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ABSTRACT

The present PhD Thesis is dedicated to the study of the surface reac-
tivity of Metal-Organic Polyhedral molecules (MOPs) in solution. Spe-
cifically, this study will investigate how the reactivity of Rh(II)-based 
MOPs (Rh(II)-MOPs) can be harnessed to modify not only their own 
physicochemical properties but also the properties of molecules that 
interact with their surface. The study will be focused on understand-
ing the mechanisms and processes involved in these modifications and 
exploring the potential applications of such reactivity in various fields. 
By delving deeper into this topic, we aim to uncover new insights and 
possibilities for utilizing the reactivity of Rh(II)-MOPs to achieve desired 
modifications and enhance the functionality of these materials.

 
Chapter 1 provides the reader with an overview of the fundamentals 
of discrete metal-organic materials and how this field has evolved 
over time to increase the complexity and applicability of these ma-
terials. The chapter presents the key concepts related to the design 
and synthesis of metal-organic cages. Special attention will be paid 
on how the main synthetic challenges have been overcome and how 
the advances in the synthesis of metal-organic cages have in turn ex-
panded the post-synthetic reactivity of these molecules. Finally, a 
compilation of examples is presented to illustrate the potential of 
post-synthetic modification, both in organic ligands and metal nodes, 
and their independent or synergistic use to modulate the properties 
of these materials.

Chapter 2 specifies the general and specific objectives of this PhD Thesis. 

Chapter 3 proposes the use of water-soluble Rh(II)-MOPs as capture 
agents to remove organic contaminants capable of interacting with the 
MOP surface. For this purpose, the possibility of controlling the solu-
bility of these capture agents by modulating the pH of the medium will 
be studied. Additionally, different recovery and recycling strategies are 
discussed.

Abstract    |
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Chapter 4 examines the selectivity of Rh(II) metal nodes and their use in 
separation processes. Specifically, the study focuses on the selectivity in-
duced by steric hindrance around a coordinating atom. This will be used 
to separate regioisomeric mixtures of substituted pyridines. The steric 
hindrance that the different pyridine substituents impart on the Nitrogen 
donor atom generates the possibility of discriminating between coor-
dinating and non-coordinating regioisomers. The differential solubility 
of MOP-bounded and non-bounded pyridines will be used to engineer 
liquid-liquid extraction systems to carry out separation processes. The 
mechanism that induces this selectivity and the established interactions 
are studied using both experimental and computational techniques. 

Chapter 5 focuses on the implementation of Copper(II)-catalyzed 
Azide-Alkyne Cycloaddition (CuAAC), also known as "click chemistry," 
in order to expand the catalogue of different functionalizations that 
Rh(II)-MOPs can exhibit on their surface. Using a protection/deprotec-
tion strategy that allows the introduction of terminal alkyne groups on 
the MOP surface, a platform is obtained in which virtually any function-
al group can be quantitatively introduced, thanks to the orthogonality 
and biocompatibility. Furthermore, we will show that our “clickable” 
Rh(II)-MOP withstands the typical conditions of the CuAAC reactions. 
In this way, a wide variety of substrates and functional groups can be in-
troduced on the MOP surface, including polymers, carboxylic and phos-
phonic acids, and even biomolecules such as biotin, whose biorecog-
nition capabilities are preserved once anchored to the MOP surface. 

Finally, Chapter 6 summarizes the contributions made to the field and 
the main conclusions and perspectives drawn from this Thesis.
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RESUM 

La present Tesi Doctoral està dedicada a l'estudi de la reactivitat super-
ficial de les molècules anomenades Poliedres Metal·loorgànics (del seu 
acrònim en anglès, MOPs) en solució. Més precisament, se centrarà 
en la investigació sobre com la reactivitat dels MOPs basats en Rodi(II) 
(Rh(II)-MOPs) pot ser utilitzada per modificar tant les seves propietats 
fisicoquímiques com la d’aquelles molècules capaces d'establir una in-
teracció amb la seva superfície. L'estudi se centra en comprendre els 
mecanismes i processos involucrats en aquestes modificacions i ex-
plorar les possibles aplicacions d'aquesta reactivitat en diversos camps. 
L'objectiu és també aprofundir en les possibilitats que ofereix la reactiv-
itat superficial dels Rh(II)-MOPs per aconseguir les modificacions desit-
jades i millorar la funcionalitat d'aquests materials.

En el Capítol 1 es proporciona al lector una visió sobre els fonaments 
del camp dels materials metal·loorgànics discrets i com aquest ha 
evolucionat amb el temps per augmentar la complexitat i aplicabilitat 
d'aquests materials. El capítol presenta els conceptes més destacats 
en relació amb el disseny i la síntesi de caixes metal·loorgàniques. Es 
presta especial atenció a com s'han superat els principals reptes sin-
tètics i com els avenços en la síntesi de caixes metal·loorgàniques han 
ampliat la reactivitat postsintètica d'aquestes molècules. Finalment, 
també s'ofereix un compendi d'exemples que il·lustren el potencial de 
la seva modificació postsintètica, tant en els lligands orgànics com en 
els nodes metàl·lics, i el seu ús tant de manera independent com sinèr-
gica per modular les propietats d'aquests materials.

En el Capítol 2 s'especifiquen els objectius, tant generals com espe-
cífics, d'aquesta Tesi.

 
En el Capítol 3 es proposa l'ús de Rh(II)-MOPs solubles en medi aquós 
com a agents de captura per eliminar contaminants orgànics que poden 
interactuar amb la superfície del MOP. Per a això, s'estudiarà la possibil-
itat de controlar la solubilitat d'aquests agents de captura modulant el 
pH del medi. A més, s'exposen diferents estratègies de recuperació i es 
discuteix la seva reciclabilitat.

Resum     |
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El Capítol 4 estudia la selectivitat dels nodes metàl·lics de Rodi i el 
seu ús en processos de separació. Se centra en la selectivitat induïda 
pels impediments estèrics al voltant d'un àtom coordinant. Aques-
ta selectivitat s’emprarà per separar barreges regioisomèriques de 
piridines substituïdes. Els impediments estèrics generats pels dif-
erents substituents en les piridines al voltant del nitrogen donador 
permeten discriminar entre regioisòmers coordinants i no-coordi-
nants. La diferència de solubilitat entre els regioisòmers coordinats i 
els no coordinats es farà servir en sistemes d'extracció líquid-líquid 
per dur a terme processos de separació. El mecanisme mitjançant 
el qual  s’indueix aquesta selectivitat i les interaccions establertes 
són estudiats tant experimentalment com computacionalment. 

En el Capítol 5 es desenvolupa la implementació de la Cicloaddició 
d'Azides i Alquins catalitzada per Coure(II) (CuAAC, de les seves sigles 
en anglès), coneguda com a "química click", amb l'objectiu d'ampliar 
el catàleg de diferents funcionalitzacions que els Rh(II)-MOPs poden 
exhibir en la seva superfície. Utilitzant una estratègia de protecció/de-
sprotecció que permet introduir grups alquí terminals a la superfície del 
MOP, s'obté una plataforma en la qual pràcticament es pot implemen-
tar qualsevol grup funcional de manera quantitativa gràcies a l'ortogo-
nalitat i biocompatibilitat que caracteritza aquesta reacció. A més, es 
demostra que la integritat d'aquesta plataforma no es veu afectada per 
les condicions de reacció clàssiques de la CuAAC. D'aquesta manera, és 
possible introduir una gran varietat de substrats i grups funcionals a la 
superfície del MOP, incloent-hi polímers, àcids carboxílics i fosfònics, i 
fins i tot biomolècules com la biotina, la qual conserva la seva capaci-
tat de bioreconeixement una vegada ancorada a la superfície del MOP. 

Finalment, el Capítol 6 resumeix les contribucions realitzades en 
el camp i les principals conclusions i perspectives que s’extreuen 
d'aquesta Tesi.
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RESUMEN
 
La presente Tesis Doctoral está dedicada al estudio de la reactividad su-
perficial de las moléculas denominadas como Poliedros Metal-Orgáni-
cos (de su acrónimo en inglés, MOPs) en solución. Concretamente, en 
este estudio se investigará cómo la reactividad de los MOPs basados 
en Rodio(II) (Rh(II)-MOPs) puede ser utilizada para modificar tanto sus 
propiedades fisicoquímicas como la de aquellas moléculas capaces de 
establecer una interacción con su superficie. El estudio se centra en 
entender los mecanismos y procesos involucrados en estas modifica-
ciones y en explorar las potenciales aplicaciones de dicha reactividad 
en diversos campos. Profundizando en este tema, nuestro objetivo es 
ahondar en las posibilidades que la reactividad superficial de los Rh(II)-
MOPs ofrecen con el fin de lograr las modificaciones deseadas y mejo-
rar la funcionalidad de estos materiales. 

En el Capítulo 1 se ofrece al lector una visión sobre las bases del campo 
de los materiales metal-orgánicos discretos y cómo este ha ido evolu-
cionando a lo largo del tiempo para aumentar la complejidad y apli-
cabilidad de estos materiales. El capítulo presenta los conceptos más 
destacados en cuanto a su diseño y síntesis de cajas metal-orgánicas. 
Se prestará especial atención a cómo los principales retos sintéticos se 
han superado y cómo los avances en la síntesis de cajas metal-orgáni-
cas han ampliado a su vez la reactividad post-sintética de estas moléc-
ulas. Finalmente, también se presenta un compendio de ejemplos con 
los que ilustra el potencial de su modificación post-sintética, tanto en 
los ligandos orgánicos como en los nodos metálicos, y su uso de man-
era independiente o sinérgica para modular las propiedades de estos 
materiales.

En el Capítulo 2 se especifican los objetivos tanto generales como es-
pecíficos de esta Tesis.

 El Capítulo 3 se propone el uso de Rh(II)-MOPs solubles en medio ac-
uoso como agentes de captura con el fin de eliminar contaminantes 
orgánicos capaces de interactuar con la superficie del MOP. Para ello, 
se estudiará la posibilidad de controlar la solubilidad de estos agentes 
de captura modulando el pH del medio.  Además, también se exponen 
diferentes estrategias de recuperación y reciclabilidad serán discutidas.  

Resumen     |
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El Capítulo 4 estudia la selectividad de los nodos metálicos de Rodio 
y su uso en procesos de separación. Concretamente, el estudio centra 
su interés en la selectividad inducida por los impedimentos estéricos 
alrededor de un átomo coordinante. Ésta será utilizada para separar 
mezclas regioisomericas de piridinas sustituidas. Los impedimentos 
estéricos que presentan diferentes sustituyentes en piridinas alrede-
dor del Nitrógeno donador generan la posibilidad de discriminar en-
tre regioisómeros coordinantes y no-coordinantes. La diferencia en la 
solubilidad entre los regioisómeros enlazados y los no enlazados será 
utilizada en sistemas de extracción líquido-líquido para llevar a cabo 
procesos de separación. El mecanismo que induce esta selectividad y 
las interacciones establecidas son estudiadas tanto mediante técnicas 
experimentales como computacionales.

El Capítulo 5 se centra en desarrollar la implementación de la Cicload-
ición de Azidas y Alquinos catalizada por Cobre(II) (CuAAC, de sus siglas 
en inglés), más conocida como “química click”, con el fin de expandir el 
catálogo de diferentes funcionalizaciones que los Rh(II)-MOPs pueden 
exhibir en su superficie. Utilizando una estrategia de protección/de-
sprotección que permite introducir grupos alquino terminales en la su-
perficie del MOP, se obtiene una plataforma en la que prácticamente 
puede implementarse cualquier grupo funcional de manera cuanti-
tativa gracias a la ortogonalidad y biocompatibilidad que caracteriza 
esta reacción. Además, demostraremos que la integridad la plataforma 
propuesta no se ve afectada por las condiciones de reacción clásicas 
de la CuAAC. De esta manera, es posible introducir una gran variedad 
de sustratos y grupos funcionales en la superficie del MOP incluyendo 
polímeros, ácidos carboxílicos y fosfónicos, e incluso biomoléculas 
como la biotina cuya capacidad de bioreconocimiento es preservada 
una vez anclada a la superficie del MOP.

 
Finalmente, el Capítulo 6 trata de resumir las aportaciones realizadas 
al campo y las principales conclusiones y perspectivas que se extraen 
de esta Tesis.
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INTRODUCTION

1.1 Biological systems: a source of inspiration.

Humans have not only curiously observed nature willing to comprehend the 
world, but also with an analytical gaze, seeking inspiration to stimulate our 
imagination and promote creativity in very different areas such as arts, phi-
losophy, and sciences. Together with an unwavering ambition, curiosity has 
propelled an ever-changing world. Thus, intellectual thinkers of the era have 
been led to turn to these natural systems for inspiration to tackle the challeng-
es produced by evolutionary self-reinforcing cycle.

Particularly, scientists and engineers have greatly benefited from the ration-
al observation of living organisms and their biological processes, leading 
to the design of novel materials and devices with precise functionalities.1,2 
It is widely known that the physicochemical properties of a material, regardless 
of its dimensionality, are closely linked to its chemical composition and struc-
ture.3,4 Indeed, the critical role of the structure in determining properties is ev-
idenced when conformational modifications result in different physicochem-
ical properties; even when the chemical composition remains unchanged.5–9 
Therefore, achieving control at the atomic level and spatial structuration in the 
synthesis of artificial structures have been major milestones for the scientific 
community. Nature, and particularly biological systems, presents a vast array 
of complex functional structures with very precise functionalities that are the 
basis of life.10 Albeit the composition of these structures is determined by the 
combination of simple building units made of robust covalent bonds, their 3D 
structure is the result of the weak and cooperative non-covalent interactions 
between these building units (Figure 1.1). The formation of these supramo-
lecular organizations relies on the specificity and precision exhibited in the 
supramolecular recognition of these smaller and simpler molecular compo-
nents. The variety of self-recognizing interactions endows biological systems 
an immense potential to create structurally diverse assemblies exhibiting very 
different compositions and conformations, such as double-stranded  DNA, 
proteins, lipidic membranes, liposomes, and viral capsids, among others. The 
ability to precisely define confined spaces at the molecular level and strategi-
cally localize functional moieties in a structure enables these molecular arrays 
to carry out biological processes with high precision and efficiency, including 
encoding information, encapsulating, transporting, modifying, and specifically 
recognizing molecules.11–15
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Figure 1.1 Illustration of the four levels of protein structure.

 
Chemists have drawn inspiration from nature by utilising non-covalent inter-
actions to construct functional supramolecular architectures that not only pre-
serve the physicochemical properties of the building units, but also enhance 
them through symbiotic association and structuring.16 Although covalent 
chemistry presents a reasonably more developed toolbox to create atomic as-
semblies, the formation of highly complex systems composed by several subu-
nits by using this chemistry is restricted by its intrinsic features. The highly line-
ar, stepwise, and time-consuming procedures employed in synthetic covalent 
chemistry are inappropriate for the synthesis of complex three-dimensional 
hierarchical structures. Also, the restriction of the valence and geometries 
of the carbon atom promoted the choice of weak non-covalent interactions 
as more versatile and suitable option.17 Therefore, the self-assembly of syn-
thetic building blocks was envisaged as the suitable methodology to create 
autonomous materials with specific functions, where the molecular/atomic 
response is translated to the macroscale. These concepts settled down the 
bases of the so-called supramolecular chemistry whose breakthrough came 
on the 1960s.18,19 In these early stages, selective ion- and molecule-receptors 
as crown-ethers and cryptands were introduced in the literature by Prof. D. J 
Cram, Prof. J. M Lehn and Prof. C. J. Pedersen and their co-workers.20–22 This 
field continued increasing the complexity of supramolecular architectures 
when mechanically interlocked architectures and molecular machines, such as 
molecular rotors and switches, were introduced by Prof. F. Stoddart, Prof. P. 
Sauvage and Prof. B. Feringa during the 1990s.23–28
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Nevertheless, predicting and controlling the synthetic outcome of even the 
simplest multicomponent complex system is not as straightforward as it 
seems for natural biological systems. In an artificial context, even the simplest 
combination, that implies just two different precursors A and B, can result in 
random mixtures of products, A2, B2, and AB, when the specificity of interac-
tions is not high enough to ensure the desired assembly.17 It was in the early 
1990s when the use of coordination bonds as supramolecular interactions to 
assemble larger and more complex structures was proposed to increase the 
predictability and the synthetic control in the supramolecular association of 
different entities. 29,30 The spontaneous formation of coordinative interactions 
between a Lewis basic donor, an organic ligand containing donor atoms (L), 
and a Lewis acid acceptor, a metal ion or metallic cluster (M), presents intrinsic 
key features that makes them suitable to this purpose.31 The use of coordina-
tion bonds precludes the possibility of formation of homomeric architectures 
and allows the rational design of supramolecular architectures due to the in-
herent well-defined coordination geometry. The specificity and directionality 
of coordination bonds make them more predictable than other supramolecu-
lar interactions, such as π-π interactions, hydrophobic interactions, or hydro-
gen bonding. Moreover, the formation of a M-L coordination bond fulfils the 
thermodynamic requisites for attaining an efficient self-assembly process. The 
coordination bond liability allows kinetic mistakes (i.e., incorrectly oriented 
building units) to self-repair through a dissociation and re-association process. 
Also, the formation of soluble kinetic intermediates prevents the precipita-
tion, and subsequent self-assembly process interruption, before the systems 
converges into a single thermodynamic product without kinetically trapped 
mistakes.32 These are the pillars of the so-called coordination-driven self-as-
sembly of metal-organic materials.33–37

There is an almost “infinite” number of possible combinations between a 
metal ion/cluster and an organic linker. The convergent or divergent self-as-
sembly of these molecular building units determines the dimensionality of 
the obtained structure. Thus, both extended and discrete materials are ob-
tained by using a very similar library of precursors. Coordination polymer is 
the term used to include all the materials that exhibit linked “repeating co-
ordination entities in one-, two- or three-dimensions”. Crystalline porous 
coordination polymers, also known as metal-organic frameworks (MOFs), 
emerged as a sub-class of coordination polymers a few decades ago as a 
result of a deep understanding and control on the synthetic procedures 
and design principles of these materials.38 The modular nature of MOFs 
opened up the possibility to design materials, via bottom-up methods, 
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for achieving on-demand structural and physicochemical properties (e.g., 
pore size, chemical functionality and robustness, among others).39–42 
The combination of their tunable intrinsic porosity with a large collection of 
properties provided by the judicious selection of their molecular building units 
have made them very appealing candidates for a myriad of applications, such 
as gas storage,43 separation,44 catalysis,45 drug delivery,46 or pollutant remov-
al,47,48 among others. Additionally, the structured building units retain a chem-
ical reactivity similar to that of their molecular counterparts; therefore, the 
pore domains of framework can be further modified with specific functionali-
ties by post-synthetic modification (PSM).49  By applying PSMto porous mate-
rials, researchers have been able to blend specialised materials with previously 
unobtainable properties. Indeed, by bypassing the solvothermal synthetic con-
ditions typically used for porous materials such as MOFs, scientists can now 
incorporate highly-reactive and sensitive moieties into these materials.50

However, obtaining discrete metal-organic structures is also possible when 
the ligand-to-metal ratio is appropriate.51,52 In this scenario, the formation of 
spherical or closed structures is enthalpically favoured in front of open poly-
meric structures as all the coordination bonds are satisfied (i.e., there is not 
surface defects in a molecule). 53 Metallo-cycles, metallo-catenanes and coor-
dination cages are among the most studied examples of discrete metal-organ-
ic structures. The design, obtention and further exploration of their properties 
have been developed, in parallel with their extended counterparts, over the 
past 30 years. During this time, great synthetic efforts have been devoted to 
deeply understand their self-assembly process and to design more complex 
discrete architectures both in terms of structure and functionality always pre-
serving their discrete nature. 

Unlike extended coordination networks, discrete metal-organic molecules 
do not benefit from the stability provided by the cooperativity of an “infinite” 
number of coordination bonds, which translates into poor structural stability 
of most of these molecules in solid state.53 However, metal-organic molecules 
uniquely combine high structural control on the spatial disposition of diverse 
building blocks with solubility in liquids and stoichiometric reactivity. This 
combination of properties allow for the in situ monitoring of their response 
to chemical triggers (i.e., guest uptake, covalent/supramolecular transforma-
tions, or aggregation-assembly).54,55 These possibilities enable to perfectly 
correlate the modifications at atomic scale with the observed phenomena at 
the macro-scale. Consequently, they provide an engaging platform suitable for 
the understanding of catalytic cycles,56–58 separation processes,59,60 host-guest 
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interactions61,62 and structuration or confinement effects.63,64 Furthermore, the 
monomeric and reactive character of metal-organic molecules enables to use 
them as building blocks in hierarchical self-assembly process with control on 
the polymerization pathway.65 

The following section will be dedicated to travel through some of the most 
representative examples that have played a part in the growth of the field of 
metal-organic discrete materials, with a special view on how each contribution 
allowed to unlock the latent potential properties of these types of molecules.

1.2 Metallacycles and coordination cages based of N-donor ligands

1.2.1 Preparation of metallacycles

Initially, the primary focus of this field was mainly oriented toward the devel-
opment of synthetic strategies to obtain the desired supramolecular struc-
tures drawing from two premises. Firstly, the metal-to-ligand interaction 
provides highly directional interactions. Secondly, the geometrical shape and 
dimensionality of a finite metal-organic structure is defined by the number  
(i. e., connectivity) of binding sites of the ligands and the coordination geom-
etry of the metals.66 Although previous and contemporary examples of coor-
dinative self-assembled macromolecules are found in the literature, the work 
developed by Prof. M. Fujita and Prof. P. Stang and co-workers provides a col-
lection of paradigmatic examples that can be used to illustrate the challenges 
found in the dawning of this field and how it evolved as time went by. The use of 
highly directional interactions as synthetic strategy was both rationalized and 
systematized by using neutral, rigid and highly-directional N, N’-ligands, more 
precisely bipyridyl ligands, combined with Pd(II) and Pt(II) metallic centres. By 
using the square-planar coordination sphere of these metal ions, the obten-
tion of extended structures must be foreseen. This drawback was circumvent-
ed by using cis-capping chelating bisphosphines or bisamines that blocks the 
unsaturated coordination sites, restricting the coordination geometry of Pd(II) 
and Pt(II) to a 90º angle.67

In 1990, Prof. M. Fujita and co-workers reported the formation of a molecular 
square in which a cis ethylenediamine (en) Pd(II) complex, (en)Pd(NO₃)₂, was 
reacted with 4,4’-bipyridine linkers (Figure 1.2). First insights of host-guest 
properties were found in such molecular square, with a side-to-side distance 
of approximately 8 Å, as it demonstrated the ability for molecular recognition 
of neutral aromatic species in aqueous media.68 The synthesis of the corre-
sponding Pt(II)-based analogue involved major challenges. Due to the increase 
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in the bond strength of the Pt(II)-N in comparison with that of N-Pd(II), kinetic 
oligomeric mixtures were obtained at room temperature when 4,4’-bipyri-
dine linkers were reacted with (en)Pt(NO₃)₂. The thermodynamically favoured 
square molecule was obtained increasing the reaction temperature up to 100 
ºC, demonstrating that the bond reversibility required for self-correction can 
be still attained even when stronger coordination bonds are used.69

Figure 1.2. (a) Schematic representation of the synthetic pathway used to obtain the molec-

ular Pd(II) square. (b) Illustration of the crystalline structure of this molecular square.68

 
Few years later, in 1996, the size of the square was tuned by systematically 
adding spacers between the heteroaryls of the 4,4’-bipyridine. Although the 
major product was found to be the expected molecular square, the lability 
of the N-Pd(II) bond caused that this molecular entity coexisted in equilibri-
um with a molecular triangle. The presence of the molecular triangle was 
subjected to a concentration-dependent effect. At higher concentrations, 
the equilibrium was shifted towards the formation to the less strained mo-
lecular square, as it is the most stable conformation in terms of enthalpy. 
Conversely, lower concentrations of reagents promoted the coexistence 
of both molecular species, as entropic factors favoured the formation of a 
molecule with lower number of components; in this case, the molecular tri-
angle (Figure 1.3). This work clearly exemplifies the challenges associated to 
the isolation of single metal-organic molecules, even when highly direction-
al and rigid building are employed in the self-process.70 Different approaches 
were lately proposed to circumvent the obtention of multiple molecular ge-
ometries. “Induced-fit” molecular recognition strategy was used in 1998 by 
Prof. J-I. Hong and co-workers to induce the reorganization of self-assem-
bled Pd(II) square and triangle mixtures. They used adamantane as a guest 
to promote the formation of the most suitable host, the molecular square.71  
The steric and electronic properties were demonstrated to be crucial in the 
obtention of a self-assembled system purely composed of molecular triangles 
in 1998 by Prof. B. Lippert and co-workers. They replaced the commonly used 
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4,4’-bipyridine derivatives by 2,2’-bipyrazine as a bridging linker, and used (en)
Pt(NO₃)₂ as the metallic precursor. Other molecular geometries were also tar-
geted using similar design principles.72

Figure 1.3. Schematic representation of the dynamic equilibrium between molecular squares 

and molecular triangles when expanded versions of 4,4’-bipyridine are used.17

 
Introducing flexibility into the bridging ligand by using flexible 
bis(4-pyridyl)-substituted ligands together with (en)Pd(NO₃)₂ allowed the 
synthesis of macrocyclic dinuclear Pd(II)-complexes with highly shape-de-
pendent recognition capabilities for electron-rich aromatic compounds.73 
These compounds demonstrated the importance of the orientation of the 
aromatic backbone for these recognition capabilities. The affinity for aromat-
ic compounds exhibited by this cavity was found to be higher than the one 
displayed by the tetranuclear molecular square. The inherent liability of the 
Pd(II)-N coordination bond also gave rise to interconversion of supramolecular 
structures. In this case, the equilibrium was found between the monomeric ring 
and the formation of a catenate made of two interlocked molecular rings.74 
A significant milestone in the field was achieved by exerting control over the 
equilibrium between the isolated and catanated metallacycles.

To achieve this, a stronger N-Pt(II) bond was employed instead of the more la-
bile N-Pd(II) coordination bond, creating a “molecular lock”. Prof. M. Fujita and 



25

co-workers achieved a high degree of control on the generation of a supramo-
lecular architecture molecule-by-molecule by using the temperature and the 
polarity of the media to control the process of “locking” and “unlocking” and 
consequently, the concatenation process of the supramolecular metallomac-
rocycles (Figure 1.4).75

Figure 1.4. Illustration of the observed equilibrium between monomeric molecular rings 
and  interlocked catenate species.17

 
Parallelly, Prof. P. Stang and co-workers systematized the design and ob-
tention of these metallosupramolecular structures by using more lipopho-
bic cis-bisphosphine Pd(II) and Pt(II) triflate complexes as capping ligands. 
More sophisticated and planar aromatic linkers resulted into tetranuclear 
Pd(II) and Pt(II) complexes with higher rigidity and deeper cavities, although 
solubility was also decreased. However, they demonstrated that the ligand 
design could prevent the coexistence of more than one molecular geom-
etry as, apparently, the formation of molecular triangles was precluded due 
to the steric hindrance introduced by the bulkiness of the N, N’-linkers.76,77  

Moreover, Prof. P. Stang and co-workers pointed out the possibility of intro-
ducing molecular building units with intrinsic complex chemical functionalities 
and the subsequent implementation of these properties on the supramolec-
ular structure by incorporating macrocyclic-substituted phosphine ligands as 
capping agents. Calixarene-based metallomacrocycles demonstrated to pre-
serve their molecular recognition and complexion capabilities by allowing the 
molecular transport of sodium tosylate salts through a triphasic U-shape sys-
tem composed by water and chloroform.78
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1.2.2 Increasing the complexity. 3D discrete architectures. 

After successfully obtaining polygonal macrocyclic molecules that exhibit 
host-guest properties within the space that they define, the field progressed 
by targeting three-dimensional hollow structures that resemble protein cag-
es or virus capsids. Therefore, nature not only served as inspiration for find-
ing the strategy to build-up supramolecular metallostructutres. Some of the 
structures naturally occurring in biological systems were also used as models 
to design more complex architectures.

Designing three-dimensional cage-like compounds entailed an increase in the 
structural complexity and more sophisticated design of the building units. In 
a similar vein as naturally formed cavities, artificial metal-organic cavities are 
composed by a limited number of units that generally generate Platonic or 
Archimedean solids. In the following section, the synthetic procedures that en-
able the realization of such synthetic cavities are detailed. 

1.2.2.1 Pd(II)/Pt(II) metal-organic cages

Prof. M. Fujita and co-workers designed and synthesized a whole family of 
large and hollow spherical complexes with general formula MnL2n by com-
bining the square Pd(II)/Pt(II) motive with rigid bispyridine-like bent linkers. 
In 2004, the first polyhedra, the Pd(II)12L24 cuboctahedron, was reported. 
Such spherical structure was self-assembled upon the reaction of Pd(II) ions 
with 4,4’’-bis(4-pyridyl) linkers with a bending angle close to the ideal value 
of 120 ° (Figure 1.5).79

Figure 1.5. Illustration of the molecular components and self-assembly 
of the Pd(II)12L24 cuboctahedron.80
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Remarkably, cuboctahedral cage demonstrated enhanced stability compared 
with the previously mentioned macrocyclic molecules because of the increase 
in the number of coordinative bonds that synergistically cooperate to hold the 
structure. Following the tendency already observed for the metallocycles, a 
more robust cuboctahedral structure was attained when Pd(II) metal ions were 
substituted by Pt(II) metal ions.81 Lately, variations of the bending of the link-
ers demonstrated to be critical to obtain other polyhedral solids, such as the 
smaller cubic M₆L₁₂ structure82 or the larger rhombicuboctahedric structure 
with formula M₂₄L₄₈ (Figure 1.6a).83 The self-assembly of structures with larger 
number of components, as the M₃₀L₆₀ icosahedron, entailed a greater synthet-
ic challenge for two main reasons.84 Firstly, the increment of the number of 
components participating in the assembly process favours the appearance of 
meta-stable intermediates that cannot be reversibly formed and unformed, 
thus becoming kinetically trapped species that precludes the proper operation 
of the essential self-correction mechanism. Secondly, geometric constrains 
appeared as the pentagonal faces of an icosahedron required vertex angles of 
108° and 60°, which are considerably far from the classical 90° formed by the 
square-planar Pd(II) coordination sphere (Figure 1.6b). These synthetic obsta-
cles were overcome with the use of rationally designed flexible bent ligands 
and an increment of the reaction temperature. Through this synthetic strate-
gy, a self-assembled capsid made of 90 components with a diameter of ~8.2 
nm was achieved. To date, this molecule is still the largest synthetic self-as-
sembled macromolecule (Figure 1.6c). 

 
Figure 1.6. (a) Family of MnL2n polyhedra. (b) Enlarged view of one of the vertices of the 
M30L60 icosidodecahedron highlighting the angles required in the Pd(II) planar coordina-

tion sphere. (c) X-Ray crystallographic structure of M30L60 icosidodecahedron.84
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A suitable combination between the morphological properties (large size, 
highly tuneable inner and outer surfaces, and well-defined shape) and its 
spontaneous formation made the M₁₂L₂₄ cuboctahedron the ideal candidate 
for the study of the functionalization of these artificial assemblies. Introducing 
functional groups in the bis(pyridine) linker afforded either exohedral or endo-
hedral funcionalisation on the M₁₂L₂₄ complexes as a function of the position 
of such functional groups.80

Figure 1.7. (a)Schematic representation of the encapsulation process of the cutinase-like 
enzyme. (b) Molecular simulation of the encapsulated cutinase-like enzyme in the 
Pd(II)12L24. (c) Molecular modelling of the encapsulated and the non-encapsulated 

cutinase-like enzyme demonstrating that the tertiary structure is preserved.85

The endohedral functionalization allowed to study the molecular confinement 
effects by a coordination cage, such as precise and close arrangement of guest 
molecules, kinetic isolation and protection and conformational manipulation.
[86] Introducing an acetylene spacer between the pyridinic moieties was re-
quired to avoid steric repulsion and favour the required planarity of the organic 
linker that enabled the formation of the molecular sphere. Such expansion of 
the ligand also entailed an enlargement of the assembled cavity from 3.5 nm 
to 4.6 nm, thereby causing a breakthrough in the encapsulation field. In this 
context, giant guest molecules, such as the protein ubiquitin (8.6 kDa, 3-4 nm 
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in diameter)87 or the cutinase-like enzyme (21 kDa, 3-4 nm in diameter),85 were 
encapsulated into these hollow artificial structures. Cutinase-like enzyme, a 
bacterial enzyme known by its plastic degradation capabilities, demonstrated 
to preserve its enzymatic activity even when it was exposed to organic sol-
vents. This was attributed to the preservation of the protein tertiary structure 
due to the spatial isolation provided by the molecular sphere (Figure 1.7). 

Furthermore, the formation of these molecular entities allowed them to local-
ize confined monodisperse environments in solution. Remarkably, all the cap-
sids presented a defined inner surface with the same shape, size, and chemi-
cal environment. This homogeneity supposed a great advantage with respect 
to the previously used synthetic capsids (e.g., micelles) which present higher 
polydispersity indexes or natural cavities (e.g., protein and virus cages) whose 
manipulation and modification may pose a synthetic challenge. Such particu-
larity demonstrated to be highly valuable and beneficial for using them as na-
no-reactors for a cavity-templated synthesis. The proper functionality of the 
inner surface limited the accumulation of reagents within the cavity, thereby 
restricting the size of the resulting product and affording highly monodisperse 
nanoparticles or polymeric materials (Figure 1.8).88

 

Figure 1.8. Schematic representation of the synthesis of silica nanoparticles within 
Pd(II)12L24 cages (top) and the ligand exhibiting the functionality needed to generate the 

required inner chemical environment for the sol-gel condensation of alkoxysilanes.88
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Highly functionalized surfaces were achieved with the accumulation of 24 
functional groups on the periphery of the cuboctahedral complex of around 
3.5 nm. A library of peptides, saccharides and oligonucleotides were intro-
duced on the surfaces of the molecular spheres by modifying the bipyridyl link-
ers prior to the assembly of the macromolecule.89–91 Such pendent function-
alities demonstrated to preserve their selectivity and molecular recognition 
capabilities. However, the use of the Pd(II)/Pt(II)-N bond restricted the study 
of the on-surface reactivity of Pd(II)/Pt(II) cages to supramolecular reactions, 
excluding the possibility to perform covalent PSM on their densely functional-
ized surfaces (Figure 1.9). 

Figure 1.9. Exohedrally functionalized M₁₂L₂₄ cuboctahdera. 

 
1.2.2.2 Chelating N-donor subcomponents for the synthesis 
of more stable metal-organic cages

In addition to the above-mentioned rigid and highly-directional N, N’-ligands 
combined with Pd(II)/Pt(II), the use of other design approaches was postulated 
to go beyond the limitations imposed by such square planar coordination ge-
ometry. The symmetry-adapted approach consists of identifying the symme-
try elements of targeted architectures to select the proper building-units that 
guides the formation of the targeted metallostructure.52 Such approach typi-
cally involves utilizing chelates as structural bonds. Rather than capping agents 
to prevent the formation of extended structures. Furthermore, the successful 
formation of these metal-organic molecules often requires the use of organic 
rigid ligands with a significant degree of internal twisting. This twisting helps 
to promote the appropriate orientation of the coordination vectors, which is 



31

crucial to obtain the desired assembly. Prof. J. Nitschke and co-workers have 
largely developed the implementation of a specific subset of this synthetic ap-
proach, the so-called “sub-component” self-assembly strategy, for obtaining 
metal-organic capsules (Figure 1.10).92 This technique relies on the in situ for-
mation of the chelating moiety through reaction of an amine and aldehyde 
subcomponent. The in situ generated imine moiety subsequently chelates the 
metal ion to drive the assembly of the cage.

The formation of such structural chelating moieties leads to enhanced binding 
cooperativity around metal templates. This results in the formation of remark-
ably stable metal-organic capsules, even in aqueous media, when first-row 
transition metals are chosen as metallic centres.93 Despite the well-known ki-
netic lability of these metals in aqueous solutions, more abundant metal ions 
such as Co(II), Ni(II) and Fe(II) have been identified as suitable candidates, over-
coming the previous limitation to Pd(II)/Pt(II) metal ions. Additionally, the in-
crease in ligand denticity, which refers to the ability of the ligand to bridge be-
tween a higher number of metallic nodes, contributes to an enlarged chelate 
effect. This, in turn, leads to remarkable improvements in the stability of the 
resulting architectures.94 From the combination of these structural features, a 
large family of coordination cages with both platonic and archimedean sym-
metries was synthetized. Examples include face-capped M₈L₈ cubes and M₄L₄ 
tetrahedra, 95–98edge-linked M₄L₆ tetrahedra99,100 or more complex M5nL2n ico-
sahedra,101 among others.

Figure 1.10. (a) Schematic rep-
resentation of the sub-com-
ponent self-assembly reaction 
to form an Fe₄L₆ tetrahedral 
cage. (b) X-Ray crystallo-
graphic structure of the Fe₄L₆ 
tetrahedral cage.93
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Considerable efforts have been dedicated to achieve more robust coordina-
tion cages in order to open the possibility to explore the latent reactivity of 
their building units. The inherently highly exposed surfaces, combined with 
lack of diffusion barriers, represents one of the key virtues in terms of chemical 
availability of such chemical reactivity sources.102 However, it is important to 
acknowledge that the intrinsic dynamism of coordination bonds coupled with 
the lack of long-range cooperativity effects typically result into the decompo-
sition of these metallostructures when exposed to a large variety of reagents, 
including strong nucleophiles/electrophiles, coordinating functional groups or 
oxidising/reducing agents. In this scenario, the use of the “sub-component” 
self-assembly strategy to form chelating structural moieties unlocked the PSM 
of coordination cages. PSM reactions not only allows to attain more complex 
architectures from simpler building units, but also provides a pathway to over-
come possible incompatibilities between the required synthetic conditions 
to form the metal-organic cage (i.e., organic solvents and high temperature) 
and the stability of the targeted moiety to be introduced on the surface of the 
cage. Therefore, this approach enables the introduction of desired modifica-
tions and functional groups into coordination cages after their initial assembly, 
expanding their structural and chemical diversity. 

A very elegant example that integrates the merits of the PSM approach was 
reported by Prof.  J. Nitschke and co-workers. In this work, they implemented 
a two-step PSM coupling combining an inverse-electron-demand Diels-Alder 
(IEDDA) with a normal-electron-demand Diels-Alder (DA), which worked in 
tandem as a cascade reaction, resembling the natural cascade enzymatic re-
actions that control many biological processes.103 This cascade involved two 
coordination cages, a tetrazine-edged Fe(II)₈L₁₂ cube and a maleimide-fun-
cionalized Fe(II)4L6 tetrahedron. The reaction began with the reaction of the 
tertazine moieties located at the edges of a Fe(II)₈L₁₂ cube with a 2-substituted 
norbornadiene (R-NBD) through the IEDDA reaction. This resulted in the for-
mation of a pyridazine-edged Fe(II)₈L₁₂ cube and a metastable 1-substituted 
ciclopentadiene (R-CPD). Then, the R-CPD immediately underwent a second 
DA reaction step by reacting with the maleimide moieites located at the tet-
rahedron leading to their quantitative transformation into 1-subsituted nor-
borene units (Figure 1.11).
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Figure 1.11. Illustration of the cascade PSM on a tetrazine-edged Fe(II)₈L₁₂ cube and  
a maleimide-funcionalized Fe(II)₄L₆ tetrahedron.103

The effects of the PSM at the molecular scale were translated into the mac-
roscopic properties when 2-octadecylnorbornadiene (C₁₈-NBD) was used as 
initiator of the cascade reaction. The resulting C₁₈- functionalized tetrahedron 
exhibited an increase in the lipophilicity, leading to a solubility modulation. 
Thus, after the reaction proceed in a mixture 9:1 of acetonitrile:chloroform, 
the subsequent extraction of the resulting mixture with cyclopentane induced 
a phase segregation of the two components of the mixture that exhibited the 
same solubility profile prior to the occurrence of the cascade reaction. This ex-
ample clearly exemplifies the power of PSM and its ability to induce significant 
changes at the molecular level that are eventually translated to the macro-
scopic properties (Figure 1.12). 
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Figure 1.12. Illustration of the macroscopic transduction of the molecular PSM 
modification.103

 
Nevertheless, despite the cooperative chelating effect contributed to attain 
remarkable stabilities of the coordination cages, the PSM of such molecular 
compounds remained limited to chemoselective reactions that proceed under 
mild conditions. This strongly restricts the scope of the strategy in terms of 
introducing chemically diverse functional groups or modulating the macro-
scopic properties of such compounds. Consequently, alternative approaches 
have been pursued to surpass the stability constraints to further explore quan-
titative modification on densely functionalized surfaces. 

 
1.3 Metal-Organic polyhedra (MOPs). Introducing met-
al-carboxylate bonds in the synthesis of metal-organic cages 

Almost in parallel to the development of the use of N-donor ligands, the 
use of O-donor ligands to build up discrete hollow materials was postulated. 
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From this approach, a subclass of coordination cages, known as Metal-Or-
ganic Polyhedra (MOPs), based on the use of COO-M bonds emerged.104  

As a type of coordination cages, their discrete nature endows them with some 
of the distinctive features of these metal-organic molecules. These features 
include a single internal cavity that is accessible through the cage’s windows; 
two well-defined surfaces (internal and external), both exhibiting directional 
and orthogonal reactive sites, and a potentially modulable solubility. However, 
unlike their analogues based on N-donor organic linkers, MOPs preserve their 
intrinsic porosity in solid state as a result of using of a stronger, non-neutral, 
coordination bond in their formation.105 Accordingly, they can be conceptu-
alised as the molecular counterparts of MOFs, whose weak cage-to-cage 
interactions in solid state can be easily disrupted conferring them with the 
possibility to combine properties from both the solution and the solid-state 
regimes. Representative MOPs include the M₂L₄ lantern-type ,106,107 M₄L₄ X+ 
tetrahedra,108,109 M₆L₁₂ octahedra,110,111 families, and M₁₂L₂₄ cuboctahedra, 
among others(Figure 1.13).110,112 They also include more complex variants and 
multi-component systems.113 

Figure 1.13. Schematic representation of the most representative MOPs. Colour scheme: 
M (blue), C (grey), O (red), N (purple). Hydrogen atoms are omitted for clarity.
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Most of the paradigmatic polyhedral geometries are accessible using the M-M 
paddlewheel unit, which has been largely used as secondary building unit in 
the design of MOFs. Such dimetallic cluster can be conceptualized as a 4-con-
nected square planar unit, being the COOH-based analogue to the Pd(II)/Pt(II) 
square planar coordination motive used by Prof. M. Fujita for building-up the 
aforementioned metal-organic cages.114 Likewise, the resulting assembly of 
M(II)-M(II) paddlewheels with bent ligands can be anticipated by considering 
the angle between the two carboxylate groups. 

 
Figure 1.14. (a) Schematic representation of the crystalline structure of MOP-1 showing the 
12 Cu(II)-Cu(II) paddlewheels and the 24 bdc linkers. Colour scheme: Cu (II) (red), C (grey), O 
(blue), inner cavity (yellow ball). Hydrogen atoms are omitted for clarity. (b) Illustration of 
the formed cuboctahedron linking the O atoms and the generated inner void (yellow ball). 

(c) Illustration of the formed porous molecular polyhedron.112

In 2001, Prof. O. Yaghi and co-workers introduced the first cuboctahedral MOP 
with formula M₂₄L₂₄, namely MOP-1, which structure is based on the com-
bination of 12 Cu(II)-Cu(II) paddlewheel units with 24 isophthalic acid (bdc) 
bridging ligands (Figure 1.14).112 Although in this example some of the most 
prominent features of MOPs are not found, it served as a seed to continue 
developing chemically richer analogues. The M₂₄L₂₄ family of MOPs garnered 
significant attention due to its unique morphological features, making it one 
of the most extensively studied architectures to date. This molecule can be 
conceptualized from three different perspectives, each representing a distinct 
concept although all of them are closely entangled. Firstly, intrinsic porosity 
generates a direct connection with the extended counterparts MOFs, being 
a single cavity the ultimate miniaturization of a porous material.104 Secondly, 
the possibility to introduce functional groups in the bridging ligands confers 
localized and stoichiometric reactivity, reminiscent of molecular materials. 
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Lastly, the nanoscopic size of MOPs and their densely functionalized surfaces 
resembles to the paradigmatic highly reactive surfaces found in ultra-small in-
organic nanoparticles (Figure 1.15).115

 

Figure 1.15. Illustration of the three main features of MOPs. 

Over the years, due to the obvious similarities with MOFs, the research related 
to MOPs was primarily carried out by research groups whose research inter-
ests were mainly focused on the solid state and porous materials fields. There-
fore, one of the milestones achieved within the field was to isolate coordina-
tion cages exhibiting porosity in solid state.104 Also, the possibility to preserve 
the MOP cavity upon desolvation processes combined with the reactivity pro-
vided by the well-localized functional groups promoted the use MOPs as mo-
lecular porous building blocks for the assembly of extended materials though 
a bottom-up approach.65,116

Clearly, their behaviour and potential applications of MOPs in solution were 
out of the scope of this research area, although punctual contributions can 
be found in the literature. It has been more recently when the high density 
of well-localized functional groups found in the MOP surfaces have captivat-
ed the attention of those interested in exploring their possibilities as discrete 
materials under homogeneous conditions. From this perspective, MOPs can 
be envisaged as molecular nanoparticles as they uniquely combine stoichio-
metric reactivity and well-localized reactive sites with densely functionalized 
surfaces. The present Thesis is devoted to the study of such above-mentioned 
molecular nanoparticle approach. The subsequent sections will be devoted 
to explore how the coordination-driven self-assembly approach enables the 
precise design of MOPs with latent surface reactivity, as well as the different 
pre-requisites required to harness their reactivity.
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1.3.1 Morphology and structural features of the archetypical 
cuboctahedral MOP. 

The presence of precisely located functional groups in the structure of MOPs is 
a fundamental requirement for the molecular nanoparticle approach. By hav-
ing a structurally detailed understanding of MOPs, we can gain insight into the 
various sources of reactivity they offer. This information is crucial for develop-
ing a comprehensive outlook on the reactivity potential of MOPs.

 
Figure 1.16. Schematic representation of the internal and external orthogonal reactive sites 
within the archetypical M₂₄L₂₄ MOP. Left: The external surface (red) contains twelve axial 
open-metal sites that stem from the dimetallic M–M paddlewheel, as well as up to 72 or-
ganic functional groups from positions 4, 5, and 6 of the linker. The internal surface (blue) 
contains 12 axial open-metal sites and 24 organic functionalities that stem from position 
2 of the linker. Right: The internal cavity of the cage (2.5 nm; yellow sphere) is accessible 
through two distinct windows: a trigonal one (diameter: 4.5 Å) and a square-shaped one 

(diameter: 6.6 Å).

The intrinsic geometrical features confer the prototypical M₂₄L₂₄ cuboctahe-
dral MOPs with an unparalleled number of potential reactive sites that are 
homogeneously distributed along a spherical-like surface, thus emulating the 
archetypical surface of inorganic nanoparticles. Figure 1.16 depicts the struc-
ture of a cuboctahedral MOP. It comprises 12 divalent M–M paddlewheel clus-
ters and 24 angular aromatic linkers perfectly spaced throughout the material, 
converging into a cuboctahedral shape with an intrinsic inner cavity (diameter: 
2.5 nm). The rigidity and directionality imposed from both subunits render a 
distinct geometry in which all vertices, edges, and facets that can be chemi-
cally elucidated with atomic-level precision. Within the cage shown in Figure 
1.16, it is possible to clearly depict both an internal (blue) and external (red) 
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MOP surface. The inner surface is tagged with 12 spaced coordination centres 
that stem from the axial sites of each paddlewheel cluster. Likewise, 24 distinct 
organic functionalities point inwards from position 2 in the aromatic ligand 
(bottom, left) and heavily influence both the hydrophobicity and sterics of the 
inner cavity, as previously observed in the Pd(II)-based analogous cuboctahe-
dra. The inner metal sites and the organic functionalities can only be accessed 
by substrates small enough to fit through the two windows (diameters: 4.5 
Å and 6.6 Å) in the MOP structure (right). Thus far, these sites/functionalities 
have been mainly targeted towards adsorption/separation of small substrates 
or gas-phase molecules in solid state. Alternatively, the external surface con-
tains 12 independent axial metal sites, and the organic linkers confer this sur-
face with up to 72 different functional sites that stem from positions 4, 5 and 6 
of the aromatic linkers (top, left), which generally dictate the solubility of the 
cage (vide infra). Consequently, if for simplicity, one limits the total permuta-
tion to a single reaction per position, then this one cage could contain up to 36 
moieties on its internal surface and up to 84 moieties at its external one. Im-
portantly, each moiety is perfectly defined, both directionally and structurally, 
within the cage’s backbone. The aforementioned structural analysis can be ex-
tended to the entire repertoire of (over fifteen) reported MOP structures, each 
of which contains distinct metal nodes, linkers, functional groups, and cavities. 
Generally, the most abundant structures found in the literature entails the use 
of a single type of ligand and metal producing homometallic and homoleptic 
compounds. However, heteroleptic and heterometallic MOPs are also possible 
to obtain increasing the structural complexity and variability of MOPs. 

1.3.1.1 Solubility

Solubility is one of the essential pre-requisites to access to the molecu-
lar nanoparticle nature of MOPs. The solubility of MOPs is presumably 
governed by the chemical environment surrounding their outer surfaces. 
Structural versatility renders the possibility of incorporating different sol-
ubilizing elements belonging to the different sub-components present 
in the final discrete architecture. These solubilizing elements counterbal-
ance the inter MOP interactions to afford solvation of the MOP unit and its 
subsequent solubilization in liquids. Solubilizing moieties can be either di-
rectly introduced into the MOP structure by direct synthesis or by PSM 
reactions. However, it is important to note that using the reactive sites 
to attain solubility makes them inaccessible for further PSM reactions.  
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One of the first and universal strategies to attain solubility in the metal-organ-
ic cage field is the incorporation of non-bridging pending functional groups. 
This approach has also proven efficient in MOPs. An illustrative example of the 
efficiency of such approach is the M₂₄L₂₄ cuboctahedral MOP family based on 
5-functionalized bdc bridging ligands, in which the solubility profile of the MOP 
is dictated by the nature of the 5-substituent of the ligand. Thus, the non-sol-
uble basic cuboctahedral structure (MOP-1)112 becomes soluble in organic 
solvents, such as dichloromethane (DCM) and dimethylformamide (DMF), 
when its surface is decorated with dodecoxyl groups.[117] Along the same 
line, Prof. M. Zaworotko and co-workers introduced the use of polar groups, 
such as hydroxyl pending groups, that provided soluble hydroxylated MOPs in 
alcoholic solvents, DMF, and hot acetonitrile.118 Remarkably, Prof. H. C. Zhou 
and co-workers reported Cu(II)-based water-soluble MOPs by decorating their 
surface with charged sulfonate groups.[119] However, the hydrolytic instability 
of the Cu-carboxylate induced the rapid hydrolysis of the water-soluble MOPs 
precluding their further use for practical applications. 

Even though the solubility constraints were successfully overcome through 
the use of peripheral functional groups, the use of Cu(II)-Cu(II) dimetallic 
paddlewheel as building units severely limited the study of their potential in 
solution. There were two main reasons for these limitations. Firstly, the la-
bility of this metallic cluster under certain chemical environments restricted 
the scope of the potential chemical reactivity to conditions that did not en-
danger the structure of the MOP.53 Secondly, monitoring the behaviour of 
these MOP structures in solution by Nuclear Magnetic Resonance (NMR) 
techniques was precluded by the paramagnetic nature of the Cu(II)-Cu(II) 
dimetallic paddlewheel. However, with the introduction of more robust and 
diamagnetic metal clusters as building units in MOPs, such as Rh(II)-Rh(II) 
paddlewheels or trinuclear zirconocene clusters, most of the potential chem-
ical features of these structures were unlocked. These new clusters provided 
enhanced stability and allowed for a broader range of chemical reactivity 
to be explored. Additionally, the diamagnetic nature of these metal clusters 
enabled the study of MOPs in solution using NMR spectroscopy, providing 
valuable insights into their behaviour in solution and dynamic properties. 

1.3.1.2 Stable and diamagnetic building units 

In the context of this Thesis, stability refers to the ability of the MOP structure 
to remain intact as a zero-dimensional entity during any chemical modifica-
tion process. It implies that the PSM procedure does not involve the disassem-
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bly and subsequent reassembly of the individual components of the MOP. The 
goal is to maintain the overall structure of the MOP while introducing desired 
modifications or functional groups, allowing for precise control over its prop-
erties without compromising its integrity.

Among all the different stabilities that this broad concept comprehends, chem-
ical and hydrolytic stabilities generally represent the bottleneck for coordina-
tion compounds. As previously said, the synthesis of MOPs relies on the revers-
ibility of the coordination bonds that sustain their structure.17,52,66 However, this 
reversibility is also a source of concern when assessing their stability because 
they can dissociate in the presence of competing coordinating molecules, such 
as water (i.e., hydrolysis) or additional ligands (i.e., ligand exchange).53 There-
fore, the design of specific strategies to attain both chemical and hydrolytic 
stabilities is crucial to explore their surface latent reactivity. Fortunately, the 
tailorable structure of MOPs affords many possibilities to overcome stability 
issues in solution.

Figure 1.17. Illustration of the three main strategies to increase the stability of MOPs. (a) Use 
of building units with strong intermetallic bonds. (b) Increasing metal–ligand coordination 
bond using strongly coordinating hard-metal ions in combination with hard bases (O-donor 

ligands) (i.e zirconium clusters). (c) Introducing chelating moieties. 

Given the widespread use of the 4-c paddlewheel cluster in the synthesis of 
MOPs, researchers have sought to generate an equivalent secondary building 
unit made of metal ions with a stronger metal–metal bond strength, to max-
imise overall robustness. Furthermore, the use of paramagnetic metal ions has 
enabled the use of NMR techniques to explore them in solution. For instance, 
paddle-wheel units containing intermetallic bonds, such as those based on 
Mo(II), Cr(II), or Rh(II), have been described to afford more robust MOPs in the 
solid-state, as reflected by their large surface areas (order of magnitude: 1000 
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m²g–¹) (Figure 1.17a).104,110,111 Among them, Rh(II)-based MOPs (named Rh(II)-
MOPs) have shown exceptional stability in solution under various conditions, 
including the presence of coordinating ligands, high temperatures, and even 
in aqueous solutions at extreme pH levels.115 The introduction of Rh(II)-MOPs 
was first reported by the research groups of Prof. C. Y. Su in 2015 120 and Prof. 
S. Furukawa in 2016.121 These studies demonstrated unprecedented thermal 
and chemical stability in Rh(II)-MOPs. The remarkable stability of Rh(II)-MOPs 
can be attributed to the cooperative strength of the Rh(II)-carboxylate coordi-
nation bond and the Rh(II)-Rh(II) intermetallic bond. These bonds effectively 
lock the equatorial coordination sites at room temperature, preventing the 
MOP structure from undergoing ligand-exchange reactions and maintaining 
its integrity.122–125

Another strategy to improve the stability of coordination compounds is to in-
crease the strength of the metal–ligand coordination bond (Figure 1.17b).126 

The Zr-O coordination bond has a high dissociation energy (≈776 kJ·mol–1), 
making it exceptionally resilient to hydrolysis in a wide pH range (pH 1-10).127 

Furthermore, metallic centres with high coordination numbers can generate 
high nuclearity clusters, thereby yielding remarkably stable M-L nodes. For all 
these reasons, Zr(IV) clusters are regularly used to provide chemical stability—
especially hydrolytic stability—to metal–organic materials (typically: MOFs).
[128] Recently, Zr(IV)-carboxylate chemistry has also been implemented to 
synthesise Zr(IV)-based MOPs (named Zr(IV)-MOPs), which exhibit a similar 
stability profile to their extended MOF counterparts. Most Zr(IV)-MOPs re-
ported in the literature are based on trinuclear zirconocene nodes and are syn-
thesised in situ. This 3-connected pyramidal cluster was employed by Prof. D. 
Yuan and co-workers to build-up a series of edge-linked and face-capped cati-
onic tetrahedral cages with general formula {[Cp₃Zr₃μ₃-O(μ₂-OH)₃]₄[L]₆}⁴⁺ and 
{[Cp₃Zr₃μ₃-O(μ₂-OH)₃]₄[L]₄}⁴⁺, respectively, with Cp being cyclopentadienyl.129 
These Zr(IV)-MOPs showed to be stable in methanol and dimethyl sulfoxide. 
By introducing amino groups in the tetrahedron backbone, Prof. Z. M. Su and 
co-workers obtained a water-soluble edge-linked tetrahedral Zr(IV)-MOP 
that demonstrated to be stable under an aqueous environment from pH=2 
to pH=10. Interestingly, their finding is consistent with the behaviour report-
ed for Zr(IV)-based MOFs.129 An alternative method to introduce robust metal 
nodes into MOP structures entails the use of ligands that form chelates with 
metal ions, as the chelating effect has been observed to increase the stability 
of coordination complexes in aqueous media.130 However, the use of ligands 
with strong coordinating chelating moieties is challenging, as it hinders the 
necessary reversible bond formation involved in the synthesis of structured 
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metal–organic assemblies such as MOPs, unless they are in situ formed, as 
Prof. J. Nitschke and co-workers proposed for N-donor ligands (vide supra). 
In 2017, Prof. J. Zhang and co-workers introduced an strong-coordinating, 
chelate-based cluster for the synthesis of robust MOPs.131 They reported the 
synthesis of a tetrahedral Ti(IV)-based MOP (named Ti(IV)-MOPs) assembled 
from a naphthalene ligand functionalized with adjacent carboxylic and phe-
nol groups. In this Ti(IV)-MOP, three different ligands chelate the Ti(IV) ion, 
thereby generating a distorted octahedral coordination geometry. Due to the 
strong chelate-Ti(IV) coordination, the MOP was stable in water (Figure 1.17c). 

1.4 Surface chemistry of MOPs

Envisaging MOPs as molecular nanoparticles unavoidably demands that the 
surface of the MOPs preserves the chemical reactivity associated with their 
molecular building units. Albeit the theoretical requirements for achiev-
ing metal-organic platforms with intrinsic and stoichiometric reactivity are 
well-defined, as observed also in other sub-families of metal-organic cages, 
the practical implementation of introducing certain reactive groups and creat-
ing compatible reactive conditions remains a challenge. 

Similarly to ultra small inorganic nanoparticles,132–134 MOPs have demon-
strated to present surface reactivity and the ability to modulate their phys-
icochemical properties through PSM processes. The MOP surface provides 
three primary sources of reactivity: functional groups located on the bridg-
ing ligands, coordinatively unsaturated metal sites, and counter ions present 
in structures with charged backbones. These sources offer potential avenues 
for pursuing PSM to further tailor and fine-tune the properties and function-
ality of MOPs. By harnessing and controlling these sources of reactivity, it be-
comes possible to introduce desired modifications and achieve the desired 
functionalization of MOPs. The subsequent sections will enquire into the key 
points necessary to attain and control the latent surface chemistry of MOPs.  

1.4.1 Post-synthetic modification of MOPs at their metal-centres

Unlike most molecular platforms, MOPs present two defined domains at their 
periphery: one comprising organic groups from the linkers; and one compris-
ing inorganic groups from the coordination clusters that extend throughout the 
lattice. In the latter, one can distinguish two distinct types of positions around 
the metal nodes: the ones coordinated to the ligand employed to construct 
the MOP and the remaining sites in the coordination sphere generally occu-
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pied by solvent molecules. These later positions are reactive toward ligand 
exchange processes with exogenous nucleophiles. For example, in a four-con-
nected (4-c), dimetallic paddlewheel node, there are four equatorial coordina-
tion positions (COO-M) that are directly involved in the MOP formation, and 
two axial labile sites that generally accommodate weakly-bound solvent mole-
cules. In some cases, the equatorial metal–linker bonds are not ‘‘blocked’’ after 
formation of the MOP, and their dynamic reactivity can be further exploited 
through PSM. Unfortunately, performing PSM on the equatorial positions in 
paddle-wheel MOPs threatens the chemical stability of the structure, as un-
controlled ligand substitutions, whether partial or complete, can induce hydro-
lytic or defect-promoted degradation.53,135 Accordingly, for PSM of MOPs at 
their inorganic sites, researchers have prioritised targeting the accessible axial 
sites under conditions that do not interfere with the cage’s integrity. Even the 
simplest cage containing paddle-wheel nodes features accessible open-metal 
sites that exhibit a strong affinity towards electron-donating nucleophiles and, 
consequently, can accommodate those nucleophiles within its structure. These 
PSMs entail ligand-exchange in solution, as said axial positions are inherent-
ly occupied by solvent molecules. When electron donating nucleophiles with 
higher affinities compete for these coordination sites, the solvent molecules of 
poor nucleophilicity can be replaced. Therefore, the exploitation of open-met-
al sites in MOPs is strongly influenced by the solvent in which the MOPs have 
been dissolved, which can drastically affect the properties and consequent-
ly, the reactivity of solvated cages both in solution and in the solid state. The 
coordination-based reactivity of MOPs with accessible open-metal sites can 
be either enhanced or completely masked by carefully selecting the reaction 
medium. Strongly coordinating solvents (e.g., dimethyl sulfoxide (DMSO) or 
DMF) generally occlude the unoccupied nodes in the cage, which might re-
strain their reactivity. Fortunately, this occlusion is not permanent: coordinat-
ed solvent molecules can be replaced by a strategically chosen coordinating 
moiety of interest that will promote the formation of stronger coordination 
bonds. Non-coordinating solvents (e.g., alkanes or alcohols) will augment the 
reactivity of the cage due to their weak interaction with the open-metal sites, 
but might induce the self-aggregation of the cages in solution. Overall, re-
searchers seeking to maximise the potential of MOPs as molecular platforms 
should first anticipate the influence of the solvent(s) to be used before stud-
ying the reactivity of the MOPs in question. Interestingly, researchers have 
extensively demonstrated that the presence of mild N-donor nucleophiles 
(e.g., primary amines, pyridine derivatives, or imidazole derivatives) induces 
the decomposition of certain MOPs into discrete clusters, via ligand-exchange 
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between the N-donor and MOP bridging-ligands.53 Accordingly, investigators 
have recently begun to focus on using more-robust MOP architectures built 
from non-labile, equatorial, M–L bonds. Among these, Rh(II)-based MOPs, 
which are isostructural to the archetypical Cu(II) paddle-wheel analogues, 
emerged as suitable candidates.120,121 Remarkably, although the equatorial 
position of the dirhodium paddle-wheel is ‘‘chemically locked’’, its axial metal 
sites remain highly reactive, albeit without compromising the integrity of the 
nodes. Thus, these sites can readily accommodate a plethora of coordinative 
nucleophiles. The most-widely studied nucleophiles are N-donors, as well as 
other donor atoms (e.g., S-donors, P-donors, O-donors).123 The pioneering 
work of the Prof. C. Y. Su’s and Prof. S. Furukawa’s groups paved the way for 
researchers to explore molecular functionalisation of the open-metal sites of 
MOPs. The groups of Prof. D. Maspoch and Prof. S. Furukawa were the first to 
interrogate the axial sites in Rh(II)-based MOPs (Rh(II)-MOPs) and established 
the basic chemistry of these understudied platforms. Their research work con-
firmed that up to twelve pyridine-based linkers could be selectively attached to 
the external axial Rh(II)–Rh(II) sites of the cage. Thus, they demonstrated that 
these porous molecular platforms could be functionalised at their axial sites 
with diverse coordinating linkers of different polarity, charge, and chirality. 
Consequently, certain intrinsic physicochemical properties of these materials 
(i.e., solubility, hydrophilicity, and chirality) could be selectively and reversibly 
modulated with high control by transferring the properties of the coordinat-
ing molecule to the MOP, without compromising their inner porosity. Through 
such molecule-to-MOP transfer of properties, it was possible to modulate the 
solubility of multiple Rh(II)-MOPs in a broad spectrum of solvents, encompass-
ing non-polar (diethyl ether), halogenated (DCM and chloroform), polar apro-
tic (DMF and DMSO), and protic (H2O and alcohols) solvents, by tagging the 
open-metal sites with suitable pyridine derivatives (Figure 1.18).115

 
Figure 1.18. Illustration of the modification of the MOP solubility profile through pyridine 

coordination to the external axial Rh(II)-Rh(II) sites. 
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1.4.2 Post-synthetic modification of MOPs at their organic linkers

Having overviewed the PSM of MOPs at their metal centres, we now turn to 
their organic linkers. From a strictly chemical perspective, soluble coordination 
cages should not behave any differently than the simplest aromatic molecule: 
in both cases, the organic reactivity is shaped by the presence of functional 
groups. Thus, the richer the reactivity of those appendices, the broader the 
scope of possible bond formation and the wider the range of accessible sur-
face-modification techniques. Unfortunately, the chemistry of MOPs is not 
always as straightforward as that of organic molecules. Consequently, PSM of 
MOPs at their organic sites faces two major hindrances that arise from the 
supra-molecular nature of the MOP backbone. Firstly, the functional groups 
incorporated within the linkers must be able to tolerate the conditions to syn-
thesise the cage, which can range from room temperature crystallisation to 
solvothermal couplings in basic media.136 Secondly, the reaction conditions 
available for covalent functionality are restricted to those that do not affect 
other elements in the structure, particularly the labile equatorial COO-M 
bonds.[135] Fortunately, organic chemistry is replete with reactions to relia-
bly assemble, cleave, or rearrange covalent bonds under mild conditions that 
can be safely applied to fragile MOP platforms. Most of the reported covalent 
PSMs of MOPs have revolved around condensation reactions (e.g., formation 
of ester, imine, or amide bonds),137–139 click chemistry (azide-alkyne cycloaddi-
tions),140,141 or alkene polymerisation.142–144

One of the first examples of the covalent PSM of a MOP was reported in 2010 
by the group of Prof. H. C. Zhou, who performed a Copper-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction between an alkyne-functionalised cub-
octahedral Cu(II)-MOP of formula [Cu₂(5-C₃H₃O-bdc)₂]₁₂ (where 5-C₃H₃O-bdc = 
5-(prop-2-ynyloxy)isophthalic acid) and azide-terminated polyethylene glycol 
(PEG) chains. Despite the fragility of the mother cage in aqueous media, the 
combination of reagents in situ led to formation of water-stable, PEG-grafted 
cages with up to four hydrophilic, PEG side-chains at the periphery.140 Interest-
ingly, the authors later employed these PEG side-chains to encapsulate and 
release anti-cancer drugs in physiological media. 

In 2016, Prof. S. Kitagawa and co-workers reported the first-ever quantitative 
surface-functionalisation (24 positions) of another Cu(II)-based cuboctahedral 
MOP, using dithiobenzoate or trithioester moieties (of formula [Cu₂(5-Z-SCS-
bdc)₂]₁₂, where 5-Z-SCS-bdc = 5-dithiobenzoate isophthalic acid, or 5-trith-
iobutane isophthalic acid, respectively). They grafted up to 24 polymeric arms 
around the MOP core by direct coupling with monomeric building blocks via 
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soft Reversible-Addition Fragmentation Chain Transfer (RAFT) polymerisa-
tion, without compromising the integrity of the cage. These results offered a 
rational strategy for the synthesis of highly-processable MOP-based polymer 
materials with controlled grafting of multiple side-chains.145 

Although researchers demonstrated the PSM of MOPs through mild covalent 
chemistry, if MOPs want to be exploited as functional platforms, the lability 
of M–COO equatorial bonds should be addressed. Indeed, although a diverse 
array of MOPs derivatised with broadly reactive moieties (e.g., hydroxyl, alkyl, 
or alkynyl groups) is now available, only a mere fraction of their potential reac-
tivity can be harnessed for surface chemistry due to stability concerns. In par-
ticular, the chemistry of hydroxyl-functionalised MOPs is limited by their insta-
bility under basic conditions, which are the most common reaction conditions 
for quantitative formation of ether or ester bonds. In fact, the cuboctahedral 
OH-CuMOPs suffers spontaneous phase-transition upon exposure to N-based 
bases or even simply to water;[146] consequently, it has not been subjected to 
deprotonation or PSM by this type of chemistry at its surface. Interestingly, 
this limitation was circumvented by reacting a hydroxyl-functionalized lan-
tern-type Cu(II)-MOP (named lantern-OHCuMOP, of formula [Cu₂(OH-L)₂]₂, 
where OH-L= 3,3’-(5-hydroxy-1,3-phenylene)-bis(ethyne-2,1-diyl)dibenzoic 
acid) with hydrophobic alkyl anhydrides in the presence of an esterification 
catalyst at room temperature in DMF. Using these very mild conditions, the 
authors were able to quantitatively transform the pendant hydroxyl groups of 
lantern-OH-CuMOP into alkyl-ester side-chains, which drastically enhanced 
the solubility and stability of the cage in organic solvents.147 

Adamant to overcome the aforementioned limitations of OH-functionalised 
MOPs, Prof. D. Maspoch and co-workers, in close collaboration with the group 
of Prof. S. Furukawa, investigated the chemistry of the Rh(II) analogue, [Rh₂(5-
OH-bdc)₂]₁₂ (named OH-RhMOP, where 5-OH-bdc = 5-hydroxyisophtalic acid).
[121] Specifically, the functionalisation OH-RhMOP under standard interfacial 
conditions (biphasic system made of aqueous and non-polar organic solvents) 
for esterification and etherification (Figure 1.19) was explored.115 Remarkably, 
OH-RhMOP endured the quantitative deprotonation of its hydroxyl groups 
with excess NaOH, generating a water-soluble platform with 24 negative 
charges at its periphery. Then, these authors coupled this charged platform 
with various organic moieties (e.g., acyl chlorides, anhydrides, alkyl halides, 
etc.) in high yields, under conditions that would completely disintegrate any 
Cu(II)-based analogue. More recently, the group of Prof. E. D. Bloch applied a 
similar chemistry to Cr(II)- and Mo(II)-based MOPs to obtain functionality plat-
forms that would be inaccessible via direct synthesis.139
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Figure 1.19. Covalent PSM of OH-RhMOP under interfacial conditions. Reacting OH-
RhMOP with at least 24 mol. eq. of NaOH in H₂O affords the quantitative deprotonation of 
the terminal hydroxyl groups within the cage, forming a 24-charged, water-soluble species. 
ONa-RhMOP reacts under interfacial conditions (aqueous/non-polar organic solvents).115

To further enhance the versatility of MOPs, researchers must develop alterna-
tive pathways to expand the catalogue of surface functional groups, especially 
those that are normally incompatible with the conditions for cage synthesis. For 
example, linkers with free coordinating moieties such as primary amine (–NH₂) 
or carboxylic acid (–COOH) groups have been challenging to incorporate into 
MOP structures due to their nucleophilicity and their affinity for metal sources, 
both of which can disrupt the assembly of the MOP. One way to circumvent 
these issues is to use ligands with sterically-hindered amine groups, which es-
sentially renders them non-coordinative. For instance, Prof. J. K. Klosterman 
and co-workers functionalised the inner cavity of a lantern-type MOP named 
lantern-OMe-CuMOP-NH₂, of formula [Cu₂(OMe-L)₂]₂, where OMe-L = 3,3’ 
-((2-amino-5-methoxy-1,3-phenylene)-bis(ethyne-2,1-diyl)- dibenzoic acid) 
via direct assembly of Cu(II) precursors and a linker with free NH2 groups. The 
position of the amine groups on the linker made them too sterically hindered 
to interfere with the Cu(II) ions during the cage assembly, yet sufficiently reac-
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tive with small molecules that had entered the lantern-type cavity. The authors 
demonstrated this concept by reacting the lantern cage with acetic anhydride 
in DMF to yield the mono-functionalised amide product. Molecular modelling 
corroborated the experimental results, indicating that the inclusion of a sec-
ond acetate is disfavoured due to steric hindrance (Figure 1.20).148

Figure 1.20. PSM of internal -NH2 moieties in the lantern-OMe-CuMOP-NH₂. Despite the 
nucleophilicity of the amine groups, the cage can be assembled without having to mask 
the reactive sites, thanks to steric constraints. After cage assembly, the free -NH2 groups 
retain their reactivity, and can be subsequently reacted with acetic anhydride to afford 
the mono-substituted amide product; further amide formation is prevented by steric 

hindrance.148

Unfortunately, to synthesise MOPs that contain free amines at their external 
surface, the abovementioned steric hindrance approach cannot be used be-
cause of the high degree of exposure of these coordinating groups within the 
bent-linker structure. To date, two opposing methodologies have been devel-
oped to circumvent the nucleophilicity of free amino groups during MOP syn-
thesis, both of which entail the use of protecting groups to temporarily mask 
undesired reactivity. The group of Prof. O. Yaghi was the first to introduce free 
–NH2 groups onto the surface of MOPs, by developing a protocol that blocked 
the axial reactivity of Cu(II) precursors. They exploited the affinity of cop-
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per(II) acetate towards nitrogen donors to protect the axials sites with bulky 
monodentate auxiliary ligands, rendering the first-ever M₂₄L₂₄ NH₂-function-
alised MOP (NH2-CuMOP, of formula [Cu₂(5-NH₂-bdc)₂]₁₂, where 5-NH₂-bdc 
= 5-aminoisophtalic acid).[149] More recently, we reported the use of covalent 
protecting groups to incorporate sensitive moieties at the external surface of 
MOPs. Through a two-step synthesis involving temporary masking of the link-
er functional groups prior to the assembly of the cage, followed by chemose-
lective deprotection, we obtained the first-ever cuboctahedral Rh(II)-based 
MOPs with 24 appended -NH2 or -COOH moieties (named NH2-RhMOP and 
COOH-RhMOP, of formulae [Rh₂(5-NH₂-bdc)₂]₁₂ and [Rh₂(5-COOH-bdc)₂]₁₂, 
respectively, where 5-COOH-bdc = 1,3,5-benzenetricarboxylate) (Figure 
1.21).150 These two examples established the basis for incorporating reactive 
groups on the surface of MOPs independently of their stability, as the protect-
ing group and the deprotection step can each be adapted to address concerns 
over chemical compatibility or stability.151,152

Figure 1.21. Protecting group-based strategy for the synthesis of NH2- and COOH-tagged 
Rh(II)-MOPs, unobtainable via direct synthesis. A selective deprotection pathway affords 

the quantitative deprotection of the cages without compromising their integrity.150

An alternative way to develop NH2-tagged MOPs is based on using hard-met-
al sources with no affinity for such reactive groups (e.g., Zr(IV)-MOPs). In this 
case, exploitation of surface NH₂ groups enables the use of PSM pathways with 
higher degrees of stoichiometric control, since the risk of self-condensation is 
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precluded. In 2018, Prof. D Yuan, Prof. D. Zhao and colleagues published the 
first process-tracing study on the stepwise PSM of a NH₂-tagged Zr(IV)-based 
MOP (NH₂-ZrMOP, of formula [Zr₃(CP)₃(2-NH₂-1,4-bdc)]₄ ⁴⁺, (where 2-NH₂-
bdc = 2-amino-1,4-benzenedicarboxylate). The authors employed ESI-TOF 
Mass Spectrometry to unambiguously determine the molecular formula of 
their cages at different stages of PSM, which comprised a Mannich reaction 
of the free -NH₂ groups with formaldehyde and methanol. The mass spectra 
confirmed the sequential stoichiometric formation of amino– methyl methoxy 
side-chain products throughout the PSM, from a mono-functionalised cage to 
a quantitatively tagged (six side chains) one (Figure 1.22).153 Importantly, the 
authors not only contributed to the field by elucidating stoichiometric control 
over MOP surface chemistry, but also achieved a milestone towards the pro-
cessability and manipulation of these materials by controlled switching from 
the solid-state to solution via PSM. 

Figure 1.22. Scheme for the PSM of NH₂-ZrMOP with up to 6 sites per cage. Bottom: 
ESI-TOF-MS-based process-tracing of the PSM products of a Mannich reaction with for-
maldehyde and methanol after (1) 1 min; (2) 20 min; (3) 50 min; (4) 120 min; (5) 600 min; (6) 

1400 min.153
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Finally, it is worth to note that covalent PSM is not the only post-synthetic 
strategy that can be applied to modify the chemistry of MOP linkers. As in 
MOFs, the introduction of stimuli-sensitive moieties in the cage backbone 
in MOPs can yield platforms whose structure responds to stimuli such as 
changes in temperature, light, or solvent.154 In 2014, Zhou and co-workers 
synthesised the first example of a stimuli-responsive MOP (srMOPs), which 
they functionalised with azobenzene groups. The cage exhibited ultraviolet-ir-
radiation-induced isomerisation from the insoluble trans-conformer to the 
soluble cis-conformer, whereas irradiation with blue light reversed this pro-
cess to precipitate out the trans-conformer. Impressively, the authors were 
able to trap guest molecules inside the srMOPs, and then selectively release 
the guest molecules upon cis-to-trans and trans-to-cis isomerisation, laying 
the groundwork for a new class of optically-responsive soluble platforms.155  

1.4.3 Post-synthetic ion exchange/metathesis

MOPs with a charged backbone can undergo PSM by an additional type of re-
activity, which is based on salt metathesis. Akin to the behaviour of charged in-
organic nanoparticles,156 the type of counter ions on the surface of nano-sized 
molecules influence their surface chemistry and consequently, their behaviour 
in solution (i.e., solubility and reactivity). In addition to modifying charged 
MOPs, researchers can now confer neutral MOPs with charge. For example, 
although the backbone of paddlewheel-based MOPs is neutral, these MOPs 
can be conferred with charge through the strategic use of pendant pH-respon-
sive groups that, upon protonation (or deprotonation), become positively (or 
negatively) charged. For instance, strong acids such as sulfonic acid can be 
easily deprotonated to yield the corresponding negatively-charged sulfonate 
groups. Through this approach, Prof. H. C. Zhou and co-workers synthesised 
the first negatively-charged MOP with formula of formula X₂₄[Cu₂(5-SO₃-
bdc)₂]₁₂ (named SO₃XCuMOP, where X= Li(I) or Na(I) and 5-So₃-bdc = 5-sul-
foisophtalic acid)119 However, the amenability of SO₃X-CuMOP in to solu-
tion-phase metathesis has not yet been studied, probably due to its structural 
fragility in solution, especially in water. Alternatively, our group has shown that 
the 24 hydroxyl groups at the periphery of OH-RhMOP could be quantitatively 
deprotonated with NaOH to afford the negatively-charged ONa-RhMOP, of 
formula Na₂₄[Rh₂(5-O-bdc)₂]₁₂. The resultant negatively-charged species with 
24 hydrophilic Na(I) cations on its surface proved to be highly soluble and sta-
ble in an aqueous alkaline solution, whereas the parent OH-RhMOP was only 
soluble in aliphatic alcohols. The deprotonation of the surface hydroxyl groups 
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was both fast and quantitative, enabling us to perform in situ the transfer of the 
Rh(II)-MOPs from an organic phase (1-butanol) into an aqueous phase. Impor-
tantly, we were also able to do the reverse transfer. Additionally, ONa-RhMOP 
was not only responsive towards a change in pH but also to cation-exchange 
reactions. Thus, it was possible to quantitatively exchange the 24 Na(I) ions 
with organic hydrophobic cations, such as cetyltrimethylammonium (CTA), 
to yield a MOP with formula CTA₂₄[Rh₂(5-O-bdc)₂]₁₂ that was highly soluble in 
polar organic solvents (Figure 1.23a). Furthermore, this cation exchange reac-
tion could also be triggered in situ to transfer the Rh(II)-MOPs from an aque-
ous phase to an organic phase (i.e. chloroform or 1-butanol). Remarkably, the 
pH- and cation-triggered phase transfer steps could be coupled in a triphasic 
system to induce the autonomous transport of OH-RhMOP from the 1-butanol 
phase into the aqueous phase and finally, into the chloroform phase (Figure 
1.23b).157 

Figure 1.23. (a) Revers-
ible pH-triggered (blue 
arrows) and cation ex-
change-triggered (orange 
arrows) phase transfer of 
OH-RhMOP after quan-
titative deprotonation of 
surface hydroxyl groups in 
water. (b) The pH- and cat-
ion-triggered phase trans-
fer steps were coupled in a 
triphasic system, to trigger 
autonomous transport of 
OH-RhMOP through three 
immiscible solvent media, 
from a 1-butanol phase into 
water and finally, into chlo-
roform.157
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Unlike paddlewheel-based MOPs, Zr(IV)-MOPs are intrinsically charged, 
owing to their trinuclear zirconocene clusters. Zr(IV)-MOPs are generally 
balanced by Cl ions,108 which makes them soluble in polar solvents, includ-
ing water.153 In a pioneering example, the Cl ions in a Zr(IV)-MOP of formula 
Cl₄[Cp₃Zr₃µ₃-O(µ₂-OH)₃(Me₂-bdc)₆] (where Me₂-bdc is 2,5-dimethyl-1,4-ben-
zenedicarboxylic acid) could be quantitatively exchanged by larger anions such 
as triflate, and that by doing so, the solubility of the resulting cage in meth-
anol was significantly greater than that of the parent MOP.158 This example 
nicely illustrates the possibility of leveraging the zirconocene-cluster coun-
terion as an additional source of reactivity to selectively tune the properties 
of Zr(IV)-MOPs in solution. Overall, salt metathesis are rapid and quantita-
tive reactions that can dramatically change the surface chemistry of MOPs, 
and consequently, enable in situ tuning of their solubility and reactivity.

1.4.4 Tandem covalent-coordination reactions in MOPs

The presence of well-defined reactive sites of different nature (i.e., organic, 
anionic and coordinative) on the surface of MOPs represents a rare and valu-
able resource in terms of chemical versatility. It is noteworthy that the various 
sources of reactivity present on the surface of MOPs can be selectively tar-
geted without interfering with the reactivity of others, thus exhibiting orthog-
onal reactivity. Such orthogonality opens up the possibility to synergistically 
use them in tandem reactions, in which the PSM on one type of reactive sites 
enables the subsequent use of a second source of reactivity. 

This behaviour is clearly exemplified when coordinating molecules are used to 
modulate the solubility of a MOP in a molecule-to-MOP transfer of properties. 
This approach allows for further chemistry on the MOP surface, which would 
otherwise be precluded by the insolubility of the parent MOP in the desired 
solvent. As proof of concept, Prof. D. Maspoch and co-workers, covalently 
functionalised an OH-RhMOP, in a solvent in which the parent cage was in-
itially insoluble (and therefore unreactive) through a coordinative solubilizer 
method. Specifically, the coordination of twelve 4-tertbutyl pyridines on the 
periphery of the OH-RhMOP made it soluble in DMF, which is the optimal for 
subsequent etherification of the hydroxyl groups with allyl bromide. Next, they 
selectively removed the coordination-based solubilising groups from the axial 
sites by a mild acid wash to obtain the functionalised material (Figure 1.24).115 
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Figure 1.24. Schematic representation showing the tandem coordinative-covalent PSM 
modification of OH-RhMOP. The solubility provided by the coordinated pyridine enables 

the ether formation. 

Interestingly, MOP surfaces can be coordinatively functionalised for reasons 
other than modulation of physicochemical properties of the MOP. Accordingly, 
such tandem-reactions can also be explored in the opposite direction in which 
certain intrinsic properties of the MOP are transferred to surface-coordinated 
molecules. For example, MOP-to-molecule transfer of properties can be ex-
ploited to direct the solubility of important organic substrates by coordinating 
them to a suitable MOP platform, such that the entire MOP-bound substrate 
molecules dissolve in a media where the substrate molecules alone would nor-
mally be insoluble. This approach is best suited for MOPs that contain pen-
dant organic groups that can heavily influence their solubility profile, such as 
long aliphatic chains or charged polar groups. The subsequent coupling of the 
MOP-to-molecule solubility governance with a phase transfer phenomenon 
generated suitable molecular transport systems for molecular separation. 
Specifically, the difference in the basicity between tetrahydrothiophene and 
thiophene was used as a driving-force to generate a difference in their sol-
ubility profile of these two molecules. Once coordinated to the OH-RhMOP 
surface, the solubility of tetrahydrothiophene was dictated by the MOP. Then, 
after such coordination occurred in organic phase (1-butanol), the subsequent 
deprotonation of the hydroxyl groups induced a phase transfer to a receiv-
ing aqueous phase. Note that, tetrahydrothiophene and thiophene were not 
soluble in aqueous media. Therefore, after the phase transfer occurred, the 
tetrahydrothiophene was found in the aqueous phase coupled to the cationic 
ONa-RhMOP while thiophene remained in the organic phase. After that, the 
subsequent protonation using trifluoroacetic acid (TFA) of the hydroxylate 
groups together with a suitable ligand exchange reaction enabled the tetrahy-
drothiophene release and the recovery of the initial OH-RhMOP organic phase 
(Figure 1.25).157
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Figure 1.25. Scheme representing the use of phase transfer phenomena for separation 
processes. Both coordination and pending functional groups in OH-RhMOP are used 
in tandem to perform selective separation of molecules (tetrahydrothiophene and 
thiophene) with similar physicochemical properties but different affinity for the external 

axial Rh(II)-Rh(II) sites.157
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The previous chapter introduced MOPs as a very promising and type of versa-
tile metal-organic materials. Their modular structure allows to rationally de-
sign their dimensionality, geometrical shape, and physicochemical properties 
through a relatively simple synthetic strategy known as coordination-driven 
self-assembly. Importantly, the inorganic and organic building units within 
MOPs have demonstrated to retain their chemical activity after the assembly 
process. In this scenario, the family of cuboctahedral MOPs with formula M₂₄L₂₄ 
significantly attracted attention as it perfectly entangles the most prominent 
intrinsic properties that inherently arises from their structure. These properties 
stem from their densely functionalized surfaces, stoichiometric reactivity, and 
well-localized reactive sites, which all together allow to conceptualize them as 
molecular nanoparticles. Initially, the possibility to post-synthetically modify 
the physicochemical properties of such cuboctahedral MOPs was limited to 
reactions under specific mild conditions (i.e., RAFT polymerisation and con-
densation reactions) due to the chemical instability of the classical Cu(II) pad-
dlewheel unit. However, it was not until the substitution of more labile building 
units for robust M(II)-M(II) paddlewheel units that the chemical versatility of 
such molecular nanoparticles started to flourish. Precisely, the use of Rh(II)-
Rh(II) paddlewheel units unlocked the use of a second source of reactivity, the 
axial open metal sites. This development enabled the utilization of orthogonal, 
stoichiometric, and synergistic chemistries from both the surface functional 
groups and the axial sites. However, the result of such cooperativity created 
by the organization and crowding of functional groups has yet to be fully lev-
eraged.

02OBJECTIVES
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In the above context, the main objective of this Thesis is to broaden the hori-
zons of surface reactivity in cuboctahedral Rh(II)-MOPs and leverage the co-
operative effects resulting from the organization and crowding of site-specific 
chemistries on their surfaces in solution. The aim is to explore the potential of 
these molecular nanoparticles by investigating their surface reactivity and har-
nessing the synergistic interactions between different reactive sites. Precisely, 
the Thesis is devided into three main milestones: 

Explore the potential of in situ modification of the solubility of water-soluble 
Rh(II)-MOPs through acid-base reactions. By exploring this pH-triggered pre-
cipitation method and combining it with the ability to control the solubility of 
coordinatively attached molecules on the Rh(II)-MOP surface, we aim to regu-
late the presence of small coordinating organic molecules in solution. This ap-
proach will be utilized in the development of a pH-triggered pollutant removal 
methodology, specifically targeting nitrogenous organic water-contaminants 
in aqueous environments.

Expand the possibilities of the synergistic effect and orthogonal chemistry of 
the well-defined surface reactivities of Rh(II)-MOPs to implement them into 
self-sorting systems. Specifically, we aim to elucidate the mechanism behind 
the selectivity based on steric hindrance in metal coordination on the out-
er surface of Rh(II)-MOPs. To achieve this, a combination of wet experiments 
and computational methods will be employed. Furthermore, we will utilize the 
pending organic functional groups present on the Rh(II)-MOP surface to modu-
late the solubility of both, the MOP and the coordinatively anchored molecule. 
This concept of "MOP-to-molecule transfer of solubility properties" will be ex-
plored to engineer differential solubility between anchored and non-anchored 
regioisomers. By taking advantage of this differential solubility, we will design 
and develop liquid-liquid biphasic self-sorting systems.

Considering the influence of the exposed outer functional groups of the Rh(II)-
MOPs on their physicochemical properties, we will target the development of 
a synthetic strategy to post-synthetically introduce a wide scope of functional 
groups in a quantitative manner. Copper(I)-catalyzed Azide-Alkyne Cycloaddi-
tion (CuAAC), commonly known as click chemistry, is recognized as a versatile 
and powerful chemical tool to modify molecules and materials. We will design 
a suitable Rh(II)-MOP for performing CuACC reactions on the Rh(II)-MOP sur-
face. This approach will allow us to expand the repertoire of functional groups 
that can be incorporated into Rh(II)-MOPs and explore the resulting effects on 
their properties.
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3.1 Introduction

Hazardous organic micropollutants are found in natural water resources 
worldwide, posing a threat to human health and to ecosystems.1,2 Thus, there 
is a pressing need to develop strategies and materials for water purification. 
Among the most efficient strategies for removal of organic micropollutants 
from water is adsorptive removal, which in some cases is followed by degra-
dation of the pollutant via chemical oxidation, electrochemical degradation, or 
photodecomposition.3,4 

Effective adsorbents must combine high surface areas with strong chemical 
affinity for the target pollutants. Promising candidates include porous materi-
als such as zeolites, activated carbon, covalent organic frameworks (COF), and 
MOF, all of which offer large surface areas and whose pores can be chemically 
modified. 4–7] However, many of these materials suffer from slow adsorption 
kinetics, energetically intense regeneration, and in some cases, poor removal 
efficiencies, especially for relatively polar micropollutants (log Kow < 3.0, Kow is 
the n-octanol/water distribution coefficient).

Other candidates are nanomaterials (e.g., nanoparticles, nanotubes, graphene, 
etc.), which boast high surface area-to-volume ratios, given their small size. 
Additionally, some nanomaterials exhibit highly reactive surfaces that can be 
functionalised for catalysing the degradation of the adsorbed pollutants.8,9 Un-
fortunately, degradation approaches find out two main barriers avoiding their 
complete success. Micropollutants, and particularly those containing aromat-
ic moieties, are arduously degraded and persistently remain in water. Also, in 
many cases, degradation by-products may introduce a secondary source of 
toxicity. Moreover, it is precisely because of their nanosized dimensions and 
highly reactive surfaces that their implementation into environmental applica-
tions is limited. They are prone to aggregate and rapidly passivate, are difficult 
to recover and present potential environmental and human health hazards. 
These factors forced their use embedded into auxiliary matrixes thus partially 
hindering the complete leverage of the exposed reactive surface and endan-
gering the performance because of the appearance of the diffusion barriers 
across the composite material.10,11

Researchers have recently begun to develop supramolecular strategies based 
on host-guest chemistry to capture and separate substances of interest.12–16 

In these strategies, discrete molecular compounds can be used in solution to 
selectively recognise, adsorb, and entrap the substance of interest inside their 
cavities.17–20 The resultant host-guest complex is then isolated in solution by 
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liquid/liquid extraction or phase transfer. Finally, the guest molecule is liber-
ated from the host upon breakage of the host-guest interaction. For exam-
ple, metalorganic coordination cages have been used to selectively separate 
specific polycyclic aromatic hydrocarbons from a mixture of similar molecules 
by phase-transfer phenomena.21 Alternatively, multitopic ion-pair receptors 
based on calix[4]pyrrole derivatives have been employed to remove inor-
ganic pollutants (K(I), Li(I), and Cs(I)) from aqueous solution by liquid/liquid 
extraction.22,23

MOPs represent an appealing alternative to the aforementioned host-guest 
approach to capture species of interest: rather than do coordination chem-
istry in the pores or cavities of molecular systems such as cages, MOPs dis-
play coordination chemistry at the external surface.24 For the implementation 
of MOPs for the capture of pollutants from water, we used the prototypical 
cuboctahedral Rh(II)-based MOP was used.25 Given the nanoscopic size and 
functional outer surface of this MOP, using it to capture species resembles the 
use of nanoparticle to do the same, albeit with the benefit of stoichiometric 
precision. 

This Chapter will show the surface chemistry of the Rh(II)-MOP adapted to de-
velop a new supramolecular strategy that uses the cuboctahedral Rh(II)-MOP 
as a capturing agent to remove organic micropollutants from water by pH con-
trolled precipitation.

3.1.1 The design of a pH-triggered pollutant removal system based on 
the surface chemistry of cuboctahedral Rh(II)-MOP 

The strategy for using cuboctahedral Rh(II)-MOPs as capturing and pollutant 
removal agents is based on the synergistic effect of combining the coordina-
tion ability of the Rh(II) axial sites to capture organic pollutants that bear func-
tional groups, with a simple acid-based reaction performed on the functional-
ized bdc linkers to control the solubility of the MOP in water. Thus, each one of 
the characteristic 12 exohedral axial coordination sites of these cuboctahedral 
Rh(II)-MOPs is used to capture and bind coordinating pollutants from water 
by coordination chemistry. Moreover, among the different members of these 
cuboctahedral MOPs, we selected [Rh₂(COOH-bdc)₂]₁₂ (hereafter named 
COOHRhMOP; where 5-COOH-bdc = 1,3,5-benzenetricarboxylate). This MOP 
is functionalised with a carboxylic acid group at the 5- position of the phenyl 
ring of each bdc linker, such that its external surface is functionalised with a 
total of 24 carboxylic acid groups.[26]  These groups are essential for our su-
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pramolecular strategy, as they confer the MOP with pH dependent aqueous 
solubility. Indeed, when COOHRhMOP is exposed to a base (e.g., NaOH), it 
becomes an anionic, water-soluble MOP of formula Na₂₄[Rh₂(COO-bdc)₂]₁₂ 
(hereafter named COONaRhMOP; where COO-bdc=1,3,5-benzenetricarbox-
ylate)

COONaRhMOP can then be reprotonated upon exposure to an acid (e.g., HCl), 
which precipitates it out from water such that it can be recovered by filtration 
or centrifugation. We envisioned that this pH-based solubility could serve as 
a trigger in a pollutant-removal system, reasoning that, once a coordinating 
molecule had become anchored to the surface of a MOP, the latter would 
govern the solubility of the former. Interestingly, pH-triggered precipitation 
has been widely used in industrial elimination of metal ions (i.e., by forming 
insoluble salts) but its use for the elimination of organic pollutants was limited 
as their solubility is rarely affected by pH modifications. Furthermore, we an-
ticipate that regenerating the material would not entail high energy demand 
due to the reversible nature of the coordinative interaction. Remarkably, this 
system combines large surfaces exposed by nano-sized materials with fast 
recognition because of the presence of specific binding sites and lack of dif-
fusion barriers of homogeneous working conditions together with the simple 
recovery of heterogeneous solid-state based methodologies.

Thus, our supramolecular process for pollutant removal is based on four steps. 
Firstly, coordinative interactions between the organic pollutant and the wa-
ter-soluble COONaRhMOP are established in solution (Figure 3.1). Secondly, 
the COONaRhMOP(pollutant) complex is precipitated out, by lowering the pH 
using HCl, and subsequently isolated from water by filtration or centrifugation. 
Thirdly, the precipitate is washed with aqueous CaCl₂, leading to liberation of 
the pollutant. Through this washing step, Ca(II) ions strongly coordinate to the 
organic micropollutant, breaking the COOHRhMOP-pollutant coordination 
interaction and dissolving the pollutant back into an aqueous solution. In the 
fourth and final step, the COOHRhMOP is treated with NaOH, causing it to 
redissolve in the remaining solution, which might contain residual pollutants, 
thereby enabling its reuse for subsequent cycles of water purification.
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Figure 3.1 (a) Structure of the cuboctahedral Rh(II)ºººººººººº-MOP, highlighting the 5-posi-
tions in the organic backbone (red balls) and the axial sites of its Rh(II)-Rh(II) paddlewheels 

(green balls). (b) Schematic of the pH-triggered supramolecular removal strategy.

3.2 Results and Discussion

3.2.1 Removal of benzotriazole as a test-case. Step 1: Coordination be-
tween benzotriazole and COONaRhMOP in water

As proof-of-concept, we chose to test our MOP-based strategy by attempting 
to remove benzotriazole (BT) from water. Benzotriazole is broadly used both 
in industrial and household products: for instance, as a corrosion inhibitor; as 
an ultraviolet light-stabilizer in plastics; as an ultraviolet filter; as antifogging 
or defogging agent; and in de-icing/anti-icing fluids. The high amount of BT 
disposed by such activities, the high water solubility of BT (ca. 20 g·L-1), and the 
slow biodegradation of BT lead to its high persistence in aquatic environments, 
where, at concentrations above about 5 ppm,27,28 it causes environmental 
harmful long-term effects.29,30 In fact, BT has been proposed as a micropol-
lutant indicator of water contamination through anthropogenic activities, due 
to its ubiquity in surface water and its environmental toxicity.31,32 Given that BT 
contains a triazole functional group fused to a benzene ring, we envisaged that 
we could anchor the molecule to the surface of COONaRhMOP, by coordinat-
ing the free N-donor atoms in the triazole of the former to the exposed axial 
sites of the Rh(II)-Rh(II) paddlewheels in the latter. Remarkably, the aforemen-
tioned affinity of the Rh(II)-Rh(II) paddle-wheel axial sites for N-donor ligands 
can be readily followed either by naked eye or by monitoring spectroscopic 
changes of the band centred at 500-600 nm (λmax), which corresponds to the 
π*    σ* transitions of Rh(II)−Rh(II) intermetallic bond. When this interaction 
occurs, this absorption band is shifted to more energetic transitions. To char-
acterize the BT-COONaRhMOP interaction, we first added BT to an aqueous 
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solution of COONaRhMOP, and then monitored their interaction by naked 
eye. We found that the addition of 24 molar equivalents (mol. eq.) of BT (380 
ppm) to an aqueous solution of COONaRhMOP (0.133 μmol, 1 mL) induced an 
immediate change in colour of the solution, from blue to purple, suggesting a 
coordinative interaction between the BT and the Rh(II)-Rh(II) paddle-wheel. 
Next, Ultraviolet-Visible (UV-Vis) spectroscopy showed a shift in λmax, from 
585 to 551 nm, that corroborated coordination the coordinative interaction in 
aqueous solution of BT to the Rh(II)- Rh(II) paddle-wheel.33,34 To further study 
the coordination of BT to the Rh(II)-Rh(II) paddle-wheel units, we followed the 
titration of COONaRhMOP with BT by UV-Vis spectroscopy. We found that, 
below 10 mol. eq. (159 ppm) of BT, the isosbestic point is preserved, evidenc-
ing that two different chromophores coexisted in equilibrium in solution. Then, 
subsequent additions of 2 mol. eq. revealed further shifting on the obtained 
value of λmax until 24 mol. eq. of BT were reached, in which a final value of 
551 nm is obtained. This final value of λmax corresponds to the coordination 
of one N-based ligand for Rh(II)-Rh(II) paddle-wheel (Figure 2.2). In the case of 
simple rhodium acetate (Rh₂(AcO)₄), the coordination to the second Rh(II) axial 
site is not hindered, so the obtained λmax corresponding to the band I is gener-
ally shifted to even lower λmax (c.a 540 nm) upon the addition of 2 mol. eq. of 
a coordinating molecule.24 Moreover, λmax attributed to the coordination of 12 
mol. eq. was attained when 24 mol. eq. are present in the solution. Therefore, 
we can conclude that BT coordinative interaction with the COONaRhMOP is 
not quantitative in aqueous media.

Figure 3.2 (a) UV-Vis molar attenuation coefficient data for COONaRhMOP (0.13 μmol, 1 
mL) before (navy blue) and after (pink) the addition of 24 mol. eq. of BT (3.2 μmol, 380 ppm). 
(b) UV-Vis molar attenuation coefficient data for the titration of COONaRhMOP (0.13 μmol, 

1 mL) with BT in aqueous solution.
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3.2.2 Step 2: pH-triggered precipitation of COONaRhMOP(BT)

Having demonstrated the coordination of BT to COONaRhMOP, we reasoned 
that the captured BT could then be removed from water through in situ pre-
cipitation of the formed complex (hereafter named COONaRhMOP(BT)). Our 
hypothesis was based on the premise that, once the coordination between 
COONaRhMOP and BT had occurred, the solubility of the latter would be dic-
tated by the solubility of the COONaRhMOP. COONaRhMOP demonstrated 
to be quantitatively precipitated upon the addition of HClaq. (1M) and recov-
erable in solution. ICP-MS of the obtained supernatant after the precipitation 
procedure revealed a 98.9 % of precipitation efficiency when the remaining Rh 
in solution was measured (Table 3.1). Then, the obtained COOHRhMOP was 
dissolved again in aqueous media upon the addition of 24 mol. eq. of NaOHaq. 
The comparison of the UV-Vis spectrum before and after the precipitation-sol-
ubilization procedure demonstrated that λmax= 585 nm was maintained, thus 
confirming that the paddlewheel remained unaltered after the precipitation 
procedure. A recovery efficiency > 95.0 % was calculated from the intensity of 
such bands before (0.565 a.u) and after the precipitation-solubilisation cycle 
(0.535 a.u.) (Figure 3.3).

 

Figure 3.3 (a) Photographs of the water-insoluble COOHRhMOP and the water solubilized 
COONaRhMOP, showing the acid-base equilibrium required for the pH-triggered solubilisa-
tion and precipitation. (b) UV-Vis spectra of COONaRhMOP before and after the precipita-

tion-solubilization procedure.
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Table 3.1 ICP-MS results for the quantification of Rh(II) in the aqueous supernatant after 
COOHRhMOP precipitation.

 

 
Therefore, we expected that protonation of the surface carboxylate groups 
of COONaRhMOP(BT) would induce its quantitative precipitation, as we had 
already observed for COONaRhMOP alone. We expected that the precipitate 
(hereafter named COOHRhMOP(BT)) could then be easily removed by using 
simple techniques such as centrifugation or filtration. To this end, we optimised 
the pH at which a quantitative precipitation of the MOP occurs, while minimis-
ing protonation-induced cleavage of the BT- Rh(II)-MOP coordination bond. 
These experiments were performed by preparing two different mixtures con-
taining COONaRhMOP (0.133 μmol, 1 mL) and 6 mol. eq. (95 ppm) or 24 mol. 
eq. (380 ppm) of BT , being these two concentrations representative examples 
of defective and excess concentrations with respect to the 12 exohedral axial 
sites present in the MOP structure. Both resulting solutions (final pH=8.6 and 
7.8, respectively) were incubated for only 10 s and subsequently, precipitat-
ed by lowering the pH with different amounts of HCl acid. The precipitation 
solids were isolated by centrifugation. Once the solids had been isolated, the 
optimum amount of acid for the precipitation process was determined by ana-
lysing the remaining BT in the aqueous solution after the precipitation step by 
means of UV-Vis measurements and establishing its removal efficiency. For 
both mixtures, it was found that 10 μL of HCl 1 M (final pH=2.3) was enough to 
induce the precipitation of the COONaRhMOP(BT) complex and further ad-
ditions did no improve the removal efficiency. The removal efficiency values 
were 77 % for the solution initially containing 6 mol. eq. of BT; and 53 % for the 
one containing 24 mol. eq. of BT (Figure 3.4 and Table 3.2). In both cases, the 
amount of MOP remaining in solution was lower than 0.1 % as demonstrated 
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements 
of the remaining Rh in solution (Table 3.3).

Table 3.2. UV-Vis spectroscopy data from the experiments employed to optimize the precipitation 
pH for the pH-triggered removal of BT. The values are expressed as an average of two replicates. 

Standard deviations indicate the error. Removal efficiency is expressed as RE.
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Table 3.3 ICP-MS results for the quantification of Rh(II) in the aqueous supernatant after 

COOHRhMOP precipitation.

 
Importantly, blank experiments (i.e., lacking COONaRhMOP) were 
performed in solution. These experiments revealed that the concentration of BT 
remained constant throughout the pH range studied (pH: 5.8 to 1.9), 
demonstrating the high aqueous solubility of BT and indicating that the 
solubility of the COOHRhMOP(BT) complex is indeed governed by that 
of COOHRhMOP itself (Figure 3.5).

Figure 3.4 Obtained RE for 6 mol. eq. (95 ppm) 
and 24 mol. eq. (380 ppm) after 

precipitating with HCl 1M and 3M.

Figure 3.5 UV-Vis spectra of initial BT 
solution (solid line) and remaining BT 

(dotted line) after acid addition.
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3.2.2.1 Influence of the pH, the incubation time, and the concentra-
tion of BT on the removal efficiency. 

Once we had optimised the pH at which COOHRhMOP(BT) precipitates, we 
sought to elucidate the influence of the pH of the polluted water on the coor-
dination of BT to COONaRhMOP and therefore, on the pollutant removal effi-
ciency. This parameter might influence the removal efficiency of our proposed 
pH-triggered pollutant removal methodology due to the amphoteric proper-
ties of BT (pKa1: 0.42, pKa2: 8.27) (Figure 3.6). To this end, we ran a series of new 
experiments. Thus, three aqueous solutions containing COONaRhMOP (0.133 
μmol, 1.03 mL) and BT (24 mol. eq.; 380 ppm) were prepared. Each of these 
solutions were brought to a different pH: either acidic (pH: 4.3), neutral (pH: 
7.6) or basic (pH: 9.9). The UV-Vis spectrum of each aqueous phase revealed 
that the largest λmax shifts were observed for the acidic conditions (Figure 3.7a). 
This result is consistent with the fact that, at basic pH, BT can be deprotonated, 
which weakens its coordination to COONaRhMOP due to electrostatic repul-
sion. Contrariwise, acidic conditions lead to the formation of neutral BT, there-
by favouring the formation of COONaRhMOP(BT).

However, these differences in the coordination of BT to COONaRHMOP did 
not translate into significative differences in the removal efficiencies after the 
precipitation step. Thus, after addition of the proper amount of diluted HCl (1 
M) to each solution (1 μL to the acidic solution; 10 μL to the neutral one; and 10 
μL to the basic one) to reach the optimised precipitating pH 2.3, the removal 
efficiency for BT was found to be around 54 % in all cases (Figure 3.7b and 
Table 3.4). Altogether, these results highlight that our supramolecular strategy 
works in polluted water samples that vary in their initial pH level.

 
Figure 2.6 Acid-base equilibrium of BT. Dissociation constants 

are pKa1 = 0.42 and pKa2 = 8.27. 
 

——

Table 3.4. UV-Vis spectroscopy data from the experiments employed to determine the in-
fluence of the initial pH of the BT aqueous solution on the performance of the pH-triggered 
removal method. The values are expressed as an average of three replicates. Standard devi-

ations indicate the error. Removal efficiency is expressed as RE
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Figure 2.7 (a) UV-Vis spectra of 1 mL aqueous solutions containing COONaRhMOP (0.13 
μmol) and 24 mol. eq. (3.2 μmol, 380 ppm) of BT at neutral (purple), basic (blue) and acidic 
pH (pink). (b) Removal efficiency of the pH-triggered removal method as a function of the 

initial pH of an aqueous solution containing 24 mol. eq. (3.2 μmol, 380 ppm) of BT.

The experiments that we have described so far indicate that the interaction 
between COONaRhMOP and BT is fast, due to the absence of diffusion bar-
riers, making a rapid method for pollutant removal feasible. To further con-
firm the lack of significant diffusion barriers in our proposed method, we per-
formed new experiments to assess the impact of the incubation time prior the 
precipitation step on the BT removal efficiency. Accordingly, four independent 
aqueous solutions containing COOHNaRhMOP (0.133 μmol, 1 mL) and 6 mol. 
eq. of BT (95 ppm) were prepared. Each solution was incubated for a differ-
ent time (either 10 s, 10 min, 30 min, or 60 min), and then subjected to the 
aforementioned precipitation procedure. The UV-Vis spectra did not indicate 
any significant differences in the removal efficiencies, all of which were >70 %, 
suggesting that the incubation time does not influence the removal efficiency 
(Figure 3.8 and Table 3.5).
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These results further confirmed the rapid capture and binding of BT to 
COONaRhMOP as corresponds to a thermodynamically controlled process.

 

Figure 3.8 Removal efficiency of the pH-triggered removal method as a function of the in-
cubation time before the addition of the acid for an aqueous solution containing 6 mol. eq. 

(0.80 μmol, 95 ppm) of BT. In all cases, the amount of COONaRhMOP was 0.13 μmol.

 
Table 3.5 UV-Vis spectroscopy data from the experiments employed to determine the in-
fluence of the incubation time before the addition of the acid on the performance of the 
pH-triggered removal method. The values are expressed as an average of three replicates. 

Standard deviations indicate the error. Removal efficiency is expressed as RE.
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Once we had demonstrated that our pH-triggered COONaRhMOP-based 
strategy could indeed remove BT from water, we next evaluated its perfor-
mance at different concentrations of BT (Figure 3.9). The initial and final con-
centrations were determined by either UV-Vis spectroscopy (conc. BT: >16 
ppm, Table 3.6) or ¹H NMR spectroscopy (conc. BT: <16 ppm; Table 3.7). The 
removal efficiency of BT for the solutions that had initially contained between 
1 mol. eq. (16 ppm) and 10 mol. eq. (158 ppm) was found to be >70 % in all 
cases, with a linear increase in BT removed per MOP with increasing initial 
concentration of BT (Figure 3.9). Remarkably, the removal efficiency was up 
to 90 % in solutions that had contained BT at initial concentrations of 16 ppm. 
In this case, the remaining BT was below 1.6 ppm, which is below the level 
considered to be environmentally toxic (ca. 5 ppm).27,28 The drop in efficiency 
observed at higher mol. eq. of BT is ascribed to the non-quantitative nature 
of the coordination equilibrium rather than the acid-induced decordination of 
pollutants. Thus, at low concentrations of BT, the high percentage of available 
Rh(II) bonding axial sites facilitates the formation of the Rh(II)-MOP-pollutant 
complex. As the concentration of BT increases, the percentage of uncoordi-
nated also increases, inducing a drop in the removal efficiency. Therefore, it 
takes 24 mol. eq. of BT to saturate the 12 exohedral Rh(II) axial sites and re-
move 12 BT per Rh(II)-MOP unit.

 
Figure 3.9 Removal efficiency of the 
pH-triggered removal method as a 
function of the concentration of BT 
ranging from 1 mol. eq. (0.13 μmol, 
16 ppm) to 24 mol. eq. (3.2 μmol, 
380 ppm). In all cases, the amount 
of COONaRhMOP was 0.13 μmol. 
Error bars display standard devia-
tion of three replicates.
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Table 3.6 UV-Vis spectroscopy data from BT quantification experiments at different starting 
concentrations. The values are expressed as an average of three replicates. Standard devia-

tions indicate the error. Removal efficiency is expressed as RE.

 

Table 3.7 ¹H NMR spectroscopy data from BT quantification experiments. The values 
are expressed as an average of three replicates. Standard deviations indicate the error. 

Removal efficiency is expressed as RE.

 
 
3.2.3 Step 3: Regeneration and reusability of COOHRhMOP

Rapid and easy regeneration of the COOHRhMOP is essential for the feasi-
bility of the proposed removal supramolecular strategy. Initially, we reasoned 
that exposing the COOHRhMOP(BT) solid to harsh acidic conditions would 
promote the formation of the protonated form of BT and consequently, its 
detachment from COOHRhMOP. 1 M HClaq. was used to incubate the ob-
tained COOHRhMOP(BT) solid. Even though the obtained solid was clearly 
green, which corresponds to the fully recovered Rh(II)-MOP, we found that, 
upon the addition of  NaOHaq., the obtained aqueous solution did not exhibit 
the λmax expected for a COONaRhMOP solution. Instead, a λmax correspond-
ing to 1 mol. eq. of BT coordinated to the Rh(II)-MOP surface was obtained 
(λmax = 580 nm) (Figure 2.10a). Interestingly, this behaviour indicates that, 
once the coordinative interaction is cleaved through protonation of the BT, 
the Rh(II)-MOP still preserves the capacity to interact with the BT although 
using alternative mechanisms to coordination. BT previously exhibited small 
tendency to occupy the inner cavity of the Rh(II)-MOP in aqueous media 
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(Section 2.2.1). Therefore, host-guest interactions through, most likely,  
the Rh(II)-MOP windows can be postulated as a potential option. Finally, we 
found that the detachment of BT required incubation under extremely acidic 
(3 M HCl) conditions (Figure 3.10b). However, this strategy was ruled out, as it 
endangered the structural stability of the Rh(II)-MOP as confirmed by the par-
tial regeneration observed in the UV-Vis characterization of the Rh(II)-MOP.

Figure 3.10 (a) UV-vis absorbance data of COONaRhMOP in aqueous solution before (navy blue) 
and after (sky blue) regenerating the solid using 1 M HClaq. (b) UV-vis absorbance data of COONaR-
hMOP in aqueous solution before (navy blue) and after (sky blue) regenerating the solid using 3 M 

HCl. Note that in both cases, solutions are prepared using the same volume.

Alternatively, we sought a milder methodology that would entail washing 
of the precipitate with an aqueous solution containing a competing metallic 
centre for the coordination of BT. The formation of a new metal-BT complex 
would thus favour the regeneration of the occupied axial coordination sites 
of COOHRhMOP, whereby new uptake cycles could be performed. Ca(II) 
was selected as a competing metallic centre, because of its reduced toxici-
ty as well as its low cost. To explore its efficacy, we performed a preliminary 
washing experiment. To this end, the solid COOHRhMOP(BT) was washed 
twice by incubating it in a saturated aqueous solution of CaCl₂ for 30s. Note 
that this COOHRhMOP(BT) was initially precipitated from 5 mL solution of BT 
(6 mol. eq.; 95 ppm), to which the removal strategy had earlier been applied 
using COONaRhMOP (0.67 μmol). After both washing steps, the remaining 
COOHRhMOP was quantitatively transformed into COONaRhMOP through 
basification with NaOHaq. (16.1 μmol). This basification step caused the Rh(II)-
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MOP to redissolve in the (now basic) aqueous solution. The success of the re-
generation procedure was confirmed by UV-Vis analysis, as the initial λmax of 
583 nm characteristic of COONaRhMOP was obtained, thus further corrobo-
rating the detachment of BT from the outer surface of the Rh(II)-MOP (Figures 
3.11a and 3.12a). Finally, the recovery and reusability of COONaRhMOP was 
confirmed by comparing the BT removal efficiency for three additional cycles 
of uptake (using the same conditions as in Cycle 1), precipitation, and regener-
ation. Remarkably, the recovered COONaRhMOP maintained its removal effi-
ciency for BT for at least three consecutive cycles (Figures 3.11b and Table 3.8). 
Moreover, the integrity of COONaRhMOP was maintained through the whole 
cycle (Figure 3.12). More precisely, ¹H NMR showed that the position of the 
assigned protons matches with the initial COONaRhMOP signals, as well as no 
residual free ligand was found indicating that the integrity of the Rh(II)-MOP 
was maintained. This observation was further supported by mass spectrom-
etry, more precisely matrix-assisted laser desorption/ionisation-time-of-flight 
(MALDI-TOF) as the weight corresponding to the formula [Rh₂₄ (COONaB-
DC)₂₄ – 12 Na⁺ + 11 H⁺] was found (expected m/z = 7929; found m/z = 7928).

Figure 3.11 (a) Recovered COONaRhMOP after a complete BT removal cycle. Data is calcu-
lated from the UV-Vis spectra comparing the initial absorbance value with the final value 
obtained after the whole cycle. The recovery of three subsequent cycles is displayed. (b) Re-
moval efficiency of the pH-triggered removal method for three subsequent removal cycles 
using recovered COONaRhMOP (0.13 μmol, 1 mL) to solutions initially containing 6 mol. eq. 
(0.80 μmol, 95 ppm) of BT. The MOP was recovered after each removal cycle by washing 
the COOHRhMOP(BT) solid with saturated aqueous CaCl₂ solution. The recovery of three 

subsequent cycles is displayed.
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Table 3.8 UV-Vis spectroscopy data from BT quantification experiments after three subse-
quent cycles. The values are expressed as an average of three replicates. Standard devia-

tions indicate the error. Removal efficiency is expressed as RE.

 

 

 
Figure 3.12 (a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recovered after 
washing the COOHRhMOP(BT) solid with saturated CaCl₂ solution. (b) MALDI-TOF spectra of 
COONaRhMOP before (black) and after (blue) the removal cycles. The weight corresponding to 
the formula [Rh₂₄ (COONaBDC)₂₄ – 12 Na⁺ +  H⁺] has been highlighted: expected m/z = 7929; 
found m/z = 7928. (c) ¹H NMR spectra in D2O of recovered COONaRhMOP after three complete 
BT removal cycles, indicating the relative integrals of the assigned proton signals. The position of 

the assigned protons matches with the initial COONaRhMOP signals.
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3.2.4 Use of filtration in the pH-triggered, supramolecular strategy.

Next, we simplified our supramolecular strategy by replacing the centrifugation 
steps with a unified filtration process in which recovery of COOHRhMOP(BT), 
detachment of BT, and regeneration of COONaRhMOP occur sequentially. To 
this end, a test was run on 5 mL of a solution of BT (6 mol. eq.; 95 ppm), to 
which the removal strategy was applied using COONaRhMOP (0.67 μmol). Af-
ter precipitation with HClaq., the aqueous solution was passed through a nylon 
syringe-filter (0.45 μm). The filter captured the COOHRhMOP(BT), observed 
as a purple solid, and the aqueous supernatant was recovered and analysed by 
means of UV-Vis spectroscopy (Figure 3.13a). This analysis revealed a compara-
ble removal efficiency to that previously obtained (73 %; Figure 3.13b and Table 
3.9). The filter was then treated with saturated aqueous CaCl2, which induced 
an immediate change in colour of the solid, from purple to blue, representative 
of cleavage of the Rh(II)-BT coordination bond and subsequent release of the 
BT into the CaCl2 solution. Finally, NaOHaq. was passed through the filter to 
redissolve the resultant COOHRhMOP, through formation of COONaRhMOP 
(Figures 3.13a). Importantly, a blank experiment (i.e., without COOHRhMOP) 
revealed that the nylon syringe-filter alone does not contribute to any removal 
of BT (Figures 3.14a). Interestingly, the strategy also proved successful when, 
instead of Milli-Q water, regular tap water was employed throughout the en-
tire process (Figures 3.14b and Table 3.10).

Figure 3.13 (a) Schematic of the partial removal of BT by 
the pH-triggered, supramolecular strategy using filtra-
tion (rather than centrifugation) to isolate the capture 
agent. (b) Comparison of removal efficiency for filtration 
vs. centrifugation. The data are reported as the average 
uptake value from duplicate experiments. Error bars in-
dicate the standard deviation.
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Figure 3.14 (a) UV-Vis spectra of BT in water (80 μmol, 95 ppm) before (navy blue) and af-
ter (sky blue) filtration using a nylon syringe-filter (0.45 μm). (b) Removal efficiency of the 
pH-triggered removal method for initial solutions containing 6 mol. equiv. (0.80 μmol, 95 
ppm) of BT in Milli-Q water and regular tap water. Error bars indicate standard deviation.

Table 3.9. UV-Vis spectroscopy data from BT quantification experiments after filtration (Fig-
ure S33). The values are expressed as an average of three replicates. Standard deviations 

indicate the error. Removal efficiency is expressed as RE.

 

Table 3.10 UV-Vis spectroscopy data from BT quantification experiments using tap water as 
a solvent. The values are expressed as an average of three replicates. Standard deviations 

indicate the error. Removal efficiency is expressed as RE.
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3.2.5 Comparison of the removal of benzotriazole using COOHRhMOP 
as a porous solid.

To evaluate the possible influence of classical diffusion barriers on the efficien-
cy of COOHRhMOP at removing BT from water, we next ran tests under het-
erogeneous conditions. To this end, COOHRhMOP powder (5 mg, 0.67 mmol) 
was soaked in a solution containing BT (6 mol. eq.; 95 ppm; 5 mL) at a pH of 
6.0. This pH was selected to ensure that the MOP remains in its neutral form, 
and that the BT is predominantly in its more coordinative state. The hetero-
geneous removal tests were performed both with stirring and without (here-
after called static), and the removal efficiency was quantified after different 
incubation times. Interestingly, the removal efficiency was slightly higher in 
the stirred reactions (46 %) than in the static one (33 %; Figure 3.15 and Table 
3.11 and 3.12). For both conditions, the best performance was observed after 
1 h of incubation. Altogether, these results evidence the detrimental effect of 
diffusion barriers in the coordination of BT to COOHRhMOP under when used 
as a solid powder (i.e., heterogeneous conditions), for which the kinetics are 
less favourable – and consequently, the removal efficiency, lower – compared 
to using COONaRhMOP in solution (i.e., homogeneous conditions).

Figure 3.15 Removal efficiency for the three different BT removal methodologies. In all cas-
es, the initial BT concentration was 6 mol. eq. (95 ppm) and the concentration of MOP was 

1 mg/mL. Error bars indicate standard deviation.
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Table 3.11 UV-Vis spectroscopy data from BT quantification experiments after different incubation 
times in static heterogeneous conditions. The values are expressed as an average of three repli-

cates. Standard deviations indicate the error. Removal efficiency is expressed as RE.

 

Table 3.12 UV-Vis spectroscopy data from BT quantification experiments after different incuba-
tion times under stirring heterogeneous conditions. The values are expressed as an average of 

three replicates. Standard deviations indicate the error. Removal efficiency is expressed as RE.

3.2.6 Expanding the scope of the pH-triggered coordinative-removal 
supramolecular strategy.

 
In aqueous solution, pH < pKa leads to the protonation of the majority of the 
organic molecules population in solution thus the pH swing required for pre-
cipitating becoming a more critical step. Therefore, we reasoned that our 
strategy might become more challenging to apply to remove pollutants that 
contain coordinating groups that are more pH-sensitive than BT, as protona-
tion of these groups preclude the interaction between the pollutant and the 
COONaRhMOP. To explore this hypothesis, we tested the performance of our 
strategy at removing other nitrogenous organic micropollutants from water, 
whose coordinating groups are easier to protonate than are the coordinat-
ing N-atoms in the triazole ring of BT (pKa₁: 0.42). Thus, we chose three polar 
pollutants commonly found in water: i) benzothiazole (BTZ; pKa: 2.28), which 
is used as vulcanisation accelerator in rubber manufacture and as an herbi-
cide;35,36ii) 1-naphthylamine (NA; pKa: 4.25), used both as a fungicide and as a 
precursor of azodyes, which is classified as a carcinogen; 37,38 and iii) isoquin-
oline (IQ; pKa: 5.26),39,40 which is a potentially genotoxic compound found in 
coking wastewater (Figure 3.16).
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Figure 3.16 Schematic representation of the BTZ, NA and IQ and 

the corresponding pKa values.

 
Firstly, the coordination of BTZ, NA, or IQ to COONaRhMOP was con-
firmed by UV-Vis spectroscopy (Figure 3.17). BTZ did not exhibit a clear 
isosbestic point on the titration from 0 mol. eq. to 12 mol. eq. probably be-
cause two different coordinating atoms with different affinities are present 
in the thiazole moiety, thus more than one different coordinated chromo-
phore can be formed. NA titration revealed a very modest λmax shifting that 
can be related to weaker coordinative interactions with the Rh(II) exohedral 
sites. Contrarily, in IQ titration, it can be observed a strong tendency to co-
ordinate. Then, the precipitation conditions for each pollutant were opti-
mised, using a similar approach to that previously followed for BT, whereby 
a balance between the removal efficiency and the complete precipitation 
of COOHRHMOP(pollutant) was found. For all these experiments, UV-Vis 
and ¹H NMR were employed to quantitatively evaluate the removal efficien-
cy. Also, blank experiments (i.e., lacking COONaRhMOP) were performed 
in solution, demonstrating once again that the concentration of these pol-
lutants remained constant, although the pH was modulated (Figure 3.18). 
As depicted in Figure 3.19, very high removal efficiencies were found for BTZ 
(ca. 80 % to 90 %) throughout the tested concentration range, with values even 
higher than those for BT. We attributed this performance to the greater hydro-
phobicity of BTZ relative to BT, which facilitates its removal from water (Tables 
3.13 and 3.14). The removal of pollutants containing weaker bases/nucleophiles 
compared with BT and BTZ could be limited by the higher tendency to proto-
nation combined with weakness of the coordination bonds. However, despite 
the weak coordination observed between NA and the Rh(II)-Rh(II) paddlewheel 
(Figure 3.17b), the removal efficiency for NA was c.a 90 % at low concentra-
tions (1 mol. eq.; 18 ppm) (Table 3.14). Moreover, although the required pH for 
the precipitation of either COOHRhMOP(NA) or COOHRhMOP(IQ) was lower 
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(ca. 3.5) than the reported pKa for either NA or IQ, the removal efficiency for 
both pollutants was c.a 70 % for the range of tested concentrations (Tables 3.13 
and 3.14). These results confirm that the respective coordinative bonds remain 
intact at these (more acidic) pH values. Lastly, in all cases, the complexes ob-
tained from precipitation were recoverable again by using Ca(II) as a compet-
ing metallic centre for the coordination of the organic coordinating pollutants. 
All spectra show a marginal shift in the λmax after the recovery procedure, thus 
confirming that the paddlewheel remained unaltered after the precipitation 
procedure. A recovery efficiency > 95.0 % was calculated from the intensity of 
such bands before and after the precipitation solubilization cycle (Figure 3.20). 
Note that both NA and IQ could also be recovered by using an acidic (0.3 M 
HClaq.) wash, as their easier protonation allowed the complete recovery with-
out endangering the MOP structure (Figure 3.21).

Figure 3.17 (a) UV-Vis molar attenuation coefficient data for the titration of COONaRhMOP (0.13 
μmol, 1 mL) with BTZ in aqueous solution. (b) UV-Vis molar attenuation coefficient data for the 
titration of COONaRhMOP (0.13 μmol, 1 mL) with NA in aqueous solution. (c) UV-Vis molar atten-
uation coefficient data for the titration of COONaRhMOP (0.13 μmol, 1 mL) with IQ in aqueous 

solution.

Figure 3.18 UV-Vis spectra of initial BTZ, NA and IQ solutions (solid line) and remaining BTZ, 
NA and IQ (dotted line) after acid addition.
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Figure 3.19 Efficiency of COONaRhMOP at removing BTZ, NA, and IQ from aqueous solu-
tions. *A removal efficiency of >95 % was assumed for BTZ at 1 mol. eq. (18 ppm) because 
the residual concentration of BTZ in the remaining aqueous solution was below the limit of 
quantification (0.9 ppm). All values are reported as an average of triplicate experiments. 

Error bars indicate standard deviation.

Table 3.13 UV-Vis spectroscopy data from BTZ, NA and IQ quantification experiments at 
different starting concentrations. The values are expressed as an average of three replicates. 

Standard deviations indicate the error. Removal efficiency is expressed as RE.
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Table 3.14 ¹H NMR spectroscopy data from BTZ and NA quantification experiments. 
The values are expressed as an average of three replicates. Standard deviations indicate the 

error. Removal efficiency is expressed as RE.

Figure 3.20 Stability tests of COONaRhMOP after the recovery using saturated CaCl₂ aque-
ous solution. (a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recovered 
after washing the COOHRhMOP(BTZ) solid (pink), COOHRhMOP(NA) solid (purple) and 
COOHRhMOP(IQ) solid (blue). (b) MALDI-TOF spectra of COONaRhMOP before (black) and 
after the removal cycles of BTZ (pink), NA (purple) and IQ (blue). The weight corresponding 
to the formula [Rh₂₄ (COONaBDC)₂₄ – 12 Na⁺ +  H⁺] has been highlighted: expected m/z = 
7929; found m/z = 7928.  (c) ¹H NMR spectra in D2O of recovered COONaRhMOP after two 

complete removal cycles, indicating the relative integrals of the assigned proton signals.
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Figure 3.21 Stability tests of COONaRhMOP after the recovery using saturated 0.3 M HClaq.. 
(a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recovered after wash-
ing the COOHRhMOP(NA) solid (purple) and COOHRhMOP(IQ) solid (blue). (b) MALDI-TOF 
spectra of COONaRhMOP before (black) and after the removal cycles of NA (purple) and IQ 
(blue). The weight corresponding to the formula [Rh24 (COONaBDC)24 – 12 Na⁺ +  H⁺] has 
been highlighted: expected m/z = 7929; found m/Z = 7928.  (c) ¹H NMR spectra in D2O of re-
covered COONaRhMOP after two complete removal cycles, indicating the relative integrals 

of the assigned proton signals.

Figure 3.22 (a) Removal efficiency of the pH-triggered removal method for two subsequent 
removal cycles using recovered COONaRhMOP (0.13 µmol, 1 mL) washed with saturated 
CaCl2 aqueous solution to solutions initially containing 6 mol. eq. (0.80 µmol) of BTZ (pink), 
NA (purple) or IQ (blue).  (b) Removal efficiency of the pH-triggered removal method for two 
subsequent removal cycles using recovered COONaRhMOP (0.13 µmol, 1 mL) washed with 
0.3 M HCl to solutions initially containing 6 mol. eq. (0.80 µmol) of NA (purple) or IQ (blue). 

Error bars indicate standard deviation of three replicates.
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Additionally, the recovered materials were reusable using both recovery meth-
odologies, as they demonstrated comparable removal efficiency values in sub-
sequent cycles. Also, the removal efficiencies obtained for the recovered ma-
terials using washings with saturated CaCl₂ aqueous solution and 0.3 M HClaq. 

where equivalent. (Figures 3.22 and Tables 3.15 and 3.16).

Table 3.15 UV-Vis spectroscopy data from BTZ, NA and IQ quantification after two subse-
quent cycles. The values are expressed as an average of three replicates. Standard devia-

tions indicate the error. Removal efficiency is expressed as RE.

Table 3.16 UV-Vis spectroscopy data from NA and IQ quantification experiments after two 
subsequent cycles using 0.3 M HCl aqueous solution for regenerating the MOP. The values 
are expressed as an average of three replicates. Standard deviations indicate the error. Re-

moval efficiency is expressed as RE.
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3.2.7 Simultaneous removal of multiple nitrogenous organic micropol-
lutants from an aqueous solution

 
Encouraged by our results, we envisaged that we could use our pH-triggered 
supramolecular strategy to simultaneously remove multiple organic pollutants 
from water. To this end, we performed a test in an aqueous solution containing 
a mixture of BT, BTZ, NA, and IQ. Thus, a 3 mL of an aqueous solution con-
taining COONaRhMOP (0.4 μmol) and equimolar mixture of BT (6 mol. eq.; 
95 ppm), BTZ (6 mol. eq.; 108 ppm), NA (6 mol. eq.; 114 ppm), and IQ (6 mol. 
eq.; 102 ppm) was prepared. Then, this mixture was subjected to multiple cy-
cles of pollutant removal/capture-agent regeneration. As indicated by ¹H NMR 
spectra taken before and after the first cycle, the removal efficiency values 
were, from highest to lowest: 87 % (BTZ), 85 % (NA), 74 % (IQ) and 66 % (BT; 
Figure 3.23 and Table 3.17). Although a similar value was observed for removal 
of BTZ from this multipollutant solution compared to from the mono-pollut-
ant solution, the corresponding values for the other pollutants did differ. In-
terestingly, the values for removal of NA and IQ were higher than from the 
respective mono-pollutant solutions, whereas that for BT was slightly lower. 
 
Overall, these values confirm that each COONaRhMOP can capture more 
than 12 pollutant molecules (ca. 20). We attributed the results to the contri-
bution of cooperative hydrophobic and Van der Waals interactions, which can 
enhance the performance of the capturing agent once all the specific binding 
sites have been occupied. This is in agreement with the previously observed 
capacity of the Rh(II)-MOP to establish non-coordinative interactions, al-
though it becomes more important when the guest molecules exhibit certain 
hydrophobicity. Moreover, a precipitation phenomenon in which hydrophobic 
molecules are involved could favour both the preservation and the formation 
of these hydrophobic interactions (Section 2.2.3). Next, the capture agent was 
regenerated, and the remaining aqueous solution with the four residual pollut-
ants was subjected to additional removal/regeneration cycles. By the second 
cycle, all the BTZ and NA had been fully removed, and by the third cycle all the 
BT and IQ had been removed. Again, the stability of the COONaRhMOP was 
maintained throughout each cycle, as confirmed by UV-Vis, ¹H NMR, and MS 
(Figure 3.24).
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Figure 3.23 Top: Schematic of the simultaneous removal of various organic micropollutant 
pollutants from an aqueous multipollutant solution by the pH-triggered, supramolecular 
strategy. Bottom: Stacked 1H NMR spectra of a D2O solution before (top) and after three 

subsequent (from high to low) removal/regeneration cycles. Left: Legend for both parts.

Table 3.17 ¹H NMR spectroscopy data for BT, BTZ, IQ and NA quantification for the first re-
moval cycle. The values are expressed as an average of three replicates. Standard deviations 

indicate the error. Removal efficiency is expressed as RE.
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Figure 3.24 Stability tests of COONaRhMOP after subsequent removal cycles in a multicom-
ponent system. (a) UV-Vis absorbance data of COONaRhMOP in aqueous solution recov-
ered after washing the COOHRhMOP(multi-pollutant) solid with saturated CaCl2 solution. 
(b) MALDI-TOF spectra of COONaRhMOP before (black) and after (blue) the removal cycles. 
The weight corresponding to the formula [Rh24(COONaBDC)₂4 – 12 Na⁺ + 11 H⁺] has been 
highlighted: expected m/z = 7929; found m/z = 7928. (c) . 1H NMR spectra in D2O of re-
covered COONaRhMOP after three complete multi-pollutant removal cycles, indicating the 

relative integrals of the assigned proton signals.
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3.2.8 pH-triggered removal of non-coordinating pollutants

In the previously described removal of nitrogenous pollutants, we noticed the 
presence of non-coordinating supramolecular interactions playing a role on 
the removal efficiency. To determine if these interactions alone can be used 
to implement our pH-triggered removal of pollutants using COORhMOP, we 
selected a hydrophobic pollutant without coordination capabilities; namely 
atrazine (ATZ) as a model compound (Figure 3.25). ATZ is a herbicide widely 
used in agriculture. It has been classified as a potential human carcinogen by 
the United States Environmental Protection Agency (USEPA).41 The primary 
source of human exposure to atrazine is through the consumption of contam-
inated groundwater. Its resistance to microbial degradation, slow hydrolysis, 
low vapour pressure, and moderate aqueous solubility contribute to its per-
sistence and make it a significant groundwater contaminant.42 Albeit it con-
tains a triazine moiety and two secondary amines on its structure, the steric 
hindrance surrounding the N-donor atoms precludes the coordinative inter-
action with the Rh(II) binding sites. This behaviour was further corroborated 
by means UV-Vis spectroscopy, as the λmax corresponding to the Band I of the 
Rh(II)-Rh(II) did not suffer any shifting when 12 mol. eq. of ATZ were added to 
a COONaRhMOP water:MeOH solution (1:1) (Figure 3.26a).

Then, the removal capabilities of COONaRhMOP for ATZ were tested follow-
ing the pH-triggered precipitation methodology. In this case, the solubility of 
ATZ in aqueous media limited the scope of concentrations. The performance 
of COONaRhMOP was tested at low ATZ concentrations ranging from 30 ppm 
to 5 ppm, contrarily as we previously did when more soluble coordinating pol-
lutants were used. In this case, after the addition of 10 μL of HCl 1 M (final 
pH=2.3), the obtained supernatants were analysed by Gas Chromatography 
(GC) as the remaining ATZ in solution was below the limit of detections of the 
previously used UV-Vis and ¹H NMR techniques for quantification (Figure 3.26b 
and Table 3.18). The analysis of these samples revealed that, in all cases, the 
obtained removal efficiency was above 90 %. Weak interactions are known 
for their sensitivity to changes in the chemical environment. While a rapid and 
abrupt pH change can potentially affect these interactions, we attribute the 
high removal efficiencies to the hydrophobic nature of ATZ. Due to its poor 
solvation in aqueous media, the prevalence of weak interactions or even the 
formation of new interactions is favoured when precipitation occurs as the 
Rh(II)-MOP provides a more hydrophobic environment. Blank experiments 
further confirmed that the removal of ATZ from the aqueous media was purely 
attributed to the Rh(II)-MOP performance (Figure 3.27).
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Figure 3.25 Schematic representation of the ATZ and the corresponding pKa values.

 
——

Table 3.18 Initial and final concentrations of ATZ found by GQ quantification.

Figure 3.26 (a) UV-Vis absorbance data for COONaRhMOP (0.13 μmol, 1 mL) (green line) 
and COONaRhMOP (0.13 μmol, 1 mL) after the addition of 12 mol. eq. of ATZ (1.56 μmol, 
360 ppm) in a H2O:MeOH (1:1) mixture. (b) Efficiency of COONaRhMOP at removing ATZ.
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3.3 Conclusion

Through this proof-of-concept study, we have demonstrated that robust, 
water-soluble MOPs can be harnessed to remove organic pollutants from 
water in a pH-triggered fashion. We engineered a novel organic-pollutant 
removal supramolecular strategy based on the pH-dependent solubility of 
COOHRhMOP. We demonstrated the efficacy of our approach at removing 
four common micropollutants – BT, BTZ, IQ, and NA – from water at various 
concentrations, using both single and multiple-pollutant solutions. In all cases, 
the COONaRhMOP solution was regenerated using CaCl₂ saturated solution 
and basic water maintaining the performance through several cycles of re-
moval/regeneration. Moreover, we envisage that the wide structural versatil-
ity of MOPs will enable our approach to be extended to many other organic 
pollutants, especially by exploiting other MOP-pollutant interactions than (or 
in addition to) coordination chemistry. Thus, the results presented here widen 
the scope of applications for the emerging water-soluble metal-organic cages 
toward pollutant removal and environmental applications.43

3.4 Experimental Part

3.4.1 Materials and methods

Rh₂(AcO)₄ was purchased from Acros Organics. 1,3,5 - benzenetricarboxylic 
acid, SOCl₂, 2-(trimethylsilyl)ethanol, anhydrous pyridine, trifluoroacetic acid, 
tetrabutylammonium fluoride (TBAF) (1.0 M) in tetrahydrofuran (THF), phos-
phate buffered saline (PBS) tablets, fumaric acid and IQ were purchased from 
Sigma-Aldrich. Benzotriazole, benzothiazole and NA were purchased from 
TCI. All deuterated solvents were purchased from Eurisotop. Solvents at HPLC 
grade were purchased from Fischer Chemicals. Deionized water was obtained 
with a Mili-Q ® system (18.2 MΩ·cm). Ultraviolet-visible (UV−Vis) spectra were 
measured using an Thermo Scientific NanoDrop 2000 at room temperature 
(ca. 25 °C). Proton Nuclear Magnetic Resonance (¹H NMR) spectra were ac-
quired at 298 K using a Bruker AVANCE 500 NMR spectrometer operating at 
500.13 MHz and equipped with a cryoprobe z-gradient inverse TCI probehead. 
Mass Spectroscopy (MALDI-TOF) measurements were performed using a 
4800 Plus MALDI TOF/TOF (ABSCIEX – 2010). The matrix used was sinapinic 
acid measured in negative mode.
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3.4.2 Synthetic methodologies. Synthesis of COOHRhMOP/COONaR-
hMOP

The synthetic procedure for COOHRhMOP was adapted from a reported 
protocol.[26] COOHRhMOP was quantitatively converted to COONaRhMOP 
through the addition of 24 mol. eq. of NaOH in water. In a typical experiment, 
this conversion was achieved by first dispersing COOHRhMOP powder in 
water and subsequently adding the corresponding amount of NaOH from 
a 1M stock.

3.4.3 Experimental procedures

3.4.3.1 Coordination tests

 
An aqueous solution of COONaRhMOP (0.13 mM, pH = 9.5) and stock solutions 
of the corresponding tested pollutants were prepared. For the titration, each 
addition consisted on 2 mol. eq. (0.26 μmol) of the pollutant stock solution 
until 24 mol. eq. of BT and 12 mol. eq. of the BTZ, NA and IQ were separately 
reached. UV-Vis spectrum was recorded after each addition.

For the ATZ coordination test, a mixture of H₂O:MeOH (1:1) was used to pre-
pare a solution of COONaRhMOP (0.13 mM). A stock solution of ATZ (0.156 
mM) was prepared using the same mixture of solvents. Then 12 mol. eq. of 
ATZ (100 µL of a 0.156 mM stock solution) were added to 1 mL of COONaR-
hMOP (0.13 mM) solution. UV-Vis spectrum was recorded before and after the 
addition of ATZ to the Rh(II)-MOP solution.

3.4.3.2 COOHRhMOP viability assessment for pollutant removal

 
The efficiency of the precipitation of COONaRhMOP though pH swing 
was tested using the following procedure. First, an aqueous solution of 
COONaRhMOP (0.27 µmol, 2 mL, pH = 9.5) was prepared. Then, 14 μL 
from a 1 M stock solution of HCl were added to the MOP solution to pre-
cipitate the MOP in the form of COOHRhMOP (pH = 2.7). ICP-MS of the 
supernatant was measured to quantify the amount of Rh(II) remaining in 
solution. In parallel, the precipitated COOHRhMOP was dissolved again 
by adding 2 mL of water containing 6.4 μL of a 1M NaOH stock solution. 
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The UV-Vis absorption spectrum of the aqueous solution was recorded before 
and after the precipitation and the recovery efficiency was calculated by using 
the following equation:

 
3.4.3.3 pH-triggered pollutant removal methodology and recovery

 
Typical pH-triggered pollutant removal experiments were performed by using 
the following protocol. For an experiment with a final volume of 1 mL exper-
iment, a 900 aqueous μL solution of pollutant containing from 0.13 μmol to 
3.2 μmol (1 mol. eq. to 24 mol. eq. in respect to the MOP) was prepared by 
adding the corresponding amount of pollutant from a stock solution. Then, the 
volume was adjusted to 1 mL by the addition of 100 μL of a COONaRhMOP 
(13.3 mM) stock solution (final MOP concentration: 1.33 mM). After that, the 
formed complex was precipitated by lowering the pH using diluted HCl. The 
amount and concentration of this HCl solution depends on the pollutant used 
and was properly optimized in order to achieve a complete precipitation of the 
complex without favouring the protonation-induced cleavage of the pollut-
ant-Rh(II)-MOP coordination bond. The obtained solid was separated from the 
supernatant by filtration or centrifugation. This supernatant was characterized 
by means UV-Vis or 1H NMR spectroscopies in order to quantify the remaining 
pollutant in the solution. For UV-Vis quantification, a calibration curve was pre-
pared. For ¹H NMR quantification, an internal standard was used. The consist-
ency of the results obtained using both techniques was corroborated by ana-
lysing samples at an intermediate concentration of BT (6 mol. eq., 95 ppm), 
using both techniques. The recovered solid was washed twice by incubating 
the solid for 30 s with a saturated CaCl₂ aqueous solution in order to regener-
ate the Rh(II) open metal sites. Alternatively, for weakly coordinating pollut-
ants, the MOP could be regenerated by washing it with an acidic solution (HCl 
0.3 M). Both recovery procedures yielded the water-insoluble COOHRhMOP. 
Thus, the water-soluble COONaRhMOP was obtained by treating the recov-
ered COOHRhMOP with NaOH (24 mol. eq. from a 1 M stock solution).
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3.4.3.4 Removal efficiency calculation. General methodology

For UV-Vis quantification experiments, removal efficiency was calculated in 
each experiment by using the following equation:

The value for Concinitial was obtained from a control experiment, in which the 
method was applied without the presence of the removal agent. Triplicates or 
duplicates were performed in order to obtain Concfinal. All the given final val-
ues are expressed as an average of the obtained removal efficiency where the 
standard deviation displays the error. PBS was used as a dilution solution to 
ensure the same pH value after acidification procedure. This allowed to obtain 
comparable UV-Vis spectra without variations in the absorption bands caused 
by the pH effects. A calibration curve for each compound was prepared main-
taining the same pH conditions (Figures 3.27-3.30)

Figure 3.27 BT calibration in PBS. (a) UV-Vis spectra of PBS solutions of BT with concentra-
tions ranging from 17.9 ppm to 3.6 ppm. (b) Plot displaying the linear fitting of the absorb-
ance vs. concentration data and the corresponding fitting equation and correlation factor 

(inset).
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Figure 3.28 BTZ calibration in PBS. (a) UV-Vis spectra of PBS solutions of BTZ with con-
centrations ranging from 79.1 ppm to 1.5 ppm. (b) Plot displaying the linear fitting of the 
absorbance vs. concentration data and the corresponding fitting equation and correlation 

factor (inset).

Figure 3.29 NA calibration in PBS. (a) UV-Vis spectra of PBS solutions of NA with concentra-
tions ranging from 28.6 ppm to 2.9 ppm. (b) Plot displaying the linear fitting of the absorb-
ance vs. concentration data and the corresponding fitting equation and correlation factor 

(inset).

Figure 3.30 IQ calibration in PBS. (a) UV-Vis spectra of PBS solutions of IQ with concentra-
tions ranging from 36.2 ppm to 1.0 ppm. (b) Plot displaying the linear fitting of the absorb-
ance vs. concentration data and the corresponding fitting equation and correlation factor 

(inset).
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¹H-NMR was used as an alternative quantification technique when the amount 
of remaining analyte in the solution was below the UV-Vis limit of quantifi-
cation (LOQ). For such experiments, the same equation was used to obtain 
the removal efficiency values. An internal standard (fumaric acid) was added 
to the previously prepared control experiment and to the samples after the 
removal procedure to obtain Conc.initial and Conc.final values, respectively. The 
LOQ of this methodology was stablished by simulating a certain concentration 
for each pollutant and comparing the integration of each with the obtained 
spectrum from the removal procedure (Figures 3.31-3.34).

 

Figure 3.31 ¹H NMR spectra (500 MHz, D₂O, 25 ºC) of the supernatant obtained after per-
forming the pH-triggered removal method to an aqueous solution containing 1 mol. eq. (0.13 
µmol, 18 ppm) of BTZ in the presence of COONaRhMOP (0.13 µmol) (uptake) compared 
with the 1H NMR spectrum (500 MHz, D2O, 25 ºC) obtained from a solution containing 
0.90 ppm, which simulates a removal efficiency of 95 %. Fumaric acid (0.26 µmol, 20 µL 
of 6.65 mM stock solution) was used as the internal standard. Signals displayed in uptake 
experiments are slightly uplifted due to a sort of difference in the final obtained pH solution 
after the addition of the same amount (5 µL) of DCl 1M used to reproduce the precipitation 
conditions in the simulated 95 % removal experiment. Stars tag the residual 1,3,5-benzene 

tricarboxylic acid (BTC) coming from the Rh(II)-MOP in the uptake experiment.
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Figure 3.32 ¹H NMR spectrum (500 MHz, D2O, 25 ºC) obtained from a solution containing 
0.92 ppm of BT and fumaric acid as internal standard (0.26 µmol, 20 µL of 6.65 mM stock 

solution). pH was adjusted to basic conditions (pD ~ 11).

Figure 3.33 ¹H NMR spectrum (500 MHz, D2O, 25 ºC) obtained from a solution containing 
0.80 ppm of NA and fumaric acid as internal standard (0.26 µmol, 20 µL of 6.65 mM stock 

solution). pH was adjusted to basic conditions (pD ~ 11).

Figure 3.34 ¹H NMR spectrum (500 MHz, D2O, 25 ºC) obtained from a solution containing 
0.65 ppm of IQ and fumaric acid as internal standard (0.26 µmol, 20 µL of 6.65 mM stock 

solution). pH was adjusted to basic conditions (pD ~ 11).
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ATZ was quantified by means GC. To do so, a previous liquid-liquid extrac-
tion of the obtained aqueous phase was performed using CHCl₃. The ATZ was 
quantitatively extracted to the organic phase (log Pow: 2.34). Then, the obtained 
organic phases were analysed to quantify the remaining ATZ in solution.

3.4.4 Optimization of the precipitation pH

The optimum HCl concentration was optimized to ensure the quantitative 
precipitation of the COOHRhMOP(BT) complex without affecting the coordi-
native interaction between the MOP and the pollutant through the following 
procedure. COONaRhMOP in aqueous solution (0.13 µM, 100 µL, pH 11) was 
added to a set of different solutions containing 6 mol. eq. (0.80 µmol, 95 ppm) 
and 24 mol. eq. (3.2 µmol, 380 ppm). Then, these mixtures (pH 8.6 and 7.8, 
respectively) were precipitated by adding HCl at four different concentrations 
(0.3 M, 0.5 M, 1 M and 3 M). In all cases, the volume of HCl added was fixed to 
10 μL. The addition of HCl 0.3 M and 0.5 M did not cause the complete precip-
itation of the COOHRhMOP(BT) complex. On the contrary, quantitative pre-
cipitation was achieved when HCl at concentrations of 1 M and 3 M were used. 
Thus, after centrifugation for removing the precipitated solid, the obtained 
colourless supernatant was analysed by UV-Vis spectroscopy to assess the re-
maining BT concentration. These experiments were performed by duplicate. 

The optimization of the amount of acid used for precipitating the complex 
formed by COONaRhMOP and BTZ, NA and IQ was performed by systemati-
cally adding diluted HCl to the corresponding COONaRhMOP(pollutant) solu-
tions until complete precipitation was obtained. 5 µL of 1 M HCl were required 
for reaching complete COONaRhMOP(BTZ) complex precipitation (pH = 3.3). 
On the other hand, a more diluted acid (0.3 M HCl) was chosen for precipitat-
ing the complexes formed with NA and IQ, as both molecules present higher 
tendency to protonation. 12 µL of 0.3 M HCl were used to quantitatively pre-
cipitate COOHRhMOP(NA) and COOHRhMOP(IQ) (pH = 3.5).

For the quantitative precipitation of the COOHRhMOP when ATZ is present 
in the aqueous solution, 14 µL of 1 M HCl were used as it previously demon-
strated that this acidic addition was quantitatively precipitating the COONaR-
hMOP in solution.
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3.4.5 Blank experiments

Aqueous solutions containing the corresponding coordinating pollutant were 
prepared (80 µmol, 1 mL). Then UV-Vis spectra of the initial aqueous solution 
and the supernatant obtained after performing the pH-triggered removal 
method in the absence of COONaRhMOP were recorded. Both solutions were 
equally diluted with PBS before the measurement to rule out the effect of pH 
on the obtained spectra. This experiment demonstrated that the concentra-
tion of pollutant in water was not affected by the pH swing required for the 
removal procedure. Similar procedure was followed for ATZ. An aqueous solu-
tion of ATZ (0.2 µmol, 1 mL) was prepared. Then UV-Vis spectra of the initial 
aqueous solution and the supernatant obtained after performing the pH-trig-
gered removal method in the absence of COONaRhMOP were recorded. 

3.4.6 pH of interaction of BT

1 mL aqueous solutions containing COONaRhMOP (0.13 µmol) and 24 mol. 
eq. (3.2 µmol, 380 ppm) of BT at neutral (pH = 7.6) basic (pH = 9.9) and acidic 
pH (pH = 4.3) were prepared. Then, UV-Vis spectra of each of them was re-
corded. After that, the pH-triggered removal method was applied to each of 
them and UV-Vis spectra were recorded to assess the RE for each solution.  

3.4.7 Impact of pollutant diffusion constraints on the removal efficiency

Time-dependent pollutant removal experiments using COOHRhMOP as a 
solid adsorbent were performed by using the following protocol. 5 mg (0.67 
µmol) of solid COOHRhMOP were soaked into a 5 mL solution of BT (4.0µmol, 
95 ppm). Then, aliquots of 20 µL were extracted after 10, 30 and 60 min and 
adjusted to 1 mL diluting them with PBS to quantify the remaining amount of 
BT in solution by means of UV-Vis spectroscopy. In parallel, 5 mL solution of 
BT (4.0 µmol, 95 ppm) was prepared as control (t₀). Both static and stirring 
conditions were tested in two separated experiments. 
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4.1 Introduction

Chemical separations are crucial but problematic steps in industrial purifica-
tion. They are energy intensive and expensive, especially for mixtures of chem-
icals with similar solubility, boiling point, and/or molecular size or shape.1 An 
especially challenging case is the separation of isomeric mixtures, for which 
common methods such as distillation, extraction and chromatography are of-
ten insufficient. This is because these methods take advantage of the differ-
ences in the physicochemical properties of the different components present 
in the mixture.2 Archetypical regioisomers that are difficult to separate include 
aliphatic compounds,[3] aromatic compounds,4 and heterocycles5 such as 
functionalised pyridines.6 These include pyridine derivatives that are exten-
sively used in the pharmaceuticals and fine chemicals sectors, whose produc-
tion often leads to mixtures of regioisomers that must be separated.[7] Such is 
the case of 2-chloropyridine (2-ClPy) and 3-chloropyridine (3-ClPy), common 
synthetic building blocks for drugs and pesticides.8 

Great effort has been focused on the development of new, less-energy-inten-
sive methods for chemical separation. One example is adsorption of the com-
pounds to be separated by distinct porous materials.9 Indeed, inorganic zeo-
lites,10COFs11 and MOFs12,13 have all been used as selective adsorbents, thanks 
to the facility with which their cavities can be rationally designed for selective 
recognition of target isomers. However, crystalline porous solids are employed 
in heterogeneous systems that often require vaporisation of molecules and 
subsequent activation of the adsorbent, drawing on additional energy resourc-
es.4 An alternative type of porous materials are discrete molecules with defined 
cavities, such as macrocycles,14,15 porous organic cages[16] and metal-organic 
cages.17–20 Their intrinsic solubility makes them highly processable materials. 
Therefore, these materials are amenable to selective host-guest recognition 
in liquid-based separation methodologies (e.g., liquid-liquid extraction), which 
are known in industry for requiring relatively little energy. Recently, host-guest 
chemistry has been extensively exploited to selectively encapsulate and sepa-
rate mixtures of aromatic compounds. Generally, these self-sorting processes 
are based on the possibility to design the geometry and chemical properties of 
the inner cavity of the cage. Thus, the stablished interactions with the targeted 
cargo enable to discriminate between molecules with similar shape or phys-
icochemical properties.21 Interestingly, such behaviour has been successfully 
coupled with phase transfer phenomena between immiscible phases driven 
by the in situ selective modulation of the solubility of these cages, opening the 
possibilities to build up spontaneous extraction systems.22,23 
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Nanoscaled cuboctahedral Rh(II)-MOPs can also be harnessed for molecular 
separation, albeit through an alternative mechanism to host-guest recogni-
tion.24,25 As previously demonstrated in Chapter 3,  cuboctahedral Rh(II)-MOPs 
present twelve Rh(II) paddle.wheels, each of which has an exohedral open 
metal site that can be used to bind molecules with coordinating groups. This 
reactivity enables separation of physicochemically similar molecules that dif-
fer only in their affinity to the exposed Rh(II) axial sites of the Rh(II)-MOP. For 
instance, we previously reported the utility of this reactivity in the separation 
of aliphatic and aromatic heterocycles that differ in their coordination affinity 
to Rh(II).26 In this Chapter, we propose that steric hindrance in the coordination 
of the exohedral positions of Rh(II) ions in Rh(II)-MOPs can efficiently drive the 
separation of pyridine regioisomeric mixtures, including a mixture of 2-ClPy 
and 3-ClPy (Figure 4.1). We determined, both experimentally and through sim-
ulations, that the capacity of pyridines to bind to the surface of Rh(II)-MOPs is 
determined by the position of the pyridine substituents relative to the pyridine 
nitrogen. Accordingly, we reasoned that separation methodologies could be 
implemented based on the fact that the solubility of the bound pyridine-re-
gioisomer is governed by the solubility of the Rh(II)-MOP onto which it is an-
chored. Thus, we exploited the differential solubility of the coordinating and 
non- coordinating regioisomers to engineer liquid-liquid self-sorting systems. 
Using this method, we separated four different equimolecular mixtures of pyri-
dine regioisomers, in all cases isolating the target compounds at a purity above 
90 %.

Figure 4.1. Top: Structure 
of cuboctahedral Rh(II)-
MOP, highlighting the ax-
ial sites of its Rh(II)-Rh(II) 
paddlewheels. Bottom: 
Chemical structures of the 
coordinating and non-co-
ordinating pyridine-based 
regioisomers separated in 
this study.
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4.2 Results and Discussion

4.2.1 Selective coordination of Rh(II)-MOPs to functionalised 
pyridines induced by steric hindrance: a mixture of lutidine regioisomers 
as a case study. 

 
We chose a mixture of 2,6-lutidine and 3,5-lutidine as a model to study how 
substituent geometry influences the way that pyridines coordinate to the ex-
posed axial sites of the Rh(II)-Rh(II) paddlewheels of Rh(II)-MOPs. Thus, we 
tested the coordination capability of these two water-soluble regioisomers to 
an anionic cuboctahedral Rh(II)-MOP of formula Na₂₄[Rh₂(O-bdc)₂]₁₂ (where 
O-bdc = 5-hydroxylate-1,3-benzenedicarboxylate; this MOP is hereafter 
named ONaRhMOP).26 

The aforementioned affinity of the Rh(II)-Rh(II) paddle-wheel axial sites to 
N-donor ligands can be readily followed either by the naked eye or by mon-
itoring spectroscopic changes in the bands centered in the range from 500 
nm to 600 nm (λmax), which corresponds to the π*    σ* transitions of Rh(II)−
Rh(II) bonds.27 Thus, we added 3,5-lutidine (12 mol. eq.) or 2,6-lutidine (12 mol. 
eq.) to an aqueous solution of ONaRhMOP (0.29 mM, pH = 11). Addition of 
3,5-lutidine led to an immediate change in the color of the ONaRhMOP solu-
tion, from green to purple, characteristically indicating coordination of the 
pyridine nitrogen to the Rh(II)-Rh(II) paddlewheel clusters. Contrariwise, the 
addition of 2,6-lutidine did not induce any change in the colour of the ONaR-
hMOP solution, suggesting that the pyridine nitrogen in this compound can-
not coordinate to said clusters. The corresponding UV-vis spectra confirmed 
these observations: when ONaRhMOP was treated with 3,5-lutidine, the λmax 

shifted from 586 nm to 549 nm (Figure 4.2a), whereas the λmax (586 nm) did not 
change when it was treated with 2,6-lutidine (Figure 4.2b). 
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Figure 4.2 (a) UV-vis absorption data of ONaRhMOP before (blue) and after (pink) the 
addition of 12 mol. eq. of 3,5-lutidine. (b) UV-vis absorption data of ONaRhMOP before (blue 

dotted) and after (blue line) the addition of 12 mol. eq. of 2,6-lutidine.

Next, we employed all-atomic Molecular Dynamics (MD) simulations in or-
der to identify the mechanism responsible for the selective coordination ob-
served experimentally. This was done by performing a series of simulations of 
atomistic models of ONaRhMOP and mixtures of 3,5-lutidine and 2,6-lutidine 
in solution. We employed NAMD,28 VMD29 and Gaussian 1630 software for the 
simulations (Section 4.3.3).

ONaRhMOP models were based on the crystal structure of its protonated form 
(OHRhMOP), of formula [Rh₂(OH-bdc)₂]₁₂ (where OH-bdc = 5-hydroxy-1,3-ben-
zenedicarboxylate). Simulations considered two different atomistic models of 
ONaRhMOP. Firstly, in system 1, we considered the positions of the atoms 
involved in the Rh(II)-Rh(II) paddlewheel (i.e., Rh(II)-O coordination bond and 
Rh(II)-Rh(II) bond) fixed matching those observed in the crystal structure of 
OHRhMOP and 12 molecules of each pyridine regioisomer mixed in a simulation 
box containing ~4000 water molecules at 298 K. Crucially, the results of these 
simulations did not show any selective behaviour. Both pyridine-based regioi-
somers have a high tendency to coordinate to the MOP via Rh(II)-N interaction 
with no clear evidence of selectivity of 3,5-lutidine over 2,6-lutidine. Figures 
4.3a and 4.3b depict that both lutidine regioisomers were found to be capable 
to coordinate at the outer and inner axial sites of the Rh(II)-Rh(II) paddlewheel. 
This is also demonstrated by the radial distribution functions (rdf) shown in 
Figure 4.3c and 4.3d. Accordingly, both cargoes have affinity for Rh(II)-Rh(II) 
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paddle-wheel and present correlation, although 2,6-lutidine cargoes are found 
with a Rh(II)-N distance of 2.15 Å while 3,5-lutidine N atoms are found at 2.05 
Å of Rh(II) ions. These results indicate that, although both cargoes have affinity 
for Rh(II) ions, 3,5-lutidine molecules show a higher binding Rh(II)-N energy. 
Thus, in this case, the selectivity of ONaRhMOP toward 3,5-lutidine was only 
62.5 %. This prediction from simulations is experimentally supported by the 
fact that crystalline structures of complex Rh2(AcO)4 coordinated to 2,6-luti-
dines can be found in the literature.31,32 This result suggested to us that, in the 
case of symmetric Rh(II)-Rh(II) paddlewheel clusters with reduced mobility, as 
in crystalline solids, there is no steric hindrance-driven selectivity for 3,5-luti-
dine and 2,6-lutidine mixtures. To further confirm this behaviour, we exposed 
ONaRhMOP crystals to 2,6-lutidine vapours. We observed that the sample 
turned purple within 12 hours, indicating that 2,6-lutidine does indeed coordi-
nate to solid-state ONaRhMOP (Figure 4.4).

 
Figure 4.3. Snapshots of the equilibrium configuration of System 1 highlighting (a) 2,6-luti-
dine or (b) 3,5-lutidine cargoes in VDW representation. Colour code: Rh(II) green, C black, N 
blue, O red, H white. Water molecules and Na(I) counterions are not shown for clarity. (c) 
Correlation function between Rh(II) and the N of 3,5-lutidine. (d) Correlation function be-
tween Rh(II) and the N of 2,6-lutidine. Both g(r) axes are based on the same values to a 

better comparison between the Rh-N correlation.
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Figure 4.4 Photographs of ONaRhMOP 
powder before (left) and after (right) exposing it 
to 2,6-lutidine vapours.

At this point we reasoned that the lack 
of selectivity of the modelled ONaR-
hMOP could be attributed to the fact 
that the Rh(II)-Rh(II) paddlewheel in 
the Rh(II)-MOP does not remain static 
and symmetric in solution. Accordingly, 
in system 2we modelled ONaRhMOP 

fixing only the Rh(II)-Rh(II) bond and allowing thermal distortions of the 
paddlewheel cluster in solution. This resulted in the formation of a sponta-
neously distorted Rh(II)-Rh(II) paddlewheel cluster in water. Note that the 
degree of distortion of this simulated paddlewheel was found to be within 
the range of experimentally observed distorted paddlewheel structures.33 
Therefore, when an unrestricted ONaRhMOP was placed in a simulation box 
containing 12 mol. eq. of each lutidine regioisomer, it showed 100 % selec-
tivity toward the coordinative interaction to the 3,5-lutidine regioisomer. All 
3,5-lutidine cargoes were coordinated to the Rh(II) axial binding sites of the 
Rh(II)-Rh(II) paddlewheel through their N atoms, whereas 2,6-lutidine were 
not interacting with them. Instead, 2,6-lutidine molecules close to ONaR-
hMOP were found to be accommodated in the squared windows. Therefore, 
we postulated that these pyridine-based regioisomers are too big to interact 
with the triangular windows. This organization can be clearly seen in Figure 
4.5, which highlights 2,6-lutidine molecules (Figure 4.5a) or 3,5-lutidine mol-
ecules (Figure 4.5b) separately. Quantitatively, the coordination selectivi-
ty of ONaRhMOP toward 3,5-lutidine can be seen in the rdf g(r) functions, 
which show a clear coordination Rh(II)-3,5-lutidine with a Rh(II)-N distance 
of 2.05 Å (Figure 4.5d), whereas 2,6-lutidine did not show correlation with 
the Rh(II) axial binding sites  of the Rh(II)-Rh(II) paddlewheel (Figure 4.5c). 
The comparison between the result obtained from both approaches involving 
fixed or free Rh(II)-O bonds, shows that the distorted Rh(II)-Rh(II) paddlewheel 
permits Rh(II)-N coordination with 3,5-lutidine and inhibits Rh(II)-N coordina-
tion to 2,6-lutidine, as we had observed experimentally (Figure 4.2). Therefore, 
these MD simulation results predict that selectivity towards the coordination 
of 3,5-lutidine comes from the dynamism of the Rh(II)-Rh(II) paddlewheel in 
solution through a steric hindrance mechanism.
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Figure 4.5 Snapshots of the equilibrium configuration of System 2 highlighting (a) 
2,6-lutidine or (b) 3,5-lutidine cargoes in VDW representation. Colour code: Rh(II) 
(green), C (black), N (blue), O (red), H (white). Correlation function between Rh(II) 
and the N of 3,5-lutidine (c) and the N of 2,6-lutidine (d) computed in the MD sim-

ulations when Rh(II)-O bonds were not fixed.
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Figure 4.6 Snapshots obtained from the equilibrium configuration in which the 
different coordination/interaction have been highlighted. (a) Single coordination 
of a 3,5-lutidine molecule to an exohedral Rh(II) binding site; (b) Hydrophobic in-
teraction of 2,6-lutidine with the square window of ONaRhMOP; (c) Coordination 
of two 3,5-lutidine molecules to the two different Rh(II) axial binding sites (exohe-
dral and endohedral) of a Rh(II)-Rh(II) paddlewheel.  (d) Double coordination of 
two 3,5-lutidine molecules to the same Rh(II) axial binding site (exohedral). Colour 

code: Rh(II) (green), C (black), N (blue), O (red), H (white).

Chapter  4     |



124

Detailed analysis of the coordinative interaction of 3,5-lutidine and the dynam-
ic and distorted Rh(II)-Rh(II) paddlewheel revealed that 3,5-lutidine preferen-
tially coordinate to the exohedral axial site of the Rh(II)-Rh(II) paddlewheels 
(Figure 4.6a). The majority of the exohedral axial sites coordinate to one mol-
ecule of 3,5-lutidine; however, we found that 17% of them simultaneously co-
ordinate to two 3,5-lutidine molecules (Figure 4.6d). Additionally, we observed 
that the hydrophobic interactions of 3,5-lutidine with the squared windows of 
the ONaRhMOP favours the entrance of 3,5-lutidine in the cavity of the Rh(II)-
MOP and subsequently, coordinate to the endohedral axial site of the Rh(II)-
Rh(II) paddlewheel. Thus, both axial sites of the Rh(II)-Rh(II) paddlewheel are 
occupied by a 3,5-lutidine molecules (Figure 4.6c).

We performed extensive molecular dynamics free-energy calculations using 
the adaptive biased force (ABF)34 method in order to compare the free energy 
associated to the different coordination or adsorption modes. The interaction 
corresponding to a single 3,5-lutidine coordinated to an exohedral Rh(II) gave a 
Gibbs free energy of -43.54 Kcal/mol (Figure 4.7a). On the other hand, ABF-MD 
calculations gave a free energy of -40.01 Kcal/mol for the interaction of the 
3,5-lutidine molecule coordinated to the exohedral axial site of the Rh(II)-Rh(II) 
paddlewheel, and a free energy of -46.02 Kcal/mol for the 3,5-lutidine mole-
cule coordinated in the endohedral axial site of the Rh(II)-Rh(II) paddlewheel 
(Figure 4.7b). The coordination of two 3,5-lutidine molecules with a Rh(II) axi-
al binding site in external positions gave a free energy of ca. -30 Kcal/mol for 
each 3,5-lutidine (Figure 4.7c). Finally, from the contact of 2,6-lutidine with the 
squared windows of ONaRhMOP, a free energy of only -6.06 Kcal/mol was ob-
tained (Figure 4.7d). As expected for an hydrophobic interaction, this value is 
an order of magnitude smaller than the 3,5-lutidine coordinative interaction 
with ONaRhMOP.

Although multiple coordination configurations for 3,5-lutidine and the Rh(II)-
Rh(II) paddle-wheel are observed during the simulations, the most thermo-
dynamically favourable case corresponds to the single coordination of one 
3,5-lutidine molecule to one exhohedral Rh(II) site. The other two configura-
tions will tend to evolve to this one. A possible mechanism in solution will be 
via interaction with a free paddlewheel of other ONaRhMOPs in the solution, 
as illustrated in Scheme 4.1. Noteworthy, the simulations consider only one 
ONaRhMOP while, in actual experimental conditions, there are many ONaR-
hMOP in a dynamic movement in solution. Two 3,5-lutidines coordinated to 
the same Rh(II) axial binding site have a free energy of c.a -60 Kcal/mol, corre-
sponding to -30 Kcal/mol for each molecule.
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Therefore, if during the dynamic movement of these ONaRhMOPs in solution, 
one 3,5-lutidine moves to a free external Rh(II) axial binding site of other and/or 
same ONaRhMOP, the new stabilization energy will be around c.a -87 Kcal/mol 
(-43.5 Kcal/mol each), being this situation more thermodynamically stable. 
Thus, we concluded that 3,5-lutidine molecules are coordinated preferentially 
via single Rh(II)-N interaction, whereas 2,6-lutidine molecules tend to interact 
hydrophobically with the squared windows of ONaRhMOP.

To corroborate the different coordination modes suggested by our computa-
tional simulations, we sought experimental evidence by analyzing the UV-Vis 
spectra of titrated ONaRhMOP with 3,5-lutidine. We observed that, after ad-
dition of 6 mol. eq. of 3,5-lutidine, the isosbestic point disappeared, indicating 
that not all Rh(II)-Rh(II) paddlewheels are coordinating to only one 3,5-lutidine 
molecule but that there is a portion of them that coordinate to two molecules 
of 3,5-lutidine (Figure 4.8).35

Figure 4.7 Gibbs free energy (obtained as a potential of mean force in ABF-MD simulations) 
associated with (a) a single Rh(II)-N cleavage of 3,5-lutidine coordinated to an exohedral 
Rh(II) site; (b) two 3,5-lutidine molecules coordinated to both axial positions (enodohedral 
and exohedral) of the Rh(II)-Rh(II) paddlewheel; (c) two 3,5-lutidine molecules coordinated 
to the same exohedral Rh(II) site; and (d) Gibbs free energy with hydrophobic interaction 
between 2,6-lutidine and the O-bdc linkers in the squared windows of the ONaRhMOP. All 
calculations were performed at 25 °C. In addition, a schematic representation of the cleaved 
interaction is also shown.
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Figure 4.8 UV-vis absorption data of 
ONaRhMOP titrated with 3,5-lutidine 
in aqueous solution. Note that the isos-
bestic point is lost when 8 mol. eq. are 
added to the solution (see inset).

Weak hydrophobic interactions 
between the ONaRhMOP and 
2,6-lutidine were also experimen-
tally evidenced by 1H-NMR spec-
troscopy. The 1H-NMR spectrum 
of ONaRhMOP with 2,6-lutidine 
revealed an upfield shift in the 
signals of all the lutidine protons, 
thereby providing experimental 

evidence of non-coordinative interactions between the Rh(II)-MOP and the 
2,6-lutidine in aqueous solution (Figure 4.9a). Further addition of 3,5-lutidine 
revealed increased upfield shift of the aromatic signal attributed to 2,6-luti-
dine, which probably indicates that such hydrophobic interaction is even more 
favoured when 3,5-lutidines are coordinating to the vertices of the square 
windows (Figure 4.9b). In both cases, broadened signals are attributed to the 
fast exchange interaction stablished between the lutidines and ONaRhMOP in 
solution.
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Figure 4.9 (a) ¹H NMR spectra in D₂O of 2,6-lutidine, ONaRhMOP and ONaRhMOP with 12 
mol. eq. of 2,6-lutidine. Stars tags DMA residue of the synthesis of OHRhMOP. (b) ¹H NMR 
spectra comparing the D₂O phase containing ONaRhMOP with 2,6-lutidine and the D₂O 

phase containing ONaRhMOP with both lutidines.

To further study the consistency between our MD simulation results and our 
experimental data, we performed additional MD simulations of an identical 
model in which the Rh(II)-O bonds are free and only six molecules of each regi-
oisomer per ONaRhMOP were present. This corresponds to the experimental 
conditions in which the isosbestic point is preserved during the titration. This 
system preserved the selectivity towards the coordination of 3,5-lutidine and 
the hydrophobic interactions of 2,6-lutidine through the ONaRhMOP square 
windows (Figures 4.10a and 4.10b). Remarkably, these results indicated that 
2,6-lutidine does not coordinate to ONaRhMOP, despite the presence of mul-
tiple free Rh(II)-Rh(II) axial sites. Additionally, we only observed the coordina-
tion of single 3,5-lutidine molecules to the exohedral Rh(II) sites, which is in 
agreement with the maintenance of the isosbestic point upon addition of up 
to 6 mol. eq. of this regioisomer. This behaviour further confirms that, above 
6 mol. eq. of 3,5-lutidine, the hydrophobicity of the system is high enough to 
favour the interaction between free 3,5-lutidines and coordinated 3,5-lutidines 
or O-bdc linkers. These hydrophobic interactions enabled the previously ob-
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served secondary coordination modes (i.e., two lutidines coordinated to the 
same Rh(II)-Rh(II) paddle-wheel either to the same exohedral Rh(II) site or to 
the endohedral and exhohedral coordination sites).

Figure 4.10 Snapshots showing selected molecules in the equilibrium configuration high-
lighting (a) 2,6-lutidine and (b) 3,5 cargoes in VDW representation. Colour code: Rh green, C 
black, N blue, O red, H white. (c) Correlation function between Rh(II) and the N of 2,6-luti-
dine. (d) Correlation function between Rh(II) and the N of 3,5-lutidine. Both g(r) axes are 

based on the same values to a better comparison between the Rh-N correlation.

We have also calculated the rdf g(r) functions describing Rh-N correlations, as 
in the previous cases. The results in Figure 4.10 demonstrate a clear coordina-
tion Rh(II)-3,5-lutidine with a Rh(II)-N distance of 2.05 Å (Figure 4.10d) whereas 
2,6-lutidine did not show correlation with the Rh(II) atoms of the paddlewheel 
(Figure 4.10c).

Finally, we performed simulations of a much-diluted system build maintaining 
the Rh(II)-O bonds free with 12 molecules of each ligand but adding a much 
larger amount of water (~38000 water molecules instead of ~4000). This cor-
responds to a concentration of 1.47 mM, exactly corresponding to the experi-
mental concentration used for separation experiments (vide infra). 
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After equilibration for a very long time (~1 µs that is in the limit of timescales 
of MD simulations), comparable results with the smaller water box were ob-
tained. High affinity of 3,5-lutidine molecules toward Rh(II) binding sites was 
observed, while 2,6-lutidine did not coordinate to the Rh(II)-Rh(II) paddle-
wheel. Albeit 2,6-lutidine molecules were observed to interact with the square 
windows of the ONaRhMOP, the molecules did not remain static on the equi-
librium configuration (Figure 4.11).

Figure 4.11 (a) Schematic representation of ONaRhMOP (Na24[Rh2(O-bdc)2]12) and the 
cargoes (12 molecules of each lutidine regioisomer) surrounding the ONaRhMOP in the ~10 
nm water simulation box. Snapshots of the equilibrium configuration of System 4, highlight-
ing (b) 2,6-lutidine and (c) 3,5-lutidine cargoes. Colour scheme: Rh green, C black, N blue, O 

red, H white

Correlation functions g(r) confirmed the coordination of 3,5-lutidine to the 
ONaRhMOP (Figure 4.12). The main interaction is still the single 3,5-lutidine 
coordinated to the external Rh(II) atom of the paddlewheel, in agreement with 
our ABF-MD simulations. Regarding the double interaction of 3,5-lutidine with 
Rh(II)-Rh(II) paddlewheels we observed the same population of double coordi-
nation in the external and the internal coordination sites of the Rh(II)-Rh(II) but 
a reduction on the presence of the double coordination in one single external 
Rh(II) site.

These results suggest that the size of the water box in the MD simulations 
does not affect our previous major conclusions, showing that the steric hin-
drance-driven selectivity towards 3,5-lutidine is maintained. However, the re-
duction of the double pyridine coordination to one single Rh(II) site in a more 
diluted conditions  and their absence in a less-hydrophobic system could be 
explained for an effect of hydrophobic forces. The use of a small simulation 
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box can make the hydrophobic interactions more important to stabilize the co-
ordination of two pyridines on the same exohedral Rh(II) axial site. The ensem-
ble of experimental and computational results led us to conclude that ONaR-
hMOP in solution interacts differently with lutidine regioisomers as a function 
of the position of the lutidine methyl groups.

 
Figure 4.12 (a) Correlation function between Rh and the nitrogen of 3,5-lutidine. (b) Correla-
tion function between Rh and the nitrogen of 2,6-lutidine. Both g(r) axes are based on the 

same values to a better comparison between the Rh-N correlation.

4.2.2 Coordination-driven separation of lutidine regioisomers

 
Having observed the regioisomeric preference of ONaRhMOP for coordina-
tion to 3,5-lutidine, relative to 2,6-lutidine, we envisaged that the difference 
in the type and strength of interaction between it and these two regioisomers 
could be exploited to achieve chemical separation by liquid-liquid extraction. 
To this end, we designed a separation protocol based on the premise that the 
solubility of the coordinated pyridine would be dictated by the solubility of the 
ONaRhMOP. Thus, by taking advantage of the broad solubility profile of luti-
dines, the non-coordinated lutidine would be selectively extracted with an or-
ganic solvent, whereas the coordinated lutidine would remain attached to the 
ONaRhMOP in the aqueous phase (Scheme 4.2). 
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Scheme 4.2 (a) Schematic of the selective retention of 3,5-lutidine in water and its 
subsequent recovery in acetonitrile.

To test the separation of 2,6-lutidine and 3,5-lutidine mixtures enabled by 
ONaRhMOP, we first added 6 mol. eq. of each lutidine to an aqueous solu-
tion of ONaRhMOP (1.47 mM, pH = 11). We selected this stoichiometry be-
cause theoretical and experimental studies showed that, under these ex-
perimental conditions, each 3,5-lutidine coordinates preferentially to one 
axial site. This scenario maximizes the energy difference of the interaction 
of the ONaRhMOP with 3,5-lutidine relative to 2,6-lutidine. Once the re-
gioisomer mixture was added, the solution immediately became purple 
(λmax = 563 nm) (Figure 4.13, solid line), due to formation of the ONaRhMOP 
bound to 3,5-lutidine (hereafter named as ONaRhMOP(3,5-lutidine)). 
 

Then, cyclohexane was layered on 
top of the aforementioned solution 
and the biphasic system was shak-
en for 5 s to induce the extraction 
of 2,6-lutidine (Scheme 4.2). The 
¹H-NMR spectra of the aqueous 
(Figure 4.14) and the cyclohexane 
phases (Figure 4.15) revealed that 
2,6-lutidine had been completely 
removed from the aqueous phase 
after three consecutive extractions 
with fresh cyclohexane.

Figure 4.13 Raw UV-vis absorption data of an aqueous phase before (solid line) and after 
(dotted line) 3 extractions with cyclohexane.
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Figure 4.14 ¹H NMR spectra comparing the D2O phase before and after the cyclohexane 
extractions. Note that the assigned signal for 2,6-lutidine completely disappeared after the 

three cyclohexane extractions.

Figure 4.15 ¹H NMR spectrum in cyclohexane-d12 of the recovered 2,6-lutidine in the 
first extraction, indicating the relative integrals of the assigned proton signals. Star 
tags the assignable signal to methyl group of 3,5-lutidine. The integral reveals a pu-

rity higher than 90 %. 
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Figure 4.16 ¹H NMR spectrum of the cyclohexane-d12 phase after shaking the bipha-
sic system. Here it is shown that both lutidines are extracted from the D2O phase in 
a very similar ratio, thus confirming the need of implementing a selective retaining 

agent to separate them.

Figure 4.17 ¹H NMR spectrum of the D2O phase after blank experiment. Both lutidines 
are present in the aqueous phase after shaking the biphasic system. 
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Next, UV-Vis analysis of the aqueous phase confirmed that 3,5-lutidine had 
not detached from the ONaRhMOP during extraction process, as the λmax re-
mained at 563 nm throughout the process (Figure 4.13, dotted line). Consistent 
with these observations, blank experiments performed without ONaRhMOP 
showed that 3,5-lutidine was partitioned between the organic and the aque-
ous phase (Figures 4.16 and 4.17). Altogether, these results demonstrated that 
ONaRhMOP can retain a coordinating pyridine within one solvent, even if that 
pyridine is exposed to another solvent in which it is also soluble.

Next, we explored the release of 3,5-lutidine and subsequent recovery of the 
ONaRhMOP. For this, we used acetonitrile as a coordinating solvent to re-
lease 3,5-lutidine from ONaRhMOP via ligand exchange. Due to the solubil-
ity of 3,5-lutidine in water, we reasoned that its recovery from the aqueous 
phase would entail multiple extraction cycles with an organic solvent. Ac-
cordingly, we developed an alternative process that comprised first precipi-
tating the ONaRhMOP(3,5-lutidine) complex via addition of BaCl2 to trigger 
a cationic exchange with Na(I) ions, rendering an insoluble salt. Scanning 
Electron Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDX) re-
vealed the complete cationic exchange as the expected ratio of Rh(II):Ba(II) 
cations was obtained (Figure 4.18). After removing the aqueous superna-
tant, the next step was the addition of acetonitrile-d₃ to the solid to de-
tach 3,5-lutidine from the precipitated salt. The ¹H-NMR spectrum of the 
acetonitrile- d₃ revealed the presence of pure 3,5-lutidine (Figure 4.19). 
Next, ONaRhMOP was recovered by first adding HCl to the solid from the pre-
vious step, to yield OHRhMOP, which was finally converted into ONaRhMOP 
upon addition of NaOH (Scheme 4.2). Overall, this liquid-liquid extraction pro-
cess enabled us to obtain pure lutidine regioisomers from equimolar mixtures. 
Moreover, the integrity of the ONaRhMOP was maintained through the whole 
cycle, as evidenced by UV-Vis, ¹H-NMR and Mass Spectrometry measurements 
(Figure 4.20). More specifically, UV-Vis spectra revealed that both the absorb-
ance and position of λmax clearly indicates that ONaRhMOP is not degraded or 
lost during the separation cycle and no traces of coordinated 3,5-lutidine are 
present in the solution. ¹H-NMR spectroscopy demonstrated the integrity of 
the MOP as the position of the assigned protons matches with the ones for 
the initial ONaRhMOP without the presence of sharp signals assignable to free 
ligand coming from degradation. This observation was further supported by 
MALDI-TOF as a weight corresponding to the formula [Rh₂₄ (O-bdc)₂₄ + 23Na]-
+MeOH was found (highlighted: expected = 7352; found = 7350). Moreover the 
¹H-NMR spectrum of the recovered ONaRhMOP evidences the absence of the 
peaks ascribed to 3,5-lutidine.



135

Figure 4.18 EDX data of the precipitated solid after the counter cation exchange and 
subsequent water washings. The inset shows the atomic percentage of Rh(II) and 

Ba(II) cations. The absence of Na (I) confirms the complete cationic exchange. 

Figure 4.19 ¹H NMR spectrum in acetonitrile-d₃ of the released 3,5-lutidine after the 
performed ligand exchange with the same solvent.  
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Figure 4.20 (a) UV-vis spectra of ONaRhMOP in water before (red) and after (grey) the sep-
aration cycle of lutidine regioisomers. Both solutions were treated with the same dilution 
factor of 5. (b) MALDI-TOF spectra of ONaRhMOP before (black) and after (red) the extrac-
tion of lutidines. (c) ¹H NMR spectrum in D2O of recovered ONaRhMOP after one complete 

extracting cycle indicating the relative integrals of the assigned proton signals.

4.2.3 Expanding the scope: separation of 2- and 4-monosubstituted 
pyridines

Encouraged by our previous results, we sought to use Rh(II)-MOP to separate 
regioisomers of monosubstituted pyridines, which exhibit less steric hindrance 
around the coordinating heteroatom than do the corresponding disubstitut-
ed pyridines. Accordingly, we evaluated the feasibility of using Rh(II)-MOPs to 
separate two regioisomeric mixtures of 2- and 4-substituted pyridine moieties. 
As model systems, we selected regioisomeric mixtures of pyridines function-
alised with carboxylic acid groups or halogen atoms. For each mixture, we es-
tablished a working protocol. Firstly, we determined the selective coordination 
of the Rh(II)-MOP core toward one of the regioisomers in solution. Secondly, 
we implemented this selective interaction in a biphasic liquid-liquid extraction 
system by considering the solubility profiles in each regioisomeric mixture.

The two regioisomeric mixtures that we tested show a clear preference for 
either hydrophobic (4/2-IPy) or hydrophilic (4/2-COOHPy) solvents, thereby 
complicating use of the selective retention strategy that we had earlier used 
to separate the lutidines. Thus, we decided to implement a biphasic extraction 
approach, whereby the Rh(II)-MOP acts as a selective extracting agent for the 
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4-substituted pyridine. This approach entails coordination of the 4-substituted 
pyridine to the Rh(II)-MOP in situ, at the interface of two immiscible liquids, 
and its subsequent transfer to the solution containing the Rh(II)-MOP.

 
Figure 4.21 (a) UV-vis absorption data of OHRhMOP titrated with 4-IPy in methanol/DMF 
(1:1) solution. (b) UV-vis absorption data of OHRhMOP before (blue dotted) and after (blue 
line) the addition of 12 mol. eq. of 2-IPy. (c) UV-vis absorption data of OHRhMOP titrated 
with 4-COOHPy in methanol/DMF (1:1) solution. (d) UV-vis absorption data of OHRhMOP 

before (blue dotted) and after (blue line) the addition of 12 mol. eq. of 2-COOHPy.

 
Thus, we first titrated OHRhMOP (0.29 mM) with solutions of 2-iodopyridine 
(2-IPy) and of 4- iodopyridine (4-IPy), both in DMF/methanol (1:1) (Figure 
4.21a and 4.21b).  Next, we performed a similar experiment using solutions of 
picolinic acid (2-COOHPy) in methanol and of isonicotinic acid (4-COOHPy) 
in methanol/DMF (1:1) (Figure 4.21c and 4.21d). The UV-Vis spectra revealed 
that, in both experiments, the OHRhMOP had selectively coordinated to the 
corresponding 4-substituted pyridine.
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Scheme 4.3 (a) Schematic representation of the selective biphasic extraction of 4-IPy into 
the aqueous phase and the subsequent recovery of the ONaRhMOP.

In the case of hydrophobic 2-IPy and 4-IPy, we designed an extraction system 
in which the extracting Rh(II)-MOP was in the aqueous phase, whereas the re-
gioisomeric mixture was dissolved in an organic solvent. To this end, we pre-
pared a biphasic system comprising a toluene phase, containing an equimolar 
mixture of 4-IPy and 2-IPy (17.64 mM, 12 mol. eq. per MOP), layered on top of 
an aqueous phase, containing ONaRhMOP (1.47 mM, pH = 11) (Scheme 4.3). 
Note that the titration experiment revealed that the isosbestic point is main-
tained upon the addition of 12 mol. eq. of 4-IPy (Figure 4.21a, see inset), indi-
cating an equilibrium between two chromophores in solution. Considering the 
previous information obtained from the MD simulations (see Section 4.2.1), 
we assumed that this spectroscopic evidence corresponds to a preference in 
the coordination of a single 4-IPy molecule on the exohedral axial site of the 
Rh(II)-Rh(II) paddlewheel. For this, an equimolar system containing 12 mol. eq. 
of each pyridine was selected as a case of study. The ¹H-NMR spectrum of the 
toluene phase obtained after shaking the biphasic system for 5 s revealed the 
presence of pure 2-IPy (Figures 4.22).

The UV-Vis spectrum of the aqueous phase showed the expected shift of λmax 

from 585 nm to 549 nm, corroborating the coordination of ONaRhMOP to 12 
molecules of 4-IPy (Figure 4.23).

The 4-IPy was then recovered in a fresh toluene phase, by adding 10 µL of 
acetonitrile to the aqueous phase and shaking the biphasic system for 5 s. Ace-
tonitrile triggered the release of 4-IPy from ONaRhMOP through a ligand-ex-
change mechanism. Upon shaking of the biphasic system, the 4-IPy rapidly mi-
grated into the toluene phase, as it is insoluble in water. The ¹H-NMR spectrum 
of the toluene phase indicated recovery of pure 4-IPy (Figures 4.24).
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Figure 4.22 ¹H NMR spectrum in toluene-d12 phase after the extraction with the aqueous 
phase containing ONaRhMOP. The relative integrals of the 2-IPy assignable proton signals 

are indicated. Signal corresponding to proton 2 is overlapped with the toluene signal.

Figure 4.23 Raw UV-vis absorption data of the aqueous phase containing ONaRhMOP before 
(blue) and after (purple line) extracting the toluene-d8.

Chapter  4     |



140

Figure 4.24 ¹H NMR spectrum in the toluene-d12 phase indicating the 4-IPy assignable proton 
signals. Note that the protons called “b” are overlapped with toluene-d12.

The acetonitrile was easily removed from the aqueous phase by washing it 
with CHCl3, enabling recovery of pure ONaRhMOP, with no traces of acetoni-
trile and no sign of degradation over the separation cycle (Figures 4.25).
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Figure 4.24 (a) UV-vis spectra of ONaRhMOP in water before (red) and after (grey) the sep-
aration cycle of 4-IPy and 2-IPy regioisomers. Both solutions were treated with the same 
dilution factor of 5. (b) MALDI-TOF spectra of ONaRhMOP before (black) and after (red) 
the extraction of 4.IPy. The weight corresponding to the formula [Rh24 (OBDC)24 + 23Na]-
+MeOH has been highlighted: expected m/z = 7352; found m/z = 7350. (c) 1H NMR spectrum 
in D2O of recovered ONaRhMOP after one complete extracting cycle indicating the relative 
integrals of the assigned proton signals. The position of the assigned protons matches with 

those for the initial ONaRhMOP

Both 2-COOHPy and 4-COOHPy are highly soluble in water, but they are not 
soluble in other water-immiscible organic solvents. Accordingly, we decided to 
implement an extraction approach whereby the Rh(II)-MOP acts as an extract-
ing agent in the organic phase. Thus, we selected a hydrophobic Rh(II)-MOP 
of formula [Rh₂(C₁₂-bdc)₂]₁₂ (where C12-bdc = dodecoxybenzene-1,3-dicarboxy-
late; this MOP is hereafter called C12RhMOP), whose surface is functionalised 
with 24 aliphatic chains (Scheme 4.4).36

Scheme 4.4 Schematic representation of the selective extraction of 4-COOHPy to the 
CHCl3 phase and its subsequent recovery in the aqueous phase.

Despite this hydrophobic functionalisation, C₁₂RhMOP also showed coordi-
nation selectivity for 4-COOHPy over 2-COOHPy in solution, as determined 
by UV-Vis experiments done in DMF (Figure 4.26). Once again, the isosbestic 
point is maintained indicating that the twelve 4-COOHPy molecules prefer-
entially coordinate the Rh(II) exohedral center in the most stable coordination 
mode (one single molecule per Rh(II) site).

Next, we prepared a biphasic system of a solution of 4-COOHPy and 
2-COOHPy (both at 11.16 mM, 12 mol. eq. per MOP) in water and C₁₂RhMOP 
(0.93 mM) in CHCl₃ (Figure 4.27)
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Figure 4.26 (a) Raw UV-vis absorption data of 4-COOHPy titration in C12RhMOP in DMF. 
(b) UV-vis absorption data of DMF containing C12RhMOP and 2-COOHPy.

 

Figure 4.27 ¹H NMR spectrum of the initial mixture of 4-COOHPy and 2-COOH-Py in D2O.
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After the biphasic system had been shaken for 5 s, the two different phases 
were separately analysed. The UV-Vis spectrum of the CHCl₃ phase showed a 
λmax of 544 nm (Figure 4.28a). The addition of 100 µL of DMF to this solution 
revealed a λmax of 566 nm, indicative of the coordination of 12 molecules of 
4-COOHPy to C₁₂RhMOP, suggesting complete separation of the two regioi-
somers (Figure 4.28b).

The previous shifting observed in the absence of DMF reveals how sensitive 
the λmax of the Band I of the Rh(II)-Rh(II) paddle-wheel is to the presence of 
coordinating solvent molecules.

 
Figure 4.28 (a) UV-vis absorption data of CHCl3 containing C12RhMOP(4COOH-Py) after 
extracting the water phase. (b) UV-vis absorption data of CHCl₃ containing C12RhMOP(4-
COOHPy) after the addition of 100 µL of DMF. λmax corresponds to the value obtained for 12 

mol. eq. in the DMF titration.

 
The ¹H-NMR of the water phase corroborated this observation, as 2-COOHPy 
was found to be pure after the liquid-liquid extraction (Figure 4.29). 
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Figure 4.29 ¹H NMR spectrum in D2O phase after extracting with C12RhMOP in CHCl3. 
Relative integrals of the 2-COOHPy are indicated in the assigned proton signals.

Figure 4.30 ¹H NMR spectrum in D2O phase after extracting the CHCl3 phase with acidic D2O. 
Relative integrals of the 4-COOHPy are indicated in the assigned proton signals.
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Next, we employed a pH-triggered release of bound 4-COOHPy, by layering 
a dilute aqueous acid solution (0.3 M HCl) on top of the CHCl3 phase (Scheme 
4.4). Note that we did not use acetonitrile to release 4-COOHPy, because it 
would have been difficult to remove it from the CHCl3 phase after the sep-
aration cycle, thus hindering the recovery of the C₁₂RhMOP. Shaking of the 
biphasic system for 15 s induced a change in colour of the CHCl₃ phase, from 
purple to green, which was characterized by UV-Vis spectroscopy, which re-
vealed a shift of λmax from 544 nm to 627 nm, indicative of the detachment of 
4-COOHPy from C₁₂RhMOP (Figure 4.31a). The 1H-NMR spectra of the two 
phases revealed that the aqueous phase contained 4-COOHPy (Figure 4.30), 
whereas the organic phase contained the recovered C₁₂RhMOP (Figure 4.31b). 
The integrity of C₁₂RhMOP had been maintained throughout the separation 
cycle, as evidenced by UV-Vis, ¹H-NMR and Mass Spectrometry (Figure 4.31).

 
Figure 4.31 (a) UV-vis spectra of C₁₂RhMOP in CHCl₃ before (red) and after (grey) the separa-
tion cycle of 4-COOHPy and 2-COOHPy regioisomers. Both solutions were treated with the 
same dilution factor of 4. (b) MALDI-TOF spectra of C₁₂RhMOP before (black) and after (red)  
the extraction of 4-COOHPy. The weight corresponding to the formula [Rh₂₄ (C₁₂BDC)₂₄ – H] 
+ H₂O has been highlighted: expected m/z = 10845; found m/z= 10842. (c) 1H NMR spec-
trum in CDCl₃-d₁ of recovered C₁₂RhMOP after one complete extracting cycle, indicating the 
relative integrals of the assigned proton signals. The assignable both the aromatic and the 
aliphatic protons are assigned and integrated. Residual coordinated water and free water 

are tagged with a star.
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4.2.4 Separation of an industrially relevant mixture: 2-chloropyri-
dine/3-chloropyridine

Having demonstrated the feasibility of separating pyridinic regioisomers, we 
next sought to apply our liquid-liquid extraction system to separate an indus-
trially relevant isomeric pyridine mixture. Monosubstituted chloropyridines, 
and especially 2-ClPy, are frequently used as synthetic intermediates in many 
sectors, such as pharmaceuticals, pesticides and fine chemicals.37 However, 
the synthesis of 2-ClPy is generally not selective, producing the isomer 3-ClPy 
as a by-product. Thus, major efforts have recently been devoted to optimis-
ing the separation of 2-ClPy and 3-ClPy, which is currently based on the high 
energy demanding distillation method (boiling point of 2-ClPy and 3-ClPy is 
166ºC and 148ºC, respectively).38 For this reason, we considered the mixture 
an ideal model system on which to test our methodology. To target this sepa-
ration, we first tested the selectivity of our model OHRhMOP core for 3-ClPy 
(over 2-ClPy), through UV-Vis analysis of the solutions obtained after titrating 
OHRhMOP (0.29 mM) with 12 mol. eq. of 3-ClPy or 2-ClPy in methanol/DMF 
(1:1). In these tests, we only observed a shift in λmax for those solutions titrat-
ed with 3-ClPy, which indicated that the steric hindrance-driven coordination 
selectivity also applies in this case, despite the small size and vicinity of the 
pyridine substituents (Figure 4.32). Note that the isosbestic point is lost after 
the addition of 6 mol. eq. of 3-ClPy, which is indicative of multiple coordination 
modes between Rh(II) axial sites and 3-ClPy (see inset)

 
Figure 4.32 (a) UV-vis absorption data of the titration of OHRhMOP with 3-ClPy in metha-
nol/DMF (1:1) solution. (b) UV-vis absorption data of OHRhMOP before (blue dotted) and 

after (blue line) the addition of 12 mol. eq. of 2-ClPy.
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Inspired by this result, we designed a liquid-liquid extraction system based on 
the solubility and hydrophobic character of 3-ClPy and 2-ClPy. To this end, we 
prepared a water-cyclohexane biphasic system in which both pyridine regioi-
somers were dissolved in the organic phase at 8.82 mM (6 mol. eq. per Rh(II)-
MOP), and in which ONaRhMOP (1.47 mM, pH = 11) was dissolved in the aque-
ous phase (Scheme 4.5 and Figure 4.33).

 
Scheme 4.5 Schematic representation of the selective extraction of 3-ClPy from cyclohex-

ane-d₁₂ and its subsequent recovery in CDCl₃-d₁.

 
Figure 4.33 ¹H NMR spectrum of the cyclohexane-d12 phase of the initial mixture 

of 2-ClPy and 3-ClPy.
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Shaking of this biphasic system for 5 s resulted in an immediate change in the 
colour of the aqueous phase, from green to purple. Spectroscopic character-
isation revealed the presence of pure 2-ClPy in the cyclohexane phase (Fig-
ure 4.34), whereas 3-ClPy was coordinated to ONaRhMOP and transferred to 
the aqueous phase. Two subsequent extractions were required to completely 
transfer 3-ClPy to the aqueous phase (Figure 4.35).

 
Figure 4.34 ¹H NMR spectrum of the cyclohexane-d₁₂ phase after three ONaRhMOP extrac-
tions indicating the relative integrals of the 2-ClPy assigned proton signals. Stars tags the 
remaining signals attributed to residual 3-ClPy, which quantitative integration could not be 

performed due to the low signal/noise ratio.

 

Figure 4.35 Raw UV-vis absorption data 
of the aqueous phase containing ONaR-
hMOP(3-ClPy) after extracting cyclohex-
ane phase.
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The fact that 3-ClPy is also soluble in CHCl₃ enabled us to recover it as a 
pure fraction upon addition of acetonitrile to a water-CHCl3 biphasic system 
(Scheme 4.5).

Moreover, this configuration allowed us to remove acetonitrile from the aque-
ous phase and therefore, to recover the initial ONaRhMOP in its active form 
for further use. The ease of recovering ONaRhMOP after the separation of 
3-ClPy and 2-ClPy prompted us to perform several extraction cycles to sep-
arate regioisomeric mixtures at a higher concentration (70.6 mM, 48 mol. eq. 
per Rh(II)-MOP). We found that, after six extraction cycles, 3-ClPy was com-
pletely removed from the initial equimolar mixture; thus, we obtained pure 
2-ClPy in the cyclohexane phase (Figure 4.37).

Additionally, MALDI-TOF and 1H-NMR confirmed the integrity of the ONaR-
hMOP after the extraction cycles (Figure 4.38).

Figure 4.36  ¹H NMR spectrum in CDCl3-d1 phase after the 3-ClPy recovery indicating the 
relative integrals of the assignable 3-ClPy proton signals. Note that the proton called b is 

overlapped with the CDCl3-d1 phase.
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Figure 4.37 Stacked ¹H NMR spectra of the remaining cyclohexane-d12 phase after the subsequent 
ONaRhMOP aqueous extractions. Note that a CHCl3 signal appears after the first cycle due to the 
CHCl3 washing required for recovering the ONaRhMOP aqueous solution. These signals overlap 

with proton 2 belonging to 2-ClPy. 

Figure 4.38 (a) UV-vis spectra of ONaRhMOP in water before (red) and after (grey) six separation 
cycles of 2-ClPy and 3-ClPy regioisomers. Both solutions were treated with the same dilution fac-
tor of 5. (b) MALDI-TOF spectra of ONaRhMOP before (black) and after one cycle (red) and after 6 
cycles (blue) of the extraction of 3-ClPy. The weight corresponding to the formula [Rh24 (OBDC)24 
+ 23Na]-+MeOH has been highlighted: expected = 7352; found = 7350. 1H NMR spectrum in D2O 
of recovered ONaRhMOP after six complete extracting cycle indicating the relative integrals of 
the assigned proton signals. The position of the assigned protons matches with those for the in-
itial ONaRhMOP. Note the presence of a CHCl3 signal tagged with a star coming from the CHCl3 

washing step required for recovering the ONaRhMOP aqueous solution.
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4.3 Conclusions	

 
We have demonstrated that Rh(II)-MOP can be harnessed for use in a liq-
uid-liquid extraction system to separate regioisomers of substituted pyridines. 
We found that steric hindrance from the pyridine substituents surrounding the 
coordinating N-atom leads to selectivity in the exohedral coordination posi-
tions of the dirhodium paddlewheels in solution. To elucidate this mechanism, 
we combined computational and experimental studies, including large-scale 
all atomic MD simulations of systems of up to ~ 105 atoms up to time scales of 
~ 1 µs. We exploited this phenomenon to obtain pure phases of four different 
regioisomeric mixtures of pyridines of diverse physicochemical properties and 
degrees of steric hindrance. We validated our system by using two different 
approaches: using the Rh(II)-MOP as retaining agent or as extracting agent. 
Such versatility, combined with the tuneable solubility provided by external 
organic functionalisation of Rh(II)-MOP, enabled us to adapt our extraction 
system to the specifics of each isomeric mixture.

4.4 Experimental and computational section 

 
4.4.1 Materials and methods

Rhodium acetate was purchased from Acros Organics.  5-Hydroxy-1,3-benzen-
edicarboxylic acid, sodium carbonate, 3,5-lutidine, 2,6- lutidine, 4-IPy, 2-IPy, 
2-COOHPy acid, 4-COOHPy acid, 3-ClPy and 2-ClPy were purchased from 
Sigma-Aldrich. All deuterated solvents were purchased from Eurisotop. Sol-
vents at HPLC grade were purchased from Fischer Chemicals. UV−vis spectra 
were measured using an Agilent Cary 4000 at room temperature (ca. 25 °C).1H 
NMR spectra were acquired using Bruker Avance III 400SB NMR spectrome-
ter at “Servei de Ressonància Magnètica Nuclear” from Autonomus Universi-
ty of Barcelona (UAB). MALDI-TOF measurements were performed using a 
4800 Plus MALDI TOF/TOF (ABSCIEX – 2010). The matrix used in each case 
were: trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononi-
trile (DCTB) for C12RhMOP measured in positive mode; and sinapinic acid 
for ONaRhMOP measured in negative mode. Scanning Electron Microsco-
py-Energy Dispersive X-ray spectroscopy (SEM-EDX) was performed in a SEM 
Quanta 650 FEM.
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4.4.2 Synthetic methodologies 

 
ONaRhMOP synthesis

The synthesis of ONaRhMOP was adapted from a reported protocol.26 
In a typical synthesis, 100 mg of Rh₂(AcO)₄·2MeOH (0.2 mmol) were reacted 
with 180 mg of 5-hydroxy-1,3-benzenedicarboxylic acid (1 mmol) and 105 mg 
of NaCO₃ (1mmol) in 10 ml of DMA at 100ºC for 48 h. After the reaction, the 
supernatant was discarded by decantation. The green precipitate was com-
bined with NaCO3 and washed three times with DMA. Then, water (20 ml) was 
added to the solid mixture. The addition of water solubilizes NaCO3, increasing 
the pH above 10. At high pH, phenol groups of OHRhMOP are deprotonated 
rendering the water-soluble ONaRhMOP. The green solution was centrifuged 
and the solid was discarded. The pH of the green solution was decreased to 
pH = 1 by adding HCl (0.3 M) to obtain a green solid (OHRhMOP). The green 
solid was washed three times with water, and finally dried overnight at 85ºC 
under vacuum to obtain pure OHRhMOP. OHRhMOP was quantitatively con-
verted to ONaRhMOP through the addition of 24 mol eq. of NaOH in water. In 
a typical experiment, this conversion was achieved by first dispersing 10 mg of 
OHRhMOP in 1 ml of water and adding 35 µl of NaOH 1M.

C₁₂RhMOP synthesis

C₁₂RhMOP was synthesized following a protocol previously described.39

 
4.4.3 Computational simulations of the interaction of ONaRhMOP 
and lutidine regioisomers  

 
4.4.3.1 Computational Methods

 
Our Molecular Dynamics (MD) simulations of all-atomic models of ONaR-
hMOP and lutidine regioisomers in water under NpT conditions (1 atm and 
298K) were performed using the NAMD program.28 The species included in 
the simulations are Na₂₄[Rh₂(O-bdc)₂]₁₂ (ONaRhMOP), two pyridine-based li-
gands (3,5-lutidine and 2,6-lutidine) and water. We considered different con-
centrations of these species as described below. The interactions between 
atoms were computed using the generalized CHARMM force field CGenFF.40  
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For water, we employed the TIP3P water model with CHARMM parameters. 
The parameters employed for the pyridine-based cargoes and the linker of 
the ONaRhMOP were generated by analogy using the CHARMM General 
Force Field server interface (version 1.0.0) with force field version 3.0.1. The 
parameters for the interactions involving Rh(II) (which are not parametrized 
in CHARMM) were derived here from DFT calculations using Gaussian 16 pro-
gram, 30 as described in detail in 4.3.3.2. The initial coordinates for the differ-
ent simulations corresponding to different concentrations were built using 
Chem3D and Visual Molecular Dynamics (VMD) 1.9.3 programs, as described 
in detail in 4.3.3.3. The protocols employed in all simulation runs are described 
in 4.3.3.4. Post-processing, visualization and analysis of all simulations was per-
formed using VMD software.29

4.4.3.2 DFT calculations and parametrization of the Rh force field 
interactions

DFT calculations for interactions and geometries involving Rh (II)

All DFT calculations reported here were done in Gaussian 16 using the M06-L 
functional41 and SDD basis set which is appropriate for compounds containing 
Rh(II). Since both experiments and MD simulations were performed in water, 
all DFT geometry optimizations and energy calculations were performed tak-
ing into account the effect of water solvent on the electronic structure. In our 
DFT calculations, this was done using the integral equation formalism variant 
of the polarizable continuum model (IEFPCM) that considers the effect of wa-
ter in an implicit way.42 The employed atomic radius for the IEFPCM calcula-
tions were the UFF atomic radius. In the case of Rh(II) (for which UFF radius was 
not available in Gaussian) we used the standard value of 2.3 Å. DFT calculations 
of the full paddle-wheel is computationally too expensive, so we consider in 
all cases relevant but simplified geometries involving the desired interactions.

 
DFT calculations of Rh(II)-OCO interactions in implicit water

The calculations started considering the energy and geometry of the Rh(II)-
OCO interaction in water, present in the Rh(II)-Rh(II) paddlewheel. In our cal-
culations, we consider as a representative model system, As represented in 
Figure 4.39, Rh(II) diacetate system built through one Rh(II) cation and two ac-
etate anions was considered.
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The optimized distance between Rh(II) and O atoms and the energy of the op-
timized geometry of rhodium diacetate (E(Rh_2Ace)) are given in Table 4.1. In 
order to compute the desired interaction energy, the energy of the (isolated) 
building blocks of Rh₂(AcO)₄ (Rh and Ac, E(Rh) and E(Ace), respectively) in im-
plicit water were considered too.

Figure 4.39 Schematic representation of the compounds (Rh₂(AcO)₄, Rh(II) and Ace-) that 
are considered to determine the Rh(II)-O interactions (highlighted in green).

The energy of the interaction E(int) between Rh(II) and four O is then esti-
mated from the energies of the compounds shown in Figure 4.39 as E(int) = 
E(Rh_2Ace) – {E(Rh) + 2*E(Ace)}. Using the data in Table 4.1, we obtained a 
value of E(int)=-130.86 Kcal/mol, which encompass the four Rh(II)-O bonds, 
meaning that a single Rh(II)-O interaction is -32.72 Kcal/mol.

Table 4.1 Atomic distance d(Rh(II)-O) and energy (E(Rh_2Ace)) obtained from DFT geom-
etry optimization in implicit water for the rhodium diacetate system shown in Figure 4.39. 
The interaction energy E(int) is computed as described in the text considering that E(Rh) = 
-69100.4151 Kcal/mol and E(Ace) = -143328.2548 Kcal/mol. Energies are given in Kcal/mol 

and distances in Å

DFT Calculations of Rh(II)-N interactions

A similar strategy was followed to calculate the Rh(II)-N energy of interaction. 
Rh₂(AcO)₄ and a pyridine molecule were used to characterize the Rh(II)-N 
interaction. As shown in Figure 4.40, the two different coordination modes 
reported for this system were analyzed: (a) paddlewheel coordinated to one 
pyridine molecule (Figure 4.40a); and (b) two pyridine molecules coordinated 
in both axial position of the paddlewheel (Figure 4.40b). 
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Figure 4.40 Schematic representation of (a) single Rh(II)-N interaction for the coordination 
of one pyridine to one Rh(II) atom of the paddlewheel; and (b) double Rh(II)-N interaction 
for the coordination of two pyridine in both axial positions of the ONaRhMOP. The Rh-N 

interactions are highlighted in red.

 
Table 4.2 Atomic distances involving Rh(II) atoms and energies obtained from DFT geometry 
optimization in implicit water for the systems shown in Figure 4.40. The interaction energies 
were calculated as described in the text considering that   E(PW) = -711860.4416 Kcal/mol 

and E(Py) = -155650.9883 Kcal/mol. Energies are given in Kcal/mol and distances in Å.

 
The geometry of the structures shown in Figure 4.40 (designed by PW_Py and 
Py_PW_Py) were optimized using DFT calculations in implicit water. The struc-
tures of the individual building blocks, the Rh2(AcO)4 paddlewheel (designed 
as PW) and the pyridine (designed as Py) were also optimized. The optimized 
distances and energies are given in Table 4.2. The energy associated to the 
Rh(II)-N interaction (E(int)) can be estimated by E(int) = E(PW_Py) – {E(PW) + 
E(Py)}. Using the data in Table 4.2 we obtain E(int)= -27.90 Kcal/mol.

In the presence of two pyridine molecules, the interaction energy which corre-
sponds to E(int) = E(Py_PW_Py) – {E(PW) + 2*E(Py)}, a value of E(int)=-45.51 
Kcal/mol was obtained. This corresponds to an E(int) of -22.76 Kcal/mol for 
each pyridine, revealing a weaker interaction compared with the single coordi-
nation mode (see Table 4.2). Our DFT calculations are in excellent agreement 
with previous work that reported that the coordination of one axial position of 
the paddlewheel is more stable than the coordination of both axial positions, 
which produce a weaker Rh(II)-N interaction. 43,44
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Parametrization of Force Field Rh interactions

Once relevant optimized geometries and energies involving Rh atoms were 
determined by DFT calculations, the next step was the determination of the 
force field parameters for Rh(II) for the MD simulations. In CHARMM force 
field, any metal atom is represented by a partial charge (+2e in this case) and 
two Lennard-Jones parameters (the location and energy of the potential min-
imum, Rmin and ε). In previous works, 45 for non-coordinating interactions 
of Rh the estimated values for use in CHARMM were Rmin= 1.3575 Å and ε= 
-1.973 kcal/mol. Therefore, these values for the interactions between Rh(II) and 
any other atom except O atoms belonging to the paddlewheel structure and 
N atoms from pyridines will be used. For the computation of the missing in-
teractions (Rh(II) with O atoms belonging to the paddlewheel structure and N 
atoms from pyridine) the values of the Lennard-Jones parameters were fitted 
to reproduce DFT optimal energies and atom-atom distances in selected ge-
ometries.

The fitting procedure was performed as follows. First, Rh(II)-O interactions in 
the paddle-wheel were parametrized. A series of NAMD Energy minimizations 
of the structures shown in Figure 4.40 (as we did previously with DFT) screen-
ing different values of the Lennard-Jones parameters for the Rh(II)-O interac-
tion were considered. Both energy minimization of the paddlewheel structure 
(E(PW) and energy minimization of a reference system made of Rh(II) and two 
acetates (Rh_Ace_Ace) separated from each other (7 nm of distance between 
them) were considered. During the energy minimization, the Rh(II)-Rh(II) dis-
tance was maintained fixed to its DFT value (all other coordinates were allowed 
to change to minimize energy). The interaction energy was determined as in 
section 3.2.1.1 by E(int) = E(PW) – 2*E(Rh_Ace_Ace). An excellent agreement 
between Force Field energy minimization and DFT optimization is obtained 
with the following parameters: Rmin(Rh(II)-O) =2.08 Å, ε(Rh-O)=28.5 Kcal/mol. 
The E(int) calculated using these parameters differs in only ~0.7 Kcal/mol from 
the DFT calculations (see Table 4.2), which is an energy difference beyond the 
resolution of the force field.

In the case of Rh(II)-N interaction, the same procedure was repeated as pre-
viously described  with the structures shown in Figure 4.40 (left). An excellent 
agreement with DFT data was obtained with the following values ε(Rh(II)-N)= 
24.5 Kcal/mol and Rmin(Rh(II)-N)=2.14 Å. Using these parameters, the value of 
E(int) obtained with NAMD differs only in ~0.55 Kcal/mol compared with DFT 
(see Table 4.3).
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Table 4.3 Comparison between optimized E(int) energies obtained from DFT calculations in 
Gaussian and calculated energies by forcefield minimization in NAMD with our proposed Rh 
forcefield parameters and CHARMM forcefield. The optimized distances as obtained by DFT 

are also indicated. Energies are given in Kcal/mol and distances in Å.

4.4.3.3 Building of structures and initial coordinates 

The atomic coordinates of 2,6-lutidine and 3,5-lutidine were generated with 
Chem3D. Atomic coordinates of ONaRhMOP were constructed using the single 
crystal X-ray data (CCDC 1883914).25 Reported data is based on [Rh2(OH-bd-
c)2(H2O)1(DMA)1]12 (where OH-bdc = 5-hydroxy-1,3-benzenedicarboxylate 
and DMA = N,N-dimethylacetamide). The methodology to build Na₂₄[Rh₂(O-
bdc)₂]₁₂ from the atomic coordinates of [Rh₂(OH-bdc)₂(H₂O)₁(DMA)₁]₁₂ was as 
follows: firstly, using Molefacture extension of VMD, we removed the water 
and DMA molecules and the hydrogen atoms of the hydroxyl groups of the 
linkers. In this way, we obtain the structure of {[Rh₂(O-bdc)₂]12}²⁴- which has 
408 atoms (Figure 4.41)

 
Figure 4.41 Schematic representation of {[Rh₂(O-bdc)₂]12}²⁴- where Rh(II) cations are in Van 
der Waals (VDW) representation while O-bdc is in Licorice representation of Visual Molecular 

Dynamics (VMD). Colour code: Rh green, C black, H white and O red.
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The initial coordinates for the simulations were obtained using the VMD pro-
gram by combining the coordinates of a central ({[Rh₂(O-bdc)₂]₁₂}²⁴-) with 
randomly placed 2,6-lutidine and 3,5-lutidine molecules. Depending on the 
simulation, six 2,6-lutidine and six 3,5-lutidine or twelve 2,6-lutidine and twelve 
3,5-lutidine molecules were used. The desired amount of solvation water (be-
tween ~4000-38000 molecules depending on the concentration) and the re-
quired neutralizing Na(I) cations (i.e., 24 added Na(I)), were added using the 
solvate and ionize plugins of VMD. The four different systems considered are 
summarized in Table 4.4.

4.4.3.4 Protocol for the all-atomic MD Simulations

We have performed MD simulations of all the systems given in Table 4.4 us-
ing the NAMD program, version 1.13.28 In all cases, before running the actual 
MD simulations, an energy minimization of the initial configurations was per-
formed as described in section 4.3.3.3 using NAMD in order to solve possible 
wrong contacts between atoms. The Newton equations of motion were solved 
using a time step of 2 fs in all simulations. Electrostatic interactions were com-
puted using the PME method with the standard settings in NAMD (1 Å resolu-
tion, updated each 2-time steps). Lennard-Jones interactions were truncated 
at 1.2 nm employing a switching function starting at 1.0 nm. Periodic boundary 
conditions were employed in all directions. Temperature was fixed at 298 K us-
ing the Langevin thermostat (relaxation time 1 ps). Pressure was kept constant 
at 1 atm using the Nosé-Hoover-Langevin piston barostat (oscillation period of 
100 fs and decay time of 50 fs).

During all the MD simulations, the atomic positions of Rh(II) atoms were main-
tained fixed at their initial values with a Rh(II)-Rh(II) distance of 2.42 Å, avoiding 
the need of considering explicitly the interaction between Rh(II)-Rh(II). It also 
fixes the location of the central structure of the ONaRhMOP inside the water 
box. Additionally, in Simulation 1 the position of the oxygen atoms of ONaR-
hMOP were fixed to their crystallographic coordinates.

Table 4.4 Summary of systems simulated using all-atomic MD simulations performed in this 
work, showing the total number of atoms, the number of 2,6-lutidine and 3,5-lutidine mol-
ecules in each system, the total number of water molecules and the initial size of the com-

putational box. The atoms fixed in determined positions in each simulation are indicated.
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During the simulations, the contacts and the possible coordination of pyri-
dine-based cargoes to Na₂₄[Rh₂(O-bdc)₂]₁₂ were monitored in order to dis-
tinguish between Rh(II)-N coordination or molecular contacts due to other 
non-coordinating interactions  (i.e, hydrophobic contacts). Following the 
standard procedure in MD simulations,46 the identification of the first coordi-
nation shell is based on the radial distribution function (rdf). The rdf functions 
g(r) describing the correlations between rhodium and nitrogen atoms are de-
fined by:

 
where δN(r) is the number of N atoms from pyridine-based cargoes in a small 
shell of size δr around a given Rh(II) atom and ρ is the number density of the 
N atoms. N atoms (from pyridine-based cargoes) are assigned to the first co-
ordination shell of the paddle-wheel (Rh(II) atoms) if their separation is inside 
the first peak of the g(r) function measuring the correlation between these two 
types of atoms (i.e., separation smaller than the distance r corresponding to 
the first minimum of the g(r)).

For Simulations 1, 2 and 3, the total simulation times were between 200-300 
ns, much longer than the times required to obtain stable numbers of adsorp-
tion and contacts of pyridine molecules with to Na₂₄[Rh₂(O-bdc)₂]₁₂ . In the 
case of System 4, due to the low concentration, the selected simulation time 
was 1 µs to ensure equilibrium.
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4.3.3.5 Adaptive Biasing Force Molecular Dynamics (ABF-MD)

In order to quantify the cargo - ONaRhMOP interactions observed in our MD 
simulations, a series of Adaptive Biasing Force Molecular Dynamics (ABF-MD) 
simulations were performed.34 In the ABF-MD simulations, the results of Sys-
tem 2 MD simulations were used as starting point and a selected molecule 
is forced to sample a selected generalized (or reaction) coordinate. The free 
energy profile along the selected coordinate is obtained. Here, the selected 
generalized coordinate was a molecule – paddle-wheel separation relevant for 
each type of interaction found in the simulation.

4.4.4 Experimental procedures

 
4.4.4.1 Selectivity evaluation for 2,6-lutidine and 3,5-lutidine 

The coordination selectivity of ONaRhMOP towards 2,6-lutidine and 3,5-luti-
dine in aqueous solution was tested by means of UV-vis spectroscopy meas-
urements. A 2 mL aqueous solution of ONaRhMOP (0.3 mM) was transferred 
to a quartz cuvette and additional aliquots of 20 μL (2 mol. eq.) of a 3,5-luti-
dine stock (58.7 mM) were sequentially added. Upon addition of 3,5-lutidine, 
the color of the solution gradually turned from green to purple. UV-vis spectra 
were recorded after each addition. Parallelly, the coordination capabilities of 
2,6-lutidine were assessed by adding 12 mol. eq. (48 μL of a stock solution 
0.073 M) to an aqueous solution of ONaRhMOP. This solution was prepared by 
adding 4 mg of OHRhMOP (5.87·10-⁴ mmol) to 2 mL of water containing 24 
molar equivalents (mol. eq.) of NaOH (14 μL of a stock solution 1M).

4.4.4.2 Weak interactions between 2,6-lutidine and ONaRhMOP

Two separated solutions of ONaRhMOP were prepared dissolving 10 mg of 
OHRhMOP in 0.5 mL of D₂O containing 24 mol. eq of NaOD (2.47 μL of a stock 
solution 9.75 M) to generate in situ ONaRhMOP. Then, 12 mol. eq. (48 μL of a 
stock solution 0.073 M) of 2,6-lutidine were added to one ONaRhMOP solu-
tion. A second solution was prepared adding 12 mol. eq. (48 μL of a stock solu-
tion 0.073 M) of 2,6-lutidine together with 12 mol. eq. (48 μL of a stock solution 
0.073 M) of 3,5-lutidine to the previously prepared ONaRhMOP solution 
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4.4.4.3 Blank experiments

Blank experiments were performed to demonstrate that ONaRhMOP needs 
to be present in the aqueous phase as a retaining agent in order to obtain pure 
2,6-lutidine in the cyclohexane phase. For this, 1 mL of cyclohexane-d₁₂ was lay-
ered on top of 1 mL of an equimolar D₂O solution of lutidines (8.8·10-³ mmol, 
120 µL of stock solutions 0.073 M) in the absence of ONaRhMOP. After shaking 
for 5 s, both phases were separately analyzed by ¹H-NMR spectroscopy.

4.4.4.4 Separation procedure of 2,6-lutidine and 3,6-lutidine

Initially, 6 mol. eq. of each lutidine (120 μL of a stock solution 0.073 M) were 
added to an aqueous solution containing 10 mg of OHRhMOP (0.0015 mmol) 
in 1 mL of water with 24 mol. eq. of NaOH (35 μL, 1 M). Then, a biphasic sys-
tem was prepared layering 1 mL of fresh cyclohexane on top. After shaking 
for 5 s, the organic phase was removed, and fresh cyclohexane was layered 
again. The extraction procedure was repeated up to three times to ensure the 
complete extraction of 2,6-lutidine from the aqueous phase. The UV-vis spec-
trum of the aqueous phase was recorded before and after each extraction. The 
same experiment was repeated by using deuterated solvents and both phases 
were analyzed by ¹H NMR. Next, we explored the release of 3,5-lutidine and 
subsequent recovery of ONaRhMOP. To this end, the aqueous phases contain-
ing ONaRhMOP(3,5-lutidine) obtained from the three subsequent extractions 
with cyclohexane were isolated and treated with 0.73 mmol of solid BaCl2. 
Immediately after the addition of BaCl₂, a purple precipitate appeared due to 
the in situ counter cation exchange between Na(I) and Ba(II) cations This sol-
id was washed with water to eliminate the excess of BaCl2 and finally, with 
acetonitrile-d³. The addition of acetonitrile-d3 onto this solid induced a rapid 
colour change of the solid from purple to pink colour. 1H NMR spectrum of 
this acetonitrile-d₃ phase revealed the presence of 3,5-lutidine. The remaining 
pink solid was washed with acidic water in order to obtain the protonated form 
OHRhMOP and, finally, dissolved in 1 mL of water containing 24 mol. eq. of 
NaOH (35 µL, 1 M) to recover the initial solution. 

4.4.4.5 Selectivity evaluation for monosubstituted pyridines

A solution of OHRhMOP was used in order to separately test the selectivity of 
the Rh(II)-Rh((I) paddlewheel towards the coordination of 4-substituted pyri-
dines or 3-substituted pyridines and 2-substituted pyridines. To do so, a solu-
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tion containing 4 mg of OHRhMOP (5.87·10-⁴ mmol) in 2 mL of methanol/DMF 
(1:1) was titrated by adding aliquots of 20 µL (2 mol. eq.) of a 4-substituted 
pyridine stock (58.7 mM).  In parallel, 12 mol. eq. (240 μL of a stock solution 
58.7 mM) of the 2- substituted pyridine were added to a quartz cuvette con-
taining 2 mL of a 4 mg OHRhMOP (5.87·10-⁴ mmol) methanol/DMF (1:1) solu-
tion. UV-vis spectra before and after the addition.

4.4.4.6 Extraction strategy. Separation protocol for 4-IPy and 2-IPy

First, 10 mg of OHRhMOP (0.0015 mmol) were dissolved in 1 mL of water con-
taining 24 mol. eq. of NaOH (35 µL, 1 M). A biphasic system was prepared by 
layering 1 mL of toluene-d₈ on top. Then, 12 mol. eq. of each regioisomer (2-IPy 
and 4-IPy) were added from a stock solution to the toluene-d8 phase (100 µL 
from a 0.176M stock solution). After vigorously shaking the system, the green 
aqueous solution turned into purple.  UV-Vis and ¹H NMR were used to moni-
tor the spectroscopic changes in both phases. After that, fresh toluene-d8 was 
layered on top of aqueous solution containing the 4-IPy coordinated to ONaR-
hMOP. Then, 10 µL of acetonitrile were added to the aqueous phase inducing 
a rapid colour change from purple to pink. Then, the ensuing biphasic system 
was shaken to properly transfer the water insoluble 4-IPy to the organic phase. 
1H NMR of the deuterated toluene. Finally, initial ONaRhMOP solution was re-
covered by extracting the aqueous phase with CHCl₃.

4.4.4.7 Extraction strategy. Separation protocol for 4-COOHPy and 
2-COOHPy

A solution containing an equimolar mixture of 2-COOHPy and 4-COOHPy (12 
mol. eq. each) was prepared by adding 200 µL of two different stock solutions 
(5.5 mM) to 600 µL of water. Then, this solution was layered on top of a CHCl3 
solution containing 10 mg of C₁₂RhMOP (9.2·10-⁴ mmol). After shaking the two 
different phases, they were separately analysed by ¹H NMR and UV-Vis spec-
troscopy. Then a fresh aqueous phase (1 mL) containing 100 µL of DCl (3 M) 
to the was layered on top of the remaining organic phase. The acidic biphasic 
system was shaken and both phases were separately analysed. 
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4.4.4.8 Extraction strategy. Separation protocol for 3-ClPy and 
2-ClPy

10 mg of OHRhMOP (0.0015 mmol) were dissolved in 1 mL of water containing 
24 mol. eq. of NaOH (35 µL, 1 M). Then, a biphasic system was prepared by 
layering 1 mL of cyclohexane-d₁₂ on top. After that, 6 mol. eq. of 2-ClPy and 
3-ClPy were added from a stock solution in cyclohexane-d₁₂ (20 µL from a stock 
0.44 M). The biphasic system was shaken for 5 s. This process was repeated 
two more times using fresh ONaRhMOP solutions each time to completely ex-
tract 3-ClPy from the cyclohexane phase. ¹H NMR of the organic phase. UV-vis 
spectra of the aqueous phases were also measured after the extractions. We 
next explored the release and subsequent recovery of the coordinating 3-ClPy 
from the aqueous phase by using the above mentioned ligand exchange strat-
egy. To do so, fresh CDCl₃-d₁ was layered below of an aqueous solution con-
taining the 3-ClPy coordinated to ONaRhMOP. Then, 10 µL of acetonitrile were 
added, and the aqueous phase rapidly revealed a colour change from purple 
to pink colour.

4.4.4.9 Purification of a 48 mol. eq. mixture of 2-ClPy/3-ClPy thought 
subsequent ONaRhMOP extraction cycles

1 mL of cyclohexane-d₁₂ solution containing 48 mol. eq. of each chloropyridine 
was prepared by adding 160 µL of two different stocks of 3Cl-Py and 2-ClPy 
(0.44 M) to 680 µL of cyclohexane-d₁₂ . The abovementioned extraction and 
recovery procedure was repeated up to 6 times until 1H NMR measurements 
showed no remaining 3-ClPy in the cyclohexane-d₁₂ phase.
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5.1 Introduction

As a subclass of molecular cages assembled from metal-ions and organic link-
ers, MOPs exhibit unique porosity capabilities: for example, they can host mol-
ecules in solution and are permanently porous in the solid state. Importantly, 
most of these materials fall within the nanoscale regime, having outer diame-
ters of ~ 2 nm to 5 nm. This is especially true for the archetypical cuboctahedral 
[M₂(m-bdc)₂]₁₂ MOP, which resembles a spherical ~2.5 nm-in-diameter mo-
lecular nanoparticle.1 As such, as in inorganic nanoparticles, most of its phys-
icochemical properties (e.g., solubility, recognition, and assembly) rely on its 
surface chemistry.2,3 Therefore the development of synthetic strategies able 
to diversify the surface chemistry of MOPs will further expand their frontiers 
and applications. 

Among the existing functionalisation strategies, copper(I)-catalysed azide-
alkyne cycloaddition (CuAAC), commonly known as click chemistry, is prob-
ably the most popular, powerful, and versatile chemical tool to post-synthet-
ically modify molecules and materials.4-6 This is mainly due to its quantitative 
and orthogonal reactivity, which makes it compatible with myriad functional 
groups and even biomolecules.7,8 However, the straightforward use of CuAAC 
for the PSM of MOPs presents several challenges due to the instability of co-
ordination bonds to common click chemistry reagents (e.g., reducing agents 
and metal salts).9 Therefore, researchers have developed alternative reac-
tion conditions for the CuAAC reaction to avoid the use of reducing agents. 
These conditions involve the use of Cu(I) complexes as catalysts,[10] or of the 
strain-promoted version of the azide-alkyne cycloaddition, the latter of which 
has been employed for most partial modifications of parent cages.11,12 Only 
very recently did Prof. E. D. Bloch and co-workers show that robust rectan-
gular prismatic MOPs assembled from Co(II) calixarene-capped clusters and 
5-azido-bdc or 5-propargyl-bdc can withstand the reaction conditions of the 
classical CuAAC reaction. Indeed, they reported the quantitative conversion of 
4 pendant alkyne or azide groups of the MOP through this reaction run at high 
temperature.13

Herein we have adapted and optimised CuAAC to enable covalent function-
alisation of up to 24 positions of cuboctahedral Rh(II)-MOPs14 with a diverse 
repertoire of molecules. To this end, we initially introduced an alkynyl group 
onto position 5 of the aromatic organic linker of a 24-functionalized cuboc-
tahedral Rh(II)-MOP through a protection/deprotection method,15 forming a 
“clickable” Rh(II)-MOP with formula [Rh₂₄(ethynyl-bdc)₂₄] (hereafter named 
ethynylRhMOP, where ethynyl-bdc is 5-ethynyl-isophtalate). Afterward, we 
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demonstrated that each of the 24 alkyne groups located on the outer surface 
of the cuboctahedron could be reacted at room temperature with azide-con-
taining molecules without compromising the integrity of the MOP. Thus, we 
used click chemistry to quantitively and densely functionalise the surface of 
ethynylRhMOP with a wide range of functionalities that could not otherwise 
be easily introduced (e.g., by direct synthesis or current post-synthetic ap-
proaches). These functionalities include polymers, free carboxylic acid groups, 
free phosphonic acid groups, and bioactive biotin molecules. Furthermore, we 
proved that addition of these functionalities modulates the properties (e.g., 
solubility) of ethynylRhMOP, and that the biorecognition capabilities of biotin 
moieties grafted onto the surface of ethynylRhMOP to avidin are preserved.

Figure 5.1 (a) Schematic of the cuboctahedral Rh(II)-MOP, highlighting the positions at 
which the CuAAC click reaction is performed. (b) Schematic showing the synthesis of the 
“clickable” ethynylRhMOP, and its subsequent post-synthetic modification through a 

CuAAC.

5.2 Results and discussion

5.2.1 Synthesis of the “clickable” alkyne-terminated Rh(II)-MOP

Traditionally, cuboctahedral Rh(II)-MOPs are synthesised through a solvother-
mal reaction between Rh₂(AcO)₄ and the corresponding linker.16  However, 
ethynylRhMOP cannot be synthesised this way because the linker ethynyl-bdc 
is not stable at high temperatures or under basic conditions. Thus, we devel-
oped a protection-deprotection strategy that entailed the synthesis of the 
alkyne-protected Rh(II)-MOP and its subsequent deprotection to finally yield 
the targeted clickable MOP (Figure 5.1). In order to implement this strategy, 
it is necessary to choose a protecting group that exhibits thermal and chemi-
cal resistance to the solvothermal and basic conditions involved in Rh(II)-MOP 
synthesis. The protecting group should also show inert behavior towards free 
Rh(II) metal ions and offer relatively mild deprotection pathways. Triisopropyl-
silyl (TIPS) was selected as the protecting group due to its compatibility with 
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the linker and the synthetic conditions required for Rh(II)-MOP formation. Un-
like simpler and more common silyl protecting groups such as trimethylsilyl, 
the bulkiness of TIPS provides it with enhanced resistance to basic conditions, 
thus becoming a suitable candidate for our purpose.  After reacting dimethyl 
5-iodoisophtalate with (triisopropylsilyl)acetylene and subsequently depro-
tecting the carboxylic groups, the protected version of ethynyl-bdc, 5-((triiso-
propylsilyl)ethynyl))isophtalic acid (TIPS-bdc), was obtained. Next, TIPS-bdc 
was reacted with Rh₂(AcO)₄ in DMA at 100 °C in the presence of Na₂CO₃ for 
48 h to yield a MOP with formula [Rh₂₄(TIPS-bdc)₂₄] (yield: 80%). The forma-
tion of the alkyne-protected Rh(II)-MOP was confirmed by matrix-assisted 
laser desorption/ionisation-time-of-flight (MALDI-TOF) spectroscopy, which 
showed a signal at 11024.5 m/z, which closely agrees with the targeted cuboc-
tahedral Rh(II)-MOP ([Rh₂₄(TIPS-bdc)₂₄ + H⁺]⁺·2DMA·2MeOH, expected m/z = 
11024.9) (Figure 5.2).

Figure 5.2 MALDI-TOF spectrum of the 
alkyne-protected Rh(II)-MOP in CHCl3. The 
molecular weight corresponding to the for-
mula [Rh24(TIPS-bdc)24 + H⁺]⁺·2DMA·2MeOH 
has been highlighted: expected m/z = 11024.9; 
found m/z = 11024.5.

 

The 1H-NMR spectrum of the alkyne-protected MOP in CDCl₃-d₁ further con-
firmed the synthesis of a discrete metal-organic assembly with 24 TIPS pro-
tecting groups on its surface (δ = 1.05 ppm; Figure 5.3a). After exposing the 
alkyne-protected MOP to digestion conditions, 1H-NMR analysis revealed the 
presence of TIPS-bdc linker, thus further confirming that the obtained Rh(II)-
MOP is purely composed of this linker (Figure 5.3b). Furthermore, diffusion-or-
dered spectroscopy (DOSY) NMR analysis showed the same diffusion coeffi-
cient of 3.7·10-10 m² s–1 for the aromatic and protecting group protons, which 
further corroborated that both moieties belong to the same metal-organic 
structure (Figure 5.4).
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Figure 5.3 (a) ¹H-NMR spectrum (300 MHz, 25 ºC) of the alkyne-protected Rh(II)-MOP in CD-
Cl3-d1. Note that no residual TIPS-bdc peaks are observed. (b) ¹H-NMR spectrum (300 MHz, 
25 ºC) of the digested alkyne-protected Rh-MOP in DMSO-d6 under acidic conditions (DCl, 
100 ºC, 2 h). Note that no-extra signals could be observed, confirming that the obtained 

alkyne-protected Rh-MOP is purely composed by the TIPS-bdc linker.
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Figure 5.4 DOSY NMR representation (300 MHz, 25 ºC) of the alkyne-protected Rh(II)-MOP 
in CDCl₃-d₁. The same diffusion coefficient (D = 3.7·10-10 m2·s-1) is identified for the aromatic 
signals attributed to the aromatic core of the Rh-MOP and the aliphatic signals attributed to 
the protecting group, thus confirming that they all belong to the same molecular entity. The 
diffusion coefficient (D = 2.5·10-9 m2·s-1) for the CHCl3 signal was used as internal reference 

to corroborate the veracity of the measurement.

The integrity of the Rh(II)-Rh(II) paddle-wheel was confirmed through UV-Vis 
spectroscopy in chloroform, which showed the characteristic band centred at 
630 nm, which corresponds to Band I of the Rh(II)-Rh(II) paddlewheel (Figure 
5.5). 

 
Figure 5.5 UV-Vis spectrum of the 
alkyne-protected Rh(II)-MOP in CHCl3 (0.3 
mM). λmax is centred at 630 nm.
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The alkyne-available Rh(II)-MOP (ethynylRhMOP) was synthesised by treating 
a THF solution of the alkyne-protected MOP with 36 mol. eq. of TBAF solu-
tion (1.0 M in THF) (Figure 5.1). Upon addition of the TBAF solution, a blue pre-
cipitate was immediately formed. This solid was collected by centrifugation, 
washed with THF and finally, dissolved in DMSO for further analysis (yield: > 
95%). The ¹H-NMR spectrum of ethynylRhMOP in DMSO-d₆ confirmed the 
quantitative fading of the peaks ascribed to the TIPS protecting group, togeth-
er with the appearance of a new signal at 4.3 ppm (Figure 5.6a), which corre-
sponds to the alkyne proton. Also, the ¹H-NMR spectrum of ethynylRhMOP 
obtained after the acidic digestion confirmed the quantitative deprotection of 
the alkyne-protected Rh(II)-MOP as no-extra signals could be observed (Figure 
5.6b).

Figure 5.6 (a) ¹H-NMR spectrum (300 MHz, 25 ºC) of ethynylRhMOP in DMSO-d₆. (b) 
¹H-NMR spectrum (300 MHz, 25 ºC) of the digested ethynylRhMOP in DMSO-d6 under 

acidic conditions (DCl, 100 ºC, 2 h).
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The aromatic and alkyne protons showed the same diffusion coefficient of 6.5 
· 10-11 m2 s–1 in the DOSY ¹H-NMR data (Figure 5.7a). The hydrodynamic radius 
of ethynylRhMOP was calculated to be approximately 1.7 nm, which agrees 
with the value obtained from the computer simulation of this structure (Figure 
5.7b).17

Figure 5.7 (a) DOSY NMR representation (300 MHz, 25 ºC) of the ethynylRhMOP in DM-
SO-d₆. The same diffusion coefficient (D = 6.5·10-11 m2·s-1) is identified for the aromatic 
signals attributed to the aromatic core of the Rh(II)-MOP and the signal ascribed to the 
acetylenic proton, thus confirming that they all belong to the same molecular entity. 
The diffusion coefficient (D = 6.3·10-10 m2·s-1) for the DMSO signal was used as internal 
reference to corroborate the veracity of the measurement. (b) Modelled structure of ethy-
nylRhMOP. Colour code: Rh(II) (green); C (black); H (white); O (red).

MALDI-TOF analysis of ethynylRhMOP was characterised by a single broad 
peak centred at 7061.6 m/z, which closely agrees with the expected mass of 
7064.1 m/z for the targeted formula [Rh₂₄(ethynyl-bdc)₂₄ + H⁺]⁺·DMSO (Fig-
ure 5.8a). Additionally, the integrity of the Rh(II)-Rh(II) paddlewheel after the 
deprotection reaction was further confirmed by UV-Vis spectroscopy in DMF, 
which showed the characteristic band centred at 589 nm that corresponds to 
Band I of the Rh(II)-Rh(II) paddlewheel (Figure 5.8b). Altogether, these results 
corroborate the successful synthesis of ethynylRhMOP as a cuboctahedral 
Rh(II)-MOP functionalised with 24 available alkyne groups on its outer surface. 
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Figure 5.8 (a) UV-Vis spectrum of the ethynylRhMOP in DMF (0.3 mM). λmax is centred at 
589 nm. (b) MALDI-TOF spectrum of ethynylRhMOP in DMSO. The molecular weight corre-
sponding to the formula [Rh24(ethynyl-bdc)₂₄ + H⁺]⁺·DMSO has been highlighted: expected 

m/z = 7064.1; found m/z = 7061.6.

 

5.2.2 CuAAC click reactions on ethynylRhMOP: functionalisation with 
small and polymeric azide molecules as model substrates

 
We initially assessed the reactivity and functionalisation of ethynylRhMOP 
through CuAAC click chemistry using azidobenzene as our model azide com-
pound. To this end, 36 mol. eq. of azidobenzene per MOP unit (i.e., 1.5 mol. 
eq. of azidobenzene per alkyne group) were added to a DMSO solution of 
ethynylRhMOP followed by the stepwise addition of CuSO₄ (1.5 mol. eq. per 
alkynyl group) and sodium ascorbate (4.5 mol. eq. per alkynyl group, 3 mol. eq. 
per Cu(II)). The reaction mixture was left to react overnight at room temper-
ature. The reaction proceeded under homogenous conditions: no precipitate 
was observed throughout the reaction. The product of the reaction (hereafter 
named Bz-clickRhMOP) was precipitated out by adding ethyl acetate as coun-
ter solvent, and further purified through successive washing with 1:2 mixtures 
of DMF/HCl (0.3 M) and of DMF/water (yield: 95%).

The UV-Vis spectrum of Bz-clickRhMOP in DMF showed a λmax = 591 nm, which 
confirmed the integrity of the Rh(II) paddlewheel unit through the catalyt-
ic reaction (Figure 5.9a). This result corroborated that Rh(II) is not reduced 
upon addition of ascorbic acid or exchanged in the presence of Cu(II). MAL-
DI-TOF analysis revealed a single broad peak centred at 10045 m/z, which 
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closely agrees with the expected molecular mass for [Rh₂₄(5-(1-phenyl-1H-
1,2,3-triazol-4-yl)-bdc)₂₄ + H⁺]⁺·DMF + 3H₂O (expected m/z = 10045 g/mol) 
(Figure 5.9b).

 
Figure 5.9 (a) UV-Vis spectrum of the Bz-clickRhMOP in DMF (0.3 mM). λmax is centred at 
591 nm. (b) MALDI-TOF spectrum of the Bz-clickRhMOP in DMF. The molecular weight cor-
responding to the formula [Rh₂₄(5-(1phenyl-1H-1,2,3-triazol-4-yl)-bdc)₂₄ + H⁺]⁺·DMF · 3H₂O 

has been highlighted: expected m/z = 10045; found m/z =10045.

¹H-NMR analysis of a DMSO-d6 solution of Bz-clickRhMOP showed a down-
field shift of the aromatic protons of the bdc moiety, and the appearance of a 
new broad aromatic signal at δ = 7.55 ppm, which corresponds to the incorpo-
rated phenyl moiety on the surface of the MOP (Figure 5.10). Furthermore, the 
formation of the triazole ring linking the MOP unit to the phenyl ring was first 
evidenced by the appearance of a signal at δ = 9.35 ppm, which corresponds 
to the olefinic proton of the triazole ring, and by the quantitative fading of the 
signals of the alkyne protons groups (δ = 4.30 ppm, Figure 5.10 orange dot).

Supporting this later observation, the Fourier transform infrared spectroscopy 
(FT-IR) spectrum of Bz-clickRhMOP revealed complete disappearance of the 
stretching band corresponding to the alkyne group at 3284 cm-1 (Figure 5.11).
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Figure 5.10  ¹H-NMR spectra (300 MHz, 25ºC) in DMSO-d6 of ethynylRhMOP 
(black) compared with product obtained after reacting it with azidobenzene 

through the CuAAC reaction (blue).

Figure 5.11  FT-IR spectra of the ethynylRhMOP (black) compared with 
Bz-clickRhMOP (blue).
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DOSY NMR data of Bz-clickRhMOP showed the same diffusion coefficient 
(5.3 · 10-11 m2 s–1) for all aromatic protons (Figure 5.12a). Note that the diffusion 
coefficient after the reaction (overlaid DOSY representation shown in green, 
D = 5.3·10-11 m2·s-1) decreases with respect to the corresponding value for 
the free azidobenzene molecule (black, D = 6.3·10-10 m2·s-1), thereby demon-
strating that they belong to a larger molecular entity after the click reaction. 
The calculated hydrodynamic radius was found to be 2.1 nm, in agreement 
with the equilibrium configuration of the simulated structure (Figure 5.12b).

Figure 5.12 (a) DOSY NMR representation (300MHz, 25ºC) of the Bz-clickRhMOP (blue) and 
free azidobenzene (black) in DMSO-d6. The same diffusion coefficient (D = 5.3·10-11 m2·s-1) 
is identified for all the aromatic signals attributed to the aromatic core of the Rh(II)-MOP 
and the signals ascribed to the olefinic proton and the pending phenyl group. The diffusion 
coefficient (D = 6.3·10-10 m2·s-1) for the DMSO signal was used as the internal reference 
to corroborate the veracity of the measurement. (b) Modelled structure of Bz-clickRhMOP. 

Colour code: Rh(II) (green); C (black); N (blue), H (white); O (red).
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Further evidence of the quantitative conversion of the alkyne groups was pro-
vided by the ¹H NMR analysis of the acid-digested Bz-clickRhMOP. The spec-
trum of the digested Bz-clickRhMOP showed only the signals corresponding 
to 5-(1-phenyl-1H-1,2,3-triazol-4-yl)-bdc, which is the linker expected to be 
created upon coupling of the initial 5-ethynyl-bdc linker of Bz-clickRhMOP to 
azidobenzene via CuAAC (Figure 5.13).

Figure 5.13 (a) ¹H-NMR spectrum (300 MHz, 25ºC) of the digested Bz-clickRhMOP in DM-
SO-d₆ under acidic conditions (DCl, 100ºC, 2h). (b) 2D ¹H-¹H COSY (500 MHz, 25 ºC) spec-

trum of the digested Bz-BCN-23 in DMSO-d6 under acidic conditions (DCl, 100 ºC, 2 h).
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Figure 5.14  (a) 2D ¹H-¹3C HSQC spectrum (500 MHz, 25ºC) of the digested Bz-clickRhMOP in 
DMSO-d₆ under acidic conditions (DCl, 100ºC, 2 h). (b) . 1H-13C HMBC spectrum (500 MHz, 

25ºC) of the digested Bz-BCN-23 in DMSO-d6 under acidic conditions (DCl, 100ºC, 2 h).

Further NMR characterization was performed to ensure the quantitative for-
mation of the expected product by using the acid-digested Bz-clickRhMOP. 
2D ¹H-¹³C HSQC spectrum and 2D ¹H-¹³C HMBC spectrum allowed to identify 
carbon signals attributable to the formation of an olefinic bond while no-sig-
nals attributable to the presence of an alkyne moiety (~ 80 ppm)(Figure 5.14). 
Moreover, 2D ¹H-¹⁵N HMBC spectrum revealed that two types of N are pres-
ent, confirming the formation of the triazole ring (Figure 5.15a).

Finally, as expected for this type of click reaction, only the 1,4-substituted  
triazole ring was formed, as confirmed by the ROESY NMR data of the  
digested Bz-clickRhMOP (Figure 5.15b).
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Figure 5.15 2D ¹H-¹⁵N HMBC spectrum (500MHz, 25ºC) of the digested Bz-clickRhMOP in 
DMSO-d₆ under acidic conditions (DCl, 100 ºC, 2 h).

From the above model reaction, we corroborated that all 24 alkyne groups on 
the outer surface of ethynylRhMOP can be reacted through CuAAC click chem-
istry with an azide group without compromising the integrity of the Rh(II)-MOP. 
To assess the impact of steric hindrance on the degree of functionalization, we 
next targeted the functionalisation of ethynylRhMOP with a polymer, to form 
a polymer grafted Rh(II)-MOP. To this end, ethynylRhMOP was reacted with 36 
mol. eq. (i.e., 1.5 mol. eq. per alkynyl group) of an azide terminated polyethyl-
ene glycol polymer (mPEG₄₂-N₃) with 42 repeating units (average molecular 
weight = 2000 ± 300 g/mol) overnight at room temperature. As for the previ-
ous click reaction, this reaction also proceeded homogenously in DMSO. The 
resulting PEGylated Rh-MOP (hereafter named mPEG₄₂-clickRhMOP) was iso-
lated by precipitation from the reaction mixture with diethyl ether, collected by 
centrifugation, and then purified (yield: > 95%).
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The 1H-NMR spectrum of the PEGylated Rh(II)-MOP in MeOD-d4 showed a 
broad signal in the aromatic region at ca. δ = 8.54 ppm, which corresponds 
to the bdc and to the triazole moieties (Figure 5.16a). Additionally, it showed 
peaks at δ = 3.64 ppm, corresponding to the aliphatic ethylene glycol units. 
Both sets of signals belong to the same molecule, as confirmed by DOSY ex-
periments on mPEG₄₂-clickRhMOP that revealed a diffusion coefficient of 8.1 · 
10-11 m2·s–1 (Figure 5.16b). The calculated hydrodynamic size of mPEG₄₂-click-
RhMOP was 4.9 nm. These results reflected a considerable increase in the 
hydrodynamic radius relative to the previously found values, supporting the 
notion that the PEG chains were indeed attached to the surface of ethynyl-
RhMOP.

Figure 5.16 (a) ¹H-NMR spectrum (300 MHz, 25 ºC) of the mPEG42-clickRhMOP in MeOD-d₄. 
(b) DOSY NMR representation (300 MHz, 25 ºC) of the mPEG42-clickRhMOP (blue) and 

mPEG42-N3 (black) in MeOD-d₄

 

Next, to elucidate the degree of PEGylation, we analysed the digest-
ed mPEG42-clickRhMOP by 1H-NMR. The spectrum of the digested 
mPEG42-clickRhMOP in DMSO-d6 revealed that all 24 5-ethynyl-bdc linkers 
of the parent ethynylRhMOP had been clicked with the polymer chains. Two 
new signals at 4.6 and 3.9 ppm appeared after the click reaction. These two 
signals, which are attributed to the first monomeric unit of the PEG chain, ap-
pear because of the formation of the triazole moiety (Figure 5.17).
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Figure 5.17 ¹H-NMR spectra (300 MHz, 25 ºC) of the digested mPEG42-clickRhMOP in DM-
SO-d6 under acidic conditions (acetic acid-d4, 100 ºC, 5 h) (blue) and the mPEG42-N3 (black) 
under the same acidic conditions. (b) 2D ¹H-1H COSY spectrum (300 MHz, 25 ºC) of the di-

gested mPEG42-clickRhMOP in DMSO-d₆ under acidic conditions (acetic acid-d4, 100 ºC, 5 h)

 
The quantitative PEGylation of ethynylRhMOP was further confirmed by 
MALDI-TOF analysis of mPEG₄₂-clickRhMOP, which showed a broad peak at 
ca. 53470.5 g/mol, in agreement with a PEGylated Rh(II)-MOP with formula 
([Rh₂₄(5-(mPEG42-1H-1,2,3-triazol-4-yl)-bdc)₂₄ + H⁺]⁺·20MeOH (expected m/z 
= 53468.4) (Figure 18a). Also, FT-IR analysis of PEG42-clickRhMOP revealed 
the complete disappearance of the stretching band at 3284 cm-1, further con-
firming that all the alkyne groups on the surface of the MOP had been reacted 
(Figure 18b).

Figure 5.18 MALDI-TOF spectrum of mPEG42-clickRhMOP in MeOH. The molecular 
weight corresponding to the formula([Rh24(5-(mPEG42-1H-1,2,3-triazol-4-yl)-bdc)24+ 
H⁺]⁺·20MeOH has been highlighted: expected m/z = 53468.4; found m/z =53470.5.  (b) 
FT-IR spectra of the ethynylRhMOP (black) compared with mPEG42-clickRhMOP (blue). 
The signal attributable to the acetylenic proton is completely vanished after the reaction.
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Importantly, due to the quantitative PEGylation, the physicochemical prop-
erties of the product were drastically different from those of the initial ethy-
nylRhMOP. For example, whereas the initial ethynylRhMOP is only soluble in 
DMSO and DMF, the densely PEGylated mPEG₄₂-clickRhMOP exhibits a broad 
solubility profile, covering most organic solvents such as methanol, CHCl₃, 
DMF and DMSO and water in a wide range of pH values (Figure 5.19).

Figure 5.19 (a) UV-Vis spectra of mPEG42-clickRhMOP in water at neutral (0.3 mM, λmax= 582 
nm), acidic (0.283 mM, λmax= 582 nm) and basic pH (0.268 mM, λmax= 587 nm). (b) UV-Vis 
spectrum of mPEG42-clickRhMOP in MeOH (0.3 mM). λmax is centred at 584 nm. (c) UV-Vis 
spectrum of mPEG42-clickRhMOP in CHCl3 (0.3 mM). λmax is centred at 592 nm. (d) UV-Vis 
spectrum of mPEG42-clickRhMOP in DMF (0.15 mM). λmax is centred at 591 nm. (e) UV-Vis 
spectrum of mPEG42-clickRhMOP in DMSO (0.15 mM). Overlapping with Band II does not 

allow to properly identify λmax of Band I.



187

Figure 5.20 Schematic composition (top) simulated structure of COOH-Bz-clickRhMOP (a), 
COOH-C5- clickRhMOP (b), COOH-PEG3- clickRhMOP. Color code: Rh(II) (green); C (black); 
H (white); O (red); N (blue); P (gold). For simplicity, the MOP core is displayed as translucent.

5.2.3 Functionalisation of ethynylRhMOP with carboxylic and 
phosphonic acid groups

 
Having demonstrated the regioselective and quantitative nature of click 
chemistry on the alkyne surface groups of ethynylRhMOP, we next sought 
to take advantage of the orthogonal reactivity of this chemistry to decorate 
the surface of ethynylRhMOP with coordinating groups such as carboxylic or 
phosphonic acid groups. The formation of MOPs with surface-available car-
boxylic or phosphonic acid groups is very challenging, as these groups tend 
to react with metal ions, thus precluding formation of the desired MOP. In-
deed, there is only one reported example of a covalent carboxylic-functional-
ised MOP, which was prepared through a post-synthetic protection/deprotec-
tion strategy, and there are no reports of any phosphonic acid-functionalised 
MOPs.15 To prove that the CuAAC reaction could be used to post-synthetically 
functionalise MOPs with available carboxylic or phosphonic acid groups, we 
ran experiments with four azide substrates: three terminated with carboxylic 
acid groups (azidobenzoic acid, 6-azidohexanoic acid, and COOH-PEG₃-N₃) 
and one terminated with a phosphonic acid group (H₂PO₃-PEG₃-N₃). The reac-
tion of ethynylRhMOP with azidobenzoic acid (36 mol. eq.), 6-azidohexanoic 
acid (36 mol. eq.) or COOH-PEG₃-N₃ (36 mol. eq.) in the presence of CuSO₄ (1.5 
mol. eq.), sodium ascorbate (2.25 mol. eq.) and HCl (0.0031 mol. eq.) in DMSO 
yielded three new COOH-functionalised MOPs: COOH-Bz-clickRhMOP (yield: 
> 95%), COOH-C₅-clickRhMOP (yield: > 95%), and COOH-PEG₃-clickRhMOP 
(yield: > 95%) (Figure 5.20).
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It is important to note here that the addition of HCl to the catalytic reaction 
was required to prevent coordination of the free carboxylic acid groups to 
the copper catalyst and the subsequent precipitation before the reaction is 
completed. NMR spectra of the obtained products revealed the appearance 
of new broad signals attributable to the targeted COOH-functionalised MOPs 
(Figure 5.21). In all cases, the click reaction was quantitative, as evidenced by 
the NMR spectra of the corresponding acid-digested samples (Figure 5.22). 
Moreover, DOSY NMR analysis of the three carboxylic-functionalised MOPs in 
DMSO-d6 corroborated the successful coupling of the COOH moiety onto the 
surface of the ethynylRhMOP unit (Figures 5.23). The estimated hydrodynam-
ic radii values derived from the DOSY-NMR representation were found to be 
2.2 nm (COOH-Bz-clickRhMOP), 1.9 nm (COOH-C₅-clickRhMOP), and 2.5 nm 
(COOH-PEG₃-clickRhMOP). These values are in agreement with the simulated 
structures (Figure 5.20a, 5.20b and 5.20c). Furthermore, the simulations also 
revealed the orientation of the three types of carboxylic acids on the surface 
of the MOP core. Whereas the carboxylic acids of COOH-Bz-clickRhMOP and 
COOH-C₅-clickRhMOP are stretched out from the MOP core, the peg chains 
of the COOH-PEG₃-clickRhMOP are wrapped around the MOP core, in what is 
called “mushroom” configuration in nanoparticles.18

Figure 5.21 ¹H-NMR spectrum (300 MHz, 25 ºC) of COOH-bz-clickRhMOP (top), COOH-
C5-clickRhMOP (middle) and COOH-PEG3-clickRhMOP (bottom) in DMSO-d6.
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Figure 5.22 ¹H-NMR spectra (300 MHz, 25 ºC) of the digested COOH-bz-clickRhMOP 
(top), COOH-C5-clickRhMOP (middle) and COOH-PEG3-clickRhMOP (bottom) in 

DMSO-d6 under acidic conditions (acetic acid-d4, 100 ºC, 5 h) (blue).

Figure 5.23 DOSY NMR representation (300MHz, 25ºC) of  COOH-bz-clickRhMOP (blue), 
COOH-C5-clickRhMOP (black) and COOH-PEG3-clickRhMOP (green) in DMSO-d6.
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MALDI-TOF analysis also proved that, upon reaction of ethynylRhMOP with 
each of the three types of carboxylic acid substrates separately, each func-
tionalised product has a higher molecular weight than the starting MOP. In 
all cases, a broad signal containing the expected molecular formula for each 
acid derivative of ethynylRhMOP was observed (Figures 5.24). Unfortunate-
ly, the required intensity of the laser for ionization caused partial breakage 
of the COOH-Bz-clickRhMOP (Figures 5.24a) and COOH-PEG₃-clickRhMOP 
(Figures 5.24c) structures. Free carboxylic acid groups were also evident in the 
FT-IR spectrum of all three COOH-functionalised MOPs, which showed a new 
stretching C=O band centred at ca. 1728 cm-1 that corresponds to the presence 
of free carboxylic acid groups (Figures 5.25). Therefore, CuAACs enable not 
only the synthesis of COOH-functionalised MOPs but also enable control over 
the type (i.e., aliphatic or aromatic) and length of the spacer between the MOP 
core and the surface carboxylic acid groups.

Figure 5.24 (a) MALDI-TOF spectrum of COOH-Bz-clickRhMOP in DMF. The molecular 
weight corresponding to the formula [Rh24(5-(1-(4-carboxyphenyl-1H-1,2,3-triazol-4-yl)-
bdc)24 + H⁺]⁺·DMF has been highlighted: expected m/z = 10974; found m/z =10975. (b) MAL-
DI-TOF spectrum of COOH-C5-clickRhMOP in water. The molecular weight corresponding 
to the formula [Rh24(5-(1-(5-carboxypentyl-1H-1,2,3-triazol-4-yl)-bdc)24 + H⁺]⁺·DMF· 4H2O 
has been highlighted: expected m/z = 11064; found m/z =11068. (c) MALDI-TOF spectrum 
of COOH-Bz- clickRhMOP in DMF. The molecular weight corresponding to the formula 
[Rh24(5-(1-carboxy-PEG3-1H-1,2,3-triazol-4-yl)-bdc)24 + H⁺] ⁺·DMF· 4H2O has been high-

lighted: expected m/z = 13071; found m/z =13066.
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Figure 5.25 FT-IR spectra of the ethynylRhMOP (grey) compared with COOH-Bz-click-
RhMOP (blue), COOH-C5-clickRhMOP (black) and COOH-PEG3-clickRhMOP (green). 
Note that, the signal attributable to the acetylenic proton is completely vanished after the 
reaction and signals attributable to the free carboxylic acid (νC=O = ca. 1728 cm-1) groups 

become observable. 

Next, we challenged our approach by attempting the synthesis of the first ever 
MOP functionalised with available phosphonic acid groups. Phosphonic acids 
are highly coordinating groups that are generally incompatible with metal-or-
ganic structures. However, we found ethynylRhMOP to be stable against free 
phosphonic acids such as phenylphosphonic acid, which encouraged us to pur-
sue its post-synthetic functionalisation with pendant phosphonic acid groups 
(Figure 5.26). However, the high coordination capabilities of phosphonic acid 
groups precluded the use of the previously used catalytic mixture as a precip-
itate attributed to the coordination of Cu(I)/Cu(II) to the phosphonate groups 
immediately appeared after mixing all the reaction components even in acid-
ic media. Thus, we took inspiration frem the biochemical field to develop an 
alternative CuAAC methodology for MOPs. Avoiding the formation of highly 
toxic reactive oxygen species (ROS) when Cu(I/II) interacts with oxygen is one 
of the most concerning issues when CuAAC is used for bioconjugation.

Chapter  5     |



192

One method to avoid this formation is the use of copper-free strain-promoted 
azide-alkyne cycloaddition (SPAAC), which, however, significantly reduces the 
reaction rate by 10-100 times. In order to maintain the favorable kinetics of 
CuAAC, another approach involves the addition of external ligands that can 
form complexes with Cu(I). This allows for better control of the active species 
within the reaction media and prevents the formation of toxic ROS species by 
stabilizing the oxidation level (+I). Inspired by this synthetic strategy, we select-
ed tris-hydroxypropyltriazolylmethylamine (THPTA) to capture the Cu(I) cata-
lytic species and, therefore, prevent coordination of the phosphonate groups 
to the copper catalyst (Figure 5.27).

Figure 5.26 Stability test. UV-Vis spectrum of ethynylRhMOP and 36 
mol. eq. of phenylphosphonic acid in DMF before and after incuba-

tion at room temperature for 9 hours (0.22 mM).

Figure 5.27 Schematic representation of the selected chelating 
agent to protect capture Cu(I) species during the CuAAC reaction. 
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Therefore, the click reaction between ethynylRhMOP and H₂PO₃-PEG₃-N₃ (36 
mol. eq.) was performed in the presence of the previously employed catalytic 
mixture comprising CuSO₄ (0.25 mol. eq. per alkynyl group), sodium ascorbate 
(7.5 mol. eq. per alkynyl group, 30 mol. eq. per Cu(II) ion) and THPTA (1.25 mol. 
eq. per alkynyl group). After 1 h of reaction at room temperature, a precipitate 
(hereafter named H₂PO₃-PEG₃-clickRhMOP) was obtained, isolated by cen-
trifugation, and subsequently washed with 0.3 M HCl and water (yield: 87%). 
The integrity of the Rh(II)-Rh(II) paddlewheel in H₂PO₃-PEG₃-clickRhMOP was 
first confirmed by the presence of the characteristic λmax = 582 nm in the UV-
Vis spectrum (Figure 5.28a). The MALDI-TOF spectrum of H₂PO₃-PEG₃-click-
RhMOP revealed a broad peak with a centred m/z value of 13855.5 g/mol, in 
good agreement with a Rh(II)-MOP of formula [Rh24(5-phosphono-PEG₃-
(-1H-1,2,3-triazol-4-yl)-bdc)₂₄ + H⁺]⁺ · 4H₂O (expected m/z for this formula = 
13855.0) (Figure 5.28b).

Figure 5.28 (a) UV-Vis spectrum of the PO32-- PEG3-clickRhMOP in basic water 
(pH = 12.5, 0.346 mM). λmax is centred at 582 nm. (b) MALDI-TOF spectrum of the 

PO32-- PEG3-clickRhMOP in water. 

Furthermore, the 1H-NMR spectrum of H₂PO₃-PEG₃-clickRhMOP in D₂O evi-
denced the solubility modulation because of the graphting of the phosphonate 
groups and revealed the disappearance of the alkyne protons and the appear-
ance of broad PEG and aromatic signals (Figure 5.29a). The use of the THPTA 
allowed to quantitatively convert all the free alkynyl groups, as demonstrated 
by the ¹H NMR spectrum of the digested product (Figure 5.29b).
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Figure 5.29 (a) ¹H-NMR spectrum 
(300 MHz, 25 ºC) of PO32--PEG3-click-
RhMOP in basic D2O (pD =10.0). A 
star tag indicates residual acetone. 
(b) ¹H-NMR spectrum (300 MHz, 25 
ºC) of the digested H2PO3- PEG3-click-
RhMOP in DMSO-d6 under acidic 
conditions (DCl, 100 ºC, 2 h).

Figure 5.30 (a) DOSY NMR representation (300 MHz, 25 ºC) of PO32--PEG3-clickRhMOP in 
D2O (pH =12.1). The diffusion coefficient (D = 2.3·10-11 m2·s-1) for the residual water signal 
was used as internal reference to corroborate the veracity of the measurement. (b)  Simulat-
ed structure of PO32--PEG3-clickRhMOP. Colour code: Rh(II) (green), C (black), H (white), O 

(red), N (blue) and P (gold). For simplicity, the MOP core is displayed as translucent.
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Figure 5.31 FT-IR spectra of the ethynylRhMOP (black) compared with 
H2PO3-PEG3-clickRhMOP (blue).

The hydrodynamic radius calculated from diffusion coefficient of 7.2 · 10-11 m2 
s–1   was 2.6 nm, in agreement with the simulated structure (Figures 5.30a). As 
in the case of COOH-PEG3-clickRhMOP, the PEG chains are wrapped around 
the MOP core (Figure 5.30b).

The presence of the free phosphonic acid group on H₂PO₃-PEG₃-clickRhMOP 
was further confirmed by FT-IR, which exhibited the characteristic band cen-
tred at 1044-1046 cm-1 (Figure 5.31). Altogether, these results demonstrate 
that ethynylRhMOP is stable under homogenous conditions in the presence of 
free phosphonic acids and chelating agents. This outstanding stability enabled 
quantitative functionalisation of the surface of ethynylRhMOP with 24 availa-
ble phosphonic acid groups.

The porosity of the new carboxylic or phosphonic acid-functionalised MOPs 
was assessed in CO₂-adsorption experiments at 200 K, which revealed that all 
the tested MOPs were porous to CO2. Specifically, the maximum CO₂-uptake 
capacities at 1 bar were: 2.13 mmol/g (COOH-Bz-clickRhMOP); 1.61 mmol/g 
(COOH-C₅-clickRhMOP); 3.53 mmol/g (COOH-PEG₃-clickRhMOP); and 2.23 
mmol/g (H₂PO₃-PEG₃-clickRhMOP) (Figure 5.32). Therefore, synthesised car-
boxylic or phosphonic acid-functionalised MOPs combine permanent porosity 
with on-surface coordination and covalent reactivity, making them ideal can-
didates as porous monomers in subsequent self-assembly processes.
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Figure 5.32 CO2 adsorption isotherms at 200 K for COOH-Bz-clickRhMOP (a), 
COOH-C5- clickRhMOP (b), COOH-PEG3-clickRhMOP (c) and H2PO3-PEG3-clickRhMOP (d).

Finally, we studied the pH-dependent solubility of all the synthesised carboxyl-
ic or phosphonic-acid functionalised MOPs. As expected, both types of MOPs 
were soluble in aqueous solution upon the stoichiometric deprotonation of the 
peripheral carboxylic or phosphonic acids, to obtain the corresponding car-
boxylate or phosphonate groups, respectively, affording negatively charged 
MOPs, as demonstrated by Z-potential measurements (Figure 5.33). However, 
the pH range in which each MOP was found to be water-soluble varied accord-
ingly to its respective functionalisation (Figures 5.34). Thus, whereas carboxylic 
acid-functionalised MOPs precipitated out at pH 4.5 to 5.5, due to protonation 
of the surface COOH group, the phosphonic acid-functionalised one was sol-
uble in water up to pH 2.7, which reflects the higher pKa of carboxylic acids 
relative to phosphonic acid.
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Figure 5.33  Z-Potential values of the carboxylic- or phosphonic-functionalized 
Rh(II)-MOP in basic aqueous media.

Figure 5.34  UV-Vis spectra of COOH-Bz-clickRhMOP (a), COOH-PEG3-clickRhMOP (b), 
COOH-C5- clickRhMOP (c) and H2PO3-PEG3-clickRhMOP (d). Ɛ is preserved in all cases, 

thus demonstrating the integrity of the Rh(II)-Rh(II) paddle-wheel.
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5.2.4 Synthesis and bio-recognition capabilities of biotinylated MOPs

 
Since we have demonstrated that the molecules introduced onto the ethynyl-
RhMOP surface through click chemistry reactions retain their physicochemical 
properties such as acid-base reactivity, we aimed to investigate the feasibility 
of extending this approach to more complex processes involving supramolec-
ular interactions, such as bio-recognition. Avidin-biotin was selected as a mod-
el system due to its strong non-covalent interaction. In this system, avidin, a te-
trameric protein, can bind up to four biotin molecules in specific binding sites. 
This interaction has been extensively utilized in biochemical assays, diagnos-
tics, drug delivery systems, among others. Biotinylation of organic or inorganic 
nanoparticles, which involves attaching biotin molecules to their surface, has 
proven to be an effective method for enhancing their ability to interact with 
biological systems through the widely known biotin-streptavidin/avidin inter-
action.19 For example, biotinylated nanoparticles have proven invaluable in the 
development of innovative biosensors and targeted delivery systems.20,21

Consequently, as a first step towards the development of MOP-based biocon-
jugates, we employed CuAAC for the biotinylation of MOPs, and then studied 
the resultant products for their interactions with avidin. EthynylRhMOP was bi-
otinylated by reacting it with biotin-PEG₅-azide under the same standardised 
click conditions previously used for the model compounds (i.e., azidobenzene). 
The structure of the product, hereafter named biotin-PEG₅-clickRhMOP, was 
confirmed by ¹H-NMR in DMSO-d₆, which showed new broad signals that cor-
respond to PEGylated biotin (Figure 5.35).

DOSY NMR revealed the same diffusion coefficient (D = 7.6 · 10-11 m2 s–1) 
for these signals and for the aromatic peaks assigned to the MOP core (Fig-
ure 5.36a). The calculated hydrodynamic radius was 2.5 nm in agreement with 
equilibrium configuration of the simulated structure (Figure 5.38a). The incor-
poration of the PEG-biotin moiety onto the surface of ethynylRhMOP was 
further confirmed by mass spectrometry, which revealed a broad peak that 
included the expected mass for [Rh₂₄(5-biotin-PEG₅-(-¹H-1,2,3-triazol-4-yl)-
bdc)₂₄ + H⁺]⁺ of 19770 g/mol (Figure 5.36b).
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Figure 5.35  (a) ¹H-NMR spectra (300 MHz, 25 ºC) of  biotin-PEG5-clickRhMOP 
in DMSO-d₆ (blue) and the biotin-PEG5-N3 (black). (b) ¹H-NMR spectrum 
(300MHz, 25ºC) of biotin-PEG₅-clickRhMOP in DMSO-d₆. Integration reveals 

complete biotinylation of ethynylRhMOP.
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Figure 5.36  (a) DOSY NMR representation (300 MHz, 25 ºC) of the bio-
tin-PEG5-clickRhMOP in DMSO-d6. The diffusion coefficient (D = 6.3·10-10 m2·s-
1) for the residual DMSO signal was used as internal reference to corroborate 
the veracity of the measurement. (b) MALDI-TOF spectrum of biotin-PEG5-click-
RhMOP in DMSO. Such spectrum demonstrates the preservation of a large mo-
lecular entity after the CuAAC reaction. The molecular weight corresponding to 
the formula [Rh24(5-biotin-PEG5-(-¹H-1,2,3-triazol-4-yl)-bdc)24 + H⁺]⁺ · 4H2O has 
been highlighted: expected m/z = 19842; found m/z =19839. The required intensi-

ty of the laser for ionization caused partial breakage of the structure.

Next, we aimed to test the biorecognition capabilities of biotin-PEG₅-click-
RhMOP. To this end, we employed the competitive HABA-avidin binding assay. 
In this assay, 2-(4-hydroxyphenylazo)benzoic acid (HABA) initially occupies the 
four possible binding sites of avidin. When this interaction occurs, λmax is centred 
at 500 nm, in contrast to the free form of HABA, whose λmax is at 350 nm. The 
addition of free biotin to this complex induces the quantitative replacement of 
HABA due to the greater affinity of avidin for biotin (Kd = 10-15) than for HABA 
(Kd = 10-6). Therefore, the stoichiometric exchange between HABA and biotin 
can be followed through UV-Vis spectroscopy, by monitoring the changes in ab-
sorbance of the band centred at 500 nm (Scheme 5.37).
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Figure 5.37 Schematic representation of the competitive HABA-avidin binding assay.

Thus, to study the biorecognition capabilities of MOP-bounded biotin moi-
eties, we performed a competitive test in which increasing amounts of bio-
tin-PEG5-clickRhMOP were added to separated aliquots of HABA-avidin at a 
constant concentration. The reaction mixture was maintained in solution up 
to the addition of one biotin-PEG₅-clickRhMOP per avidin (i.e. 24 biotin mole-
cules per avidin), after which partial precipitation was observed. The analysis of 
the aliquots that remained in solution revealed that biotin-PEG5-clickRhMOP 
does indeed recognise avidin (Figure 5.38c). Furthermore, the molecular na-
ture of the biotin-PEG₅-clickRhMOP enabled calculation of the stoichiometry 
of these interactions. Thus, the average number of avidin groups attached 
to the MOP was found to be 1, irrespective of the excess amount of avidin in 
solution (Figure 5.38d). This result implies that, once one avidin protein has at-
tached to the MOP surface, there is strong steric hindrance that inhibits the 
recognition by the remaining 23 available biotin moieties on the surface. This 
steric hindrance might arise from the relative size of avidin (maximum cross 
section of ca. 8 nm) relative to the biotin-PEG₅-clickRhMOP (diameter of ca. 5 
nm), and/or to the mutual steric hindrance of surface-bound biotin groups, giv-
en their high surface density (ca. 0.5 biotin molecules per nm2) (Figure 5.38a 
and 5.38b).
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Figure 5.38  (a) Snapshot of the equilibrium structure of biotin-PEG5-clickRhMOP 
as obtained from molecular dynamics simulations in water solvent. Color code: 
Rh(II) (green); C (black); H (white); O (red); N (blue); S (yellow). For simplicity, the 
MOP core is displayed as translucent. (b) Structure of avidin. (c) Plot of the aver-
age number of avidin proteins interacting with biotin-PEG5-clickRhMOP at differ-
ent molar ratios of biotin-PEG5-clickRhMOP /avidin. (d) Population of avidin that 
interacts with a biotin moiety in solution as a function of the biotin-PEG5-click-

RhMOP molecules per avidin in solution.
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5.3 Conclusions 

We have designed the synthesis of a novel alkyne-functionalised MOP that can 
be post-synthetically modified through CuAAC reactions. The CuAAC reaction 
proceeds quantitatively without compromising the structure of the parent 
MOP structure, which enables the synthesis of densely functionalised MOPs. 
We validated the scope of our approach by decorating the MOP surface with 
a wide range of chemically diverse substrates. For example, we synthesised 
novel MOPs with unprecedented functionalities, including carboxylic or phos-
phonic acid groups, or bioactive biotins. We envisage the use of CuAACs on 
“clickable” MOPs to further expand the repertoire of functional MOPs to guide 
the development of novel catalysts, sensors, and building blocks for hierarchi-
cal bio-mediated self-assembly processes.

5.4 Experimental and computational methods

 
5.4.1 Materials and methods

 
Rh₂(AcO)₄ was purchased from Acros Organics. Dimethyl 5-iodoiosophta-
late was purchased from Fluorochem. Pd(PPh₃)₄, CuI, tetrabutylammonium 
fluoride (1.0 M in THF), triethylamine, ethynyltriisopropylsilane, anhydrous 
MgSO₄, NaOH, TBAF (1M in THF), Na₂CO₃, anhydrous CuSO₄, sodium ascor-
bate, azidobenzene (0.5 M solution in tert-butyl ether), 5-azidohexanoic acid, 
4-azidobenzoic acid (0.2 M solution in tert-butyl ether), Hydroxyphenylazo)
benzoic acid (HABA) and avidin (from egg white, BioUltra, lyophilized pow-
der) were purchased from Sigma-Aldrich. mPEG₄₂-N₃ was purchased from 
Rapp Polymere. COOH-PEG₃-N₃, H₂PO₃-PEG₃-N₃, THPTA and biotin-PEG₅-N₃ 
were purchased from BroadPharm. All deuterated solvents were purchased 
from Eurisotop. Solvents at HPLC grade were purchased from Fischer Chem-
icals. UV−Vis spectra were measured using an Thermo Scientific™ Nano-
Drop 2000 at room temperature (ca. 25°C). NMR spectra were acquired 
using Bruker AVANCE 500 NMR spectrometer operating at 500.13 MHz and 
equipped with a cryoprobe z-gradient inverse probehead capable of pro-
ducing 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 Autonomus University of Barcelona (UAB). Chemical shifts (δ) for 1H 
NMR spectra are reported in parts per million (ppm) and are reported rela-
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tive to the solvent residual peak. Mass Spectroscopy (MALDI-TOF) measure-
ments were performed using a 4800 Plus MALDI TOF/TOF (ABSCIEX – 2010). 
Fourier-Transform Infrared Spectroscopy (FT-IR) measurements were per-
formed using a Bruker Tensor 27. Z-potential measurements were carried out 
using a Malvern Zetasizer Nano ZS. Prior to zeta-potential measurements, a 
standard solution with a zeta-potential of −42 ± 6mV was measured to ensure 
correct calibration. Volumetric CO₂ isotherms were collected at 200K using an 
ASAP 2460 (Micromeritics). Temperature for CO₂ isotherms measurement 
was controlled by a chiller.

5.4.2 Synthetic procedures

5.4.2.1 Synthesis of 5-((triisopropylsilyl)ethynyl)isophthalic acid, 
H2btc-TIPS 

 
H2btc-TIPS was synthesised adapting a procedure from the literature.22 A 200 
mL three neck Schlenk flask was purged using vacuum and filling with Ar along 
three consecutive cycles. Then, dimethyl 5-iodoiosophtalate (2g, 6.25 mmol), 
Pd(PPh₃)4 (487.94mg, 0.44mmol) and CuI (71.4mg, 0.37mmol) were added and 
the flask was evacuated under vacuum and refilled with Ar three times more. 
The solids were dissolved by addition of both anhydrous THF (50 mL) and de-
gassed triethylamine (20mL). Then, the mixture was cooled down to 0 °C in 
an ice bath, and ethynyltriisopropylsilane (1.71 g, 9.38mmol) dissolved in anhy-
drous THF (5mL) was added dropwise into it via syringe. The resulting yellow 
solution was stirred at room temperature for 1 hour and then, reacted under re-
flux and argon atmosphere for additional 18 hours. After that, the mixture was 
cooled down to room temperature and CHCl₃ (50mL) was added into it. The 
resulting mixture was subsequently washed three times with water (30mL). 
The recovered organic layer was dried over MgSO₄, filtered, and evaporated 
under vacuum. The obtained crude product was purified by column chroma-
tography on silica gel using CH₂Cl₂ to obtain dimethyl 5-((triisopropylsilyl)eth-
ynyl) isophthalate as a yellowish oil. This intermediate product was dissolved 
in a THF: methanol (60mL, 1:1) mixture, and a NaOH aqueous solution (30mL, 
1M) was slowly added. After 1 hour reacting under stirring at room tempera-
ture, the organic fraction of the solvent mixture was subsequently evaporated 
under vacuum and aqueous HCl (3M) was added drop-wise under stirring until 
pH 1 was reached. The resulting white solid was collected by filtration, washed 
with water, and dried in a vacuum oven at 85°C (1.73 g, yield: 76 %).
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5.4.2.2   Synthesis of alkyne-protected Rh(II)-MOP

 
Rh₂(AcO)₄·2 MeOH (20mg, 0.04mmol), H₂bdc-TIPS (74.4mg 0.2mmol) and 
Na₂CO₃ (25 mg, 0.2mmol) were dispersed in 4mL of DMA. The mixture was 
then transferred to a scintillation vial and heated at 100 °C for 48 hours. A deep 
green solution was obtained and separated from the residual solids by centrif-
ugation. The crude product was obtained by precipitation with water (20 mL) 
and then, separated by centrifugation. The solid was washed with water and 
dried by lyophilization. The resulting green solid was washed two times with 
methanol (20mL) for further purification and dried in a vacuum oven at 85°C 
overnight (93.9 mg, yield: 80 %).

5.4.2.3   Deprotection procedure of alkyne-protected Rh(II)-MOP. 
Synthesis of ethynylRhMOP

 
The alkyne-protected Rh(II)-MOP (10 mg, 0.96 µmol) was dissolved in THF 
(1mL). Then, tetrabutylammonium fluoride (34.7µL, 34.7µmol, 1 M solution in 
THF) was added to this solution under stirring, from which a blue precipitate 
appeared. This solid was rapidly centrifuged and subsequently washed three 
times with THF (2mL) and dried under air.

5.4.2.4 Copper-catalysed azide-alkyne cycloaddition on Rh(II)-MOPs 

 
General CuAAC protocol for Rh(II)-MOPs

EthynylRhMOP (6.72 mg, 0.96 µmol) and the desired azide-functionalized 
ligand (34.56 µmol) were dissolved in DMSO (10 mL). Then, two aqueous 
solutions of sodium ascorbate (1.04 M) and CuSO4 (0.7 M) were prepared.  
The addition of the required amount of catalyst (100 µL of CuSO₄ and 200µL 
of sodium ascorbate) to complete the reaction was added stepwise in five 
additions over a period of 1.25 hours under stirring. Once the additions were 
completed, the mixture was reacted at room temperature overnight. Finally, 
the obtained reaction products were separated and purified according to their 
solubility (purification details provided for each MOP below).
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Bz-ClickRhMOP

EthynylRhMOP (6.72 mg, 0.96 µmol) and azidobenzene (69.12 µL from a 0.5 
M solution in tert-butyl ether, 34.56 µmol) were dissolved in DMSO (10 mL). 
The CuAAC reaction were performed following the above-described general 
procedure. Then, ethyl acetate (40 mL) was used to precipitate the product 
obtaining an orange coloured solid. This solid was washed once with a mixture 
of DMF: 0.3 M HCl (40 mL, 1:2) and twice with a DMF/H₂O mixture (40 mL, 1:2). 
The final blue solid was dried in a vacuum oven at 85 °C for 2 hours. 

Polymeric ligands 

EthynylRhMOP (6.72 mg, 0.96 µmol) and mPEG₄₂-N₃ (67.05 mg,34.56 µmol) 
were dissolved in DMSO (10mL). The CuAAC reaction were performed fol-
lowing the above-described general procedure. The obtained reaction mix-
ture was precipitated with Et₂O (200mL). Then, the resulting red solid was 
collected by centrifugation and dissolved in water (5mL). Upon addition of 10 
mL CHCl₃, a change in colour of the CHCl₃ phase indicated a phase transfer 
of the mPEG₄₂-clickRhMOP into this organic phase. After removing the aque-
ous phase, the CHCl₃ phase was extracted three times with 0.3 M HCl (10mL) 
and three times with water 10 mL. The colour of the organic phase changed to 
green, indicating the removal of remaining coordinated DMSO. Et₂O (25mL) 
was added to the organic phase, which induced the precipitation of a green 
precipitate that was isolated by centrifugation. This precipitate was re-dis-
solved in water (10mL) and filtered using a centrifugal filter with a molecular 
cut-off of 10 kDa, in order to remove uncoupled mPEG₄₂-N₃. This was repeated 
three times (30mL as a total amount of water). The concentrated and cleaned 
MOP solution was then removed from the filter. Again, after adding CHCl₃  
(5 mL), the mPEG₄₂-clickRhMOP was transferred into the organic phase, which 
was then precipitated using Et₂O (30mL) and collected by centrifugation. 
In order to remove remaining water and CHCl₃, the resulting solid was stirred 
for three days with 20 mL Et₂O, exchanging the Et₂O at least three times. 
Finally, the clean mPEG₄₂-clickRhMOP was collected by centrifugation and left 
at room temperature to dry.
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5.4.2.5  Introducing coordinating groups 

 
Introducing free carboxylic acid groups 

EthynylRhMOP (6.72 mg, 0.96µmol) and 34.56 µmol of 5-azidohexanoic acid 
(5.1 µL), 4-azidobenzoic acid (172.8 µL from a 0.2 M solution in tert-butyl 
ether) or COOH-PEG₃-N₃ (8.6 mg) were dissolved in DMSO (10mL). The pres-
ence of free carboxylic acids in the reaction required the addition of acid to 
avoid precipitation during the reaction (20 µL, HCl 0.3 M). The CuAAC reaction 
were performed following the above-described general procedure. After the 
reaction, ethyl acetate (40mL) was used to precipitate the product obtaining 
an orange coloured solid. These solids were washed once with a mixture of 
DMF: 0.3 M HCl (40mL, 1:2) and twice with a DMF/H₂O mixture (40 mL, 1:2). 
The final blue solids were dried in a vacuum oven at 85 °C for 2 hours.

Introducing free phosphonic acid groups 

Because of the strong coordinating capabilities of the phosphonic acid groups, 
an alternative pathway to perform the CuAAC was followed. EthynylRhMOP 
(6.72 mg, 0.96 µmol) and H₂PO₃-PEG₃-N₃ (9.82 mg 34.56 µmol) were dissolved 
in DMSO (10 mL). Then, an aqueous solution (160 µL) containing THPTA (15.1 
mg, 34.7 µmol) and CuSO₄ (10 µL from a 0.7 M solution, 6.94 µmol) was added 
to the mixture. Afterwards, sodium ascorbate (41.24 mg, 0.83 M) was added, 
and the mixture was reacted at room temperature overnight. Ethyl acetate 
(40 mL) was used to precipitate the product obtaining an orange-coloured 
solid that was subsequently washed once with 0.3 M HCl (40mL) and twice 
with water (40mL). Then, this purple coloured solid was dissolved in water 
(1 mL) using an aqueous solution of NaOH (46.24µL, 1M). The resulting pur-
ple solution was further purified using a dialysis procedure for 2 days. After 
that, a green solid was precipitated from the aqueous solution by treating 
it with a 3 M HCl until pH 1 was reached. Finally, the solid was lyophilized. 

5.4.2.6  Water-soluble COONa- and Na2PO3-functionalized MOPs

 
The as-made COOH- and H₂PO₃-functionalized MOPs were deprotonated 
into water-soluble MOPs as follows. 0.96 µmol of each of the corresponding 
MOPs were dispersed in 2 ml of water. Then, 24 mol. eq. of NaOH (23.04µL, 
1 M were added to the COOH-functionalized MOPs or 48 mol. eq. of NaOH 
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(46.08 µL, 1 M) to the H₂PO₃-functionalized MOP. In all cases, the addition of 
NaOH induced the complete dissolution of the MOP.

5.4.2.7  Acid digestion of RhMOP

 
Procedure #1: 5mg of the corresponding MOP was dissolved in a mixture of 
500 µL DMSO-d₆ and 20 µL DCl (20wt% in D2O). The mixture was heated at 
100°C for 2 hours to achieve complete digestion of the sample. Alkyne-pro-
tected Rh(II)-MOP, ethynylRhMOP, Bz-clickRhMOP, COOH-PEG₃-clickRhMOP, 
H₂PO₃-PEG₃-clickRhMOP were digested following this protocol #1. 

Procedure #2: 5 mg of the corresponding MOP was dissolved in a mixture of 
500µL DMSO-d₆ and 20µL acetic acid-d₄. The mixture was heated at 100°C 
for 5 hours to achieve complete digestion of the sample. mPEG₄₂-clickRhMOP 
and COOH-C₅-clickRhMOP were digested following this protocol #2.

5.4.2.8  Biotinylation of RhMOPs

 
EthynylRhMOP (6.72mg, 0.96µmol) and biotin-PEG₅-N₃ (18.4 mg, 34.56 µmol) 
were dissolved in DMSO (10 mL). The CuAAC reactions were performed fol-
lowing the above-described general procedure. Afterwards, ethyl acetate 
(40mL) was used to precipitate the product obtaining an orange coloured sol-
id. This solid was washed once with a mixture of DMF /0.3 M HCl (40mL, 1:2) 
and twice with a DMF/H₂O mixture (40 mL, 1:2). The final blue solid was dried 
in a vacuum oven at 85°C for 2 hours.

5.4.3 Competitive HABA-Avidin assay. 

The biorecognition capabilities of the biotin-PEG₅-clickRhMOP were as-
sessed by using a HABA-Avidin competitive assay. Positive and nega-
tive controls were used to corroborate the proper operation of this test. 
The initial HABA-Avidin mother solution was obtained upon the addi-
tion of an HABA (45µL, 8.26mM) aqueous solution to an avidin aque-
ous solution (7.6µM) to obtain a final volume of 10mL. Aliquots of 0.4mL 
of this solution were used to perform the competitive assay using bio-
tin-PEG₅-clickRhMOP and the corresponding positive and negative controls. 
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Positive and negative controls

A biotin stock solution (3.06 mmol, 3.06 mM) was prepared in a mixture of 
DMSO:H₂O (0.8:1). Different amounts of this biotin stock solution (1µL, 2µL, 
4µL and 8 µL) were added to different aliquots of the HABA-avidin stock solu-
tion prepared previously (0.4 ml each aliquot) to finally obtain solutions with 
an increasing biotin:avidin ratio (0.5:1, 1:1, 2:1, 4:1). In parallel, negative con-
trols consisting of the addition of the same volume of DMSO:H₂O (1µL, 2µL, 
4µL and 8µL) to individual aliquots of the initial HABA-avidin stock (0.4mL) 
were performed. The samples were shaken for 5 minutes in darkness. A UV-Vis 
spectrum was recorded for each aliquot (both the positive and the negative 
control) and the obtained absorbency at 500 nm were used to elucidate the 
amount of interacting biotin in each case by using the following formulas:

Biotin-PEG5-clickRhMOP biorecognition capabilities test

The biotin-PEG₅-clickRhMOP biorecognition capabilities were assessed in the 
following manner. Two biotinylated-BCN-23 stock solutions at a concentration 
of 127 µM and 10.6 µM were prepared in a mixture of DMSO and water. In the 
case of the stock solution at 127 µM, the DMSO:H₂O mixture was 0.8:1. In the 
case of the stock at 10.6 µM, the DMSO:H₂O mixture was 0.04:1. Then, 6 µL 
of the 10.6 uM stock or 2 µL, 5 µL, 6 µL, 9 µL, 10 µL of the 127 µM stock were 
added to different aliquots of the HABA-Avidin stock solution (0.4 mL) to pre-
pare solutions with different Biotin-PEG₅-BCN-23: HABA-Avidin molar ratios. 
The mixtures were shaken in darkness for 5 minutes and centrifuged at 15000 
rpm for 3 minutes. Negative controls containing the same amount of DMSO 
but lacking the MOP were also prepared to account for any eventual effect of 
the organic solvent. Similarly, MOP solutions at the same concentration as in 
the biorecognition were prepared to account for the adsorption of the MOP 
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5.4.4 Computational Methods for the Molecular Dynamics Simulations

 
All chemical species were described with full atomistic detail. The species 
included in the simulations are ethynylRhMOP, Bz-clickRhMOP, COOH-Bz- 
clickRhMOP, COOH-C₅- clickRhMOP, COOH-PEG₃- clickRhMOP, H₂PO₃-PEG₃-
clickRhMOP and Biotin-PEG5-clickRhMOP The force field employed for the 
molecules was the CHARMM General Force Field (CGenFF) .24,25 In this force 
field, interatomic non-bonding interactions are given by electrostatic and Len-
nard-Jones 12-6 potentials. Bonded interactions in molecules include harmon-
ic bonds, harmonic angle and dihedral potentials. The molecular models and 
values of the parameters employed for the linker of the Rh-MOP were gen-
erated by analogy by CHARMM General Force Field (CGenFF) web server.25 
The Rh(II)-MOP modelling was done using the Molefacture plugin version 2.0 
included in VMD26 version 1.9.3 by generating the corresponding fragments of 
each linker. The files employed in this modelling step are freely available at our 
GitHub repository.27

During the all-atomic Molecular dynamic (MD) simulations, we fixed the atom-
ic positions of the Rh atoms and of the O atoms directly coordinated to Rh. For 
Rh(II), CHARMM does not provide standard values for Lennard-Jones param-
eters, so we used values fitted from DFT calculations (Rmin= 1.3575 Å and ε= 
-1.973 kcal/mol), as in our previous works.28

All MD simulations were performed using the NAMD program, version 2.14.29 

All simulated systems are shown in Table 5.1. Simulations 1-7 were performed 
in implicit DMSO solvent by considering a dielectric constant of 46.7 (primitive 
model). Simulation 8 was performed in explicit water using the TIP3P model of 
water, employing 21800 water molecules to solvate the structure. 

In all cases, before running the actual MD simulations, we performed an ener-
gy minimization of the initial configurations using NAMD to solve possible bad 
contacts between atoms. 

unit in the UV-Vis. The amount of biotin interacting with the HABA was calcu-
lated following the above-mentioned calculations and calculating the ΔAbs₅₀₀ 
through the following formula. Biotin-PEG₅-clickRhMOP competitive assay 
was performed in triplicates.
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We have performed MD simulations of systems 2 to 7 in Table 5.1, in the NVT 
ensemble at 25ºC. In the case of system 8, we considered the NpT ensemble at 
25ºC and 1 atm. In the case of simulation 1 we considered only an energy min-
imization without further MD simulation because the ethynylRhMOP system 
considered there was extremely rigid and, in this case, thermal effects were 
considered not relevant.  

In the MD simulations, the Newton equations of motion were solved using 
a time step of 2 fs. Electrostatic interactions were computed using the PME 
method with the standard settings in NAMD (1 Å resolution, updated each 
2-time steps). Lennard-Jones interactions were truncated at 1.2 nm employ-
ing a switching function starting at 1.0 nm. Periodic boundary conditions were 
employed in all directions. The employed thermostat was the Langevin ther-
mostat as implemented in NAMD with the standard relaxation time of 1 ps. 
In the case of simulations performed with implicit DMSO (Systems 2-7), the 
volume of the simulation box was 216 nm3. In the NpT simulation of System 8 
in explicit water, the pressure was kept constant at 1 atm using the Nosé-Hoo-
ver-Langevin piston barostat (oscillation period of 100 fs and decay time of 50 
fs). The volume of the equilibrium simulation box was 666.2 nm³.

The simulation time was 25 ns for the systems in implicit solvent (systems 2 to 
7) and 100 ns for the simulation performed in explicit water (System 8).

Table 5.2 Summary of all the MD carried out in this study. 
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06General Conclusions

6.1 General Conclusions

 
The development of this Thesis was focused on positioning MOPs, and more 
precisely cuboctahedral Rh(II)-MOPs, as molecular nanoparticles. For that, 
we aimed to explore the possibilities offered by the combination of a dense-
ly functionalized surface and the presence two orthogonal reactive sites. The 
reactivity of these two site-specific chemistries was studied both individually 
and synergistically, being such synergistic effect a key-point to introduce cub-
octahedral Rh(II)-MOPs on specific applications. In particular, special efforts 
were addressed on engineering molecular systems in which the governance 
of Rh(II)-MOPs on the solubility of coordinatively anchored molecules plays 
a critical role. Motivated by the pivotal role of covalently bounded groups on 
the surface of Rh(II)-MOPs on their resulting properties as molecular nanopar-
ticles, we have also devoted efforts to expand and diversify their functionality 
through the PSM approach.

Within this frame, we firstly demonstrated the potential of Rh(II)-MOPs to con-
trol the solubility of coordinatively anchored molecules based on the pH-de-
pendent solubility of water-soluble carboxylic-functionalized cuboctahedral 
MOPs. This approach was implemented into a pH-controlled organic pollutant 
removal system. The rapid and reversible acid-base reactivity of the carboxylic 
groups exhibited on the selected cuboctahedral Rh(II)-MOPs demonstrated 
to be essential for this strategy. Particularly, at high pH, anionic water-soluble 
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COONaRhMOP was formed and the outer surface interacted, through coor-
dination chemistry, with organic pollutants bearing basic N-donor atoms. The 
interaction immediately occurred thanks to the concomitant absence of dif-
fusion barriers of a homogeneous system. A rapid decrease in pH forces the 
precipitation of the resultant MOP-pollutant complex leaving purified water. 
Remarkably, the efficiency of the approach was tested for a collection of water 
contaminants at various concentrations, using both single and multiple-pollut-
ant solutions, with a wide range of pKa values and coordination strengths. The 
coordinative interaction demonstrated not only to influence on the solubility 
profile exhibited by these molecules but also on their protonation capabilities 
of as the removal efficiencies were remarkable even though final pH values 
were below the tabulated pKa values. Moreover, an easy regeneration by us-
ing readily available reagents (CaCl2 and NaOH) together with the unprece-
dented robustness of Rh(II)-MOPs, provided by the Rh(II)-Rh(II) paddlewheel 
unit, allowed multiple cycles of removal/regeneration maintaining the removal 
performance. Remarkably, multi-component systems showed the possibility 
to induce cooperative hydrophobic and Van del Waals interactions that unlock 
the possibility to enhance the performance and even the use of Rh(II)-MOPs 
to remove non-coordinating pollutants; thus enlarging the scope of this ap-
proach.

Overall, this work lays the foundation for the development of pH-induced pre-
cipitation of organic pollutants, akin to currently used methods for the removal 
of inorganic salts. Moreover, we envisage that the wide structural versatility 
of MOPs will enable such approach to be extended to many other organic 
pollutants, especially by exploiting other MOP-pollutant interactions than (or 
in addition to) coordination chemistry, including host-guest, π–π and electro-
static interactions, chiral recognition and combinations thereof. Therefore, the 
results presented here widen the scope of applications for the emerging wa-
ter-soluble metal-organic cages toward pollutant removal and environmental 
applications. In this regard, we have already demonstrated that the highly spe-
cific MOP-pollutant interactions can be transferred to photonic sensors for the 
real time monitoring of organic pollutants in water. 

Next, the potential selectivity exhibited by the Rh(II)-Rh(II) paddlewheel was 
targeted to evaluate the possibilities of cuboctahedral Rh(II)-MOPs to dis-
criminate between molecules in solution. Specifically, steric hindrance from 
the pyridine substituents surrounding the coordinating N-atom was found to 
induce selectivity in the exohedral coordination positions of the Rh(II)-Rh(II) 
paddlewheel in solution. The mechanism of such selectivity was elucidated 
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through a combination of computational (MD) and experimental studies (UV-
Vis and NMR). Such selectivity was synergistically combined with the solubility 
control over coordinatively anchored molecules to engineer liquid-liquid sepa-
ration systems. The tuneable solubility provided by external organic function-
alisation of Rh-MOP, enabled to adapt the extraction system to the specifics of 
each isomeric mixture. This approach was implemented both using the Rh(II)-
MOP as retaining agent or as extracting agent. Remarkably, the extracting 
approach demonstrated the power of such mechanism, as the working prin-
ciple was maintained even with a minimum contact in the interphase when 
the biphasic systems were shaken. We believe that this steric hindrance-driv-
en selectivity will open up new avenues in the field of chemical purifications, 
including for challenging mixtures such as racemates, as well as for practical 
applications such as pollutant removal and drug purification. Specifically, our 
approach benefits from a selective interaction that is an order of magnitude 
higher than other supramolecular interactions (i.e., Van der Waals, H-bonding, 
π-π, etc…), which enables the development of robust self-sorting systems able 
to operate in challenging conditions (i.e., aqueous conditions, high tempera-
ture, wide range of concentrations). Additionally, we established an important 
collaboration with the Institut de Ciència de Materials in regard to the of study 
Rh(II)-MOPs through computational techniques. This work paves the way to 
model the behaviour of MOPs both in solution and solid state, giving highly 
precious information to correlate the experimentally observed surface effects 
of MOPs. This information allows us to better understand how Rh(II)-MOPs 
interact with their chemical environment and to precisely design systems in 
which the surface chemistry of such molecular nanoparticles plays an specif-
ic-role.

Finally, considering the huge influence of the surface functionalization on the 
properties and the potential applications of Rh(II)-MOPs, we developed a ver-
satile PSM approach to enable introducing a wide range of functional groups 
that cannot be easily grafted either by direct synthesis or current post-syn-
thetic approaches. We selected copper-catalysed azide-alkyne cycloaddition 
(CuAAC), as it stands as one of the most versatile chemical tool to post-syn-
thetically modify molecular and extended architectures because of its high 
compatibility with a myriad of functional groups and synthetic conditions. 
We expanded the use of protection/deprotection strategy to introduce the 
required alkyne moiety. Such previous step was required as alkyne moiety 
is not compatible with the solvothermal/basic conditions for the Rh(II)-MOP 
synthesis. Once again, the robustness of the Rh(II)-Rh(II) paddlewheel demon-
strated to have an important role as the structural stability of the Rh(II)-MOP 
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was not endangered when the required conditions to proceed with CuAAC re-
action were used (i.e., presence of metallic salts and reducing agents). A wide 
scope of substrates with very different chemical profile were quantitatively 
post-synthetically introduced to the Rh(II)-MOP surface following both the 
classic Cu(II)/NaAsc catalytic cycle and the alternative pathways that comprise 
the use of chelating agents to protect the formed Cu(I) ions (i.e., THPTA). This 
last development allowed to introduce free phosphonic acid groups on a met-
al-organic material for the first time and pave the way to bio-functionalization 
of Rh(II)-MOPs with Cu(II)-sensitive biomolecules, such as proteins or DNA. 
Deep NMR characterization of the product obtained from the reaction of the 
alkynyl-funcyionalized RhMOP allowed to demonstrate that the regioselec-
tivity of the CuAAC reaction was maintained. This study also allowed to stab-
lish a very valuable collaboration with the Servei de Ressonànica Magnètica 
Nuclear (SeRMN) from the Universitat Autònoma de Barcelona (UAB) and to 
deepen on the information that NMR techniques can provide. The introduced 
surface functionalities demonstrated to retain their chemical activity and co-
operatively modulate the physicochemical properties of Rh(II)-MOPs, leaving 
the coordinating open metal-sites available to further exploit their chemical 
capabilities. Since we have demonstrated that the molecules introduced onto 
the Rh(II)-MOP surface through click chemistry reactions retain their physico-
chemical properties, we aimed to investigate the feasibility of extending this 
approach to more complex processes involving supramolecular interactions, 
such as bio-recognition. Avidin-biotin was selected as a model system due to 
its strong non-covalent interaction. Biotinylated Rh(II)-MOP demonstrated to 
retain the biorecognition capabilities of the biotin moiety, as supramolecular 
interaction was detected though a competitive HABA-Avidin assay. This bi-
orecognition allowed to form supramolecular adducts composed of one avidin 
and one biotinylated Rh(II)-MOP. The crowding effect on this interaction and 
the possibility to further exploit such interaction to immobilize active proteins 
on an extended framework will be further explored in soon coming studies.
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GLOSSARY

List of acronyms and abbreviations

Adaptive biased force

Aqueous

Atrazine

Benzothiazole

Benzotriazole

Aproximately

Cetyltrimethylammonium

Concentration

Copper-catalyzed azide-alkyne cycloaddition 

Covalent organic framework 

Cyclopentadienyl

Deoxyribonucleic acid

Dichloromethane

Diffusion-ordered spectroscopy

Dimethyl sulfoxide

Dimethylformamide

Ethylenediamine

For example

Four-connected

Fourier transform infrared spectroscopy

Gas chromatography

Institut Català de Nanociència i Nanotecnologia 

Inductively coupled plasma mass spectrometry 

Inverse-electron-demand Diels-Alder

ABF

aq.

ATZ

BTZ

BT

c.a

CTA

Conc.

CuAAC

COF

Cp

DNA

DCM

DOSY

DMSO

DMF

en

e.g.

4-c

FT-IR

GC

ICN2

ICP-MS

IEDDA
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Isonicotinic acid

Isophtalic acid/1,3-benzenedicarboxylic acid

Isoquinoline

Ligand

Matrix-assisted laser desorption/ionisa-
tion-time-of-flight

Metal

Metal-organic framework

Metal-organic polyhedra

Minutes

Molar. Equivalents.

Molecular dynamics

Normal-electron-demand Diels-Alder 

Nuclear magnetic resonance

Phosphate buffered saline

Picolinic acid

Polyethylene glycol

Post-synthetic modification 

Professor

Radial distribution functions

Removal efficiency

Reversible-addition fragmentation chain transfer

Rh(II)-based mops

Scanning Electron Microscopy-Energy Dispersive 
X-ray spectroscopy

Stimuli-responsive MOP

Strain-promoted azide-alkyne cycloaddition

Tetrahydrofuran

4-Coohpy

bdc

IQ

L

MALDI-TOF

 
M

MOF

MOPs

min

Mol. Eq.

MD

DA

NMR

PBS

2-Coohpy

PEG

PSM

Prof.

rdf

RE

RAFT

Rh(II)-mops

SEM-EDX

 
sr-MOPs

SPAAC

THF
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That is

Ti(IV)-based MOP

Trifluoroacetic acid

Triisopropylsilyl

Tris-hydroxypropyltriazolylmethylamine

Ultraviolet-visible

United states environmental protection agency

Zr(IV)-based mops

1,4-benzenedicarboxylic acid

1-naphthylamine

1-substituted ciclopentadiene

2-chloropyridine

2-iodopyridine

2-octadecylnorbornadiene

2-substituted norbornadiene

3-chloropyridine

4- iodopyridine

i.e.

Ti(IV)-MOPs

TFA

TIPS

THPTA

UV-vis

USEPA

Zr(IV)-MOPs

1,4-bdc

NA

R-CPD

2-Clpy

2-Ipy

C18-NBD

R-NBD

3-Clpy

4-Ipy
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