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The present PhD Thesis has been dedicated to the design and implementation of new post-

synthetic modification techniques to porous metal-organic materials, namely Coordination 

Polymers (CPs), Metal-Organic Frameworks (MOFs) and Metal-Organic Polyhedra (MOPs), in 

order to modify their physicochemical properties to inaccessible levels by common direct 

synthesis methodologies. 

 Chapter 1 offers a brief bibliographic review of the evolution of metal-organic materials 

field, from their beginnings up to their actual applications and future perspectives. This chapter 

presents the most relevant concepts in their synthesis and their potential post-synthetic 

modification, both in the metallic nodes or in the organic linkers that assemble the framework; 

with particular emphasis on the post-synthetic methodologies exploited up to date. 

 In Chapter 2, the general and specific objectives of this Thesis are introduced. 

 Chapter 3 focuses on the post-synthetic modification of the metallic subunits of 

macrocycle-based coordination polymers. The presence of a second source of metal ions quelated 

inside the macrocyclic cavity induces a single-crystal to single-crystal phase transition in contact 

with water, obtaining a regular distribution of bimetallic paddlewheel subunits within the 

framework. Such transition is studied by single-crystal X-Ray diffraction techniques, as well as 

spectroscopic and magnetic characterization techniques. 

 Chapter 4 opens up an unexplored post-synthetic modification pathway in the MOFs 

field. Thanks to their nanoporous structure, MOFs can diffuse highly-reactive gases through their 

framework in order to modify their structure through solid-gas reactions in a matter of minutes. 

Specifically, an olefin-tagged MOF is post-synthetically modified by diffusing ozone gas through 

the porous channels of the material. The as-obtained reaction intermediate can be 

chemoselectively converted to either aldehyde or carboxylic acid groups without affecting the 

crystalline integrity of the material. The whole two-step process is characterized by Nuclear 

Magnetic Resonance (NMR) techniques, as well as single-crystal X-Ray diffraction. 

 

 In Chapter 5, the post-synthetic modification of metal-organic architectures is extended 

to zero-dimensional materials. Concretely, it is demonstrated how the surface functionalization 

of Rhodium-based Metal-Organic Polyhedra, both through coordination or covalent chemistries, 

is able to tune their solubility within a wide range of solvents, without affecting the scaffold’s 

integrity. This post-modification opens up new pathways for exploiting these materials. Because 

of their finite structure, MOPs can be seen as stoichiometrically-functionalized nanoparticles with 

tunable solubility. 
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 Finally, Chapter 6 focuses on expanding the available roster of Rh(II)-based MOPs, given 

the awaken potential aroused in Chapter 5. Through a two-step protection/deprotection strategy, 

two unprecedented Rh-MOPs with 24 free carboxylate or amino groups on their periphery are 

synthesized.  Both groups arguably present one of the richest chemistries in coordination and 

covalent chemistry, respectively, thus opening new pathways and frontiers towards the 

application of these materials. 
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Resumen 

 
La presente Tesis Doctoral está dedicada al diseño e implementación de nuevas técnicas de 

modificación post-sintética en materiales porosos metal-orgánicos, tanto polímeros de 

coordinación (CPs), redes metal-orgánicas (MOFs) o poliedros metal-orgánicos (MOPs), con el 

fin de modificar sus propiedades fisicoquímicas a niveles inaccesibles a través de síntesis directa. 

 En el Capítulo 1 se ofrece una revisión bibliográfica de la evolución del campo de los 

materiales metal-orgánicos, desde sus inicios hasta su actual aplicación y perspectivas de futuro. 

El capítulo presenta los conceptos más relevantes durante el diseño, síntesis  y la potencial 

modificación post-sintética de dichos materiales, ya sea en sus nodos metálicos o en los ligandos 

orgánicos que unen la red; enfatizando en las metodologías post-sintéticas explotadas hasta la 

fecha y su potencial. 

 En el Capítulo 2 se introducen los objetivos generales y específicos de esta Tesis. 

 El Capítulo 3 se centra en la modificación post-sintética de los nodos metálicos de 

polímeros de coordinación basados en ligandos macrocíclicos. La presencia de una segunda 

fuente de iones metálicos quelatados en la cavidad del macrociclo induce una transición de fase 

de monocristal a monocristal en contacto con agua, obteniendo una distribución regular de nodos 

bimetálicos “paddlewheel” a en la red. Dicha transición se estudia a través de difracción de rayos-

X de monocristal, así como técnicas espectroscópicas y magnéticas. 

 El Capítulo 4 abre una nueva vía de modificación post-sintética inexplorada en el campo 

de los MOF. Gracias a su estructura nanoporosa, es posible difundir gases altamente reactivos a 

través del interior del material y modificar su estructura a través de reacciones sólido-gas en 

cuestión de minutos. Específicamente, se modifica post-sintéticamente un MOF con grupos 

olefina distribuidos en sus canales porosos difundiendo gas ozono a través del material. El 

intermedio de reacción obtenido puede ser convertido quimioselectivamente a grupos aldehído o 

carboxilato sin afectar la integridad cristalina del material. Todo el proceso es caracterizado 

profundamente a través de técnicas de Resonancia Magnética Nuclear, así como con difracción 

de rayos-X de monocristal. 

 En el Capítulo 5, se extiende la modificación post-sintética de materiales metal-orgánicos 

a materiales cero-dimensionales. Concretamente, se muestra que la funcionalización superficial 

de poliedros metal-orgánicos de Rodio (II), tanto por química de coordinación como química 

covalente, es capaz de modificar su solubilidad a un gran abanico de disolventes sin afectar a su 

integridad. Esta post-modificación abre nuevas vías de explotación de estos materiales, ya que al 
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ser estructuras finitas, pueden ser utilizados como nanopartículas con funcionalización 

estequiométrica con solubilidad tuneable. 

 Finalmente, el Capítulo 6 se focaliza en expandir el catálogo de poliedros metal-orgánicos 

de Rodio disponibles, debido al gran potencial despertado en el Capítulo 5. Gracias a un proceso 

en dos pasos de protección/desprotección, es posible sintetizar poliedros de Rodio con 24 grupos 

carboxilato o amina disponibles en la superficie del material. Estos grupos presentan 

presumiblemente una de las químicas más ricas en los campos de coordinación y covalente, 

respectivamente, abriendo nuevos caminos y fronteras en la aplicación de estos materiales. 
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1.1. Introduction 

For centuries, humanity has been captivated by their surroundings, focused in understanding and 

taking benefit of all things in their vicinity. Such vivid curiosity and endless seek of wisdom, 

either for intellectual reasons or for selfish benefit, has motivated scholars and fanatics equally to 

a continuous competition in the manipulation, purification and sophistication of the ‘useless’ 

matter from their environments into something profitable. In this race, observation and knowledge 

proved to be the key to success. In the early Middle Age, alchemists spent hundreds of years 

chasing the dream of Chrysopoeia (that is, the art of converting heavy metals into gold) with 

exhaustive (and sometimes esoteric) efforts in bypassing the principles of mass conservation. 

Such narcissistic belief of breaking the ‘laws’ of Nature, while futile and utopic, ended up leading 

to the discovery of several elements, purification steps and chemical transformations that heavily 

contributed in developing the basis of what we know today as Chemical Composition.1,2 Likewise, 

practical alchemy further proved how the modification of such chemical composition (or as they 

called, Transmutation) could densely influence the toughness, flexibility, colour or even 

flammability of every element and their alloys.   

 Nowadays, it is widely known that the physical properties of a molecule/material are 

directly correlated to its chemical structure; following the “function follows form” rule.3 The more 

our knowledge expanded to the atomic level, the more plausible every chemical transformation 

became,4 to the point of bringing dreams from another age to life.5,6 For this, the way scientists 

can manipulate and control compositional outcomes on a small scale has unveiled an enormous 

range of exploitable physicochemical properties that permit the creation of smart materials with 

highly specific functions.7 This has become more evident the more the knowledge of the 

nanoscaled world has advanced, where bulk properties become less relevant and surface 

phenomena arise in influence.8,9 At this point, researchers observed that physicochemical 

properties are not only dependent on the chemical composition, but also on their conformational 

order within the material. Indeed, atomic rearrangement processes without altering the overall 

chemical composition can reveal structuration-directed physicochemical properties.10,11 

 One cannot address structuration-directed properties without talking about porous 

materials,12,13 clearly a perfect example of the axiom “function follows form”. Porous materials 

present intrinsic accessible cavities that gave them a spotlight in applications involving molecular 

separation, adsorption and capture of metal ions, among others.14 Recently, a new trend has 

awakened in the porous materials field, as scientists developed rational design strategies for 

obtaining regular pore sizes, shapes and inner volumes.15–18 Among them, the field of Porous 

Coordination Polymers (PCPs),19–21 including Metal-Organic Frameworks (MOFs),22 received 

particular interest as they blend the properties of inorganic ions/clusters and the rich chemistry of 
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organic linkers. Thus, their properties can be predicted and tuned by a careful selection of the 

building blocks used.23–25 Such structural flexibility and their regularly-shaped pore channels 

confer MOFs with a virtually infinite range of physical and chemical properties, which makes 

them suitable candidates in myriad applications such as gas storage,26 catalysis27,28 or drug 

delivery,29 among others. 

 

1.2. Metal-Organic Frameworks 

According to the official definition from the International Union of Pure and Applied Chemistry 

(IUPAC), a MOF is defined as follows: “A metal–organic framework, abbreviated to MOF, is a 

coordination network with organic ligands containing potential voids”.30 In other words, MOFs 

are porous materials assembled from inorganic ions or clusters and organic molecules linked by 

coordination bonds.31,32 There is still nowadays strong controversy regarding this definition, as 

the words “coordination networks” do not imply three-dimensional extension, crystallinity, nor 

accessible voids. Nevertheless, a huge portion of the community agrees that MOFs represent a 

rather small section within the more general Porous Coordination Polymer field, that specifically 

englobes bi-dimensional (2D) and three-dimensional (3D) extended crystalline frameworks that 

present accessible microporosity upon evacuation of the inner cavities.33 For this, this Thesis will 

explicitly use the acronym MOF to refer to such kind of materials, and will use PCPs accordingly 

when not every condition is fulfilled.  

 It is precisely this permanently accessible microporosity that has attracted several fields 

to MOF research.34 Such interest can be perfectly embodied with the over 75,600 entries present 

in the Cambridge Structural Database (CSD) with the MOF tag over the last 20 years,35,36 not 

including those without a properly refined crystalline structure. The crystallinity of MOFs arises 

from the dynamic nature of the coordination bonds that assemble the framework. Coordination 

 

Figure 1.1. Schematic representation of the assembly of Metal-Organic Frameworks. 
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bonds present a dual behaviour where they are reversible enough to correct potential structural 

framework defects, but still robust to stand the porous framework upon desolvation. For this, 

MOFs are typically synthesised under aggressive solvothermal conditions (incorporating either 

acidic or basic agents accordingly) in order to awake the dynamic behaviour of their coordination 

linkages.37 

1.2.1. Historical overview 

The discovery of MOFs emerged as a direct consequence on the expansion of control and 

understanding of the synthesis of coordination polymers (CPs). In the early 90s, Robson and 

Hoskins pioneered the field by rationally designing the formation of extended networks by a 

careful assembly of what they referred as secondary units.38 Taking into account common 

coordination environments adopted by metal ions and the directionality that organic linkers offer, 

both coworkers depicted a rational assembly of inorganic-organic subunits as long as the 

periodicity and symmetry of the final framework allows it. Like so, the first periodic 3D 

framework was successfully synthesised by mixing tetrahedral Cu(I) centers with the tetrahedral 

ligand tetra(4-cyanophenyl)methane. The as-obtained framework presented a diamond-like 

structure with large ordered adamantine-like cavities (Figure 1.2).39 In the same decade, Yaghi 

and coworkers reported the first coordination framework to be called MOF in the literature by 

synthesising another diamond-like structure through the assembly of the rigid linker 4,4’-

bipyridine (4,4’-bpy) with Cu(I) ions, with free NO3
- ions accommodated within the porous 

cavities balancing the charge of the framework (Figure 1.3).31 

 

Figure 1.2. Diamond-like framework assembled through Cu(I) tetrahedral subunits linked by tetrahedral TCTPM 
Organic linkers. Colour code: Cu (blue), C (grey) and N (green). 
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 Both works laid the foundation of a sequential discovery of several 3D coordination 

architectures by exploiting the rich chemistry both inorganic and organic subunits had to offer.40 

Not only the design of open-framework materials that could be predicted prior-synthesis was 

attractive, but also the physicochemical properties that aroused from such architectures. In this 

sense, Fujita and coworkers exploited for the first time the use of two-dimensional CPs with open 

channels as potential heterogeneous catalysts.41 Through the assembly of the rigid 4,4’-bipyridine 

(BIPY) linker with Cd(II) ions, a new framework catalytically active to the cyanosilylation of 

aldehydes and chlatration of dihalobenzenes was reported (Figure 1.4).  

 In general, this first generation of “MOFs” shared a lack of permanent porosity due to 

poor stability on their evacuated state. The presence of charge imbalances within the framework’s 

backbone, together with the fragility of the metal-linker bond did not afford successful surface 

area measurements until 1997, where the first evidence that MOF can indeed show permanent 

porosity was reported.42 

 

Figure 1.4. Schematic representation of [Cd(BIPY)2(NO3)2] and how dihalobenzenes get accommodated within the 
porous cavities. Colour Scheme: Cd (blue), C (gray), N (green), O (red), Br (brown). 

 

Figure 1.3. Schematic representation of MOF-1 ([Cu(BIPY)1.5(NO3)]). Colour code: Cu (blue), C (gray) and N 
(green). 

 

 

 



Chapter 1 

17 
 

 

 One year later, Yaghi and coworkers offered an alternative pathway to overcome the 

limitations of these first-generation materials by combining anionic deprotonated linkers with 

metallic ions, granting extra robustness to the bridging links. Thanks to the use of the 

polycarboxylic linker 1,4-benzenedicarboxylic acid (terephthalic acid, H2BDC), a neutral 

framework of formula Zn(BDC)(DMF)(H2O), named MOF-2, was obtained (Figure 1.5, top). The 

deprotonation of H2BDC under basic solvothermal conditions allowed the network extension 

through bimetallic Zn-Zn paddlewheel subunits, without any counterions inside its cavities. 

Therefore, upon evacuation of the trapped solvent molecules, MOF-2 reported a specific 

Brunauer-Emmett-Teller (BET) surface area value of SBET = 270 m2·g-1.43  

 The publication of MOF-2 was a huge milestone in the MOF field, as it showed how the 

use rigid coordination clusters, instead of simple metallic ions, was the ideal building strategy in 

MOF design with accessible porosity.19 The majority of MOF papers reported afterwards 

followed the approach of using polycarboxylic linkers, and some of these structures are still 

relevant nowadays due to how their porous properties stand.44 Specifically, two key porous MOFs 

were synthesised following Yaghi’s path, known as HKUST-1 ([Cu3BTC2(H2O)2], where BTC= 

1,3,5-benzenetricarboxylic acid), a 3D lattice assembled from Cu(II)-based paddlewheel clusters 

and a trigonal linker (Figure 1.5, bottom);45 and MOF-5 ([ZnBDC(DMF)(H2O)], where BDC = 

1,4-benzenedicarboxylic acid), a 3D framework built through H2BDC linkers combined with 

Zn(II) octahedral clusters (Figure 1.5, middle).46 Surface area measurements of both HKUST-1 

and MOF-5 greatly surpassed those given by the most prevalent competitors at the time, zeolites, 

with surface area values of 692 m2·g-1 (later increased up to 1,800 m2·g-1 under better activation 

conditions47) for HKUST-1 and 2,900 m2·g-1 for MOF-5. 

 Soon, it became clear how the complex inorganic clusters that could potentially extend 

MOF frameworks required rationalisation. Inspired by the work of Robson, Yaghi et. al. 

introduced the concept of Secondary Building Unit (SBU) in order to elucidate MOF topologies.48 

SBUs are defined as rigid directional clusters of metallic ions linked by rigid organic linkers 

(generally carboxylic acid linkers) that could potentially lead to extended MOF frameworks with 

structural stability and periodicity. A rational linkage of SBUs lead to the development of the 

Reticular Chemistry field, or “the chemistry of linking molecular building blocks by strong bonds 

intro crystalline extended structures”.49 In other words, reticular chemistry is a prediction science 

which aims to design, orient and interlink porous subunits by precisely arranging SBUs with 

linkers of predefined directionality and length. In practice, for any given structure, increasing the 

linker length (and therefore the distance between SBUs) should keep the same SBU (and hence 
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the structural topology of the framework) while expanding the free volume of its cavities. The 

first example of “Reticular Expansion” of MOFs was postulated by Yaghi and coworkers by 

reporting up to 16 isoreticular MOFs (IRMOF) that shared a common cubic topology. By 

alternating either the pendant functionalities or the length of the organic linker, the pore size of 

the framework could be increased from 3.8 to 28.8 Å without affecting the primitive lattice 

 

Figure 1.5. Schematic representation of the neutrally-charged MOF-2 (top), MOF-5 (middle) and HKUST-1 
(bottom). Colour scheme: Zn/Cu (blue), C (gray), O (red). Hydrogen atoms omitted for clarity. 
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(Figure 1.6). Additionally, the pores’ functionality could be tuned by replacing BDC linkers with 

its functionalised counterparts.50  

 Reticular chemistry has proven to be one of the most powerful tools in the design and 

synthesis of new MOF frameworks, and it’s still a relevant topic nowadays.51–53 After bringing 

most of the regular (edge-transitive) possible topologies to life experimentally, researchers are 

moving to more unorthodox techniques for deepening the scope of reticular chemistry (bended 

ligands, merged frameworks, etc.) and expand the horizons for the application of these materials.54 

 

Figure 1.6. Schematic representation of the IRMOF series, obtained by Reticular Synthesis. 

 

1.3. Applications of Metal-Organic Frameworks 

MOFs have proven to be excellent candidates for multiple applications thanks to the exceptional 

properties they can intrinsically provide, such as microporosity, potential open-metal sites or 

structural/compositional flexibility, but also potential electronic,55 magnetic,56 optical57 and 

hydrophobic/hydrophilic properties58 derived from the building blocks used. The combination of 

these attributes opened up application pathways in the fields of gas storage/separation, catalysis, 

molecular separation, or drug delivery systems, among others (Figure 1.7). This section will 

provide a brief insight on the most relevant applications.  
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1.3.1. Gas storage and separation 

Energy management has become a global concern in the recent years. The inevitable drought of 

fossil fuels has made consumers to turn the gaze to other greener, exploitable energy resources. 

Among them, hydrogen and methane have aroused as the most attractive alternatives, but their 

exploitation demands herculean efforts on safe and efficient storage methodologies. In this sense, 

MOFs are very attractive adsorbents for many gas molecules due to their high specific surface 

area. Therefore, their potential has been thoroughly studied in the literature, and briefly explained 

in the sections below. 

1.3.1.1. Hydrogen storage 

Because of its abundance, non-hazardous combustion pathways (mostly forming water as 

byproduct) and high energy density, H2 is an excellent replacement as an energy source for fossil 

fuels and coal. However, its major drawbacks derives from its extremely poor energy density on 

a volumetric mass (8.0 MJ·L-1 versus 32.0 MJ·L-1 from gasoline), which implies that 1 Kg of 

liquefied H2 requires over 11,500 L at room temperature. To this end, hydrogen storage requires 

the use of pressurised tanks at the pressure range of 700 bar, thus being neither practical nor safe.59 

In these sense, MOFs can overcome this limitation due to their high intrinsic surface area and 

their ability to store pressurised gas through physisorption phenomena. Additionally, MOFs 

provide relatively fast adsorption/desorption cycles, drastically reducing the required pressure and 

Figure 1.7. Applications of Metal-Organic Frameworks, ranging from energy storage, gas separation, catalysis, water 
capture and biomedical applications.179 
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energy.60 As mentioned in previous sections, the presence of open-metal sites within the MOF 

backbone also improves their H2 storage capabilities, through dipole interactions.  

 As an example, the ultra-highly porous MOF NU-100 ([Cu3(L)(H2O)], where L= 1,3,5-

tris[(1,3-carboxylate-5-(4-ethynyl)phenyl))ethynyl]-benzene) and with SBET value of 6,143 

m2·g-1, exhibits the highest H2 storage at 77 K and 56 bar, with values of almost 100 mg·g-1 (Figure 

1.8).61 Later, Zhou et. al. proved how the presence of catenation within the organic linker can 

have strong synergy towards hydrogen storage within the MOF framework. As a proof of concept, 

they synthesised two isostructural MOFs (PCN-6, catenated and PCN-6’, non-catenated; 

[Cu3(TATB)2], where TATB= 4,4',4"-s-triazine-2,4,6-triyl-tribenzoic acid) and measured their 

sorption capabilities. As expected, the catenated PCN-6 exhibited almost a 72% increase on stored 

hydrogen (72 mg/g (6.7 wt %) at 77 K/50 bar or 9.3 mg/g (0.92 wt %) at 298 K/50 bar versus 42 

mg/g (4.0 wt %) at 77 K/50 bar or 4.0 mg/g (0.40 wt %) at 298 K/50 bar).62 Still, practical 

applications of MOFs in the field are almost inexistent due to not meeting the Department of 

Energy (DOE) storage targets (45 mg/g at ambient temperature (-20 ºC to 40 ºC, with a max. 

pressure of 12 bar63) and their elevated synthetic costs. 

1.3.1.2. Methane storage 

Despite not being as eco-friendly as hydrogen combustion, methane is still considered a green 

energy source that could serve as replacement for fossil fuels, mainly because of its low CO2 

production during combustion. While not as extreme as H2, CH4 application gets hindered due to 

its low energy density. Therefore, adsorbent materials such as MOFs can provide storage 

conditions at room temperature and relatively low pressures, not possible to be achieved by 

common compressing methods.  

 

Figure 1.8. Schematic representation of the crystalline structure of NU-100 ([Cu3L(H2O)]) (left) and its experimental 
H2 adsorption isotherms (black circles) at high pressure and 77 K (right). 
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 MOFs have already proved their excellent capabilities in CH4 storage in comparison with 

empty tanks.64 Among many others, HKUST-1 ([Cu3BTC2], where BTC = 1,3,5-

benzenetricarboxylic acid) has been one of the most widely studied MOFs, showing exceptionally 

high volumetric methane storage that fulfils the requirements of DOE standards (35 bar, RT, 180  

cm3/ cm3),65 with values of up to 270 cm3 CH4/cm3
 at 65 bar and 298 K (Figure 1.9).66,67 From a 

mechanistic point of view, the high uptake capabilities of HKUST-1 can be attributed to a 

synergistic effect with the unsaturated open metal sites and the strong interaction of CH4 

molecules with the oxygen atoms within the octahedral cages of the MOF.68 Besides HKUST-1, 

several other MOFs have demonstrated outstanding storage capabilities, such as MOF-905 

(Zn4O(BDC)(BTAC)4/3, BDC = 1,4-benzenedicarboxylic acid, and  BTAC = benzene-1,3,5-tri-β-

acrylic acid): 203 cm3·cm-3 at 64 bar; NOTT-100 (Cu2BPTC, where BPTC= Biphenyl-3,3′,5,5′-

tetracarboxylic acid): 230 cm3·cm-3 at 65 bar; and UTSA-20 (Cu3BHB, where BHB= 

3,3′,3′′,5,5′,5′′‐benzene‐1,3,5‐triyl‐hexabenzoic acid): 230 cm3·cm-3 at 65 bar.69 

1.3.1.3. Carbon dioxide sequestration 

Outside from storage opportunities on the energetic field, adsorbent materials have proven their 

strengths in atmospheric pollutant sequestration. In particular, MOFs have demonstrated to be 

efficient materials for carbon dioxide capture at both high and low pressure values. Yaghi and 

coworkers reported how the highly porous MOF-177 ([Zn3BTB2], where BTB= 1,3,5-tris(4-

carboxyphenyl)benzene) with BET surface area = 4,500 m2·g-1 is able to reversibly adsorb up to 

33.5 mmol CO2·g-1 at 35 bar, thus meaning that its implementation to an empty storage cylinder 

 

Figure 1.9. Schematic representation of the crystalline structure of HKUST-1 ([Cu3(BTC)2]) (left) and its experimental 
CH4 adsorption isotherms at different temperatures (right). 
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increases its capacity over 9 times.70 Up to date, the highest reported CO2 capture values are found 

on MOF-210 ([Zn4O(BTE)4/3(BPDC)], where BTE= 4,4′,4″-[benzene-1,3,5-triyl-tris(ethyne-2,1-

diyl)]tribenzoate, BPDC= biphenyl-4,4′-dicarboxylate), with sorption capabilities up to 65.0 

mmol CO2·g-1 at 50 bar, being the highest value reported at high pressures so far.71 

 

Figure 1.10. (a) Crystallographic structure of Mg-MOF-74, in which the interaction of CO2 molecules with unsaturated 
Mg(II) ions is shown (left) and its covalent interactions with mmen molecules to enhance CO2 sorption capabilities 
(center).72 (b) Schematic of the interaction of CO2 molecules with the unsaturated metal centers. Colour Scheme: Mg 
(purple), O (red) and CO2 (green).73 

 

 At low pressures, the chemical composition of the framework gains significant 

importance, deeply relying on pore size and chemical affinity towards CO2. One again, 

unsaturated Lewis sites play an important role in gas storage, as these coordination centers can 

act as binders through dipolar interactions. As an example, Mg-MOF-74 ([Mg2(DHTP)], where 

DHTP= 2,5-dihydroxy-1,4-benzenedicarboxylic acid), reported by Deng et. al. presents up to 

27.5 wt% at room temperature and 1 bar thanks to the unsaturated Mg ions in its channels.74,75 

Additionally, the chemical affinity of MOFs towards CO2 can further be expanded by introducing 

functional groups or bonds amenable to H-bonding interactions. Like so, Hong, Long et. al. 

incorporated pendant dimethylethyldiamine (mmen) pending chains inside an isoreticular MOF-

74 channelled structure (Figure 1.10). Through this, its CO2 adsorption capacity skyrocketed up 

to 15 times its values without functionalisation. Remarkably, the material showed excellent 

selectivity and cyclable recovery towards CO2, even under high humidity conditions.72 

1.3.1.4. Molecular separation 

The separation of hydrocarbon mixtures has traditionally been one of the most important 

processes in industry, as phase purity is essential in sophisticated chemical procedures. For 

example, most C4 hydrocarbons are obtained as byproducts of ethylene production or oil refining, 

thus complex and energy-intensive separation schemes are required for their isolation. Recently, 
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MOFs have been presented as attractive alternatives in this process. Benefiting from the rational 

design and precise control over pore accessibility and polarisation that MOFs offer, the molecular 

separation field has advanced significantly in an energy efficient and green fashion. Several 

examples of MOF-based separation processes can be found in the literature, all of them appealing 

to rationalised size-exclusion, “clustering” and chemoselective pathways. Long et. al. examined 

recently this approach by examining the adsorption behavior of 1-butene, cis-2-butene and trans-

2-butene in M-MOF-74 derivatives (M = Mn(II), Fe(II), Co(II), Ni(II)), which all contain high 

density of coordinatively-unsaturated M(II) sites. The authors spotted that both Co(II) and Ni(II)-

based MOFs were able to separate 1-butene from the 2-butene isomers, a critical industrial process 

that until now relied largely on energetically demanding cryogenic distillation.76 Presumably, 1-

butene selectivity is traced to the high charge density retained by the M(II) metal centers.  

1.3.2. Catalysis 

The adjustable chemical composition that inorganic and organic subunits offer combined with the 

virtually infinite combinations available make MOFs attractive materials for catalytic 

applications.27 In fact, MOFs have crossed a barrier in the field, as they essentially are able to 

combine multiple well-defined heterogeneous catalytic centers within a single material.77 

Additionally, the edge advantage of using MOFs over other non-structured catalytic supports is 

the size-exclusion phenomena derived from MOF pore windows, opening new size-dependant 

discrimination pathways.78  

 To date, several strategies have been employed to design MOFs as efficient catalysts, 

including unsaturated metal nodes, functionalised linkers, defective MOFs and using MOFs as 

inert supports for other active catalytic species.79,80 The first and most forward approach consists 

on exploiting the unsaturated open-metal sites presents in several MOF clusters as potential Lewis 

acid catalysts. For this, reactions that require Lewis acid catalysts (i.e. acetylation of aldehydes, 

cyanosilylation reactions, oxidations or cycloadditions) are the most suitable for the exploration 

of MOFs in the field. For example, the open Cu(II) sites in HKUST-1 have proven to be excellent 

heterogeneous Lewis centers for several reactions, including isomerisation and cyclisation of 

terpenes.81 Another example comes after exploiting Cr3+ or Fe3+ centers presents in MIL-101 

([M3O(BDC)3(H2O)2], where M= Cr(III)/Fe(III)) in cyanosilylation pathways.82 The more 

experience the field was getting, the more sophisticated this catalytic processes became, up to 

conversion levels of 98 % in relatively short reaction times (Figure 1.11, left). Additionally, 

researchers have developed alternative methodologies based on defect inductions in order to 

unveil open-metal sites in frameworks with saturated clusters. As an example, mono-coordinating 

acid agents such as trifluoroacetic acid have been used to partially remove the organic linkers on 
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USTC-253 ([Al(OH)(SBPDC)], where SBPDC= 4,4′‐dibenzoic acid‐2,2′‐sulfone) generating 

open Lewis vacancies.83 

 The second alternative consists on taking advantage of the organic linkers to incorporate 

catalytic moieties in the MOF backbone, either by directly using catalytically active ligands 

during the synthesis, or by post-synthetic covalent anchoring (see Section 1.4.1.2). One smart 

example was presented by Zhou and coworkers, who structured porphyrin-based linkers into a 

3D extended MOF, where the porphyrin moiety was able to coordinate metal species which 

proved to be catalytically active. Additionally, the structuration within a MOF framework 

hindered as well any potential pi-stacking quenching phenomena directly related to porphyrinic 

species, thus improving its catalytic activity.84 Not only metal-supporting moieties have been 

introduced to MOFs, but also organocatalytic groups. Squaramide moieties, known to be 

amenable to self-quenching through H-bonding interactions,85 have been structured in MOFs in 

two different fashions. Initially, Mirkin et. al. incorporated a bis-(trifluoromethyl)phenylsquaric 

acid into the Zr(IV)-based UiO-67 MOF (Zr6(O)4(OH)4(BPDC)6, where BPDC= biphenyl-4,4′-

dicarboxylate) as a side-chain within the aromatic backbone (Figure 1.11, right). Even though 

porosity values were drastically reduced, this approach proved to dramatically increase Friedel–

Crafts reaction yields between indole and β-nitrostyrene moieties, whereas free squaramide 

derivatives did not show catalytic activity.86 Later, the same moiety was incorporated within the 

organic backbone of several MOFs, thus not partially blocking the porous channels and improving 

the overall catalytic activity.87–89  

 Finally, MOFs can be used in catalysis as an inert support for highly-sensitive catalytic 

particles. Inorganic Nanoparticles (INPs) are well known catalytically active materials that suffer 

from major drawbacks;90 (i) gradual decrease in their activity due to self-aggregation phenomena 

and irreversible precipitation; (ii) their nanoscopic size and homogeneous dispersion in practically 

 

Figure 1.11. Schematic illustrations showing the two main approaches for exploiting MOFs in catalysis field: taking 
profit of unsaturated open-metal sites/embedded INPs as Lewis catalysts (left) and structuration of organic moieties 
within the MOF linkers (right).  
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every solvent precludes the recovery of the catalyst from the reaction media and therefore their 

recyclability. For this, the practical use of INPs requires nanostructuration, typically achieved by 

anchoring on inert solid substrates.91 To this end, MOFs represent robust candidates that offer 

high surface areas and discriminative pore-windows, boosting and complementing their catalytic 

properties. To date, several MOF@INP composites have been shown as efficient catalysts for key 

reactions, such as CO oxidation, hydrogenation, alcohol oxidation and even C-C couplings.92 As 

an example, Xu and coworkers successfully immobilised active Pt nanoparticles within the 

cavities of Cr-MIL-101 by diffusing the precursor H2PtCl6 through the 1.2 and 1.6 nm pore 

windows, followed by in situ reduction with NaBH4. The as-obtained composite proved to be 

active to CO oxidation, starting from 100 ºC up to quantitative conversions at 180 ºC.93  

 Remarkably, MOFs have recently become powerful tools in the catalysis field in a way 

completely different to the ones presented above. Due to their crystalline nature, MOFs have 

proven to be of invaluable help to elucidate catalytic reaction intermediates by single-crystal X-

Ray diffraction (SCXRD). When a catalytic reaction (either intrinsically catalysed by the MOF 

itself or by external agents) is performed inside the pore channels of a MOF, either metastable 

reaction intermediates, products or unprecedented catalyst conformations can be kinetically 

trapped within the framework, and their crystalline structure can be elucidated at atomic level by 

SCXRD. Beautiful examples are included in recent work of Sumby, Doonan and coworkers 

(Figure 1.12). By using a low-symmetry Mn(II)-based MOF of formula [Mn3(L)2(L′)], where L 

= bis(4-(4-carboxyphenyl)-1H-3,5-dimethylpyrazolyl)methane and L′= bis(3,5-dimethylpyrazol-

1-yl)methane. The same MOF platform, loaded with Mn(I) open metal sites to L’ unsaturated 

centers, was used to register the atomic structure of both reagents and products of azide-alkyne 

cycloaddition reactions.94,95 

 

Figure 1.12. (a) View of Co-loaded [[Mn3(L)2(L′)] along the c axis showing the primary coordination sphere of the 
octahedral Co(II) centre (left) and structure of [[Mn3(L)2(L′)]with a four-coordinate Co(II) centre composed of the di-
pyrazole site of [[Mn3(L)2(L′)] and two chloride anions (one of two chemically identical but crystallographically 
independent centres shown (right). Inset: single crystal optical pictures. (b) Schematic showing the structural 
elucidation by SCXRD of click chemistry reagents, intermediates and products. 

1.4. Post-synthetic modification of Metal-Organic Frameworks 
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Excluding applications related to gas sorption/separation, the application of MOFs in other fields 

of interest deeply relies on the development of MOFs with complex chemical functionalities that 

can transmit useable physical and chemical properties to the material.23 While in principle a 

careful selection of the building blocks used may allow the introduction of virtually any functional 

group to the porous matrix, the preparation of MOFs with highly-complex chemical structure is 

harmfully hindered by the limited solvothermal conditions required for MOF synthesis. In 

practice, the theoretical catalogue of usable organic ligands cannot incorporate functionalities that 

are even moderately sensitive to temperature, pressure, strong acid or basic median and free metal 

ions. In any of these cases, the formation of a MOF will certainly get hindered, or even completely 

frustrated. Sadly, almost every “chemically-interesting” functionality will fall in at least one of 

these categories. Fortunately, older material fields suffered the same obstacles, and overcame 

these limitations by incorporating the target functionalities post-synthetically (that is, performing 

modifications to a pre-synthesised material) in a second step.96 The post-synthetic modification 

(PSM) of MOFs could indeed offer an attractive alternative pathway to surpass exposing our 

target moiety to the aggressive MOF synthetic conditions. Unlike other porous materials, MOFs 

contain organic molecules as monomers, and those are still active towards organic chemical 

reactions.97 Luckily, organic chemistry as a field has grown around exploiting these delicate 

functionalities, and thus developed mild reaction conditions for practically every coupling.  

 

Figure 1.13. The history of development in PSM on MOFs with some representative works of the past decade. 

 In recent years, the field of PSM has gained a lot of attention within the MOF community. 

PSM is defined as a process by which a primitive preformed framework is transformed into a new 

MOF without affecting its crystalline integrity. Through this strategy, PSM allows the formation 
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of MOFs which cannot be obtained by direct synthesis. If robust functional groups (such as 

amines or phenols) that do not interfere in the MOF formation can be incorporated inside the 

pores during solvothermal synthesis, those can be later tagged by applying the principles of 

organic chemistry.98 Not only can the organic linkers be modified, as the dynamic nature of MOFs 

coordination linkages allows the substitution of its metal ions/clusters.99 PSM demonstrated to be 

an efficient and flexible tool to alter the structure and properties of MOFs, as MOFs that are 

obtained via PSM will typically present different physical/chemical properties from the starting 

parent material. These might include surface area, catalytic centers, 

hydrophobicity/hydrophilicity and selective affinity towards certain gases.100,101 Thus, the 

properties of MOFs can not only be tuned during the initial selection of subunits, but it is also 

possible to tune their properties by introducing specific functionalities in sequential steps. A huge 

arsenal of characterisation techniques is available to follow the evolution of MOFs and their PSM 

(See Section 1.6) thanks to the hybrid nature of the materials and long-range structural order.  

 Post-synthetic modification methodologies can be divided into different categories, 

according to the chemistry by which the transformations take place. The most used methods are 

briefly described below. 

 Post-synthetic ligand modification (PSLig). The focus of this pathway aims at 

exploiting the latent functionalised organic linkers within the framework, by means of 

organic chemistry. This pathway includes covalent anchoring (Dative PS) or 

thermal/photoinduced transformation of labile groups (PS Transformation).  

 

 Post-synthetic ligand exchange/insertion (PSLE/PSLI). Another way of modifying 

the chemical composition of a MOF consists on exchanging its bridging ligands thanks 

to the dynamic behaviour of M-COO bonds. When the added linker does not displace 

any parent linker, but instead occupies defective vacancies, a ligand insertion step is 

produced. 

 

 Post-synthetic metalation (PSMet). This methodology aims to introduce in a 

controlled manner metallic ions within the framework. PSMet can progress by several 

pathways: either by targeting the inorganic SBUs (Inorganic PSMet; metal exchange, 

metal insertion), by targeting coordination centers in the linkers (Dative PSMet; metal 

exchange, insertion) or by encapsulation within the pores (Ion exchange; metal 

substitution). 

 

 Post-synthetic macroscopic etching (PSEtch). This methodology does not target the 

chemical structure per-se, but affects the macroscopic surface, shape and bulk 
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properties of the material. Brief sketches will be given in a later section, but this Thesis 

will focus mainly on functionalisation at molecular-level. 

 

1.4.1. Post-synthetic ligand modification of Metal-Organic Frameworks (PSLig) 

Since the majority of this Thesis will be deeply rooted on PSM via covalent chemistry, this 

Section will be dedicated to grant fruitful insight on the subject, including the most common 

experimental protocols and several examples on the chemistry employed in the field. 

1.4.1.1. The dawn of post-synthetic ligand modification in MOFs 

The earliest reports of post-synthetic modification in MOFs by means of chemical tuning of the 

linkers date from 2007. The term “post-synthetic modification” was first postulated by Wang and 

Cohen, after functionalising IRMOF-3 ([Zn(NH2-BDC)(DMF)(H2O)], where NH2-BDC= 2-

amino-1,4-benzenedicarboxylic acid) with acetic anhydride, analogously to how proteins are 

“post-translationally modified” after their synthesis. Here, the successful covalent anchoring not 

only on the external facets of the crystals, but also within the porous cavities was monitored by 

PXRD and digestion NMR experiments.102  

 Most of the early reports of covalent PSM experiments were based as well on amino-

tagged MOFs, as it is the most abundant pendant functionality in the field.103–107 Amino (NH2-) 

groups are among the most exploited functional groups in the literature, owing to their basicity, 

dominant nucleophilicity and versatility, as they can be transformed into myriad products under 

diverse conditions. This has led to the generation of a rich catalogue of amine chemical reactivity. 

Moreover, amino-functionalized materials can exhibit enhanced physicochemical properties and 

have been thoroughly used in many applications, such as surface anchoring, carbon dioxide 

capture, water uptake and pollutant removal; hence their abundance within MOF pores.108 As an 

example, in 2008 Rosseinsky et. al. reported the condensation coupling of 2-

hydroxybenzaldehyde with IRMOF-3. The obtained product was tagged with salicylidene (imine) 

groups with a 40% yield. This new moiety, known to be a strong chelating agent, was then 

metalated with VO(acac)2 (where acac = acetylacetonate) to produce a V(IV)-tagged IRMOF-3 

variant.109 This important project demonstrated that installation of metal chelators into the 

framework by PSM does not disturb the structural integrity of the MOF. Furthermore, these 

chelating agents are still accessible in further dative post-synthetic metalations (See Section 

1.4.3.2), thereby generating metal centers within the MOF. 

 After these successful tests, the exploration of post-synthetic modification of MOF linkers 

grown exponentially in interest, becoming a powerful field that is still active nowadays.110,111 

Apart from classical condensation couplings, researchers developed several alternative techniques 

to overcome the limitations of the former, which will be presented in depth below. 
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1.4.1.2. Covalent post-synthetic ligand modification 

Covalent PSM of the organic backbones evolves around the formation of strong covalent bonds 

(either dynamic or irreversible) to specific target functionalities within the linkers. As with 

common molecular chemistry, the degree of conversion of these processes is dictated by several 

factors. The first factor that affects conversion rates is the size of the anchored moiety. As 

expected, the bulkier the substituent is, the hardest is its diffusion through the porous MOF matrix. 

This was greatly evidenced by Cohen et. al., who explored once again the functionalization of 

IRMOF-3 with several organic anhydrides (R-CO-O-OC-R; where R = alkyl chains from C1 to 

C18. The authors show how shorter chains produce yields over 90%, whereas longer, bulkier 

chains simply tag the external surface of the MOF crystals, reaching saturation yields below 

10%.112 To this end, MOFs with larger pore windows could theoretically allow bulkier reagents 

to diffuse through. Cohen et al. confirmed this hypothesis by comparing conversion ratios on 

NH2-tagged MOFs with different aperture sizes (UMCM-1-NH2 = 32 Å, IRMOF-3 = 9.6 Å, 

DMOF-1-NH2 = 7.5 Å; UMCM= (Zn4O)3(BTB)4(BDC)3 and DMOF-1-NH2= [Zn2(NH2-

BDC)2(dabco)], where dabco= 1,4-diazabicyclo[2.2.2]octane). An expected trend was observed, 

as the highest conversions (monitored by digestion NMR) were achieved in the MOFs with wider 

pores (Figure 1.14).113  

 Nevertheless, poor conversion yields should not always be related with unsatisfying 

results. An attractive feature of PSM is the possibility of introducing multiple functional groups 

 

Figure 1.14. (a) Covalent PS anchoring on NH2-tagged MOFs with different pore sizes and their overall conversion 
monitored by 1H NMR analysis. (b) Insight on how anhydride molecules get anchored within IRMOF-3.98 
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in sequential steps. As so, partially unreacted MOFs can then be sequentially functionalised in 

further steps, thus achieving multivariate MOFs (MTV-MOFs). This process, generally referred 

as sequential PSM, involves performing second PSM reactions on a pre-modified MOF.114 As an 

example, the incomplete reaction between IRMOF-3 and crotonic acid (trans-2-butenoic acid), 

which still contains unreacted NH2 groups, was subsequently reacted with acetic anhydride to 

form a quantitatively-tagged framework with two different functionalities.115  

 When the second reaction step is not performed on the mother framework, but on the 

freshly anchored functionalities, we can refer to the process as tandem PSM.116,117 One of the best 

examples representing tandem PSM was carried out by Yaghi and coworkers, who performed up 

to seven sequential covalent steps within an amino-tagged IRMOF derivative as a way to 

covalently incorporate tripeptide sequences that resemble the active sites of enzymes in their 

spatial arrangement and compositional heterogeneity (Figure 1.15).118  

 

Figure 1.15. Illustration of seven post-synthetic reactions performed within the pores or MTV-IRMOF-74-NBoc to 
form the tripeptide Ala-Gly-Pro-NH2.118 

 

1.4.1.3. Post-synthetic ligand transformations and eliminations 

This approach shares a common objective with the covalent anchoring PSM, but differs on the 

procedure. Ligand transformation does not introduce any external functionality during the post-

synthetic step. Instead, an external stimulus (i.e. light, temperature, pH, redox, etc.) triggers a 

partial/total rearrangement on the chemical bonds of the organic linkers. Generally, post-synthetic 

transformations behave in a milder fashion, as only small fragments of the linkers are sensitive to 

the applied stimulus.119,120 Taking advantage of the thermal robustness that MOFs display, most 

of these transformations generally evolve through a controlled thermal treatment. In particular, 

the groups of Telfer and Richardson contributed the most in exploring thermal deprotection (e.g.  

NBoc thermolysis, where NBoc= 4-tert-butyloxycarbonylamine) and rearrangements (e.g. allyl 

ester rearrangement) within MOF frameworks, respectively.121–128  
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 Zhou and coworkers expanded the thermolytic approach recently, by targeting the organic 

backbone of the framework instead of the tagged functional groups. By applying a thermolytic 

treatment to Zr(IV) and Fe(III) MOFs (UiO-66 and PCN-250, respectively; UiO-66= 

[Zr6(O)4(OH)4(BDC)6] and PCN-250 = (Fe3O)2(AzTC), where AzTC= 3,3′,5,5′-

azobenzenetetracarboxylate) the authors were able to controllably cleave a portion of the linkers 

through decarboxylation, which translated into the generation of hierarchical mesoporous 

cavities.129,130  

1.4.2. Post-synthetic ligand exchange and insertion (PSLE/PSLI) 

Another way to modify the composition of a MOF consists on exchanging its bridging ligands 

taking advantage of the dynamic nature of their linkages. Even though carboxylate struts are 

inherently difficult to exchange due to the strong and complex bonding with metal ions, Cohen 

et.al. showed that even some of the strongest MOF assemblies (e.g. UiO-66 and Al-MIL-53) can 

have their linkers partially or totally exchanged by simply soaking the pristine MOF onto 

saturated solutions of ligands with the same length and directionality. Neither the crystallinity nor 

the particle size were affected during the experiments, confirming the robustness of the 

approach.131 Following the steps of Cohen, several reports demonstrated that the linker length and 

directionality could be tuned as well during linker exchange, creating hierarchically porous 

architectures.132 

 Recently, a new class of post-synthetic methodology has emerged in the MOF field, based 

on the same approach as ligand exchange processes. In cases where MOF lattices present 

structural defects or uncoordinated metal sites, a second organic linker can be installed if the 

conditions of size, length and chemical affinity are accomplished. Zhou et. al. presented the most 

representative example of this approach. In their study, the Zr(IV)-based MOF PCN-700 

([Zr6(O)4(OH)8(H2O)4(Me2-BPDC)4], where Me2-BPDC= 2,2′‐dimethylbiphenyl‐4,4′‐

 

Figure 1.16. (a) Schematic of the crystalline lattice of PCN-700 ([Zr6(O)4(OH)8(H2O)4(Me2-BPDC)4). (b) Potential 
linker roster for the insertion process. (c) Scheme of the sequential PSLI process to form PCN-701 and PCN-702.133 
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dicarboxylate), which presents equatorial “pockets” on its structure (that is, symmetrically 

localized linker vacancies) of 16.4 and 7.0 Å, was able to accept external dicarboxylate linkers 

upon soaking the crystals on saturated solutions of H2BDC and H2TPDC (TPDC = 

triphenyldicarboxylate) derivatives, which suitable fitted the pockets. The new MOFs, named 

PCN-701, PCN-702 and PCN-703, present such complex architectures that are impossible to 

obtain by direct synthesis (Figure 1.16).133 

 Another curious example of a two-step linker elimination/insertion was reported by Li 

and coworkers (Figure 1.17). There, they synthesized a Zn(II)-based MOF ([Zn4O(PyC)3], where 

PyC= 4-pyrazolebenzoic acid) that was extended by two completely opposite coordination 

clusters (Zn4ON12 and Zn4O(COO)6) due to the asymmetric nature of the used linker. Upon 

immersion of the MOF crystals in water, half of the linkers and Zn(II) ions were removed in a 

single-crystal to single-crystal fashion, revealing a hierarchical framework with rectangular-

shaped pores. The latter MOF was able to insert secondary metal ions (Li(I), Co(II), Cd(II), 

La(III)) and linkers (CH3 and NH2-functionalised 4-pyrazolebenzoic acid) on its vacancies, thus 

achieving heterometallic and heterolinked architectures.134 

 

Figure 1.17. (a) Schematic elimination of ligands and metal ions from the original MOF ([Zn4O(PyC)3] to generate 
ordered vacancies, followed by insertion of new metals and ligands into crystallographic defined positions. (b) Single-
crystal insight of MOF ([Zn4O(PyC)3] during the process.134 

  1.4.3. Post-synthetic metalation of Metal-Organic Frameworks (PSMet) 

  This Section will cover the most abundant post-synthetic metalation pathways found in 

the MOF literature. That is, Inorganic PSMet targeting metal exchange on the framework’s SBUs; 

Dative PSMet, focused on anchoring metallic centers to coordination groups anchored within the 

organic backbone and encapsulation of metallic species within the MOF pores.135  
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Figure 1.18. Schematic representation on the possible post-synthetic metalation (PSM) pathways.135  

 

1.4.3.1. Inorganic post-synthetic metalation 

Cationic exchange phenomena do not only happen by human intervention, but are also found in 

nature. In fact, field minerals are rarely ever found as pure phases. Instead, they crystalize as solid 

mixtures of equally sized and charged ions. Ion exchange techniques have always been a powerful 

tool in the design of new materials, and have been widely exploited in metallurgy, ceramics and 

zeolite fields for decades.136,137 Briefly defined, these processes are based on partial or total 

substitution of labile metallic centers mildly accommodated in a material, thus modifying its 

atomic composition and therefore, tuning their inherent physicochemical properties. 

 The first documented cationic exchange in MOFs dates from 2007, in which the Mn(II) 

ions of the Mn-MOF [Mn3(Mn4Cl)(BTT)8(MeOH)10]2 (where BTT= 1,3,5-benzenetristetrazole) 

were partially substituted by several other transition metals (Li(I), Fe(II), Co(II), Ni(II), Cu(I/II), 

Zn(II)), and their hydrogen storage capabilities were compared with that of the parent framework. 

In these materials, the exchange occurred at the inorganic clusters or SBUs and, even though the 

clusters were integral to the MOF structure, the metal ions were successfully replaced (sometimes 

even in a matter of hours) without compromising the structural integrity. Remarkably, some of 

these substitutions even altered the overall charge balance of the framework.138 

 The details of such transformations are still nowadays rather unknown, even with several 

mechanistic hypotheses around, and the bounty of MOF structures that can undergo metal 

substitution cannot be logically elucidated. Brozek and Dincă analyzed in-depth this subject in 

their review Cation exchange at the secondary building units of metal–organic frameworks.139 

There, the authors elucidate several common factors that govern every reported post-synthetic 

exchange, such as ionic diameter or preferential coordination geometries (the exchangeable metal 

ion in SBUs is often capable of higher coordination numbers than those observed in the X-ray 
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crystal structures). In some cases, the exchangeable metal ions that contain open sites within the 

framework become partially solvated when immersed in solution, completely changing its 

coordination environment and thus facilitating its replacements. Conversely, SBUs with fully-

saturated metal sites that have no open centers or coordinated solvents typically do not undergo 

cation exchange. Remarkably, the M-COO bond strength does not affect the thermodynamic 

exchange process, but simply limits the kinetics of the substitution step. Still, these guidelines are 

pillared on experimental observation, and several exceptions are reported in which the organic 

linkers play a major role during the substitution. Nevertheless, even without full understanding, 

post-synthetic metal exchange processes in MOFs have been experimentally demonstrated to 

work, and thus have allowed the formation of various materials that could not be obtained by 

direct synthesis methods.140 

 Since 2007, hundreds of publications regarding Inorganic PSMet have been reported. 

Both subtle and total substitutions have been carried out in a myriad of MOFs and PCPs, each of 

them contributing heavily in expanding the knowledge and practical horizons of the approach. 

One of the most astonishing examples was carried out by Kin and coworkers, reporting a 

reversible quantitative substitution of the metallic clusters of a Cd(II) based-MOF by Pb(II) ions 

in a single-crystal to single-crystal fashion (Figure 1.19a). The MOF, with formula 

[Cd1.5(H2O)3[(Cd4O)3(HETT)8·6H2O] (where HETT = ethyl-substituted truxenetricarboxylic 

acid) suffered a quantitative substitution of its square-planar Cd4O SBUs by simply immersing 

the material in a saturated solution of Pb(II) ions for two weeks at room temperature. Likewise, 

the parent framework could be recovered by soaking the Pb(II)-based MOF in a saturated Cd(II) 

solution for five weeks. Both structures could be elucidated by SCXRD techniques, confirming 

the quantitative conversion in a single-crystal to single-crystal fashion, rather than a 

dissolution/precipitation step.141  
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Figure 1.19. (a) Complete and reversible metal ion exchange between crystalline Cd(II) and Pd(II) MOF 
[M1.5(H2O)3[(Cd4O)3(HETT)8·6H2O]. 141 (b) Illustration showing how several metal ions can be inserted to the 
inorganic SBUs of MOF-5 analogues, featuring hetero-bimetallic metal clusters.142  

 

 Additionally, not only conveniently-shaped MOFs can be quantitatively substituted, but 

also some well-known materials can be decorated by PSMet. Dincă et. al. used MOF-5 as a 

sacrificial material to prepare several heterogeneous isostructural MOFs containing divalent 

(Cr(II), V(II), Mn(II) or Fe(II)) or trivalent (V(III), Ti(III)) transition metal ions (Figure 1.19b). 

Every transformation retained the powder X-Ray diffraction (PXRD) pattern of the original MOF-

5 and the crystal size and morphology were not affected, thus denying potential 

dissolution/recrystallisation steps. Remarkably, when heterometallic SBUs were inserted to 

MOF-5, the obtained materials presented unique redox properties.142 

1.4.3.2. Dative post-synthetic metalation 

The second strategy to introduce external metal sources on MOFs is based on using free functional 

groups anchored to the organic backbone that are able to chelate or coordinate metallic ions, 

coordination clusters and organometallic complexes. During the process, certain considerations 

must be taken into account, such as the available free space that the new metallic entity will 

assume, as well as its associated ligands or anions. Nevertheless, unlike other porous materials, 

MOFs offer unparalleled opportunities in dative PSMet processes, as the availability of both 

inorganic and organic subunits opens up myriad pathways to anchor functional groups within the 

framework, either by direct synthesis or post-synthetic routes. Additionally, the crystalline 

behaviour of MOFs renders a highly ordered material, which translates on the ability to afford 

well-characterised PSM steps, up to the atomic level. Accordingly, ions can be post-synthetically 

incorporated into the framework at predefined positions throughout the backbone, precisely 

selected depending on the targeted applications.143,144 
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 One of the first examples of this strategy was performed by Lin and coworkers, who took 

advantage of the relative affinity of functional groups towards certain metal ions to synthesise a 

Cd(II)-based MOF through the pyridine moieties of the linker (R)-6,6’-dichloro.2,2’-hydroxy-

1,1’-binaphtalyl-4,4’-bipyridine, leaving two pendant OH groups per linker oriented towards the 

pore channels. Through those, the authors could successfully anchor the organometallic complex 

Ti(OiPr)4 (where OiPr = isopropoxide) in almost 33% of the linkers. The metalated framework 

showed enantioselective catalytic activity towards diethylzinc addition reactions.145 A similar 

example was reported in 2010 by Yaghi and coworkers. This time, the pyridine moieties of the 

linker 2,2’-bipyridyldicarboxylic acid (H2BYPDC) were the ones left unreacted oriented towards 

the porous channels of the MOF when extended with Al(III) ions (MOF-253) (Figure 1.20). Pd(II) 

and Cu(II) ions could be then anchored post-synthetically by soaking MOF-253 in saturated 

solutions of the ions in acetonitrile.146 Analogously, permanently porous MOFs composed of 

metal-free porphyrin units were synthesised by using oxophilic Zr(IV) ions, which preferentially 

bind the hard carboxylate donors of tetracarboxyphenylporphyrin linkers.147–149 These porphyrin-

based MOFs were highly robust and exhibited surface areas in excess of 2,000 m2·g-1, thus 

providing an excellent platform for further PSMet steps with N-affine cations. 

 However, as explained at the beginning of Chapter 2, sometimes the incorporation of 

highly-reactive functional groups within the MOF backbone tends to be incompatible with the 

aggressive conditions required for MOF synthesis. When preferential reactivity is not observed, 

alternative pathways should be taken. As so, some of the binding groups that could enable dative 

PSMet pathways need to be incorporated a posteriori. An obvious advantage of this approach is 

that the MOF synthesis can be performed without risking degradation of the target functional 

group. Some examples of the approach include (i) covalent anchoring at the linkers (Section 

1.4.1.2); (ii) orthogonal deprotection of temporarily-blocked functional groups; and (iii) 

anchoring metal binding units to the MOF’s SBUs. A representative example is found on the work 

 

Figure 1.20. (a) Schematic representation of Al-MOF-253, with metal-loaded bipyridine moieties oriented inwards 
towards the porous channels. (b) Catalytic activity of PSMet MOF-253, showing excellent cyclability towards Pd(II) 
catalysed α,β-Michael insertion.180 
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of Telfer et. al., who used the Boc-protected linker (S)‐2‐(1‐(tert‐butoxycarbonyl)pyrrolidine‐2‐

carboxamido)‐[1,1′‐biphenyl]‐4,4′‐dicarboxylic acid ((S)‐pro‐Boc) as a bridging ligand to 

synthesise an IRMOF derivative with protected Proline moieties accommodated in the pore 

cavities. IRMOF-pro‐Boc was easily deprotected to form catalytically active IRMOF‐pro by 

microwave irradiation heating, which proved to be an efficient catalyst on the asymmetric aldol 

reaction between acetone and 4‐nitrobenzaldehyde.127,128 

 The post-synthetic anchoring of coordinative groups by any of these strategies has 

substantially amplified the scope of PSMet pathways. The ability to introduce fancier, more 

selective organometallic/coordination centers inside porous MOFs bypassing the aggressive 

solvothermal conditions is having real implications in many fields, particularly on heterogeneous 

catalysis.96 

1.4.3.3. Encapsulation of metallic species within MOF pores 

A more direct PSMet strategy for MOFs is to encapsulate metallic species (either in the form of 

free ions or structured into INPs, polyoxometalates, etc.) as guests within their porous cavities. 

Here, the MOF architecture will not accommodate the metals on their backbones, but simply act 

as a matrix to control the 3D structuration of metal compounds.150 The nanometer-sized pore 

windows in MOFs allow metal species to diffuse into the pores both in solution and gas phase. In 

successive steps, adequate complexation agents, reductants or chelating agents can be diffused as 

well and react with the metallic species to form organometallic complexes inside the MOF 

channels. 151 Kim et. al. used vapor phase diffusion methods to impregnate the pores of MOF-5 

with ferrocene complex. This method proved “too efficient”, encapsulating seven ferrocene units 

per pore, only leaving around 1% accessible free volume and therefore leaving the catalytic 

compound unreachable.152 Later, common metal precursors (Fe, Pt, Pd, Au, Cu, Zn, Sn) were 

deposited inside MOF-5 by chemical vapor deposition (CVD) without observing structural 

decomposition of the framework.153 The efficiency of this methodology has pioneered a body of 

work that still nowadays investigates the in situ formation of organometallic entities within 

MOFs. Recent work by Ma and co-workers has demonstrated how MOF materials can not only 

accommodate inorganic species, but can as well encapsulate metal-loaded biomolecules. In their 

work, the authors show how the mesoporous MOF Tb(TATB) (,where TATB= triazine‐1,3,5‐

tribenzoic acid) could be post-synthetically metalated with microperoxidase-11 (MP-11) under 

buffered conditions.154   

 Finally, several INPs have been formed in situ by loading MOF pores with metal ion 

solutions, followed by sequential reduction. Through this, important catalytic particles, such as 

Pt, Pd, Ru0 and TiO2 NPs have been structured inside MOFs without further aggregation. As an 

example, Jiang, Long and coworkers reported core–shell structured bimetallic NPs encapsulated 
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into Cr-MIL-101. Pd(NO3)2·2H2O and CoCl2·6H2O were pre-incorporated in the pores of Cr-

MIL-101 and were sequentially reduced in situ by the addition of NH3BH3 to yield ∼2.5 nm 

Pd@Co core–shell NPs embedded inside the MOF. In this study, Pd NPs were formed first and 

served as cores for the subsequent reduction to yield Co shell NPs (Figure 1.21).155  

 

Figure 1.21. Representation of the Synthesis of core-shell Pd@Co@Cr-MIL‐101 composite catalysts by sequential 
encapsulation/reduction with NH3BH3. 

 

 Both studies highlight the wide scope of this technique, acting as platforms that enable 

heterogeneous exploitation of nanoparticles.  

1.4.4. Post-Synthetic macroscopic etching of Metal-Organic Frameworks 

The post-synthetic modification of MOFs is not only limited to molecular-level chemical 

conversions. When the physicochemical properties of the material want to be preserved, but the 

practical application is limited due to its macroscopic properties per se, it is possible to chemically 

modify the crystal shape, morphology, size and even generate macroscopic holes on MOF 

crystals. This process, referred as chemical etching or shaping, has been gaining a lot of interest 

in the recent years, as the real applicability of MOFs is directly related with their processability 

into conveniently-structured materials. Chemical etching is not a new process, but an ancient 

fabrication method that was used by metal and glass craftsmen to obtain sophisticated surface 

designs. With the advent of controlling the etching process at the microscale and nanoscale, 

anisotropic chemical etching has become highly useful for shaping many materials for diverse 

applications.  
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 Engineering the macroscopic surface of MOFs can afford to advantageously improve 

their performances in a myriad of fields. In a nutshell, macroscopic etching of MOF crystals has 

been used to improve the diffusion of substrates towards the inner core of microscopic crystals; 

improve their packing in membrane systems or facilitate their introduction in composite 

systems.156–160 Remarkably, several studies have targeted the mechanism on these processes. As 

a general route, the chemical etching occurs preferentially of crystal facets with the higher density 

of metallic ions. There, the etching agent (acid, chelator, etc.) simultaneously breaks metal-ligand 

interactions and sequestrates the now-free metal ions in solution (Figure 1.22). Depending on the 

initial surface ratio of these metal-dense facets, the process will evolve differently, thus revealing 

a wide range of shapes, voids and structuration for the same material. 

 

Figure 1.22. Illustration of the etching process of Fe-MIL-100. (Left) Fe-MIL-100 crystal with hexagonal and 
pentagonal windows; (middle) acid diffusion into tetrahedral channels through hexagonal windows; (right) resulting 
mesopores after etching.161 
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1.5. Limitation of the post-synthetic modification of Metal-Organic Frameworks 

This Section will cover the future perspectives on the PSM field in MOF chemistry and what 

limitations are hindering the real-world application of such strategies. Particular emphasis will be 

made on intervoid diffusion phenomena and macroscopic influence, and how they affect these a 

priori intrinsic functionalisation steps.   

1.5.1. Future perspectives 

Inspiring advances have been made since the seeding that early covalent and inorganic PSMs 

achieved in 2007. The research of PSM of MOFs has matured to new levels driven by the 

combination of new post-synthetic methodologies and sequential tandem reactions. Additionally, 

sophisticated methodologies are arising by exploiting orthogonal reactivity within the 

frameworks. PSM provides new methods to access crystal engineering beyond standard synthetic 

methods. This Chapter exemplifies how PSM allows addressing early-career limitations that the 

MOFs field faced since the early 2000s, like the introduction of thermo- or coordinatively-active 

groups, creating atomically-defined catalytic centers, or improving framework stability. The latest 

major finding in tandem PSM combining subsequent reaction types integrate in MOFs 

unprecedented structural complexity and unveils the potential of MOFs as an ideal platform to 

realize multifunction. Nowadays, it is implicit that PSM will be absolutely necessary in the future 

research of MOFs. 

 However, several challenges are required to be solved prior to moving forward in the 

PSM field. Every post-synthetic pathway is just at the very early stages, mainly focused on 

singular MOFs specifically designed for the PSM to succeed. Little coverage on general strategies 

or mechanistic studies is being reported, greatly hindering real knowledge acquisition of the 

process (linker length/directionality influence, framework flexibility, crystal size, solvent 

influence, etc.). Additionally, even though the PSM of MOFs with multiple linkers can be 

operated orthogonally to different reactive positions,162 the chemical disposition of these MTV-

MOFs is structured in an inherently polydisperse fashion, thus limiting the study of such 

heterogeneous systems. Reagent diffusion within the porous channels, preferential pathways, and 

synergistic effects are excluded in most studies for a simpler justification of experimental 

evidence. Thus, advances in mechanistic studies and media influence evaluation are of great 

urgency to tie a new way to rational and precise PSM.  
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1.5.2. Gradient intervoid diffusion – Kinetic limitation 

Loading porous frameworks with guest molecules is a crucial step for many applications.163,164 

Mass transfer of guest molecules is a critical parameter governing performance, for example, in 

gas separation processes, where poor transfer rates result in low efficiency. Theoretically, as long 

as the target guest is smaller than the average pore window diameter of the MOF, diffusion should 

occur smoothly in a continuous fashion. Unfortunately, diffusion phenomena in MOFs is not a 

regular process, and the experimentally-determined mass transfer ratios into the framework may 

vary by several orders of magnitude, even for different sample batches of the same material.165 

This limitation is particularly evident in post-synthetic methodologies, as the diffusivity of the 

target functionality within the porous cavities directly influences the final conversion yields.166  

 

Figure 1.23. Model of the mass transfer in MOFs. (Left) unhindered mass transfer in the defect-free, nanopoorus 
crystal. (Right) Surface barriers, caused by a large amount of blocked pores, with very few accessible entrances, hinder 
the guest molecules. 

 

 There are several external factors (i.e. non-related to the MOFs chemical structure) that 

tremendously influence the degree of functionalisation obtained through PSM. Among them, 

physical parameters (temperature, pressure, relative humidity, etc.), solvent, reaction times and 

structural defects can easily be tuned and optimised. However, one of the most limiting factors, 

and one of the hardest to control, is the kinetic evolution of the reaction itself. Ironically, fast and 

quantitative reactions might end up performing awfully when used to functionalise the surface of 

MOFs, as the nimble functionalisation of the external surface obstructs the MOF windows, thus 

blocking the diffusion of reagents towards the crystal core (Figure 1.23). Additionally, the 

obstruction of external pore windows does not only happen due to partial covalent tagging on the 

surface. Lattice flexibility, partial collapse under ambient/solvent moisture or mechanical 
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obstruction due to solvent-filled pores are other parameters that avoid a precise control of 

diffusion, and therefore of post-synthetic functionalisation steps. 

 In order to overcome these sometimes arbitrary limitations, one could follow two logic 

strategies, (i) solvent-less strategies, in which the diffusion gets intrinsically dictated by the 

reactant’s dynamic diffusion; and (ii) miniaturisation of crystal size, which translates to higher 

external surface/shorter diffusion gradients. 

1.5.2.1. Solvent-less post-synthetic functionalisation of Metal-Organic Frameworks 

The majority of PSM in MOFs, both to the inorganic clusters and to the organic ligands, is 

performed following solvent-immersion methodologies. Most of the time, these post-synthetic 

procedures end up deriving into long reaction times, achieving at best (excluding a few examples), 

moderate conversion yields.97 This is because liquid phase reactions are limited by the gradual 

diffusion of solvated reagents into the MOF channels. As explained before, the nanosized 

windows in MOFs produce slower diffusion rates than the overall reaction rates, thus blocking 

access to the inner core of the MOF crystals. Additionally, solvent molecules need to be displaced 

from the free volume in order to properly access the reactive centers in the framework, again 

slowing the overall process. 

 To this end, a solvent-less methodology could overcome this limitation by partially or 

totally ignoring solvent diffusion phenomena. Solvent-less reactivity, particularly solid-gas phase 

reactivity, has been a widely explored approach in metallurgy and polymer science. Indeed, 

reactive gases (e.g. fluorine gas in steel industry) or liquid-state reagents have been used to 

quantitatively passivate, cleave or switch the hydrophobic behaviour of diverse materials.167–169 

For this reason, solvent-less PSM of MOFs has attracted much attention in the recent years as a 

quick, effective and simple method to overcome the aforementioned obstacles. Up to date, very 

few examples of solvent-less PSM of MOFs have been reported to be successful. 

 One of the first examples of solvent-less PSM was reported by Lobkovsky and coworkers, 

who reacted an Ag(I)-based CP which presented pending OH functionalities with vapours of 

trifluoroacetic anhydride.170 High conversion yields were confirmed by IR and NMR analysis, 

demonstrating the latent potential of the strategy. Later studies, carried out by Wutke et. al. 

confirmed the faster dynamic behaviour of the solvent-less approach by performing imine 

condensation reactions with salicylaldehyde both in solid-solution and solid-vapour fashion. The 

authors functionalised a series of NH2-tagged MOFs (Zr-UiO-66-NH2, Al-MIL-153-NH2 and Al-

MIL-101-NH2) by heating solid mixtures of MOF sample and the organic reagent of choice. 

Specifically, after reacting with a series of acyl chlorides, acid anhydrides and free carboxylic 

acids, the authors were able to tag the surface of every MOF with amide condensation reactions 
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in mere minutes. 171 Remarkably, the same strategy was exploited in a solid-gas fashion in 1999, 

taking advantage of the low boiling points of some acyl anhydrides. Under the same reaction 

conditions and reaction times, the solvent-less methodology presented an almost quantitative 

yield (>99% based on NH2), whereas a conversion of only 13% was obtained under solution 

soaking. Additionally, the generality of this PSM approach was demonstrated by reacting the 

same amino-tagged MOFs with several carbonyl derivatives while always maintaining intact 

porosity and crystallinity values (Figure 1.24a).171 

 Not only covalent organic reactions can be performed in solvent-less fashion. Richardson 

and coworkers showed a solvent-less thermally induced transformation in an IRMOF-9-like 

MOF, which presented pending dimethylthiocarbamate groups. After heating at 285 ºC, a 

quantitative Newman-Kwat rearrangement took place without affecting the structural integrity of 

the material (Figure 1.24b).172  

 

 

Figure 1.24. Representative examples of solvent-less PSM of MOFs. (a) quantitative covalent anchoring of carbonyl 
derivatives within the pores of IRMOF-3 by converting organic anhydrides to a vapour state. (b) Thermal Newman-
Kwat rearrangement on the porous functionalities af an IRMOF-9-like MOF.  

 

 Beyond the covalent tagging of MOFs, solvent-less PSMet processes have been reported 

by loading MOF pores with metallic precursors through chemical vapour deposition (CVD). 

Typical metal-organic precursors (Au, Pd, etc.) have been inserted in MOFs through 

volatilization/absorption processes under elevated heat and vacuum, followed by a reduction step 

(i.e. hydrogenolysis, annealing treatments, etc.). Through this methodology, several MOFs have 

been loaded with INPs, but also with organometallic compounds amenable to sublimate. As an 

example, common metal precursors (Fe, Pt, Pd, Au, Cu, Zn, Sn) were deposited inside MOF-5 by 

chemical vapor deposition (CVD) without observing structural decomposition of the 

framework.153 
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1.5.2.2. Miniaturisation of Metal-Organic Frameworks 

When comparing the physical properties of solid matter particles to those of samples that require 

an optical microscope to be regularly seen, only subtle differences are spotted. However, when 

operating at the nanoscale regime (between 1 – 100 nm), where the particles are only “visible” 

using powerful microscopes, the material’s properties suffer drastic changes from those at larger 

scales. This is the size scale where quantum phenomena rule in the properties and behaviour of 

most materials. Here, physical properties tend to gain a size-dependant character, as the amount 

of atoms exposed in the surface increases drastically within the nanoscaled regime. The surface 

area to volume ratio for a particle with radius r can be calculated as follows:  

𝑆𝑢𝑟𝑓𝑎𝑐𝑒

𝑉𝑜𝑙𝑢𝑚𝑒
𝑟𝑎𝑡𝑖𝑜 =  

4𝜋𝑟2

4
3

𝜋𝑟3
 =  3/𝑟   

 In other words, as the radius decreases, the more atoms are exposed in the surface (10% 

for 50 nm, 20% for 10 nm and 50% for 3 nm). Exposed surface atoms or molecules are more 

amenable to react, as no diffusion phenomena are required to reach the inner material. MOFs are 

no exception to this rule. For any PSM process, given a given fixed reaction time, smaller crystals 

of the same MOF tend to present higher conversion yields, as more external surface is initially 

exposed. Maspoch et. al. demonstrated this phenomena by performing common covalent PSM to 

several MOFs with different particle sizes by using continuous flow spray drying technique. Here, 

the authors performed Schiff-base condensation reactions to nanoscaled structured MOFs at the 

droplet scale. The spray-dried superstructures of nanoscopic MOF particles exposed substantially 

more surface area to the reagents within the droplet than the macroscopic MOF crystals, obtaining 

higher conversion yields than common PSM methodologies in as short as a few seconds of 

reaction time.173 

 

Figure 1.25. (Left) Illustration of the covalent PSM performed in UiO-66-NH2 and ZIF-90 under Spray-Drying 
conditions. (Right) FESEM images of UiO-66-NH2 ((a) before and (b) after) and ZIF-90 ((c) before and (d) after) 
Spray-Drying PSM. Inset: 2µm (a,b,c) and 200 nm (d).173 

1.5.2.2.1. Metal-Organic Polyhedra (MOPs) 
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The miniaturisation process of porous frameworks can be further extended up to the point where 

only isolated pores are standing. In this case, the new material cannot be depicted as a framework 

per se, but as a supramolecular assembly of discrete zero-dimensional cages with polyhedral 

shapes. Following this thread, the field of Metal-Organic Polyhedra (MOPs)174 has been gaining 

interest in the recent years, as these materials blend the properties of porous materials and 

molecular chemistry. MOPs can be described as “isolated MOF pores”, assembled through a 

careful selection of metal ions/clusters and bended organic ligands.175 

 There is little information on when and why a bended linker will assemble into a discrete 

MOP or will periodically extend into a coordination polymer. Several factors such as the 

thermodynamic stability of every phase, favoured coordination clusters or supramolecular 

interactions can displace the equilibrium to one side or the other.176 Still, there is no general 

strategy to avoid the formation of extended frameworks due to the inherent dynamic nature of 

coordination bonds. Generally, the formation of MOPs is favoured under slow diffusion systems 

at room temperature. Under these conditions, the formation of defect-free crystalline frameworks 

in thermodynamically unobtainable, therefore reagents tend to structure into zero-dimensional 

architectures. In systems where the MOP formation is not favoured, Yaghi et. al. demonstrated 

how the addition of bulky directing agents (e.g. Glycine tert-butyl ester) can impose the formation 

of discrete assemblies, as demonstrated in the synthesis of MOP-15 (Cu(II)-based 5-

aminosiophtalic acid MOP). 

 A wide catalogue of MOP structures has been developed in the recent years. However, 

their physicochemical properties have not been properly exploited yet due to the fragile nature of 

their assembly. Even though MOPs have been successfully incorporated into matrix 

membranes,177 or explored as potential delivery systems,178 MOPs tend to collapse when their 

internal solvent gets evacuated. Additionally, the poor solubility that MOPs present in most 

solvents limits their competition in the solvated-state with other readily soluble porous cages (i.e. 

charged coordination cages, porous organic cages, cyclodextrins, etc.) 

 Still, once the fragile nature of MOPs is overcome, their molecular structure could 

potentially give MOPs an edge advantage over other porous cages. First, the neutrally-charged 

polyhedral nature of MOPs offers regularly distributed and oriented building blocks, with similar 

structuration patterns that those found in MOFs. For this, MOPs can be seen as molecular 

nanoparticles with well-defined coordination centers and oriented organic moieties. Therefore, 

their post-synthetic modification, by means of coordination or covalent chemistries, would be 

performed at a molecular level into the well-defined reactive centers at their periphery. 

Analogously to MOFs, the post-synthetic modification of MOPs should greatly tune their 

physicochemical properties (i.e. solubility, robustness, hydrophobicity), as the process will 
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essentially modify the whole chemical structure on the surface. Surface functionalisation has 

proven to be a powerful technique during the manipulation and process of nanoparticle, but unlike 

MOPs their surfaces are inherently polydisperse, which translates to poor structural information 

on how the surface is structured. However, despite the potential of the approach, there are little 

experimental data reports on the post-synthetic modification of these materials. 

 

Figure 1.26. Schematic illustration on the assembly of zero-dimensional Metal-Organic Polyhedra (MOPs), 
highlighting in pink their directional coordination sites. Colour Scheme: Cu(blue), C (gray), O (red), pyridine-
derivatives (pink). 

 

1.6. Characterisation techniques 

As briefly presented during the examples in Sections 2.1 – 2.4, there is a wide range of 

characterisation techniques that can be used to follow and quantify the evolution of PSM reactions 

in MOFs and MOPs, although not every technique will prove useful for every pathway. 

Depending on which subunit is targeted during PSM (i.e. inorganic SBU, organic linker, inner 

voids), one should make a precise selection in order to obtain the highest structural information 

without losing excessive sample in destructive techniques.  

 Most PSM pathways, excluding those focusing on phase transformations, are based upon 

the premise that the structural integrity (that is, crystallinity and porosity) of the mother 

framework is unaltered. To this end, X-Ray Diffraction (XRD) techniques (either powder or 

single-crystal measurements; referred as PXRD and SCXRD respectively) provide a fast analysis 

on the crystalline lattice and topology of MOFs. The PXRD pattern of a MOF after PSM should 

theoretically be identical to that of the starting MOF, where partial degradation can be spotted by 

comparing the intensity and width of the diffractograms peaks. Additionally, crystalline side-

products, phase transitions or impurities of the PSM process can be spotted as well by this 
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technique. On the other hand, SCXRD offers richer structural information of the framework at 

atomic level, but is limited to single-crystal quality material and requires non-routine data 

treatment. Despite the power of these techniques, PXRD and SCXRD measurements provide 

little-to-no information of potential amorphous side-products, thus hindering the general scope of 

the technique. 

 The porous behaviour of MOFs, MOPs and their PSM products can be examined through 

gas sorption measurements. In MOF science, surface area values are calculated by Brunauer-

Emmet-Teller (BET) physisorption measurements, which apply to systems of multilayer 

adsorption using probing gases that do not chemically react with the materials surface (typically 

N2 at 77 K). Generally, the sample is exposed to strong temperature and vacuum conditions before 

the measurement in order to properly evacuate every solvent molecule from its porous cavities. 

This process, known as activation, is a clue step in order to fully unveil the porous potential of 

every sample. Partial or incomplete activation steps might lead to misleading porosity or surface 

area values. Therefore, activation temperatures, vacuum and time have to be properly optimised 

for every specimen. 

 Thermogravimetric Analysis (TGA) is an effective technique to characterise the thermal 

evolution/stability of MOF/MOP samples versus temperature. Through this technique, mass 

variations that happen to the sample at a given temperature range can be easily spotted and 

quantified, including solvent evacuation. TGA thermogram can be used as well to predict the 

thermal stability of a given MOF/MOP, as degradation steps can be spotted as drastic weight loss 

steps, typically between 30 and 60% depending on the material’s chemical composition. 

 Nuclear Magnetic Resonance (NMR) spectroscopy has been employed by MOF scientists 

to follow the evolution of chemical transformations occurring in the linkers upon PSM. Routinely, 
1H NMR spectroscopy is used to gauge the percentage conversion of a functional group into a 

different group, or to spot the new signals attributed to the freshly-added pending functionality. 

Additionally, the wide arsenal of NMR techniques can provide powerful compositional 

information, including proton proximity, elucidation of solution entities, 1H-13C 2D analysis, etc. 

Prior to any NMR measurement, MOFs are typically digested in an acid or base solution together 

with the deuterated solvent of choice and heated for hours at high temperatures to ensure 

quantitative destruction of the lattice. Special care needs to be taken in order to ensure that no 

additional side-reaction occurs on the product during NMR digestion conditions (e.g. acid/base-

induced hydrolytic cleavage of linker backbone). In cases where digestion conditions are not 

compatible, solid state NMR (ssNMR) is employed to address the issue. Nonetheless, solution 

NMR is generally preferred over ssNMR as the latter provides ambiguous information due to high 

signal/noise ratio or limitation to 13C studies.  On the other hand, the molecular behaviour of 
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MOPs allows their structural characterisation by solution 1H NMR analysis without requiring 

digestion conditions, at the cost of getting broad hard-to-integrate signals due to their high 

molecular weight.  

 Unlike MOFs which require digestion conditions, the structural integrity of MOPs is 

maintained in solution. This processability of MOP samples in solution allows the use of 

Electrospray Ionisation coupled to Mass Spectroscopy (ESI-MS) or Matrix-Assisted Laser 

Desorption/Ionization coupled to Time-of-Flight detector (MALDI-TOF) as routine 

characterisation techniques. Through this, the molecular weight of post-synthetically modified 

MOPs can be spotted, as well as periodic mass losses attributed to the added fragments. Potential 

degradation of the MOP scaffold can be detected as well through these techniques. 

 Qualitative analysis of a PSM product can also be carried out by using Fourier Transform 

Infra-Red (FTIR) spectroscopy. Every target functional group has assigned several characteristic 

absorption bands that can be spotted with FTIR measurements. This technique is generally carried 

out on a solid sample, thus eliminating possible interferences due to solvent presence. 

 For PSM processes that involve the targeting of metallic centers or SBUs, various 

characterisation methods have been used to provide information of the metal ions and their 

environments. Most of these techniques are focused on quantification of metallic species, such as 

Atomic Absorption/Emission Spectroscopy (AAS/AES), Inductively-Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) and Energy-Dispersive X-ray spectroscopy (EDX). Other 

techniques focus on determining the structural disposition of these metallic species and their 

environments, such as Extended X-Ray Absorption Fine Structure (EXAFS) or X-ray absorption 

near edge structure (XANES). Finally, the magnetic properties and spin alignment can be 

followed by Magnetic susceptibility measurements and Electronic Paramagnetic Resonance 

(EPR), respectively. 
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As presented in the previous Chapter, MOFs are an emerging class of porous materials which are 

gaining importance in several fields. Their notorious latent potential relies on the ability to 

rationally design the framework’s dimensionality, porous distribution and physical properties 

through a judicious election of the building blocks used. Additionally, both the inorganic and 

organic subunits maintain a similar reactive behavior as if they were still isolated molecules, thus 

being amenable to post-synthetic modifications after the MOF has been formed. Thanks to the 

increasing efforts dedicated to Reticular Chemistry and post-synthetic modification strategies in 

MOFs, several reactions (e.g. covalent anchoring, metal exchange, and thermal rearrangements) 

have been successfully implemented in MOF chemistry in order to tune or improve their 

physicochemical properties or granting MOF crystals with unprecedented applications. However, 

this is yet the tip of the iceberg. The PSM of MOFs is still a relatively young field, and a huge 

amount of approaches are yet to be discovered, designed and exploited. Even though tens, maybe 

hundreds of different PSM strategies (each of them with their respective pros and cons) have been 

reported in MOFs, we have barely scratched the surface on how much variety inorganic and 

organic chemistries may put at our disposal.  

 In the above context, the main objective of this Thesis focuses on expanding the horizons 

on the post-synthetic field, moving forward from typical “wet” pathways (that is, soaking MOF 

crystals in saturated solutions of inorganic/organic reagents) and developing alternative 

methodologies, with particular emphasis on chemical transformations with well-defined 

mechanisms. More specifically, this thesis will be divided in three major milestones: 

 Explore chemical transformations at the inorganic SBUs without the addition of external 

metal sources. Instead, the secondary metal source will be incorporated within macrocyclic 

cavities of the organic linkers, and structural rearrangements will be based on association 

constants and solvent-based dynamic equilibriums. 

 

 Expand the solvent-less post-synthetic modification approach. Instead of preheating organic 

reagents up to their boiling points and work at high temperatures/vacuum, this milestone will 

focus on exploiting the intrinsic and chemoselective reactivity that some gas-phase molecules 

present. To this end, ozone-gas will be flowed through the porous cavities of MOFs tagged 

with unsaturated moieties, to which the gas is known to react chemoselectively. Such 

quantitative and chemoselective transformations might open up the use of single-crystal X-

Ray diffraction to follow the evolution of the process, as quantitative yields are expected in 

mere minutes due to the removal of diffusion inconveniences within the solid-gas regime. 
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 Apply the gained knowledge in post-synthetic modification of MOFs to pioneer the post-

synthetic modification of zero-dimensional Rh(II)-based Metal-Organic Polyhedra. MOPs 

can be depicted as “isolated MOF pores”, in which their physical properties get dictated 

mainly by their external surface. Even though MOPs theoretically should present attractive 

features that MOFs cannot display (processability, supramolecular packing), their potential 

has never been fully exploited due to poor solubility and collapsing outside of solvent media. 

To this end, we aim to explore how the physicochemical properties of Rh(II)-based MOPs, 

known for their thermal and chemical robustness, get altered after an orthogonal or tandem 

covalent and coordination modification of their external surface. Additionally, we will 

explore the introduction of highly-reactive moieties (i.e. amino and carboxylic acid groups) 

into MOPs surface by sequential post-synthetic modification, as these moieties cannot 

withstand common MOP synthetic conditions. Expanding the available roster of active 

functional groups in MOPs surface could definitely open up new application paths for these 

relatively-new promising materials. 
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Chapter 3 
Hetero-bimetallic paddlewheel clusters in coordination 

polymers formed by a water-induced single-crystal to single-
crystal transformation 

 

 
 

Abstract 

Herein we report a water-induced single-crystal to single-crystal transformation that involves the 
formation of hetero-bimetallic paddlewheel clusters in coordination polymers. Through this 
transformation, which involves the cleavage and formation of different coordination bonds, two 
different Cu(II)–Zn(II) and Cu(II)–Ni(II) paddlewheel units exhibiting a 1 : 1 metal ratio were 
created. 

 

 

 

 
This Chapter is based on the following publication: 

Albalad, J.; Aríñez-Soriano, J.; Vidal-Gancedo, J.; Lloveras, V.; Juanhuix, J.; Imaz, I.; Aliaga-Alcalde, N.; 
Maspoch D.; Chem. Commun., 2016, 52, 13397-13400. 
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3.1. Introduction 

Coordination polymers (CPs), including porous metal-organic frameworks (MOFs), exhibit a 

very rich organic-inorganic chemistry that makes possible their structural and compositional 

design for myriad applications.1–4 This design is mostly succeeded through the careful choice of 

the building blocks5–7 (that is, the organic linker and the metal ion), or by inducing macroscopic 

modifications onto pre-synthesized systems.8 Recently, post-synthetic modifications (PSMs) at 

molecular level  have been performed on the organic linkers of both CPs and MOFs (i.e. ligand 

exchange processes9–11 or covalent reactivity12–14), inducing drastic changes on their 

physicochemical properties. However, an increasing interest is focused as well on 

exchanging/interconverting the metal ions in the inorganic units using post-synthetic metalation 

(PSM) pathways.15–17 This latter strategy allows the creation of more “exotic” heterometallic 

inorganic units in CPs that can optimize, for example, their stability,18 gas sorption properties,19,20 

catalytic activity,21 luminescence22 and/or magnetic behaviour.23 Among all potential clusters 

present in the literature of CPs/MOFs,24 the paddlewheel secondary building unit (SBU) is 

probably one of the best candidates for a precise study of the above-mentioned metalation 

processes due to its centrosymmetric character and structural simplicity. This cluster is relatively 

easy to synthesize using a wide range of metal sources, including Cu, Ni, Zn, Co, Mn, Cd, Ru, or 

even Bi-Rh,25 among others. Additionally, the presence of (usually) uncoordinated axial sites 

allows sequential structuration of CPs built from this SBU.26 Based on it, some advances have 

already been made on the PSM of paddlewheel units in CPs.21,26,27 For example, as an early proof 

of concept, Cu(II) ions were introduced in the paddlewheel units of a pure Zn(II)-HKUST-1 

sample by making PSM with Cu(NO3)·2.5H2O.28 Several other metal ions, such as Cu(II), Ni(II) 

and Co(II), were exchanged in CPs made of Zn(II)-paddlewheel units.26 

 However, the governing factors of PSM are still uncertain and a successful insertion of a 

specific metal ion is usually achieved using empirical trial-and-error methodologies, provoking 

also uncontrolled substitutions in which the exact spatial disposition adopted by the new ions is 

generally unclear.29 Another approach for designing novel heterometallic clusters (and in 

particular, hetero-bimetallic paddlewheel clusters) in a more controlled way should be their 

formation during the CP synthesis. Using this approach, an HKUST-1 analogue made of 

paddlewheel units containing Cu(II) and Ru(III) was synthesised.27 However, the content of 

Ru(III) in this HKUST-1 was very low, meaning that only 9 % of the units should potentially be 

hetero-bimetallic units. Up to date, there are very few examples of pure hetero-bimetallic 

paddlewheel units with a 1:1 metal ratio done using this strategy. In 2016, the formation of 

discrete polyhedra made of Pd(II)-M(II) (where M is Zn, Cu and Ni) paddlewheel units starting 

from preformed bimetallic acetates as reagents was reported,30 and more recently (in 2018) the 

same approach was used to develop 1:1 bimetallic versions of HKUST-1.31 
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 This Chapter will show the formation of hetero-bimetallic Cu(II)-Zn(II) and Cu(II)-Ni(II) 

paddlewheel clusters exhibiting a 1:1 metal ratio in two isostructural CPs (hereafter called 2CuZn 

and 2CuNi). These regular hetero-bimetallic CPs were not obtained by the beforementioned metal 

insertion techniques nor by direct synthesis, but through water-induced single-crystal to single-

crystal (SC-to-SC) transformations of preformed macrocycle-based CPs (hereafter called 1CuZn 

and 1CuNi) that incorporate the secondary metal source within the macrocyclic cavity of the linkers. 

 

3.2. Results and Discussion 

3.2.1. The “paddlewheel” Secondary Building Unit – Chemical properties 

Figure 3.1 depicts the atomic disposition of a 

bimetallic paddlewheel subunit. Paddlewheels are 

among the simpler neutral SBUs conformed by two 

symmetrical metallic centers bonded by four 

bridging carboxylic acid groups in an equatorial 

fashion. The axial positions of the metallic centers 

are crowned by two perpendicular axial linkers, 

granting a square-based pyramid coordination 

environment around the ions (octahedral environment when M-M 

bonds are present). Its molecular formula can therefore be expressed as 

[M(II)2(OOC-R)4A2] (where M(II) = any divalent metal ion; OOC-R = deprotonated carboxylate 

moiety; and A = axial  linker). Initially found in the crystalline structure of Cu(II) and Zn(II) 

acetates, homometallic and heterometallic versions of this SBU can be commonly found in 

coordination clusters, discrete cages, Metal-Organic Polyhedra (MOPs) and Metal-Organic 

Frameworks (MOFs) due to its preferential formation over many chemical conditions. 

 The labile nature of the M-COO bond in paddlewheel SBUs, particularly with late 

transition metals, allows partial or total substitution of both the carboxylate linkers and the 

metallic ions within the cluster, opening up relatively simple post-synthetic pathways. 

Additionally, due to its thermodynamically favoured chemical state, several other more orthodox 

SBUs might end up transitioning to paddlewheels after being exposed to aggressive conditions.     

3.2.2. Synthesis and characterisation of Phase 1 

1CuZn was initially obtained through a two-step synthesis.32 In a first step, the macrocyclic H2Cu-

DOTA complex was precipitated by mixing CuCl2·2H2O and 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (H4DOTA) in water under sonication for 5 min at room temperature 

Figure 3.1. Schematic of a paddlewheel SBU. 
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(Figure 3.2). In a second step, a N’N-dimethylformamide (DMF) solution containing the an 

equimolar amount of a second metal source (in this case Zn(NO3)·6H2O) was added into the 

aqueous solution containing the precipitated H2Cu-DOTA complex under stirring. This mixture 

was then transferred to high temperature capped vials and allowed to react at 120 ºC, from which 

plate-shaped sky blue crystals of 1CuZn suitable for single-crystal X-Ray diffraction (SCXRD) 

were collected after 12 hours (yield: 66 %; obtained as a pure phase, as confirmed by elemental 

analysis (EA), energy-dispersive X-ray spectroscopy (EDX), inductively coupled plasma optical 

emission spectrometry (ICP-OES) and powder X-Ray diffraction (PXRD); See Section 3.3.4.; 

Tables 3.2, 3.3 and Figure 3.12).  

 

Figure 3.2. a) Schematic representation of the crystalline structure of the H2Cu-DOTA complex. b) Experimental (blue) 
versus simulated (black) PXRD patterns of H2Cu-DOTA. 

 

Figure 3.3. Crystal structure of 1CuZn. (a) Coordination environment on the Cu-DOTA subunit and representation of 
the Zn(II) square-based pyramidal unit, with a view across the a crystallographic axis, showing both η2 and η1 acetate 
arms. (b) View of the hydrogen-bonded packing structure of 1CuZn. Hydrogen bonds are marked as sky-blue dash 
lines. Atomic color code: Zn, plum; Cu, sky blue; C, black, O, red, N, blue; H, light grey. 

Crystals suitable for SCXRD analysis were tested in Alba Synchrotron, at the Xaloc 

beamline.33 1CuZn crystallized in the monoclinic P2/n symmetry group with formula 

[ZnCu(DOTA)(H2O)]. A closer analysis on its structure revealed the formation of a 2-D 

framework extended along the ac plane (Figure 3.3a). In these layers, Cu(II) ions are 
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accommodated inside the macrocyclic cavity, adopting a distorted octahedral geometry 

coordinated to the cyclen subunit and to two of the acetate arms. These two arms act as bidentate 

bridges (η2) between the Cu(II) and Zn(II) ions. On the other hand, Zn(II) ions extend the 

framework in a square-based pyramid motif (Figure 3.3b) using not only the two η2 bridge 

carboxylate arms along the a axis, but also the open η1 arms along the perpendicular c axis. The 

coordination environment around Zn(II) is completed with the presence of a water molecule 

(O1W) crowning the axial position of the pyramid. Different layers of Phase 1 crystals are packed 

in an AAA sequence connected via hydrogen bonds between O1W and the non-coordinated oxygen 

atoms in the η1 carboxylate arms of a subsequent layer (Figure 3.3b). Remarkably, the resulting 

framework is compact, meaning that there are not guest solvent molecules in the structure.  

Because the neighbouring Cu(II) and Zn(II) cannot be discriminated by SCXRD owing 

to their similar scattering power, the location of Cu(II) ions in 1CuZn was further investigated by 

electronic paramagnetic resonance (EPR) in collaboration with the Institut de Ciència de 

Materials de Barcelona (ICMAB-CSIC). To study the former, we performed measurements on 

1CuZn and compared with that of the discrete macrocyclic complex H2Cu-DOTA.34 As expected, 

H2Cu-DOTA showed the characteristic EPR spectrum of a Cu(II) complex with an elongated 

octahedral geometry (Figure 3.4a). Its gII and g⊥ values were 2.290 and 2.083, respectively, 

matching accordingly with the simulated values (Figure 3.4a,b blue spectra). Importantly, the 

EPR spectrum of 1CuZn was very similar to that of H2Cu-DOTA, with gII and g⊥ values of 2.240 

and 2.085, respectively (Figure 3.4b).  

 This similarity confirmed that indeed the Cu(II) ions reside inside the macrocyclic 

cavities in 1CuZn, and that the H2Cu-DOTA units are bridged exclusively by Zn(II) ions. It is 

important to highlight here that this evidence is also in good agreement with the reported Cu/Zn 

association constants with H4DOTA (Log Kd= 22.72 and 18.70 for H2Cu-DOTA and H2Zn-

DOTA, respectively).35 
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Figure 3.4. a) X-band EPR spectrum of Cu-DOTA, experimental (blue) and simulated (red). Simulation data: gxx = gyy 
= 2.083, gzz = 2.290; Axx{63,65Cu} = Ayy{63,65Cu} = 20 G, Azz{63,65Cu} = 40 G. b) X-band EPR spectrum of 1CuZn, 
experimental (blue) and simulated (red). Simulation data: gxx = gyy = 2.085, gzz = 2.240; Axx{63,65Cu} = Ayy{63,65Cu} = 
20 G, Azz{63,65Cu} = 30 G. c) Experimental X-band EPR spectra comparison between H2CuDOTA (blue), 1CuZn (green) 
and 1CuCu(red). 

 

 Finally, to thoroughly discard the presence of Cu(II) ions in the metal positions bridging 

the macrocyclic complexes, the previously obtained spectra were compared with that obtained for 

the isostructural homometallic 1CuCu (note here that 1CuCu was prepared using the same conditions 

as for 1CuZn, except that instead of Zn(NO3)·6H2O in the second synthetic step, we used Cu(NO3)2 

·2.5H2O; yield: 87 %; obtained as a pure phase, as confirmed by EA and XRPD; See Section 

3.3.4.; Figure 3.11). In this case, the EPR spectrum was quite different, exhibiting a broad band 

with a g value of 2.128 (Figure 3.4c). Since Cu(II) ions in 1CuCu adopt not only an elongated 

octahedral geometry but also a square pyramidal geometry, these results confirmed the absence 

of Cu(II) ions outside the macrocycle in 1CuZn. 
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3.2.3. Water-induced SC-to-SC transformation to Phase 2 

 

Figure 3.5. Schematic representation of the water-triggered transition from 1CuZn to 2CuZn. For both sides: (top) 
Representation of the Cu–DOTA illustrating the octahedral coordination geometry (blue octahedron); (middle) 
representation of the square-based pyramidal coordination geometry of Zn(II) ions in 1CuZn (purple tetrahedron), which 
is transformed to a hetero-bimetallic Cu(II)–Zn(II) paddlewheel unit in 2CuZn (purple tetrahedron for Zn(II) and blue 
tetrahedron for Cu(II)); and (bottom) 2-D frameworks of 1CuZn (left) and 2CuZn (right). 

 

 Crystals of 1CuZn (and also of 1CuCu) were thermodynamically unstable in their reaction 

media, undergoing a spontaneous SC-to-SC transition when left undisturbed for weeks. 

Moreover, this SC-to-SC transformation could be accelerated when dry crystals of 1CuZn were 

soaked in pure distilled water without any addition of external metal sources for 72 hours (96 

hours for 1CuCu; Figure 3.6). Remarkably, the resulting prism-shaped green crystals of 2CuZn were 

suitable for SCXRD. 2CuZn crystallized in the P21/c symmetry group showing a theoretical formula 

of [ZnxCu2−x(DOTA)(H2O)]·4H2O (note here that Cu(II) and Zn(II) cannot be differentiated by 

SCXRD; Table 3.1). 2CuZn shows a 2-D framework (Figure 3.5, right-bottom) in which the Cu(II) 

ions also reside in the macrocyclic cavity adopting the same distorted octahedral geometry (Figure 

3.5, right-top). However, unlike in 1CuZn, the closed pendant arms do not contribute to extending 

the coordination layers. Instead, the coordination layers in 2CuZn are expanded along the ab plane 

through the open arms forming M2(COO)4 paddlewheel clusters (Figure 3.5, right-middle). The 

different layers are then stacked in an ABA′B′ sequence forming 1-D channels along the c axis, 

which are filled with guest water molecules (Figure 3.7). Interestingly, 2CuZn was stable in water 

for at least 6 months (See Section 3.3.4. Figure 3.13), and their guest water molecules could be 

removed and re-adsorbed without affecting the integrity of the open-framework (See Section 

3.3.5. Figure 3.15). Indeed, water adsorption measurements showed a standard Type I isotherm 

with a water uptake of 0.12 gwater·g2CuZn
−1 at 30% RH, which corresponds to 4.2 water molecules. 

The isotherm shows then a plateau from 25% to 65% RH and, after that, 2CuZn gained 

hydrophilicity adsorbing up to 0.21 gwater·g2CuZn
−1. 
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 To obtain more details of the composition of 2CuZn, we then analyzed it using EDX and 

ICP-OES (See Section 3.3.4.; Tables 3.4 and 3.5). Surprisingly, the multiple measurements 

carried out using both techniques never suggested an equal proportion (x = 1) of Cu(II) and Zn(II) 

ions but always a precise 3:1 Cu(II) : Zn(II) ratio (or x = 0.5). These results lead to a final formula 

of [Zn0.5Cu1.5(DOTA)(H2O)]·4H2O for 2CuZn. Thus, considering that the metal position inside the 

macrocycle is occupied by Cu(II), the two metal positions of the paddlewheel units must be 

occupied by a 1:1 mixture of Cu(II) and Zn(II) ions. 

 

Figure 3.7. Crystal structure of 2CuZn (a) View of the ABAB crystal packing across the b (top) and c (bottom) axis, 
highlighting the interlayer H-bonding water channels (represented as sky-blue dash lines). b) Views of the crystalline 
lattice, showing the water molecules (represented as red spheres) located in the channels. 

  

 To further confirm the formation of the bimetallic 1:1 Zn(II) : Cu(II) paddlewheel units, 

we performed magnetic susceptibility measurements in collaboration with ICMAB-CISC on both 

Figure 3.6. Optical microscopy images showing the evolution of the water-triggered transition from 1CuZn to 2CuZn. 
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2CuZn and 2CuCu (Figure 3.8). If the hetero-bimetallic Cu(II)–Zn(II) units are formed, the 

paramagnetic Cu(II) ions located inside the macrocycles and those forming the paddlewheel units 

should be magnetically weakly coupled with only appreciable intermolecular magnetic 

interactions at the lowest temperatures. In contrast, strong antiferromagnetic interactions are 

expected if homometallic Cu(II)–Cu(II) paddlewheel units are present in 2CuZn. Indeed, 

homometallic Cu(II)–Cu(II) paddlewheel units display a rather strong antiferromagnetic 

behavior, providing exchange coupling constants of J values between −200 cm−1 and −1000 

cm−1.36 With this in mind, solid-state variable-temperature (1.8–300.0 K) dc magnetic 

susceptibility data of polycrystalline samples of 2CuZn and 2CuCu using a 1.0 T field were collected. 

Their magnetic behaviors are depicted in Figure 3.8 as plots of χMT vs. T. In both cases, TIP 

corrections were performed by adding −60 × 10−6 cm3 mol−1 K per Cu(II) unit. The χMT values at 

300 K were 0.72 cm3 mol−1 K for 2CuCu and 0.56 cm3 mol−1 K for 2CuZn, which are in good 

agreement with those expected for one and a half independent Cu(II) centers in 2CuCu (0.74 

cm3·mol−1·K) and for one Cu(II) center in 2CuZn (0.55 cm3·mol−1 K); considering a g value of 2.00 

in both cases. As expected, the χMT values of 2CuCu rapidly decreased upon cooling, consistent 

with the presence of strong antiferromagnetic coupling between the two Cu(II) ions forming the 

homometallic paddlewheel units (J = −163 cm−1, see fitting in Figure 3.8, red). In quite contrast, 

the χMT values for 2CuZn remained almost constant all over the temperatures, and slightly 

decreased below 25 K. This behavior is characteristic of a system that is weakly coupled, as 

expected for a 2CuZn system built up from hetero-bimetallic Cu(II)–Zn(II) paddlewheel units.  

Figure 3.8. Experimental χMT vs T data of systems (a) 2CuCu and (b) 2CuZn (●) and fitting (red line) between 2.0 and 
300.0 K using a dc external magnetic field of 1 T. Estimated exchange coupling constant values were achieved by the 
use of PHI37 and fixing g (2.0) at all the range of temperatures (2.0 – 300 K) and at the highest (50 K to 300 K) with 
reasonable fittings. To proceed with, systems were described as one paddlewheel unit (CuII -CuII (a) and CuII -ZnII (b)) 
surrounded by four mononuclear CuII -cyclam derivate centers, respectively. In 1, J describes the exchange inside the 
paddle-wheel, zJ encloses intra/intermolecular interactions among the other centers and TIP has the general meaning. 
In the case of b, J describes the interaction among the CuII centre inside the paddlewheel and the surroundings. It was 
found that J values are in a range of -160 to -190 cm-1 for a and of -4 to -2 cm-1 for b. 
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 Figure 3.9 shows a proposed mechanism for the formation of these hetero-bimetallic 

paddlewheel units, which starts with a dynamic cleavage of the η2 acetate arms on 1CuZn through 

the Cu–O bond, induced by the presence of water (first fragment of Figure 3.9). This step triggers 

the formation of a metaphase where all the pendant arms are equally open (second fragment of 

Figure 3.9). This metaphase can therefore be seen as “half-empty” paddlewheel units. The 

transition continues when half of these open arms rearrange to complete again the 

thermodynamically favorable octahedral coordination around the Cu(II) ions, leaching to the 

solution half of the Zn(II) ions (third fragment of Figure 3.9). A partial dissociation of the material 

should occur afterwards in order to compensate the charge unbalance, releasing an equal value of 

[Cu–DOTA]2− units to the solution. Half of these released Cu(II) ions must be able to complete 

the holes on the half-formed paddlewheel units, finally forming the hetero-bimetallic clusters 

found in 2CuZn (fourth fragment of Figure 3.9). This hypothetic mechanism implies a loss of 41% 

of the initial weight of the crystals as well as a release of 50% and 25% of the initial Zn(II) and 

Cu(II) ions, respectively. To follow these parameters, we immersed crystals of 1CuZn (17.8 mg) in 

water (5.0 ml) and followed their SC-to-SC transformation to 2CuZn. After 72 hours, the transition 

was completed, and 9.8 mg of 2CuZn were collected, corresponding to a weight loss of 45%. In 

addition, the water solution was analyzed by ICP-OES, and found a Zn(II) and Cu(II) content of 
Figure 3.9. Schematic representation of the proposed mechanism. Note that Cu(II)* represents the insertion of Cu(II) 
coming from the release of Cu–DOTA due to the degradation of the crystal. 
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1.03 mg (206 ppm) and 0.49 mg (98 ppm), respectively (Section 3.3.4; Table 3.6). These amounts 

correspond to a weight loss of 51% and 26% of the initial Zn(II) and Cu(II) contents in 1CuZn. 

Altogether, these results evidence the feasibility of our proposed mechanism. 

 Finally, to expand the variety of hetero-bimetallic paddlewheel units, we reproduced the 

synthesis of 1CuZn but using nitrate salts of Mn(II), Fe(II)/(III), Co(II), Ni(II), Ag(I) or Pd(II) in 

the second step. Among these metal ions, we could only confirm the formation of 1CuNi (yield: 

71%; obtained as a pure phase, as confirmed by PXRD, EDX, ICP-OES and elemental analysis; 

See Section 3.3.4.; Tables 3.2-3.5 and Figures 3.11, 3.12). This result seems consistent with the 

Irving–Williams series for the stability of complexes synthesized from divalent metal ions. 

Remarkably, we found that the transition 1CuNi → 2CuNi was also possible after immersing 1CuNi in 

water for two months. Here, EDX and ICP-OES analysis also gave a 3:1 Cu(II) : Ni(II) ratio, thus 

confirming the formation of the hetero-bimetallic Cu(II)–Ni(II) paddlewheel units in 2CuNi. 

3.2.4 Conclusions 

In conclusion, we have shown the unprecedented formation of isostructural CPs that contain 

hetero-bimetallic paddlewheel units having a 1 : 1 metal ratio inside the cluster. This formation 

takes place via a water-induced SC–SC transformation from a compact hetero-bimetallic 

framework built up from connecting Cu–DOTA units through isolated metal ions to a more open 

framework built up from connecting identical Cu–DOTA units through hetero-bimetallic 

paddlewheel units. This SC-to-SC transformation was reproduced for two different cases allowing 

the formation of Cu(II)–Zn(II) and Cu(II)–Ni(II) paddlewheel units. This study illustrates the 

diversity, richness and beauty of this type of chemistry, from which many new systems remain to 

be discovered. 

  



Chapter 3 

73 
 

3.3. Experimental Part 

3.3.1. Materials and Methods 

All chemical reagents and solvents were purchased from commercial sources and used as received 

without further purification. Purity of all bulk materials was confirmed through X-Ray powder 

diffraction measurements (XRPD) collected on an X’Pert PRO MPD analytical diffractometer 

(Panalytical at 45 kV and 40mA using Cu Kα radiation (λ= 1.5419 Å) and compared with single 

crystal simulated patters. Elemental Analyses were performed on a Flash EA 2000 CHNS 

(Thermo Fisher Scientific) analyser. Metal ratio on the final bulk materials were confirmed 

through ICP-OES using a Perkin Elmer Optima 4300DV instrument or through EDX 

measurements on a FEI Quanta 650F Environmental SEM. Gravimetric water sorption 

measurements were performed at 298 K using a flow of nitrogen, up to relative humidity (RH) of 

95% with a DVS-Advantage-1 (Surface Measurements Systems Ltd.). The relative humidity 

inside the chamber was adjusted by bobbling a carrier gas (N2) in pure water until stream saturated 

in water (95% RH). The adsorbed moisture was expressed as gwater/gdry sample. Prior to the 

water adsorption measurements, samples were outgassed each cycle at 120 ºC during 3 hours 

using a heating rate of 0.5 ºC/min. The EPR spectra were recorded on crystalline powder at 140 

K in a Bruker ELEXYS E500 X-band spectrometer equipped with a TE102 microwave cavity, a 

Bruker variable temperature unit, and a field-frequency (F/F) lock system Bruker ER 033 M. Line 

positions were determined with an NMR Gaussmeter Bruker ER 035 M. The modulation 

amplitude was kept well below the line width, and the microwave power was well below 

saturation. Magnetic susceptibility measurements were performed on polycrystalline samples 

with a DMS5 Quantum Design susceptometer working in the range 1.8-300.0 K under a magnetic 

field of 0.1 T. TIP is the temperature-independent paramagnetism. Diamagnetic corrections were 

estimated from Pascal Tables. 

3.3.2. Synthetic methodologies 

Synthesis of 1CuZn. In a screw capped vial, CuCl2·2H2O (12.8 mg, 0.075 mmol) and H4DOTA 

(30.3 mg, 0.075 mmol) were solved in 4 mL of distilled H2O under sonication. After 5 minutes, 

a light-blue precipitate appeared corresponding to the discrete supramolecular complex 

CuH2DOTA.[1] Zn(NO3)2·6H2O (43,9 mg, 0.15 mmol) solved in 4 mL of DMF was added 

afterwards. The resulting mixture was heated for 12 hours at 120ºC, obtaining plated-shaped sky 

blue crystals (28.0 mg, 66% based on H4DOTA). Crystals were washed three times with 5 mL of 

DMF and maintained under the same solvent at room temperature. Found C 34.7 %, H 4.7 %, N 

10.0 %. CuZnC16H26N4O9 requires 35.1 %, H 4.8 %, N 10.2 %.  
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Synthesis of 1CuNi. In a screw capped vial, CuCl2·2H2O (12.8 mg, 0.075 mmol) and H4DOTA 

(30.3 mg, 0.075 mmol) were solved in 4 mL of distilled H2O under sonication. After 5 minutes, 

Ni(NO3)2·6H2O (40.5 mg, 0.15 mmol) solved in 4 mL of DMF was added afterwards. The 

resulting mixture was heated for 12 hours at 120ºC, obtaining plated-shaped sky blue crystals 

(30.5 mg, 71% based on H4DOTA). Crystals were washed three times with 5 mL of DMF and 

maintained under the same solvent at room temperature. Found C 35.6 %, H 4.9 %, N 10.3 %. 

CuNiC16H26N4O9 requires 35.6 %, H 4.9 %, N 10.4 %.  

Synthesis of 1CuCu. In a screw capped vial, CuCl2·2H2O (12.8 mg, 0.075 mmol) and H4DOTA 

(30.3 mg, 0.075 mmol) were solved in 4 mL of distilled H2O under sonication. After 5 minutes, 

Cu(NO3)2·2.5H2O (35.7 mg, 0.15 mmol) solved in 4 mL of DMF was added afterwards. The 

resulting mixture was heated for 12 hours at 120ºC, obtaining plated-shaped sky blue crystals 

(35.0 mg, 87% based on H4DOTA). Crystals were washed three times with 5 mL of DMF and 

maintained under the same solvent at room temperature. 1CuCu can also be synthesized by direct 

mixture of H4DOTA and 2 equivalents of CuCl2·2H2O in a water:DMF mixture and heating at 

the same temperature. Crystals were washed three times with 5 mL of DMF and maintained under 

the same solvent at room temperature. Found C 35.0 %, H 4.8 %, N 10.0 %. Cu2C16H26N4O9 

requires 35.2 %, H 4.8 %, N 10.2 %.  

Synthesis of 2CuZn. 30 mg of dry crystals of 1CuZn were immersed in 5 mL of distilled water and 

left undisturbed at room temperature. A change of colour in the crystalline material from sky blue 

to green was observed at the same time that the solution became blueish. The transition was 

completed after 72 hours, in which PXRD measurements confirmed phase purity. The material 

was then washed three times with 10 mL of distilled water, and kept under the same solvent (18 

mg). Found C 31.4 %, H 5.2 %, N 9.0 %. Cu1.5Zn0.5C16H26N4O9·4H2O requires 31.0 %, H 5.5 %, 

N 9.0 %.  

Synthesis of 2CuNi. 30 mg of dry crystals of 1CuNi were immersed in 5 mL of distilled water left 

undisturbed at room temperature. A change of colour in the crystalline material from blue to green 

was observed at the same time that the solution became blueish. The transition was completed 

after 2 months, in which PXRD measurements confirmed phase purity. The material was then 

washed three times with 10 mL of distilled water, and kept under the same solvent (18 mg). Found 

C 31.9 %, H 5.9 %, N 9.2 %. Cu1.5Ni0.5C16H26N4O9·4H2O requires 31.4 %, H 5.6 %, N 9.1  

Synthesis of 2CuCu 30 mg of dry crystals of 1CuCu were immersed in 5 mL of distilled water and 

left undisturbed at room temperature. A change of colour in the crystalline material from blue to 

green was observed at the same time that the solution became blueish. The transition was 

completed after 96 hours, in which PXRD measurements confirmed phase purity. The material 
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was then washed three times with 10 mL of distilled water, and kept in the same solvent (22 mg). 

Found C 32.0 %, H 5.8 %, N 9.3 %. Cu2C16H26N4O9·4H2O requires 31.1 %, H 5.6 %, N 9.1 %. 

3.3.3. Single-Crystal XRD analysis 

Table 3.1. Crystal and structural refinement data for 1CuZn and 2CuZn. 

 

CCDC CIF files: CCDC 1505012 (1CuZn) and CCDC 1505013 (2CuZn)  
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3.3.4. Characterisation 

EDX and ICP-OES metal ratios 

Table 3.2. Metal proportion on bimetallic Phase 1 crystals measured by EDX analysis 

 

 

Table 3.3. Metal proportion on bimetallic Phase 1 crystals measured by ICP-OES analysis 

 

 

Table 3.4. Metal proportion on bimetallic Phase 2 crystals measured by EDX analysis 

 

 

Table 3.5. Metal proportion on bimetallic Phase 2 crystals measured by ICP-OES analysis 

 

 

Table 3.6. ICP-OES measurements of the transition water after 72 hours. 
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PXRD measurements 

 

Figure 3.10. XRPD diagrams of simulated (black) and experimental (blue) H2Cu-DOTA.  

 

 

 

Figure 3.11. XRPD diffractograms of the synthesized 1CuZn (purple), 1CuCu (red) and 1CuNi (blue), as compared to the 
simulated powder pattern for the crystal structure of 1CuZn (black). 
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Figure 3.12. XRPD diffractograms of the synthesized 2CuZn (purple), 2CuCu (red) and 2CuNi (blue), as compared to the 
simulated powder pattern for the crystal structure of 2CuZn (black). 

 

 

Figure 3.13. XRPD diffractograms of the synthesized 2CuZn after 6 months immersed in water (green) and after 1 hour 
immersed in boiling water (red), as compared to the simulated powder pattern for the crystal structure of 2CuZn (black). 
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3.3.5. Water uptake measurements 

 

Figure 3.14. Water adsorption isotherm of 1CuZn (blue) and 2CuZn (green). 
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Chapter 4 
Single-crystal-to-single-crystal post-synthetic modification of a 
Metal-Organic Framework via ozonolysis 

 

 
 

 

Abstract 

In this Chapter, a solid–gas phase, single-crystal-to-single-crystal, post-synthetic modification of a Zr-
based metal–organic framework (MOF) is described. Using ozone, the olefin groups of a UiO-66-type MOF 
are quantitatively transformed into 1,2,4-trioxolane rings, which can then be selectively converted into 
either aldehydes or carboxylic acids without affecting the framework’s integrity. 

 

 
 

This Chapter is based on the following publication: 

Albalad, J.; Xu, H.; Gándara, F.; Haouas, M.; Martineau-Corcos, C.; Mas-Ballesté, R.; Barnett, S.A.; 
Juanhuix, J.; Imaz, I.; Maspoch, D. J. Am. Chem. Soc., 2018, 140, 2028-2031. 

  



Chapter 4 

84 
 

 

  



Chapter 4 

85 
 

 4.1. Introduction 

As previously stated in Chapter 1, Metal-Organic Frameworks (MOFs) are an ideal platform for 

applications that entail incorporation of target chemical functionalities onto their pore walls.1–4 

To date, several post-synthetic modification (PSM) methodologies have been developed to 

introduce different chemical functionalities into preassembled MOFs. These include covalent 

modification of the organic linkers,5,6 ligand exchange processes7–9 and post-synthetic 

metalations.10,11 However, the PSM approach presents major drawbacks. The synthetic conditions 

of post-synthetic covalent modifications typically require long reaction times and high 

temperatures that many MOFs cannot sustain; and for those MOFs that can resist such conditions, 

the yields are mostly low to moderate. This is partly because the most common PSM methods are 

based on solid−liquid phase processes, whereby reaction progress is limited by the diffusion of 

reagents inside the microporous frameworks to reach the target sites. As the reaction advances, 

the external MOFs surface gets partially tagged and the freshly-anchored surface groups block 

access to the pores.12 

 Solvent-less reactivity, particularly solid−gas (S/G) phase reactivity, is a widely explored 

approach in metallurgy and polymer science. Indeed, reactive gases (e.g., fluorine gas in the steel 

industry) have been used to quantitatively passivate, cleave, or switch the hydrophobic character 

of diverse materials since the early 90s.13–15 However, there is scant precedent on solid−gas phase 

reactions with MOFs.16 Such an approach could be used to overcome the previously stated 

limitations in the post-synthetic functionalization of MOF pores.  

 This Chapter will develop this path by exploring a proof-of-concept solid-gas PSM in a 

UiO-66-type MOF. For this, the Ozonolysis Reaction was chosen because of its well-known 

mechanism17 and its fast, quantitative conversion rates. Ozone has proven to be a powerful 

oxidizing reagent for diverse chemistries under mild conditions.18,19 Out of these reactions, the 

ozonolysis of alkenes is arguably the most widely studied.20 Initially used for routine 

characterization of lipids and natural polymers, it is now employed for selective cleavage of 

olefinic bonds, as it enables regiospecific formation of carbonyl derivative moieties (aldehydes, 

ketones or carboxylic acids) in mere minutes. This reaction involves the metastable intermediate 

1,2,4-trioxolane (Figure 4.1). Due to their low stability, trioxolane rings are not easy to isolate; 

however, those that could be isolated have demonstrated to be strong antibacterial and therapeutic 

agents, especially in the form of ozonated oils or triglycerides.21 Additionally, trioxolane rings 

are powerful reaction intermediates, as they can be treated under mild reductive or oxidative 

conditions to chemoselectively form aldehyde moieties22 or carboxylic acids,23 respectively.  
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Figure 4.1. Illustrated PSM strategy of an olefin-tagged Zr-based MOF via ozonolysis in a solid-gas fashion. 

 

 Hereafter, a solid-gas post-synthetic functionalization of an olefin-tagged UiO-66-type 

MOF (ZrEBDC; EBDC=2-ethenylbenzene-1,4-dicarboxylate) using controlled, S/G ozonolysis 

is demonstrated. By constantly streaming ozone through the porous structure of ZrEBDC, the 

pendant ethenyl groups can be quantitatively transformed into stable 1,2,4-trioxolane moieties on 

the pore walls, with no loss of single-crystallinity. Additionally, the as-obtained moieties could 

be chemoselectively converted into both aldehyde or carboxylic acid moieties (42% and 100% 

yield, respectively) by taking advantage of the reactive behaviour of 1,2,4-trioxolane rings. 

 

4.2. Results and Discussion 

4.2.1. Establishment of the ozonolysis MOF system – Initial screening 

The first milestone of this project was finding the most suitable MOF system for studying how 

ozone reacts with the metallic clusters and organic linkers within the framework. To this end, 

several blank tests were performed to known MOF systems with a wide range of chemical 

environments (Zr-UiO-67,24 Cr-MIL-101,25 Al-CAU-10,26 Zn-MOF-7427) without olefinic side-

chains in their backbone. Typical ozonolysis conditions widely used in organic chemistry 

(constant ozone bubbling to a stirred solution of reagents at -78 ºC) were initially explored. 

Specifically, a constant ozone flux (10 mmol O3/h) was blown onto a stirred dispersion of the 

MOF sample in a solvent-assisted fashion. After 30 min, the MOF sample was recovered and 

characterized by Powder X-ray diffraction (PXRD) and Brunauer–Emmett–Teller (BET) surface 

area measurements (SBET). Additionally, 1H Nuclear Magnetic Resonance (NMR) analyses were 

performed to digested MOF samples and to the evaporated supernatant in order to follow any 

potential degradation in the linkers. From the gathered data, we could observe that both Cr-MIL-

101 and Zn-MOF-74 collapsed significantly during the ozonolysis process, as their porosity 
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profiles and BET surface area (SBET) values suffered a drastic reduction (Figure 4.2 b,c). On the 

other hand, MOFs with stronger M-COO bonds (i.e. Al(III), Zr(IV)) showed no porosity reduction 

after being exposed to ozone. We attributed this results to the fact that both Al(III) and Zr(IV) 

MOFs are on their highest oxidation state, thus not being affected by the powerful oxidizing 

capabilities of ozone. Al-CAU-10H was finally discarded due to partial leeching of its organic 

linkers during the ozonolysis process. In the end, Zr-based MOFs were chosen as the most suitable 

system for the study of ozonolysis in MOFs. Indeed, Zr-based MOFs are known to exhibit high 

thermal and chemical stability, as well as being resistant to aqueous and acidic conditions.28–30 In 

our case, Zr-UiO-67 showed no loss in crystallinity or surface area after ozone exposure, as well 

as no leaching or partial degradation of the linkers.  

 After spotting the most suitable metal source, the next step focused on selecting the 

optimal organic linkers for the project. 2-Ethenylbenzene-1,4-dicarboxylic acid (H2EBDC) was 

the ligand of choice, as it fulfilled two indispensable requirements; (i) the linker presents adequate 

linear directionality to form UiO-like frameworks when reacting with Zr ions; and (ii) the 

unsaturated moiety is incorporated as a side-pending group and not directly within the MOF 

backbone, thus not affecting its structural integrity after ozone exposure (Figure 4.3). 

 

 

Figure 4.2. N2 adsorption isotherms (left) and PXRD patterns (right) ordered from top to bottom: simulated PXRD, as-
made PXRD and ozonated PXRD from Zr-UiO-67 (a), Cr-MIL-101 (b), Al-CAU-10H (c) and Zn-MOF-74 (d). 

 

 

 

 

 

4.2.2. Synthesis and characterisation of ZrEBDC 
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Figure 4.3. Schematic representation of bulk and single-crystal ZrEBDC synthetic pathways. 

 

Bulk ZrEBDC was synthesized by adding an equimolar mixture of H2EBDC and ZrOCl2·8H2O 

into a mixture of DMF and formic acid, and the resulting slurry was then heated at 120 °C (Figure 

4.3). After 12 h, the crude solid was washed twice with DMF and acetone, filtered, and activated 

under vacuum prior to any ozonolysis test. This methodology afforded nanoscaled (20 – 40 nm 

monitored by Scanning Electron Microscopy (SEM)) spherical architectures in a 92% yield. 

 Colourless octahedral crystals of ZrEBDC (20 – 40 µm, monitored by SEM) suitable for 

single-crystal X-Ray diffraction (SCXRD) were obtained by slightly tuning the reaction 

conditions. After dissolving the two reagents in a 3:1 mixture of DEF/formic acid, the resulting 

solution was gradually heated from 25 to 135 °C at a heating rate of 5 °C/min for 72 h (Figure 

4.3). After cooling down to room temperature, the crystals were recovered and washed with DMF 

several times. In exchange for the bigger crystal size, this methodology presented poor yields (< 

20% based on Zr). The structural elucidation of single-crystal quality ZrEBDC under synchrotron 

radiation revealed the formation of the archetypical UiO-66-like backbone, consisting on 12-

connected zirconium oxoclusters of formula [Zr6O4(OH)4]12+ interconnected through 

bideprotonated EBDC2- linkers in a three-dimensional fashion (Figure 4.4b).  In this structure, the 

olefinic sidechains of the EBDC linkers are pointing inwards toward the pores. Due to the high 

symmetry of the framework, the atomic positions of the ethenyl side chains were homogeneously 

distributed at 25% atom occupancy between the four possible positions in EBDC (Figure 4.4c). 
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Figure 4.4. (a) SEM microscopy images of bulk ZrEBDC (top) and single-crystal ZrEBDC (bottom). (b) Backbone 
illustration of the single-crystal structure of ZrEBDC. The olefinic side-chains of the EBDC linkers are highlighted in 
green. The zirconium oxo-clusters are coloured in maroon red and the aromatic carbons, in grey. (c) ORTEP drawing 
of EBDC linker as found in the crystal structure of ZrEBDC. The four equivalent ethenyl group positions are distorted. 

   

 PXRD measurements confirmed that both bulk and single-crystal ZrEBDC shared the 

same crystalline phase, in good agreement with the simulated pattern obtained from single-crystal 

elucidation. For this, the optimization of further ozonolysis tests were performed exclusively with 

Bulk ZrEBDC, and monitored by routine characterization techniques, such as NMR, PXRD, SBET 

and Mass Spectrometry (ESI-MS). 

4.2.3. Setup optimization for dispersion and solid-gas phase ozonolysis 

During the development of this project, two ozonolysis setups were studied: (i) A solvent-assisted 

methodology based on standard ozonolysis procedures widely used in organic chemistry, and (ii) 

a solid-gas phase methodology aimed at exploiting the intrinsic microporosity of MOFs in a 

solvent-less fashion. 

 Solvent-assisted setup. Based on the relative stability of ozone under solution, this 

methodology was rooted on how ozonolysis is routinely performed in organic chemistry 

laboratories.31,32 A suitable amount of MOF sample was dispersed in the non-protic solvent of 

choice (i.e. CCl4, chloroform, acetone, DMF, etc.), placed on a three-neck round-bottom flask and 

cooled down to either 0 ºC in a water/ice bath, or 195 K in a CO2/acetone bath. A constant ozone 

flux (10 mmol O3/h) was then continuously bubbled through a glass pipette onto the stirred 

dispersion. After 60 minutes, the MOF sample was recovered and thoroughly washed with 

acetone. The evolution of the reaction was monitored 1H NMR analysis of the digested sample, 

and its crystallinity was characterized by PXRD measurements (Figure 4.5). Even though this 

methodology never achieved a quantitative conversion of the ethenyl moieties (presumably due 

to ozone’s lifetime under the reaction conditions being shorter than its diffusion through the 
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solvent-filled porous framework33), it settled the basis of ozonolysis in MOFs, confirming the 

partial reactivity of the olefinic groups.  

 

Figure 4.5. Left: 1H NMR spectra of HF-digested (5% in DMSO-d6) ZrEBDC MOF particles subjected to 1h of solvent-
assisted ozonolysis in DMF (blue) compared with as-synthesized ZrEBDC (red). Olefinic signals are marked with a *. 
Right: PXRD of ZrEBDC (red) and ZrEBDC particles subjected to 1h of solvent-assisted ozonolysis in DMF (blue). 

 

 Solid-gas phase setup. In contrast to the poorly efficient solvent-assisted methodology, 

this setup takes advantage of the intrinsic microporosity MOFs present in the solid state and 

operates in a solvent-less fashion. Ozone gas is still reactive towards unsaturated moieties, and 

might react in a solid-gas fashion when diffusing through the framework.34,35 To this end, the 

design of a new setup was required. This S/G setup must fulfil the following criteria; (i) every 

part of the setup should be ozone-proof, avoiding both leaking and corrosion; (ii) ozone should 

only take a single pathway, that being through the MOF pores; (iii) the setup should allow a proper 

evacuation of the MOF pores prior to any ozonolysis experiment; and (iv) the sample should be 

kept under the required reaction temperature at all times. Based on this premises, a new setup 

adapted to small-scale ozonolysis experiments was designed (Figure 4.6a,b) incorporating the 

following elements: 

 Ozone generator 

 Desiccation CaCl2 column 

 U-shaped Pyrex column, where the sample 

is horizontally packed 

 Temperature bath (CO2/acetone) 

 Aqueous KI trap, acting as colorimetric 

indicator of free ozone36 

 Vacuum connection at the end of the set



Chapter 4 

91 
 

 

 
Figure 4.6. Laboratory (a) and schematic (b) representations of the solid-gas ozonolysis setup. (1) Ozonator; (2) CaCl2 
dessication column; (3) U-shaped Pyrex tube containing the MOF column; (4) CO2/acetone bath at -78 ºC (195 K); (5) 
KI aqueous solution. 
 
 In a typical procedure, 50 mg of activated MOF sample (120 ºC vacuum, 12h) were 

packed inside a 3.4 mm diameter Pyrex tube. Two cotton stoppers were placed around the sample, 

and the column was bent into a U-shape using a flame torch. One end was directly attached to an 

ozone generator operating at 10 mmol O3/h, whereas the other was connected to vacuum. Before 

the reaction was started, the tube was immersed into a dry ice/acetone bath at −78 °C (195 K) and 

purged under vacuum for 10 min. 

 Under these conditions, ozone presents a moderate half-life time and selectively reacts 

with the unsaturated moieties of the framework. Excessive generation of ozone was avoided by 

adding an aqueous KI detector to the end of the setup. Once the sample reached the proper 

temperature, a constant stream of O3/air, dried through CaCl2, was blown into the column. The 

stream was maintained until the KI solution changed from colourless to bright yellow (after ∼30 

min), which indicated every olefinic side-chain was transformed. The ozone stream was then 

stopped immediately. The sample, which showed a blue coloration, was left under vacuum for an 

additional 10 minutes in order to ensure that all the residual unreacted ozone was evacuated from 

the tube; after this, the sample became white again. The ozonized sample was recovered by 



Chapter 4 

92 
 

carefully breaking the U-shaped tube and was further characterized by 1H NMR, PXRD and BET 

measurements. 

 Through this methodology, quantitative fading of the olefinic NMR signals were achieved 

in just 30 min of reaction time, without significant crystallinity or surface area losses. 

4.2.4 Solid-gas phase ozonolysis of bulk ZrEBDC 

Evolution of the reaction followed by HF-digested 1H NMR. 50 mg of activated Bulk ZrEBDC 

were carefully packed inside a U-shaped column and subjected to S/G Phase ozonolysis following 

the procedure stated in 4.2.2. Ozonized samples at different reaction times, from 5 to 30 minutes, 

were collected. PXRD measurements of every sample confirmed the robustness of the UiO-like 

framework towards ozone exposure, showing no significant crystallinity loss (Figure 4.7).  

 In order to gain deeper knowledge on the solid-gas process, the degree of reaction of the 

olefinic groups was monitored by measuring the 1H NMR spectra of the digested samples (5% 

HF/DMSO-d6), and then compared to that of the starting ZrEBDC (Figure 4.7). The spectrum of 

the unreacted ZrEBDC showed the characteristic peaks of three non-equivalent olefinic protons 

at δ = 7.29, 5.77, and 5.41 ppm, integrating in a 1:1:1 ratio. In contrast, the spectrum of a fully 

converted sample (hereafter named ozo-ZrBDC) confirmed a quantitative fading of these olefinic 

signals in approximately 30 minutes of S/G interaction, and presented three new signals at δ = 

6.70, 4.90 and 4.55 ppm (Figure 4.7; blue spectrum). The results at intermediate reaction times 

confirmed a direct correlation between the disappearance of the olefinic signals and the 

appearance of the new ones: with conversions of 33% at 5 minutes; 52% at 10 minutes; 78% at 

15 minutes; and 100% at 30 minutes. However, the newly obtained signals did not match with the 

expected 1,2,4-trioxolane, as their chemical shifts and integration greatly differ from the 

theoretical values.  

 

Figure 4.7. Left: PXRD measurements of ZrEBDC samples at different ozonolysis reaction times, from t= 0 minutes 
(red), t= 5minutes (pink), t= 10 minutes (lavender), t= 15 minutes (purple) and t= 30minutes (blue). Right: 1H NMR 
spectra of digested ZrEBDC samples at different ozonolysis reaction times, showing a quantitative fading of olefinic 
signals at 30 minutes. 
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 This experiment clearly shows that, while useful for routine monitoring of the reaction 

evolution, HF-digested NMR analysis grants little or no information on the real structure of the 

final product. Three new signals (*) aroused proportionally as the olefinic signals (*) faded, but 

their integration and chemical shift could not be related to the expected 1,2,4-trioxolane ring. 

Consequently, several in-depth NMR experiments were required for a proper understanding of 

the reaction. Such experiments were carried out in close collaboration with the Institut Lavoisier 

de Versailles – CNRS, both in HF-digested and solid-state fashion. 1D-NMR and 2D-NMR 

spectra (HR-1H NMR, NOESY, DOSY, 13C NMR, DEPT135, HSQC and HMBC) of digested 

ZrEBDC and ozo-ZrBDC are presented below, with brief explanations and identification of each 

species (Figures 4.8 - 4.13). A methodical interpretation of all the gathered data suggested that 

the 1,2,4-trioxolane moiety suffers a chemical transformation under the aggressive MOF 

digestion conditions, and followed two independent degradation pathways (Scheme 4.1).  

 

Scheme 4.1. Representation of the species formed after digestion of ozo-ZrBDC with 5% HF in DMSO-d6. Carbon 
atoms with attached protons are labeled with black numbers (1-9) and quaternary carbon atoms, with red letters (a-k). 

  

 Four different molecular entities were properly identified in the mixture (DOSY NMR, 

Figure 4.9). First, two symmetric metathesis products (cross-ozonation) of our expected product 

trioxolane-BDC were identified (A’ and A’’). Second, two products attributed to the acid-

induced hydrolysis of trioxolane-BDC (B and C). As previously stated, even though digested 

NMR analysis did not allow a direct elucidation of our target intermediate, it proved to be an 

excellent routine characterisation for following the ozonolysis evolution inside the MOF by 

comparing the olefinic signals versus the combination of two peaks; one at 7.73 ppm 

(corresponding to H3 of 1,2,4-benzenetricarboxylic acid) and one at 6.70 ppm (attributed to H2 

of the trioxolane metathesis product A’). 
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Figure 4.8. 1H NMR spectrum of digested ozo-ZrBDC in HF/DMSO-d6, showing nine proton resonances (labelled 1 
to 9) corresponding to the 1,2,4-trioxolane derivatives and their decomposition products. An HR inlet spectrum (from 
8.04 to 8.23 ppm) focuses on the aromatic region, combined with the fitted peaks (red lines). 

 

Figure 4.9. DOSY-NMR (Diffusion-Ordered Spectroscopy) spectrum of digested ozo-ZrBDC in HF/DMSO-d6, 
showing four resonance entities at four diffusion coefficients. Note that signals 1 and 2, which appear in the range of 
trioxolane moieties, correspond to two distinct species. 
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Figure 4.10. 1H NOESY-NMR (Nuclear Overhauser Effect Spectroscopy) spectrum of digested ozo-ZrBDC in 
HF/DMSO-d6, showing the spatial proximities between adjacent protons 7 and 3; protons 4 and 8; and protons 2 and 6 
over two neighboring bonds. 

 

 

Figure 4.11. 13C{1H} HMBC spectrum of digested ozo-ZrBDC in HF/DMSO-d6, showing the nine H atoms attached 
to nine carbon atoms (1-9). 
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Figure 4.12. 13C{1H} DEPT135 NMR spectrum of digested ozo-ZrBDC in HF/DMSO-d6 that enables the 
differentiation of the CH groups from the CH2 groups. Note that all carbons, bear one signal, are attached to a single 
proton. 

 

 

Figure 4.13. 13C{1H} NMR spectrum of digested ozo-ZrBDC in HF/DMSO-d6, showing the twenty different carbon 
atoms labelled 1-9 (C-H) and a-k (quaternary C). The two groups of resonances are differentiated by comparing 
DEPT135 and polarization experiments. 

 

 To gain direct evidence on the 1,2,4-trioxolane formation, solid-state 13C NMR spectra 

of both ZrEBDC and ozo-ZrBDC were recorded using cross-polarization under magic angle 

spinning (CP-MAS). The two 13C-peaks of the ethenyl group in ZrEBDC appear at 115.6 and 

Trioxolane Region 

Aromatic Region 

Carboxylate Region 
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131.0 ppm (Figure 4.14a, red spectrum). As expected, the spectrum of ozo-ZrBDC lacks these 

two peaks and shows two new ones, at 93.6 and 101.8 ppm (Figure 4.14a, blue spectrum), which 

indicated successful conversion of all the olefinic moieties. We then recorded CP-MAS NMR 

spectra of each product under Polarization Inversion (CPPI),37 in order to differentiate between 

carbon sites coupled to protons with contrasted dipolar interaction. In the CPPI spectrum of ozo-

ZrBDC (Figure 4.14a, orange spectrum), the resonance at 93.6 ppm is present, whereas that at 

101.8 ppm is absent. These observations confirmed the formation of the 1,2,4-trioxalane ring, 

with the CH2 peak located at 93.6 ppm and the CH peak, at 101.8 ppm; in agreement with 

literature data and the expected spectra coming from a 1,2,4-trioxolane.38,39 We further confirmed 

this formation by performing a soft-ligand exchange experiment immersing fully ozonated ozo-

ZrBDC in a saturated 1,4-BDC DMF solution for seven days at room temperature.40 Two peaks 

in solution 1H NMR corresponding to the CH and CH2 groups of the 1,2,4-trioxolane ring (δ = 

5.61 and δ = 4.65 ppm, integrating in a 1:2 ratio) were identified after analysing the evaporated 

supernatant (Figure 4.14b). 

 

 

Figure 4.14. (a) Solid-state 13C NMR spectra of ZrEBDC (red: CP-MAS) and ozo-ZrBDC (blue: CP-MAS; orange: 
CPPI-MAS). (b) 1H NMR spectra after the soft ligand-exchange experiment (blue) versus H2EBDC (red). 

 
 Samples exposed to different ozonation times were also subjected to standard conditions 

for MOF activation (120 °C, 12 h), and their inner surface area was subsequently measured (see 

Section 4.3.5). Compared to the initial SBET value for ZrEBDC (1300 m2/g - see Section 4.3.5.; 

Figure 4.18), the ozonated samples exhibited decreasingly lower SBET values in function of 

increasing ozonation time; the value for the fully converted ozo-ZrBDC was 685 m2/g (Section 

4.3.5.; Figure 4.19). Remarkably, this surface area is consistent with a previously reported value 

for a UiO-66-like MOF with imidazole moieties as pendant groups (SBET = 538 m2/g).41 
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4.2.5 Solid-gas phase ozonolysis of single-crystal ZrEBDC 

After the optimization of the process, we aimed at taking this S/G methodology one step further 

and proof its efficiency through single-crystal diffraction. SCXRD is arguably one of the most 

precise characterization techniques at atomic level, defining the electronic density of every atomic 

position within a crystalline lattice. To this end, SC ZrEBDC was homogeneously mixed with 

bulk sample and was subjected to S/G ozonolysis at 195 K for 30 min. Mixing SC sample with 

microcrystalline ZrEBDC proved to be necessary in order to avoid preferential pathways in the 

ozone flux, forcing it through the material. After confirming a quantitative fading of the olefinic 

signals in HF-digested NMR measurements, the single crystals were separated by decantation, 

washed with DMF and analysed under synchrotron radiation. We characterised the ozonolysed 

crystals of ozo-ZrBDC by SCXRD, which confirmed that they had retained the crystallinity and 

the UiO-66 framework of the starting MOF (Figure 4.15a).  

 Analysis of the difference Fourier maps revealed high electron-density within the pores 

of the framework, which we attributed to the 1,2,4-trioxolane. Due to the high symmetry of the 

framework, the positions of the 1,2,4- trioxolane groups were statistically disordered, which 

prevented us from refining their position in the cubic Fm3m space group of ozo-ZrBDC. 

Nonetheless, in close collaboration with the Instituto de Ciencia de Materiales de Madrid 

(ICMM-CSIC), upon refining the framework atoms (including the defect sites and adsorbed 

species),42 we calculated a residual electron-density within the pores of 657 e− per unit cell, using 

the program Squeeze.43 This value was in good agreement with the calculated number of electrons 

corresponding to the presence of one 1,2,4-trioxolane per organic linker within the unit cell (653 

e−), which is the value obtained when 15% of the linker sites are considered to be defective (as 

suggested by the single-crystal refinement). To determine the orientation of the 1,2,4-trioxolane 

groups, we performed an additional single-crystal refinement in the monoclinic C2-space group. 

Due to the low partial occupancies of the 1,2,4- trioxolane and their positional disorder, rigid body 

restraints were employed, whereby the conformation of the 1,2,4-trioxolane moiety was obtained 

from Density Functional Theory (DFT)-based calculations. The 1,2,4-trioxolane rings appeared 

to be rotated relative to the plane of their corresponding linker phenyl ring, and in all cases 

oriented toward the inorganic secondary building units (SBUs), at short-contact distances (range: 

2.3 to 3.1 Å) between the 1,2,4-trioxolane atoms and the carboxylic groups of the adjacent linkers, 

in good agreement with the DFT calculations performed in collaboration with the Autonomous 

University of Madrid (UAM) (Figure 4.15c). 
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Figure 4.15. Illustration of the single-crystal structure of ozo-ZrBDC across the [1 1 0] direction, highlighting in yellow 
the disordered 1,2,4-trioxolane moieties. (b) ORTEP drawing of ozo-ZrBDC. (c) Simplified drawings of optimized 
structure geometries restricting to 180º the values of Zra-Zrb-C(carboxy)-C1(atom) dihedral angle. Curved arrows indicate 
the rotations found accounting for the maximization of H-bond interactions (noted as dashed lines). 

  

4.2.6. Reductive and oxidative work-up procedures of ozo-ZrBDC 

Having demonstrated that ozonide rings can be stabilized inside a robust MOF, we next sought to 

explore the amenability of such rings in ozo-ZrBDC to be selectively reduced into aldehydes or 

oxidized into carboxylic acids. For the former, ozo-ZrBDC was soaked overnight, with stirring, 

in an acidic aqueous solution of dimethyl sulphide (Me2S) as reducing agent, to convert the 1,2,4-

trioxolane rings into aldehyde groups in a yield of 40% (Figure 4.16a, left). The mild conditions 

of the workup did not allow for quantitative conversion of the stabilized trioxolanes, and all 

attempts to make the reduction more aggressive resulted in undesired formation of carboxylate 

byproduct. The SBET of this ozo-ZrBDC partially functionalized with aldehyde moieties was 960 

m2/g (see Section 4.3.5.; Figure 4.20). Alternatively, soaking ozo-ZrBDC overnight, with stirring, 
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in aqueous hydrogen peroxide (H2O2) drove oxidative cleavage of the 1,2,4-trioxolane rings to 

the corresponding carboxylic acids. This transformation was quantitative, as confirmed by 1H 

NMR analysis (Figure 4.16a, right). In both the aldehyde and carboxylic acid products, the UiO-

66-type framework was preserved, as confirmed by PXRD (Figure 4.16b). Furthermore, SCXRD 

analysis of the crystals resulting from the oxidation pathway (H2O2) confirmed that they also 

retained their single-crystal character. Remarkably, the position of the newly formed carboxylic 

acid groups could be determined through the refinement of the SCXRD data (Figure 4.16c). In 

this case, the SBET was found to be 301 m2/g (see Section 4.3.5; Figure 4.21), which is in good 

agreement with those reported for this UiO-66-COOH (SBET = 350−400 m2/g).44
. 

 

Figure 4.16. (a) 1H NMR spectra of digested reductive work-up (left) and oxidative work-up (right) pathways, 
compared with ozo-ZrBDC (black). (b) PXRD measurements of ZrEBDC (red), ozo-ZrBDC (blue), ZrBDC-COOH 
(green) and ozo-ZrBDC partially functionalized with CHO groups (orange). 

 

4.2.7. Conclusions 

In summary, we have reported a solvent-less, solid−gas, single-crystal-to-single-crystal, 

postsynthetic functionalization of a MOF using ozone. Streaming of ozone gas through an olefin-

tagged UiO-66-type MOF at −78 °C provided quantitative transformation of the olefins into 1,2,4-

trioxolane rings inside the robust MOF framework. When confined inside the MOF pores, this 

ring proved to be stable under standard heat and vacuum conditions for MOF activation, unlike 

in solution. Finally, an optimized workup enabled further single-crystal-to-single-crystal 
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chemistry on these 1,2,4-trioxolane rings: reduction into the corresponding aldehyde or oxidation 

to the corresponding carboxylic acids, the latter in quantitative yield. We are confident that our 

methodology will offer new insight into how gas molecules might be exploited for MOF 

chemistry that transcends common physisorption phenomena. 
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4.3. Experimental Part 

4.3.1. Materials and Methods 

 Zirconium oxychloride octahydrate (ZrOCl2·8H2O, purity ≥ 99.5%), formic acid (purity 

>98%), potassium iodide (KI), N,N-diethylformamide (DEF) and anhydrous granular CaCl2 (2-6 

mm) were purchased from Sigma-Aldrich Co. N,N-dimethylformamide (DMF) and acetone were 

obtained from Fisher Chemical. 2-ethenylbenzene-1,4-dicarboxylic acid (purity >97%) was 

obtained from iChemicals 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). 

Pyrex tubes (outØ5mm x inØ3.4mm; length: 50 cm) were purchased from VIDRASA S.A. The 

tubes were bent into a U-shape with a flame torch prior to any ozonolysis process. A constant 

ozone flux was obtained using an ozone generator (model N1668A, 10.4 mmol/h O3 at room 

temperature) purchased from Ozonotec. 

 Powder X-Ray Diffraction (PXRD) patterns were recorded on an X'Pert PRO MPD 

analytical diffractometer (Panalytical) at 45 kV, 40 mA using Cu Kα radiation (λ = 1.5419 Å). 

Elemental Analysis measurements were performed on a Flash EA 2000 CHNS (Thermo Fisher 

Scientific) analyzer. Field-Emission Scanning Electron Microscopy (FE-SEM) images were 

collected on a FEI Magellan 400L scanning electron microscope at an acceleration voltage of 2.0 

KV, using aluminum as support. 13C NMR spectra were recorded on an Bruker Avance 500 NMR 

spectrometer (static magnetic field of 11.7 T) operating at Larmor frequencies of 500.1 MHz (1H) 

or 125.8 MHz(13C). The samples were packed in rotors (o.d.: 4 mm) and analyzed at 10 kHz MAS 

frequency. 13C chemical shifts were referenced to the carbon signal in TMS at 0 ppm. The Cross-

Polarization with Polarization Inversion (CPPI)37 spectrum of ozo-ZrBDC was recorded using a 

pulse-inversion duration of 50 µs.1H step small-phase incremental alternation (SPINAL-64)45 

decoupling was applied during the 13C signal acquisition (~ 80 kHz RF field). Nitrogen adsorption 

and desorption measurements were done at 77 K using an Autosorb-IQ-AG analyser.  

 Single-Crystal X-Ray Diffraction (SCXRD) data of ZrEBDC and ZrBDC-COOH were 

collected at 100(2) K in BL13-XALOC beamline46 at the ALBA synchrotron, on a single-axis 

goniometer with a Pilatus 6M detector using a monochromatic X-ray beam (λ = 0.75253 Å and λ 

= 0.82653 Å, respectively). The data were indexed, integrated and scaled using the XDS 

program.47 Absorption corrections were not applied. The ZrEBDC structure was solved by direct 

methods and subsequently refined by correction of F2 against all reflections, using SHELXS2013 

and SHELXL2013 within the WinGX package and OLEX2.48,49 Single-crystal diffraction data for 

ozo-ZrBDC was collected in beamline I19-1 at Diamond Light Source, UK, on a fixed-chi 

goniometer with a Pilatus 2M detector (silicon (111) monochromatic radiation, λ = 0.6889 Å).50 

Data were processed using XiA.51 Two different refinements were completed for this sample. In 
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the first one, the framework’s cubic symmetry was maintained, and the residual electron density 

corresponding to the trioxolane groups was accounted by means of the program Squeeze. In a 

second refinement, the crystal structure was refined in the C2 space group, in order to refine the 

position of the trioxolane groups, which were refined as rigid bodies with the use of the FRAG 

and EADP instructions. The position of the carbon atoms bound to the linker phenyl ring could 

be readily identified in the difference density maps, and used to set the position of rigid body 

fragments, whose conformation was obtained from DFT calculations. 

 All calculations were performed at the DFT level using the M06 functional52,53 with an 

ultrafine grid54 as implemented in Gaussian09. This functional accounts for dispersion 

interactions and has a good performance on inorganic systems.55,56 The Zr atom was described by 

means of an effective core potential SDD for the inner electron and its associated double-ζ basis 

set for the outer ones,57 complemented with a set of f-polarisation function.58 The 6-31G basis set 

was used for the C atoms, 6- 31G(d) for the O atoms and 6-31G(p,d), for H atoms.59,60 The two 

possible structures were fully optimized in gas phase. Both structures were identified as minimum 

points in the potential energy surface by determining the absence of imaginary frequencies in the 

Hessian matrix. All energy values correspond to Gibbs energies in kcal mol−1. Structures 

optimized without any geometrical restriction resulted in folded geometry, which would impose 

a tension in the solid-state structure that could hardly allow the formation of crystalline samples. 

Therefore, an additional set of optimizations was carried out restricting to 180º the value of the 

dihedral angle described by the planes Zra-Zrb-Ca and Zrb-Ca-Cb. Although unrestricted re-

optimization always tends to the folded structure, the energetic difference between restricted an 

unrestricted was very small. In fact, frequency calculations in all restricted and unrestricted 

structures resulted only in positive values of frequencies. Therefore, the potential energy surface 

in the region of calculated geometries was very shallow and all structures found, both folded and 

straight, can be, as a matter of fact, considered as minimums of energy. The geometries relevant 

to elucidate the crystal structure are the ones that keep the dihedral angle Zra-Zrb-Ca-Cb value at 

180º (Structures C and D in Figure 14c). Therefore, the following structural discussion is focused 

on such structures. 

 The main structural feature distinctive of structures C and D is the interaction that 

trioxolane cycle establishes with the {Zr6(RCOO)12(OH)4O4} cluster. First, in structure C two H-

bonding interactions can be described with the proton that corresponds to the fragment O-C(H)-

O, one with a H···O(benzoate) distance of 2.24 Å and the other one with a H···O(formiate) 

distance of 2.41 Å. On the other hand, in structure D two H-bonding are established with one of 

the protons in the fragment O-C(H)2-O, which can be discerned by a H···O(benzoate) distance of 

2.66 Å and a H···O(formiate) distance of 2.37 Å. Such multiple supramolecular interactions 

orientate the triozolane cycle fixing two positions of the rotation trough the C(arom)-CH(triozolane) 
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bond: one for structure C and another one for structure D. Such rotation positions, which can be 

defined by the dihedral angle C1(arom)- C2(arom)-C3(triozolane)-H(triozolane) (Figure 4.15c; 23º for C and 

162º for D), are two plausible conformations that could be found in the crystal structure. In fact, 

the crystal structure can be interpreted as a mixture of both situations, which can be found 

randomly in different positions of the structure. In addition, in order to maximize H-bonding 

interactions, phenyl groups also rotates around the C(carbox)- C(arom) bond. This rotation can be 

described by the dihedral angle C1(arom)- C2(arom)- C(carboxy)-O(carboxy) (29º for C and 36º for D). This 

additional rotation, also associated to the interaction between the metallic cluster and the 

triozolane cycle, adds an additional uncertainty in the location of carbon atoms in of the phenyl 

group. 

Coordinates of optimized geometries 
 

Structure A 
Zr       2.117637000     -2.029536000     -0.669704000 

Zr       0.345549000     -1.034259000      2.226930000 

O        1.002978000      1.138551000      2.149263000 

O        0.695081000     -0.833630000     -1.590741000 

O        2.035238000     -0.850242000      1.036972000 

O        3.462583000      0.602147000      3.062981000 

O       -1.131746000     -3.029185000     -1.908859000 

O        1.042601000     -3.681357000     -1.740365000 

O        4.815873000     -0.161169000      0.853637000 

C       -0.154957000     -3.802433000     -2.134241000 

O        1.813696000     -0.727437000      3.895514000 

C        2.923461000     -0.120400000      3.952315000 

C        5.073605000     -1.329890000      0.439828000 

O       -0.924640000      0.093493000      3.689201000 

O        3.002428000     -2.111347000     -2.729361000 

O        1.201638000     -3.057662000      2.675547000 

O        2.344377000     -3.697260000      0.814308000 

C        2.962134000     -1.306285000     -3.705976000 

C        1.954640000     -3.829633000      2.011724000 

O       -1.538286000     -2.239035000      2.468574000 

O       -2.563248000     -2.243994000      0.437551000 

C       -2.492109000     -2.498226000      1.679450000 

O        0.108981000     -2.293211000      0.352438000 

Zr      -0.466154000      2.041756000      0.670190000 

Zr       1.308834000      1.045021000     -2.224474000 

O        2.995668000      0.018641000     -1.104337000 

O       -0.785644000     -0.004286000      0.826164000 

O        1.360766000      1.714024000     -0.259303000 

O       -0.795054000      1.162061000     -1.392235000 

O        4.162191000      2.328944000     -0.405253000 

O       -3.151303000      0.136555000     -0.704445000 

O       -2.662543000      2.117700000      0.274237000 

O        2.803148000      3.092708000      1.801160000 

O        0.627757000      3.742922000      1.639273000 

C       -3.479285000      1.238192000     -0.153681000 

O        3.130232000      2.339118000     -2.433842000 

C        4.012461000      2.708445000     -1.603991000 

C       -4.934616000      1.539529000     -0.051127000 

C        1.852185000      3.921340000      1.909771000 

O        2.481720000     -0.135040000     -3.730583000 

O       -1.451336000      2.069104000      2.689361000 

O        0.554498000      3.116668000     -2.634023000 

O       -0.584912000      3.762271000     -0.772386000 

C       -1.522293000      1.207941000      3.614749000 

C       -0.085506000      3.944823000     -1.921476000 

O       -0.097363000      0.641742000     -3.925079000 

O       -1.749143000     -0.679568000     -3.085240000 

C       -5.332731000      2.881746000     -0.074087000 

C       -5.906831000      0.524375000      0.027716000 

C       -7.258651000      0.873693000      0.033452000 
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C       -7.647584000      2.211079000     -0.019140000 

C       -1.142688000     -0.067667000     -4.013130000 

C       -6.683270000      3.218495000     -0.064650000 

C       -5.531798000     -0.920489000      0.159223000 

C       -6.085270000     -2.913743000     -0.747397000 

O       -6.490905000     -1.596025000      0.979759000 

O       -6.128882000     -2.945267000      0.682929000 

O       -5.621043000     -1.616180000     -1.088527000 

Zr       2.914056000      1.026535000      0.929748000 

Zr      -1.263588000     -1.012293000     -0.925176000 

O        4.304099000     -2.126385000     -0.173962000 

H       -0.376003000     -4.696291000     -2.733627000 

H        3.480192000     -0.221303000      4.893965000 

H        6.094466000     -1.691767000      0.623563000 

H        3.411726000     -1.662595000     -4.642854000 

H        2.300665000     -4.731776000      2.534393000 

H       -3.362019000     -3.011758000      2.113331000 

H        2.119308000      4.912897000      2.300108000 

H       -2.170531000      1.464169000      4.463750000 

H       -0.237990000      4.940319000     -2.360701000 

H       -4.566231000      3.648129000     -0.107509000 

H       -8.000773000      0.086230000      0.101086000 

H       -1.585227000     -0.151975000     -5.014974000 

H       -6.982041000      4.260499000     -0.093324000 

H       -7.080831000     -3.067594000     -1.179590000 

H       -5.382373000     -3.695579000     -1.049531000 

H        4.746698000      3.437132000     -1.973862000 

H        3.853037000      0.023199000     -1.541615000 

H       -1.451426000      1.615942000     -1.930534000 

H       -0.177577000     -3.201595000      0.490544000 

H        1.072811000      1.584295000      2.999372000 

H       -8.701773000      2.466113000     -0.015114000 

H       -4.538921000     -1.067926000      0.583906000 
 

Structure B 

 
Zr       2.268416000     -1.679988000      1.094066000 

Zr       0.886245000      1.428574000      2.070408000 

O        1.149089000      2.430796000      0.050365000 

O        0.534664000     -1.759881000     -0.035120000 

O        2.290467000      0.390197000      0.949247000 

O        3.786734000      2.774547000      0.379940000 

O       -0.950247000     -3.031494000      2.088473000 

O        1.297700000     -3.371238000      2.210882000 

O        4.843379000      0.403454000     -0.358870000 

C        0.086755000     -3.687937000      2.401561000 

O        2.547934000      2.921009000      2.283717000 

C        3.535799000      3.204868000      1.543934000 

C        5.214843000     -0.565838000      0.366108000 

O       -0.281547000      3.345650000      2.119839000 

O        2.783973000     -3.545712000     -0.039829000 

O        2.133110000      0.721494000      3.797004000 

O        3.018509000     -1.280352000      3.172439000 

C        2.438062000     -3.968748000     -1.182207000 

C        2.872229000     -0.294744000      3.953774000 

O       -0.704558000      1.146125000      3.628501000 

O       -2.051075000     -0.528981000      2.879569000 

C       -1.719704000      0.389935000      3.684647000 

O        0.540513000     -0.805500000      2.277141000 

Zr      -0.681565000      1.717708000     -1.094982000 

Zr       0.703489000     -1.388156000     -2.069558000 

O        2.709238000     -1.063403000     -1.046358000 

O       -0.619850000      0.829171000      0.780382000 

O        0.985436000      0.632785000     -1.686921000 

O       -1.218868000     -0.479421000     -1.278064000 

O        3.579164000      0.642479000     -2.920903000 

O       -3.242190000     -0.270029000      0.487295000 

O       -2.865324000      1.530560000     -0.828887000 

O        2.514549000      3.012293000     -2.179959000 

O        0.267740000      3.358212000     -2.299587000 

C       -3.622766000      0.759485000     -0.147469000 

O        2.227330000     -1.024869000     -3.678199000 

C        3.164934000     -0.181490000     -3.789032000 

C       -5.055782000      1.184661000     -0.086355000 
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C        1.473924000      3.596981000     -2.602622000 

O        1.771143000     -3.359937000     -2.069825000 

O       -1.316545000      3.525083000      0.099251000 

O       -0.434727000     -0.625835000     -3.840523000 

O       -1.316544000      1.377329000     -3.218340000 

C       -1.069134000      3.884470000      1.288296000 

C       -1.070741000      0.449921000     -4.044300000 

O       -0.898558000     -2.948382000     -2.244038000 

O       -2.097347000     -2.805446000     -0.318689000 

C       -5.262942000      2.571130000     -0.035472000 

C       -6.171060000      0.324840000     -0.090007000 

C       -7.451736000      0.883434000     -0.021080000 

C       -7.646097000      2.259358000      0.071729000 

C       -1.821853000     -3.299591000     -1.452500000 

C       -6.542837000      3.109202000      0.061341000 

C       -6.136075000     -1.172973000     -0.174929000 

C       -5.011159000     -2.903734000      0.745148000 

O       -5.138536000     -1.646608000     -1.074754000 

O       -5.095570000     -3.020816000     -0.680283000 

O       -5.825661000     -1.787482000      1.074152000 

Zr       2.812326000      1.199889000     -0.888838000 

Zr      -1.220955000     -1.147078000      0.886577000 

O        4.493262000     -1.449293000      0.916151000 

H       -0.085222000     -4.643859000      2.915299000 

H        4.256278000      3.923704000      1.957640000 

H        6.297613000     -0.660288000      0.526459000 

H        2.769316000     -4.983881000     -1.440420000 

H        3.446849000     -0.332347000      4.889408000 

H       -2.385598000      0.540469000      4.545229000 

H        1.638776000      4.422665000     -3.308400000 

H       -1.593734000      4.784693000      1.638390000 

H       -1.467387000      0.590105000     -5.058979000 

H       -4.393222000      3.218582000     -0.074674000 

H       -8.311538000      0.220047000     -0.043110000 

H       -2.466516000     -4.122592000     -1.787695000 

H       -6.675551000      4.183978000      0.115497000 

H       -3.982750000     -2.729946000      1.072530000 

H       -5.418002000     -3.835119000      1.149465000 

H        3.694016000     -0.172774000     -4.751797000 

H        3.465791000     -1.489936000     -1.460896000 

H       -2.031669000     -0.663576000     -1.762910000 

H        0.435255000     -1.135831000      3.174909000 

H        1.291238000      3.382395000      0.069515000 

H       -8.650930000      2.661666000      0.136660000 

H       -7.113507000     -1.547529000     -0.514004000 

 

Structure C 

 
Zr      -2.112561000     -1.997286000      0.779765000 

Zr      -0.446819000     -1.103788000     -2.212388000 

O       -1.083490000      1.077726000     -2.172094000 

O       -0.644846000     -0.789701000      1.609858000 

O       -2.087093000     -0.869229000     -0.962343000 

O       -3.582179000      0.539500000     -2.970826000 

O        1.174735000     -2.997035000      1.917555000 

O       -1.011485000     -3.628186000      1.856192000 

O       -4.852175000     -0.147022000     -0.690274000 

C        0.199854000     -3.752445000      2.203979000 

O       -1.979533000     -0.830009000     -3.828684000 

C       -3.084996000     -0.213598000     -3.859400000 

C       -5.103622000     -1.300291000     -0.232056000 

O        0.772358000     -0.030890000     -3.756718000 

O       -2.916356000     -2.009462000      2.874483000 

O       -1.337238000     -3.131115000     -2.567752000 

O       -2.411402000     -3.705288000     -0.645260000 

C       -2.829143000     -1.175893000      3.823676000 

C       -2.070381000     -3.875971000     -1.852615000 

O        1.421023000     -2.327746000     -2.490301000 

O        2.528546000     -2.285451000     -0.502984000 

C        2.404940000     -2.571066000     -1.733054000 

O       -0.146493000     -2.312366000     -0.312922000 

Zr       0.454649000      2.006429000     -0.779721000 

Zr      -1.213726000      1.113248000      2.209376000 

O       -2.953813000      0.072161000      1.187901000 
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O        0.739699000     -0.045810000     -0.885559000 

O       -1.337109000      1.727103000      0.231514000 

O        0.861000000      1.183589000      1.292725000 

O       -4.126025000      2.371870000      0.470247000 

O        3.161111000      0.100937000      0.531258000 

O        2.673031000      2.057197000     -0.496213000 

O       -2.849003000      3.058684000     -1.809074000 

O       -0.663504000      3.692418000     -1.748717000 

C        3.487930000      1.199212000     -0.026477000 

O       -3.011180000      2.432858000      2.453602000 

C       -3.923287000      2.786340000      1.649374000 

C        4.938778000      1.531548000     -0.038073000 

C       -1.895868000      3.874920000     -1.976976000 

O       -2.336150000     -0.009940000      3.793784000 

O        1.349537000      1.970759000     -2.840330000 

O       -0.421079000      3.188783000      2.526220000 

O        0.659169000      3.763989000      0.606977000 

C        1.377667000      1.081763000     -3.741221000 

C        0.202769000      3.987009000      1.767202000 

O        0.254682000      0.747939000      3.865789000 

O        1.855852000     -0.619977000      3.003126000 

C        5.313405000      2.879039000      0.007921000 

C        5.926897000      0.528727000     -0.057207000 

C        7.271269000      0.896685000      0.021728000 

C        7.636471000      2.239878000      0.098966000 

C        1.293093000      0.026192000      3.935221000 

C        6.657424000      3.234000000      0.084268000 

C        5.578363000     -0.922882000     -0.205302000 

C        6.120543000     -2.898175000      0.747296000 

O        6.592737000     -1.587727000     -0.964766000 

O        6.236102000     -2.940593000     -0.677808000 

O        5.605602000     -1.609995000      1.050576000 

Zr      -2.943198000      1.019173000     -0.875252000 

Zr       1.284490000     -1.010316000      0.873579000 

O       -4.317354000     -2.086597000      0.373890000 

H        0.435965000     -4.632036000      2.818540000 

H       -3.679672000     -0.335786000     -4.774973000 

H       -6.134239000     -1.657079000     -0.364121000 

H       -3.244848000     -1.498607000      4.787989000 

H       -2.445068000     -4.789121000     -2.334870000 

H        3.252953000     -3.102447000     -2.188412000 

H       -2.169459000      4.857983000     -2.384011000 

H        1.990678000      1.308572000     -4.624087000 

H        0.382619000      4.993211000      2.170274000 

H        4.535123000      3.634201000     -0.008524000 

H        8.027637000      0.120186000      0.000963000 

H        1.771939000     -0.036143000      4.921856000 

H        6.939805000      4.279882000      0.131652000 

H        7.097110000     -3.021787000      1.229826000 

H        5.423664000     -3.694562000      1.023447000 

H       -4.634370000      3.534153000      2.026222000 

H       -3.793221000      0.099635000      1.657916000 

H        1.535346000      1.644308000      1.802098000 

H        0.125821000     -3.226988000     -0.437960000 

H       -1.183351000      1.501764000     -3.030287000 

H        8.685119000      2.509822000      0.160977000 

H        4.612985000     -1.088504000     -0.686939000 

 

Structure D 

 
Zr      -2.274336000     -1.771562000     -0.919469000 

Zr      -1.001546000      1.290987000     -2.149731000 

O       -1.202744000      2.417012000     -0.187533000 

O       -0.494717000     -1.744684000      0.137919000 

O       -2.337777000      0.303172000     -0.906860000 

O       -3.857067000      2.691176000     -0.423230000 

O        0.928364000     -3.121502000     -1.971506000 

O       -1.314584000     -3.512885000     -1.966856000 

O       -4.830944000      0.352172000      0.510903000 

C       -0.106621000     -3.816844000     -2.193810000 

O       -2.705187000      2.734262000     -2.386006000 

C       -3.666088000      3.047617000     -1.623170000 

C       -5.211622000     -0.667999000     -0.135477000 

O        0.118311000      3.222714000     -2.371100000 
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O       -2.702952000     -3.569675000      0.350339000 

O       -2.300109000      0.450588000     -3.774712000 

O       -3.117316000     -1.522020000     -2.985641000 

C       -2.301674000     -3.912382000      1.501643000 

C       -3.024366000     -0.586677000     -3.833982000 

O        0.533790000      0.937772000     -3.750881000 

O        1.948774000     -0.655463000     -2.950599000 

C        1.564067000      0.202437000     -3.798690000 

O       -0.615371000     -0.943682000     -2.228133000 

Zr       0.690563000      1.814948000      0.918002000 

Zr      -0.587310000     -1.246782000      2.149835000 

O       -2.639410000     -1.026849000      1.194443000 

O        0.565698000      0.802035000     -0.888098000 

O       -0.925893000      0.739126000      1.651543000 

O        1.286836000     -0.357001000      1.219988000 

O       -3.464241000      0.778498000      2.995105000 

O        3.242565000     -0.226989000     -0.632261000 

O        2.856802000      1.660454000      0.551256000 

O       -2.486010000      3.115322000      2.058871000 

O       -0.243860000      3.508848000      2.060418000 

C        3.623432000      0.829899000     -0.045638000 

O       -2.048909000     -0.813819000      3.796409000 

C       -2.998153000      0.018372000      3.894295000 

C        5.073807000      1.203323000     -0.018612000 

C       -1.441054000      3.744497000      2.398939000 

O       -1.611839000     -3.236143000      2.319936000 

O        1.225651000      3.560188000     -0.409972000 

O        0.607063000     -0.344532000      3.817338000 

O        1.429557000      1.624325000      3.027152000 

C        0.922311000      3.834897000     -1.608252000 

C        1.232378000      0.751255000      3.922615000 

O        1.051706000     -2.758758000      2.362137000 

O        2.142862000     -2.738571000      0.369834000 

C        5.330225000      2.581602000     -0.085993000 

C        6.159768000      0.312435000      0.087894000 

C        7.458447000      0.833168000      0.108652000 

C        7.703116000      2.199789000      0.004301000 

C        1.937721000     -3.154369000      1.548532000 

C        6.629061000      3.080782000     -0.092265000 

C        6.083228000     -1.181965000      0.189680000 

C        4.984294000     -2.912478000     -0.756807000 

O        5.035517000     -1.627150000      1.046825000 

O        5.002418000     -3.007574000      0.672291000 

O        5.818560000     -1.805007000     -1.064999000 

Zr      -2.796872000      1.218723000      0.898315000 

Zr       1.210335000     -1.163329000     -0.893418000 

O       -4.495131000     -1.570629000     -0.660315000 

H        0.063441000     -4.799826000     -2.654484000 

H       -4.419619000      3.723328000     -2.050565000 

H       -6.297949000     -0.792800000     -0.242146000 

H       -2.600877000     -4.914863000      1.836997000 

H       -3.636858000     -0.695004000     -4.739587000 

H        2.193020000      0.311601000     -4.692694000 

H       -1.593751000      4.610401000      3.057757000 

H        1.406543000      4.723844000     -2.036305000 

H        1.667020000      0.965138000      4.908530000 

H        4.481666000      3.255677000     -0.132038000 

H        8.293198000      0.145677000      0.209442000 

H        2.614029000     -3.941951000      1.904787000 

H        6.797684000      4.149680000     -0.160630000 

H        3.974046000     -2.735863000     -1.134804000 

H        5.402747000     -3.852545000     -1.127615000 

H       -3.486871000      0.078204000      4.876393000 

H       -3.370673000     -1.438802000      1.665353000 

H        2.114690000     -0.504351000      1.691988000 

H       -0.539870000     -1.327626000     -3.107348000 

H       -1.367879000      3.362230000     -0.261273000 

H        8.722061000      2.570501000      0.010928000 

                                 H        7.033829000     -1.574066000      0.580762000 
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4.3.2. Synthetic methodologies 

Synthesis of bulk ZrEBDC. Bulk ZrEBDC was prepared using an adapted version of a standard 

solvothermal synthesis.61 ZrOCl2·8H2O (2.5 g, 7.8 mmol) was added into a solvent mixture of 

DMF/formic acid (40 mL/15 mL) in a 100-mL screw-capped jar and sonicated for 15 min. 2-

ethenylbenzene-1,4-dicarboxylic acid (H2EBDC) 1.5 g (7.8 mmol) was added to the solution, 

which was further sonicated for 15 min. The jar was then transferred to a preheated oven and kept 

at 120 °C for 12 hours. A white crystalline material was collected and was washed three times 

with 50 mL of fresh DMF. The bulk particles were rinsed in 150 mL of acetone, which was 

replaced twice every 12 h. Finally, the solid powder was activated at 120 °C under vacuum for 12 

h. (Yield: 2.2 g; 92% based on ZrOCl2·8H2O). Elemental Analysis: Exp. C 32.77%, H 2.40%; 

Cal. C 32.61%, H 1.77%.  

Synthesis of single crystals of ZrEBDC suitable for SCXRD. In a 100 mL Erlenmeyer flask, 

240 mg (1.35 mmol) of ZrOCl2·8H2O and 250 mg (1.30 mmol) of H2EBDC were dissolved in 

DEF (40 mL) under sonication. The resulting solution was divided into 20 scintillation vials, to 

each of which was added formic acid (2 mL). The samples were vortexed to homogenization and 

placed in an oven before being slowly heated to 135 °C (heating rate: 5 °C /min) for 72 h. 

Colourless octahedral crystals of ZrEBDC were harvested from the bottom and walls of the vials 

and treated as the bulk sample. (Yield: 110 mg; 20%).  

Solid-gas phase ozonolysis procedure. Activated bulk ZrEBDC (50 mg) was grinded to 

homogenous powder and mixed with single-crystal ZrEBDC, and the resulting mixture was 

packed inside of a Pyrex tube stoppered by cotton pellets at both ends. The tube was then bent 

into a U-shape. A 0.1 M solution of KI was added at the end of the setup to provide a colour-

based indicator of ozonolysis progression (from colourless to yellow). Before solid-gas 

ozonolysis, the sample was vacuumed for 10 min to remove all the residual moisture/solvents. 

Then, ozone (dried through CaCl2) was steamed into the setup until a deep yellow colour in the 

KI trap indicated full conversion (ca. 30 min). The bulk column was kept under vacuum for a 

further 10 min to remove all the unreacted ozone.  

Study of the degree of functionalization versus ozonolysis Time. For this study, we 

systematically studied the ozonolysis using various reaction times (5 min, 10 min, 15 min and 30 

min). To this end, the degree of functionalization was monitored by recording the 1H NMR spectra 

of the digested samples (5% HF/DMSO-d6), and then compared each one to that of the starting 

ZrEBDC (see Figure 4.7). The digestion was done by adding 120 µL 5% HF in D2O to 20 mg of 

dry ZrEBDC or ozo-ZrBDC powder in a 2 mL Eppendorf tube. The resulting mixture was 

sonicated for 5 min to afford a slurry, which was treated with 0.5 mL DMSO-d6 and finally, 

sonicated for 5 more minutes. The 1H NMR spectrum of the digested ZrEBDC showed the 
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characteristic peaks of three non-equivalent olefinic protons at δ = 7.29 ppm, δ = 5.77 ppm and δ 

= 5.41 ppm, integrating in a 1:1:1 ratio (see Figure 4.7, blue spectrum). In contrast, the spectrum 

of the fully converted ozo-ZrBDC confirmed a quantitative fading of all the olefinic signals in 

approximately 30 min of solid-gas interaction, together with the appearance of new signals, 

including two peaks of interest, at δ = 6.70 ppm and δ = 4.58 ppm (see Figure 4.7; red spectrum). 

These latter signals do not fall within the typical range of chemical shifts for the expected 

trioxolane moiety,38,62 nor their relative integration matches the expected 1:2 ratio for the CH and 

CH2 protons in the five-membered ring. Due to the instability of trioxolane moiety under 

aggressive digestion conditions, the fully ozonized linker trioxolane-BDC was subjected to two 

different degradation pathways. To fully identify these species, the digested ozo-ZrBDC sample 

was further analysed by 1D-NMR and 2D-NMR (NOESY, DOSY, DEPT135, HSQC and HMBC; 

see Figures 4.8 - 4.13). After an in-depth analysis of the digested product, four different entities 

were properly identified in the mixture (see Scheme 4.1 in Section 4.2.3). First, the two, 

symmetric cross-ozonation products of the target trioxolane-BDC were properly identified (A’ 

and A’’). Second, both products of the acid-induced hydrolysis of the initial trioxolane were 

identified (B and C). Finally, the degree of conversion of the olefinic groups into 1,2,4-trioxolane 

rings was calculated by comparing the combined integration of two peaks, one at 7.73 ppm 

(corresponding to H3 of 1,2,4-benzenetricarboxylate) and one at 6.70 ppm (corresponding to H2 

of the trioxolane-metathesis product A’), versus the olefinic peak at 5.77 ppm (corresponding to 

EBCD). 

Soft ligand-exchange experiment. ozo-ZrBDC was immersed in a 0.2 M solution of 1,4- 

benzenedicarboxylic acid in DMF for one week. Afterwards, the supernatant was separated from 

the crystals by centrifugation and subsequently dried, and the resulting solid was dissolved in 

deuterated DMSO and analysed by 1H NMR. 

Reduction and oxidation work up of ozo-ZrBDC. Fully-converted ozo-ZrBDC (80 mg) was 

soaked in Me2S (5% in 0.1M HCl/acetone) and H2O2 (10% aqueous solution) and kept under 

stirring for 12 h. 
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4.3.3. Single-Crystal XRD analysis 

Table 4.1. Crystal and structural refinement data for ZrEBDC, ozo-ZrBDC, ZrBDC-COOH. 

 

a: Data corresponding to refinement not including disorder model for the oxonale groups. Residual electron 
density in the cavities was accounted with the Platon Squeeze program. Details are copied below. 

b: Data corresponding to refinement carried out with a monoclinic cell in order to reduce the number of 
symmetry equivalent positions of the organic linkers. Note that due to the large correlation of the artificially 
generated independent positions of the framework atoms, a number of these were isotropically refined, also 
resulting in higher Rvalues.  
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4.3.4. Squeeze details of ozo-ZrBDC: 

Summary and Remarks: N = NOTE, W = WARNING, E = ERROR 

N: Maximum Residue Number Reduced (Round ARU to 0.1 units) 
N: No S.U.'s (esd) on observed/calculated parameters. 
N: Maximum allowed number of residues reduced 
N: DISORDERED structure - ATOMS with Pop. .LT. 1.0 are not moved or as a group. 
N: No-Hydrogen atoms in this structure 
 
 
N: Number of moved primary input atoms: ............................................ 9 
W: Number of (Carbon) Atoms with no sp(x) assignment ..................... 1 
N: Number of Ignored Lines on INPUT ................................................. 4 
 of which blank in column 1 ........................................................ 4 
N: Number of modified (= # ) ATOM labels .......................................... 2 
W: Number of unusual anisotropic displacement parameters ................. 1 
N: Total Potential Solvent Accessible Void Vol (SOLV-Map Value) …... 3466 Ang3 
N: Electron Count Voids / Cell = 657 
 
 

 

 

Figure 4.17. (a) Structures A and B: Optimized geometries of model fragment without using any geometric restriction. 
(b) Structures C and D: Optimized geometries of model fragment fixing to 180º the value of Zra-Zrb-Ca-Cb dihedral 
angle. 
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4.3.5. BET measurements 
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Figure 4.18. N2 adsorption isotherm and BET liner fit for ZrEBDC. 
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Figure 4.19. N2 adsorption isotherm and BET liner fit for ozo-ZrBDC. 

BET surface area: 1298 m²/g 

Slope: 2.96 g/cm3 STP 

Intercept: 0.0108 g/cm3 STP 

Correlation coefficient: r = 0.9996 

C constant: 248 

BET surface area: 685 m²/g 

Slope: 5.06 g/cm3 STP 

Intercept: 0.0159 g/cm3 STP 

Correlation coefficient: r = 0.99997 

C constant: 318 
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Figure 4.20. N2 adsorption isotherm and BET liner fit for ozo-ZrBDC partially functionalized with CHO groups. 
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Figure 4.21. N2 adsorption isotherm and BET liner fit of ZrBDC-COOH. 

  

BET surface area: 960 m²/g 

Slope: 3.617 g/cm3 STP 

Intercept: 0.00886 g/cm3 STP 

Correlation coefficient: r = 0.99999 

C constant: 409 

BET surface area: 301 m²/g 

Slope: 3.34 g/cm3 STP 

Intercept: 0.0054 g/cm3 STP 

Correlation coefficient: r = 0.9996 

C constant: 622 
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Chapter 5 
Postsynthetic covalent and coordination functionalisation of 
Rhodium(II)-based Metal–Organic Polyhedra 

 

 
 

Abstract 

This Chapter reports the use of coordination and covalent chemistries to post-synthetically functionalize 
the external surface of Rh(II)-based cuboctahedral MOPs through their Rh−Rh paddlewheel units or 
organic linkers, respectively. Specifically, up to 12 N-donor ligands can be coordinated on the periphery of 
Rh-MOPs, and all 24 organic linkers can be post-synthetically functionalised with esters via covalent 
chemistry. Both post-synthetic reactions can be synergistically combined to yield doubly functionalized 
Rh-MOPs, which allowed the modulation of their solubility in a wide range of solvents. Both pathways can 
potentially be used to engineer Rh-MOPs as scaffolds for applications in delivery, sorption, and catalysis. 

 

This Chapter is based on the following publication: 

Carné-Sánchez, A.; Albalad, J.; Grancha, T.; Imaz, I.; Juanhuix, J.; Larpent, P.; Furukawa, S.; Maspoch, 
D. J. Am. Chem. Soc., 2018, 141, 4094-4102. 
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5.1. Introduction 

Ultrasmall inorganic nanoparticles are important because they fill the gap between the molecular 

and the nanoscale regimes.1 On this scale, nanoparticles can merge properties of both regimes, 

such as solubility in different media with high reactivity and unique physicochemical and 

pharmacokinetic properties.2–6 Constructed from the self-assembly of metal ions and organic 

linkers, metal−organic polyhedra (MOPs) fall into this size scale,7 and as a subclass of molecular 

cages that can host molecules in solution,8–11 they are permanently porous in the solid state.12–16 

An archetypical MOP is the cuboctahedron [M2(mBDC)2]12 (where M = Cu(II), Cr(II), Mo(II), 

Rh(II), Ru(II), or even heterometallic and mBDC =1,3-benzenedicarboxylate), which is ∼2.5 nm 

in size.17–21 It is assembled from 12 M(II)−M(II) paddlewheel subunits connected through 24 

mBDC linkers and has an internal cavity of 1.9 nm that is accessible from eight triangular 

apertures of 8 Å and six square apertures of 12 Å (Figure 5.1). Practical applications of ultrasmall 

inorganic nanoparticles demand chemical functionalization of their external surface,22 as it 

enables their stabilization and protection, tuning of their hydrophilic/hydrophobic character, and 

introduction of new functional molecules into them (e.g., to modulate interactions between the 

nanoparticles and biosystems).3,23 The latter case is essential for biomedical applications of 

nanoparticles.24 As ultrasmall inorganic nanoparticles and MOPs are similarly sized, we reasoned 

that post-synthetic chemical functionalization of the external surface of MOPs should analogously 

be crucial for tuning their own properties (e.g., solubility, porosity, etc.) and behaviour in various 

solution- phase (e.g., delivery systems, adsorbents, catalysis) or solid state (e.g., gas sorption) 

applications, as well as defining their solubility in diverse solvents. However, to date, post-

synthetic functionalization of MOPs has been limited to reactions run under soft conditions,25,26 

such as click chemistry based on strain-promoted azide−alkyne cycloaddition,27 synthesis of 

secondary amines or amides from amino-functionalized MOPs,28–30 or polymerizations based on 

reverse addition − fragmentation transfer (RAFT) on MOPs functionalized with dithiobenzoate 

trithioester groups.31 This is mainly due to the use of chemically unstable MOPs made of highly 

labile Cu(II)−carboxylate coordination bonds. 

 This Chapter will focus on a spatially and stoichiometrically controlled post-synthetic 

modification (PSM) of MOPs via two different site-specific chemistries: coordination chemistry 

on the metal ions and covalent chemistry on the organic linkers. We selected two robust 

cuboctahedral Rh(II)-based MOPs: [Rh2(mBDC)2(H2O)2]12 (hereafter named HRhMOP) and 

[Rh2(OH-mBDC)2(H2O)1(DMA)1]12 (hereafter named OHRhMOP; where OH-mBDC = 5-

hydroxy-1,3-benzenedicarboxylate and DMA = N,N-dimethylacetamide). We chose them for 

their high microporosity (the BET surface area [SBET] of HRhMOP is 947 m2/g and that of 

OHRhMOP is 548 m2/g) and for their chemical robustness, as they can withstand aggressive 

reaction conditions, including high temperatures and the presence of strong bases and/or 
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coordinating molecules. Moreover, these MOPs have two distinct reaction sites (Figure 5.1): their 

12 Rh−Rh paddlewheels, each of which has an exohedral axial site that can undergo ligand-

exchange reactions, and their 24 organic ligands, which can bear exohedral reactive functional 

groups (in this case, hydroxyl groups) to enable functionalization of the metal−organic 

cuboctahedron via covalent chemistry. We have demonstrated spatial control of these 

modifications by functionalizing both HRhMOP and OHRhMOP with different N-donor ligands 

(i.e. pyridine-, amine-, imidazole-derivatives) and by using the hydroxyl groups of the OH-

RhMOP as nucleophiles for synthesis of esters and ethers. Additionally, these two chemistries 

can be run sequentially or even simultaneously on a single MOP to yield multivariate RhMOPs 

functionalized with a total of 36 molecules/groups. With this approach, we demonstrate that 

chemical transformations can be performed on a nanoscale object while preserving all the 

distinctive features of molecular chemistry, such as the presence of well-defined reactive sites 

that can be reacted stoichiometrically and characterized at the molecular level by spectroscopic 

and crystallographic techniques. 

 

5.2. Results and Discussion 

5.2.1. Rh(II)-based MOPs – Nanoscaled platforms with well-defined reactive centers 

Metal-Organic Polyhedra (MOPs) are 

neutrally-charged nanoscopic architectures 

assembled from metallic ions and bended 

organic linkers.32 The obtained zero-

dimensional scaffolds (depicted in Figure 

5.1) present intrinsic microporosity therein, 

readily accessible in the solid state. For this 

reason, MOPs have been used in several 

application fields such as catalysis,33 

molecular sensing,34 gas adsorption-

separation,35 drug delivery, 36 or as porous building blocks in the assembly of tridimensional 

architectures.37 

 Rhodium(II)-based MOPs have been on 

the spotlight in the last years due to their chemical robustness (relative to their Cu(II) and Pd(II)-

based counterparts) and the readily-accessible Rhodium(II) open metal sites (OMS).38,39 Very 

recently, RhMOPs have been reported as highly stable potential adsorbents of CO2 or N2, and 

present strong selectivity towards hazardous gases (CO, NO). Representative RhMOPs include 

Figure 5.1. Illustration of the crystalline structure of a Rh-based 
cuboctahedral MOP. Both the coordination- and covalent 
reactive centers are highlighted. 
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one with a lantern-type (or “super-paddlewheel”) structure34 and one with a cuboctahedron-type 

structure.39 The cuboctahedron MOP, assembled from 12 Rh-Rh paddlewheels with 24 mBDC 

linkers, has a molecular formula of [Rh2(mBDC)2]12, a diameter of 2.5 nm and an accessible 

internal cavity with a diameter of 1.9 nm (Figure 5.1). Its structure offers two types of windows 

to the cavity: eight triangular apertures of 8 Å and six square apertures of 12 Å. Still, beyond their 

strong affinity towards CO and NO adsorption, their practical application is somewhat limited 

due to the poor processability of the available RhMOPs catalogue (HRhMOP and OHRhMOP). 

Both HRhMOP and OHRhMOP are synthesised as microcrystalline powder and, despite their 

molecular behaviour, present almost no solubility in a majority of solvents, thus hindering their 

potential. However, these cuboctahedral architectures present very interesting features when 

focusing on their molecular behaviour. Unlike inorganic nanoparticles (INPs)40 or polymeric 

nanoparticles (PNPs),41 which surface is inherently polydisperse, MOPs present a well-defined 

chemical surface, with symmetrically oriented functional groups and metallic centers. Such 

limited functionalization, directly evidenced by the amount of linkers forming the scaffold, allows 

the calculation of a degree of functionalisation by common spectroscopic techniques (NMR, UV-

Vis, and ESI-MS/MALDI-TOF) and single-crystal elucidation. 

 

 

Figure 5.2. Experimental (red) and simulated (black) PXRD of HRhMOP (left) and OHRhMOP (right). 

 

 RhMOPs are typically synthesised under solvothermal conditions under the presence of 

strong inorganic bases in N’N-dimethylacetamide (DMA). Under such aggressive media, the 
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strong Rh-COO bond starts to gain dynamic behaviour, and slowly gets exchanged by the added 

linker of choice. After several days, microcrystalline powder of RhMOPs (or single-crystal 

quality MOP under highly diluted conditions) can be recovered from the mixture and 

characterised by PXRD measurements (Figure 5.2). 

5.2.2. Post-Synthetic Functionalization via coordination chemistry 

Isolated Rh−Rh paddlewheel clusters are inert at their 

equatorial sites but are highly reactive at their axial 

sites. For instance, they show high affinity toward N-

donor ligands,42 and their reactions with said ligands 

can be monitored by following the spectroscopic 

changes of the band centered at 500−600 nm, which 

corresponds to the π*→ σ* transitions (λmax) of 

Rh−Rh bonds.37 Given this affinity, we envisaged 

that ligand-exchange reactions at these axial sites 

would enable functionalization of the surface of Rh-MOPs that contain 12 N-donor ligands. Thus, 

we selected three chemically distinct N-donor ligands: 4-tertbutylpyridine (tertPy); 4-

trifluoromethylpyridine (CF3-Py), as a source of hydrophobicity; and L-proline (L-Prol), to make 

the Rh-MOPs more biocompatible and to confer them with chirality and hydrophilicity. We first 

tested functionalization of RhMOPs via coordination chemistry by adding tertPy (12 molar 

equivalents [i.e., one per Rh−Rh paddlewheel]) to HRhMOP in N’N-dimethylformamide (DMF) 

at room temperature. Addition of tertPy led to immediate dissolution of the MOP, as indicated by 

a concomitant colour change from colourless to purple, which is characteristic of the nitrogen 

coordination to the Rh−Rh paddlewheel clusters. This was a first indication that ligand exchange 

between the tertPy ligands and water molecules had occurred. Thus, we attributed the solubility 

of the resultant MOP in DMF to the bulky tert-butyl groups incorporated onto the surface of 

HRhMOP, as they would inhibit its aggregation and enable DMF molecules to solvate it. 

Remarkably, purple crystals suitable for single-crystal X-Ray diffraction analysis (SCXRD) were 

obtained by exposing the purple solution to diethyl ether vapours for 5 days. SCXRD analysis 

(performed on the XALOC beamline of the ALBA synchrotron43) confirmed functionalization of 

the outer surface of HRhMOP with 12 tertPy ligands (Figure 5.3).  

Figure 5.3. Crystalline structure of 
HRhMOP(tertPy). The coordination of tertPy to the 
Rh−Rh axial site is highlighted. 
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Figure 5.4. (a) UV-Vis spectra of the titration of Rh2(OAc)4 in DMF (2 mM) with tertPy from 0 mol. eq. (green) to 1 
mol. eq. (purple). After the addition of 1 mol eq., the adsorption maximum of band I (λmax) is centred at 555 nm. (b) 
UV-Vis of the titration of Rh2(OAc)4 in DMF (2 mM) with tertPy from 1 mol eq. to 2.5 mol eq. (c) UV-Vis of 
HRhMOP(tertPy) in DMF (0.31 mM). The λmax is 555 nm that indicates that all the dirhodium paddlewheels in the 
MOP structure are coordinated to one tertPy. 

 

 As expected, these tertPy ligands were coordinated to the outer axial site of all Rh−Rh 

paddlewheel units, affording a functionalized Rh-MOP of formula 

[Rh2(mBDC)2(tertPy)1(H2O)1]12 (hereafter referred to as HRhMOP(tertPy)). Having confirmed 

the functionalization of the outer surface of HRhMOP via SCXRD, we then established a 

methodology to follow the ligand exchange. Thanks to the molecular behaviour of Rh-MOPs, it 

was possible to use routine characterisation techniques based on UV−Vis and 1H NMR 

spectroscopies (Figure 5.5a,b,c and Figures 5.9 – 5.25). To this end, rhodium acetate [Rh2(Ac)4] 

was used as a model Rh−Rh paddlewheel cluster to first monitor the spectroscopic changes in the 

UV−Vis spectra caused by the coordination of tertPy to it. We found that, upon addition of tertPy 

to a DMF solution of [Rh2(Ac)4], λmax shifted from 585 to 555 nm, as the ligand bound to one of 

the available axial sites. Coordination to the second available axial site induced a further shift of 

λmax to 538 nm (Figure 5.4). Interestingly, the UV−vis spectrum of HRhMOP(tertPy) showed a 

λmax of 555 nm, matching with the coordination of one tertPy ligand to each of the 12 Rh−Rh 

paddlewheel units (see Section 5.3.4.; Figure 5.9). Further addition of tertPy to HRhMOP(tertPy) 

did not cause any additional shift in the λmax, thereby confirming that tertPy can only coordinate 

to the outer part of HRhMOP. Moreover, 1H NMR spectra of HRhMOP(tertPy) evidenced 

coordinated tertPy, as indicated by two aromatic peaks (at δ= 9.52 and 8.66 ppm) corresponding 

to the pyridine moiety and a peak at 1.54 ppm corresponding to the tert-butyl groups (Figure 

5.5b). Finally, we determined the amount of coordinated tertPy ligands by comparing integration 

of the peaks of the tertPy with the peaks ascribed to the mBDC ligand of the HRhMOP (δ= 8.10, 

7.87, and 7.18 ppm). As expected, the molar ratio of tertPy ligands to HRhMOP was 12:1. We 

then used the two aforementioned techniques to follow the coordination-induced functionalization 
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of OHRhMOP with tertPy. The reaction was done analogously to HRhMOP and similarly yielded 

a purple solution upon addition of tertPy to a DMF suspension of OHRhMOP. Synthesis of the 

expected MOP [Rh2(OH-mBDC)2(tertPy)1(H2O)1]12 was confirmed by UV−Vis (λmax = 555 nm; 

Figure 5.9) and 1H NMR (see Section 5.3.5.; Figure 5.16).  

 Once we had demonstrated that the surface of Rh(II)-based MOPs can be selectively 

functionalized via coordination chemistry, and that such reactions yield products whose solubility 

profile differs from that of the starting MOP, we attempted to modify the external surface of both 

HRhMOP and OHRhMOP to be soluble a wider range of solvents, such as in aprotic organic 

solvents (e.g., dichloromethane (DCM) and tetrahydrofuran (THF)) or in water. We did this by 

functionalizing the starting MOPs with either CF3-Py (for its hydrophobicity) or L-Prol (for its 

hydrophilicity). For the former, we added CF3-Py to a suspension of HRhMOP crystals in DCM 

or of OHRhMOP in THF. Instantaneously after addition of CF3-Py, each suspension became a 

clear purple solution, giving rise to [Rh2(mBDC)2(CF3-Py)1(H2O)1]12 and [Rh2(OH-mBDC)2(CF3-

Py)1(H2O)1]12, respectively, as determined by UV−Vis (Figure 5.10) and 1H NMR (Figures 5.17, 

5.18).  

Figure 5.5. (a) Schematic representation showing the postsynthetic modification of HRhMOP and of OHRhMOP via 
coordination of N-based ligands at the corresponding dirhodium axial sites. The photographs illustrate the initial 
dispersion of insoluble HRhMOP or OHRhMOP in DMF, DCM, THF, or H2O (top), and the purple solutions resulting 
from postsynthetic functionalization reactions with tertPy (left), CF3-Py (center), or L-Prol (right). (b) UV−Vis 
spectrum of HRhMOP (tertPy) in DMF showing a λmax at 555 nm. (c) 1H NMR of HRhMOP(tertPy) in DMF-d7. (d) 
CD spectra of HRhMOP(L-Prol) (red) and HRhMOP(D-Prol) (blue) in water. 

 



Chapter 5 

126 
 

 Similarly, we separately functionalized HRhMOP and OHRhMOP with L-Prol (again, 12 

molar equivalents) by mixing each MOP with L-Prol in basic water (pH 10.5). Basic pH was 

required in order to deprotonate the carboxylate groups in L-Prol. In both cases, we observed that, 

upon addition of L-Prol, each suspension became a transparent purple solution, forming 

[Rh2(mBDC)2(L-prol)1(H2O)1]12 and [Rh2(OH-mBDC)2(L-prol)1(H2O)1]12 respectively, as 

confirmed by spectroscopic characterisation (Figures 5.19, 5.20).  

 Functionalisation of MOPs with chiral amino acids is an alternative and straightforward 

strategy to confer them with chirality.44,45 To this end, we functionalized HRhMOP and 

OHRhMOP with either L-Prol or D-Prol. The chirality of the resultant MOPs was studied by 

circular dichroism (CD) spectroscopy in solution. The enantiomeric MOPs exhibited opposite 

Cotton effects (Figure 5.5d). Their CD spectra indicated a strong Cotton effect with the crossing 

wavelengths at 482 and 523 nm near the absorption of the Prol coordinated to the Rh−Rh 

paddlewheel unit in Rh-MOPs. The shape and magnitude of these Cotton effects clearly reflect 

the chiral coordination sphere of the Rh−Rh paddlewheel units in the MOPs. Thus, the sign of the 

CD signal is dictated by the enantiomeric form (L- or D-) of the proline. 

 At this point, we had demonstrated that the exterior axial sites of the Rh−Rh paddlewheel 

units serve as anchoring sites for N-donor ligands and that this reactivity can be used to introduce 

new functionalities and/or to selectively increase the solubility of Rh-MOPs in organic or aqueous 

media. The next step was confirming that this post-synthetic pathway was not affecting the 

intrinsic microporosity of MOPs in the solid state. For this, every 12-functionalized MOP 

presented above (that is, tertPy, CF3-Py and L-Prol versions of HRhMOP and OHRhMOP) was 

submitted to N2 sorption tests at 77 K (see section 5.3.7; Figures 5.30 – 5.34). Every 

functionalized MOP showed a characteristic Type I adsorption isotherm, indicating that the inner 

microporous cavity was preserved. However, as expected, the outer functionalization induced a 

decrease in their SBET as compared to the parent materials,46,47 HRhMOP and OHRhMOP, which 

showed values of 947 m2/g and 548 m2/g, respectively. Functionalized HRhMOPs 

[HRhMOP(tertPy), HRhMOP(CF3-Py) and HRhMOP(L-prol)] showed lower SBET values: 589 

m2/g for HRhMOP(tertPy), 675 m2/g for HRhMOP(CF3-Py), and 337 m2/g for HRhMOP (L-

Prol). In the case of functionalized OHRhMOPs, a similar trend was observed: 388 m2/g for 

OHRhMOP(tertPy), 154 m2/g for OHRhMOP(CF3-Py), and 64 m2/g for OHRhMOP(L-Prol). 

 

5.2.3. Post-synthetic functionalization via covalent chemistry 

We next looked to a second source of reactive sites for post-synthetic functionalization of MOPs: 

their organic linkers. Cuboctahedral Rh(II)-based MOPs are assembled from 24 organic linkers. 
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Accordingly, we considered that if each organic linker had one exohedral reactive functional 

group, then these MOPs could potentially be functionalized with 24 molecules (i.e., one per 

linker). We tested our hypothesis by functionalizing OHRhMOP through its 24 hydroxyl groups, 

using an acyl chloride and an acid anhydride under basic aqueous conditions. The synthesis of 

esters from acyl chlorides and anhydrides entails a nucleophilic attack to the carboxylic acid 

derivative by the hydroxyl groups. To increase the nucleophilicity of the hydroxyl groups, these 

reactions are generally run in the presence of a strong base. Under these conditions, we observe 

that addition of NaOH (final pH 10.5) to an aqueous suspension of OHRhMOP leads to 

dissolution of the MOP. This is due to deprotonation of the hydroxyl groups, which renders a 

negatively charged MOP, hereafter noted as ONaRhMOP. The integrity of ONaRhMOP was 

confirmed by UV−vis, 1H NMR, and mass spectrometry analysis in basic water, highlighting the 

high chemical stability of these MOPs (Figures 5.13, 5.21 and 5.26). We then exploited the 

solubility and nucleophilicity of ONaRhMOP to react it with acryloyl chloride (24 molar 

equivalents; Figure 5.6). For this, we performed a biphasic reaction by stirring an aqueous solution 

of ONaRhMOP and diethyl ether containing 1 molar equivalent of acryloyl chloride per phenolate 

group (i.e., 24 molar equivalent of acryloyl chloride per ONaRhMOP) overnight evolving from 0 

°C to room temperature. The reaction product, which was precipitated at the interface after the 

overnight reaction, was washed with water and methanol (solvent in which unfunctionalized 

OHRhMOP is soluble), solubilized in DMF (where OHRhMOP is highly insoluble) and analysed 

by 1H NMR and mass spectrometry (Figures 5.22, 5.27). Both techniques confirmed the 

quantitative conversion of the phenolate groups into the acrylate ester (hereafter named 

AcrRhMOP). Indeed, the 1H NMR spectrum of AcrRhMOP evidenced generation of the acrylate 

ester, as indicated by the appearance of peaks at δ= 6.52, 6.34, and 6.14 ppm corresponding to the 

three non-equivalent protons of the acryloyl group (Figure 5.22a). The conversion rate was 

calculated by comparing the integration of the acrylate signals to the integration of the peak at δ= 

7.72 ppm, which corresponds to the outer aromatic proton of the OH-mBDC ligand. As expected, 

the molar ratio of acrylate esters per Rh(II)-based MOP was 24:1. In addition, further evidence of 

the quantitative functionalization with acrylate esters was acquired by matrix-assisted laser 

desorption/ionization-time-of-flight (MALDI-TOF), which showed a peak at m/z = 8090.5 that 

matches the molecular formula of the protonated desired fully functionalized Rh-MOP, 

[Rh24(Acr-mBDC)24 + H+]+ (m/z = 8090.9) (see Section 5.3.6, Figure 5.27).  
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Figure 5.27. Schematic representation showing the covalent post-synthetic functionalization of OHRhMOP via 
formation of ester linkages. (left, green) 1H NMR of AcrRhMOP in DMF-d7. (right, blue) 1H NMR of OMetRhMOP 
in DMF-d7. Solvent peaks [DMF, MeOH, dioxane and water] are highlighted with an asterisk. 

 

 To further evaluate the reactivity of the phenolate groups in ONaRhMOP, we reacted 

them with acetic anhydride in conditions analogous to those for acryloyl chloride. The as-obtained 

product was washed with methanol, dissolved in DMF, and then analysed by 1H NMR and mass 

spectrometry (Figures 5.6, 5.23 and 5.28). In this case, both techniques showed the partial 

functionalization of the Rh-MOP with acetate ester groups (hereafter named OMetRhMOP). The 

esterification was confirmed by its 1H NMR spectrum, which showed a new peak at δ= 2.25 ppm, 

corresponding to the methyl group. The relative intensity of the integrations of the peak at 2.25 

ppm and the outer proton of the OH-mBDC linker were used to estimate that the conversion rate 

was ca. 75%, meaning that 18 of the available 24 phenolate groups had been converted to esters. 

This result was confirmed by MALDI-TOF, which showed a peak at m/z = 7968.9, consistent 

with a partially functionalized RhMOP of formula [Rh24(OH-mBDC)6(OMet-mBDC)18 + H+]+ + 

DCTB + DMF + MeOH (m/z = 7969.9) (Figure 5.28). Subsequent reactions using more acetic 

anhydride did not provide any improvement in conversion, suggesting that, under the tested 

conditions, full conversion of the phenolate groups was precluded due to steric hindrance between 

the derivatised OMetRhMOP and the acetic anhydride. 

 With this, the bases on the molecular behaviour of Rh-MOPs were established. The next 

step aimed at optimizing the combination of both chemistries and enhancing the potential of the 

approximation. 
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5.2.4. Post-synthetic dual functionalization via combined coordination and covalent 

chemistries 

Orthogonal anchoring. We next explored the possibility of functionalizing OHRhMOP at its 

two types of reactive sites (the axial site of the Rh−Rh paddlewheel units and the hydroxyl groups 

of the organic linkers) using coordination chemistry for the former and covalent chemistry for the 

latter, reasoning that these two approaches should not be mutually exclusive. We envisaged that 

combining these chemistries would enable us to functionalize the external surface of these MOPs 

with a total of 36 functional groups. We demonstrated this by functionalizing AcrRhMOP with 

12 tertPy molecules. Addition of tertPy (12 molar equivalents) to a DMF solution of AcrRhMOP 

caused the solution to immediately change colour from green to purple. The expected product 

was then confirmed by UV−Vis and 1H NMR as for the previous products (Figure 5.7).  

 

 

Figure 5.7. (a) UV-Vis spectra of AcrRhMOP in DMF (0.31 mM) before and after the addition of 12 mol eq. of tertPy 
in black and red, respectively. The λmax shifts from 593 nm to 555 nm indicating the coordination of 12 tertPy molecules 
per AcrRhMOP. (b) 1H NMR spectra of AcrRhMOP(tertPy). The relative integrals of the protons of the acrylate ligand 
(b, c, d, e) and protons of tertPy ligand (f, g, h) show that their molar ratio is 0.5, which gives rise to the following 
formula: [Rh2(Acr-mBDC)2(tertPy)1]12. 

 

Sequential coordination and covalent chemistries. Once we had confirmed the dual 

functionalization of OHRhMOP with 12 tertPy ligands and 24 esters, we investigated the use of 

the same two chemistries for functionalizing OHRhMOP by formation of ether linkages. 

Interestingly, although ester MOP derivatives could be prepared from acyl chlorides or 

anhydrides at room temperature due to the high reactivity of both functional groups, ethers could 

not be prepared from halogenated compounds under similar reaction conditions. This result is not 

surprising, as the standard conditions to alkylate a hydroxyl group with brominated alkanes entails 

the use of high boiling-point solvents (e.g., DMF) and high temperatures (i.e., above 80 °C) in 
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the presence of an inorganic base. However, OHRhMOP is not soluble in DMF, which implies 

that any reaction in this solvent should be carried out under heterogeneous conditions. 

Unfortunately, the heterogeneous reaction between OHRhMOP and allyl bromide in DMF at 80 

°C failed. We reasoned that the close packing of OHRhMOP in the solid state hindered the 

diffusion of the reagents, thereby preventing conversion of the hydroxyl groups. To overcome 

this low solubility, we employed dual functionalization to first dissolve the OHRhMOP in DMF 

by coordinating tertPy. Then, the functionalized OHRhMOP(tertPy) was reacted in situ with allyl 

bromide (Figure 5.7). This sequential functionalization was carried out by simply mixing the three 

components in DMF, and the resulting purple solution was stirred at 80 °C for 12 h. After this 

period, the MOP was precipitated by diethyl ether, washed with methanol and acetone, and dried 

under ambient conditions. UV−vis and 1H NMR analyses of the purified product dissolved in 

DMF confirmed that both types of conversion had occurred. Indeed, the UV−vis spectrum showed 

the characteristic λmax of 555 nm (Figure 5.8). In addition, the 1H NMR spectrum showed the 

presence of peaks corresponding to tertPy (9.48 and 8.55 ppm for the aromatic protons and 1.36 

ppm for the tert-butyl group) and to the allyl group (5.91, 5.30, 5.17, and 4.46 ppm). The relative 

integration between the allyl protons and the aromatic protons of the OH-mBDC ligand revealed 

a conversion degree of 40%. The doubly functionalized Rh-MOP product is referred to hereafter 

as OallylRhMOP(tertPy) (Figure 5.8 and Figure 5.24). Interestingly, the reversible nature of the 

coordination bond between the Rh−Rh paddlewheel and the tertPy ligands enabled us to 

selectively cleave them after the covalent reaction, leading to their replacement with water. Under 

aqueous conditions, these cleavage and ligand exchanges occur at a pH below 2.1. Thus, this 

cleavage was performed by adding one drop of 3 M HCl to a suspension of OallylRhMOP(tertPy) 

in acetone or water, inducing a sudden colour shift in the suspension, from purple to green. This 

colour change was an indication of the ligand exchange between the tertPy and H2O ligands, 

which was further corroborated by the UV−vis spectrum, through the expected shift in λmax, from 

555 nm to 590 nm (Figure 5.8c). Moreover, the 1H NMR spectrum of the acid-treated MOP 

confirmed that all the tertPy ligands had been cleaved as the integrity of the allyl functionality 

was preserved, which yielded a new product referred to hereafter as OAllylRhMOP (Figure 5.8b). 

MALDI-TOF of OAllylRhMOP confirmed its functionalization with allyl groups, showing a peak 

at m/z = 7419.4, which corresponds to the following formula: [Rh24(OH-mBDC)15(OAllyl-

mBDC)9 + H+]+ + DCTB + H2O (m/z = 7418.3) (Figure 5.29). Like with coordinatively-

functionalized MOPs, the covalently- or dual-functionalized Rh-MOPs exhibited lower SBET 

values than the parent MOPs; 410 m2/g for AcrRhMOP, 120 m2/g for AcrRhMOP(tertPy), and 

487 m2/g for OMetRhMOP. OallylRhMOP was found to be non-porous to N2 but porous to CO2 

reaching a maximum uptake of 1.15 mmol/g at 1 bar and 298 K (see Section 5.3.7; Figure 5.36. 
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Altogether, these results confirm that, despite the conditions to which functionalized Rh-MOPs 

were exposed, they retained their intrinsic microporosity in the solid state. 

5.2.5. Conclusions 

In conclusion, this Chapter has demonstrated postsynthetic functionalization of Rh-based MOPs 

via two chemistries at two types of reactive sites: coordination chemistry at their Rh−Rh 

paddlewheel units and covalent chemistry at their organic linkers. Functionalization of the 12 

Rh−Rh paddlewheel units was demonstrated by coordinating N-donor ligands, whose relative 

hydrophobicity dictated the solubility of the resultant products. This coordination approach was 

also used to confer Rh-MOPs with chirality. Through covalent chemistry, the 24 hydroxyl groups 

on the organic linkers were converted into esters by reacting them with acyl chlorides or acid 

anhydrides. The orthogonal reactivity of the Rh−Rh paddlewheel units and the organic linkers 

enabled us to combine the two chemistries to yield doubly functionalized Rh-MOPs featuring a 

total of 36 new functional molecules. The possibility of controlling stoichiometrically and 

spatially the external functionalization of MOPs can provide structurally well-defined nanoscopic 

platforms for delivery, sorption, and catalytic applications. Once the limited catalogue of available 

Rh-MOPs is expanded (see Chapter 6), this approach will certainly gain further importance. 

5.3. Experimental Part 

Figure 5.8. (a) Schematic representation showing the sequential coordination−covalent functionalization of 
OHRhMOP with ether linkages. (b) 1H NMR of OallylRhMOP(tertPy) (blue) and OallylRhMOP (red) in DMF-d7. 
Solvent peaks (DMF and water) are highlighted with an asterisk. (c) UV−Vis spectra of OallylRhMOP(tertPy) (purple) 
and OallylRhMOP (green) in DMF, showing the shift of λmax from 555 to 590 nm. Inset: Photographs of each solution. 
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5.3.1. Materials and Methods 

 Rhodium acetate, 1,3-benzenedicarboxylic acid, 5-hydroxy-1,3-benzenedicarboxylic 

acid, acryloyl chloride, acetic anhydride, allyl bromide, L- and D-Proline and pyridine derivatives 

(tertPy, CF3-Py) were purchased from Sigma-Aldrich and used as received. Solvents at HPLC 

grade were purchased from Fischer Chemicals. 

 Powder X-Ray Diffraction (PXRD) patterns were recorded on an X’Pert PRO MPD 

analytical diffractometer (Panalytical) at 45 kV, 40 mA using Cu Kα radiation (λ = 1.5419 Å). 

Nitrogen gas sorption isotherms were measured at 77 and 298 K using an Autosorb-IQ-AG 

analyzer. UV−vis was measured in an Agilent Cary 4000 and circular dichroism was measured 

in a J-715 CD spectrophotometer (JASCO), both at room temperature (ca. 25 °C). 1H NMR 

spectra were acquired in Bruker Advance III 400SB NMR spectrometer. Mass spectrometry 

(MALDI-TOF) was run in an Applied Biosystems 4700 Proteomics Analyzer operating in 

positive-ionization mode. 

 Single-Crystal X-Ray Diffraction (SCXRD) data of HRhMOP(tertPy) and OHRhMOP 

were collected at 100(2) K in BL13-XALOC beamline at the ALBA synchrotron, on a single-axis 

goniometer with a Pilatus 6M detector using a monochromatic X-ray beam (λ = 0.82656 Å). The 

data frames were integrated and scaled using XDS software packakge. The structure contains 

some disorder molecules. Absorption correction was not applied. The structure was solved by 

direct methods and subsequently refined by correction of F2 against all reflections, using 

SHELXT2013 and SHELXL2013 within the WinGX package. In HRhMOP(tertPy), due to the 

inherent disorder of the tert-butyl group of the 4-tertbutylpyridine molecules, constraint were 

applied in these groups and isotropic refinement was applied to these atoms. Both structures 

contain some disordered molecules. Attempts to adequately model the disordered molecules were 

unsatisfactory; therefore, the PLATON/SQUEEZE routine was applied to mask out the disordered 

electron density. 

5.3.2. Synthetic methodologies 

HRhMOP. 100 mg of Rh2(Ac)4·2MeOH (0.2 mmol), 160 mg of 1,3-benzenedicarboxylic acid 

(0.96 mmol), and 105 mg of Na2CO3 (1.0 mmol) were dispersed in 7 mL of DMA. The mixture 

was transferred to a scintillation vial and heated at 100 °C for 48 hours. A microcrystalline powder 

was separated from the reaction mixture and washed with DMA, EtOH, and MeOH. Finally, 

microcrystals were kept in acetone overnight and dried at 85 °C under vacuum. Single crystals of 

HRhMOP were prepared by heating a dispersion of 10 mg of Rh2(Ac)4·2MeOH (0.02 mmol), 10 

mg of 1,3-benzenedicarboxylic acid (0.06 mmol), and 1.5 mg of K2CO3 (0.01 mmol) in 1 mL of 

DMA in a scintillation vial at 100 °C for 48 hours.  
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OHRhMOP. 100 mg of Rh2(Ac)4·2MeOH (0.2 mmol), 180 mg of 5-hydroxy-1,3-

benzenedicarboxylic acid (0.96 mmol), and 105 mg of Na2CO3 (1.0 mmol) were dispersed in 7 

mL of DMA. The mixture was transferred to a scintillation vial and heated at 100 °C for 48 h. 

The resulting OHRhMOP single crystals were washed with DMA and dissolved in MeOH to 

separate them from Na2CO3. The solution was dried under vacuum, and the residue was washed 

with water and acetone. Finally, the powder was kept in acetone overnight and dried at 85 °C 

under vacuum.  

HRhMOP(tertPy). 17 µL of tertPy (111 μmol) were added to a dispersion of 60 mg of HRhMOP 

(9.3 μmol) in 10 mL of DMF. The resulting mixture was sonicated for 5 minutes and then 

centrifuged at 18,000 rpm for 10 min. The supernatant was collected and precipitated with ether 

vapours over 5 days to yield single purple crystals. HRhMOP(tertPy) crystals were then separated 

from the mother liquor and washed with ether and acetone. Finally, the sample was kept in acetone 

overnight and dried at 85 °C under vacuum.  

OHRhMOP(tertPy). The sample was prepared using the same conditions as for 

HRhMOP(tertPy), except that instead of 17 μL of tertPy, 15 μL were used.  

HRhMOP(CF3-Py). 13 µL of CF3-Py (111 μmol) were added to a dispersion of 60 mg of 

HRhMOP (9.3 μmol) in 10 mL of dichloromethane. This mixture was sonicated for 5 minutes. 

Then, it was filtered and the filtrate was evaporated under vacuum. The resulting solid was washed 

with acetone. Finally, the sample was kept in acetone overnight and dried at 85 °C under vacuum.  

OHRhMOP(CF3-Py). The sample was prepared using the same conditions as for HRhMOP(CF3-

Py), except that instead of using 13 μL of CF3-Py and dichloromethane as solvent, 12 μL of CF3-

Py was used and THF was the solvent.  

HRhMOP(L-Prol). A solution of 13 mg of L-Prol (111 μmol) in 1 mL of water at pH 10.5 (pH 

was adjusted with NaOH) was added to a dispersion of 70 mg of OHRhMOP (9.3 μmol) in 5 mL 

of water. The resulting mixture was sonicated for 5 minutes, and the solution was centrifuged at 

18,000 rpm for 10 min. The supernatant was collected and precipitated with acetone vapours over 

10 days to yield purple crystals. HRhMOP(L-Prol) crystals were separated from the mother 

liquors and washed with acetone. Finally, the sample was kept in acetone overnight and dried at 

85 °C under vacuum. Note here that HRhMOP(D-Prol) was prepared using the same conditions 

as for HRhMOP(L-Prol), except that instead of L-Prol, D-Prol was used.  

OHRhMOP(L-Prol). A solution of 13 mg of L-Prol (111 μmol) in 1 mL of water at pH 10.5 (pH 

was adjusted with NaOH) was added to a dispersion of 70 mg of OHRhMOP (9.3 μmol) in 5 mL 

of water. The resulting mixture was sonicated for 5 minutes, and the solution was centrifuged at 

18,000 rpm for 10 min. The supernatant was collected and precipitated with acetone vapours over 
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10 days to yield purple crystals. HRhMOP(L-Prol) crystals were separated from the mother 

liquors and washed with acetone. Finally, the sample was kept in acetone overnight and dried at 

85 °C under vacuum. Note here that OHRhMOP(D-Prol) was prepared using the same 

conditions as for HRhMOP(L-Prol), except that instead of L-Prol, D-Prol was used.  

AcrRhMOP. A total of 4.3 mg (105 μmol) of NaOH was added to a dispersion of 30 mg of 

OHRhMOP (4.4 μmol) in 1 mL of water. After this addition, the OHRhMOP dissolved instantly, 

due to deprotonation of the phenol groups. Then, a diethyl ether solution containing 8.5 μL of 

acryloyl chloride (105 μmol) was layered on top of the as-made ONaRhMOP aqueous solution at 

0 °C. The biphasic mixture was vigorously stirred overnight at room temperature. Afterwards, a 

green solid appeared at the interphase; it was isolated and then washed with MeOH and acetone. 

Finally, the sample was kept in acetone overnight and dried at 85 °C under vacuum.  

OMetRhMOP. OMetRhMOP was prepared using the same conditions as for AcrRhMOP, except 

that instead of using 8.5 μL of acryloyl chloride and diethyl ether as solvent, 15 μL of acetic 

anhydride (137 μmol) were used and 1,4-dioxane as the solvent.  

AcrRhMOP(tertPy). 10 mg of AcrRhMOP (1.2 μmol) were dissolved 5 mL of DMF. Then, 100 

μL of a 1 mL stock solution of tertPy containing 18 μL (120 μmol) was added to the AcrRhMOP 

solution, causing an immediate colour change from green to purple. AcrRhMOP(tertPy) was 

precipitated by adding diethyl ether. The solid was washed with ether and dried under vacuum. 

OAllylRhMOP(tertPy). 30 mg of OHRhMOP (4.4 μmol) was dissolved in 2 mL of DMF by 

adding 10 μL of tertPy (66 μmol). Then, 45 mg of K2CO3 (316 μmol) was added to the 

OHRhMOP(tertPy) solution. The mixture was stirred at 80 °C for 30 min. Then, 14 μL of allyl 

bromide (316 μmol) were added, and the resulting mixture was reacted at 80 °C for 24 h. The 

final purple-reddish solution was centrifuged, and the supernatant was evaporated under vacuum 

to obtain a purple residue. The crude product was washed with diethyl ether, MeOH, and acetone 

and dried at 85 °C under vacuum.  

OAllylRhMOP. 100 µL of 3 M HCl were added to a dispersion of 20 mg of 

OAllylRhMOP(tertPy) in acetone at room temperature. The purple suspension rapidly became 

green, indicating decoordination of tertPy molecules. The solid was recovered by centrifugation 

and further washed with water and MeOH. Finally, the sample was kept in acetone overnight and 

dried at 85 °C under vacuum. 

 

5.3.3. Single-Crystal XRD analysis 

Table 5.1. Crystal and structural refinement data for HRhMOP, OHRhMOP and HRhMOP(tertPy). 
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 HRhMOP OHRhMOP(DMA)12 HRhMOP(tertPy) 
Formula                                        C192 H96 O120 Rh24 C240H180N12O144Rh24 C304 N12 O108 Rh24 
Formula Weight                                              6808.53 8702.78 8017.00 
Crystal System                                                  cubic tetragonal tetragonal 
Space group                                     Im-3m I4/m P4m 
a/ Å          27.480(4) 31.080(5) 29.620(4) 
b/ Å 27.480(4) 31.080(5) 29.620(4) 
c/ Å 27.480(4) 31.250(5) 29.140(4) 
α/ º 90 90 90 
β/ º 90 90 90 
γ/ º 90 90 90 
Unit Cell Volume/ Å3                                                   20752(9) 30187(11) 25566(8) 
Temperature (K)                                                   100 100 100 
Z                                                                   2 2 2 
Radiation/ Å                                   0.826530 0.826530 0.826530 
Reflections Measured                   28846 194980 166455 
Independent Reflections 946 18195 13210 
Reflections (I > 2σ (I))                                886 15797 8294 
Rint 0.064 0.024 0.063 
R  0.0989 0.0901 0.1207 
wR2 0.3305 0.2704 0.3779 

 

CCDC CIF Files: 1883914 (HRhMOP), 1883124 (OHRhMOP) and 1884202 (HRhMOP(tertPy). 

 

 

 

 

 

 

 

 

5.3.4. UV-Vis analysis 
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Figure 5.9. UV-Vis of HRhMOP(tertPy) (left) and OHRhMOP(tertPy) in DMF (0.32 mM). The λmax is 555 nm 
which indicates that all the dirhodium paddlewheels in the MOP structure are coordinated to one tertPy. 

 

 

Figure 5.10. UV-Vis of HRhMOP(CF3-Py) (left) and OHRhMOP(CF3-Py) (right) in DMF (0.32 mM). The λmax is 
555 nm which indicates that all the dirhodium paddlewheels in the MOP structure are coordinated to one CF3-Py. 
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Figure 5.11. (a) UV-Vis spectra of the titration of Rh2(OAc)4 in water (2 mM) with L-Prol at a pH = 10.5 from 0 mol. 
eq. (green) to 1 mol. eq. (purple) adding 0.2 mol. eq. of L-Prol per step. After the addition of 1 mol eq., the adsorption 
maximum of band I (λmax) is centred at 556 nm. (b) UV-Vis of HRhMOP(L-Prol) in water (0.3 mM, pH = 10.5). The 
λmax is 555 nm that indicates that all the dirhodium paddlewheels in the MOP structure are coordinated to one L-Prol. 

 

 

 

Figure 5.12. UV-Vis of OHRhMOP(L-Prol) in water (0.32 mM, pH = 10.5). The λmax is 560 nm that indicates that all 
the dirhodium paddlewheels in the MOP structure are coordinated to one L-Prol. 
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Figure 5.13. UV-Vis spectra of ONaRhMOP in water (0.3 mM). The λmax centred at 586 nm and the presence of a 
second band centred at 445 confirms the integrity of the dirhodium paddlewheel. 

 

 

Figure 5.14. (left) UV-Vis of AcrRhMOP in DMF (0.31 mM). λmax is centred at 593 nm. (right) UV-Vis of 
OMetRhMOP in DMF (0.64 mM). The λmax is centred at 593. 
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5.3.5. 1H NMR analysis 

 

 

Figure 5.15. (a) Stacked 1H-NMR of HRhMOP(tertPy) (blue) and tertPy (red) in DMF-d7 . A shift in the position of 
the protons of the tertPy ligand when coordinated to HRhMOP is observed. (b) 1H-NMR spectra of HRhMOP(tertPy) 
indicating the relative integrals of the assigned proton signals. The molar ratio between bdc and tertPy is 1:0.5, which 
corresponds to the following formula: [Rh2(mBDC)2(tertPy)1]12. 

 

 

 

 

Figure 5.16. (a) Stacked 1H NMR of OHRhMOP(tertPy) (blue) and tertPy (red) in DMF-d7. A shift in the position of 
the protons of the tertPy ligand when coordinated to OHRhMOP is observed. (b) 1H NMR spectra of 
OHRhMOP(tertPy) indicating the relative integrals of the assigned proton signals. The molar ratio between OH-mBDC 
and tertPy is 1:0.5, which corresponds to the following formula: [Rh2(OH-mBDC)2(tertPy)1]12. 
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Figure 5.17. (a) Stacked 1H NMR of HRhMOP(CF3-Py) (blue) and CF3-Py (red) in DCM-d2 . A shift in the position 
of the protons of the CF3-Py ligand when coordinated to HRhMOP is observed. (b) 1H NMR spectra of HRhMOP(CF3-
Py) in DCM-d2 indicating the relative integrals of the assigned proton signals. The molar ratio between mBDC and 
CF3-Py is 1:0.5, which corresponds to the following formula: [Rh2(mBDC)2(CF3-Py)1]12. 

 

 

 

 

 

 

Figure 5.18. (a) Stacked 1H NMR of OHRhMOP(CF3-Py) (blue) and CF3-Py (red) in THF-d8 . A shift in the position 
of the protons of the CF3-Py ligand when coordinated to OHRhMOP is observed. (b) 1H NMR spectra of 
OHRhMOP(CF3-Py) in THF-d8 indicating the relative integrals of the assigned proton signals. The molar ratio between 
mBDC and CF3-Py is 1:0.5, which corresponds to the following formula: [Rh2(OH-mBDC)2(CF3-Py)1]12. 
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Figure 5.19. Stacked 1H NMR of HRhMOP(L-Prol) (blue) and L-Prol (red) in D2O at pD = 10.5. A broadening and 
shifting of the peaks corresponding to the L-Prol is observed, indicating its coordination to the HRhMOP. (b) 1H NMR 
of HRhMOP(L-Prol) showing the relative integrals of the aromatic protons and the aliphatic protons ascribed to L-Prol. 
Taking into account that L-Prol has 7 aliphatic protons, the molar ratio between HRhMOP and L-Prol was found to be 
1:0.5, giving rise to the following formula: [Rh2(mBDC)2(L-Prol)1]12. 

 

 

 

Figure 5.20. 1H NMR of OHRhMOP(L-Prol) in D2O in pD = 10.3. The relative integrals of the aromatic protons (a 
and b) and the aliphatic protons ascribed to L-Prol indicate that the molar ration between OH-mBDC and L-Prol is 0.5, 
giving rise to the following formula: [Rh2(OH-mbdc)2(L-Prol)1]12. 
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Figure 5.21. 1H NMR of in situ formed ONaRhMOP in D2O. Unassigned picks correspond to DMA and H2O. The 
multiplicity of the aromatic protons is attributed to the fact that probably not all phenol groups are deprotonated and 
therefore, that a mixture of phenol and phenolate groups exists within the Rh-MOP. 

 

 

 

Figure 5.22. (a) Stacked 1H NMR of OAcrRhMOP (blue) and 5-acryloyloxyisophthalic (red). (b) 1H-NMR spectra of 
OAcrRhMOP indicating the relative integrals of the assigned proton signals. The molar ratio between the aromatic 
groups and the acrylate protons indicates a full conversion of OH-mBDC into the corresponding ester, giving rise to 
the following formula: [Rh2(OAcr-mBDC)2]12. 
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Figure 5.23. 1H NMR of OMetRhMOP in acetone-d6. Unassigned peaks correspond to water, DMF and acetone. The 
molar ratio between OH- bdc and the functionalized ligand (COOMet-mBDC)) is 0.33, which gives rise to the following 
formula: [Rh24(OH-mBDC)6(COOMet- mBDC)18]. 

 

 

Figure 5.24. 1H NMR spectra of AcrRhMOP(tertPy). The relative integrals of the protons of the acrylate ligand (b, c, 
d, e) and protons of tertPy ligand (f, g, h) show that their molar ratio is 0.5, which gives rise to the following formula: 
[Rh2(Acr-mBDC)2(tertPy)1]12. 
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Figure 5.25. (a) Stacked 1H NMR spectra of OallylRhMOP(tertPy) (red) and 5-allyloxyisophthalic (red) in DMF-d7. 
(b) 1H NMR spectra of OallylRhMOP(tertPy) indicating the relative integrals of the assigned proton signals. In order 
to determine the conversion degree, the relative integrals of the proton b and c were analysed. Fixing the integral of 
proton b to 2, it follows that the integration of proton c should be 2 if the conversion had been 100%. However, the 
integration of proton c was 0.8 giving rise to a conversion of 40% with the following formula: [Rh2(OH-
mBDC)1.2(Oallyl-mBDC)0.8]12. 

 

 

5.3.6. Mass-Spectrometry (MALDI-TOF) analysis 

 

Figure 5.26. MALDI-TOF spectrum of ONaRhMOP. MALDI-TOF spectrum of ONaRhMOP. The weight 
corresponding to the formula [Rh24(O-mBDC)24 + 20Na + 3H + H2O]- has been highlighted: expected = 7247; found 
= 7246. 
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Figure 5.27. MALDI-TOF spectra of OAcrRhMOP. The weight corresponding to the formula [Rh24(OAcr-mBDC)24 
+ H]+ has been highlighted: expected = 8090.92; found = 8090.5. The other labelled peaks correspond to the loss of 
acrylates (m/z = 55) 

 

 

Figure 5.28. (a,b) MALDI-TOF spectra of OMetRhMOP. In (b) the weight corresponding to the formula [Rh24(OH-
mBDC)6(COOMet-bdc)18 + H]+ + DCTB + DMF + MeOH has been highlighted: expected = 7969.9; found = 7968.3. 
The other highlighted peaks correspond to the consecutive loses of methyl ester moieties (m/z = 42). 
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Figure 5.29. MALDI-TOF spectra of OAllyRhMOP. The weight corresponding to the formula [Rh24(OH-
mBDC)15(OAllyl-mBDC)9 + H]+ + DCTB + H2O has been highlighted: expected = 7418.3; found = 7419.9. The other 
labelled peaks correspond to the loss of the CH2-CH=CH2 (m/z = 42). 

 

5.3.7. BET measurements 

 

Figure 5.30. N2 adsorption isotherms of HRhMOP (left) and OHRhMOP (right) at 77 K. 
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Figure 5.31. N2 adsorption isotherm of HRhMOP(tertPy) (left) and HRhMOP(CF3-Py) (right) at 77 K. 

 

 

Figure 5.32. N2 adsorption isotherm of HRhMOP(L-Prol) at 77 K. 
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Figure 5.33. N2 adsorption isotherm of OHRhMOP(tertPy) (left) and OHRhMOP(CF3-Py) (right) at 77 K. 

 

 

Figure 5.34. N2 adsorption isotherm of OHRhMOP(L-Prol) at 77 K. 
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Figure 5.35. N2 adsorption isotherm of AcrRhMOP (left) and AcrRhMOP(tertPy) (right) at 77 K. 

 

 

 

Figure 5.36. N2 adsorption isotherm of OMetRhMOP at 77 K (left) and CO2 adsorption isotherm of OAllylRhMOP 
(right) at RT.  
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Chapter 6 
Protection strategies for directionally-controlled synthesis of 
previously inaccessible Metal-Organic Polyhedra (MOPs): the 
cases of carboxylate- and amino-functionalized Rh(II)-MOPs 

 

 
 

Abstract 

This Chapter reports how a strategic use of protecting groups in coordination reactions enables 
directional inhibition that leads to the synthesis of highly functionalised metal-organic polyhedra 
(MOPs), rather than extended coordination networks. Using this approach, we were able to 
functionalise two new porous cuboctahedral Rh(II)-based MOPs with 24 peripheral carboxylic 
acid groups or 24 peripheral amino groups, expanding the arsenal of existing Rh(II)-based MOPs 
amenable to surface anchoring. 

 
This Chapter is based on the following publication: 

 

Albalad, J.; Carné-Sánchez, A.; Grancha, T.; Hernández-López, L.; Maspoch D.; Chem. Commun., 2019, 
55, 12785-12788. 
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6.1. Introduction 

Undesired side reactions are arguably the most common limitation any chemical synthesis, either 

organic or inorganic, faces.1–5 Even when the simplest synthetic protocol is followed, any minor 

misstep can lead to wasteful side-products, leading to the costly path of having to start over. Thus, 

every preparation of delicate molecules must be evaluated at every step in order to eliminate side 

reactions. Omitting this analysis could lead to reactions in other parts of the molecule, especially 

on those with multiple functional groups. Thus, a persistent challenge in avoiding side reactions 

is to ensure that the chemistry in question occurs exclusively at the targeted functional group(s). 

Functional groups are the reactive sites of a molecule, and it is certainly challenging to restrict a 

chemical reaction in one group whilst another with similar reactivity remains untouched.6–8 In 

these cases, the most common approach is the use of protecting groups (PGs) in order to 

temporally render an otherwise reactive group into an inert one. Protecting groups act as 

molecular barriers that covalently bond to a functional group, temporarily removing their reactive 

behaviour until a further deprotection step takes place.9 The success of this approach has led to 

development of a broad arsenal of protecting groups and methodologies for their use, including 

chemoselective steps for protection and subsequent deprotection of the group(s) whose reactivity 

is to be temporarily blocked.10–12 PGs have played an important role in the growth of organic 

chemistry as a field, as the ability to induce chemoselective and orthogonal reactivity onto 

polyfunctional molecules opened up unprecedented stepwise reaction pathways for the synthesis 

of active principles and materials, including polymers13,14 and peptides7,8,15–19 with pre-defined 

sequences of monomers and amino acids.  

 In coordination chemistry, the use of PGs is less generalized as the reactivity of different 

functional groups can be controlled by their relative affinity towards metal ions (e.g. hard Lewis 

acids would preferentially react with carboxylates than with amines). This strategy has been 

successfully employed in the synthesis of multi-varied Metal-Organic Frameworks (MOFs),20 

Metal-Organic Cages21 and Metal-Organic Polyhedra (MOPs)22 that present free pending 

functionalities such as amines, hydroxyls and sulfonate groups, among others. However, there are 

situations in which these preferential affinities become futile. Not every unreacted functionality 

can always stand the aggressive media required for the synthesis of coordination assemblies; 

being due to extra metal-ligand interactions in aggressive conditions, or simply because the 

functional groups are chemically delicate and amenable to degradation. To this end, few examples 

of these situations solved through the use of PGs can be found in the literature.23–26 For example, 

use of PGs has allowed the introduction of sensitive moieties inside the pore walls, controlling 

the framework’s extension and interpenetration and, in the zero-dimensional field, PGs have 

allowed to control how Metal-Organic Cages assemble in situ.27 Surprisingly, the most attractive 

feature of PGs (that is, the stoichiometric control of reactivity) has never been exploited in the 
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coordination materials field. The directionality of the building blocks plays a major role in the 

final architecture and dimensionality of the framework. Thus, having a stoichiometric control on 

the growth step could play an important role to confine at will the degree of extension, from zero-

dimensional to 3D.  

 Herein, we demonstrate how protecting groups can be used to modulate the connectivity 

of polydentate ligands, which in turn dictates the directional growth of the assembly. We explored 

this methodology for obtaining previously inaccessible coordination assemblies. Specifically, 

cuboctahedral Rh(II)-based MOPs with 24 available carboxylic acid (COOH) or amino (NH2) 

groups on their periphery were obtained rather than the extended coordination networks that 

normally form in the absence of protection strategies. As explained in Chapter 5, the synthesis of 

this class of MOPs entails assembly of 1,3-benzenedicarboxylic acid (mBDC) derivatives and 

Rh(II)-Rh(II) paddlewheels, in which the 5th position of the mBDC derivative dictates the outer 

functionality of the MOP.28 Therefore, chemical limitations can be foreseen when trying to 

incorporate highly-active functionalities in RhMOPs surface. On one hand, the synthesis of 

COOH-RhMOP requires use of 1,3,5-benzenetricarboxylic acid (H3BTC) as the linker. However, 

as expected, reaction of Rh(II) with H3BTC tends to form extended coordination networks instead 

of the desired COOH-RhMOP. This is because the three carboxylic groups react with Rh(II), 

extending the material uncontrolledly. Consequently, conventional MOP-synthesis conditions 

(DMA, Na2CO3, ~100 °C; detailed synthesis in Section 6.3.2), afford an extended coordination 

polymer in the form of an amorphous non-porous solid as product (Figures 6.17, 6.18), whereas 

solvothermal conditions (in methanol) yield a porous coordination polymer.29 On the other hand, 

as mentioned in the previous Chapter, Rh(II)–Rh(II) paddlewheel secondary building units 

(SBUs) present a strong affinity towards free N-donor linkers. For this, the synthesis of an NH2-

functionalised RhMOP is as well unattainable by direct methodologies, unlike with other metal 

sources. 

 

6.2. Results and Discussion 

6.2.1. Protecting groups – From a wide arsenal to the best candidates 

We first began our study by carefully selecting the most suitable PG from the available roster.30 

There are myriads of available protection strategies for every functional group. Additionally, most 

of them offer multiple deprotection pathways to accommodate to the necessities of our targeted 

molecule. 
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 This project requires very explicit conditions for its successful implementation. The 

chosen PGs must ensure the following criteria: 

(i) Thermal/chemical robustness during the solvothermal MOP synthesis (Na2CO3, 

DMA, 100 ºC) 

(ii) Inert behaviour towards free Rhodium metal ions 

(iii) Chemoselective or relatively mild deprotection pathways 

(iv) Stoichiometric and quantitative protection and/or deprotection steps 

(v) Compatibility with free COOH moieties 

 According to the before-mentioned rules, the selection of a PG for amino moieties was 

straightforward. The rich chemistry and notorious versatility of NH2 moieties has led to the 

generation of a rich reactivity catalogue, including protection/deprotection strategies. There are 

more documented protective methods for amino groups than for any other moiety, because of 

how prevalently used they are in peptide chemistry.19 Among the available PG roster, we selected 

tert-butyloxycarbonyl (Boc) (Figure 6.1) because of its notorious basic stability and compatibility 

with free COOH groups.  

  

Figure 6.1. Schematic representation of the selected protecting groups. 

 

 On the contrary, the synthesis of a COOH-tagged RhMOP requires a stoichiometric 

protection of 1/3 COOH moieties of H3BTC, which cannot be obtained in a simple way. There is 

almost no information on stoichiometric protection/deprotection steps of polycarboxylic acid 

molecules in the literature, mainly because such steps are never required to be stepwise. The 

protection of carboxylic acids is usually performed through uncontrolled esterification reactions, 

whilst the deprotection step is based on non-stoichiometric hydrolysis in basic media to achieve 

the highest yields. Nevertheless, through an in-depth bibliographic research we were able to spot 

a stoichiometric deprotection step than involved the use of a less common PG. To this end, we 

revised the work of Barret et. al.,31 who had previously described a controlled semi-deprotection 

of a 2-(trimethylsilyl)ethyl-protected (TSE) (Figure 6.1) dicarboxylic acid by stoichiometric 

addition of fluoride. Since TSE is kinetically stable under basic conditions, we reasoned that it 

would be suitable for MOP protection. 
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6.2.2. Symmetrical directional inhibition – The case of COOH-RhMOP 

Synthesis of the mono-protected ligand H2BTC-COOTSE. After selecting TSE as the most 

suitable PG, we then proceeded with the design of a synthetic methodology for obtaining the TSE 

mono-protected H3BTC derivative (hereafter named H2BTC-COOTSE). The synthetic pathway 

employed is depicted below in Figure 6.2, and follows a three-step synthetic route (detailed 

synthetic procedure in Section 6.3.2 – Experimental Part). Such procedure was necessary, as only 

the TSE deprotection step has proven to be stoichiometrically controllable.   

 

 

Figure 6.2. Schematic representation of the synthetic procedure for obtaining H2BTC-COOTSE. 

 

 Initially, H3BTC was converted to its triacyl chloride counterpart in situ, through reaction 

with SOCl2. Then, the triacyl chloride product was reacted with 3 mol. eq. of 2-

(trimethylsilyl)ethanol and pyridine to obtain the tri-protected intermediate tris(2-

(trimethylsilyl)ethyl)benzene-1,3,5-tricarboxylate (BTC-COOTSE3). Finally, a stoichiometric 

deprotection of BTC-COOTSE3 was carried out by using 2 mol. eq. of a tetrabutylammonium 

fluoride (NBu4F) solution (1.0 M in THF) in two successive additions, followed by a final 

protonation step. This procedure afforded the mono-protected H2btc-COOTSE as a fine white 

powder. The purity and basic media stability of the obtained tri-protected intermediate and 

H2BTC-COOTSE were monitored by 1H NMR and ESI-MS (Figures 6.3, 6.4 and 6.5), and no 

further purification steps were required for the synthesis of RhMOPs. 
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Figure 6.3. 1H NMR spectrum of the tri-protected intermediate BTC-COOTSE3 in CDCl3. The TMS signal (D) is not 
fully integrable due to the presence of TMS as an internal reference in deuterated solvents. 

 

 

Figure 6.4. 1H NMR spectrum of the mono-protected linker H2BTC-COOTSE in DMSO-d6. TMS signal (D) is not 
fully integrable due to the presence of TMS as an internal reference in deuterated solvents. 
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Figure 6.5. ESI-MS spectrum of H2BTC-COOTSE. Residual traces (<5%) of mono-deprotected linker can be 
observed. 

 

 Synthesis of COOTSE-RhMOP. After properly characterising the linker, we then 

performed the complexation reaction by mixing H2BTC-COOTSE with Rhodium acetate in N’N-

dimethylacetamide (DMA) under solvothermal conditions (100 °C, 48 hours). After separating 

the residual base by centrifugation, water was used to precipitate out COOTSE-RhMOP from the 

supernatant, which was obtained as a green solid. The product was sequentially washed with a 

water:icohol 9:1 mixture and dried under vacuum at 85 ºC. After drying overnight, a final washing 

step was performed using diethyl ether (Et2O). Mass Spectrometry (MALDI-TOF) analysis of the 

washed product in acetone revealed a peak at m/z = 9890.3, matching the theoretical value for a 

cuboctahedral Rh(II)-based MOP of formula ([Rh24(COOTSE-BDC)24] + H+)+ (expected m/z= 

9891.5; Figure 6.6a). Additionally, the processability of RhMOPs allowed us to use solution 

NMR as a fast routine characterisation. 1H NMR of the sample in acetone-d6 further confirmed 

the formation of a zero-dimensional architecture featuring 24 TSE protecting groups at its 

periphery (δ = 8.85, 8.45, 4.35, 1.28, 0.05 ppm) (Figure 6.6b). No residual linker signals were 

spotted in the spectrum, nor signals of potential degradation of the PGs. Additionally, the integrity 

of the Rh-Rh paddlewheel SBU was confirmed by UV-Vis and FTIR Spectroscopies (See Section 

6.3.3.; Figure 6.19). 
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Figure 6.6. a) MALDI-TOF spectra of COOTSE-RhMOP in acetone. The weight corresponding to the formula 
[Rh24(TSE-bdc)24 + H+]+ has been highlighted: expected = 9891.5; found = 9890.3. b) 1H NMR spectrum of COOTSE-
RhMOP in acetone-d6. TMS signal (A) is not fully integrable due to the presence of TMS as an internal reference in 
deuterated solvents. The chemical shift of the signals is shifted compared with the free linker. No residual H2btc-
COOTSE peaks are observed. 

 

 Deprotection step. Next, we did a subsequent deprotection step by reacting a COOTSE-

RhMOP solution in THF with 24 mol of a NBu4F solution (1.0 M in THF) for 6 hours at room 

temperature. The precipitated product was isolated, washed with THF, Et2O and water, and 

finally, dried under vacuum. 1H NMR (DMSO-d6) confirmed a quantitative fading of the TSE 

signals (δ = 0.05 ppm, 1.28 ppm and 4.35 ppm) with the appearance of a new signal at δ = 13.4 

ppm, which we attributed to the free COOH groups (Figure 6.7). MALDI-TOF analysis showed 

a peak at m/z= 7439.4, which matched accordingly with the estimated formula ([Rh24(COOH-

BDC)24] + H+)+ (expected m/z= 7441.5).  

  

 

Figure 6.7. 1H NMR spectrum of COOH-RhMOP in DMSO-d6. COOH signal is observable at 13.4 ppm, with no 
residual TSE signals present. MALDI-TOF spectra of COOH-RhMOP in DMF. The weight corresponding to the 
formula [Rh24(COOH-BDC)24 + H+)]+ has been highlighted: expected = 7441.5; found = 7439.4. The weight 
corresponding to the decarboxylation of COOH-RhMOP, with formula [Rh24(COOH-BDC)24 – 22CO2 + H+]+ has been 
highlighted: expected = 6473.3; found = 6473.5. 
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 Porosity measurements of COOTSE- and COOH-RhMOPs. After confirming the 

phase purity of both COOTSE-RhMOP and COOH-RhMOP, both samples were subjected to gas 

sorption measurements (N2, 77 K ; CO2, RT) after an activation step of 120 ºC for 12 hours. As 

expected, the deprotection step rendered RhMOPs significantly more porous than the 

corresponding parent MOPs. Thus, whereas COOTSE-RhMOP was non-porous to N2, COOH-

RhMOP showed a BET surface area (SBET) of 198 m2·g-1 (See section 6.3.4.; Figure 6.23). 

Similarly, the CO2 uptake increased from 0.8 mmol CO2·g-1 for COOTSE-RhMOP to 2.0 mmol 

CO2·g-1 for COOH-RhMOP (Section 6.3.4.; Figure 6.24). The increase of gas uptake observed 

after the deprotection step is attributed to the removal of the TSE bulky groups from the surface 

of the Rh(II)-MOP akin to similar examples in which a decrease in surface functionalisation of 

molecular cages caused a beneficial effect on their porous properties.32,33 

 Single-crystal structural elucidation of COOH-RhMOP. The processable behavior 

that discrete RhMOPs present enables their crystallization via solvent-induced precipitation 

methodologies. A concentrated solution of COOH-RhMOP in DMA was subjected to slow 

diffusion of ether vapours, affording single-crystalline sample that could be structurally resolved 

in Alba Synchrotron. The as-obtained structure confirmed the presence of 24-oriented COOH 

moieties symmetrically distributed within the periphery of the MOP (Figure 6.8.). 

 

Figure 6.8. Schematic representation of the crystalline structure of COOH-RhMOP, highlighting the 24 free COOH 
moieties on its periphery. Colour scheme: Rh (green), C (gray), O (red). H atoms omitted for clarity.  
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 COOH-RhMOP aqueous solubility and stability tests. Carboxylic acids typically have 

moderately low pKa values (i.e. pKa = 3 to 5). Therefore, at near-physiological pH, they tend to 

be deprotonated in solution. Accordingly, COOH-RhMOP dissolved in water upon addition of 1 

mol. eq. (i.e. 24 mol per MOP) of NaOH (pH = 10.5), rendering a negatively-charged MOP, as 

evidenced by the Z-potential value derived by Dynamic Light Analysis measurements (Figure 

6.9). MALDI-TOF analysis of the solution revealed a peak at m/z = 7945.6 (Figure 6.10a), 

matching the theoretical formula (Na24[Rh24(OOC-BDC)24)] - 2Na+ + H+)- (expected m/z = 

7947.0, hereafter called COONa-RhMOP). After confirming the solubility of COOH-RhMOP in 

basic pH, we ran a pH calibration curve to identify the lowest pH at which the cage would be 

water soluble. After the addition of 6 mol of NaOH (25% of COOH groups deprotonated), the 

MOP fully dissolved in water giving a final pH value of pH= 8.2. 1H NMR of the product after it 

had been in aqueous solution for 7 days did not reveal any signs of scaffold degradation (Figure 

6.10b). Additionally, the RhMOP was able to be sequentially precipitated by protonation and 

dissolved again with addition of base without any significant integrity loss. 

 

Figure 6.9. Z-Potential measurements of COONa-RhMOP in basic H2O, confirming a charged specie. 

 

 

Figure 6.10. a) MALDI-TOF spectrum of COONa-RhMOP. The weight corresponding to the formula [Rh24(COONa-
BDC)24 – 2Na+ + H+)]- has been highlighted: expected = 7947; found = 7945.6. b) 1H NMR spectrum of COONa-
RhMOP in D2O/NaOD (24 mol. eq. vs MOP) dissolved for 7 days. 
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6.2.3. Orthogonal directional inhibition – The case of NH2-RhMOP 

Inspired by our previous results, we then aimed to extend our MOP-protection chemistry by 

endeavouring to incorporate functionalities that had previously been inaccessible in Rh-based 

materials. The strong affinity of Rh(II) paddlewheels towards N-donor groups precludes the 

synthesis of a NH2-tagged Rh(II)-based MOP, unlike with other metal sources. Amino groups are 

among the most exploited functional groups in the literature, owing to their basicity, dominant 

nucleophilicity and versatility, as they can be transformed into myriad products under diverse 

conditions. This has led to the generation of a rich catalogue of amine chemistry. Moreover, 

amino-functionalized materials can exhibit enhanced physicochemical properties and have been 

thoroughly used in many applications, such as surface anchoring, carbon dioxide capture, water 

uptake and pollutant removal. For this, we explored the possibility of protecting the reactive NH2 

moiety of 5-aminoisophthalic acid with a suitable protecting group to synthesise the desired 

RhMOP. Note that as in the formation of COOH-RhMOP, a direct reaction of Rh acetate with 5-

aminoisopthalic acid under solvothermal conditions produced an extended coordination network 

in the form of an amorphous solid. As previously mentioned, we chose tert-butyloxycarbonyl 

(Boc) as our PG, given its excellent stability in basic media and its compatibility with free 

carboxylates. 

 Synthesis of the mono-protected ligand H2BDC-NBoc. The amino-protected linker was 

synthesised adapting a literature procedure. Briefly, H2bdc-NBoc was obtained by reacting 5-

aminoisophthalic acid with di-tert-butyl dicarbonate (Boc2O) in a mixture (1:1 v/v) of dioxane 

and 1M NaOH (Figure 6.11). A subsequent addition of a 20% KHSO4 aqueous solution 

precipitated the linker on its protonated form, and the product was thoroughly washed with water 

and dried under vacuum. Its phase purity was confirmed by 1H NMR analysis (Figure 6.12). 

 

Figure 6.28. Schematic representation of the synthetic procedure for obtaining H2BTC-COOTSE. 
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Figure 6.29. 1H NMR spectrum of H2BDC-NBoc in DMSO-d6. 

 

Synthesis of NBoc-RhMOP. The purified H2BDC-NBoc linker was then reacted with rhodium 

acetate and Na2CO3 in DMA at 100 °C for 48 hours. After that, the residual solids were discarded 

and the supernatant was precipitated by the addition of diethyl ether. The as-obtained blue product 

was then washed with a 1M NaOH solution and water and dried under vacuum. The formation 

and phase purity of NBoc-RhMOP was confirmed by MALDI-TOF (m/z = 9110.1; expected 

9105.4; Figure 6.13a) and 1H NMR (δ = 9.24, 8.40 and 1.41 ppm) (Figure 6.13b). 

 

Figure 6.30. a) MALDI-TOF spectra of NBoc-RhMOP in Acetone. The weight corresponding to the formula 
[Rh24(NBoc-BDC)24 – NBoc+ H+]+ + 2H2O has been highlighted: expected = 9105.4; found = 9110.1. b) 1H NMR 
spectrum of NBoc-RhMOP in DMSO-d6. The chemical shift of the signals is shifted compared with the free linker. No 
residual H2BDC-NBoc peaks are observed. 
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 Deprotection step(s). Finally, we explored the deprotection of NBoc-RhMOP by 

following standard procedures deeply employed in organic synthesis. That is, subjecting 

the RhMOP to stirring it in a solution of trifluoroacetic acid (TFA; 9 mol. eq. vs MOP in 

dichloromethane) for a few hours in an heterogeneous fashion. UV-Vis and 1H NMR 

analysis of the obtained supernatant (Figure 6.14a,b) did not reveal any signals of leached 

5-aminoisophthalic acid linker nor partial degradation, thereby confirming the robustness 

of the MOP under the deprotection conditions. The crude product was then neutralised 

with a triethylamine solution in acetone, washed with methanol and acetone, and 

characterised by 1H NMR and MALDI-TOF (Figure 6.15). 

 

 

 

Figure 6.31. a) UV-Vis spectrum and b) 1H NMR spectrum of the TFA-deprotection supernatant. 

 

 Both techniques confirmed that the deprotection had been quantitative. Likewise, 1H 

NMR analysis evidenced generation of free amino moieties in the MOP (δ= 5.32 ppm) and 

quantitative fading of all the previous NBoc signals (δ= 9.50 ppm and 1.42 ppm) when exploring 

deprotection steps in more diluted conditions (i.e. 3 mol eq. per MOP and 6 mol. eq. per MOP). 

In addition, MALDI-TOF analysis in DMSO revealed a peak at m/z = 6899.2, consistent with the 

formula of the fully deprotected RhMOP [Rh24(NH2-BDC)24 + H+ + DMSO]+ (expected m/z= 

6895.3; Figure 6.15, navy blue). 

 Additionally, taking advantage of the processability of RhMOPs in the solid state, we 

explored an alternative route for the deprotection of NBoc-RhMOP in a solventless fashion, 

reflecting on the fact that the Boc group can undergo thermolytic deprotection without any 

reagents, solvents or neutralisation step.34,35 To this end, we ran a thermogravimetric analysis 

(TGA) on NBoc-RhMOP to identify the weight-loss attributable to the thermolabile deprotection 

(Figure 6.16, top). The thermogram clearly showed a step of 24.9% weight-loss in the region 

between 150 °C to 200 °C, owing to the thermolytic cleavage of 24 Boc groups into CO2 and 

isobutylene (25.1% based on theoretical mass). Afterwards, we ran an isothermal 
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Figure 6.32. a) MALDI-TOF spectra of NH2-RhMOP in DMSO, deprotected through the Thermolabile 
strategy (navy) and TFA-based strategy (blue). The weight corresponding to the formula [Rh24(NH2-BDC)24 
+H+] + DMSO (expected = 6895.3, found = 6899.2) and Rh24(NH2-BDC)24 +H+] + 3DMSO + H2O 
(expected = 7069.6, found = 7066.3) have been highlighted. Small packings of two NH2-RhMOP units (m/z 
= 14,955) can start to be observed, due to the strong affinity of Rh paddlewheels for N-donor functional groups. 
b) 1H NMR spectrum of the TFA-based Deprotection strategy of NBoc-RhMOP (wine) in DMSO-d6. After 
the addition of 3 mol. eq. (deep purple), 6 mol. eq. (light purple) and 9 mol. eq. of TFA (blue). Fading NBoc 
signals are highlighted in black (*) and arising NH2 signal in red (*). Thermolabile-deprotected NH2-RhMOP 
is represented on top (navy). 

 

experiment at 150 °C for 6 hours to confirm that no further degradation of the MOP would occur. 

After the initial weight loss attributable to solvent loss and the deprotection itself, the curve 

plateaued until the end of the measurement, thus confirming the robustness of the scaffold (Figure 

6.16, bottom). MALDI-TOF analysis of the crude product further confirmed the thermal cleavage, 

with a peak at m/z = 7066.3 matching with the formula [Rh24(NH2-BDC)24 + H+ + H2O + 3 

DMSO]+ (expected m/z= 7066.3) (Figure 6.15a, blue).  

 Porosity measurements of NBoc- and NH2-RhMOPs. Analogously to the deprotection 

of COOTSE-RhMOP, the deprotection of NBoc-RhMOP (either by thermolysis or by treatment 

with TFA) yielded a product that was more porous than the corresponding starting material. Thus, 

whereas the SBET of the NBoc-RhMOP was 59 m2·g-1 (See Section 6.3.4.; Figure 6.26), upon 

deprotection, the resultant NH2-RhMOP showed SBET values of 255 m2·g-1 (thermolysis) or 417 

m2·g-1 (TFA) (Section 6.3.4.; Figure 6.27). We attributed the difference in SBET between these two 

products to their different morphologies: the thermolytic deprotection of NBoc-RhMOP yields 

micrometric particles, whereas the TFA-based method yields an amorphous powder composed of 

aggregated nanoparticles (ca. 50 nm) (Figure 6.17). 
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Figure 6.33. (Top) Thermogravimetric Analysis of NBoc-RhMOP, highlighting the 24.87% weight loss attributed to 
the thermolabile deprotection of 24 Boc groups (Calculated weight loss 25.1%). (Bottom) Isothermal 
Thermogravimetric Analysis of NBoc-RhMOP at 150 ºC, highlighting the stability of the material after the weight loss 
attributed to the thermolabile deprotection of 24 Boc groups. 

 

 

These values echo the previously reported trend that MOPs exhibit greater gas sorption upon 

miniaturisation.36 Furthermore, the CO2 uptake measured at 298 K also increased after 

deprotection, as depicted in Figures 6.26 and 6.27. Thus, whereas the NBoc-RhMOP adsorbed 

0.88 mmol CO2·g-1, the deprotected products (NH2-RhMOPs) exhibited uptakes of 1.39 mmol 

CO2·g-1 (thermolysis) and 1.52 mmol CO2·g-1 (TFA) at 1 bar under the same conditions. 

Remarkably, both the SBET and CO2 uptake values for these NH2-RhMOP products are 

significantly higher than for their Cu(II) analogue (non-porous to N2; CO2 uptake = 0.70 mmol 

CO2·g-1).22 
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Figure 6.34. a,b) FESEM images of the NH2-RhMOP obtained by the thermal treatment of the NBoc-RhMOP. b) High 
magnification image of the highlighted area in a). c,d) FESEM images of the NH2-MOP obtained after deprotecting the 
NBoc-RhMOP with TFA. Scale bars = 5 µm (a), 1 µm (b), and 500 nm (c, d). 

 

6.2.3. Conclusions 

In conclusion, we have demonstrated strategic use of protecting groups for directionally-

controlled coordination chemistry synthesis of Rh(II)-based MOPs with previously inaccessible 

funcionalities. We firmly believe that our approach is not limited to robust metallic subunits, since 

relatively mild, chemoselective deprotection steps are used. Using our orthogonal 

protection/deprotection process, we prepared two new Rh(II)-based MOPs with 24 peripheral 

COOH or NH2 moieties, without affecting the structural integrity or microporosity. Owing to their 

strong processability, the protected Rh(II)-based MOPs can be then deprotected either in solid 

state or in solution. Moreover, we dissolved COOH-RhMOP in water at near-neutral pH. 

Interestingly, the presence of 24 directional COOH or NH2 groups in a zero-dimensional porous 

scaffold opens up new post-synthetic pathways to take advantage of the well-defined orthogonal 

reactive sites within a cuboctahedral MOP nanoparticle. Additionally, these free pending groups 

might be of particular interest for Reticular Chemistry.  
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6.3. Experimental Part 

6.3.1. Materials and Methods  

Rhodium acetate, 5-amino-1,3-benzenedicarboxylic acid, di-tert-butyl dicarbonate (Boc2O), 

1,3,5-benzenetricarboxylic acid, SOCl2, 2-(trimethylsilyl)ethanol, anhydrous pyridine, 

trifluoroacetic acid and tetrabutylammonium fluoride (1.0 M in THF) were purchased from 

Sigma-Aldrich Co. Solvents at HPLC grade were purchased from Fischer Chemical. 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). 

 1H NMR spectra were acquired in a Bruker Avance III 400SB NMR spectrometer. Mass 

spectrometry (MALDI-TOF) experiments were run in an Applied Biosystems 4700 Proteomics 

Analyzer operating in positive-ionization mode. UV−Vis spectra were measured in an Agilent 

Cary 4000 at room temperature (ca. 25 °C). FTIR spectra were recorded in transmission mode on 

a Bruker Tensor 27 IR equipped with a Golden Gate diamond ATR cell. Elemental analysis 

measurements were performed using a Flash EA 2000 CHNS, Thermo Fisher Scientific analyser. 

Thermogravimetric analyses were performed under nitrogen flow using a Pyris TGA8000 with a 

heating rate of 5 °C min−1. Powder X-ray Diffraction (PXRD) patterns were recorded on an X’Pert 

PRO MPD analytical diffractometer (Panalytical) at 45 kV, 40 mA using Cu Kα radiation (λ = 

1.5419 Å). Nitrogen and CO2 adsorption isotherms were measured at 77 K and 298 K respectively 

using an Autosorb-IQ-AG analyzer. 

6.3.2. Synthetic methodologies 

Synthesis of non-protected blank tests:  

BT_Rh-BTC: 20 mg of Rh2(acetate)4·2MeOH (0.04 mmol), 42 mg of 1,3,5-benzenetricarboxylic 

acid (0.19 mmol), and 25 mg of Na2CO3 (0.2 mmol) were dispersed in 2 mL of DMA. The mixture 

was transferred to a scintillation vial and heated at 100 °C for 48 h. A green dispersion was 

obtained and the solid was separated by centrifugation, washed with water, DMA and diethyl 

ether and dried in vacuo to afford BT_Rh-BTC as a green solid. 

BT_Rh-NH2BDC: In a typical procedure, 20 mg of Rh2(acetate)4·2MeOH (0.04 mmol), 36 mg of 

5-aminoisophthalic acid (0.19 mmol), and 25 mg of Na2CO3 (0.2 mmol) were dispersed in 2 mL 

of DMA. The mixture was transferred to a scintillation vial and heated at 100 °C for 48 h. A green 

dispersion was obtained and the solid was separated by centrifugation, washed with water, DMA 

and diethyl ether and dried in vacuo to afford BT_Rh-NH2BDC as a dark green powder. 
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Synthesis of protected organic linkers 

5-((2-(trimethylsilyl)ethoxy)carbonyl)isophthalic acid (H2BTC-COOTSE): 

 

 
1,3,5-benzenetricarboxyl trichloride was synthesized in situ by reacting 1,3,5-benzenetricarboxylic acid 

with SOCl2. 531 mg (2.0 mmol) of 1,3,5-benzenetricarbonyl trichloride and 730 µL (9.0 mmol) of 

pyridine were dissolved in 20 mL of dichloromethane. 860 µL (6.0 mmol) of 2-(trimethylsilyl)ethanol 

were added slowly, and the mixture was stirred at room temperature for 8 hours. The solution was then 

poured into 100 mL of chloroform, and washed subsequently with a 1 M NH4Cl aqueous solution, 1 M 

HCl and water. The organic layer was recovered, dried over MgSO4 and evaporated in vacuum to afford 

the tri-protected intermediate tris(2-(trimethylsilyl)ethyl)benzene-1,3,5-tricarboxylate (BTC-

COOTSE3). In a second step, 892.9 mg (1.75 mmol) of BTC-COOTSE3 were dissolved in 7 mL of 

tetrahydrofuran. 3.5 mL (3.5 mmol, 2 mol. eq.) of tetrabutylammonium fluoride (1.0M solution in THF) 

were added stepwise in two additions (1.75 mL each) over a period of 5 hours. Then, the obtained 

yellowish solution was allowed to stir overnight at room temperature. 90 mL of diethyl ether were 

added, and a white precipitate formed. 20 mL of 1M HCl were added and the mixture was strongly 

shaked until no residual precipitate was observed. The organic phase was extracted, washed twice with 

water, dried over MgSO4 and evaporated under vacuum to afford H2BTC-COOTSE as a white 

powder. No extra purification steps were required for the MOP synthesis.  
1H NMR (400 MHz, DMSO-d6): δ = 8.65 (3H, m); 4.44 (2H, t); 1.14 (3H, t); 0.08 (9H, s). ESI-TOF 

(m/z) = 309.08 ([L-COOEtTMS1 – H]- 

 

 

 

 

 

 

 

 

 

 

 

5-((tert-butoxycarbonyl)amino)isophthalic acid (H2BDC-NBoc):  
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H2BDC-NBoc was synthesized adapting a literature procedure.37 1.80 g (10.0 mmol) of 5-

aminoisophtalic acid were dissolved in 20 mL of 1M NaOH and cooled to 0 °C. A solution of 

2.40 g (11.0 mmol) of di-tert-butyl dicarbonate (Boc2O) disolved in 20 mL of 1,4-dioxane was 

added dropwise to the former over 2 hours, and stirred at room temperature overnight. The solvent 

was subsequently evaporated to half of its initial volume by rotatory evaporation, and the product 

was precipitated with a 20% KHSO4 aqueous solution up to pH = 3. H2BDC-NBoc was filtered 

off, washed with water and dried under vacuum.  
1H NMR (400 MHz, DMSO-d6): δ = 9.77 (1H, s br); 8.30 (2H, s); 8.07 (1H, s); 1.49 (9H, s). 
 

 

Synthesis of protected Metal-Organic Polyhedra 

COOTSE-RhMOP: 20 mg of Rh2(acetate)4·2MeOH (0.04 mmol), 71 mg of H2btc-COOTSE (0.2 

mmol) and 25 mg of Na2CO3 (0.2 mmol) were dispersed in 2 mL of DMA. The mixture was then 

transferred to a scintillation vial and heated at 100 °C for 48 h. A deep green solution was obtained and 

separated from the residual solids by centrifugation. 20 mL of water were added to the supernatant in 

order to precipitate the crude product, which was separated by centrifugation, washed with water and 

dried under vacuum at 85 ºC. Further purification was achieved by sequential washing steps with 

diethyl ether until no residual linker signals were observed in 1H NMR. 
1H NMR (400 MHz, Acetone-d6): δ = 8.85 (1H, Ar), 8.45 (2H, Ar), 4.35 (2H, CH2), 1.28 (2H, CH2), 

0.05 (9H, TMS).  

 

NBoc-RhMOP: 100 mg of Rh2(acetate)4·2MeOH (0.2 mmol), 323 mg of H2bdc-NBoc (0.98 

mmol), and 123 mg of Na2CO3 (1.0 mmol) were dispersed in 7 mL of DMA. The mixture was 

transferred to a scintillation vial and heated at 100 °C for 48 h. A deep green solution was obtained 

and separated from the residual solids by centrifugation. The supernatant was then precipitated 

with 150 mL of diethyl ether, washed with a 0.3 M NaOH aqueous solution, water and diethyl 

ether and dried in vacuo to afford NBoc-RhMOP as a blue powder. 
1H NMR (400 MHz, DMSO-d6): δ = 9.24 (1H, NH), 8.40 – 8.05 (3H, Ar), 1.41 (9H, tert-Bu). 

 

Deprotection of Metal-Organic Polyhedra   
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COOH-RhMOP: 50.0 mg (0.0053 mmol) of COOTSE-RhMOP were dissolved in 10 mL of wet 

tetrahydrofuran. 162 µL (0.162 mmol) of tetrabutylammonium fluoride (1.0 M solution in THF) 

were added slowly, and the mixture was allowed to stir overnight at room temperature, obtaining a blue 

precipitate. The supernatant was discarded, and the solid was washed with THF and Et2O three times. 

After that, the product was dissolved in 5 mL of water and further precipitated with a dropwise addition 

of 1M HCl. The solid was recovered by centrifugation, washed with water and dried under vacuum. 

Further washing and solvent exchange steps with THF and Acetone were performed to the vacuum-

dried material. 
1H NMR (400 MHz, DMSO-d6): δ = 13.35 (1H, COOH); 8.51-8.33 (3H, Ar).  

 

NH2-RhMOP. NBoc-RhMOP could be quantitatively deprotected both in solid and solution fashions, 

hereafter referred as Thermolabile Deprotection and TFA Deprotection, respectively.  

 Thermolabile deprotection of NBoc-MOP. 25 mg of NBoc-RhMOP were charged into 

a ceramic pan and charged into a Thermogravimetric Analizer oven. The material was then heated 

at 150 ºC for 6 hours or until a mass plateau was achieved (expected: 25% weight loss). The 

sample was then recovered, washed with methanol and acetone and dried under vacuum.  

 TFA deprotection of NBoc-MOP. 20 mg of NBoc-RhMOP were dispersed into 2 mL 

of dichloromethane. 36 µL of trifluoroacetic acid (9 mol. eq.) were added and the slurry was 

stirred at room temperature overnight. The solid was then separated by centrifugation, neutralized 

with a trimethylamine solution in acetone (44 µL in 2 mL x3), and washed with methanol and 

acetone. 
1H NMR (400 MHz, DMSO-d6): δ = 7.60 – 6.95 (3H, Ar); 5.35 (2H, NH2). 

 

 

 

 

 

 

 

 

6.3.3. Characterisation 
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Non-protected blank tests 

 

Figure 6.35. PXRD patterns of BT_Rh-NH2BDC (blue) and BT_RhBTC (red) 

 

 

Figure 6.36. a) CO2 adsorption isotherm at 295 K and b) N2 adsorption isotherm at 77 K with BET linear 
fit of BT_Rh-NH2BDC (blue) and BT_RhBTC (red). 

 

 

 

UV-Vis and FTIR spectroscopic characterisation 
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Protected MOPs 

 

Figure 6.37. a) UV-Vis spectrum of COOTSE-RhMOP in acetone (0.30 mM). λmax is centered at 593 nm. b) FTIR 
spectrum of COOTSE-RhMOP. 

 

 

Figure 6.38. a) UV-Vis spectrum of NBoc-RhMOP in Acetone (0.30 mM). λmax is centered at 594 nm. b) FTIR 
spectrum of NBoc-RhMOP. 

 

 

 

 

 

 

Deprotected MOPs 
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Figure 6.39. a) UV-Vis spectrum of COOH-RhMOP in DMF (0.30 mM). λmax is centered at 594 nm. b) FTIR spectra 
of COOH-RhMOP (red) in comparison with COOTSE-RhMOP (green). 

 

 

Figure 6.23. a) UV-Vis spectrum of NH2-RhMOP deprotected by thermolabile (navy) or TFA (blue) in DMSO (0.30 
mM). λmax is centered at 501 nm. Rh2(Acetate)4 in DMSO (0.3 mM) added for reference (Black) to show the strong 
coordination of DMSO molecules in the axial positions of the paddlewheel.38,39 b) FTIR spectra of NH2-RHMOP, 
deprotected by thermolabile (navy) or TFA (blue) in comparison with NBoc-RhMOP (wine). 

 

 

 

 

 

6.3.4. BET measurements 
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Figure 6.24. a) CO2 adsorption isotherm at 295 K and b) N2 adsorption isotherm at 77 K with BET linear fit of 
COOTSE-RhMOP 

 

 

 

Figure 6.25. a) CO2 adsorption isotherm at 295 K and b) N2 adsorption isotherm at 77 K with BET linear fit of 
COOH-RhMOP 
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Figure 6.26. a) CO2 adsorption isotherm at 295 K and b) N2 adsorption isotherm at 77 K with BET linear fit of 
NBoc-RhMOP

 

Figure 6.27. a,c) CO2 adsorption isotherm at 295 K and b,d) N2 adsorption isotherm at 77 K with BET linear fit of 
thermolabile-deprotected NH2-RhMOP (navy) and TFA-deprotected NH2-RhMOP  (blue). 
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7.1. General Conclusions 

The development of this Thesis orbited around overcoming the main limitations on the post-

synthetic modification of Metal-Organic Frameworks (MOFs), and transfer the acquired 

knowledge to the zero-dimensional field. In particular, the main efforts were addressed to dispose 

the diffusion of reagents from the complex kinetic mechanism that PSM relies on. 

 First, we showed the potential of exploiting coordination vacancies within the organic 

linkers to induce a solvent-based restructuration on the inorganic secondary building units of 

coordination polymers. Thanks to the dynamic nature of the macrocycle-based linkers, the metal-

defective SBUs of a compact hetero-bimetallic CP were transformed via a single-crystal-to-

single-crystal transformation to a more open framework extended by homogeneously-distributed 

bimetallic paddlewheel SBUs. This transformation was reproduced for two different cases, which 

allowed the formation of Cu(II)-Zn(II) and Cu(II)-Ni(II) paddlewheel SBUs. The development of 

this project presented a major challenge, as the characterisation of almost electronically-identical 

metals within the same SBU cannot be properly elucidated by SCXRD techniques. With it, the 

author had its first contact with characterisation techniques based on studies of the magnetic 

properties of metallic assemblies, such as electronic paramagnetic resonance (EPR) and magnetic 

susceptibility measurements. These techniques, in combination with induced coupled plasma 

(ICP-OES) measurements on the sample and supernatant, allowed the postulation of a general 

mechanism of the transformation, thus completing the study. 

 Next, this Thesis focused on targeting the organic moieties of Zr(IV)-based MOFs 

through a solid-gas phase reaction pathway. Specifically, ozone gas was used to transform the 

olefinic side-chains of an UiO-66-like MOF into the metastable 1,2,4-trioxolane intermediate. For 

this purpose, we first designed and constructed a new solid-gas setup for properly accommodating 

MOF sample to the required ozonolysis reaction conditions (i.e. -78ºC, vacuum) in the most 

efficient and safe way. The setup consisted on a U-shaped Pyrex tube in which the MOF sample 

is packed and blocked by two cotton stoppers. One extreme was connected to an ozonator, 

whereas the other was directly connected to a vacuum line, creating a fast continuous flow of gas. 

The tube was then immersed on an acetone/CO2 bath at -78ºC, temperature in which ozone is 

known to present moderate lifetime and chemoselectively reacts with unsaturated moieties. By 

using this setup, we achieved quantitative conversions into 1,2,4-trioxolane moieties in about 30 

minutes without requiring any solvent. Remarkably, the metastable 1,2,4-trioxolane ring proved 

to be stable to heat and vacuum when confined inside the MOF pores. Still, this reaction 

intermediate proved to be chemically active to both reductive and oxidative reaction pathways, 

and was selectively converted to aldehyde and carboxylic acid groups in a 42% and 100% yield, 

respectively. The mild treatment conditions and quantitative yields allowed following the two-
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step transformation by SCXRD measurements, an uncommon characterisation technique on 

organic transformations within MOFs. This long project allowed the author to deepen his 

knowledge on non-routine nuclear magnetic resonance characterisation techniques, as the bulk 

screening of the reaction was performed to microcrystalline MOF sample and not on single-crystal 

quality material. Additionally, the project opened up important collaborations with the 

Autonomous University of Madrid (UAM) and the Instituto de Ciencia de Materiales de Madrid 

(ICMM) in regards of conformational simulation and single-crystal elucidation, respectively; and 

with the CNRS centre in the Université d’Orleans for the in-depth NMR characterisation, from 

which the author greatly benefited and learned. Additionally, the acquired knowledge in how 

MOFs interact with ozone lead to the development of a second research project not included in 

this Thesis (Manuscript presented in Annex 1) widening the solid-gas reactivity approach for 

MOF chemistry. 

 Finally, the acquired post-synthetic knowledge, both from self-experience and from 

bibliographic research, was transferred to the zero-dimensional field targeting Rh(II)-based 

metal-organic polyhedra (MOPs). MOPs can be seen as soluble metal-organic porous 

nanoparticles with well-defined reactive sites anchored on their surface. The physicochemical 

properties of these scaffolds are greatly influenced by the functionalities present of their surface. 

For this, the post-synthetic modification of their periphery, both by covalent chemistry on the 

linkers and by coordination chemistry on their unsaturated open-metal sites can be a useful tool 

in the manipulation, processability and application of these materials. First, two isostructural 

RhMOPs of formula [Rh2(L)2]12 (where L= 1,3-benzenedicarboxylic acid (mBDC) and 5-

hydroxy-1,3-benzenedicarboxylic acid (OH-mBDC) were synthesised. Both MOPs present 12 

oriented Rh-Rh paddlewheel SBUs that can be targeted by N-donor linkers. With it, the solubility 

of both scaffolds could be reversibly tuned, from highly hydrophilic solvents to hydrophobic ones 

by coordinatively-anchoring different N-donor linkers (4-(tert-butyl)pyridine, 4-

(trifluoromethyl)pyridine or L/D-Proline). Next, we were able to proof that the organic linkers 

within MOPs still present identical chemical reactivity as their free counterparts. Through this, 

up to 24 directionally-anchored moieties were anchored in the surface of OHRhMOP by using 

ester and ether linkages. Remarkably, both covalent and coordination PSM are not exclusive and 

can be operated orthogonally and in tandem fashion anchoring up to 36 directional functional 

groups to the MOPs periphery, greatly enhancing the applications of the approach. Remarkably, 

not only dative PSM can be performed on these materials. The use of protecting groups, greatly 

exploited in organic synthesis, can be incorporated to the MOPs field in order to synthesise 

otherwise unobtainable scaffolds. Through the use of orthogonal protection/deprotection 

pathways, two unprecedented RhMOPs with 24 NH2 or COOH groups on their periphery were 

synthesised. Both MOPs present functional groups with rich chemistries in the covalent and 
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coordination fields, respectively, thus expanding the horizons for the applications of MOPs.  In 

fact, during the redaction of these Thesis, the first sketches in applying MOP chemistry for 

specific applications was developed. In this sense, we reported that the hydroxyl-functionalized 

OHRhMOP can be transferred between immiscible phases by pH changes or by cation-exchange 

reactions. This phenomenon allowed the transport of coordinatively bound cargoes between 

immiscible layers, including into solvents in which the cargo was initially insoluble. As a final 

proof-of-concept, we employed the same MOP to separate a challenging mixture of structurally 

similar cyclic aliphatic (tetrahydrothiophene) and aromatic (thiophene) compounds (Manuscript 

embedded in Annex 1). 

 These results open new opportunities for the exploration and expansion of the post-

synthetic modification field in MOFs and MOPs. By overcoming one of the major limitations of 

the approach, new alternative PSM pathways can be exploited as an effective tool for selectively 

removing, anchoring and recovering specific fragments of these molecules/frameworks, greatly 

enhancing the processability (and therefore, application) of these materials.
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List of Acronyms and abbreviations  

2-MIM    

AAS/AES 

acac   

AzTC 

BDC 

BET(SBET) 

BHB   

BIPY 

BPDC 

BPTC   

BPYDC   

BTAC   

BTB   

BTC  

BTE  

CF3-Py 

CSD 

CP 

CP-MAS-NMR 

CPPI 

CVD 

dabco    

DEF 

DEPT135-NMR 

DFT 

DHTP   

DMA 

DMF 

DMOF 

DOE 

DOSY-NMR 

DOTA 

EA 

EBDC 

EDX 

2-methylimidazolate 

Atomic absorption/Emission Spectroscopy 

Acetylacetonate 

3,3′,5,5′-azobenzenetetracarboxylate 

1,4-benzenedicarobxylate 

Brunauer, Emmett and Tellerr surface area 

3,3′,3′′,5,5′,5′′‐benzene‐1,3,5‐triyl‐hexabenzoic acid 

4,4-bipyridine 

biphenyl-4,4′-dicarboxylate 

Biphenyl-3,3′,5,5′-tetracarboxylic acid 

2,2’-bipyridyldicarboxylic acid 

Benzene-1,3,5-tri-β-acrylic acid 

1,3,5-tris(4-carboxyphenyl)benzene 

1,3,5-benzenetricarboxylate 

4,4′,4″-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate 

4-(trifluoromethyl)pyridine 

Cambridge Structural Database 

Coordination Polymer 

Cross-Polarization Magic-Angle Spinning NMR 

Cross Polarisation with Polarisation Inversion 

Chemical Vapour Deposition 

1,4-diazabicyclo[2.2.2]octane 

N’N-Diethylformamide 

Distortionless Enhancement by Polarization Transfer 

Density Functional Theory 

2,5-dihydroxy-1,4-benzenedicarboxylic acid 

N’N-Dimethylacetamide 

N’N-Dimethylformamide 

dabco-pillared MOF 

Department of Energy 

Diffusion-Ordered Spectroscopy-NMR 

1,4,7,10-tetraazacyclododecane-N,N′,N″,N‴-tetraacetate 

Elemental Analysis 

2-Ethenyl-1,4-benzoic acid 

Energy-Dispersive X-ray spectroscopy 
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EPR 

ESI-MS 

EXAFS 

FTIR 

HETT   

HKUST 

HSQC/HMBC 

 

ICP-OES 

 

INP 

IRMOF 

IUPAC 

MALDI-TOF 

 

mBDC 

Me2-BPDC   

MIL 

MOF 

MOP 

MP-11   

MTV-MOFs 

NBoc   

NH2-BDC   

NMR 

NOESY-NMR 

NOTT 

NU 

OH-mBDC 

PCN 

PCPs 

POM 

PS 

PSEtch 

PSLig 

PSLE 

PSLI 

Electronic Paramagnetic Resonance 

Electro-Spray Ionisation Mass Spectroscopy 

Extended X-ray Absorption Fine Structure 

Fourier-Transformance Infrared spectroscopy 

ethyl-substituted truxenetricarboxylic acid 

Hong Kong University of Science and Technology 

Heteronuclear Single Quantum Coherence / Heteronuclear Multiple 

Bond Correlation spectroscopy 

Induced Coupled Plasma spectroscopy coupled to Optical Emission 

Spectrometer 

Inorganic Nanoparticle 

Isoreticular Metal-Organic Framework 

International Union of Pure and Applied Chemistry 

Matrix-Assisted Laser Desorption/Ionization coupled to Time-of-flight 

detector 

1,3-benzenedicarboxylate 

2,2′‐dimethylbiphenyl‐4,4′‐dicarboxylate 

Materials of the Insitut Lavoisier 

Metal-Organic Framework 

Metal-Organic Polyhedra 

microperoxidase-11 

Multivariative MOF 

N-(4-tert-butyloxy)carbonyl 

2-amino-1,4-benzenedicarboxylic acid 

Nuclear Magnetic Resonance 

Nuclear Overhauser Spectroscopy 

Nottingham University 

Northwestern University 

5-hydroxy-1,3-benzenedicarboxylate 

Porous Coordination Network 

Porous Coordination Polymer 

Polyoxometalate 

Post-Synthetic 

Post-Synthetic Etching 

Post-Synthetic Ligand modification 

Post-Synthetic Ligand Exchange 

Post-Synthetic Ligand Insertion 
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PSM 

PSMet 

PNP    

PXRD 

PyC  

RAFT  

RhMOP 

SBU 

SBPDC   

SCXRD 

SEM 

S/G 

TATB   

tertPy 

TGA 

TPDC   

TSE 

UiO 

UMCM 

USTC 

XANES 

XRD    

 

 

 

Post-Synthetic Modification 

Post-Synthetic Metalation 

Polymeric Nanoparticle 

Powder X-Ray Diffraction 

4-pyrazolebenzoic acid 

reverse addition − fragmentation transfer 

Rh(II)-based Metal-Organic Polyhedra 

Secondary Building Unit 

4,4′‐dibenzoic acid‐2,2′‐sulfone 

Single-Crystal X-Ray Diffraction 

Scanning Electron Microscopy 

Solid/Gas 

4,4',4"-s-triazine-2,4,6-triyl-tribenzoic acid 

4-tert-butylpyridine 

Thermogravimetric Analysis 

Triphenyldicarboxylate 

2-(trimethylsilyl)ethanol 

University in Oslo 

University of Michigan Crystalline Material 

University of Science and Technology of China 

X-ray Absorption Near Edge Structure 
X-Ray Diffraction 

 

 



Annex 1 

191 
 

 

 

 

  



Annex 1 

192 
 

 

 

 

Annex 1 
Publications 

  



Annex 1 

193 
 

  



Annex 1 

194 
 

List of Publications 

The publications related to the main objectives of this PhD Thesis are listed below: 

 

1. Albalad, J.; Aríñez-Soriano, J.; Vidal-Gancedo, J.; Lloveras, V.; Juanhuix, J.; Imaz, I.; Aliaga-

Alcalde, N; Maspoch D. “Hetero-bimetallic paddlewheel clusters in coordination polymers formed 

by a water-induced single-crystal-to-single-crystal transformation” Chem. Commun., 2016, 52, 

13397-13400. 

 

2. Albalad, J.; Xu, H.; Gándara, F.; Haouas, M.; Martineau-Corcos, C.; Mas-Ballesté, R.; Barnett, 

S.A.; Juanhuix, J.; Imaz, I.; Maspoch, D. “Single-Crystal-to-Single-Crystal Postsynthetic 

Modification of a Metal–Organic Framework via Ozonolysis” J. Am. Chem. Soc., 2018, 140, 2028-

2031. 
 

3. Carné-Sánchez, A.; Albalad, J.; Grancha, T.; Imaz, I.; Juanhuix, J.; Larpent, P.; Furukawa, S.; 

Maspoch, D. “Postsynthetic Covalent and Coordination Functionalization of Rhodium(II)-Based 

Metal–Organic Polyhedra” J. Am. Chem. Soc., 2018, 141, 4094-4102. 

 
4. Albalad, J.; Carné-Sánchez, A.; Grancha, T.; Hernández-López, L.; Maspoch D. “Protection 

strategies for directionally-controlled synthesis of previously inaccessible metal–organic 

polyhedra (MOPs): the cases of carboxylate- and amino-functionalised Rh(II)-MOPs Chem. 

Commun., 2019, 55, 12785-12788. 

 

The author of this Thesis also contributed his work in the following publications not included in the main 

body of this Thesis. The files are included in this Annex section. 

 

5. Aríñez-Soriano, J.; Albalad, J.; Pérez-Carvajal, J.; Imaz, I.; Busqué, F.; Juanhuix, J.; Maspoch, 

D. “Two-step synthesis of heterometallic coordination polymers using a polyazamacrocyclic 

linker” Cryst. Eng. Comm. 2016, 22, 4196-4204. 

 

6. Aríñez‐Soriano, J.; Albalad, J.; Carné‐Sánchez, A.; Bonnet, C.S.; Busqué, F.; Lorenzo, J.; 

Juanhuix, J.; Terban, M.W.; Imaz, I.; Tóth, E.; Maspoch, D. “pH‐Responsive Relaxometric 

Behaviour of Coordination Polymer Nanoparticles Made of a Stable Macrocyclic Gadolinium 

Chelate” Chem. Eur. J., 2016, 22, 13162-13170. 

 
7. Aríñez-Soriano, J.; Albalad, J.; Vila-Parrondo, C.; Pérez-Carvajal, J.; Rodríguez-Hermida, S.; 

Cabeza, A.; Juanhuix, J.; Imaz, I.; Maspoch, D. “Single-crystal and humidity-controlled powder 



Annex 1 

195 
 

diffraction study of the breathing effect in a metal–organic framework upon water 

adsorption/desorption” Chem. Commun., 2016, 52, 7229-7232. 

 
8. Guillerm, V.; Xu, H.; Albalad, J.; Imaz, I.; Maspoch, D. “Postsynthetic Selective Ligand 

Cleavage by Solid–Gas Phase Ozonolysis Fuses Micropores into Mesopores in Metal–Organic 

Frameworks” J. Am. Chem. Soc., 2018, 140, 15022-15030. 

 
9. Grancha, T.; Carné-Sánchez, A.; Hernández-López, L.; Albalad, J.; Maspoch, D. “Phase Transfer 

of Rhodium(II)-Based Metal-Organic Polyhedra Bearing Coordinatively-Bound Cargo Enables 

Molecular Separation” J. Am. Chem. Soc., 2019, Accepted Manuscript (DOI: 

10.1021/jacs.9b10403) 

 

  



Annex 1 

196 
 



Annex 1 

197 
 



Annex 1 

198 
 



Annex 1 

199 
 



Annex 1 

200 
 



Annex 1 

201 
 



Annex 1 

202 
 



Annex 1 

203 
 



Annex 1 

204 
 

 

  



Annex 1 

205 
 

 

  



Annex 1 

206 
 



Annex 1 

207 
 



Annex 1 

208 
 



Annex 1 

209 
 

 

 

  

  



Annex 1 

210 
 



Annex 1 

211 
 



Annex 1 

212 
 



Annex 1 

213 
 



Annex 1 

214 
 



Annex 1 

215 
 



Annex 1 

216 
 



Annex 1 

217 
 



Annex 1 

218 
 

 



Annex 1 

219 
 

  



Annex 1 

220 
 



Annex 1 

221 
 



Annex 1 

222 
 



Annex 1 

223 
 

 

 

  



Annex 1 

224 
 



Annex 1 

225 
 



Annex 1 

226 
 



Annex 1 

227 
 

  



Annex 1 

228 
 



Annex 1 

229 
 



Annex 1 

230 
 



Annex 1 

231 
 



Annex 1 

232 
 



Annex 1 

233 
 



Annex 1 

234 
 



Annex 1 

235 
 



Annex 1 

236 
 

 



Annex 1 

237 
 

  



Annex 1 

238 
 



Annex 1 

239 
 



Annex 1 

240 
 



Annex 1 

241 
 



Annex 1 

242 
 



Annex 1 

243 
 



Annex 1 

244 
 



Annex 1 

245 
 



Annex 1 

246 
 

 



Annex 1 

247 
 

  



Annex 1 

248 
 



Annex 1 

249 
 



Annex 1 

250 
 



Annex 1 

251 
 

 

  



Annex 1 

252 
 



Annex 1 

253 
 



Annex 1 

254 
 



Annex 1 

255 
 



Annex 1 

256 
 



Annex 1 

257 
 



Annex 1 

258 
 

 


	Títol de la tesi: Post-Synthetic Modification of Metal-Organic Frameworks (MOFs) and Polyhedra (MOPs)
	Nom autor/a: Jorge Albalad Alcalá


