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Abstract – v 

Abstract 

This PhD Thesis focuses on the assembly of metal-organic giant 

structures, specifically targeting mesoporous cages and oligomeric 

supramolecules, defined as structures with an internal cavity larger 

than 2 nm or an overall diameter exceeding 5 nm, respectively. The 

aim of this work is to explore strategies for obtaining permanently 

porous giant cage-based molecules. Special emphasis is placed on 

understanding the design principles and synthetic pathways 

required to construct such large, porous architectures, either 

through direct synthesis or post-synthetic modification. Ultimately, 

this study seeks to contribute to the development of robust, 

permanently porous giant molecules, expanding their potential for 

applications in areas such as molecular separation, catalysis, or 

storage.  

Chapter 1 provides an overview of the fundamentals of discrete 

metal-organic materials, including the self-assembly of 

metallacycles and the formation of three-dimensional metal-

organic cages. This chapter reviews the synthetic approaches 

developed to date and introduces the key concepts underlying their 

design and synthesis. Particular emphasis is placed on the 

strategies used to construct giant assemblies and the progress 

achieved in this field so far. 

Chapter 2 specifies the general and specific objectives of this PhD 

Thesis. 
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Chapter 3 presents the formation of the first family of oligomeric 

supramolecules synthesised via a stepwise approach. Specifically, 

it demonstrates how the connectivity of metal-organic polyhedra 

(MOPs) can be precisely controlled through a protection-

deprotection strategy, enabling the formation of 1-connected 

cages. These cages serve as monomeric building blocks for the 

construction of oligomeric, cage-based supramolecules, including 

a dimer, a tetramer, and a satellite-like architecture. Finally, the 

permanent porosity of this new family of supramolecules is 

evaluated through CO₂ adsorption studies. 

Chapter 4 focuses on the synthesis of mesoporous MOPs capable 

of withstanding the desolvation process, enabling their application 

as solid-state adsorbents. To achieve this, an isoreticular expansion 

strategy was applied to a Rh(II)-based parent microporous MOP, 

leading to the formation of two novel mesoporous cages. This study 

highlights the critical influence of linker planarity on structural 

control. In particular, the use of a non-planar linker led to the 

formation of three unexpected architectures: a trigonal prism, a 

pentagonal macrocycle, and a hexagonal macrocycle. Finally, the 

permanent porosity of the isoreticularly expanded cages was 

confirmed through N₂, CO₂, and H₂O adsorption studies. 

Finally, Chapter 5 summarizes the key findings and main conclusions of 

this Thesis. 
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Resum 
La present Tesi Doctoral està dedicada a l’autoensamblatge 

d’estructures metal·loorgàniques gegants. En concret, en materials 

metal·loorgànics discrets o caixes de caràcter mesoporós i en 

supramolècules oligomèriques. Aquestes entitats es defineixen per 

tenir una cavitat interior amb un diàmetre superior als 2 nm o per 

tenir un diàmetre total major als 5 nm, respectivament. L’objectiu 

d’aquest treball és explorar les estratègies per a obtenir molècules 

gegants formades per caixes que tinguin porositat permanent. 

Particularment, emfatitzant en la comprensió dels principis de 

disseny i de rutes sintètiques necessaris per a construir dites 

estructures grans i poroses, ja sigui mitjançant síntesi directa o 

modificacions post-sintètiques. Per últim, aquest estudi busca 

contribuir en el desenvolupament de molècules gegants i robustes 

que tinguin porositat permanent, expandint el potencial 

d’aplicacions en àrees com la separació molecular, la catàlisis o 

l’emmagatzematge.  

Al Capítol 1 es proporciona una visió sobre els fonaments dels 

materials metal·loorgànics discrets, incloent-hi l’autoensamblatge 

de metal·lacicles i la formació de caixes metal·loorgàniques 

tridimensionals. Aquest capítol repassa les aproximacions 

sintètiques desenvolupades fins al moment i introdueix els 

conceptes claus per el seu disseny i síntesi. Particularment, 

s’enfoca en les estratègies utilitzades per a la construcció 
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d’ensamblatges gegants i el progres que s’ha donat en aquest 

camp.  

Al Capítol 2 s’especifiquen els objectius generals i específics 

d’aquest Tesi Doctoral. 

Al Capítol 3 es presenta la formació de la primera família de 

supramolècules oligomèriques sintetitzades a partir d’una ruta 

amb diferents passos. Concretament, es demostra com la 

connectivitats dels poliedres metal·loorgànics (del seu acrònim en 

anglès, MOPs) es pot controlar mitjançant una estratègia de 

protecció-desprotecció, podent obtenir caixes 1-conectades. 

Aquestes caixes serveixen com a unitat monomèrica per a la 

construcció de supramolècules oligomèriques, incloent un dímer, 

un tetràmer i una estructura tipus satèl·lit. Per últim, la porositat 

permanent d’aquesta nova família de supramolècules es avaluada 

a partir de l’estudi d’adsorció de CO₂.  

El Capítol 4 es centra en la síntesi de MOPs mesoporosos capaços 

d’aguantar el procés de desolvatació, el que permet el seu ús com 

a materials adsorbents en estat sòlid. Amb aquesta finalitat, s’ha 

seguit una estratègia d’expansió isoreticular d’un MOP model de 

Rh(II) microporós, el que ha donat lloc a la formació de dues caixes 

mesoporosas noves. En aquest estudi es ressalta la crítica 

influencia que té la planaritat del lligand en el control estructural. 

En particular, l’ús d’un lligand que no es pla dona lloc a la formació 

de tres estructures inesperades: un prisma trigonal, un macrocicle 
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pentagonal i un macrocicle hexagonal. Finalment, la porositat 

permanent de les caixes expandides isoreticularment es va 

confirmar amb l’estudi d’adsorció de N₂, CO₂, i H₂O.  

Finalment, el Capítol 5 resumeix els resultats clau i les conclusions 

principals d’aquesta Tesi Doctoral. 
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Resumen 
La presente Tesis Doctoral está dedicada al autoensamblaje de 

estructuras metal-orgánicas gigantes. En concreto, a materiales 

metal-orgánicos discretos o cajas de carácter mesoporoso y en 

supramoléculas oligoméricas. Estas entidades se definen por tener 

una cavidad interior con diámetro superior a los 2 nm o por tener un 

diámetro total mayor a los 5 nm, respectivamente. El objetivo de 

este trabajo es explorar estrategias para obtener moléculas 

gigantes formadas por cajas que tengan porosidad permanente. 

Particularmente, haciendo especial énfasis en la comprensión de 

los principios de diseño y rutas sintéticas necesarias para construir 

dichas estructuras grandes y porosas, ya sea mediante síntesis 

directa o a través de modificaciones post-sintéticas. Por último, 

este estudio busca contribuir en el desarrollo de moléculas 

gigantes robustas y con porosidad permanente, expandiendo el 

potencial de aplicaciones en áreas como la separación molecular, 

la catálisis o el almacenamiento. 

En el Capítulo 1 se proporciona una visión sobre los fundamentos 

de los materiales metal-orgánicos discretos, incluyendo el 

autoensamblaje de metalocíclos y la formación de cajas metal-

orgánicas tridimensionales. Este capítulo repasa las 

aproximaciones sintéticas desarrolladas hasta la fecha e introduce 

los conceptos clave para su diseño y síntesis. Particularmente, se 

enfoca en las estrategias usadas para la construcción de 
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ensamblajes gigantes y el progreso que se ha desarrollado en este 

campo hasta el momento. 

En el Capítulo 2 se especifican los objetivos generales y específicos 

de esta Tesis Doctoral. 

En el Capítulo 3 se presenta la formación de la primera familia de 

supramoléculas oligoméricas sintetizadas mediante una ruta con 

diferentes pasos. Concretamente, se demuestra cómo la 

conectividad de los poliedros metal-orgánicos (de su acrónimo en 

inglés, MOPs) se puede controlar mediante una estrategia de 

protección-desprotección, permitiendo la formación de cajas 1-

connectadas. Estas cajas sirven como unidad monomérica para la 

construcción de supramoléculas oligoméricas, incluyendo un 

dímero, un tetrámero y una estructura tipo satélite. Por último, la 

porosidad permanente de esta nueva familia de supramoléculas es 

evaluada mediante el estudio de adsorción de CO2.  

El Capítulo 4 se centra en la síntesis de MOPs mesoporosos 

capaces de aguantar el proceso de desolvatación, lo que permite 

su uso como adsorbentes en estado sólido. Con este fin, se ha 

seguido una estrategia de expansión isoreticular de un MOP modelo 

de Rh(II) microporoso, lo que ha llevado a la formación de dos cajas 

mesoporosas nuevas. En este estudio se resalta la crítica influencia 

que tiene la planaridad del ligando en el control estructural. En 

particular, el uso de un ligando que no es plano lleva a la formación 

de tres estructuras inesperadas: un prisma trigonal, un macrociclo 
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pentagonal y un macrociclo hexagonal. Por último, la porosidad 

permanente de las cajas expandidas isoreticularmente se confirmó 

mediante el estudio de adsorción de N2, CO2 i H2O. 

Finalmente, el Capítulo 5 resume los resultados clave y las 

conclusiones principales de esta Tesis Doctoral. 
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1. Introduction 

1.1. The start of supramolecular chemistry 

Scientists have long been fascinated by Nature’s ability to construct 

well-defined, large, and functional structures. However, the 

synthesis of such complex molecules remains a significant 

challenge in covalent chemistry, despite the extensive catalogue of 

reagents and reactions available through this approach. In light of 

these limitations, alternative synthetic strategies have been 

explored to access structurally intricate systems.  

Within this context, Prof. D. S. Lawrence drew an analogy to cellular 

synthesis, where multiple components are assembled to form a 

unique and complex entity, an outcome that cannot be achieved 

Figure 1.1. Schematic of the formation of a protein through the 
spontaneous assembly of its parts. 
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through conventional linear synthesis. As Prof. G. Wald further 

proposed, individual components of the cell are capable of 

assembling with high specificity through mutual recognition, thus 

enabling the spontaneous formation of complex systems.[1] This 

phenomenon can also be compared to protein folding, where the 

final three-dimensional structure arises from independently formed 

subunits that associate in a precise and hierarchical manner (Figure 

1.1). Based on these principles, supramolecular chemistry 

emerged as "the chemistry beyond the molecule", a field concerned 

with the organization of two or more chemical entities held together 

by non-covalent intermolecular interactions, ultimately leading to 

the construction of higher-order structures. 

The foundations of this emerging area of chemistry were 

established in the 1960s through the pioneering work of Prof. C. J. 

Pedersen, Prof. D. J. Cram, and Prof. J. M. Lehn, who investigated the 

interactions of crown ethers, cryptands, and cyclodextrins with 

alkali metal cations, leading to the formation of structures termed 

“supermolecules”.[2–6] These seminal studies laid the groundwork 

for the development of supramolecular chemistry, a field that later 

shifted its focus toward the study of self-assembly processes, 

defined as the spontaneous organization of well-defined, discrete 

or infinite architectures from precisely designed molecular 

components via non-covalent interactions.  

In the early stages of self-assembly research, various types of non-

covalent interactions were systematically explored, including 
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hydrogen bonding, π–π stacking, and metal coordination (Figure 

1.2). These interactions not only directed the selective formation of 

target structures but also played a crucial role in stabilizing the 

integrity of the resulting assemblies. 

 This approach has enabled the synthesis of a wide range of 

molecules and materials, including metal complexes and 

supramolecular polymers.[7–11] In the present Thesis, the focus is 

placed on how supramolecular chemistry has been employed to 

tackle the challenge of constructing defined voids that give rise to 

functional porous materials. At first glance, the use of inherently 

weak and reversible supramolecular interactions to stabilize empty 

spaces may appear counterintuitive. However, the incorporation of 

coordination bonds, characterized by their strength and 

directionality, has been critical in facilitating the formation of such 

stable porous materials. 

      

Figure 1.2. Self-assembled molecules obtained through hydrogen-
bonding (a), coordination (b) and π-π (c) interactions.  
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1.2. Self-assembly of metallacycles 

The first deliberate construction of empty space via coordination 

chemistry was achieved through the synthesis of metallacycles. 

Coordination bonds form spontaneously between a Lewis base 

donor, typically an organic ligand bearing donor atoms, and a Lewis 

acid acceptor, usually a metal center. The geometry of the metal 

coordination sphere, along with the spatial arrangement of donor 

atoms within the ligand, dictates the resulting complex’s shape and 

size. Although early examples of metallocycles had been previously 

reported in the literature,[12,13] Prof. M. Fujita and Prof. P. J. Stang 

exploited the directional and predictable nature of metal-ligand (M-

L) interactions to establish a rational design strategy for the self-

assembly of discrete supramolecular architectures. Their 

contributions defined a new paradigm in coordination-driven self-

assembly, enabling the systematic construction of well-defined 

molecular structures. 

Their studies were done using Pd(II) and Pt(II) as metallic centres. 

These ions adopt square planar geometries, and thus, when 

combined with bidentate ligands, they tend to generate extended, 

potentially infinite coordination networks. Nevertheless, the 

uncontrolled nature of such assemblies can be circumvented by 

strategically protecting the metal’s coordination sites. Instead of 

using a “naked” metal centre, the introduction of cis-blocking 

ligands restricts the number and orientation of accessible 

coordination positions, effectively enforcing a 90° angle between 
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two incoming donor ligands. This strategy shifts the assembly 

behaviour from extended frameworks to discrete, well-defined 

supramolecular entities.  

The first demonstration of this approach was reported in 1990 by 

Prof. M. Fujita, who employed a cis-protected Pd(II) complex as a 

coordination building block.[14] In this work, the reaction of the 

protected Pd(II) center with a linear ditopic ligand, 4,4'-bipyridine, 

led to the formation of a discrete tetranuclear square-shaped 

metallacycle (Figure 1.3). Notably, the internal cavity, approximately 

8 Å in diameter, was shown to be suitable for the molecular 

recognition of guest species in aqueous solution. The ease of 

synthesis, high yields, and functional potential of this self-assembly 

approach, particularly in host–guest chemistry, motivated extensive 

studies involving a variety of metals and ligands. These efforts 

  

Figure 1.3. Schematic of the reaction for the synthesis of Pd-based 
macrocycle. 
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aimed to establish a broader library of self-assembled architectures 

featuring well-defined and functional internal voids.  

In the following year, Prof. M. Fujita further demonstrated the 

generality of the protected-cluster strategy by assembling a 

tetranuclear square metallacycle using the same linear bidentate 

ligand, but with Pt(II) as the metal centre.[15] In this case, the 

formation of the target architecture proved to be more challenging, 

due to the higher coordination strength of the Pt(II)-N bond relative 

to Pd(II)-N. As a result, reactions conducted at room temperature 

yielded a mixture of oligomeric species. By contrast, when the self-

assembly was carried out at 100 °C, the desired discrete square 

complex was successfully obtained. This temperature-dependent 

outcome was attributed to the preferential formation of kinetically 

favored intermediates under mild conditions, whereas elevated 

temperatures promoted the generation of the thermodynamically 

most stable product.  

 Building on the early development of macrocyclic assemblies, Prof. 

P. J. Stang further demonstrated the versatility of coordination-

driven self-assembly through the use of cluster-protected metal 

centers. In his work, a series of square metallacycles were 

synthesized by varying both the protecting groups on the metal 

centers and the nature of the organic ligands employed.[16,17] These 

studies highlighted how rigid linkers with well-defined 90° bite 

angles effectively direct the formation of tetranuclear architectures. 

Moreover, by tuning the structural components, it was possible to 
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access assemblies with different physicochemical characteristics, 

for example, generating neutral instead of cationic complexes 

(Figure 1.4). 

A few years later, in 1996, Prof. M. Fujita investigated the synthesis 

of metallacycles with larger internal cavities by modulating ligand 

length through the incorporation of various spacers between two 

aromatic rings.[18] With this work it was demonstrated the feasibility 

of making tetranuclear square metallacycles with different sizes. 

Interestingly, the study revealed that, when ligands longer than 4,4′-

bipyridyl were employed, a competing self-assembled specie 

emerged: a trinuclear triangular metallacycle. Although this 

  
  

  

            

  

Figure 1.4. Examples of tetranuclear macrocycles with different 
protecting group (a) and organic linker (b). 
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triangular structure is less favourable from an enthalpic standpoint, 

it is entropically preferred due to its formation from fewer 

components. 

The ratio between the triangular and square assemblies was shown 

to depend on the concentration of the precursors, indicating a 

thermodynamically controlled equilibrium. Moreover, modifying the 

cluster's protecting group with bulkier substituents shifted the 

product distribution, highlighting the influence of steric hindrance. 

The formation of this mixture illustrated the synthetic challenges 

associated with constructing such supramolecular complexes, 

even when using rigid and directional building blocks.  

 The unexpected discovery of a trinuclear macrocycle sparked 

scientific interest in exploring new structures with alternative 

geometries. As a result, various strategies were employed, such as 

modifying the ligand’s bite angle or altering the directionality of the 

metal cluster, to broaden the scope of the self-assembly process 

and assess its limitations.[19–22]  

In an initial attempt to use flexible ligands, Prof. M. Fujita designed 

three 4,4′-bipyridyl-based ligands by inserting a carbon atom 

between the two heterocycles. This structural modification caused 

a significant reduction in the bite angle, from 180° in the original 

linear ligand to approximately 109° or 120° in the new derivatives. 

The altered angle promoted the formation of dimeric species, 

composed of two metal centers and two organic ligands. This 



 

Introduction – 29 

outcome further demonstrated the role of entropy in favoring the 

formation of closed, discrete assemblies with fewer components 

over extended polymeric structures (Figure 1.5a). 

In another attempt to control the geometry of the final assembly, 

several studies demonstrated that the use of rigid ligands with an 

appropriate bite angle and/or bulky protecting groups on the metal 

center can direct the formation of trimeric macrocycles, composed 

of three metal centers and three organic ligands (Figure 1.5b).  

Simultaneously, Prof. P. J. Stang showed that the final geometry of 

the assembly can be carefully programmed to yield alternative 

architectures, such as an hexagon.[23] To achieve this, it was 

rationalized that 120° coordination angles at the corners, combined 

with suitable linkers, were required. For this purpose, two types of 

    

  

   
  

Figure 1.5. Dinuclear (a), trinuclear (b) and hexanuclear (c) macrocycles.  
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ligands were employed: one with a 120° bite angle (a bispyridyl 

ketone) and another linear ligand with a 180° bite angle (4,4′-

bipyridyl). Additionally, a new Pt(II) complex with 180° directionality 

was introduced by replacing its bidentate ligands with monodentate 

ones, enabling its use as a linear metallic connector. The reaction of 

these components, the two ligands and the Pt(II) center, resulted in 

the formation of the expected hexagonal macrocycle (Figure 1.5c). 

These findings collectively demonstrated that the directional nature 

of coordination bonds enables the rational design of 

supramolecular structures with defined internal cavities through 

geometric control of the molecular building blocks. 

1.3. Self-assembly of three-dimensional structures: 
Synthesis of metal-organic cages 

After successfully forming polygonal structures through the self-

assembly of metal nodes and organic linkers, researchers 

confirmed the feasibility of creating molecules with different 

shapes, sizes, and functions. The next step was to move beyond 

two-dimensional (2D) assemblies and construct three-dimensional 

(3D) discrete metal–organic cages (MOCs). 

1.3.1. Metal-pyridyl based structures 

The first reported example of a self-assembled molecular cage was 

developed by Prof. M. Fujita. He followed the same strategy of using 

cluster protection to control the directionality of the metal centre, 

along with a carefully designed organic linker. To obtain a 3D 



 

Introduction – 31 

structure, a tridentate ligand, 1,3,5-tris(4-pyridylmethyl)benzene, 

was used instead of a bidentate pyridyl moiety.[24] Despite this, the 

design was not sufficient to prevent the formation of oligomeric 

byproducts instead of the desired MOC. 

Interestingly, it was shown that the presence of a molecular guest 

during the assembly directed the formation of the cage host. This 

finding demonstrated the feasibility of obtaining MOCs through self-

assembly (Figure 1.6a).  

That same year, Prof. M. Fujita demonstrated that using a rigid 

ligand, rather than the more flexible one used in the previous 

  

  

  

   

Figure 1.6. a) Synthesis of 3D MOC with a flexible ligand. Note that in the 
final MOC the guest is inside the cage, and it has NO3

- as counter anion, 
however they have been omitted for clarity. b) Synthesis of 3D MOC with 
a rigid ligand and the crystal structure of the final product.  
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example, directs the formation of a MOC without the need for an 

additional guest during synthesis (Figure 1.6b). He further validated 

the approach by introducing one or two phenyl rings into the rigid 

ligands. In all cases, the same MOC structure was obtained. As a 

result, the cavity size increased, yielding assemblies with internal 

diameters ranging from 2 to 5 nm, thus reaching the nanometre 

scale.[25]  

Later, in 2004, Prof. M. Fujita introduced the possibility of obtaining 

discrete MOCs using bidentate ligands and naked Pd(II) ions. This 

strategy took advantage of all available coordination sites of the 

metal centre.[26] It was reasoned that combining a square-planar 

metal centre with a linear ligand (180° angle) would result in an 

infinite 2D network. In contrast, using a bent ligand with an angle of 

approximately 120° would led to the formation of a spherical, finite 

assembly with a constant radius of curvature. 

This concept was confirmed by reacting Pd(NO₃)₂ with 1,3-

di(pyridin-4-yl)benzene. The system self-assembled into a 

cuboctahedron with a diameter of approximately 3.4 nm and in high 

yield. The strategy's versatility was further demonstrated using 

alternative ligands. In one case, the central benzene ring was 

replaced by a furan ring (Figure 1.7a). In another, two phenyl rings 

were inserted between the central core and the terminal pyridines. 

In both cases, the self-assembly yielded cuboctahedral MOCs in 

high yields. 
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Finally, the approach also enabled peripheral functionalization. This 

was exemplified by modifying the initial bent ligand with fullerene 

and porphyrin groups, resulting in cuboctahedral MOCs bearing 

different functional units on their surface. 

The synthesis of this family of M₁₂L₂₄ 3D finite spheres helped clarify 

how the assembly of metal ions and bridging ligands leads to the 

formation of discrete, highly symmetrical molecules. These 

structures often correspond to Platonic or Archimedean solids. 

Platonic solids are composed of identical regular polygons, while 

Archimedean solids combine different types of regular faces. This 

insight suggested the possibility of obtaining other geometries 

    

   
   

                

Figure 1.7. Single crystal structures of a cuboctahedral (a) and an 
octahedral (b) MOC.  
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beyond the cuboctahedron. In principle, structures with the general 

formula MnL2n could be synthesized for n = 6, 12, 24, 30, and 60. 

To demonstrate this, Prof. M. Fujita designed a ligand with a 90° bite 

angle. Its self-assembly with Pd(NO₃)₂ produced a smaller MOC 

with molecular formula M₆L₁₂ and octahedral geometry (Figure 

1.7b).[27] Building on this concept, Prof. Fujita began synthesizing a 

broader family of MnL2n 3D finite spheres with varying shapes, sizes, 

and functionalities. A few years later, the strategy was extended to 

the use of Pt(II) instead of Pd(II). As previously observed in 

macrocyclic systems, Pt(II)-based MOCs showed enhanced 

stability.[28]  

1.3.2. Subcomponent self-assembly: Chelate effect 

In parallel with the development of self-assembly processes 

involving square-planar Pd(II) and Pt(II) metal centres and rigid 

ligands, an alternative strategy known as subcomponent self-

assembly has also been investigated.[29] This approach relies on the 

simultaneous formation of dynamic covalent bonds, specifically, 

imine bonds, and coordination bonds between nitrogen donor 

atoms and metal centres during the self-assembly process. The 

strategy capitalizes on the in-situ formation of imine bonds, which 

generate ligands bearing nitrogen donor atoms. In combination with 

pyridine units within the same ligand structure, also acting as 

nitrogen donors, this results in organic components capable of 

forming chelating complexes (Figure 1.8).[30]  
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The formation of a chelated structure eliminates the need for 

capping ligands and has been shown to enhance the stability of the 

final complex through a cooperative effect. This has enabled, for 

example, the synthesis of water-soluble cages using Cu(I) centres 

and imine-based linkers, despite the fact that both, the metal centre 

and the imine bond, are typically known to be hydrolytically 

unstable.[31,32]  

This strategy also employs a symmetry-adapted approach to enable 

the construction of the target structure. In this methodology, the 

symmetry elements of the desired architecture are first identified to 

guide the selection of appropriate building blocks for both the self-

assembly process and the synthons involved in the imine 

condensation reaction. The resulting ligands typically exhibit a 

significant degree of internal twisting, which imparts the necessary 

  

        

Figure 1.8. Synthesis of tetrahedral cage through subcomponent self-
assembly strategy. 
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directionality for the coordination bonds to occupy all available 

coordination sites of the metal centres.  

This field has been extensively developed by Prof. J. Nitschke, who 

has demonstrated the feasibility of this approach through the 

synthesis of a wide variety of Cu(I), Co(II), Ni(II), and Fe(II)-based 

cages in combination with diverse ligands, varying in size, 

functionality, and directionality.[33–36] By taking advantage of the in 

situ formation of chelating ligands from simple synthons (amines 

and aldehydes), complex architectures with Platonic and 

Archimedean symmetries have been achieved, for example, M₈L₆ 

    

   

   

             

Figure 1.9. Single crystal structures of a cubic (a) and a pentagonal 
prismatic (b) MOC.  
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cubes, M₄L₄ tetrahedra, and other types of assemblies such as 

pentagonal M₁₀L₁₅ prisms (Figure 1.9).[37,38] These results highlight 

the potential for constructing highly complex and robust structures 

from relatively simple starting components in a one-step reaction.  

1.3.3. Carboxylate-metal based structures 

Almost simultaneously with the development of N-donor ligand 

chemistry for cage construction, another type of coordination bond 

was explored for the same purpose. In this case, metal nodes were 

connected by O-donor ligands, forming carboxylate-metal (COO–

M) coordination bonds. The first implementation of this strategy was 

reported simultaneously by Prof. O. Yaghi and Prof. M. J. Zaworotko 

in 2001.[39,40] These studies built upon the previously established 

stability of metal–organic frameworks (MOFs), enabled by the use of 

rigid carboxylate ligands and metal ions or clusters. The synthesis 

of extended MOFs typically involves linear linkers that propagate the 

network infinitely. It was therefore hypothesized that replacing a 

linear ligand with an angular one, specifically, with a bite angle of 

120°, could result in the formation of a discrete molecule. This was 

demonstrated by the reaction of copper(II) acetate with 1,3-

benzenedicarboxylate (BDC), leading to the synthesis of a 

cuboctahedral structure composed of 12 Cu(II)–Cu(II) paddlewheel 

units and 24 ligands, designated as MOP-1 (Figure 1.10a). This 

structure exhibits enhanced stability compared to the previously 

described Pd(II)/Pt(II) cages, as evidenced by its resistance to harsh 
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conditions, such as solubilization in DMF under reflux. Furthermore, 

thermogravimetric analysis (TGA) showed that it possesses thermal 

stability comparable to that of extended paddlewheel-based 

porous frameworks. Interestingly, although individual paddlewheel 

complexes are not inherently stable, a positive chelate cooperativity 

effect emerges upon formation of finite cages or infinite 

frameworks.[41] The synthesis of MOP-1 thus opened the door to a 

new class of neutral metal–organic polyhedra (MOPs), which are 

soluble in common organic solvents, stable under harsh conditions, 

and possess large accessible internal cavities.  

However, the solubility of MOP-1 was very limited, which was 

attributed to the absence of pendant functional groups on its 

surface, restricting its solubility to DMF under reflux conditions. 

Nevertheless, the incorporation of non-bridging pendant functional 

Figure 1.10. Single crystal structure of cuboctahedral Cu(II)-based MOPs 
with no surface functionality (a) and with hydroxyl groups (b) and alkoxy 
chains (c) as pendant surface groups. 
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groups onto the surface of the cage significantly enhances 

solubility. Thus, solubility is largely dictated by the nature of these 

pendant groups. This principle was first demonstrated by Prof. M. J. 

Zaworotko, who self-assembled 5-hydroxy-1,3-

benzenedicarboxylate with Cu(II) paddlewheel units to yield a 

cuboctahedral cage decorated with 24 hydroxyl groups on its 

surface (Figure 1.10b).[42] Remarkably, this MOP was soluble in 

various alcohols (e.g., methanol and ethanol) as well as in DMF. 

Some years later, this concept was further exemplified by Prof. O. 

Yaghi, who employed a BDC-derivative ligand functionalized with a 

dodecoxy chain for the synthesis of MOP-18. This structure featured 

alkyne moieties as pendant groups, imparting solubility in common 

organic solvents such as chloroform, toluene, and tetrahydrofuran, 

among others (Figure 1.10c).[43] Subsequently, Prof. H. C. Zhou 

advanced this approach by reporting a Cu(II)-based cuboctahedral 

MOP synthesized using 5-sulfono-1,3-benzenedicarboxylate. The 

presence of sulfonate pendant groups on the surface rendered the 

cage water-soluble. However, due to the hydrolytic instability of Cu–

carboxylate coordination bonds, the cage underwent 

decomposition within minutes of solubilization in aqueous 

media.[44] 

These results demonstrate that MOPs can be regarded as soluble 

molecular entities, which facilitates their use in a variety of 

applications, such as host–guest chemistry or their incorporation 

into more processable materials, such as membranes. 
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Nonetheless, the Cu(II)–Cu(II) paddlewheel unit lacks of sufficient 

stability for its use in aqueous environments, which significantly 

limits its applicability, as water, particularly moisture, is ubiquitous 

across many application domains.  

1.3.4. Diversity in the metallic nodes: Increasing stability 

Apart from employing different ligands to increase structural 

diversity, a wide range of metal nodes has been explored in the case 

of MOPs to enhance their structural stability. Numerous metals 

have been successfully utilized in the self-assembly process; 

paddlewheel-based nodes have been obtained from Cu(II), Mo(II), 

Rh(II), Cr(II), Ni(II), Rh(II/III), Zn(II), and Ru(II).[45–50]  

In 2005, Prof. H. C. Zhou reported the first synthesis of a 

cuboctahedral MOP based on a Mo(II)–Mo(II) paddlewheel cluster. 

This cluster features a quadruply bonded Mo(II)–Mo(II) interaction, 

which involves direct metal–metal bonding. Its use broadens the set 

of available building blocks for MOP construction. It also introduces 

new electrochemical and spectroscopic functionalities. At the 

same time, it enhances the structural stability of the resulting 

cages.[51] Indeed, the modified electrochemical properties allow for 

the investigation of these cages in solution using techniques such 

as ultraviolet-visible (UV-Vis) spectroscopy, nuclear magnetic 

resonance (NMR), and cyclic voltammetry (CV).  
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In 2010, Prof. Zhou demonstrated that Mo(II)-based MOPs exhibit 

excellent porosity in the solid state, as confirmed by nitrogen 

adsorption measurements (Figure 1.11a). The enhanced porosity of 

Mo(II)-based MOPs compared to their Cu(II) analogues was 

attributed to the presence of metal–metal bonds in the Mo(II) 

paddlewheel clusters. However, despite the improved solid-state 

stability, the Mo(II)-Mo(II) paddlewheel does not impart water 

stability to the structure.  

Figure 1.11. a) Single crystal structure of a Mo(II)-based MOP (left) and 
its O2 and N2 adsoprtion isotherms (right). b) Single crystal structure of a 
Rh(II)-based MOP (left) and its N2 adsoprtion isotherm in comparison with 
the one from its Cu(II) analogue (right). 
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Subsequently, in 2016, Prof. S. Kitagawa and Prof. S. Furukawa 

reported the use of a more robust Rh(II) paddlewheel to construct a 

cuboctahedral MOP (Figure 1.11b).[52,53] Similar to previous findings, 

the Rh(II)-based structure exhibited superior adsorption properties 

compared to its Cu(II) counterpart, further confirming its enhanced 

solid-state stability. Notably, the material could be activated under 

vacuum at 100 °C while retaining its porosity. Moreover, TGA 

revealed a decomposition temperature of approximately 300 ⁰C. 

Both findings support the superior thermal stability of the Rh(II)-

based structure. Additionally, the paramagnetic nature of the Rh(II) 

paddlewheel enables solution-state studies.  

In subsequent years, the chemical stability of Rh(II)-based MOPs 

was further investigated under various challenging conditions, 

including exposure to coordinating ligands, elevated temperatures, 

and aqueous media at high pH. These studies demonstrated that 

the Rh(II) paddlewheel cluster not only provides exceptional 

structural robustness but also remarkable chemical stability.[54–56]  

Another strategy to improve the robustness of MOPs is to increase 

the bond strength between the metal and the ligand. This can be 

achieved by using metal ions with high valence states. Such ions 

can form high-nuclearity clusters with strong M-L nodes. 

Alternatively, metals with high charge density, known as hard acids, 

can form strong bonds with carboxylates, which are hard bases. 

This follows Pearson’s hard and soft acid–base (HSAB) principle.[57] 

In this context, Zr⁴⁺ has been used to synthesize Zr(IV)-based MOPs. 
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These materials are self-assembled from trinuclear, ligand-bridged 

(C₅H₅)Zr-cation clusters and ditopic or tritopic ligands (Figure 1.12). 

This synthetic approach was first reported by Prof. M. Hong. The 

resulting Zr(IV)-MOPs showed high stability as solid adsorbents 

retaining their structure after desolvation.[58 ] 

Later, Prof. S. Q. Zhang demonstrated the exceptional chemical 

stability of these structures, with the synthesis of a Zr(IV)-MOP 

functionalized with SO₃²⁻ groups on its surface. This material could 

be dispersed in water across a wide pH range (from pH 3 to pH 11) 

without losing its structural integrity.[59]  

Figure 1.12. Single crystal structure of Zr(IV)-based MOPs synthesized 
with ditopic (a) and tritopic ligands (b). 
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1.4. Porous properties of MOCs/MOPs 

The discrete assemblies described in the previous sections share 

similar structural features, where MOPs have been postulated a 

sub-class of MOCs. The main characteristic of MOPs is their 

permanent porosity in the solid state. This is achieved thanks to 

their increased stability in comparison to other type of MOCs, which 

comes from their carboxylate-metal coordination bond.[60,61] The 

porosity of MOCs and MOPs arises from an internal cavity that is 

accessible and capable of hosting guest molecules. Both have been 

used to exploit this cavity for various applications, including 

catalysis, molecular stabilization, separation, and storage.[50,62–66]  

In this scenario, their use can be divided in solution or in solid state, 

depending on the use of the cage dissolved or in dispersion 

(solution state), or if the cavity is free of solvent (solid state). These 

two modes define distinct research approaches. MOCs have been 

more frequently studied in solution compared to MOPs. This may be 

due to their frequent use of diamagnetic metal ions (e.g., Pd(II), 

Pt(II), Fe(II)) and the presence of aromatic panels oriented toward 

the internal cavity. These features enhance host–guest 

interactions.[67–72] In contrast, the greater structural stability of MOPs 

makes them better suited for studies in the solid state. MOCs, on 

the other hand, are rarely used in solid-state applications due to 

their limited stability.[73–78] 
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1.4.1. Porosity in solution 

Interest in the porous properties of MOCs through host–guest 

interactions emerged with the synthesis of the first cages. Many 

examples of guest inclusion in MOCs have since been reported. 

These systems can be studied in solution using techniques such as 

UV-Vis spectroscopy, 1H-NMR, and even single-crystal X-ray 

diffraction (SC-XRD), which confirm strong binding between host 

and guest.[79] These studies also revealed that the cavity's 

microenvironment can alter the physical and chemical properties of 

the guest molecules. As a result, MOCs have been used in solution 

to carry out reactions that are otherwise inaccessible. This may be 

due to the guest’s insolubility or because the confined space inside 

the cavity promotes selective product formation via steric 

effects.[5,80]  

A notable example was reported by Prof. M. Fujita in 2006. His group 

used a Pd(II)-based cage as a water-soluble host to perform a Diels–

Alder cycloaddition. The reaction took place in aqueous media and 

led to an unusual product, highlighting the green chemistry 

potential of the system and the confinement effect.[81] Normally, 

Diels–Alder reactions with anthracenes produce an adduct via the 

9,10-positions of the central ring. However, when confined inside 

the cage, the reactivity shifts, and the product arises from the 1,4-

positions instead (Figure 1.13a).  
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Guest encapsulation within MOCs can also be used to direct or 

protect specific reactive sites. This strategy was applied by Prof. X. 

Ribas, who controlled the regioselectivity of fullerene 

functionalization by encapsulating it within a MOC (Figure 1.13b).[82] 

In addition, the possibility of precisely controlling the shape and size 

of the cavity, as well as the orientation of internal functional groups, 

allows for the design of structurally and chemically tailored cavities. 

These features make MOCs highly suitable for separation 

processes.[65,83,84]  

  

  

 

Figure 1.13. a) Diels-Alder reaction in the absence (top) and in the 
presence (bottom) of the catalytic Pd-based MOC. b) MOC used to mark 
selected positions of a C60 and the product obtained. 
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1.4.2. Porosity in solid state 

As previously explained, MOPs emerged from the challenge of 

isolating discrete cages rigid enough to maintain their structure in 

the absence of guest molecules. Achieving structural integrity with 

an empty internal cavity was essential to enable porosity in the solid 

state. Since the synthesis of the first MOP nearly 25 years ago, 

approximately 130 surface areas have been reported. A significant 

increase has occurred in the last five years, reflecting growing 

scientific interest in developing MOPs with high adsorption 

capabilities.[73]  

Prof. O. Yaghi was the first to report a Brunauer–Emmett–Teller (BET) 

surface area for a MOP, demonstrating the permanent porosity of 

MOP-28. This Cu(II)-based truncated octahedron exhibited a 

remarkable surface area of 914 m² g⁻¹.[85] Following this, more 

robust assemblies were developed through the use of paddlewheel 

nodes featuring metal–metal bonds. These designs led to larger 

surface areas, culminating in a key milestone in 2019. That year, 

Prof. E. D. Bloch synthesized a Mo(II)-based MOP assembled from 

5-tert-butyl-1,3-benzenedicarboxylate, which reached a surface 

area of 1320 m2 g-1.[86] Even so, these values remain well below those 

of MOFs, which can exceed 7000 m² g⁻¹. This difference is mainly 

due to two factors: (i) the less efficient packing of molecular 

assemblies in the solid state, and (ii) the partial loss of structural 

order upon desolvation.[87]  
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The solid-state porosity of MOPs has opened new possibilities for 

gas storage and separation. In addition, the processability of the 

ligands facilitates their integration into functional materials such as 

membranes and monoliths.  

1.5. Giant assemblies 

Given the wide range of structures that can be designed by 

combining different metal centers and organic ligands, the 

synthesis of giant molecular cages has attracted considerable 

attention. This interest stems from the complexity involved in 

assembling large structures with distinct molecular weights and 

dimensions. In this context, the concept of “giant molecules” can 

be viewed from two perspectives. The first refers to a single large 

cage formed by metal nodes and organic linkers, creating one 

central cavity. These are typically defined as mesoporous cages. 

The second refers to oligomeric supramolecules, where multiple 

smaller molecular units assemble into a large structure without 

forming a confined space, similar to a protein built from various 

subunits (Figure 1.14). Despite the growing interest and the 

publication of several examples, no clear definition of what qualifies 

as “giant” has been established. For the purposes of this 

discussion, only MOCs will be considered. Structures with an 

internal cavity larger than 2 nm, or a total diameter greater than 

5 nm, will be classified as giant. This definition is based on two 

criteria: (i) an internal diameter above 2 nm marks the transition 
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from microporous to mesoporous systems, according to IUPAC,[88] 

and (ii) most metal-organic assemblies are smaller than 5 nm in 

total size.[89,90] 

The synthesis of giant molecular cages is not trivial. Compared to 

smaller assemblies, these systems present greater challenges. This 

is due to the reversible nature of the interactions involved in self-

assembly, which must reach thermodynamic equilibrium. As the 

number of building blocks increases, their rotational and 

translational freedom become more restricted. As a result, larger 

assemblies are entropically less favorable than smaller ones. 

Nonetheless, giant assemblies are clearly feasible in Nature, as 

seen in virus capsids and protein complexes. This suggests that 

general principles guiding the self-assembly of complex, 

multicomponent systems do exist.  

Figure 1.14. Schematic of the two types of giant assemblies. 
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 Beyond their structural complexity, giant molecular cages are also 

of interest due to the new properties they can exhibit. These include 

the ability to encapsulate large guest molecules and their potential 

applications in gas storage.  

1.5.1. Mesoporous cages 

The previous sections of this introduction have focused on the 

synthesis of molecular cages. These studies have enabled the 

development of a wide catalogue of metallic nodes and organic 

ligands, resulting in a variety of final shapes and sizes.  

In supramolecular chemistry, the final structure of a cage is 

determined by two key factors: the coordination geometry of the 

metal node, and the directionality and bite angle of the ligand. 

Based on these principles, there are two main strategies to self-

assemble giant hollow supramolecules: (i) isoreticular expansion of 

the ligand, or (ii) enlargement of the bite angle.  

1.5.1.1. Isoreticular expansion 

The term isoreticular expansion was first introduced by Prof. O. 

Yaghi in 2002. He demonstrated that the structure of a parent MOF 

could be enlarged to form larger pores while preserving the original 

topology. This was achieved by maintaining the key structural 

attributes of the building blocks: the coordination geometry of the 

metal nodes and the bite angle of the ligands.[91] This concept was 

validated through the synthesis of a family of MOF-5 materials using 

ligands of increasing length, which led to progressively larger pore 
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sizes. Since then, isoreticular expansion has been widely applied 

not only in the field of MOFs, but also in the synthesis of giant 

cages.[92–94]  

During the same decade, the use of extended ligands was also 

explored in the self-assembly of paddlewheel-based cages. Prof. O. 

Yaghi showed that isoreticular expansion could be applied to MOPs 

by replacing the standard BDC ligand with longer analogues, such 

as 2,7-naphthalenedicarboxylate or 1,1′-binaphthyl-4,4′-

dicarboxylate. In all cases, the cuboctahedral geometry of the 

resulting MOPs was preserved, while the inner diameter increased 

accordingly (Figure 1.15).[95] These MOPs reached maximum 

internal and external diameters of 2.4 nm and 2.9 nm, respectively.  

Figure 1.15. Single crystal structures of the isoreticular expansion of 
Cu(II)-based MOPs. Inner diameter measured from Cu(II) of opposite 
vertices.  
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Despite these advances, no permanently porous MOPs with 

internal diameters of 2 nm or greater have yet been reported in the 

solid state. This limitation arises from the tendency of large, empty 

cages to collapse upon solvent removal. 

Prof. M. Fujita later demonstrated that isoreticular expansion could 

also be extended to the synthesis of MOCs. In 2012, he modified the 

common organic linker 1,3-bis(pyridin-4-ylethynyl)benzene by 

adding two additional benzene rings. The resulting Pd(II)-based cage 

exhibited a diameter of 5.0 nm. The large cavity enabled the 

encapsulation of macromolecules such as proteins, thus opening 

the field of host-guest chemistry with (macro)molecules (Figure 

1.16).[96–98] 

            

   

  
 

Figure 1.16. Schematic of the isoreticular expansion of Pd(II) MOCs. Inner 
diameter measured from Pd(II) of opposite vertices. 
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1.5.1.2. Widening of the bite angle 

Up to this point, all the structures discussed have geometries 

corresponding to Platonic or Archimedean solids, typically 

following a general formula of MnL2n. Among them, several 

geometries have been described (e.g. lanterns, octahedra, and 

cuboctahedra) and how they can be predicted based on the bite 

angle of the ligand used. 

However, the synthesis of structures with n > 24 is significantly more 

challenging. Prof. M. Fujita reported the first example of such a case 

with the synthesis of an icosidodecahedron having the formula 

M₃₀L₆₀.[99] The increased difficulty arises from kinetic trapping 

effects during self-assembly. These effects are negligible in smaller 

systems, but as the number of components increases, the 

likelihood of forming metastable intermediates also increases. 

Some of these intermediates can become kinetically trapped 

products. It was demonstrated that, even when using a ligand with 

a bite angle very close to the ideal value for forming an 

icosidodecahedron (149º vs. the ideal 150º), the resulting structure 

had the formula M₂₄L₄₈. This suggested that the system had become 

trapped in a local minimum, forming a thermodynamically 

disfavoured product. After careful ligand design, introducing some 

flexibility to favor the formation of the pentagonal faces required for 

an icosidodecahedron, but avoiding excessive flexibility that could 

favor smaller structures, the target M₃₀L₆₀ cage was successfully 
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synthesized. This MOC, with a diameter of 7.4 nm, remains the 

largest molecular cage reported to date (Figure 1.17a).  

 Another relevant class of polyhedra is the Goldberg polyhedra, 

which are composed solely of pentagonal and hexagonal faces, as 

observed in fullerenes. The synthesis of a molecular cage with a 

Goldberg-type geometry was also achieved by Prof. M. Fujita.[100] 

This new class of structures first appeared in 2016, when the use of 

a ligand with a bite angle of 152º led to the formation of a cage with 

formula M48L96 (Figure 1.17b). This cage represents the largest 

discrete self-assembled structure reported to date in terms of 

            

          

    

Figure 1.17. a) Single crystal structure of Pd30L60 icosidodecahedron 
(bottom) and the ligand used for the synthesis (top). Diameter calculated 
from Pd of opposite vertices. b) Single crystal structure of Pd48L96 
Goldberg polyhedra (bottom) and the ligand used for the synthesis (top). 
Diameter calculated from Pd of opposite vertices. 
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number of components. Unlike previous structures, this assembly 

lacked mirror symmetry and consisted only of pentagonal and 

hexagonal faces. 

Despite these remarkable achievements, paddlewheel-based 

MOPs with such large chemical formulas (e.g., M₃₀L₆₀ or M₄₈L₉₆) 

have not yet been reported. This is likely due to the geometric and 

coordination constraints imposed by the paddlewheel node, which 

are more restrictive than those of single metal centers.  

1.5.2. Oligomeric supramolecules 

 Oligomeric supramolecules are formed by linking mono- or 

polynuclear units through spacer groups to generate a single, 

discrete entity. The formation of giant assemblies, those with 

diameters larger than 5 nm, can be conceptualized by connecting 

already large building blocks, such as MOPs. The use of MOPs as 

  

  

 

Figure 1.18. a) Use of MOPs as building blocks to form MOFs. b) 
Schematic of the use of metal-organic polyedra for the synthesis of 
oligomeric supramolecules.  
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building blocks for the construction of new materials has already 

been explored. Notably, they have been employed in the synthesis 

of cage-based MOFs and gels.[101–105] In these cases, the final 

material is obtained through post-synthetic modification of the 

MOPs, using either coordinative or covalent linkages (Figure 1.18a).  

Based on these precedents, MOPs can also be rationally used for 

the synthesis of oligomeric supramolecules. In this approach, the 

cage functions as a monomeric unit that can be reacted to form a 

finite assembly, for example, a dimer formed by the linkage of two 

MOPs (Figure 1.18b). 

 Another strategy for obtaining oligomeric supramolecules is 

through direct self-assembly. Prof. Y. Wang demonstrated that, by 

using a ligand pre-functionalized with a cage, the final MOP can be 

Figure 1.19. Ligand decorated with a cage (left) and its coordination to 
achieve satellite-like oligomeric supramolecules (right). 
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decorated with peripheral cages, resulting in a satellite-like 

architecture (Figure 1.19).[106] Nevertheless, steric hindrance 

caused by the incorporation of bulky substituents around the ligand 

periphery limits the size and complexity of the attached cages, thus 

restricting further structural expansion. 
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2. Objectives 

In the previous chapter, MOCs and MOPs have been presented as 

highly versatile materials whose structure can be rationally 

designed. The extensive library of building blocks reported in the 

literature has demonstrated the feasibility of constructing MOCs 

and MOPs incorporating diverse metal centres and organic ligands, 

resulting in structures with a wide range of sizes, shapes, and 

functionalities. Among these parameters, the characteristics of the 

organic building block are particularly critical for directing the final 

structure: the bite angle determines the geometry, while pendant 

functional groups define the functionality. 

Within this context, significant efforts have been devoted to the 

synthesis of giant assemblies, including mesoporous cages (with 

inner diameters larger than 2 nm) and oligomeric supramolecules 

(with total diameters exceeding 5 nm). Two main approaches have 

been employed to access such mesoporous cages: isoreticular 

expansion and bite-angle widening. The isoreticular expansion 

approach involves elongating the organic ligand of a known cage 

while preserving its bite angle, thereby yielding a larger structure 

that retains the parent cage geometry. In contrast, widening the bite 

angle enables the formation of cages composed of a greater 

number of building units (e.g., an M₃₀L₆₀ icosidodecahedron), 

resulting in significantly larger internal cavities. 
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Regarding oligomeric supramolecules, previous studies have 

shown that incorporating cage units as pendant groups within 

organic ligands can lead to the self-assembly of satellite-like 

supramolecular structures. However, given the well-established 

use of MOCs and MOPs as building blocks for extended materials, 

such as MOFs and gels, an appealing opportunity arises to exploit 

cages directly in controlled oligomerization reactions, yielding 

multi-cage oligomeric molecules. This approach requires precise 

control over the cage concatenation process to confine the system 

to the oligomeric regime and avoid uncontrolled polymerization. 

In this context, the main objective of this Thesis is to further explore 

and advance these approaches for the synthesis of permanently 

porous giant molecules and establish the foundations for the 

preparation of mesoporous cages and oligomeric supramolecules. 

Specifically, the Thesis is structured around two key milestones: 

• Demonstrating the synthesis of porous oligomeric 

supramolecules using MOPs as monomeric units, by precisely 

controlling MOP connectivity through protection-deprotection 

strategies, followed by post-synthetic reactions to produce a 

dimer, a tetramer, a and satellite-like supramolecule. A key goal 

is to preserve the cavity of the initial MOP within these 

assemblies, ensuring that the resulting structures remain 

permanently porous. 
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• Expanding the application of isoreticular expansion for the 

synthesis of mesoporous MOPs, with the aim of obtaining 

permanently porous cages within the mesoporous regime 

(inner diameters exceeding 2 nm). This objective includes 

demonstrating that giant cages can survive the desolvation 

process when constructed from robust building units, such as 

Rh(II)-paddlewheel nodes, thus enabling their study as solid-

state porous materials. 
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3. Experimental section 

3.1. Materials and methods 

Rhodium acetate, Pd(PPh3)4 and 3,6-diiodo-9H-carbazole were 

purchased from abcr. K3PO4, LiOH, (1,8-diazabicyclo[5.4.0]undec-

7-ene) (DBU), pentane, K2CO3, 1-bromododecane, 4-

tertbutylpyridine, 1-heptyl-4-(4-pyridyl)pyridinium bromide, 

tetrabutylammonium fluoride (TBAF) 1.0 M in THF, anhydrous 

MgSO4, NaOH, Na2CO3, anhydrous CuSO4, sodium ascorbate, 

1,3,5- benzenetricarboxylic acid, SOCl2, 2-(trimethylsilyl)ethanol, 

NH4Cl, 1-hydroxybenzotriazole (HOBt), hexafluorophosphate 

benzotriazole tetramethyl uranium (HBTU), N,N-

diisopropylethylamine (DIPEA), isophthaloyl chloride, Cu wire and 

anhydrous pyridine were purchased from Sigma-Aldrich. 3,6-

dibromo-9H-carbazole, 4-methoxycarbonylphenylboronic acid, 

methyl-4-ethynylbenzoate and copper(I) iodide were purchased 

from BLD. NH2-PEG38-N3, NH2-PEG38-alkyne and 

trishydroxypropyltriazolylmethylamine (THPTA) were purchased 

from BroadPharm. NH2-PEG6-alkyne was purchased from 

Biopharma PEG. All deuterated solvents were purchased from 

Eurisotop. Solvents at HPLC grade were purchased from Fischer 

Chemicals. 

Ultraviolet-visible (UV−Vis) spectra were measured using an 

Thermo Scientific™ NanoDrop 2000 at room temperature (ca. 25 °C).   
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Proton nuclear magnetic resonance ( H-NMR) spectra were 

acquired using Bruker AVANCE 500 NMR spectrometer operating at 

500.13 MHz and equipped with a cryoprobe z-gradient inverse probe 

head capable of producing gradients in the z direction with a 

maximum strength of 53.5 G cm-1 and a Bruker Ascend 300 MHz at 

“Servei de Resonància Magnètica Nuclear” from Autonomous 

University of Barcelona (UAB). Chemical shifts (δ) for 1H-NMR 

spectra are reported in parts per million (ppm) and relative to the 

solvent residual peak.  

Carbon nuclear magnetic resonance ( 3C-NMR) spectra were 

acquired using Bruker AVANCE 500 NMR spectrometer operating at 

500.13 MHz and equipped with a cryoprobe z-gradient inverse probe 

head capable of producing gradients in the z direction with a 

maximum strength of 53.5 G cm-1 at “Servei de Resonància 

Magnètica Nuclear” from Autonomous University of Barcelona 

(UAB). 

Diffusion ordered NMR spectroscopy (DOSY) spectra were 

acquired using Bruker AVANCE 500 NMR spectrometer opera ng at 

500.13 MHz and equipped with a cryoprobe z-gradient inverse probe 

head capable of producing gradients in the z direction with a 

maximum strength of 53.5 G cm-1 at “Servei de Resonància 

Magnètica Nuclear” from Autonomous University of Barcelona 

(UAB).   
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Homonuclear correlation spectroscopy (COSY) spectra were 

acquired using Bruker AVANCE 500 NMR spectrometer operating at 

500.13 MHz and equipped with a cryoprobe z-gradient inverse probe 

head capable of producing gradients in the z direction with a 

maximum strength of 53.5 G cm-1 at “Servei de Resonància 

Magnètica Nuclear” from Autonomous University of Barcelona 

(UAB). 

Heteronuclear multiple bond correlation (HMBC) spectra were 

acquired using Bruker AVANCE 500 NMR spectrometer operating at 

500.13 MHz and equipped with a cryoprobe z-gradient inverse probe 

head capable of producing gradients in the z direction with a 

maximum strength of 53.5 G cm-1 at “Servei de Resonància 

Magnètica Nuclear” from Autonomous University of Barcelona 

(UAB). 

Heteronuclear single quantum correlation spectroscopy 

(HSQC) spectra were acquired using Bruker AVANCE 500 NMR 

spectrometer opera ng at 500.13 MHz and equipped with a 

cryoprobe z-gradient inverse probe head capable of producing 

gradients in the z direction with a maximum strength of 53.5 G cm-1 

and a Bruker Ascend 300 MHz at “Servei de Resonància Magnètica 

Nuclear” from Autonomous University of Barcelona (UAB).   

Matrix assisted laser desorption ionization time-of-flight mass 

spectroscopy (MALDI-TOF) measurements were performed using 

a 4800 Plus MALDI TOF/TOF (ABSCIEX – 2010). (COOH)1-RhMOP, 
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(N3)1-RhMOP, (alkyne)1-RhMOP, Rh2(PEG6-alkyne)4, (alkyne)24-

RhMOP, MOP-satellite, h(II)-MOP, BCN-13, BCN-14, BCN-15, BCN-

16 and BCN-17 were analysed in positive mode. Deprotected (N3)1-

RhMOP, deprotected (Alkyne)1-RhMOP, MOP-dimer and MOP-

tetramer were analysed in negative mode. Trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was 

used as ionization matrix in the case of (COOH)1-RhMOP, (N3)1-

RhMOP, (alkyne)1-RhMOP, Rh2(PEG6-alkyne)4, (alkyne)24-RhMOP, 

parent Rh(II)-MOP, BCN-13, BCN-14, BCN-15, BCN-16 and BCN-17. 

Sinapinic acid was used as a matrix in the case of deprotected (N3)1-

RhMOP, deprotected (alkyne)1-RhMOP, MOP-dimer, MOP-tetramer 

and MOP-satellite.  

Volumetric CO  isotherms were collected at 200 K using an ASAP 

2460 (Micrometrics). Temperature for CO2 isotherms measurement 

was controlled by a chiller.  

Volumetric N  isotherms were collected at 77 K using High-

Resolution ASAP 2020 (Micromeritics). The temperature for N2 

isotherms measurement was controlled by using a liquid nitrogen 

bath. BET surface values were calculated according to the BETSI 

method.[1]  

Gravimetric water vapor-sorption isotherms were measured 

using a DVS vacuum instrument (Surface Measurement System 

Ltd). The weight of the activated sample (≈ 10 mg) was constantly 
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monitored with a high-resolution microbalance (± 0.1 µg) and 

recorded at 25 °C (±0.2 °C) under pure water vapor pressures.   

Supercritical CO  drying was performed using a Laboratory 

Supercritical Fluid Equipment SFE 15 mL (Extratex Supercritical 

Fluid Innovation, France).  

Z-potential measurements were carried out using a Malvern 

Zetasizer Nano ZS. Prior to Z-potential measurements, a standard 

solution with a Z-potential of −42 ± 6 mV was measured to ensure 

correct calibration. 

Dynamic light scattering (DLS) measurements were carried out 

using a Zetasizer Nano Zs.  

Fourier-transform infrared spectroscopy (FTIR) measurements 

were performed using a Bruker Tensor 27. 

Inductively coupled plasma mass spectrometry (ICP-MS) 

measurements were performed in an external company, Leitat, in 

an ICP-MS triple quadrupole Agilent 8900 ICP-QQQ. 5 mg of sample 

were digested with 4 mL of concentrated ultrapure nitric acid (HNO3 

70%) in an analytical microwave at 250 °C. Subsequently, the 

digestion residue obtained was suitably diluted to analyse the 

elements of interest by ICP-MS. The quantification was performed 

by interpolation on a calibration curve prepared from commercial 

standards of the elements of interest. 
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Contact angle measurements were measured using a DSA25S 

Drop shape analyser (KRÜSS Scientific, Hamburg, Germany), using 

the sessile drop technique and the ADVANCE software for analysing 

the contact angle of the water drops. Samples were compressed 

into flat films prior measurements.  

Single-Crystal X-Ray Diffraction (SCXRD) data of all the single 

crystals were collected at 100 K at XALOC beamline at ALBA 

synchrotron (0.82653 Å).[2] Data were indexed, integrated and scaled 

using the XDS program.[3] Absorption correction was not applied. 

The structures were solved by direct methods and subsequently 

refined by correction of F2 against all reflections, using SHELXT2018 

within Olex2 package and WinGX (version 2021.3).[4,5] All 

nonhydrogen atoms were refined with anisotropic thermal 

parameters by full-matrix least-squares calculations on F2 using 

the program SHELXL2018.[6] We treated the presence of disordered 

solvent molecules in the cavities of all structures running solvent 

mask using Olex2 solvent mask or after location of the cage 

atoms.[7,8] We counted 3320, 135178.7, 41361.5, 41057.8, 12962.1, 

24565 electrons per unit cell for parent Rh-MOP, BCN-13, BCN-14, 

BCN-15, BCN-16 and BCN-17 respectively that correspond to 61 

DMA, 2503 DMA, 1034 DMF, 766 DMA, 240 DMA and 455 DMA 

molecules respectively. In BCN-17 due to the high disorder only first 

carbons of the C12 chains have been refined. Due to the low 

resolution of BCN-13 (1.18 Å), BCN-14(1.08 Å), BCN-15 (1.15 Å), 

BCN-16(1.30 Å and BCN-17(1.12 Å) crystals the thermal motions of 
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some phenyl groups were restrained using SIMU, DELU, EADP 

restrictions. Hydrogens atoms were inserted at calculated positions 

and constrained with isotropic thermal parameters.  

Powder X-ray diffraction (PXRD) data collected at XALOC beamline 

at the ALBA synchrotron, using a monochromatic X-ray beam with a 

wavelength of λ = 0.82653 Å, using a capillary of 0.7 mm inner 

diameter.  Data was collected using a PILATUS3 6M DECTRIS 

detector. The powder diffraction patterns were radially integrated 

using FIT2D program.[9]  

Cavity measurements were performed using CageCavityCalc and 

a grid size of 1.0 Å.[10] 

3.2. Synthetic procedures of Chapter 4: Giant oligomeric 
porous cage-based molecules 

Synthesis of (COOH) -RhMOP: COOTSE24-RhMOP was 

synthesised following the reported procedure.[11] Then, 

tetrabutylammonium fluoride in THF (1 M, 16.0 μL, 16.0 μmol) was 

added into a THF solution (3 mL) of the synthesized COOTSE24-

RhMOP (100.0 mg, 10.1 μmol). The resulting solution was kept 

under stirring overnight, leading to the formation of a green solution. 

(COOH)1-RhMOP was precipitated by adding 3 mL of HCl 0.3 M to 

the green solution. The resulting green precipitate was washed 

twice with 2 mL HCl 0.3 M and twice with 2 mL H2O. Finally, the green 

solid was lyophilized (yield = 95%). 1H-NMR (500 MHz, CDCl3): δ = 
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0.02 (s, 207 H, -CH3); 1.07 (t, 46 H, -CH2-); 4.27 (t, 46 H, -CH2-); 8.59 

(broad, 72 H, -CH-) ppm.  

Synthesis of (N3) -RhMOP: HOBt (0.53 mg, 4.0 μmol), HBTU (1.9 

mg, 5.0 μmol) and DIPEA (0.87 μL, 5.0 μmol) were added into a DMF 

solution (800 μL) containing (COOH)1-RhMOP (20.0 mg, 2.0 μmol) 

under stirring. After 30 minutes, NH2-PEG38-N3 (7.42 mg, 4.0 μmol) 

was added to the solution. The resulting mixture was stirred 

overnight. Afterwards, 1 mL of HCl 0.3 M was added to the green 

solution to induce the precipitation of (N3)1-RhMOP as a green 

powder. This powder was washed twice with HCl 0.3 M (1 mL), twice 

with H2O (1 mL) and three times with THF:Et2O (1:2, 2 mL). Finally, 

the green solid (yield = 93%) was dried under air and stored at -2ºC. 
1H-NMR (300 MHz, CDCl3): δ = -0.17 (s, 207 H, -CH3); 0.87 (broad, 46 

H, -CH2-); 3.45 (s, 156 H, -CH2-) 4.08 (broad, 46 H, -CH2-); 8.59 

(broad, 72 H, -CH-) ppm.  

Synthesis of deprotected (N3) -RhMOP: The 23 protected 

carboxylic groups of (N3)1-RhMOP were deprotected by dissolving 

(N3)1-RhMOP (20.0 mg, 1.7 μmol) in 1 mL of THF and subsequently 

adding 2 molar equivalents of TBAF 1 M solution in THF (346.5 μL, 

346.5 μmol). The solution was maintained under stirring overnight. 

Afterwards, the THF was evaporated and the resultant green solid 

was washed twice with HCl 0.3 M (1 mL), twice with H2O (1 mL) and 

three times with THF:Et2O (1:2, 2 mL). The obtained solid was finally 

dried under air (yield = 96%). 1H-NMR (300 MHz, D2O): δ = 3.35 
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(broad, 156 H, -CH2-); 8.33 (broad, 48 H, -CH-); 8.70 (broad, 24 H, -

CH-) ppm.  

Synthesis of (alkyne) -RhMOP: HOBt (0.53 mg, 4.0 μmol), HBTU 

(1.9 mg, 5.0 μmol) and DIPEA (0.87 μL, 5.0 μmol) were added into a 

DMF solution (800 μL) containing (COOH)1-RhMOP (20.0 mg, 2.0 

μmol) under stirring. After 30 minutes, NH2-PEG38-alkyne (7.42 mg, 

4.0 μmol) was added to this solution. The resulting mixture was 

stirred overnight. Afterwards, 1 mL of HCl 0.3 M was added to the 

green solution to induce the precipitation of (alkyne)1-RhMOP as a 

green powder. This powder was washed twice with HCl 0.3 M (1 mL), 

twice with H2O (1 mL) and three times with THF:Et2O (1:2, 2 mL). 

Finally, the green solid was dried under air and kept at -2ºC (yield = 

93%). 1H-NMR (300 MHz, CDCl3): δ = -0.17 (s, 207 H, -CH3); 0.87 

(broad, 46 H, -CH2-); 3.45 (s, 156 H, -CH2-) 4.08 (broad, 46 H,-CH2-); 

8.59 (broad, 72 H, -CH-) ppm.  

Synthesis of deprotected (alkyne) -RhMOP: The 23 protected 

carboxylic groups of (alkyne)1- RhMOP were deprotected by 

dissolving (alkyne)1- RhMOP (20.0 mg, 1.7 μmol) in 1 mL of THF and 

subsequently adding 2 molar equivalents of TBAF 1 M solution in 

THF (346.5 μL, 346.5 μmol). The solution was maintained under 

stirring overnight. Afterwards, the THF was evaporated and the 

resultant green solid was washed twice with HCl 0.3 M (1 mL), twice 

with H2O (1 mL) and three times with THF:Et2O (1:2, 2 mL). The 

obtained solid was dried under air (yield = 94%). 1HNMR (300 MHz, 
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D2O): δ = 3.35 (broad, 156 H, -CH2-); 8.33 (broad, 48 H, -CH-); 8.70 

(broad, 24 H, -CH-) ppm. 

Control experiments:  

 ) Reaction with 5 mol. eqs. of NH -PEG3 -N3: HOBt (1.32 mg, 

10.0 μmol), HBTU (4.75 mg, 12.5 μmol) and DIPEA (2.17 μL, 

12.5 μmol) were added into a DMF solution (800 μL) 

containing (COOH)1-RhMOP (20.0 mg, 2.0 μmol) under 

stirring. After 30 minutes, NH2-PEG38-N3 (18.5 mg, 10.0 μmol) 

was added to the solution. The resulting mixture was stirred 

overnight. Afterwards, 1 mL of HCl 0.3 M was added to the 

green solution to induce the precipitation of (N3)1-RhMOP as 

a green powder. This powder was washed twice with HCl 0.3 

M (1 mL), twice with H2O (1 mL) and three times with 

THF:Et2O (1:2, 2 mL). Finally, the green solid (yield ≈ 91%) 

was dried under air and stored at -2ºC.  

 ) Synthesis of (COOH) -RhMOP: Tetrabutylammonium 

fluoride in THF (1 M, 10.0 μL, 10.0 μmol) was added into a 

THF solution (3 mL) of the synthesized COOTSE24-RhMOP 

(50.0 mg, 5.0 μmol). The resulting solution was kept under 

stirring overnight, leading to the formation of a green 

solution. (COOH)2-RhMOP was precipitated by adding 3 mL 

of HCl 0.3 M to the green solu on. The resul ng green 

precipitate was washed twice with 2 mL HCl 0.3 M and twice 

with 2 mL H2O. Finally, the green solid was lyophilized.  
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3) Synthesis of (COOH)3-RhMOP: Tetrabutylammonium 

fluoride in THF (1 M, 15.0 μL, 15.0 μmol) was added into a 

THF solution (3 mL) of the synthesized COOTSE24-RhMOP 

(50.0 mg, 5.0 μmol). The resulting solution was kept under 

stirring overnight, leading to the formation of a green 

solution. (COOH)3-RhMOP was precipitated by adding 3 mL 

of HCl 0.3 M to the green solution. The resulting green 

precipitate was washed twice with 2 mL HCl 0.3 M and twice 

with 2 mL H2O. Finally, the green solid was lyophilized.  

 ) Synthesis of (N3)x-RhMOP: Once the deprotected products 

were obtained, (COOH)2-RhMOP (20.0 mg, 2.0 μmol) or 

(COOH)3-RhMOP (20.0 mg, 2.0 μmol) was dissolved in DMF 

(800 μL). To this solution HOBt (1.32 mg, 10.0 μmol), HBTU 

(4.75 mg, 12.5 μmol) and DIPEA (2.17 μL, 12.5 μmol) were 

added under stirring. After 30 minutes, NH2-PEG38-N3 (18.5 

mg, 10.0 μmol) was added to the solution. The resulting 

mixture was stirred overnight. Afterwards, 1 mL of HCl 0.3 M 

was added to the green solution to induce the precipitation 

of (N3)x-RhMOP as a green powder. This powder was washed 

twice with HCl 0.3 M (1 mL), twice with H2O (1 mL) and three 

times with THF:Et2O (1:2, 2 mL). Finally, the green solid was 

dried under air and stored at -2ºC.  

Synthesis of MOP-dimer: The synthesis of the MOP-dimer was 

performed in two steps. In the first step, (N3)1-RhMOP (10.0 mg, 0.9 

μmol) and (alkyne)1-RhMOP (10.0 mg, 0.9 μmol) were dissolved in 1 
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mL mixture of CH2Cl2:DMF (1:1). To this mixture, five consecutive 

additions of CuSO4 (20 μL, 0.3 M in H2O) and sodium ascorbate (20 

μL, 0.9 M in H2O) were done over a period of 1.25 hours. Once the 

addi tions were finished, the mixture was kept under vigorously 

stirring overnight. Afterwards, the mixture was extracted twice with 

HCl 0.3 M (1 mL) and twice with H2O (1 mL). Finally, the organic 

phase was evaporated to obtain a green solid.   

In the second step, the previously obtained green solid (17.5 mg) 

was dissolved in 1 mL of THF. Then, an excess of 1 M TBAF solution 

in THF (64.6 μL, 64.6 μmol) was added to the solution, which was 

kept under stirring overnight. Afterwards, the THF was evaporated 

and the obtained green solid was washed twice with HCl 0.3 M (1 

mL), twice with H2O (1 mL) and three times with MeOH (2 mL). The 

resultant solid was dried under open air. Finally, the product was 

further purified by washing it three times with basic methanol (43.0 

mM NaOH in MeOH, 2 mL), twice with H2O (1 mL) and three times 

with MeOH (2 mL). The final product was dried under air (yield = 

74%). 1H-NMR (300 MHz, D2O): δ = 3.53 (broad, 312 H, -CH2-); 8.39 

(broad, 96 H, -CH-); 8.81 (broad, 48 H, -CH-) ppm. 

Synthesis of the  -c cluster Rh (PEG -Alkyne) : Initially, Rh2(bdc)4 

was synthesised following a reported procedure.[12] Then, HOBt (9.5 

mg, 70 μmol), HBTU (34.1 mg, 90 μmol) and DIPEA (15.7 μL, 90 

μmol) were added into a DMF solution (0.2 mL) containing the 

synthesized Rh2(bdc)4 (10.0 mg, 11 μmol) under stirring. After 30 

minutes, NH2-PEG6-alkyne (28.7 mg, 90 μmol) was added into this 
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solution, which was stirred overnight. Afterwards, the propargyl-

PEG-complex was isolated by precipitation with Et2O and recovered 

through centrifugation. Subsequently, the isolated product was 

washed five times with Et2O (10 mL) and dissolved in H2O (5 mL). The 

solution was extracted twice with CH2Cl2 (5 mL). Then, CH2Cl2 (5 

mL) and MeOH (5mL) were added to the aqueous solution. The 

presence of MeOH in the mixture induced the transfer of the 

product from the aqueous phase to the organic phase. Finally, the 

CH2Cl2 was evaporated to obtain the 4-c cluster Rh2(PEG6-Alkyne) 

as a green solid (yield = 63 %). 1H-NMR (300 MHz, MeOD): δ = 2. 86 

(t, 1 H, -CH); 2.58 (m, 24 H, -CH2-); 4.17 (d, 2 H, -CH2-); 7.43 (t, 1 H, 

-CH-); 7.87 (d, 1 H, -CH-); 8.08 (d, 1 H, -CH-); 8.36 (s, 1 H, -CH-) ppm.  

Synthesis of MOP-tetramer:  This synthesis was performed in two 

steps. Firstly, (N3)1-RhMOP (20.7 mg, 1.8 μmol) and Rh2(PEG-

alkyne)4 (0.1 mg, 4.8x10-2 μmol) were dissolved in 1 mL mixture of 

CH2Cl2:DMF (1:1). Then, CuSO4 (18 μL, 0.3 M in H2O) and sodium 

ascorbate (18 μL, 0.9 M in H2O) were added to the resulting solution 

while stirring. After ten minutes of reaction, 5 pieces of copper wire 

of ca. 2 mg were added. The reaction mixture was kept under 

vigorous stirring for 48 hours. Afterwards, the mixture was extracted 

twice with HCl 0.3 M (1 mL) and twice with H2O (1 mL). Finally, the 

organic phase was evaporated to obtain a green solid.  

In the second step, the previously obtained green solid (19.4 mg) 

was dissolved in 1 mL of THF. Then, an excess of 1 M TBAF solution 

in THF (123.3 μL, 123.3 μmol) was added to the solution, which was 
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kept stirring overnight. Afterwards, the THF was evaporated and the 

green solid was washed twice with HCl 0.3 M (1 mL) and twice with 

H2O (1 mL). Then, the green solid was dissolved in basic water (pH ≈ 

12) and the solution was filtered using a centrifugal filter with a 

molecular weight cut-off of 30 kDa. The centrifugal process was 

repeated 5 times (50 mL of water used in total). The obtained 

concentrated solution from the filter was precipitated by adding 1 

mL of HCl 0.3 M. The collected green solid was then washed twice 

with H2O (2 mL) and three times with MeOH (2 mL). The obtained 

solid was dried under open air (yield = 75%). 1H-NMR (300 MHz, 

D2O): δ = 3.45 (broad, 736 H, -CH2-); 8.39 (broad, 208 H, -CH-); 8.81 

(broad, 96 H, -CH) ppm.  

Synthesis of (alkyne)  -RhMOP: COOH24-RhMOP was synthesised 

following the reported procedure. Then, HOBt (8.6 mg, 63.8 μmol), 

HBTU (24.2 mg, 63.8 μmol) and DIPEA (11.1 μL, 63.8 μmol) were 

added into a DMF solution (2mL) containing (20.0 mg, 2.7 μmol) 

under stirring. After 30 minutes of reaction, NH2-PEG6-alkyne (40.8 

mg, 127.9 μmol) was added into the solution, which was stirred 

overnight. Afterwards, Et2O (15 mL) was added to precipitate the 

product. The obtained solid was solubilized in H2O (15 mL) and 

filtered with a centrifugal filter with a molecular weight cut-off of 10 

kDa. This process was repeated three times using in total 45 mL of 

H2O. The concentrated solution obtained from the filter (ca. 1 mL) 

was extracted with CH2Cl2 (1mL). Then, CH2Cl2 (1 mL) and MeOH (1 

mL) were added to the concentrated aqueous solution, and the 
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product was transferred to the chlorinated organic phase. Finally, 

the CH2Cl2 was evaporated to obtain (alkyne)24-RhMOP as a green 

solid (yield = 50%). 1H-NMR (300 MHz, CDCl3): δ = 3.56 (broad, 576 

H, -CH2-); 4.10 (broad, 48 H, -CH2-); 8.28 (broad, 48H, -CH-); 8.73 

(broad, 24 H, -CH-) ppm.  

Synthesis of MOP-satellite:  This synthesis was performed in two 

steps. In the first step, (N3)1RhMOP (37.6 mg, 3.3 μmol) and 

(alkyne)24-RhMOP (0.1mg, 1.4x10-2 μmol) were dissolved in 2 mL 

mixture of CH2Cl2:DMF (1:1). While stirring, 20 μL of an aqueous 

solution containing CuSO4 (0.03 mg, 0.19 μmol) and THPTA (0.35 

mg, 0.81 μmol) were added to the solution containing both (N3)1-

RhMOP and (alkyne)24-RhMOP. Finally, sodium ascorbate (20 μL, 0.3 

M in H2O) and five pieces of copper wire of an approximate weight of 

2 mg were added to the reaction mixture. The reaction was kept 

under stirring for 7 days. Afterwards, the mixture was extracted 

twice with HCl 0.3 M (1 mL) and twice with H2O (1 mL). The organic 

phase was kept and loaded with fresh catalysts to perform another 

reaction cycle. To this end, 1 mL of DMF and an aqueous solution 

containing CuSO4 (0.03 mg, 0.19 μmol) and THPTA (0.35 mg, 0.81 

μmol) were added to the organic phase. This mixture was kept 

stirring for another 7 days. Once the reaction was completed, the 

mixture was extracted twice with HCl 0.3 M (1 mL) and twice with 

H2O (1 mL). Finally, the organic phase was evaporated to obtain a 

green solid.  
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In the second step, the previously obtained green solid (35.5 mg) 

was dissolved in 1 mL of THF. Then, an excess of TBAF 1 M in THF 

(82.0 μL, 82.0 μmol) was added to the solution, which was kept 

under stirring overnight. Afterwards, the resultant product was 

isolated by evaporating the THF and the obtained green solid was 

washed twice with HCl 0.3 M (1 mL) and twice with H2O (1 mL). Then, 

this solid was dissolved in basic water (pH ≈ 12) and the solution 

was filtered using a centrifugal filter with a molecular weight cut-off 

of 50 kDa. The centrifugal process was repeated over five times (50 

mL of water used as total). The final product was isolated by 

precipitation using 1 mL of HCl 0.3 M, and the green solid was 

washed twice with H2O (2 mL) and three times with MeOH (2 mL). 

The obtained solid was dried under air (yield = 75%). 1H-NMR (300 

MHz, D2O): δ = 3.45 (broad, 1952 H, -CH2-); 8.39 (broad, 528 H, -CH-

); 8.81 (broad, 264 H, CH-) ppm.  

Acid digestions: (N3)1-RhMOP, (alkyne)1-RhMOP, deprotected (N3)1-

RhMOP, deprotected (alkyne)1-RhMOP and MOP-dimer were 

digested as follows. 5 mg of the corresponding solid sample were 

suspended in 0.5 mL of MeOD-d4 containing 20 μL of DCl (2 % in 

D2O:MeOD-d4, 1:10). The mixture was heated at 65ºC overnight.   

(COOH)1-RhMOP and (alkyne)24-RhMOP were digested as follows. 5 

mg of the corresponding sample were suspended in 0.5 mL of 

DMSO-d6 containing 10 μL of DCl (20 % in D2O). The resulting 

mixture was heated at 100ºC for 2 hours.  
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Samples activation: All samples were activated following this 

procedure. Solvent exchange with MeOH was performed during 1 

week to 45 mg of sample. Finally, all solvent was removed through 

supercritical CO2 drying. 

 

 

3.3. Synthetic procedures of Chapter 5: Isoreticular 
synthesis of mesoporous metal-organic polyhedra with 
permanent porosity to gas and water 

Synthesis of  , ’-(9H-carbazole-3, -diyl)dibenzoic acid (H L ):  

Synthesis of dimethyl 4,4’-(9H-carbazole-3,6-diyl)dibenzoate 

(Me2L2) 

 

Scheme 1. Synthesis of Me2L2. 

3,6-dibromo-9H-carbazole (4.0 g, 12.3 mmol) and 4-

methoxycarbonylphenylboronic acid (6.0 g, 33.3 mmol) were added 

to a 250 mL Schlenk flask equipped with a magnetic stirring bar. The 

mixture was purged using vacuum and filling with Ar for three 

consecutive cycles. Then, 1,4-dioxane dried over molecular sieve 

(40 mL) was added, and the resulting mixture was stirred under Ar 
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flow at room temperature for 30 minutes. After this time, K3PO4 (7.8 

g, 33.9 mmol) was dissolved in H2O (10 mL) and the solution was 

added into the Schlenk flask followed by the addition of Pd(PPh3)4 

(355 mg, 0.3 mmol). The resulting reaction mixture was stirred 

under reflux conditions and argon atmosphere for 48 h. After the 

reaction time, H2O (50 mL) was added to the reaction mixture to 

obtain a white precipitated that was isolated through filtration. The 

white precipitate was washed with H2O (100 mL) and 

dichloromethane (100 mL). Finally, the solid was dried under 

vacuum at 85 °C to yield Me2L2 (yield = 76 %). 1H-NMR (300 MHz, 

DMSO-d6): δ = 3.89 (s, 6H, -CH3); 7.63 (d, 2H, -CH-); 7.85 (d, 2H, -

CH-); 7.98 (d, 4H, -CH-); 8.08 (d, 4H, -CH-); 8.77 (s, 2H, -CH-); 11.63 

(s, 1H, -NH) ppm. 

Synthesis of 4,4’-(9H-carbazole-3,6-diyl)dibenzoic acid (H2L2) 

 

Scheme 2. Synthesis of H2L2. 

Me2L2 (2.0 g, 4.76 mmol) was suspended in a mixture of THF (25 

mL), methanol (25 mL) and saturated LiOH (25 mL), and the mixture 

was stirred under reflux at 85 °C overnight. Then, HCl 3 M (10 mL) 

was added to the reaction mixture to obtain a white precipitate that 

was isolated through filtration. The white precipitate was washed 
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with H2O (50 mL) and methanol (50 mL) and dried under vacuum to 

yield H2L2. (yield: 95 %). 1H-NMR (300 MHz, DMSO-d6): δ = 7.56 (d, 

2H, -CH-); 7.78 (d, 2H, -CH-); 7.89 (d, 4H, -CH-); 8.00 (d, 4H, -CH-); 

8.68 (d, 4H, -CH-); 11.49 (s, 1H, -NH); 12.84 (s, 2H, -COOH) ppm. 

 

 

Synthesis of  , '-((9H-carbazole-3, -diyl)bis(ethyne- , -

diyl))dibenzoic acid (H L3): 

Synthesis of dimethyl 4,4'-((9H-carbazole-3,6-diyl)bis(ethyne-2,1-

diyl))dibenzoate (Me2L3) 

 

Scheme 3. Synthesis of Me2L3. 

3,6-diiodo-9H-carbazole (2.0 g, 4.77 mmol), methyl 4-

ethynylbenzoate (2.30 g, 14.36 mmol), Pd(PPh3)4 (300 mg, 0.26 

mmol) and CuI (80 mg, 0.42 mmol) were added to a 100 mL round 

bottom flask equipped with a magnetic stirring bar and flushed with 

Ar. Toluene (40 mL) was added to the flask containing the reagents. 

The solution was additionally degassed by bubbling Ar for 30 min. 

Then, DBU (2.0 mL, 13.40 mmol) was added, and the resulting 

mixture was stirred under Ar atmosphere at room temperature 
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overnight. After the reaction time, the solid obtained was filtered 

and washed three times with toluene, H2O and pentane. Finally, 

Me2L3 was dried under vacuum at 85 °C to yield an orange solid 

(yield = 91 %).  1H-NMR (300 MHz, DMSO-d6): δ = 3.89 (s, 6H, -CH3); 

7.59 (d, 2H, -CH-); 7.66 (d, 2H, -CH-); 7.72 (d, 4H, -CH-); 8.02 (d, 4H, 

-CH-); 8.77 (s, 2H, -CH-); 11.88 (s, 1H, -NH) ppm. 

Synthesis of 4,4'-((9H-carbazole-3,6-diyl)bis(ethyne-2,1-

diyl))dibenzoic acid (H2L3) 

 

Scheme 4.Synthesis of H2L3. 

Me2L3 (2 g, 4.27 mmol) was suspended in a mixture of THF (25 mL), 

methanol (25 mL) and saturated LiOH (25 mL), and the mixture was 

stirred under reflux at 85 °C overnight. Then, HCl 3 M (10 mL) was 

added to the reaction mixture to obtain a yellow precipitate that was 

isolated through filtration. The solid was washed with H2O (50 mL) 

and methanol (50 mL) and dried under vacuum to yield H2L3 (yield: 

95 %). 1H-NMR (300 MHz, DMSO-d6): δ = 7.59 (d, 2H, -CH-); 7.65 (d, 

2H, -CH-); 7.69 (d, 4H, -CH-); 8.00 (d, 4H, -CH-); 8.51 (s, 2H, -CH-); 

11.88 (s, 1H, -NH) ); 13.13 (s, 2H, -COOH) ppm. 
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Synthesis of  , '-((9-dodecyl-carbazole-3, -diyl)bis(ethyne- , -

diyl))dibenzoic acid (H L ):  

Synthesis of dimethyl 4,4'-((9-dodecyl-carbazole-3,6-

diyl)bis(ethyne-2,1-diyl))dibenzoate (Me2L4) 

 

Scheme 5.Synthesis of Me2L4. 

Me2L3 (2.0 g, 4.14 mmol) and K2CO3 (3.14 g, 22.72 mmol) were 

suspended in 20 mL of DMSO and left stirring for 30 min. Then, 1-

bromododecane (3.30 mL, 13.74 mmol) was added to the slurry, 

and the resulting mixture was stirred overnight at 70 °C. After the 

reaction, the solution was poured into ice-water and stirred for 1 h. 

The precipitate was filtered and washed three times with H2O and 

pentane.  Me2L4 was finally dried under vacuum to afford a yellow 

solid (yield: 60 %). 1H-NMR (300 MHz, CDCl3): δ = 0.90 (t, 3H, -CH3); 

1.26 (m, 18H, -CH2-); 1.89 (t, 2H, -CH2-); 3.96 (s, 6H, -CH3); 4.31 (s, 
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2H, -CH2-); 7.40 (d, 2H, -CH-); 7.65 (d, 4H, -CH-); 7.69 (d, 2H, -CH-); 

8.06 (d, 4H, -CH-); 8.31 (s, 2H, -CH-) ppm. 

 

Synthesis of 4,4'-((9-dodecyl-carbazole-3,6-diyl)bis(ethyne-2,1-

diyl))dibenzoic acid (H2L4) 

 

Scheme 6.Synthesis of H2L4. 

Me L  (2.0 g, 3.07 mmol) was dissolved in THF (40 mL). Then, a 

saturated solution of LiOH (20 mL) was added and the mixture was 

stirred under reflux at 85 °C overnight. After the reaction, HCl 3 M 

(50 mL) was added to the crude to obtain a precipitate that was 

isolated through centrifugation. The solid was washed three times 

with H2O and acetone and dried under vacuum to yield H2L4 (yield: 

99 %). 1H-NMR (300 MHz, DMSO-d6): δ = 0.83 (t, 3H, -CH3); 1.22 (m, 

18H, -CH2-); 1.78 (t, 2H, -CH2-); 4.45 (s, 2H, -CH2-); 7.70 (d, 8H, -CH-

); 8.00 (d, 4H, -CH-); 8.54 (s, 2H, -CH-); 13.13 (s, 2H, -COOH) ppm. 

Synthesis of the parent octahedral microporous Rh-MOP: 

Rhodium acetate (20.0 mg, 0.04 mmol), Na2CO3 (24.0 mg, 0.23 

mmol), H2L1 (57.4 mg, 0.23 mmol) and 7 mL of DMA were added into 
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a 23 mL scintillation vial. The mixture was heated at 100°C for 48 h. 

A green solution was obtained and separated from the residual 

solids through centrifugation. The crude product was obtained by 

the addition of 10 mL of Et2O to the solution yielding a green solid, 

which was washed with methanol (three times, 10 mL) and dried at 

room temperature. Single crystals were obtained by preparing a 

DMA solution (2.5 mg/mL) and exposing it to Et2O vapor (Yield = 73 

%). 

Synthesis of the mixture of BCN- 3, BCN-  , BCN- 5 and BCN-

  : Rhodium acetate (20.0 mg, 0.04 mmol), Na2CO3 (24.0 mg, 0.23 

mmol), H2L2 (92.2 mg, 0.23 mmol) and 10 mL of DMA were added 

into a 23 mL scintillation vial. The mixture was heated at 85°C for 48 

h. A green solution was obtained and separated from the residual 

solids through centrifugation. The crude product was obtained by 

the addition of 30 mL of Et2O to the solution yielding a green solid. 

The product was washed with methanol (three times, 10 mL) and 

dried to obtain a mixture of BCN-13, BCN-14, BCN-15 and BCN-16. 

Isolation of BCN-13: A solution containing 2.5 mg of the crude 

mixture in 1 mL of DMA was prepared and exposed to methanol 

vapor. After four days, a green solid was obtained, consisting of a 

crystalline portion (A) and an amorphous portion (B). Both portions 

were re-suspended in methanol and allowed to settle. The 

crystalline fraction (A) settled faster than the amorphous portion 

and could be isolated. The crystals were washed three times with 

methanol (2 mL) and dried. Then, this solid A (2.5 mg, 0.41 μmol) 
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was again dissolved in DMA followed by the addition of 4-tert-

butylpyridine (0.72 μL, 4.92 μmol) and exposed to acetonitrile vapor 

to yield BCN-13 as red rhombic-shaped crystals. Crystals were 

collected by centrifugation, washed three times with methanol (2 

mL) and dried under open air for further characterization (Yield 

based on Rh = 2 %). 

Isolation of BCN-14: Amorphous solid B was washed three times 

with methanol (2 mL) and dried. Then, 2.5 mg of the green solid were 

dissolved in 1 mL of DMA and the solution was exposed to 

acetonitrile vapor. After 2 days, the recrystallization process yielded 

a light purple solution (C) and a solid (D). The purple solution was 

separated from the solid. The purple solution (C) was placed in an 

open vial for 12 h, which induced the evaporation of the acetonitrile 

and the colour change of the solution from purple to green. Then, a 

green solid was precipitated from solution (C) by the addition of 

Et2O. The solid was washed with methanol three times and dried at 

room temperature. After that, this solid (2.5 mg, 0.49 μmol) was 

dissolved in DMF followed by the addition of 4-tert-butylpyridine 

(0.72 μL, 4.92 μmol) and exposed to Et2O vapor to yield BCN-14 as 

red rhombic-shaped crystals. Crystals were collected by 

centrifugation, washed three times with methanol (2 mL) and dried 

under open air for further characterization. (Yield based on Rh = 36 

%) 

Isolation of BCN-15: Amorphous solid B was washed three times 

with methanol (2 mL) and dried. Then, 2.5 mg of the green solid were 
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dissolved in 1 mL of DMA and the solution was exposed to 

acetonitrile vapor. After 2 days, the recrystallization process yielded 

a light purple solution C and a solid D. Solid D was composed of 

crystalline material (E) and amorphous spheres (F). Addition of DMA 

(0.5 mL) into solid D led to the solubilization of the amorphous 

spheres F and the separation of E as rectangular-shaped single 

crystals to afford BCN-15. Crystals were collected by centrifugation, 

washed three times with methanol (2 mL) and dried under open air 

for further characterization. (Yield based on Rh = 20 %) 

Isolation of BCN-16: Amorphous solid B was washed three times 

with methanol (2 mL) and dried. Then, 2.5 mg of the green solid were 

dissolved in 1 mL of DMA and the solution was exposed to 

acetonitrile vapor. After 2 days, the recrystallization process yielded 

a light purple solution C and a solid D. Solid D was composed of 

crystalline material E and amorphous spheres F. Addition of DMA 

(0.5 mL) into solid D led to the solubilization of solid F. The green 

solution containing F was separated from the solid through 

centrifugation. The addition of Et2O to the solution yielded a green 

solid, that was washed three times with methanol (2 mL) and dried. 

Finally, 2.5 mg of the solid obtained were dissolved in 1 mL of DMA 

and the solution was exposed to acetonitrile vapor to afford BCN-16 

as rhombic-shaped single crystals. Crystals were collected by 

centrifugation, washed three times with methanol (2 mL) and dried 

under open air for further characterization. (Yield based on Rh = 32 

%) 
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Synthesis of BCN- 7: Rhodium acetate (10.0 mg, 0.02 mmol), 

Na2CO3 (12.0 mg, 0.11 mmol), H2L4 (56.3 mg, 0.11 mmol) and 10 mL 

of DMA were added into a 23 mL scintillation vial. The mixture was 

heated at 85°C for 48 h. Rectangular green single crystals were 

obtained and washed with DMA (10 mL) three times (Yield = 68 %). 

Prior to adsorption measurements the crystals were washed with a 

DMA solution of 1-heptyl-4-(4-pyridyl)pyridinium bromide (2 mL, 10 

mg/mL) yielding a red amorphous solid, followed by DMA:HCl 0.3M 

(1:1) washings until the sample turned out green again, finally it was 

washed with MeOH (5 mL, three times).  

Sample activation: All samples were activated using the following 

procedure: a solvent exchange with methanol was performed for 

one week on 45 mg of the sample. Finally, the solvent was removed 

through supercritical CO₂ drying.
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4. Giant oligomeric porous cage-based molecules 

4.1. Introduction 

The overwhelming majority of known porous materials are either 

small (<5 nm) discrete cages (i.e. coordination and covalent 

cages),[1–5] or infinite networks (i.e. MOFs and COFs).[6–9] The 

chemical and dimensional (between 5 nm and 20 nm) space 

between these two classes has not been largely explored, due to 

the inherent synthetic and analytical challenges (Figure 4.1).[10–12] 

Specifically, using bottom-up approaches to assemble large 

porous discrete cages is not trivial.[13] Another challenge lies in 

stopping the polymerisation reaction of extended networks at the 

oligomeric regime, which is not thermodynamically favoured, thus 

leading to polydisperse and metastable materials.[14,15] Moreover, 

the downsizing of crystalline porous networks below the 20 nm 

Figure 4.1. Illustrated scale of the regimes of reported porous materials.  
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threshold often entails the accumulation of defects that are 

detrimental to their characterisation and function.[16,17] 

To overcome these challenges, one can take inspiration from the 

stepwise synthesis of giant organic[18–22] and metal-organic[23–25] 

molecules, in which each growing step proceeds through 

thermodynamic control. In the case of porous materials, this 

strategy entails the oligomerization of single pore units into giant 

multi-pore molecules. Pioneer studies have shown the viability of 

the pore oligomerization approach by either interlocking[26–29] or 

linking a defined number of cages[30–32] into multi-cage molecules. 

However, to the best of our knowledge, the permanent porosity of 

these giant molecules has not yet been demonstrated. 

In this chapter we study the stepwise synthesis of permanently 

porous oligomeric molecules by the concatenation of a defined, 

finite number of MOCs or MOPs. The resultant giant oligomeric 

porous molecules potentially merge the properties that arise from 

linking pore-units (i.e. extrinsic porosity and inter-cavity 

cooperativity)[33,34] to the those typically observed in molecules, 

such as defined molecular weight, stoichiometric reactivity, and 

solubility in liquids, including water.[21,23,35] 

In our synthetic route to oligomeric porous molecules, the building 

blocks are robust Rh(II)-based MOPs (Rh-MOPs).[36] Rh-MOPs can 

have up to 24 covalent reactive sites on their external surfaces, 
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stemming from the 5-position of the BDC derivative used in their 

synthesis.[37] Consequently, the high connectivity of Rh-MOPs 

complicates the control of their polymerisation into well-defined 

oligomeric structures rather than extended networks.[38–41] To 

address this challenge, we aimed to create Rh-MOPs with only one 

reactive site on their surface. By employing protecting groups, we 

selectively masked the reactivity of 23 of the 24 reactive sites to 

yield 1-connected (1-c) Rh-MOPs.[42] Next, using orthogonal 

Figure 4.2. (Top) Schematic of the synthesis of 1-c MOPs terminated with 
azide or alkyne groups, and their subsequent linkage to other MOPs or 
clusters through click chemistry to form oligomeric porous dimeric, 
tetrameric or satellite-like molecules. (Bottom) Representative reaction 
schematic for the synthesis of giant, oligomeric, MOP-based molecules. 
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chemistry, we assembled these 1-c MOPs with other 1-c MOPs or 

with 4-c clusters or 24-c Rh-MOPs to yield giant oligomeric 

molecules of three types: dimeric, tetrameric, or satellite-like 

(Figure 4.2). 

4.2. Results and discussion 

4.2.1. Synthesis of 1-connected Rh-MOPs 

We began the synthesis of 1-c Rh-MOP from a Rh-MOP in which all 

of its 24 peripheral carboxylic acid groups were protected with 2-

(trimethylsilyl)ethanol (TSE) groups. Selective cleavage of a single 

TSE group was achieved by treating the fully protected Rh-MOP 

with 1.5 equivalents (per MOP) of the deprotecting agent 

Figure 4.3. MALDI-TOF spectrum of (COOH)1-RhMOP in DMF. The 
highlighted mass corresponds to the molecular formula of [(COOTSE-
BDC)23(BTC)1Rh24+H+]+·2H2O. Expected m/z = 9776 g mol-1; found m/z = 
9770 g mol-1.  b) UV-Vis spectrum of (COOH)1-RhMOP in DMF with a 
concentration of 0.2 mM. 
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tetrabutylammonium fluoride (TBAF). This reaction afforded a new 

Rh-MOP species bearing only one accessible surface carboxylic 

acid group, with the molecular formula (COOTSE-

BDC)23(BTC)1Rh24, where BTC = 1,3,5-benzenetricarboxylate and 

COOTSE-BDC = 5-((2-(trimethylsilyl)ethoxy)carbonyl)-1,3-

benzenedicarboxylate). The integrity and composition of the 

resulting mono-carboxylated Rh-MOP (hereafter, (COOH)1-

RhMOP) were confirmed by matrix-assisted laser 

desorption/ionisation Time-of-Flight (MALDI-TOF) mass 

spectrometry, which displayed a peak centered at 9770 m/z, 

consistent with the expected molecular formula of [(COOTSE-

BDC)₂₃(BTC)₁Rh₂₄ + H⁺]⁺·2H₂O (calculated mass: 9776 g mol⁻¹) 

(Figure 4.3a). Furthermore, the integrity of the Rh(II)-Rh(II) 

paddlewheel was confirmed through UV-Vis spectroscopy of a 

DMF solution containing the (COOH)1-RhMOP. The characteristic 

band that corresponds to the Band I of Rh(II)-Rh(II) paddlewheel is 

centred at 595 nm (Figure 4.3b). 

Analysis of the 1H-NMR spectrum of (COOH)1-RhMOP 

demonstrated the absence of free ligand, with the presence of only 

broad bands ascribed to the MOP entity (Figure 4.4a). Additionally, 
1H-NMR analysis of acid-digested (COOH)1-RhMOP confirmed the 

expected ratio between the aromatic and the 
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Figure 4.4. a) 1H-NMR (500 MHz, 25ºC) spectrum of (COOH)1-RhMOP 
in CDCl3.  b) 1H-NMR (300 MHz, 25ºC) spectrum of (COOH)1-RhMOP 
digested in DMSO-d6 under acidic conditions (DCl 20 %, 100 ºC, 2 h). 
Note that in both spectra the relative integrations of the protons 
ascribed to the MOP core (a) and the aliphatic signals form the COOTSE 
group (b,c and d) correspond to the expected value for the proposed 
formula; that is, for each MOP core (24 COOTSE-BDC ligands: 72 
aromatic protons a), there are 23 TSE protecting groups (46 protons b 
and c and 207 protons d). 
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aliphatic protons of the protected ligand, further verifying the 

removal of a single TSE group (Figure 4.4b).  

Finally, diffusion-ordered spectroscopy (DOSY) NMR analysis of 

(COOH)1-RhMOP in CDCl3 revealed the same diffusion coefficient 

(1.9 × 10−10 m2 s−1) for both aliphatic and aromatic signals, 

confirming that the product retained 23 of the original 24 TSE 

groups (Figure 4.5).  

To confer (COOH)1-RhMOP with the orthogonal reactivity required 

to oligomerise it with additional MOPs, we functionalised its 

Figure 4.5. DOSY-NMR (300 MHz, 25ºC) spectrum of (COOH)1-RhMOP 
in CDCl3. The same diffusion coefficient (D = 1,9 · 10-10 m2·s-1) is 
identified for the aromatic signals and the aliphatic signals that 
correspond to the TMS. The diffusion coefficient of the CHCl3 (D = 2.3 
· 10-9 m2·s-1) was used as internal reference.  
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surface with a single polyethylene glycol (PEG) chain terminated 

with either alkyne or azide group. Thus, (COOH)1-RhMOP was 

reacted with a PEG chain terminated at one end with a primary 

amine (for coupling to the surface carboxylic acid), and at the other 

end, with either an alkyne or azide moiety (for the oligomerisation). 

The coupling reactions between (COOH)1-RhMOP and either NH2-

PEG38-N3 or NH2-PEG38-alkyne proceeded homogenously in DMF, 

using 1-hydroxybenzotriazole (HOBt), 2-(1H-benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and 

N,N-diisopropylethylamine (DIPEA) as coupling agents.  

These reactions yielded two distinct MOPs derivatives, each 

bearing a single PEG chain attached at its surface: azide-

terminated (COOTSE-BDC)23(N3-PEG38-BDC)Rh24 (hereafter, (N3)1-

RhMOP) and the alkyne-terminated (COOTSE-BDC)23(alkyne-

PEG38-BDC)Rh24 (hereafter, (alkyne)1-RhMOP). Successful 

coupling of a single functionalised PEG chain was confirmed by 

MALDI-TOF mass spectrometry, which showed the expected 

molecular masses: 11540 m/z for (N3)1-RhMOP) and 11521 m/z for 

(alkyne)1-RhMOP (Figure 4.6a and b, respectively). These values 

are in agreement with the calculated molecular weights of 11544 

± 480 g mol⁻¹ and 11521 ± 370 g mol⁻¹, respectively. 

The structural integrity of the Rh(II)-Rh(II) paddlewheel was 

preserved post-functionalisation, as confirmed by UV-Vis 
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Figure 4.6. a,b) MALDI-TOF spectra of (N3)1-RhMOP in DMF (a), the 
highlighted mass corresponds to the molecular formula of [(TMS-
bdc)23((N3)-PEG39-carbamoyl-bdc)1Rh24+H+]+, expected molecular weight 
11,544 g mol-1 and found molecular weight 11,540 g mol-1, and  of (alkyne)1-
RhMOP (b) in DMF, the highlighted mass corresponds to the molecular 
formula of [(TMS-bdc)23(alkyne-PEG39-carbamoyl-bdc)1Rh24+H+]+, 
expected molecular weight 11,521 g mol-1 and found molecular weight 
11,521 g mol-1. c,d) UV-Vis spectra of (N3)1-RhMOP (c) and (alkyne)1-
RhMOP (d) in DMF with a concentration of 0.2 mM.  
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spectroscopy, which exhibited the characteristic band at 595 nm 

in both cases (Figure 4.6c and d). The absence of shifts in this band 

also indicated complete removal of residual N-donor coupling 

agents. DOSY NMR analysis further validated the successful 

surface functionalisation, revealing a single diffusion coefficient 

for both MOP core and PEG chain in (N3)1-RhMOP (1.8 × 10⁻¹⁰ m² 

s⁻¹) and (alkyne)1-RhMOP (1.7 × 10⁻¹⁰ m² s⁻¹) (Figure 4.7 a and b). 

¹H NMR spectra of both (N3)1-RhMOP and (alkyne)1-RhMOP 

confirmed the absence of free ligand, indicating structural stability 

(Figure 4.8). Acid-digested ¹H NMR spectra further supported the 

formation of a single amide bond per MOP unit, as evidenced by 

the appearance of two peaks attributed to the amide-

Figure 4.7. DOSY-NMR (300 MHz, 25ºC) spectra of (N3)1-RhMOP (a) and 
(alkyne)1-RhMOP (b) in CDCl3. The same diffusion coefficient (D ≈ 1.8 · 10-

10 m2·s-1 for (N3)1-RhMOP and D ≈ 1.7 · 10-10 m2·s-1 for (alkyne)1-RhMOP) is 
identified for the aromatic signals of the core of the Rh-MOP and the 
aliphatic signals from the COOTSE groups and the ones from the PEG, 
which evidences that all belong to the same molecule. The diffusion 
coefficient of the residual CHCl3 (D ≈ 2.3 · 10-9 m2·s-1) was used as internal 
reference.  
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Figure 4.8. 1H-NMR spectra (300 MHz, 25ºC) of (N3)1-RhMOP 
(a) and (alkyne)1-RhMOP (b) in CDCl3. Note that the relative 
integrations of the protons ascribed to the MOP core (a) and 
the and the aliphatic signals form the PEG chain (c) and TSE 
protecting group (b and e) correspond to the expected value 
for the proposed formula; that is, for each MOP core (24 
COOTSE-BDC ligands with 72 aromatic protons a), there are 
23 TSE protecting groups (46 protons b and 207 protons e) 
and a single PEG chain with ca. 156 aliphatic protons c. 
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functionalised aromatic ligand (Figure 4.9). The ratio between 

PEG-functionalised BDC and COOTSE-BDC was confirmed to be 

1:23 in both derivatives.  

Interestingly, the remaining 23 TSE-protected carboxylic acid 

groups on the surface of (N3)1-RhMOP) and (alkyne)1-RhMOP could 

Figure 4.9. 1H-NMR spectrum (500 MHz, 25ºC) of the digested (N3)1-RhMOP 
(a) and (alkyne)1-RhMOP (b) in MeOD under acidic conditions (DCl 2%, 65ºC, 
overnight). The appearance of the new aromatic signals (b and c) confirms 
the formation of the amide bond. The analysis of the relative integrations in 
the spectrum of the digested sample confirm the expected ratio of COOTSE-
BDC:PEG-functionalized ligand of 23:1. Note that the peaks at 4.27, 1.07 and 
0.13 ppm (protons d, f and g respectively) could not be integrated due to the 
hydrolysis of the COOTSE ester under the acidic MeOD conditions employed 
for the digestion. Proton a was employed to determine the ligand ratio. 
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be quantitatively deprotected by treating them with an excess of 

TBAF. The removal of TSE groups was confirmed by a decrease in 

molecular weight observed in the MALDI-TOF spectra of the 

deprotected MOPs (Figure 4.10). Additionally, ¹H NMR spectra of 

the deprotected compounds showed complete disappearance of 

TSE-related signals, with only aromatic and PEG resonances 

remaining (Figure 4.11a and b), all sharing a consistent diffusion 

coefficient as demonstrated by DOSY-NMR (Figure 4.11c and d). 

Importantly, the amide linkage between the MOP core and the PEG 

chain was maintained after deprotection, as evidenced by the 

presence of two characteristic peaks at 8.71 and 8.77 ppm in the 

acid-digested ¹H NMR spectra (Figure 4.12). 

Figure 4.10. a) MALDI-TOF spectrum of the deprotected (N3)1-RhMOP in 
basic H2O. The highlighted mass corresponds to the molecular formula 
of [(COONa-BDC)23((N3)-PEG38-BDC)1Rh24-Na+]-. Expected m/z = 9726 ± 
370 g mol-1; found m/z = 9724 g mol-1. b) MALDI-TOF spectrum of the 
deprotected (Alkyne)1-RhMOP in basic H2O. The highlighted mass 
corresponds to the molecular formula of [(COONa-BDC)23(Alkyne-PEG38-
BDC)1Rh24-Na+]-. Expected m/z = 9706 ± 480 g mol-1; found m/z = 9712 g 
mol-1.   
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Figure 4.11. a,b) 1H-NMR spectrum (300 MHz, 25ºC) of the 
deprotected (N3)1-RhMOP (a) and (alkyne)1-RhMOP (b) in basic 
D2O (pD ≈ 12). The relative integrations of the protons ascribed to 
the MOP core (a-d) and the aliphatic signals form the PEG chain (e) 
correspond to the expected value for the proposed formula; that 
is, for each MOP core (24 functionalized BDC ligands with 72 
aromatic protons a-d), there is a single PEG chain with ca. 156 
aliphatic protons e. c,d) DOSY-NMR (300 MHz, 25ºC) spectra of 
the deprotected (N3)1-RhMOP (c) and deprotected (alkyne)1-
RhMOP (d) in D2O (pD ≈ 12). The same diffusion coefficient (D ≈ 6.6 
· 10-10 m2·s-1 for deprotected (N3)1-RhMOP and D ≈ 6.9 · 10-10 m2·s-1 
for deprotected (alkyne)1-RhMOP) is identified for the aromatic 
signals that correspond to the MOP and for the PEG, 
demonstrating that all belongs to the same molecular entity. The 
diffusion coefficient of the remaining H2O (D ≈ 2.3 · 10-9 m2·s-1) was 
used as internal reference. 
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Figure 4.12. 1H-NMR spectra (500 MHz, 25ºC) of the digested 
deprotected (N3)1-RhMOP (a) and deprotected (alkyne)1-RhMOP (b) in 
MeOD under acidic conditions (DCl 2%, 65 ºC, overnight). The analysis of 
the relative integrations in the spectrum of the digested sample confirms 
the expected ratio of BTC:PEG-functionalized ligand of 23:1. 
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Finally, UV-Vis spectroscopy confirmed the preservation of the 

Rh(II)-Rh(II) paddlewheel motif after deprotection, with the 

characteristic absorption band remaining centred at 595 nm in 

both compounds (Figure 4.13). 

4.2.1.1. Control experiments  

To corroborate the synthesis of pure (COOH)1-RhMOP and the 

derived mono-PEGylated compounds, we performed a control 

experiment consisting of reacting (COOH)1-RhMOP (obtained by 

treating a TSE-protected Rh-MOP with 1.5 mol eq. of TBAF) with an 

excess amount of NH2-PEG38-N3 (5 mol. eq. per Rh-MOP). The 

product obtained from this reaction was analysed through MALDI-

Figure 4.13. UV-Vis spectra of the deprotected (N3)1-RhMOP (a) and 
deprotected (alkyne)1-RhMOP (b) in DMF with a concentration of 0.2 mM. 
λmax is centered at 595 nm, confirming that the Rh(II) paddlewheel is 
maintained and that there is not remaining coordinated N-containing 
reactants (i.e. NH2-PEG38-alkyne). 
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TOF mass spectrometry, showing only the peak corresponding to 

(N3)1-RhMOP that contains one attached PEG chain on the MOP 

surface (Figure 4.14).  

To ensure that the presence of more reactive carboxylic groups in 

the surface of the MOP would imply the attachment of a higher 

number of polymeric chains, TSE-protected Rh-MOP was treated 

with 3 and 5 mol. eq. of TBAF and subsequently reacted with 5 mol. 

eq. of NH2-PEG38-N3. MALDI-TOF mass spectrometry analysis 

Figure 4.14. MALDI-TOF spectra comparison between (N3)1-RhMOP 
obtained through the reaction of (COOH)1-RhMOP with 2 mol. eqs. of 
NH2-PEG38-N3 (green, top) or 5 mol. eqs. of NH2-PEG38-N3 (black, 
bottom). 
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demonstrated the synthesis of a distribution of PEGylated Rh-

MOP, with up to three polymeric chains attached (Figure 4.15).  

These results collectively confirm the successful synthesis of pure 

(COOH)1-RhMOP. If additional reactive carboxylic acid groups 

were present on the MOP surface, a distribution of PEGylated 

species would have been observed under excess NH₂-PEG₃₈-N₃, 

as evidenced in the control experiments. 

Figure 4.15. MALDI-TOF spectra of the products obtained after 
reacting 5 mol. eq. of NH2-PEG38-N3 with TSE-protected Rh-MOPs 
treated with 3 mol. eq. of TBAF (black, bottom) and 5 mol. eq. of TBAF 
(green, top). 
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4.2.2. Synthesis of dimeric MOP-based supramolecule 

Once 1-c MOPs were synthesised and characterised, we targeted 

the synthesis of a dimeric MOP-based molecule (hereafter, MOP-

dimer), by coupling (N3)1-RhMOP to (alkyne)1-RhMOP through a 

copper(I)-catalysed, azide–alkyne cycloaddition (CuAAC) click 

reaction.[43] To this end, both MOPs were reacted under 

homogenous conditions in a mixture of CH2Cl2/DMF (1:1), using 

copper sulphate and sodium ascorbate as catalysts, to afford the 

corresponding crude products as a green solid. To facilitate the 

purification of the MOP-dimer, all surface TSE protecting groups 

were cleaved, which yielded a dimeric MOP in which each MOP 

unit had 23 available carboxylic acid groups. Next, the MOP-dimer 

was purified through successive washing with 0.3 M HCl and basic 

MeOH, in which the dimer is insoluble, but the catalyst and 

unreacted precursors are soluble. The obtained purified product 

exhibited pH-dependent aqueous solubility, which we ascribed to 

the presence of up to 46 available carboxylic groups. Once 

deprotonated, the carboxylate groups imparted negative charge to 

the resulting MOP-dimer, as confirmed by Z-potential 

measurements performed in basic water (pH = 12), which revealed 

a value of– 48.5 ± 6.9 mV for the MOP-dimer (Figure 4.16a).  

To verify the structural integrity of the MOP-dimer following the 

CuAAC reaction and subsequent deprotection, UV-Vis 

spectroscopy was performed in DMF (Figure 4.16b). The 
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absorption band centred at 596 nm indicated preservation of the 

Rh(II)-Rh(II) paddlewheel unit.  

Further characterisation by ¹H NMR in basic D₂O confirmed the 

structural integrity of the dimer. The spectrum displayed broad 

signals characteristic of the intact MOP scaffold, with no 

detectable free ligand. Due to the chemical similarity between the 

MOP-dimer and the deprotected precursors, significant 

differences in chemical shifts were not observed (Figure 4.17a). 

Remarkably, an increase in size could be confirmed by DOSY-NMR, 

with a decrease in the diffusion coefficient from the deprotected 

1-c MOP precursors (6.6 × 10−10 m2 s−1 and 6.9 × 10−10 m2 s−1) to the 

MOP-dimer (6.2 × 10−10 m2 s−1) (Figure 4.17b).[44] Analogously, 

Figure 4.16. a) Z-potential distribution of MOP-dimer in basic water H2O 
(pH = 12). b) UV-Vis spectrum of MOP-dimer in DMF with a concentration 
of 0.2 mM. λmax is centered at 596 nm, confirming that the Rh(II) 
paddlewheel is maintained and that it is not coordinated to N-containing 
reagents (i. e. i.e. NH2-PEG38-Alkyne) or the triazole moiety present in the 
product. 
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dynamic light scattering (DLS) measurements revealed that the 

Figure 4.17. a) 1H-NMR spectrum (300 MHz, 25ºC) of MOP-dimer in D2O 
(pD ≈ 12). Note that under basic conditions the surface carboxylic groups 
are deprotonated affording solubility in water. The relative integrations of 
the protons ascribed to the MOP core (a-d) and the aliphatic signals form 
the PEG chain (e) correspond to the expected value for the proposed 
formula; that is, for each dimer, there are 2 MOPs with 144 aromatic 
protons (a-d) and a single PEG chain linking them with ca. 312 aliphatic 
protons (e). b) DOSY-NMR (300 MHz, 25ºC) spectrum of the MOP-dimer 
in basic D2O (pD ≈ 12). The same diffusion coefficient (D ≈ 6.2· 10-10 m2·s-

1) is identified for the aromatic signals that correspond to the MOP and for 
the PEG, demonstrating that all belongs to the same molecule. The 
diffusion coefficient of the residual H2O (D ≈ 2.3 · 10-9 m2·s-1) was used as 
internal reference. c) DLS spectra of MOP-dimer (blue), deprotected 
(N3)1-RhMOP (orange) and deprotected (alkyne)1-RhMOP (green) in basic 
H2O (pH ≈ 12) at a concentration of 0.3 mM. 
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molecule size in solution had increased from that of the 

deprotected (N3)1-RhMOP (2.6 ± 0.2 nm) or the deprotected 

(alkyne)1-RhMOP (2.3 ± 0.3 nm), to that of the MOP-dimer (6.3 ± 1.1 

nm) (Figure 4.17c). 

The successful dimerization of two different MOPs was finally 

evidenced by MALDI-TOF. The spectrum exhibited a single broad 

peak centred at 18538 m/z, in good agreement with the expected 

mass (18539 ± 850 g mol−1) for the MOP-dimer having a molecular 

formula of [(COOH-BDC)46(BDC-PEG38-1H-1,2,3-triazol-4-yl-

PEG38-BDC)1Rh48-H+]-DMF (Figure 4.18).  

To further confirm that the two MOPs in MOP-dimer were linked 

through a covalent bond (i.e. the triazole ring formed upon the 

Figure 4.18. MALDI-TOF spectrum of MOP-dimer in DMF. The highlighted 
mass corresponds to the molecular formula of [(COOH-BDC)46(BDC-PEG38-
1H-1,2,3-triazol-4-yl-PEG38-BDC)1Rh48-H+]-·DMF. Expected m/z = 18539 ± 850 
g mol-1; found m/z = 18538 g mol-1. 
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CuAAC reaction) and not simply entangled through 

supramolecular PEG-MOP interactions, we submitted it to acid 

digestion and then, analysed the resultant ligands through 1H-NMR 

(Figure 4.19). The spectrum of the isolated PEG linker clearly 

showed a new peak at 8.11 ppm, which can be ascribed to the 

proton of the expected triazole ring. Further analysis of the relative 

integration of the triazole ring and the aromatic core belonging to 

the Rh-MOP confirmed that every 1-c Rh-MOP was linked through 

a triazole ring.  

Figure 4.19. 1H-NMR spectrum (500 MHz, 25ºC) of the digested MOP-
dimer in MeOD under acidic conditions (DCl 2 %, 65º C, overnight). The 
appearance of a singlet at 8.11 ppm (proton d) confirms the formation of 
the triazole ring. The acidic digestion of the dimer should release 46 
trimesic ligands (138 protons) and one molecule consisting of two 
functionalized BDC linkers bridged by a PEG chain (ca. 312 aliphatic 
protons). The analysis of the relative integrations in the spectrum of the 
digested sample confirms the expected ratio of BTC ligand:bridged 
functionalized BDC ligand of 46:1. 
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To further validate the assignment of the 8.11 ppm signal, a model 

CuAAC reaction was conducted between NH₂-PEG₃₈-N₃ and NH₂-

PEG₃₈-alkyne. The resulting product exhibited the same 

characteristic 8.11 ppm signal in the ¹H NMR spectrum (Figure 

4.20a). Additionally, a 1H-13C HSQC experiment revealed that this 

Figure 4.20. a) 1H-NMR spectrum (500 MHz, 25ºC) of the digested 
product in MeOD under acidic conditions (DCl 2 %, 65º C, overnight) 
obtained after a blank click reaction between NH2-PEG38-(N3) and 
NH2-PEG38-alkyne. A singlet appearing at 8.11 ppm can be ascribed to 
the triazole ring (a), as in the case of the spectrum of the digested MOP 
– dimer. b) 1H-13C- HSQC spectrum (500 MHz, 25ºC) of the product 
obtained after a blank click reaction. 
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proton correlates with a carbon signal at 124 ppm, which is 

consistent with the expected chemical shift for an aromatic 

carbon of a 1,2,3-triazole ring (Figure 4.20b). Collectively, these 

results confirm that the two 1-c MOP units were successfully and 

selectively dimerized through a single triazole linkage. This 

outcome demonstrates the efficacy of a strategy based on 

controlling the number of reactive sites on the MOP surface and 

exploiting orthogonal click chemistry to direct the assembly of 

well-defined multimeric architectures.  

4.2.3. Increasing the connectivity in the synthesis of 

oligomeric MOP-based supramolecules 

4.2.3.1. MOP-tetramer 

Having confirmed the viability of the MOP oligomerisation, we next 

targeted oligomeric structures having a higher number of MOP 

units. We began by synthesising a tetrameric structure in which 

four 1-c MOPs are linked to a single 4-c node that comprises a 

dirhodium paddlewheel unit.  

The synthesis began with the preparation of the 4-c core, for which 

we employed the reported Rh2(BDC)4 cluster.[45] This complex 

features four available carboxylic acid groups, which were used to 

couple four alkyne-terminated NH2-PEG6-alkyne chains via amide 

bonds formation, yielding Rh2(PEG6-alkyne)4 (Figure 4.21a). The 

successful obtention of the alkyne product was first
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Figure 4.21. a) 1H-NMR spectrum (300 MHz, 25ºC) of the 4-
c Rh2(PEG6-alkyne)4 cluster in MeOD. The correct ratio 
between the aromatic and the aliphatic signals confirms the 
successful attachment of four NH2-PEG6-alkyne chains to 
the Rh2BDC4 cluster. b) DOSY-NMR (300 MHz, 25ºC) 
spectrum of the 4-c Rh2(PEG6-alkyne)4 cluster in MeOD. The 
same diffusion coefficient (D ≈ 3.1· 10-10 m2·s-1) is assigned 
for the aromatic and aliphatic protons, demonstrating that 
all belongs to the same molecule. The diffusion coefficient 
of the residual MeOH (D ≈ 2.4 · 10-9 m2·s-1) was used as 
internal reference. 
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evidenced by 1H-NMR in which the signals corresponding to the 

polymeric chain can be observed, indeed the integration of all the 

signals demonstrates that the 4 PEG chains have been attached 

(Figure 4.21a). Furthermore, DOSY-NMR shows that aromatic and 

the aliphatic signals have the same diffusion coefficient, D ≈ 

3.1·10-10 m2·s-1, thus suggesting that all belongs to the same entity 

(Figure 4.21b). 

UV-Vis spectroscopy of the synthesised 4-c alkyne cluster in DMF 

displayed the expected absorption band centred at 585 nm, 

    

Figure 4.22. a) UV-Vis spectrum of the 4-c Rh2(PEG6-alkyne)4 cluster in 
DMF with a concentration of 1.6 mM. λmax is centred at 585 nm, confirming 
that the Rh(II) paddlewheel is maintained and that is not coordinated to 
remaining N-containing reactants (i.e. NH2-PEG6-alkyne). b) MALDI-TOF 
spectrum of the 4-c Rh2(PEG6-alkyne)4 cluster in MeOH. The highlighted 
mass corresponds to the molecular formula of [(alkyne-PEG6-BDC)4Rh2 + 
H+]+·H2O. Expected: m/z = 2090; Found: m/z = 2096. The second peak at 
2073 m/z corresponds to the loss of a water molecule (expected: m/z = 
2072) whereas the peak centred at 2112 m/z corresponds to addition of 
a second water molecule (expected: m/z = 2108). 
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consistent with the preserved Rh(II) paddlewheel and absence of 

coordination with residual amine-containing precursors (Figure 

4.22a). MALDI-TOF mass spectrometry confirmed the formation of 

the desired species, with a peak centred at 2073 m/z, 

corresponding to the molecular formula [(alkyne-PEG6-BDC)4Rh2 + 

H⁺]⁺ (calculated mass: 2072 g mol-1). Additional peaks at 2090 and 

2108 m/z were attributed to the addition of one and two water 

molecules, respectively (Figure 4.22b). 

 With the central 4-c node in hand, we proceed to synthesise the 

tetrameric MOP-based molecule by coupling it to 1-c MOP. 

Therefore, (N3)1-RhMOP (10 mol. eq.) was reacted with the 

synthesised alkyne-functionalised 4-c cluster in a mixture of 

CH2Cl2/DMF (1:1), using copper sulphate and sodium ascorbate 

as CuAAC catalysts. The reaction proceeded homogenously and, 

after 48 hours, it was quenched by extracting the crude reaction 

with 0.3 M HCl and water to remove the catalysts. The remaining 

organic solvent was removed in vacuo, and the resultant crude 

product was treated with TBAF to deprotect all the carboxylic acid 

groups present in the mixture. To purify the carboxylic acid-

functionalised tetramer (hereafter, MOP-tetramer) from any 

unreacted 4-c cluster or (N3)1-RhMOP, the crude product was 

dissolved in basic water, and then filtered using a centrifugal filter 

with a molecular weight cut-off of 30 kDa. The MOP-tetramer was 
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retained, whereas the smaller 4-c cluster and (N3)1-RhMOP passed 

through the filter. As observed for the MOP-dimer, the pH-

dependent aqueous solubility was ascribed to the presence of the 

available carboxylic groups that once deprotonated imparted 

negative charge to the resulting structures, as confirmed by Z-

potential measurements performed in basic water (pH = 12), 

which revealed a value of -50.3 ± 3.2 mV (Figure 4.23a).  

To verify the structural integrity of the MOP-tetramer after the click 

reaction and deprotection steps, a UV-Vis spectrum in DMF was 

recorded. The absorption band at 595 nm confirmed that the Rh(II) 

paddlewheel architecture remained intact (Figure 4.23b).  

Figure 4.23. a Z-potential distribution of MOP-tetramer in basic water (pH 
= 12). b) UV-Vis spectrum of MOP-tetramer in DMF with a concentration 
of 0.1 mM. λmax is centered at 595 nm, confirming that the Rh(II) 
paddlewheel is maintained and that it is not coordinated to the triazole 
group present in the product. 
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MALDI-TOF mass spectrometry further validated the formation of 

the tetramer, with a broad peak centred at 39027 m/z, in 

agreement with the calculated mass of 39047 ± 1480 g mol-1 for a 

MOP-tetramer bearing the molecular formula [[(COOH-

BDC)23(BDC-PEG38-1H-1,2,3-triazol-4-yl-PEG6-BDC)1Rh24]4Rh2 + 

H⁺]⁺ (Figure 4.24). 

Moreover, the 1H-NMR spectrum of MOP-tetramer in basic D2O 

confirmed the expected ratio of aliphatic PEG protons to aromatic 

protons in the 1-c MOP and the 4-c cluster, which had the same 

diffusion coefficient of 5.5 · 10−10m2s−1 (Figure 4.25a and b, 

respectively). Importantly, the higher oligomeric degree of MOP-

tetramer compared to MOP-dimer was corroborated by its lower 

diffusion coefficient (5.5·10−10
 m2 s−1 vs. 6.2·10−10 m2 s−1)

Figure 4.24. MALDI-TOF spectrum of the MOP-tetramer in DMF. The 
highlighted mass corresponds to the molecular formula of [[(COOH-
BDC)23(BDC-PEG38-1H-1,2,3-triazol-4-yl-PEG6-BDC)1Rh24)]4Rh2-H+]-. 
Expected: m/z = 39047 ± 1480 g mol-1; found: m/z = 39027 g mol-1. 
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Figure 4.25. a) 1H-NMR spectrum (300 MHz, 25ºC) of the 
MOP-tetramer in basic D2O (pD ≈ 12). Note that, under basic 
conditions, the surface carboxylic groups are deprotonated 
affording solubility in water. The relative integrations of the 
protons ascribed to the MOP core and the 4-c cluster (a-g) 
and the aliphatic signals form the PEG chain (h) correspond 
to the expected value for the proposed formula; that is, for 
each MOP-tetramer, there are 4 MOPs and 1 4-c cluster that 
contribute with 304 aromatic protons (a-g) and four PEG 
chains with up to 736 aliphatic protons (h). b) DOSY-NMR 
(300 MHz, 25ºC) spectrum of MOP-tetramer in basic D2O (pD 
≈ 12). The same diffusion coefficient (D ≈ 5.5· 10-10 m2·s-1) is 
identified for the aromatic signals that correspond to the 
MOP and for the PEG, demonstrating that all belongs to the 
same molecule. The diffusion coefficient of the residual H2O 
(D ≈ 2.3 · 10-9 m2·s-1) was used as internal reference.  c)  DLS 
spectrum of MOP-tetramer in basic H2O (pH ≈ 12) at a 
concentration of 0.3 mM. The average diameter was found to 
be 7.2 ± 0.6 nm. 
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and by its greater particle-size (7.2 ± 0.6 nm vs. 6.3 ± 1.1 nm), as 

revealed by DOSY NMR and DLS measurements, respectively 

(Figure 4.25c).  

4.2.3.2. MOP-satellite 

Finally, to further extend the oligomeric degree of this family of 

MOP-based giant molecules, we sought to prepare a highly 

connected node. We reasoned that such a node could be 

synthesised from a cuboctahedral Rh-MOP, which can contain up 

to 24 reactive sites on its surface. Thus, a 24-c node was 

synthesised using a Rh-MOP with all its carboxylic acid groups 

available (hereafter, COOH24-RhMOP). This entailed attaching 24 

NH2PEG6-alkyne chains, via amide-coupling chemistry, onto the 

surface of the COOH24-RhMOP to afford a 24-c node (hereafter, 

(alkyne)24-RhMOP). The successful reaction was first evidenced by 
1H-NMR in which broad signals corresponding to the PEG chains 

appeared with the expected ratio for a MOP with 24 chains 

attached (Figure 4.26a). Furthermore, DOSY NMR demonstrates 

that all the signals correspond to the same entity, since they have 

the same diffusion coefficient, D ≈ 1.7 · 10-10 m2 s-1 (Figure 4.26b). 

Additionally, acidic digestion of (alkyne)24-RhMOP demonstrates 

the full conversion of all the carboxylic groups into amide bonds, 

and therefore the complete functionalization (Figure 4.26c). 
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Figure 4.26. a) 1H-NMR spectrum (300 MHz, 25ºC) of (alkyne)24-RhMOP 
in CDCl3. The relative integrations of the protons ascribed to the MOP 
core (a and b) and the aliphatic signals form the PEG chain (c) correspond 
to the expected value for the proposed formula; that is, for each 
(alkyne)24-RhMOP, there are 72 aromatic protons (a and b) and ca. 576 
aliphatic protons from the PEG chains (c). b) DOSY-NMR (300 MHz, 25ºC) 
spectrum of (alkyne)24-RhMOP in CDCl3. The same diffusion coefficient 
(D ≈ 1.7· 10-10 m2·s-1) is identified for the aromatic signals that correspond 
to the MOP core and for the PEG chains, demonstrating that they belong 
to the same molecule. The diffusion coefficient of the residual CHCl3 (D 
≈ 2.3 · 10-9 m2·s-1) was used as internal reference. c) 1H-NMR spectrum 
(300 MHz, 25ºC) of (alkyne)24-RhMOP digested in DMSO-d6 under acidic 
conditions (DCl 20%, 100 ºC, 2 hours). Signals a and b confirm the 
formation of the amide bond, and the correct ratio between all the signals 
evidences the quantitative reaction. Note that the alkyne proton cannot 
be assigned due to its overlapping with solvent signals. 
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MALDI-TOF mass spectroscopy further corroborates the formation 

of (alkyne)24-RhMOP with a signal centred at 15409 m/z, which 

corresponds to the molecular formula of [(alkyne-PEG6-

BDC)24Rh24+H+]+ (expected mass 15408 g/mol) (Figure 4.27a). UV-

Vis spectroscopy showed a band centred at 594 nm, confirming 

that the Rh(II) paddlewheel is maintained and that there is not 

remaining N-coordinated reactants (i.e. NH2-PEG6-alkyne, HOBt, 

HBTU, DIPEA) (Figure 4.27b). 

Next, 24-c (alkyne)24RhMOP was reacted with an excess of 1-c 

(N3)1-RhMOP (240 mol eq. per (alkyne)24-RhMOP) in a CuAAC click 

reaction to yield a satellite-like, MOP-based, giant molecule. The 

Figure 4.27. a) MALDI-TOF spectrum of (alkyne)24-RhMOP in CHCl3. The 
highlighted mass corresponds to the molecular formula of [(alkyne-PEG6-
BDC)24Rh24 + H+]+. Expected m/z = 15408 g mol-1; found m/z = 15409 g mol-

1. b) UV-Vis spectrum of (alkyne)24-RhMOP in DMF with a concentration of 
2.2 mM. λmax is centered at 594 nm, confirming that the Rh(II) 
paddlewheel is maintained and that there is not remaining N-
coordinated reactants (i.e. NH2-PEG6-alkyne, HOBt, HBTU, DIPEA). 
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reaction proceeded homogenously in a mixture of CH2Cl2/DMF 

(1:1), using the same CuAAC catalysts as in the previous 

oligomerization reactions with the addition of 

tris(hydroxypropyltriazolylmethyl)amine (THPTA), for up to 14 days. 

Note that the chelating agent THPTA was used to avoid 

deactivation of the catalyst over the long reaction time.[46,47] The 

solvent was removed in vacuo to afford the crude product, which 

was then treated with TBAF to yield a deprotected, satellite-like 

molecule (hereafter, MOP-satellite) in which all the peripheral 

MOPs contained 23 surface carboxylic acid groups available for 

further reactions. MOP-satellite is soluble in basic water due to the 

presence of surface available COOH groups and could be 

Figure 4.28. a) Z-potential distribution of MOP-satellite in basic water 
H2O (pH = 12). b) UV-Vis spectrum of MOP-satellite in DMF with a 
concentration of 3.4·10-2 mM. λmax is centered at 595 nm, confirming that 
the Rh(II) paddlewheel is maintained and that it is not coordinated to N-
containing reagents (i. e. THPTA) or the triazole moiety present in the 
product. 
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separated from unreacted (N3)1-RhMOPs using a centrifugal filter 

with a molecular weight cut-off of 50 kDa.  Negative surface charge 

in basic water and Rh(II) paddlewheel integrity were confirmed 

through Z-potential and UV-Vis spectrometry, respectively (Figure 

4.28a and b, respectively).  

The isolated, purified MOP-satellite was then analysed through 

mass spectrometry, which revealed a peak centred at 107346 m/z, 

which we ascribed to a satellite structure having 10 peripheral 

MOPs and a molecular formula of [[((COOH-BDC)23(BDC-PEG38-

1H-1,2,3-triazol-4-yl-PEG6-BDC)1Rh24)10(alkyne-PEG6-BDC)14Rh24] 

+ H+]+ (expected molecular weight: 107678 ± 3700 g mol−1) (Figure 

4.29).  

Figure 4.29. MALDI-TOF spectra of MOP-satellite in DMF. The highlighted 
mass corresponds to the molecular formula of [[(COOH-BDC)23(BDC-
PEG38-1H-1,2,3-triazol-4-yl-PEG6-BDC)1Rh24)10(Alkyne-PEG6-
BDC)14Rh24]+H+]+. Expected: m/z = 107678 ± 3,700 g mol-1; found: m/z = 
107346 g mol-1. 
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Figure 4.30. a) 1H-NMR spectrum (300 MHz, 25ºC) of MOP-satellite in 
basic D2O (pD ≈ 12). Note that, under basic conditions, the surface 
carboxylic groups are deprotonated affording solubility in water. The 
relative integrations of the aromatic protons ascribed to the central and 
peripheral MOP cores (a - d) and the aliphatic protons of the dangling and 
bridging PEG chains (e) correspond to the expected value for the 
proposed formula; that is, each MOP-satellite contains 11 MOPs: 1 
central MOP and 11 peripheral MOPs. All these MOPs contribute with 792 
aromatic protons. Regarding the PEG chains, there are two types of PEGs: 
14 small alkyne terminated dangling PEG chains that are only coupled to 
the central MOP and that contribute with 392 aliphatic protons; and 10 
bridging PEG chains that contribute with 1560 aliphatic protons. Overall, 
the expected ratio between aromatic to aliphatic protons is 0.41, which 
is very close to the experimental one (0.39). b) DOSY-NMR (300 MHz, 
25ºC) spectrum of MOP-satellite in basic D2O (pD ≈ 12). The same 
diffusion coefficient (D ≈ 4.7· 10-11 m2·s-1) is identified for the aromatic 
signals that correspond to the MOP and for the PEG, evidencing that all 
of them corresponds to the same molecule. The diffusion coefficient of 
the residual H2O (D ≈ 2.3 · 10-9 m2·s-1) was used as internal reference. c) . 
DLS spectrum of MOP-satellite in basic water H2O (pH ≈ 12) with a 
concentration of 0.3 mM.    
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The proposed molecular composition was further supported by 

the 1H-NMR spectrum of the MOP-satellite in basic D2O, in which 

the ratio of aromatic protons to aliphatic PEG protons was 0.39; in 

agreement with the expected value for a satellite with 10 peripheral 

MOPs (0.41) (Figure 4.30a). The aromatic and aliphatic signals 

displayed the same diffusion coefficient of 4.7 · 10−11 m2 s−1 (Figure 

4.30b) which is the smallest value among those of the synthesised 

oligomeric MOP-based molecules, consistent with the MOP-

satellite having the highest oligomeric degree and the largest 

molecule size (calculated: 8.6 nm; DLS value: 9.6 ± 0.8 nm) (Figure 

4.30c).  

4.2.4. Study of the adsorption capabilities of oligomeric 

molecules in solid state 

Having prepared a family of giant oligomeric MOP-based 

molecules of increasing oligomeric degree, we next endeavoured 

to explore the functionality of the intrinsic voids stemming from 

their respective MOP cavities. We had envisioned that their 

oligomerisation would give rise to the first set of intrinsically 

porous oligomeric molecules. To demonstrate the permanent 

porosity of the three oligomeric MOP-based molecules, we 

subjected them to CO2-adsorption/desorption experiments at 195 

K (Figure 4.31). The measurements confimed that each giant 

molecule had retained the microporosity of its parent MOP, as 
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evidenced by the corresponding isotherms, all of which exhibit a 

type-1 shape. These isotherms were characterized by a sharp 

increase in the low-pressure range, followed by a plateau in the 

middle-to-high pressure range. This shape of the isotherm is 

consistent with the type-1 adsorption characteristic of 

microporous materials. The total CO2-uptakes at 1 bar were: 54.4 

mol mol−1 MOP unit (MOP-dimer), 30.8 mol mol−1 MOP unit (MOP-

tetramer), and 35.1 mol mol−1 MOP unit (MOP-satellite). We 

ascribed the higher uptake of MOP-dimer to its lack of dangling 

free PEG chains, which can block porosity; indeed, such chains are 

found in MOP-satellite. It can also be attributed to its absence of 

non-porous structuring units (i.e. cluster); for example, these units 

are found in the MOP tetramer. Interestingly, CO2-uptake was 

markedly higher for all the giant oligomeric molecules than for the 

deprotected 1-c (N3)1-RhMOP (6.1 mol mol−1 MOP unit), the 

deprotected 1-c (alkyne)1-RhMOP (8.3 mol mol−1 MOP unit) and the 

24-c (alkyne)24-RhMOP (3.6 mol mol−1 MOP unit) precursors (Figure 

4.31). We ascribed the greater porosity of the oligomeric 

molecules relative to their precursors to fact that the PEG chains 

are less mobile when they act as linkers in the former, than when 

they are dangling from the surface of the latter. 
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4.3. Conclusions 

In summary, we have synthesised, characterised, and functionally 

validated a new class of giant oligomeric porous cage-based 

molecules. Namely, we developed a new method for the stepwise 

assembly of individual MOP cavities into oligomeric molecules, 

based on two factors that enable oligomerisation, rather than 

Figure 4.31. Isotherms of CO2-adsorption at 195 K for deprotected (N3)1-
RhMOP (green), deprotected (alkyne)1-RhMOP (red), (alkyne)24-RhMOP 
(black), MOP-dimer (purple), MOP-tetramer (blue), and MOP-satellite 
(orange). 
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polymerisation. Firstly, the use of 1-c MOPs as building blocks 

enables termination of the linkage reaction at the oligomeric 

regime. Secondly, the use of an orthogonal reaction (in our case, 

CuAAC click chemistry) to link these blocks with other 1-c MOPs 

or with 4-c nodes or 24-c MOPs to yield molecules of increasing 

oligomeric degrees, precluding self-condensation between the 

precursors. Furthermore, gas-sorption experiments revealed that 

the giant oligomeric molecules retain the intrinsic porosity of the 

cavities of their parent MOP. We are confident that our results 

should inform the future design of new porous materials that will 

occupy the chemical and dimensional space between purely 

monomeric cavities and extended networks.
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5. Isoreticular synthesis of mesoporous metal-organic 
polyhedra with permanent porosity to gas and water 

5.1. Introduction 

Synthetic chemists have long been inspired by Nature’s 

unparalleled ability to create large, well-defined and functional 

molecular architectures.[1,2] Seeking to replicate these remarkable 

structures, chemists have turned to supramolecular chemistry, 

the assembly of molecular building blocks into large molecules.[3,4] 

Among the different types of large molecular architectures,[5] 

MOCs in the mesoporous regime (cavity diameter > 2 nm) stand 

out due to their (macro)molecular host-guest chemistry. 

Mesoporous MOCs have typically been assembled either through 

the controlled assembly of numerous building blocks or the use of 

organic ligands with increasing sizes (Figure 5.1).  

In the first approach, the bent angle of the organic ligand is 

carefully adjusted to achieve topologies with numerous building 

blocks, such as the Goldberg polyhedron, which is assembled 

from 144 components and has a diameter of 5.8 nm (Figure 5.1).[6] 

In the second approach, known as isoreticular expansion and 

commonly employed for MOFs,[7,8] the size of a parent cage is 

enlarged by using ligands of increasing size but having the same 

bent angle, such that the final structure retains the initial geometry 

(Figure 5.1).[8–11] Large MOCs assembled from either of these 
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approaches are typically used in solution, in applications such as 

biomolecular storage, catalysis or separation.[12–17] However, 

fabricating robust, large MOCs that are permanently mesoporous 

in the solid state remains a challenge, given their tendency to 

collapse upon desolvation.[18] To overcome this challenge, the 

robustness of the cage backbone must be enhanced to withstand 

the capillary forces during desolvation and maintain the integrity of 

the empty cavity formed upon solvent removal. This principle is 

exemplified by permanently mesoporous organic cages, which, 

owing to strong covalent bonding, resist collapse.[19,20] 
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Figure 5.1. Structures of mesoporous cages achieved through the 
isoreticular expansion approach (left) and the widening of the bite angle 
strategy (right). 
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In this chapter, we demonstrate the synthesis of permanently 

porous MOCs with mesoporous cavities, highlighting that 

coordination bonds can stabilize large internal voids in discrete 

cages in the solid-state. To this end, we applied the isoreticular 

expansion approach to MOPs constructed from Rh(II) 

paddlewheel clusters (Figure 5.2). We hypothesized that the 

exceptional chemical properties and structural stability of these 

cluster units would enable the isoreticular expansion of the 

archetypal parent octahedral Rh(II)-based MOP, having the 

formula Rh12(L1)12 (where L1 is 9H-carbazole-3,6-dicarboxylate), 

Figure 5.2. Representation of the ligands (top) used in the isoreticular 
expansion of octahedral Rh-MOPs (bottom), indicating their external size, 
measured as the distance between their two opposing Rh(II) 
paddlewheels vertices. The value in parentheses is the internal cavity 
size, as measured between identical paddlewheels. Note that, for clarity, 
only the first carbon atom of the C12 chains in BCN-17 has been shown. 
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while preserving its structural integrity upon desolvation.[21–23] This 

octahedral MOP, initially reported by Prof .S. Furukawa and 

coworkers and denoted as oct according to the Reticular 

Chemistry Structure Resource (RCSR) database,[24] features two 

opposite Rh(II) paddlewheel vertices separated by distance of 1.9 

nm, and a microporous internal cavity of 1.4 nm3 (Figure 5.2).[25,26] 

Building upon this octahedral MOP, we envisioned a double 

expansion of the carbazole ligand L1 to synthesize two new 

mesoporous isoreticular Rh(II)-based MOPs (hereafter named 

BCN-16 and BCN-17, where BCN stands for Barcelona Material), 

featuring two opposite Rh(II) paddlewheel vertices separated by 

respective internal distances of 2.3 nm (BCN-16) or 2.8 nm (BCN-

17), and respective internal cavities of 6.5 nm3 (BCN-16) or 12.5 

nm3 (BCN-17) (Figure 5.2). In the following section, the synthetic 

requirements towards these mesoporous cages will be discussed 

in addition to their porous properties.  
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5.2. Results and discussion 

5.2.1. Synthesis of parent microporous Rh(II)-based 
octahedral MOP 

We first targeted the synthesis of the parent microporous Rh(II)-

based octahedral MOP that will serve as blueprint structure to be 

expanded. To this end, H2L1 was reacted with Rh(II) acetate under 

solvothermal conditions by adapting the reported protocol from 

Prof. S. Furukawa and coworkers.[24] The complexation reaction 

yielded a green solution. The crude product was precipitated out 

with diethyl ether (Et2O), which afforded a green solid that was 

further washed with MeOH to remove unreacted reagents and 

DMSOH2O

a

a
b
c

d

DMA

bc

d

a

d
b

c

COOH

Figure 5.3. 1H-NMR spectra (300 MHz, 25 ⁰C) of parent octahedral Rh-
MOP (top, green) and H2L1 (bottom, black) in DMSO-d6. The shift and 
broadening of the signals confirm the coordination of the ligand to the 
Rh(II) paddlewheel and the absence of free ligand. 
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then, dried. 1H-NMR analysis of the redissolved crude product in 

DMSO-d6 confirmed the success of the complexation reaction, as 

the aromatic signals appeared broader and shifted relative to the 

free ligand (Figure 5.3). 

DOSY-NMR analysis of the crude product revealed a diffusion 

coefficient of 8.7 · 10−11 m2 s−1, consistent with the synthesis of a 

nanoscopic discrete metal-organic assembly (Figure 5.4). Further 

confirmation of the successful synthesis of the octahedral MOP 

was obtained from MALDI-TOF mass spectroscopy of the crude 

product. In the spectrum two signals were observed at 4272.8 m/z 

and 4297.7 m/z, which corresponds to the molecular formulas of 

Figure 5.4. DOSY-NMR spectrum (300 MHz, 25 ⁰C) of parent octahedral 
Rh-MOP in DMSO-d6. The same diffusion coefficient (D ≈ 8.7 · 10-11 m2·s-

1) is identified for all the aromatic protons. The diffusion coefficient of the 
residual DMSO (D ≈ 8.0 · 10-10 m2·s-1) was used as internal reference.  
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[Rh12(L1)12+H+]+ (expected m/z = 4273.6 g·mol-1) and 

Figure 5.5. a) MALDI-TOF spectrum of parent octahedral Rh-MOP in 
DMA. The highlighted masses correspond to the molecular formula of 
[Rh12(L1)12+H+]+ (Expected m/z = 4273.6 g·mol-1; found m/z = 4272.8 g·mol-

1) and [Rh12(L1)12 + H+]+·MeOH (m/z = 4303.6 g·mol-1; found m/z = 4297.7 
g·mol-1). b) UV-Vis spectrum of parent octahedral Rh-MOP in DMA at a 
concentration of 2.5 mg/mL. λmax is centered at 605 nm, confirming the 
integrity of Rh (II) paddlewheel. c) FTIR spectrum of parent octahedral Rh-
MOP (top, green) and H2L1 (bottom, black). d) TGA of parent octahedral 
Rh-MOP. Note that the initial mass loss of ca. 15% is associated with the 
remaining solvent molecules coordinated to the metal-open sites of the 
Rh-paddlewheels. The decomposition temperature is ca. 330 °C.   

a) b)

d)c)
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[Rh12(L1)12+H+]+·MeOH (expected m/z = 4303.6 g·mol-1), 

respectively (Figure 5.5a). Additionally, UV-Vis spectroscopy of the 

MOP dissolved in DMA confirmed the integrity of the Rh(II)-Rh(II) 

paddlewheel with the presence of a band centred at 605 nm 

(Figure 5.5b). FTIR further confirmed the purity of the sample and 

TGA demonstrated its stability up to ca. 330 ºC (Figure 5.5c and d, 

respectively). 

To confirm the obtention of the desired MOP topology, single 

crystals were obtained through slow vapor diffusion of Et2O into a 

DMA solution of the Rh(II)-MOP. This process led to the formation 

of green rhombic crystals that were suitable for SCXRD that 

confirmed the formation of the octahedral-shaped MOP. This 

Figure 5.6. a) Simulated (black, bottom) and experimental (blue, top) 
PXRD patterns of parent octahedral Rh-MOP. b) Image of the calculated 
cavity for parent octahedral Rh-MOP.   
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structure crystallizes in the triclinic space group P-1 with 

corresponding cell parameters a = 19.6900(10), b = 20.780(2), c = 

20.890(2) Å and α = 113.600(2), β = 113.950(2) and γ = 89.870(2)° 

(Table 2 in the crystallographic data section). Phase homogeneity 

of the bulk sample was confirmed through PXRD (Figure 5.6a). 

As expected, this Rh(II)-MOP is composed by 12 Rh(II) 

paddlewheel nodes and 12 L1 ligands forming an octahedral 

structure that has an outer diameter of 1.9 nm, an inner one of 1.4 

nm and the volume of its cavity is calculated to be 1.4 nm3 (Figure 

5.6b). 

5.2.2. First isoreticular expansion of the Rh(II)-based 
octahedral MOP 

To tackle the first isoreticular expansion of the parent Rh12(L1)12 

MOP, we began with the synthesis of 4,4-(9H-carbazole-3,6-

diyl)dibenzoic acid (H2L2), an expanded version of H2L1 that adds 

a benzene ring between the carbazole core and the adjacent 

carboxylic acid group. Once synthesized, H2L2 was reacted with 

Rh(II) acetate under solvothermal conditions. The complexation 

reaction yielded a green solution. The crude product was 

precipitated out with Et2O, which afforded a green solid that was 

further washed with MeOH to remove unreacted reagents and 

then, dried. 1H-NMR analysis of the redissolved crude product in 

DMSO-d6 confirmed the success of the complexation reaction, as 
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Figure 5.7. a) 1H-NMR spectrum (300 MHz, 25 ⁰C) of the re-dissolved 
crude product from the reaction between rhodium acetate and H2L2 
(where x = 10 or 12) in DMSO-d6. The shift and broadening of the signals 
confirm the coordination of the ligand to the Rh(II) paddlewheel and the 
absence of free ligand. Note that integration of the signals is not possible 
due to their overlap. b) DOSY-NMR spectrum (300 MHz, 25 ⁰C) of the re-
dissolved crude product in DMSO-d6. The same diffusion coefficient (D ≈ 
5.1 · 10-11 m2·s-1) is identified for all the aromatic protons. The diffusion 
coefficient of the residual DMSO (D ≈ 8.0 · 10-10 m2·s-1) was used as 
internal reference. c) MALDI-TOF spectrum of the re-dissolved crude 
product in DMA. The highlighted masses correspond to the molecular 
formula of [Rh12(L2)12+H+]+ (expected m/z = 5084.0 g·mol-1; found m/z = 
5079.5 g·mol-1) and [Rh10(L2)10+H+]+ (expected m/z = 6100.6 g·mol-1; found 
m/z = 6094.0 g·mol-1). 
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the aromatic signals appeared broad and shifted relative to the 

free ligand (Figure 5.7a). DOSY-NMR analysis of the crude product 

revealed a diffusion coefficient of 5.1 · 10−11 m2 s−1, consistent with 

the synthesis of a metal-organic molecule (Figure 5.7b). MALDI-

TOF mass spectroscopy of the crude product revealed that it 

contains at least two different metal-organic compounds, having 

the formulae [Rh10(L2)10+H+]+ (found mass 5079.5 m/z, expected 

mass 5084.0 g mol−1) and [Rh12(L2)12+H+]+ (found mass 6100.6 m/z, 

expected mass 6100.6 g mol−1) (Figure 5.7c).  

Isolation of supramolecular compounds through conventional 

separation techniques such as chromatography is difficult, due to 

their similar affinity to the stationary phase. Accordingly, we aimed 

to purify the crude mixture by recrystallization (Figure 5.8).  

To this end, we exposed a solution of the crude product in DMA to 

MeOH vapor, which yielded a microcrystalline material (A) and an 

amorphous solid (B). The crystalline material could be separated 

from the amorphous portion by sedimentation in MeOH, with the 

crystalline material A settling faster than did the amorphous 

fraction B. The crystalline product A was redissolved in DMA and 

recrystallized in the presence of 12 molecular equivalents of 4-

tert-butylpyiridine and acetonitrile vapor. This crystallization 

yielded single crystals of sufficient quality for SCXRD analysis 

(yield based on Rh(II): 2%). Note that subjecting the crude mixture  
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Figure 5.8. Schematic illustrating the synthesis of the four different MOPs 
and polygons (named BCN-13, BCN-14, BCN-15 and BCN-16) formed by 
reacting H₂L2 with Rh(II) acetate. Note that the size indicated for BCN-13 
is calculated between Rh(II) paddlewheels at opposite vertices and from 
the N atoms of opposite ligands. For BCN-14, the size was calculated 
from the Rh(II) paddlewheel to the center of the opposite edge, whereas 
for BCN-15 and BCN-16, it was measured between the Rh(II) 
paddlewheels at opposite vertices. 



 

Isoreticular synthesis of mesoporous metal-organic polyhedra with 
permanent porosity to gas and water – 173 

to these crystallization conditions did not yield a crystalline 

material, indicating that the first purification step is required to 

obtain good quality single crystals. SCXRD analysis revealed 

formation of a peculiar trigonal prismatic MOP, which crystallizes 

in the orthorhombic space group Ibam with corresponding cell 

parameters a = 93.4627(6), b = 37.2998(4), c = 52.7312(3) Å (Table 

3 in the crystallographic data section). This MOP (hereafter named 

BCN-13), which is denoted as trp according to the RCSR database, 

comprises six Rh(II) paddlewheel units and 12 L2 ligands (formula: 

[Rh12(L2)12]). The length and width of this trigonal prismatic 

structure is 1.8 nm and 3.3 nm, respectively. Although a few 

examples of this type of structure have been reported, to the best 

of our knowledge, this is the first-ever report of one with metal-

paddlewheel clusters.[27,28]  

The purity of BCN-13 was first confirmed through 1H-NMR and 

DOSY-NMR, which confirmed the absence of free ligand (Figure 

5.9a and b, respectively). Next, MALDI-TOF measurements 

showed a signal centred at 6100.3 m/z which corresponds to the 

molecular formula of [Rh12(L2)12+H+]+ (expected mass 6100.6 g 

mol−1) (Figure 5.9c). Finally, the paddlewheel integrity in the 

material was assessed through UV-Vis spectroscopy of BCN-13 in 

DMA (Figure 5.9d). The band centred at 512 nm confirms the 

presence of the Rh(II)-Rh(II) paddlewheel. Remarkably, the large 

shift of the band (from ca. 600 nm) also suggests that 
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Figure 5.9. a) 1H-NMR spectrum (300 MHz, 25 ⁰C) of BCN-13 coordinated to 4-tert-
butylpyridine in DMSO-d6. Note that integration of the signals could not be done due 
to overlap.  b) DOSY-NMR spectrum (300 MHz, 25 ⁰C) of BCN-13 coordinated to 4-tert-
butylpyridine in DMSO-d6. The same diffusion coefficient (D ≈ 5.6 · 10-11 m2·s-1) is 
identified for all the aromatic protons. The diffusion coefficient of the residual DMSO 
(D ≈ 8.0 · 10-10 m2·s-1) was used as internal reference.  c) MALDI-TOF spectrum of BCN-
13 in DMA. The highlighted mass corresponds to the molecular formula of 
[Rh12(L2)12+H+]+. Expected m/z = 6100.6 g mol-1; found m/z = 6100.3 g mol-1. Note that 
the 4-tert-butylpyiridines coordinated to BCN-13 can not be observed in the spectrum 
since they are detached during the ionization due to the labile coordination bond.  d) 
UV-Vis spectrum of BCN-13 coordinated to 4-tert-butylpyridine in DMA at a 
concentration of 2.5 mg/mL. λmax is centered at 513 nm, confirming that the Rh(II) 
paddlewheel is present, and its coordination to 4-tert-butytlpyridine. 



 

Isoreticular synthesis of mesoporous metal-organic polyhedra with 
permanent porosity to gas and water – 175 

4-tert-butylpyridine is able to coordinate both the exohedral and 

endohedral axial sites of the MOP. This is consistent with the large 

windows of the structure in contrast with octahedral microporous 

MOPs.   

After obtaining pure BCN-13 from the microcrystalline A, we 

purified the amorphous portion B. Firstly, it was redissolved in DMA 

and then, exposed to acetonitrile vapor. This yielded a purple 

solution (C) and a solid (D). Addition of Et2O to C caused a solid to 

precipitate out, which was redissolved in DMF and then, 

crystallized in the presence of 4-tert-butylpyridine and Et2O vapor 

to yield single crystals (yield based on Rh(II): 36%). SCXRD analysis 

revealed the formation of an unprecedented metal-organic 

polygon (hereafter named BCN-14), comprising a five-membered 

ring that crystallizes in the monoclinic space group P21/n with 

corresponding cell parameters a = 34.4336(3), b = 28.8627(3), c = 

58.0490(3) Å, and α = γ = 90°, β = 93.1923(7)° (Table 4 in the 

crystallographic data section). BCN-14 comprises five Rh(II) 

paddlewheel clusters and 10 L2 ligands in a double-walled 

configuration (formula: [Rh10(L2)10]). This novel structure has an 

inner diameter of 3.3 nm.   

The purity of BCN-14 was confirmed by different spectroscopic 

and crystallographic techniques. PXRD showed the phase purity in 

the bulk sample (Figure 5.10a), while MALDI-TOF mass 

spectroscopy evidenced the successful separation of the 
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pentagonal polygon with the presence of only one signal in the 

spectrum, which is centred at 5083.4 m/z and corresponds to the 

molecular formula of [Rh10(L2)10+H+]+ (expected m/z = 5084.0 g 

mol-1) (Figure 5.10b).  

1H-NMR demonstrated the absence of free ligand and the 

presence of 4-tert-butylpyridine (Figure 5.11a). Interestingly, 

DOSY-NMR displayed a diffusion coefficient of 5.6 · 10-11 m2·s-1, 

which corresponds to a hydrodynamic radius of 2.0 nm, confirming 

the large size of the molecule. (Figure 5.11b). Additionally, UV-Vis 

spectroscopy of BCN-14 dissolved in DMA confirmed the integrity 

of the Rh(II)-Rh(II) paddlewheel with the presence of a band 

centred at 522 nm, which also demonstrates the coordination of 4-

tert-butylpyiridne to both external and internal Rh(II) axial sites  

Figure 5.10. a) Simulated (bottom, black) and experimental (top, blue) 
PXRD patterns of BCN-14.  b) MALDI-TOF spectrum of BCN-14 in DMA. The 
highlighted mass corresponds to the molecular formula of [Rh10(L2)10+H+]+ 
(expected m/z = 5084.0 g mol-1; found m/z = 5083.4 g mol-1). 
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Figure 5.11. a) 1H-NMR spectrum (300 MHz, 25 ⁰C) of BCN-14 coordinated to 4-
tert-butylpyridine in DMSO-d6. Note that integration of the signals could not be 
done due to its overlap. b) DOSY-NMR spectrum (300 MHz, 25 ⁰C) of BCN-14 
coordinated to 4-tert-butylpyridine in DMSO-d6. The same diffusion coefficient 
(D ≈ 1.1 · 10-10 m2·s-1) is identified for all the aromatic protons. The diffusion 
coefficient of the residual DMSO (D ≈ 8.0 · 10-10 m2·s-1) was used as internal 
reference. c) UV-Vis spectrum of BCN-14 coordinated to 4-tert-butylpyridine in 
DMA with a concentration of 2.5 mg/mL. λmax is centered at 522 nm, confirming 
that the Rh(II) paddlewheel is present and its coordination to 4-tert-
butytlpyridine on their outer and inner axial sites. d) FTIR spectrum of BCN-14 
(top, green) and H2L1 (bottom, black). e) TGA of BCN-14. Note that the initial 
mass loss of ca. 10% is associated with the remaining solvent molecules. The 
decomposition temperature is ca. 340 °C. 
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(Figure 5.11c). Finally, FTIR further confirmed the purity of the 

sample and TGA demonstrated the stability of the cage up to ca.  

340º C. (Figure 5.11d and e, respectively). 

Having obtained crystalline BCN-14 from B, we next aimed to 

characterize D. Closer observation of D under optical microscope 

revealed that it comprises rectangular single crystals (E) and 

amorphous spheres (F) (Figure 5.12).  

When DMA was added to the solid, F dissolved but E remained, 

enabling the obtention of the phase pure E (yield based on Rh(II): 

20%). SCXRD analysis of the rectangular crystals E revealed  

Figure 5.12. Image of solid D, where two different solids can be 
distinguished: rectangular single crystals (E) and amorphous solid (F) 
(left) and image of the single crystals obtained of BCN-15 and BCN-16 
after their separation (right). 
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the formation of a second metal-organic polygon (hereafter named 

BCN-15), comprising a six-membered ring built up from six Rh(II) 

paddlewheel units and 12 double-walled L2 ligands (formula: 

[Rh12(L2)12]), which crystallizes in the monoclinic space group P21/c 

with corresponding cell parameters a = 31.4498(3), b = 39.6841(5), 

c = 40.5297(4) Å, and α = γ = 90°, β = 90.4263(8)° (Table 5 in the 

crystallographic data section). This polygonal assembly has an 

inner diameter of 3.6 nm. 

The phase purity of bulk BCN-15 was confirmed by PXRD, while 

FTIR demonstrated the absence of free ligand (Figure 5.13a and c, 

respectively). MALDI-TOF confirmed the obtention of the expected 

formula of [Rh12(L2)12+H+]+ (expected m/z = 6100.6 g mol-1) with the 

presence of a signal at 6098.4 m/z in the spectrum (Figure 5.13b). 

TGA demonstrated the stability of the polygon up to ca. 325 ºC. 

(Figure 5.13d).  

Finally, the DMA solution containing F was exposed to acetonitrile 

vapors, which afforded rhombic single crystals (hereafter named 

BCN-16; yield based on Rh(II): 32%). Note that BCN-16 could only 

be crystallized in the presence of acetonitrile after all the other 

compounds had already been isolated. SCXRD analysis 

corroborated formation of the initially expected octahedral 

isoreticular MOP, having molecular formula of Rh12(L2)12. Structure 

analysis revealed that BCN-16 is isostructural to the parent  
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Figure 5.13. a) Simulated (bottom, black) and experimental (top, blue) 
PXRD patterns of BCN-15. b) MALDI-TOF spectrum of BCN-15 in DMA. 
The highlighted mass corresponds to the molecular formula of 
[Rh12(L2)12+H+]+ (expected m/z = 6100.6 g mol-1; found m/z = 6098.4 g mol-

1). c) FT-IR spectrum of BCN-15. d) Thermogravimetric analysis of BCN-
15. Note that the initial mass loss of ca. 15% is associated with the 
remaining water and solvent molecules coordinated to the metal-open 
sites of the Rh-paddlewheels. The decomposition temperature is ca. 325 
°C. 
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microporous octahedral Rh12(L1)12 MOP, crystallizing in the triclinic 

space group P-1 with corresponding cell parameters a = 27.2945(8), 

b = 28.0465(6), c = 29.7602(6) Å, and α = 111.087(2)°, β = 

112.027(2)° and γ = 101.813(2)° (Table 6 in the crystallographic 

data section). BCN-16 exhibits internal and external diameters of 

2.3 and 2.7 nm (calculated from opposite paddlewheel units in the 

octahedron), and an internal cavity of 6.5 nm3 (Figure 5.14).  

Phase purity of the bulk material was confirmed through PXRD 

(Figure 5.15a). MALDI-TOF confirmed the obtention of the 

expected formula of [Rh12(L2)12+H+]+ (expected m/z = 6100.6 g mol-

1) with the presence of a signal at 6098.4 m/z in the spectrum 

(Figure 5.15b). The absence of free ligand was corroborated 

through 1H-NMR (Figure 5.15c). Additionally, DOSY-NMR shows 

one only diffusion coefficient, 6.5 ·10-11 m2·s-1 (hydrodynamic  

Figure 5.14. Image of the calculated cavity for BCN-16. 
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Figure 5.15. a) Simulated (bottom, black) and experimental (top, blue) 
PXRD patterns of BCN-16. b) MALDI-TOF spectrum of BCN-16 in DMA. 
The highlighted mass correspond to the molecular formula of 
[Rh12(L2)12+H+]+ (expected m/z = 6100.6 g mol-1; found m/z = 6098.2 g mol-

1). c) 1H-NMR spectrum (300 MHz, 25 ⁰C) of BCN-16 in DMSO-d6. d) DOSY-
NMR spectrum (300 MHz, 25 ⁰C) of BCN-16 in DMSO-d6. The same 
diffusion coefficient (D ≈ 6.5 · 10-11 m2·s-1) is identified for all the aromatic 
protons. The diffusion coefficient of the residual DMSO (D ≈ 8.0 · 10-10 
m2·s-1) was used as internal reference. e) UV-Vis spectrum of BCN-16 in 
DMA with a concentration of 2.5 mg/mL. λmax is centered at 595 nm, 
confirming that the Rh(II) paddlewheel is present. 
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radius of 1.7 nm), for all the aromatic signals, confirming the 

presence of of a big assembly (Figure 5.15d). 

Moreover, UV-Vis spectroscopy of BCN-16 solubilised in DMA 

confirmed the maintenance of the Rh(II)-Rh(II) paddlewheel with 

the presence of a band centred at 595 nm (Figure 5.15e).Further 

confirmation of the absence of free ligand was obtained from FTIR 

(Figure 5.16a). Finally, TGA exhibited that this MOP is stable up to 

ca. 310 ºC (Figure 5.16b). 

a) b)

Figure 5.16. a) FTIR spectrum of BCN-16. b) TGA of BCN-16. Note that the 
initial mass loss of ca. 10% is associated with the remaining water and 
solvent molecules coordinated to the metal-open sites of the Rh(II)-
paddlewheels. The decomposition temperature is ca. 310 °C. 
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5.2.3. Geometry mismatch in discrete metal-organic 
assemblies 

Given the wide structural diversity upon the assembly of Rh(II)-

paddlewheel and H2L2 ligands, we sought to rationalize the 

underlying factors governing this variability. We started by 

analysing the structures of BCN-13, BCN-15, and BCN- 16, which 

are isomers that comprises six rhodium paddlewheel units and 12 

L2 ligands. However, they differ vastly by geometry, chiefly by the 

connectivity of their respective Rh(II) paddlewheel clusters. 

Paddlewheel metal centers are commonly understood to be 4-c 

clusters; therefore, we had expected this connectivity and indeed 

observed it in the octahedral cage BCN-16. In this structure, the L2 

ligand is planar, yielding what it has been denoted as the “single-

walled configuration” of the ligand (Figure 5.17a).[29,30] 

Figure 5.17. a) Representation of L2 showing its two possible 
conformations: planar (left, grey) and twisted (right, red), along with their 
positions in the different polygons and MOPs, which force different 
cluster connectivities. b) Schematic illustrating how the configuration of 
L2 (single- or double-walled) changes the positions of the clusters. 
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Consequently, BCN-16 can be considered as the default structure 

for the L2 ligand in combination with a paddlewheel metal cluster.  

Conversely, BCN-15 adopts a geometrically mismatched 

structure, influenced by the twist of the phenyl groups surrounding 

the carbazole core, which renders the ligand non-planar (Figure 

5.17b). In this arrangement, each paddlewheel behaves as a 2-c 

cluster due to the double-walled configuration of the ligands 

(Figure 5.17). Although not isomeric to BCN-15, BCN-14 exhibits an 

analogous non-planar double-walled ligand configuration, forming 

a pentagonal metal-organic polygon with 2-c Rh(II) paddlewheel 

clusters. The Rh(II) paddlewheel cluster remains undistorted in 

both polygons, with the only difference being the twist angle of the 

L2 ligand, measured as 56.3 ± 5.8° for BCN-14 and 58.2 ± 6.5° for 

BCN-15 (Figure 5.18a and b, respectively). Therefore, we attributed 
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Figure 5.18. Rh(II)-paddlewheel cluster of BCN-14 (a), BCN-15 (b) and 
BCN-13 (c) with the measurement of distances from one C of a phenyl 
ring to the C of the adjacent phenyl ring, showing that the cluster is not 
distorted. Note that the phenyl rings in red present double-walled 
configuration, whereas the ones in grey present single-walled 
configuration. 
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the formation of both polygons to slight change in the twist angle 

of the L2 ligand. These small differences in ligand conformation are 

likely close in energy, allowing both polygons to form under the 

tested reaction conditions. 

The structure of BCN-13 arises from the combination of planar and 

non-planar arrangements of L2, leading to the uncommon 3-c 

Rh(II) paddlewheel cluster (Figure 5.17). Specifically, the 3-c Rh(II) 

paddlewheel clusters result from the double-walled configuration 

of the ligands, which account for the edges of each lateral 

rectangular face, whereas only single-walled ligands compose 

both triangular bases of the structure.[31–33] As with the structures 

analyzed above, the Rh(II) paddlewheel cluster in this case 

remains undistorted, with the final structure being attributed to the 

twist of the ligand, which is 55.1 ± 9.2° for the ligands with double-

walled configuration and 14.4 ± 6.2° for those with single-walled 

configuration (Figure 5.18c). Overall, these results highlight that 

the twist angle between the carbazole and the adjacent benzene 

ring is as important as their bite angle in determining the structural 

outcome of the assembly reaction, in line with previous reports 

showing that subtle variations in ligand conformation -particularly 

twist angles- can direct the formation of distinct cage 

topologies.[3,34,35] 
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5.2.4. Second isoreticular expansion of the Rh(II)-based 
octahedral MOP 

Geometrical analysis of the structures formed with H2L2 revealed 

that the final structure depends not only on the ligand’s bite angle 

but also on the twist of the linker. Notably, the octahedral cage 

formed only when the ligand had adopted a planar conformation. 

Guided by this observation, we designed the ligand for the second 

isoreticular expansion to induce planarity between the carbazole 

core, the benzene ring, and the carboxylic acid groups. To this end, 

an alkyne bond was introduced between the phenyl and carbazole 

moieties to enable synthesis of 4,4-((9H-carbazole-3,6-

diyl)bis(ethyne-2,1-diyl))dibenzoic acid (H2L3). However, all 

solvothermal reactions performed with H2L3 and Rh(II) acetate 

resulted in insoluble amorphous precipitates that could not be 

characterized. We then explored strategies to increase the 

solubility of the ligand and avoid early kinetic traps in the form of 

amorphous solids during the complexation reaction. To this end, 

an alkane chain was added to the carbazole core of the ligand to 

enable synthesis of 4,4-((9-dodecyl-carbazole-3,6-

diyl)bis(ethyne-2,1-diyl))dibenzoic acid (H2L4), which was then 

reacted with Rh(II) acetate under solvothermal conditions to yield 

green rectangular single crystals in good yield (68%). These 

crystallize in the triclinic space group P-1 with corresponding cell 

parameters a = 30.8769(2), b = 33.8701(3), c = 36.1112(2) Å, and α 
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= 107.5252(6)°, β = 100.1424(6)° and γ = 114.2237(6)° (Table 7 in 

the crystallographic data section). SCXRD analysis corroborated 

formation of the expected octahedral cage (hereafter named BCN-

17), isostructural to the parent microporous octahedral Rh-MOP 

and BCN-16. Remarkably, BCN-17 possesses internal and external 

diameters of 2.8 and 3.3 nm (calculated from opposite 

paddlewheel units in the octahedron), and an internal cavity of 

12.5 nm3 (Figure 5.19), which represents the biggest cavity 

reported for a paddlewheel-based MOP (Table 1). 

 

 

 

Figure 5.19. Image of the calculated cavity for BCN-17. 



 

Isoreticular synthesis of mesoporous metal-organic polyhedra with 
permanent porosity to gas and water – 189 

Table 1. Calculated cavity for some paddlewheel-based MOPs 

Ligand Metal Cavity 
(nm3) Reference 

 

Cu 1.8 [36] 
Rh 1.9 [23] 

 

Cu 3.7 [37] 

 

Cu 4.3 [9] 

Mo 4.5 [10] 

 
Cu 6.8 [9] 

 
  
 

 

Cu 6.9 [38] 

 

Mo 6.9 [10] 

Rh 6.4 This work 

 

Cu 10.5 [39] 

 

Rh 12.5 This work 
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a)

a) b)

c) d)

Figure 5.20. a) Simulated (bottom, black) and experimental (top, blue) 
PXRD patterns of BCN-17. The signal at 17.6º is ascribed to frozen solvent 
as the measurement was performed under flow of liquid N2.  b) MALDI-
TOF spectrum of BCN-17. The highlighted mass corresponds to the 
molecular formula of [Rh12(L4)12+H+]+ (expected m/z = 8697.3 g mol-1; 
found m/z = 8703.3 g mol-1). c) FTIR spectrum of BCN-17(top, green) and 
H2L4 (bottom, black). d) TGA  of BCN-17. Note that the initial mass loss of 
ca. 25% is associated with the remaining solvent molecules coordinated 
to the metal-open sites of the Rh(II)-paddlewheels. The decomposition 
temperature is ca. 315 °C. 
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Phase purity of the bulk material was confirmed through PXRD 

(Figure 5.20a). Further confirmation of the purity of the product 

was assessed with MALDI-TOF. The spectrum showed a signal 

centred at 8703.3 m/z, which corresponds to the molecular 

formula of [Rh12(L4)12+H+]+ (expected m/z = 8697.3 g mol-1) (Figure 

5.20b). Additionally, FTIR shows the absence of free ligand (Figure 

5.20c) and TGA exhibits that BCN-17 is stable up to ca. 315 ºC 

(Figure 5.20d). 

5.2.5. Solid-state properties of isoreticular octahedral 
Rh(II)-based MOPs 

To evaluate the solid-state adsorption properties of the 

synthesized octahedral MOPs, we conducted gas- and vapor-

adsorption studies on BCN-16, BCN-17 and their parent 

microporous octahedral Rh-MOP, and compared their respective 

values. To this end, all three MOPs were initially fully evacuated by 

first exchanging them with MeOH and then, drying them with 

supercritical CO2. This evacuation process resulted in the 

amorphization of BCN-16 and BCN-17, and a partial loss of 

crystallinity in the parent microporous octahedral Rh-MOP (Figure 

5.21a, b and c, respectively). However, the molecular structure of 

all tested MOPs was preserved in all cases, as confirmed by 

MALDI-TOF analysis of the activated samples (Figure 5.21d, e and 

f, respectively). 
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Next, we ran N2-sorption experiments at 77 K on all three MOPs, 

which demonstrated their permanent porosity, as evidenced by 

their corresponding BET surface areas: 812 m2 g−1 for the parent 

Rh-MOP; 780 m2 g−1 for BCN-16; and 121 m2 g−1 for BCN-17 (Error! 

Reference source not found.a). The parent microporous 

octahedral Rh-MOP exhibited the expected type I isotherm, 

whereas BCN-16 and BCN-17 exhibited type IV isotherms, as 

typically observed in mesoporous materials (Error! Reference 

source not found.a).[40] We attributed the slight decrease in the 

BET surface area after the first isoreticular expansion to the higher 

Figure 5.21. Simulated (bottom, black) and experimental (top, blue) 
PXRD patterns of parent Rh(II)-MOP (a), BCN-16 (b) and  BCN-17 (c) after 
activation. MALDI-TOF spectrum of parent Rh(II)-MOP (d), BCN-16 (e) and  
BCN-17 (f) after activation.  
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molecular weight of BCN-16 than of the parent microporous Rh-

MOP. However, when the isotherm is normalized per mol of MOP, 

BCN-16 outperforms the parent microporous Rh(II)-MOP (87.2 mol 

N2 mol−1 BCN-16 versus 49.5 mol N2 mol−1 Rh-MOP at 1 bar). In 

contrast, we attributed the lower BET surface area and maximum 

uptake (36.4 mol N2 mol−1 BCN-17 at 1 bar) of BCN-17 to its large 

cavity-volume-to-surface ratio and to the presence of its surface 

alkane chains, which can block gas diffusion pathways to the inner 

pore. The detrimental effect of bulky surface groups on the solid-

state adsorption properties of MOPs has been previously 

reported.[41,42]  
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The permanent porosity of all synthesized Rh-MOPs was further 

confirmed through CO2-adsorption measurements ran at 200 K, 

which revealed a similar trend to the N2-adsorption experiments. 

BCN-16 exhibited the greatest adsorption, with an uptake of 80 mol 

CO2 mol−1 BCN-16 at 1 bar which we attributed to its large, 

accessible cavity, while microporous parent Rh(II)-MOP and BCN-

17 have a total uptake of 27.1 mol CO2 mol−1 MOP at 1 bar and 39.0 

mol CO2 mol−1 BCN-17 at 1 bar, respectively  (Error! Reference 

source not found.b). 

a) b)

Figure 5.22. a) N2 adsorption isotherm at 77 K of parent Rh(II)-MOP 
(green), BCN-16 (orange) and BCN-17 (blue). b) CO2 adsorption isotherm 
at 200 K of parent Rh(II)-MOP (green), BCN-16 (orange) and BCN-17 
(blue). 
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Next, we investigated the water-adsorption properties of the three 

Rh-MOPs. To this end, we ran water-adsorption isotherms at 298 K, 

in which the final water uptake at 90% relative humidity increased 

with cavity size, reaching 0.08 g g−1 (98.2 cm3 g−1, 18.7 mol H2O 

mol−1 MOP) for the parent Rh-MOP; 0.24 g g−1 (304.4 cm3 g−1, 82.9 

mol H2O mol−1 BCN-16) for BCN-16; and 0.47 g g−1 (584.8 cm3 g−1, 

225.7 mol H2O mol−1 BCN-17) for BCN-17 (Figure 5.2). The water 

uptake value for BCN-17 represents the highest value reported for 

a cage[43] and is comparable to values for other absorbent 

materials such as MOFs or COFs.[44,45] A deeper analysis of the 

water-adsorption isotherms revealed that the parent microporous 

octahedral Rh(II)-MOP exhibits a reversible isotherm without a 

step and a moderate final uptake, consistent with the pore filling 

mechanism observed in microporous hydrophilic materials, such 

Figure 5.223. a) Water vapor uptake isotherms of parent Rh(II)-MOP 
(green), BCN-16 (orange) and BCN-17 (blue).  
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as zeolites and MOFs.[46] Conversely, the isotherms (type V) for 

both mesoporous BCN-16 and BCN- 17 feature a step that 

indicates the occurrence of capillary condensation, characteristic 

of adsorbents with pore sizes exceeding 2 nm.[47,48] For BCN-16, the 

step of the “S”- shaped isotherm occurs at α = 0.45 (where α is the 

relative humidity at 50% uptake). More remarkably, in the case of 

BCN-17, the water adsorption is entirely dominated by capillary 

condensation exhibiting an “S”-shaped isotherm that resembles 

that of mesoporous materials such as MCM-41 and MIL-101.[49,50] 

We ascribed the high relative humidity at which the step occurs in 

the isotherm of BCN-17 (α = 0.57) to the hydrophobicity of BCN-17, 

imparted by its surface alkyl chains. The hydrophobic character of 

BCN-17 was further confirmed by contact-angle measurements, 

which revealed a value of 88.83 ± 0.71° (Figure 5.2a), in contrast to 

BCN-16, which showed complete wetting with a contact angle of 

0° (Figure 5.2b). These findings are consistent with 
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c) d)

a) b)

Figure 5.234. a) Contact angle measurement of BCN-17. Photograph of 
immediately after the water droplet contacted BCN-17. b) Contact angle 
measurement of BCN-16. Photograph of the immediately after the water 
droplet contacted BCN-16.c) Three consecutive water vapor uptake 
isotherms of BCN-17. The sample was activated under vacuum prior 
each uptake isotherm. d) Water uptake of BCN-17 at high (90%) and low 
(20%) RH over ten consecutive cycles. 
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observations in mesoporous MOFs, where total uptake is mainly 

governed by the mesopore size, while the position of the 

adsorption step is primarily dictated by the hydrophilic or 

hydrophobic nature of the framework.[51,52] 

Finally, we sought to evaluate the potential of BCN-17 as a water 

adsorbent. In addition to high water-uptake and stepwise 

adsorption at ambient pressure, a good water adsorbent must also 

exhibit cyclability and facile regeneration.[45] Thus, we subjected 

BCN-17 to three consecutive adsorption-desorption water 

isotherms, which did not reveal any significant differences 

between cycles (Figure 5.2c). Moreover, to assess its regeneration 

and recyclability, BCN-17 was exposed to alternating high (90%) 

and low (20%) relative humidity (Figure 5.2d), which confirmed that 

it can maintain its performance over 10 cycles. Overall, the 

performance of BCN-17, characterized by high water-uptake, an S-

shaped isotherm, and ease of regeneration and recyclability, 

meets the key requirements for materials used in humidity 

control.[53] 

5.3. Conclusions 

In summary, in this chapter, we have shown the synthesis of a 

series of isoreticularly expanded, Rh(II)-based, octahedral MOPs 

exhibiting internal cavities within the mesoporous regime. We have 

demonstrated that linker planarity is crucial for developing novel 
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finite structures, as evidenced in the synthesis of the first 

expanded MOP, BCN-16, in which three additional finite 

structures, a trigonal prismatic MOP, an hexagonal polygon, and a 

pentagonal polygon, are simultaneously assembled. We attributed 

formation of these additional structures to the torsional flexibility 

of the linker L2. Furthermore, since two of these additional finite 

structures are isomeric species of BCN-16, our results highlight 

the importance of characterizing products by PXRD together with 

MALDI-TOF to confirm the purity of any newly synthesized cage or 

MOP before its practical use. Finally, gas- and vapor-sorption 

studies revealed that the enlarged octahedral Rh-MOPs withstand 

the desolvation process, making them viable mesoporous 

materials for solid-state adsorption applications. In fact, the larger 

Rh-MOP, BCN-17, exhibited high water uptake (0.47 g g−1), 

accompanied by an “S”-shaped water sorption isotherm with a 

hysteresis loop. We are confident that our new processable 

materials will open avenues in water sorption-based applications.
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5.5. Crystallographic data 

Table 2. Crystal data and structure refinement for parent octahedral Rh-

MOP. 

CCDC number 2427442 
Empirical formula C186H126N18O60Rh12 
Formula weight 4807.96 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P-1 
a/Å 19.6900(10) 
b/Å 20.780(2) 
c/Å 20.890(2) 
α/° 113.600(2) 
β/° 113.950(2) 
γ/° 89.870(2) 
Volume/Å3 7025.8(10) 
Z 1 
ρcalcg/cm3 1.136 
μ/mm-1 1.120 
F(000) 2388.0 
Crystal size/mm3 0.1 × 0.07 × 0.07 
Radiation synchrotron (λ = 0.82653) 
2Θ range for data collection/° 2.534 to 68.068 
Index ranges -24 ≤ h ≤ 24, -27 ≤ k ≤ 27, -26 ≤ l ≤ 26 
Reflections collected 92846 
Independent reflections 27615 [Rint = 0.0582, Rsigma = 0.0600] 
Data/restraints/parameters 27615/20/1243 
Goodness-of-fit on F2 1.005 
Final R indexes [I>=2σ (I)] R1 = 0.0935, wR2 = 0.2890 
Final R indexes [all data] R1 = 0.1285, wR2 = 0.3226 
Largest diff. peak/hole / e Å-3 1.94/-0.58 
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Table 3. Crystal data and structure refinement for BCN-13. 

CCDC number 2427447 
Empirical formula C357H232N6O68Rh12 
Formula weight 6928.39 
Temperature/K 100 
Crystal system orthorhombic 
Space group Ibam 
a/Å 93.4627(6) 
b/Å 37.2998(4) 
c/Å 52.7312(3) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å3 183828(3) 
Z 8 
ρcalcg/cm3 0.501 
μ/mm-1 0.355 
F(000) 28000.0 
Crystal size/mm3 0.8 × 0.1 × 0.07 
Radiation synchrotron (λ = 0.82653) 
2Θ range for data collection/° 1.368 to 41.006 
Index ranges 0 ≤ h ≤ 79, 0 ≤ k ≤ 31, 0 ≤ l ≤ 44 
Reflections collected 382443 

Independent reflections 
29804 [Rint = 0.1006, Rsigma = 

0.0417] 
Data/restraints/parameters 29804/269/1752 
Goodness-of-fit on F2 1.222 
Final R indexes [I>=2σ (I)] R1 = 0.1138, wR2 = 0.3120 
Final R indexes [all data] R1 = 0.1386, wR2 = 0.3424 
Largest diff. peak/hole / e Å-3 0.93/-0.66 
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Table 4. Crystal data and structure refinement for BCN-14. 

CCDC number 2427446 
Empirical formula C260H139N0.25O55Rh10 
Formula weight 5175.31 
Temperature/K 100 
Crystal system monoclinic 
Space group P21/n 
a/Å 34.4336(3) 
b/Å 28.8627(3) 
c/Å 58.0490(3) 
α/° 90 
β/° 93.1923(7) 
γ/° 90 
Volume/Å3 57602.3(8) 
Z 4 
ρcalcg/cm3 0.597 
μ/mm-1 0.466 
F(000) 10363.0 
Crystal size/mm3 0.1 × 0.1 × 0.09 
Radiation synchrotron (λ = 0.82653) 
2Θ range for data collection/° 1.634 to 45 
Index ranges -31 ≤ h ≤ 31, 0 ≤ k ≤ 26, 0 ≤ l ≤ 53 
Reflections collected 304898 

Independent reflections 
47386 [Rint = 0.0709, Rsigma = 

0.0448] 
Data/restraints/parameters 47386/346/2470 
Goodness-of-fit on F2 1.219 
Final R indexes [I>=2σ (I)] R1 = 0.1082, wR2 = 0.3189 
Final R indexes [all data] R1 = 0.1390, wR2 = 0.3566 
Largest diff. peak/hole / e Å-3 1.07/-0.79 
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Table 5. Crystal data and structure refinement for BCN-15. 

CCDC number 2427445 
Empirical formula C312H168N0.5O70Rh12 
Formula weight 6278.38 
Temperature/K 100 
Crystal system monoclinic 
Space group P21/c 
a/Å 31.4498(3) 
b/Å 39.6841(5) 
c/Å 40.5297(4) 
α/° 90 
β/° 90.4263(8) 
γ/° 90 
Volume/Å3 50582.0(9) 
Z 2 
ρcalcg/cm3 0.412 
μ/mm-1 0.319 
F(000) 6287.0 
Crystal size/mm3 0.1 × 0.08 × 0.07 
Radiation synchrotron (λ = 0.82653) 
2Θ range for data collection/° 1.506 to 42.13 
Index ranges -27 ≤ h ≤ 27, 0 ≤ k ≤ 34, 0 ≤ l ≤ 35 
Reflections collected 228271 

Independent reflections 
34775 [Rint = 0.0808, Rsigma = 

0.0487] 
Data/restraints/parameters 34775/51/1570 
Goodness-of-fit on F2 1.073 
Final R indexes [I>=2σ (I)] R1 = 0.1033, wR2 = 0.2852 
Final R indexes [all data] R1 = 0.1282, wR2 = 0.3133 
Largest diff. peak/hole / e Å-3 0.72/-0.63 
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Table 6. Crystal data and structure refinement for BCN-16. 

CCDC number 2427443 
Empirical formula C48H32N12O12Rh12 
Formula weight 2203.77 
Temperature/K 100 
Crystal system triclinic 
Space group P-1 
a/Å 27.2945(8) 
b/Å 28.0465(6) 
c/Å 29.7602(6) 
α/° 111.087(2) 
β/° 112.027(2) 
γ/° 101.813(2) 
Volume/Å3 18121.8(8) 
Z 14 
ρcalcg/cm3 2.827 
μ/mm-1 3.791 
F(000) 14560.0 
Crystal size/mm3 0.08 × 0.08 × 0.06 
Radiation synchrotron (λ = 0.82653) 
2Θ range for data collection/° 1.692 to 31.77 
Index ranges -20 ≤ h ≤ 19, -21 ≤ k ≤ 19, 0 ≤ l ≤ 22 
Reflections collected 56602 

Independent reflections 
16475 [Rint = 0.2694, Rsigma = 

0.3206] 
Data/restraints/parameters 16475/958/885 
Goodness-of-fit on F2 0.995 
Final R indexes [I>=2σ (I)] R1 = 0.1093, wR2 = 0.2946 
Final R indexes [all data] R1 = 0.1530, wR2 = 0.3216 
Largest diff. peak/hole / e Å-3 1.35/-0.60 
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Table 7. Crystal data and structure refinement for BCN-17. 

CCDC number 2427444 
Empirical formula C1144H858NO572Rh156 
Formula weight 39824.23 
Temperature/K 100 
Crystal system Triclinic 
Space group P-1 
a/Å 30.8769(2) 
b/Å 33.8701(3) 
c/Å 36.1112(2) 
α/° 107.5252(6) 
β/° 100.1424(6) 
γ/° 114.2237(6) 
Volume/Å3 30830.2(4) 
Z 1 
ρcalcg/cm3 2.145 
μ/mm-1 3.194 
F(000) 19325.0 
Crystal size/mm3 0.1 × 0.09 × 0.08 
Radiation synchrotron (λ = 0.82653) 
2Θ range for data collection/° 1.686 to 43.344 
Index ranges -26 ≤ h ≤ 26, -30 ≤ k ≤ 28, 0 ≤ l ≤ 32 
Reflections collected 151592 

Independent reflections 
43744 [Rint = 0.0551, Rsigma = 

0.0861] 
Data/restraints/parameters 43744/390/1873 
Goodness-of-fit on F2 1.007 
Final R indexes [I>=2σ (I)] R1 = 0.1018, wR2 = 0.2799 
Final R indexes [all data] R1 = 0.1294, wR2 = 0.3049 
Largest diff. peak/hole / e Å-3 0.77/-0.71 
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6. General conclusions 

The development of this Thesis focused on the synthesis of giant self-

assembled molecules and the study of their properties, with special 

attention to their porous behaviour in the solid state. Two main types of 

giant metal-organic structures have been proposed in the literature: 

mesoporous cages and oligomeric supramolecules. In this work, both 

types were successfully targeted. 

Within this framework, we first demonstrated the potential of Rh(II)-

based MOPs to act as monomeric units for the synthesis of oligomeric 

supramolecules. This strategy was made possible through the stepwise 

assembly of individual MOP cavities, based on two key factors that favor 

oligomerization over polymerization. First, we synthesized 1-c MOPs 

using a protection–deprotection approach. This enabled the 

introduction of a single reactive group on the MOP surface, out of the 24 

pendant groups typically present in a cuboctahedral MOP. This method 

provided remarkable stoichiometric control over surface reactivity. We 

obtained a 1-c MOP bearing one carboxylic acid group, which was further 

reacted with NH2-PEG-X (where X is an azide or alkyne) via amide 

coupling. The resulting MOP-PEG-X derivatives were used as monomeric 

units. Second, the use of orthogonal reactivity, specifically, CuAAC click 

chemistry, prevented self-condensation of the precursors. This allowed 

us to react the 1-c MOP-PEG-X monomers with another 1-c MOP, a 4-

connected cluster, and a 24-c MOP to form a dimer, a tetramer, and a 

satellite-like structure, respectively. Importantly, the permanent porosity 

of this new family of oligomeric cage-based molecules was confirmed 
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through CO2 adsorption, demonstrating retention of the internal cavity. 

These results expand the field of cage-based oligomeric supramolecules 

by enabling precise control over MOP connectivity through stepwise 

assembly.  

On the other hand, we successfully self-assembled a family of 

isoreticularly expanded MOPs, resulting in two novel mesoporous cages. 

In a first step, we selected a microporous octahedral MOP and 

synthesized an extended version of its organic linker by adding a phenyl 

ring. The self-assembly with this larger linker led to the formation of an 

expanded octahedral MOP, named BCN-16, as well as three additional 

structures: a trigonal prism (BCN-13), an hexagonal macrocycle (BCN-

14), and a pentagonal macrocycle (BCN-15). Structural analysis revealed 

that these diverse architectures resulted from torsion within the linker, 

highlighting the critical role of ligand planarity. With this knowledge, we 

modified the ligand by introducing an alkyne bond to enhance planarity. 

The self-assembly with this planar linker yielded a single product, the 

expected octahedral MOP, named BCN-17. This cage exhibited an 

internal cavity volume of 12.5 nm³, representing the largest cavity 

reported to date for a paddlewheel-based MOP. Furthermore, the 

permanent porosity of the isoreticularly expanded MOP family was 

demonstrated through N2, CO2, and H2O adsorption measurements. In 

particular, H2O isotherms revealed the mesoporous nature of both BCN-

16 and BCN-17, each displaying a type V isotherm with a characteristic 

S-shape. Notably, BCN-17 exhibited a total H2O uptake of 0.47 g(H2O) · 

g(MOP)-1, the highest value reported for a discrete cage. The recyclability 

and reusability of BCN-17 were also confirmed. This work provides a 
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blueprint for the design and synthesis of permanently porous cages in 

the mesoporous regime. It also demonstrates the fundamental role of 

ligand planarity in the structural engineering of metal-organic 

assemblies.  

Overall, the results presented in this Thesis challenge the notion that 

giant or mesoporous cages are too labile to retain their structure and 

function in the solid state. These findings broaden the scope and 

potential of discrete metal-organic assemblies.
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7. Glossary 

1- hydroxybenzotriazole HOBt 

1-connected 1-c 

1,3-benzenedicarboxylate BDC 

1,3,5-benzenetricarboxylate BTC 

1,8-diazabicyclo[5.4.0]undec-7-ene DBU 

2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate 
HBTU 

2-(trimethylsilyl)ethyl TSE 

4,4-(9H-carbazole-3,6-diyl)dibenzoic acid H2L2 

4,4-((9-dodecyl-carbazole-3,6-

diyl)bis(ethyne-2,1-diyl))dibenzoic acid 
H2L4 

4,4-((9H-carbazole-3,6-diyl)bis(ethyne-2,1-

diyl))dibenzoic acid 
H2L3 

5-((2-(trimethylsilyl)ethoxy)carbonyl)-1,3-

benzenedicarboxylate 
COOTSE-BDC 

Barcelona Material BCN 

Brunauer–Emmett–Teller BET 

Carboxylate-metal COO-M 

Covalent organic framework COF 

Copper(I)-catalysed, azide–alkyne 

cycloaddition 
CuAAC 

Cyclic voltammetry CV 
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Diethyl ether Et2O 

Dichloromethane CH2Cl2 

Dimethyl 4,4-(9H-carbazole-3,6-

diyl)dibenzoate 
Me2L2 

Dimethyl 4,4-((9-dodecyl-carbazole-3,6-

diyl)bis(ethyne-2,1-diyl))dibenzoate 
Me2L4 

Dimethyl 4,4-((9H-carbazole-3,6-

diyl)bis(ethyne-2,1-diyl))dibenzoate 
Me2L3 

Dimethyl sulfoxide DMSO 

Diffusion-ordered spectroscopy DOSY 

Dynamic light scattering DLS 

Fourier-transform infrared spectroscopy FTIR 

Hard and soft acid–base HSAB 

Heteronuclear multiple bond correlation HMBC 

Heteronuclear single quantum correlation 

spectroscopy 
HSQC 

Homonuclear correlation spectroscopy COSY 

Inductive coupled plasma mass spectrometry ICP-MS 

Matrix-assisted laser desorption/ionisation 

Time-of-Flight 
MALDI-TOF 

Material Institute Lavoisier MIL 

Methanol MeOH 

Metal-ligand M-L 

Metal-organic cages MOCs 
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Metal-organic frameworks MOFs 

Metal-organic polyhedra MOP 

Mobile composition of matter MCM 

Molar equivalent Mol. Eq. 

N,N-diisopropylethylamine DIPEA 

N,N-dimethylacetamide DMA 

N,N-dimethylformamide DMF 

Nuclear magnetic resonance NMR 

Octahedron oct 

Polyethylene glycol PEG 

Powder X-ray diffraction PXRD 

Reticular Chemistry Structure Resource RCSR 

Rh(II)-based MOPs Rh-MOPs 

Single-crystal X-ray diffraction SC-XRD 

Three dimensional 3D 

Trigonal prism trp 

Tris(hydroxypropyltriazolylmethyl)amine THPTA 

Two dimensional 2D 

Tetrabutylammonium fluoride TBAF 

Ultraviolet-visible UV-Vis 

 





 

 

08 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A N N E X :  

L I S T  O F  P U B L I C A T I O N S



 

 



 

List of publications – 227 

8. List of publications 

The scientific publications of the author of this PhD Thesis are 

listed below: 

1. Hernández-López, L., Cortés-Martínez, A., Parella, T., Carné-

Sánchez, A., Maspoch, D. pH-Triggered Removal of 

Nitrogenous Organic Micropollutants from Water by Using 

Metal-Organic Polyhedra. Chem. Eur. J.     , 28, e202200357. 

2. Khobotov-Bakishev, A., von Baeckmann, C., Ortín-Rubio, B., 

Hernández-López, L., Cortés-Martínez, A., Martínez-Esaín, J., 

Gándara, F., Juanhuix, J., Platero-Prats, A.E., Faraudo, J., 

Carné-Sánchez, A., Maspoch, D. Multicomponent, 

Functionalized HKUST-1 Analogues Assembled via Reticulation 

of Prefabricated Metal–Organic Polyhedral Cavities. J. Am. 

Chem. Soc.     , 144 (34), 15745-15753. 

3. Hernández-López, L., von Baeckmann, C., Martínez-Esaín, J., 

Cortés-Martínez, A., Faraudo, J., Caules, C., Parella, T., 

Maspoch, D., Carné-Sánchez, A., Chem. Eur. J.    3, 29, 

e202301945. 

4. Cortés-Martínez, A., von Baeckmann, C., Hernández-López, L., 

Carné-Sánchez, A., Maspoch, D. Giant oligomeric porous 

cage-based molecules. Chem. Sci.,     , 15, 7992-7998. 

5. Ruiz-Relaño, S., Nam, D., Albalad, J., Cortés-Martínez, A., 

Juanhuix, J., Imaz, I., Maspoch, D. Synthesis of Metal–Organic 



 

228  – List of publications 

Cages via Orthogonal Bond Cleavage in 3D Metal–Organic 

Frameworks. J. Am. Chem. Soc.     , 146 (39), 26603-26608. 

6. Nam, D., Albalad, J., Sánchez-Naya, R., Ruiz-Relaño, S., 

Cortés-Martínez, A., Yang, Y., Juanhuix, J., Imaz, I., Maspoch, D. 

Isolation of the Secondary Building Unit of a 3D Metal–Organic 

Framework through Clip-Off Chemistry, and Its Reuse To 

Synthesize New Frameworks by Dynamic Covalent Chemistry. 

J. Am. Chem. Soc.     , 146 (40), 27255-27261. 

7. Hernández-López, L., Khobotov-Bakishev, A., Cortés-Martínez, 

A., Garrido-Ribó, E., Samanta, P., Royuela, S., Zamora, F., 

Maspoch, D., Carné-Sánchez, A. DNA-Based Networks 

Formed by Coordination Cross-Linking of DNA with Metal–

Organic Polyhedra: From Gels to Aerogels to Hydrogels. J. Am. 

Chem. Soc.    5, 147 (19), 16560-16567. 

8. Cortés-Martínez, A., Fernández-Seriñán, P., von Baeckmann, 

C., Caules, C., Hernández-López, L., Gutiérrez Gómez, M.S., 

Yang, Y., Sánchez-Naya, R., Suárez del Pino, J. A., Juanhuix, J., 

Imaz, I., Carné-Sánchez, A., Maspoch, D. Isoreticular 

Synthesis of Mesoporous Metal-Organic Polyhedra with 

Permanent Porosity to Gas and Water Angew. Chem. Int. Ed. 

   5, e202505682.



 

List of publications – 229 

9. Sánchez-Naya, R., Cavalieri, J. P., Albalad, J., Cortés-Martínez, 

A., Wang, K., Fuertes-Espinosa, C., Parella, T., Fiori, S., Ribas, 

E., Mugarza, A., Ribas, X., Faraudo, J., Yaghi, O. M., Imaz, I., 

Maspoch, D. Excision of organic macrocycles from covalent 

organic frameworks. Science,    5, 388,1318-1323.



 

230  – List of publications 

 

  



 

List of publications – 231 

 

  



 

232  – List of publications 

 

  



 

List of publications – 233 

 

  



 

234  – List of publications 

 

  



 

List of publications – 235 

 

  



 

236  – List of publications 

 

  



 

List of publications – 237 

 

  



 

238  – List of publications 

 

  



 

List of publications – 239 

 

  



 

240  – List of publications 

 

  



 

List of publications – 241 

 

  



 

242  – List of publications 

 

  



 

List of publications – 243 

 

  



 

244  – List of publications 

 

  



 

List of publications – 245 

 

  



 

246  – List of publications 

 

  



 

List of publications – 247 

 

  



 

248  – List of publications 

 

  



 

List of publications – 249 

 

  



 

250  – List of publications 

 

  



 

List of publications – 251 

 

  



 

252  – List of publications 

 

  



 

List of publications – 253 

 

  



 

254  – List of publications 

 

  



 

List of publications – 255 

 

  



 

256  – List of publications 

 

  



 

List of publications – 257 

 

  



 

258  – List of publications 

 

  



 

List of publications – 259 

 

  



 

260  – List of publications 

 

  



 

List of publications – 261 

 

  



 

262  – List of publications 

 

  



 

List of publications – 263 

 

  



 

264  – List of publications 

 

  



 

List of publications – 265 

 

  



 

266  – List of publications 

 

  



 

List of publications – 267 

 

  



 

268  – List of publications 

 

  



 

List of publications – 269 

 

  



 

270  – List of publications 

 

  



 

List of publications – 271 

 

  



 

272  – List of publications 

 

  



 

List of publications – 273 

 

  



 

274  – List of publications 

 

  



 

List of publications – 275 

 

  



 

276  – List of publications 

 

  



 

List of publications – 277 

 

  



 

278  – List of publications 

 

  



 

List of publications – 279 

 

  



 

280  – List of publications 

 

  



 

List of publications – 281 

 

  



 

282  – List of publications 

 

  



 

List of publications – 283 

 

  



 

284  – List of publications 

 

  



 

List of publications – 285 

 

  



 

286  – List of publications 

 

  



 

List of publications – 287 

 

  



 

288  – List of publications 

 

  



 

List of publications – 289 

 

  



 

290  – List of publications 

 

  



 

List of publications – 291 

 

  



 

292  – List of publications 

 

  



 

List of publications – 293 

 

  



 

294  – List of publications 

 

  



 

List of publications – 295 

 

  



 

296  – List of publications 

 

  



 

List of publications – 297 

 





 

 

 

 

 

 

 

Synthesis and characterization of 

giant porous molecules 

 

Alba Cortés Martínez 

Catalan Institute of Nanoscience and Nanotechnology (ICN2) 

Department of Chemistry – Faculty of Science 

 

2025 

 


	EJEMPLAR_TESIS_0 4.pdf
	8. Annexos
	Annex 1. Taula de resposta segons el nivell de risc d’arbovirosis
	Zika virus screening during pregnancy: Results and lessons learned from a screening program and a post-delivery follow-up a...
	1  BACKGROUND
	2  METHODS
	2.1  Study setting
	2.2  Study design
	2.3  Laboratory testing
	2.4  Serology output definitions and follow-up of high-risk pregnant women
	2.5  Ultrasound examination output definitions
	2.6  Newborn children follow-up outputs
	2.7  Data collection and statistical analysis
	2.8  Ethical issues

	3  RESULTS
	3.1  Participant sample description
	3.2  Serological results
	3.3  Ultrasound results and post-delivery follow-up

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES

	Mpox cases finding: Evaluation of a Primary Care detection program in the Northern Metropolitan area from Barcelona (Spain)
	Introduction
	Material and methods
	Study setting
	Description of the community-based device
	Inclusion criteria of Mpox cases
	Laboratory testing
	Procedures
	Data collection and statistical analysis

	Results
	Discussion
	What is already known on this topic
	What this study adds
	How this study might affect research, practice or policy
	Ethical considerations


	EJEMPLAR_TESIS_1.pdf
	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	Mental health in the short- and long-term adaptation processes of university students during the COVID-19 pandemic: A systematic review and meta-analysis
	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	Predictive factors of the psychological impact of the COVID-19 pandemic on university students: a study in six Ibero-American countries
	_heading=h.1fob9te

	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	7d75edc29e9227249a30c4631e047fcfdf7e0a15d0e9165b71da835ad82e4776.pdf
	_Hlk177118130
	_Hlk151220907
	_Hlk176883813
	_Hlk151125273
	_Hlk176879048

	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	8d772d9085b35ff745c03657d7e3fac0619fd6a1b5dde21e14ed84f87982361a.pdf
	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf


	Títol de la tesi: Synthesis and characterization of giant porous molecules
	Nom autor/a: Alba Cortés Martínez


