32406.1 

(Sc)BCN-20C′ 37.528 35.374 24.761 90 94.24 90 32780.7 

(Sc)BCN-20A 35.914 28.682 22.987 91.344 106.436 90 22704.2 

During this stepwise isoreticular contraction process, all BDC linkers traveled a distance of ∼6.4 Å 

to coordinate to the Sc3+ metal sites, shrinking one of the triangular faces of the cages from 12.2 to 6.1 

Å (Figure 5.15 and Figure 5.19). 
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Figure 5.19 Schematic and corresponding SCXRD structures of the stepwise isoreticular contraction from 

(Sc)BCN-20C (top) to (Sc)BCN-20C′ (middle) to (Sc)BCN-20A (down). 

5.3 Conclusions 

In conclusion, we have shown that the cleavage of covalent bonds within bridging organic linkers 

in an MOF can trigger a series of chemical and structural dynamic processes that drive the formation of 

an isoreticular contracted MOF. Remarkably, as the single-crystal character of the parent MOF is 

retained throughout the entire isoreticular transformation, we were able to use SCXRD to obtain 

invaluable crystallographic snapshots of the stepwise processes. Initially, applying our concept of Clip-

off Chemistry, we were able to cleave each bridging alkene-containing organic linker into two 

monocoordinated ligands via ozonolysis, thereby disconnecting two metal clusters. Among these 

monocoordinated ligands, one is terminated with a carboxylic acid group, whereas the other ends in an 

aldehyde group. As this latter ligand is weaker, we were able to decoordinate it from the metal center 
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by simply treating the MOF with DMF. This removal process conferred the structure with dynamic 

behavior that involved the migration and subsequent coordination of the other monocoordinated ligand 

with a free carboxylic acid group to the open metal site. In what we have called “self-healing behavior”, 

the metal clusters that had been disconnected during cleavage of the linker bond reconnected to form a 

new MOF isoreticular to the initial one, with a contracted structure. Thus, the complete transformation 

involves breaking of covalent bonds, breaking and formation of coordination bonds, and contraction of 

the crystal structure, with reductions in the cell volume of up to 30.7%, all occurring in a single-crystal 

to single-crystal manner. Overall, these stepwise isoreticular transformations exemplify the rich 

chemistry that can be done inside MOF pores. They also underscore the potential of Clip-off Chemistry 

(i.e., breaking of covalent bonds) to discover new phenomena in MOFs and to synthesize new MOFs 

or other materials. 

5.4 Experimental section 

5.4.1 Chemicals and methods 

Scandium(III) nitrate hydrate and indium(III) nitrate hydrate were purchased from Alfa Aesar. 4-

Carboxycinnamic acid (H2CCA) was purchased from Biosynth. 1,3,5-Tris(4-carboxyphenyl)benzene 

(H3BTB) was purchased from Chemextension. Concentrated nitric acid was purchased from Fischer 

Scientific. Toluene was purchased from Labkem. Acetic anhydride, chromium(VI) oxide, cyanuric 

chloride and NaOH were purchased from Sigma-Aldrich. Acetic acid, chloroform, N,N-

dimethylformamide (DMF), methanol, tetrahydrofuran (THF) and 4,4'-stilbenedicarboxylic acid (H2sti) 

were purchased from TCI Chemicals. All the reagents and solvents were used as received without 

further purification. The deionized water from all the aqueous solutions in the article was obtained from 

a Milli-Q® system (18.2 MΩ∙cm). 

Single-Crystal X-Ray Diffraction (SCXRD) data of (In)BCN-20B, (In)BCN-20B′, (In)BCN-20A, 

(Sc)BCN-20C, (Sc)BCN-20C′ and (Sc)BCN-20A were collected at 100 K at XALOC beamline at 

ALBA synchrotron (0.82653 Å).38 Data were indexed, integrated and scaled using the XDS program.39 

Absorption correction was not applied. The structures were solved by direct methods and subsequently 

refined by correction of F2 against all reflections, using SHELXT2018 within Olex2 package and 

WinGX (version 2021.3).40,41 All non-hydrogen atoms were refined with anisotropic thermal parameters 

by full-matrix least-squares calculations on F2 using the program SHELXL2018.42 We treated the 

presence of disordered solvent molecules in the cavities of all structures running solvent mask using 

Olex2 solvent mask or after location of the cage atoms.43,44 Hydrogens atoms were inserted at calculated 

positions and constrained with isotropic thermal parameters. 
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Powder X-ray Diffraction (PXRD) data were recorded on an X’Pert PRO MPD analytical 

diffractometer (Panalytical) at 45 KV, 40 mA using CuKα radiation (λ = 1.5418 Å). Synchrotron X-ray 

powder diffraction patterns were collected at the BL13-XALOC beamline at the ALBA synchrotron 

using a capillary of 1.0 mm inner diameter. Experiments were carried out using a monochromatic x-ray 

beam with a wavelength of λ = 0.82653 Å. Data were collected using a PILATUS 6M DECTRIS 

detector. The powder diffraction patterns were radially integrated using FIT2D program.45 

Proton Nuclear Magnetic Resonance (1H NMR) spectra were collected in a Bruker Avance NEO 400 

MHz Spectrometer at “Servei de Ressonància Magnètica Nuclear” from Autonomous University of 

Barcelona (UAB). Fourier Transform Infrared (FTIR) spectra were acquired on a Bruker Tensor 27FT-

IR spectrometer equipped with a Golden Gate diamond attenuated total reflection (ATR) cell. All 

spectra were collected neat in ambient atmosphere. Optical Microscopy images were obtained with a 

digital camera connected to a Nikon Eclipse LV100 light microscope and the software NIS-Elements F 

3.0. Electrospray Ionization Mass Spectrometry (ESI-MS) spectra were obtained in an Agilent 6210 

G1969A LC/MSD TOF mass spectrometer. All the samples were measured in the negative-ionization 

mode. Ozonolysis was carried out using an ozone generator GHBZO3-E Commercial Ozone Generator 

from ZonoSistem equipped with ozone analyzer UVOZ-1200. 

5.4.2 Synthetic procedures 

Synthesis of 4,4′,4′′-s-triazine-2,4,6-triyl-tribenzoic acid (H3TATB). H3TATB ligand was 

synthesized as reported elsewhere.46,47 1H NMR (400 MHz, DMSO-d6): δ 8.22 (d, 6H), 8.87 (d, 6 H), 

8.64 (d, 6 H), 13.36 (s, 3H) ppm. 

Synthesis of (In)BCN-20B. A mixture of In(NO3)3·xH2O (30 mg, 0.10 mmol), H3TATB (16 mg, 

0.04 mmol) and H2CCA (9 mg, 0.05 mmol) was dispersed in 3 mL of DMF in a 23 mL scintillation vial. 

The procedure was followed by addition of 0.6 mL of 3.5 M HNO3 in DMF solution. The vial was 

sealed and heated in an isothermal oven at 120 °C for 30 h. After cooling down to room temperature, 

colorless hexagon-shaped crystals suitable for SCXRD were collected by filtration and then washed 

with DMF (3 × 20 mL) for 3 days. Afterwards, the sample was exchanged by THF (3 × 20 mL) for 

another 3 days and the resulting (In)BCN-20B crystals were dried at room temperature (25 mg). 

Synthesis of (In)BCN-20B′. (In)BCN-20B′ was obtained through a solid-gas ozonolysis reaction 

using a similar procedure previously reported by our group.29,32,33 Briefly, ~25 mg of (In)BCN-20B was 

filtered and air-dried for 15 min and then packed into the plastic tube and subsequently subject to the 

ozonator setup. The concentration of ozone was set at 15 g/Nm3. The ozonolysis reaction was held for 

35 min. Afterwards, the sample was directly collected from the plastic tube. 
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Synthesis of (In)BCN-20A. (In)BCN-20A was obtained by immersion of ~20 mg of (In)BCN-20B′ 

into 2 mL of DMF for 1 week. The sample was then exchanged with THF for three times and dried (~20 

mg). 

Solvent-Assisted Linker Exchange (SALE) Experiments in (In)BCN-20B system. Note that 

these reactions were done to evaluate the possibility to replace directly the CCA linkers in (In)BCN-

20B by BDC linkers, to form (In)BCN-20A. These reactions were done by incubating (In)BCN-20B 

with a DMF solution of terephthalic acid (H2BDC), systematically changing the concentration of 

H2BDC and the temperature. Briefly, 10 mg of (In)BCN-20B crystals were soaked into the DMF 

solution containing H2BDC at different concentrations (1, 2, 4, 10, 20, 40 and 60 mM) under different 

temperatures (25 °C 65 °C and 85 °C) for 3 days. The supernatant was decanted and refreshed with the 

DMF solution of H2BDC every 12 hours. In all cases, we did not observe the transformation from 

(In)BCN-20B to (In)BCN-20A. 

Synthesis of (Sc)BCN-20C. A mixture of Sc(NO3)3·xH2O (21 mg, 0.08 mmol), H3BTB (20 mg, 

0.05 mmol) and H2sti (13.6 mg, 0.05 mmol) was dispersed in 3.5 mL of DMF in a 23 mL scintillation 

vial. The procedure was followed by addition of 0.3 mL of 3.5 M HNO3 aqueous solution. The vial was 

sealed and heated in an isothermal oven at 120 °C for 30 h. After cooling down to room temperature, 

colorless hexagon-shaped crystals suitable for SCXRD were collected by filtration and then washed 

with DMF (3 × 20 mL) for 3 days. After that, the sample was exchanged by THF (3 × 20 mL) for 

another 3 days, and the resulting (Sc)BCN-20C crystals were dried at room temperature (26 mg). 

Synthesis of (Sc)BCN-20C′. (Sc)BCN-20C′ was obtained through a solid-gas ozonolysis reaction 

using a similar procedure previously reported by our group.29,32,33 Briefly, ~25 mg of (Sc)BCN-20C was 

filtered and air-dried for 15 min and then packed into the plastic tube and subsequently subject to the 

ozonator setup. The concentration of ozone was set at 15 g/Nm3. The ozonolysis reaction was held for 

5 mins. Afterwards, the sample was directly collected from the plastic tube. 

Synthesis of (Sc)BCN-20A. (Sc)BCN-20A was obtained by immersion of ~20 mg of (Sc)BCN-20C′ 

into 2 mL of DMF for 1 week. The sample was then exchanged with THF for three times and dried (~20 

mg). 

Solvent-Assisted Linker Exchange (SALE) Experiments in (Sc)BCN-20C system. Note that 

these reactions were done to evaluate the possibility to replace directly the CCA linkers in (Sc)BCN-

20C by BDC linkers, to form (Sc)BCN-20A. These reactions were done by incubating (Sc)BCN-20C 

with a DMF solution of terephthalic acid (H2BDC), systematically changing the concentration of 

H2BDC and the temperature. Briefly, 10 mg of (Sc)BCN-20C crystals were soaked into the DMF 

solution containing H2BDC at different concentrations (1, 2, 4, 10, 20, 40 and 60 mM) under different 

temperatures (25 °C 65 °C and 85 °C) for 3 days. The supernatant was decanted and refreshed with the 
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DMF solution of H2BDC every 12 hours. In all cases, we did not observe the transformation from 

(Sc)BCN-20C to (Sc)BCN-20A. 

5.4.3 Characterization: (In)BCN-20B system 

Table 5.3 Crystal data and structure refinement for (In)BCN-20B. 

Identification code (In)BCN-20B 

CCDC Number 2264126 

Empirical formula C135H90In9N15O51 

Formula weight 3771.59 

Temperature/K 100.15 

Crystal system trigonal 

Space group      R3̅c 

a/Å 30.820(1) 

b/Å 30.820(1) 

c/Å 95.540(1) 

α/° 90 

β/° 90 

γ/° 120 

Volume/Å3 78592.5(1) 

Z 12 

ρcalcg/cm3 0.956 

μ/mm-1 1.243 

F(000) 22248.0 

Crystal size/mm3 0.1 × 0.08 × 0.08 

Radiation Synchrotron (λ = 0.82653 Å) 

2Θ range for data collection/° 2.032 to 68.158 

Index ranges -41 ≤ h ≤ 41, -37 ≤ k ≤ 37, -128 ≤ l ≤ 128 

Reflections collected 332592 

Independent reflections 20442 [Rint = 0.0565, Rsigma = 0.0212] 

Data/restraints/parameters 20442/0/652 

Goodness-of-fit on F2 1.092 

Final R indexes [I>=2σ (I)] R1 = 0.0622, wR2 = 0.2025 

Final R indexes [all data] R1 = 0.0700, wR2 = 0.2089 

Largest diff. peak/hole / e Å-3 1.44/-1.61 
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Table 5.4 Crystal data and structure refinement for (In)BCN-20B′. 

Identification code  (In)BCN-20B′ 

CCDC Number 2264123 

Empirical formula  C129H48In9N13.5O49.5  

Formula weight  3612.19  

Temperature/K  100.15  

Crystal system  trigonal  

Space group  R3̅m 

a/Å  30.8299(10)  

b/Å  30.8299(10)  

c/Å  47.5919(20)  

α/°  90  

β/°  90  

γ/°  120  

Volume/Å3  39175.0(22)  

Z  6  

ρcalcg/cm3  0.919  

μ/mm-1  1.243  

F(000)  10521.0  

Crystal size/mm3  0.1 × 0.07 × 0.07  

Radiation  Synchrotron (λ = 0.82653 Å)  

2Θ range for data collection/°  3.072 to 53.382  

Index ranges  0 ≤ h ≤ 28, 0 ≤ k ≤ 16, -51 ≤ l ≤ 51  

Reflections collected  108168  

Independent reflections  6247 [Rint = 0.1242, Rsigma = 0.0535]  

Data/restraints/parameters  6247/12/295  

Goodness-of-fit on F2  1.206  

Final R indexes [I>=2σ (I)]  R1 = 0.1061, wR2 = 0.2997  

Final R indexes [all data]  R1 = 0.1279, wR2 = 0.3275  

Largest diff. peak/hole / e Å-3  2.32/-0.95  
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Table 5.5 Crystal data and structure refinement for (In)BCN-20A. 

Identification code  (In)BCN-20A  

CCDC Number 2264121 

Empirical formula  C120H60In9N12O48  

Formula weight  3471.18  

Temperature/K  100  

Crystal system  trigonal  

Space group  R3̅m 

a/Å  28.7831(5)  

b/Å  28.7831(5)  

c/Å  47.7075(15)  

α/°  90  

β/°  90  

γ/°  120  

Volume/Å3  34228.9(11)  

Z  6  

ρcalcg/cm3  1.010  

μ/mm-1  1.419  

F(000)  10134.0  

Crystal size/mm3  0.11 × 0.09 × 0.09  

Radiation  Synchrotron (λ = 0.82653 Å)  

2Θ range for data collection/°  2.748 to 54.628  

Index ranges  0 ≤ h ≤ 27, 0 ≤ k ≤ 15, -52 ≤ l ≤ 52  

Reflections collected  99893  

Independent reflections  5836 [Rint = 0.1013, Rsigma = 0.0450]  

Data/restraints/parameters  5836/0/304  

Goodness-of-fit on F2  1.161  

Final R indexes [I>=2σ (I)]  R1 = 0.1052, wR2 = 0.2921  

Final R indexes [all data]  R1 = 0.1232, wR2 = 0.3116  

Largest diff. peak/hole / e Å-3  1.99/-0.62  
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PXRD 

 

Figure 5.20 PXRD patterns of simulated (In)BCN-20A (black) and as-made (In)BCN-20A (red). 

 

Optical microscope 

 

Figure 5.21 Comparison between the optical microscopy images of (a) (In)BCN-20B, (b) (In)BCN-20B′, (c) 

(In)BCN-20A. Scale bars: 10 μm. Note that no apparent damage of the crystals is observed during the 

transformation from (In)BCN-20B to (In)BCN-20A.  
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5.4.4 Characterization: (Sc)BCN-20C system 

 

Table 5.6 Crystal data and structure refinement for (Sc)BCN-20C. 

Identification code  (Sc)BCN-20C  

CCDC Number 2264124 

Empirical formula  C325H178N3O99Sc18  

Formula weight  6517.97  

Temperature/K  100.00  

Crystal system  monoclinic  

Space group  C2/c  

a/Å  60.2793(3)  

b/Å  34.7226(2)  

c/Å  37.1357(1)  

α/°  90  

β/°  123.5062(3)  

γ/°  90  

Volume/Å3  64811.2  

Z  4  

ρcalcg/cm3  0.668  

μ/mm-1  0.329  

F(000)  13276.0  

Crystal size/mm3  0.07 × 0.06 × 0.06  

Radiation  Synchrotron (λ = 0.82653 Å)  

2Θ range for data collection/°  1.658 to 67.832  

Index ranges  -74 ≤ h ≤ 62, 0 ≤ k ≤ 39, 0 ≤ l ≤ 45  

Reflections collected  399678  

Independent reflections  69415 [Rint = 0.0717, Rsigma = 0.0580]  

Data/restraints/parameters  69415/0/1996  

Goodness-of-fit on F2  1.072  

Final R indexes [I>=2σ (I)]  R1 = 0.0726, wR2 = 0.2328  

Final R indexes [all data]  R1 = 0.0850, wR2 = 0.2419  

Largest diff. peak/hole / e Å-3  1.72/-0.92  
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Table 5.7 Crystal data and structure refinement for (Sc)BCN-20C′. 

Identification code  (Sc)BCN-20C′  

CCDC Number 2264122 

Empirical formula  C164H92O48Sc9  

Formula weight  3235.01  

Temperature/K  100.00  

Crystal system  monoclinic  

Space group  C2/m  

a/Å  37.5283(2)  

b/Å  35.3742(3)  

c/Å  24.7609(2)  

α/°  90  

β/°  94.2397(5)  

γ/°  90  

Volume/Å3  32780.9(3)  

Z  4  

ρcalcg/cm3  0.655  

μ/mm-1  0.324  

F(000)  6596.0  

Crystal size/mm3  0.08 × 0.07 × 0.06  

Radiation  Synchrotron (λ = 0.82653 Å)  

2Θ range for data collection/°  1.918 to 62.21  

Index ranges  -46 ≤ h ≤ 46, 0 ≤ k ≤ 43, 0 ≤ l ≤ 30  

Reflections collected  189834  

Independent reflections  33389 [Rint = 0.0602, Rsigma = 0.0453]  

Data/restraints/parameters  33389/0/914  

Goodness-of-fit on F2  1.100  

Final R indexes [I>=2σ (I)]  R1 = 0.0924, wR2 = 0.2906  

Final R indexes [all data]  R1 = 0.1169, wR2 = 0.3167  

Largest diff. peak/hole / e Å-3  1.26/-0.61  
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Table 5.8 Crystal data and structure refinement for (Sc)BCN-20A. 

Identification code  (Sc)BCN-20A  

CCDC Number 2264125 

Empirical formula  C135O48Sc9  

Formula weight  2793.99  

Temperature/K  100.00  

Crystal system  trigonal  

Space group  R3̅c 

a/Å  28.6819(8)  

b/Å  28.6819(8)  

c/Å  95.6062(43)  

α/°  90  

β/°  90  

γ/°  120  

Volume/Å3  68113.4(33)  

Z  12  

ρcalcg/cm3  0.817  

μ/mm-1  0.459  

F(000)  16596.0  

Crystal size/mm3  0.06 × 0.06 × 0.06  

Radiation  Synchrotron (λ = 0.82635 Å)  

2Θ range for data collection/°  2.75 to 32.202  

Index ranges  0 ≤ h ≤ 16, 0 ≤ k ≤ 9, -63 ≤ l ≤ 64  

Reflections collected  45160  

Independent reflections  2406 [Rint = 0.1354, Rsigma = 0.1093]  

Data/restraints/parameters  2406/73/331  

Goodness-of-fit on F2  1.437  

Final R indexes [I>=2σ (I)]  R1 = 0.1343, wR2 = 0.3641  

Final R indexes [all data]  R1 = 0.1654, wR2 = 0.3940  

Largest diff. peak/hole / e Å-3  0.42/-0.31  
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PXRD 

 

Figure 5.22 PXRD of simulated (Sc)BCN-20A (black) and as-made (Sc)BCN-20A (red). 

 

Optical Microscope 

 

Figure 5.23 Comparison between the optical microscopy images of (a) (Sc)BCN-20C, (b) (Sc)BCN-20C′, (c) 

(Sc)BCN-20A. Scale bars: 10 μm. Note that no apparent damage of the crystals is observed during the 

transformation from (Sc)BCN-20C to (Sc)BCN-20A. 
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General conclusions 

This dissertation has focused on the cleavage of organic linkers containing covalent olefinic bonds 

in 3-D MOFs. If these cleavable bonds are disordered inside the structure, the hierarchically porous 

MOFs containing mesopores are able to be synthesized. If these cleavable bonds are located in an 

ordered fashion, new structures and phenomena in MOFs can be uncovered. In the latter case, we have 

dedicated to establish the basis for using Clip-off Chemistry as a new alternative synthetic strategy to 

generate new molecules and materials. 

In the first step, we have prepared a hierarchically porous UiO-type Zr-fcu-MOF and used it to 

prepare a porous motor. In particular, by mixing 4,4′-azobenzenedicarboxylic acid (H2azo; ozone-inert 

linker) with olefin-containing 4,4′-stilbenedicarboxylic acid (H2sti; ozone-active linker) at a molar ratio 

of 7:3, we successfully synthesized a microporous Zr-fcu-MOF referred to as Zr-fcu-azo/sti-30%. 

Subsequent ozonolysis treatment and acid washing of this MOF showed the complete cleavage and 

removal of all sti linkers, resulting in the fusion of micropores into mesopores within the framework. 

Thus, a hierarchically porous Zr-fcu-MOF containing 24% of mesopores has been made. Inspired by 

these created mesoporosity, our focus then shifted toward encapsulating a sizable molecule, the enzyme 

catalase (size: 6-10 nm), inside this ozonated Zr-fcu-MOF. Excitingly, the encapsulation experiments 

confirmed the presence of catalase inside the MOF, quantified by Bradford protein assay. The enzyme 

was found to be hosted in the mesopores and compartmentalized at the subsurface of the MOF crystals. 

In the presence of H2O2 as a fuel, the MOF crystals (MOFtors) exhibited a jet-like propulsion through 

enzymatic generation of O2 bubbles. Remarkably, the speed of MOFtors was able to be controlled by 

varying enzyme incubation times and H2O2 concentrations. Moreover, the remaining free space, 

encompassing both micro- and mesopores, proved useful for adsorbing additional targeted species. This 

capability was verified by testing MOFtors for the capture of rhodamine B, a common water pollutant, 

during its self-propulsion in water. 
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Next, we switch to a more controllable system, aiming to localize the olefin-containing linkers at 

precise crystallographic positions within the framework, as opposed to their random distribution. To 

this end, we extend the concept of bond breaking to reticular materials by introducing a new synthetic 

approach called Clip-off Chemistry. This strategy allows us to predict precisely the outcomes whether 

they be clusters, molecules, or new framework structures. Based on this concept, we started the first 

clip-off synthesis of a new 3-D MOF from a 3-D MOF precursor. Our focus was on a structure built 

from one type of polytopic linker that contains both cleavable and non-cleavable circuits. By selectively 

removing the cleavable circuits that involve cleavable bonds, we expected to obtain a new structure 

only built from the non-cleaved circuits. This would likely result in a potentially different topology for 

this new structure. As proof-of-concept, we chose two different 3-D MOF precursors for this study, Zr-

scu-MOF and Sc-pcu-MOF. These two 3-D MOF were constructed from the same tetratopic linker, 5-

[2-(3,5-dicarboxyphenyl)ethenyl]benzene-1,3-dicarboxylate (L2), where the olefinic groups were 

located at specific positions. Subsequent ozonolysis treatment of these MOFs triggered the disassembly 

of certain circuits of connection in their underlying nets, resulting in the corresponding topology 

transformations from (4,8)-c scu to 6-c pcu and from (4,6)-c soc to 6-c pcu. Remarkably, we 

demonstrated that bond breaking in these structures could be precisely controlled at the molecular level. 

The process was periodic, quantitative, and selective. It effectively occured in either solid or liquid 

phases and took place in a single-crystal-to-single-crystal fashion. 

 

Finally, we aim to extend the potential of clip-off synthesis from 3-D to 3-D MOFs by increasing 

the complexity of the precursor materials. In this case, our focus was on multicomponent MOFs, where 

mixed linkers are situated at distinct crystallographic positions, with the presence of (at least) one of 

these linkers containing olefinic bonds. With this in mind, we selected MIL-142 family as the ideal 

candidates which allowed us to utilize two geometrically distinct linkers, a cleavable ditopic linker and 

a non-cleavable tritopic linker, for the MOF construction based on the well-known isoreticular principle. 

Thus, we successfully synthesized two new MOFs, namely (In)BCN-20B and (Sc)BCN-20C, 
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isoreticular to MIL-142 family. By selective and quantitative cleavage of their ditopic linkers via 

ozonolysis, we were able to obtain their ozonated products, a pair of monocoordinated linkers, of which 

one was terminated with a carboxylic acid group whereas the other ended with an aldehyde group. 

Through subsequent incubation of these crystals in DMF, the latter ligand could spontaneously 

decoordinate from the metal center. This ligand removal process conferred the structure with dynamic 

behavior involving the migration and subsequent coordination of another monocoordinated ligand with 

a free carboxylic acid group to this open metal site. In what we called “self-healing behavior”, the metal 

clusters that had been disconnected during the linker cleavage, reconnected to form a new MOF that 

was isoreticular to the initial one but with a contracted structure. This stepwise isoreticular contraction 

involved a series of bond forming and breaking processes, starting with the breaking of a covalent bond, 

followed by the breaking of a coordination bond, and ultimately the formation of a new coordination 

bond. Remarkably, the overall lattice contraction in the cell volume could reach up to 30.7%. Moreover, 

considering that the single crystal character of the parent MOF was retained throughout the entire 

transformation, we were able to obtain invaluable crystallographic snapshots of the stepwise processes 

by using SCXRD. 

 

These findings presented in this dissertation demonstrate the ability of covalent bond breaking inside 

MOFs to not only offer specific “defects” for accessing new porosity profiles within the framework but 

also serve as a new strategy (Clip-off Chemistry) for synthesizing unprecedented structures or 

molecules that are hard to be achieved through conventional bottom-up methodology. It also opens new 

avenues for discovering new phenomena in MOFs. Moreover, the scope of Clip-off Chemistry extends 

beyond MOFs and can be applied to other porous materials including MOPs and COFs. This expansion 

opens up exciting avenues for designing and synthesizing limitless molecules and materials with a broad 

range of compositions, ranging from purely organic to metal-organic, and dimensionalities (e.g. 3-D to 

0-D). As a result, this approach paves the way for a vast array of possibilities in the field of reticular 

chemistry and materials science, offering new opportunities for the innovation and discovery.
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General Acronyms 

MOF Metal–organic framework 

COF Covalent–organic framework 

MOP Metal–organic polyhedra 

IRMOF Isoreticular MOF 

RCSR Reticular Chemistry Structure Resource 

3-D MOFs Three-dimensional MOFs 

SBU Secondary building unit 

MBB Molecular building block 

PSM Post–synthetic modification 

SALE Solvent–assisted linker exchange 

MTV MOFs Multivariate MOFs 

4-c 4-connected 

CLSM Confocal laser scanning microscopy 

NMR Nuclear magnetic resonance 

FESEM Field-emission scanning electron microscopy 

BET (SBET) Brunauer–Emmett–Teller surface area 

FTIR Fourier transform infrared spectroscopy 

ESI-MS Electrospray ionization mass spectrometry 

PXRD Powder X-ray diffraction 

SCXRD Single-crystal X-ray diffraction 

UV-vis Ultraviolet-visible 

DMF N,N-dimethylformamide 

DMSO Dimethyl sulfoxide 

DEF N,N-diethylformamide 

THF Tetrahydrofuran 

FTIC Fluorescein isothiocyanate 

 

Materials Acronyms 

UiO Universitetet i Oslo 

HKUST Hong Kong University of Science and Technology 

MIL Material Institute Lavoisier 

PCN Porous Coordination Network 

NU Northwestern University 

BCN Barcelona Material 
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Ligands Acronyms 

BDC Terephthalate/1,4-benzenedicarboxylate 

BTC 1,3,5-Benzenetricarboxylate 

olz (E)-5,5′-(diazene-1,2-diyl)bis(2-oxidobenzoate) 

dcpby 2,2'-bipyridine-dicarboxylate 

bpdc Biphenyldicarboxylate 

TzDB 4,4'-(1,2,4,5-tetrazine-3,6-diyl)dibenzoate 

TCPP Tetrakis(4-carboxyphenyl)porphyrin 

DPDS 4,4'-dipyridyl disulfide 

CBAB 4-carboxybenzylidene-4-aminobenzate 

TPDC Terphenyl-4,4''-dicarboxylate 

BDC-NH2 2-amino-1,4-benzenedicarboxylate 

EBDC 2-ethenylbenzene-1,4-dicarboxylate 

pdac 1,4-phenylenediacrylate 

bpdc 4,4'-biphenyldicarboxylate 

4-FBA 4-formylbenzoate 

BDC Terephthalate/1,4-benzenedicarboxylate 

sti 4,4'-stilbenedicarboxylate 

azo 4,4'-azobenzene-dicarboxylate 

CCA 4-carboxycinnamate 

NDC Naphthalene-2,6-dicarboxylate 

BTB 4,4′,4″-benzene-1,3,5-triyl-trisbenzoate 

TATB 4,4',4"-s-triazine-2,4,6-triyl-tribenzoate 

Linker L1 5-[(3,5-dicarboxyphenyl)diazenyl]benzene-1,3-dicarboxylate 

Linker L2 5-[2-(3,5-dicarboxyphenyl)ethenyl]benzene-1,3-dicarboxylate 

 

Topology Acronyms 

rht rhombicuboctahedron, triangle 

fcu face-centered cubic 

reo ReO3 

spn spinel 

hcb honeycomb 

pcu primitive cubic 
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scu square, cube 

soc square, octahedron 

nht Nguyen Ha, Nguyen Trang 

ftw four, twelve 

gea Guillerm, Eddaoudi, net A 

tbo twisted boracite 

sql square lattice 

kgm Kagomé lattice 

ths ThSi2 
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