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Resumen 
 

Las redes metal-orgánicas (en inglés, Metal-Organic Frameworks, MOFs) constituyen 

un campo relativamente nuevo de la química de materiales. El desarrollo de estos 

materiales ha sufrido un crecimiento exponencial desde su creación en la década de los 

90, y en gran parte se debe a estrechan la brecha existente entre dos campos de la química 

que siempre se han mantenido independientes: la química inorgánica y la orgánica. Los 

MOFs son materiales que presentan una estructura cristalina que surge de sinergia entre 

la combinación de moléculas orgánicas (en inglés, linkers) y de unidades inorgánicas que 

pueden ser centros metálicos o un clúster de estos (en inglés, Secondary Building Units, 

SBU). Por tanto, las características intrínsecas de los dos tipos de unidades de 

construcción (composición, geometría, conectividad, reactividad) brindan a estos 

materiales de una gran riqueza estructural y química. Esta versatilidad será una de sus 

características clave ya que permite extender sus aplicaciones a un amplio abanico de 

posibilidades: catálisis, adsorción y separación de gases, almacenamiento de energía, 

aplicaciones biomédicas.  

Los MOFs son responsables del auge de la química reticular, ya que permitieron 

desarrollar la química más allá de la molécula (0-1 dimensiones) y así explorar y ampliar 

la diversidad estructural de estructuras extendidas en dos y tres dimensiones. Las 

propiedades químicas, físicas y estructurales de un MOF dependen de la composición de 

su SBU, por lo tanto, mediante la modulación de estas SBUs es posible dotar al MOF de 

las características deseadas, y “diseñarlo a medida” para una aplicación concreta. Con el 

afán de ir más allá de una red sencilla y optimizar las propiedades de estos materiales 

multifuncionales, en los últimos años se ha ido introduciendo el concepto de 

heterogeneidad. Mediante la combinación de varias SBUs con la misma geometría y 



II 

 

conectividad, pero diferente composición en posiciones topológicamente equivalentes, es 

posible introducir cierto grado de heterogeneidad dentro del “orden” o periodicidad de la 

red. El material multimetálico resultante contará con las ventajas de la combinación de 

los cationes metálicos que lo componen, y generalmente estos materiales presentan una 

mejora de algunas propiedades respecto a sus versiones monometálicas. Aunque existen 

diferentes estrategias para insertar dos o más cationes metálicos en una misma red 

(síntesis en un paso o “one-pot” en inglés; intercambio de metales post-sintético; uso de 

metaloligandos; uso de unidades preformadas), no es un asunto trivial dado que es difícil 

predecir la distribución de estos metales a nivel atómico y mesoscópico. Resulta 

fundamental comprender los mecanismos de síntesis y cristalización de un MOF para 

poder controlar y dirigir la distribución de los cationes y así generar materiales con una 

composición concreta.  

Por tanto, el trabajo de investigación de esta Tesis Doctoral, que lleva por título “Redes 

metal-orgánicas complejas con secuencias de metales para catálisis heterogénea” está 

enfocado en estudiar qué metales se pueden combinar en un mismo MOF, si se puede 

conseguir cualquier combinación y composición deseada, y cuáles son los factores 

determinantes que dictan la distribución de dichos metales. Igualmente, siguiendo esta 

línea, se buscó demostrar si mediante la combinación de distintos metales en una misma 

estructura es posible sintetizar materiales que incluyan elementos con gran potencial que 

hasta ahora permanecían escasamente explorados en la química de los MOFs. También, 

como objetivo secundario, se ha estudiado la posibilidad de transferir determinadas 

secuencias de metales a otros sólidos, como los óxidos derivados a partir de MOFs.  

Se escogió una familia de MOFs con una SBU lineal basada en elementos de tierras raras, 

Rare-Earth Polymeric Framework-4 (RPF-4), como plataforma para llevar a cabo el 

estudio de la inserción de combinaciones binarias de metales. Se consideró la relevancia 
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de estudiar primero las muestras monometálicas dado que, aunque la estructura cristalina 

sea compatible con toda la serie de los lantánidos, se desconoce el efecto del mecanismo 

de cristalización sobre la morfología de los cristales. En esta primera etapa del estudio se 

comprobó que, una vez formados, los cristales de RPF-4 basado en lantano sufren una 

redisolución de la parte central y una posterior cristalización en las caras externas, lo cual 

les lleva a presentar canales en el plano basal. Al pasar a las combinaciones binarias, se 

observó que, aunque el análisis del bulk de las muestras indica una composición 

homogénea y con la proporción deseada, un estudio exhaustivo de cristales individuales 

señala que las combinaciones de otros metales con lantano dan lugar a una segregación 

de fase, y esto se debe a la compleja interacción entre factores cinéticos y termodinámicos 

de los mecanismos de cristalización. Este estudio pone en evidencia la importancia que 

tiene comprender cómo cristaliza una determinada estructura para poder controlar la 

distribución de metales de diferente naturaleza en las SBUs. Tras haber adquirido 

conocimientos sobre cómo funciona el sistema multimetálico RPF-4, se ha evaluado el 

efecto de las secuencias de metales sobre el comportamiento magnético de las muestras, 

y también se han tratado térmicamente estos materiales con el fin transferir sus secuencias 

de metales a otros materiales, en este caso óxidos que han sido utilizados como 

catalizadores heterogéneos. 

Por otra parte, con el fin de insertar iridio en MOFs, se han llevado a cabo varios 

experimentos de combinaciones de iridio con metales de diferentes grupos de la tabla 

periódica. Se ha comprobado que, en las condiciones probadas, el iridio no era compatible 

con los sistemas escogidos. Finalmente, mediante una estrategia multimetálica en un solo 

paso, usando indio o escandio y un ligando con dos grupos funcionales distintos, se ha 

conseguido dirigir la coordinación de cada metal y reticular el iridio, obteniendo así la 

familia de MOFs multimetálicos basados en iridio, llamada MIrPF-13 (Iridium 
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Polymeric Framework-13, con M = Sc, In). La relevancia de esta nueva familia de MOFs 

radica en que se ha conseguido incorporar nuevos centros metálicos activos y expandir el 

rango de reactividad que se puede conseguir con los MOFs.  
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Summary 
 

Metal-organic frameworks (MOFs) are a fairly new field of materials chemistry. The 

development of these materials has undergone an exponential growth since their creation 

in the 1990s, mainly because they bridge the gap between two fields of chemistry that 

have always been independent: inorganic and organic chemistry.  

MOFs are materials that display a crystalline structure arising from the synergy between 

the combination of organic molecules (linkers) and inorganic units that can be metal 

centers or a cluster (secondary building units, SBUs). Therefore, the intrinsic 

characteristics of the two types of SBUs (composition, geometry, connectivity, reactivity) 

provide these materials with a great structural and chemical diversity. This versatility is 

one of its hallmarks, as it allows extending its applications to a wide range of possibilities: 

catalysis, gas adsorption and separation, energy storage, biomedical applications. 

MOFs are responsible for the rise of reticular chemistry, as they allowed the development 

of chemistry beyond the molecule (0-1 dimensions) and thus explore and expand the 

structural diversity of extended structures in two and three dimensions. The chemical, 

physical and structural properties of a MOF depend on the composition of its SBU, 

therefore, the modulation of these SBUs provides the MOF with the desired 

characteristics, and allows to "tailor" its characteristics for a specific application. In the 

quest of going beyond a simple framework and optimizing the properties of these 

multifunctional materials, the concept of heterogeneity has been implemented over the 

last few years. 

When combining several SBUs with the same geometry and connectivity, but different 

composition in topologically equivalent positions, a certain degree of heterogeneity 

within the "order" or periodicity of the lattice can be induced. The resulting multi-metal 

material will benefit from the advantages of the different metal cations of the 
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combination, and generally these materials present an enhancement of some of their 

properties when compared to their single-metal counterparts. Although there are different 

strategies to insert two or more metal cations into the same framework (one-pot synthesis; 

post-synthetic metal exchange; use of metalloligands; use of preformed units), it is not a 

trivial matter since it is difficult to predict the distribution of these metals at both atomic 

and mesoscopic levels. It is crucial to understand the synthesis and crystallization 

mechanisms of a MOF in order to control and direct the distribution of the cations and 

generate materials with a specific composition. 

Thus, the research work carried out in this Doctoral Thesis, titled “Complex metal-

organic frameworks with sequences for heterogeneous catalysis” is focused on studying 

which metals can be combined in the same MOF, whether any desired combination and 

composition can be achieved, and what are the determining factors that dictate the 

distribution of these metals. Following this line, this work also seeks to demonstrate 

whether it is possible to synthesize materials based on metal atoms with significant 

potential that until now have remained unexploited in the chemistry of MOFs by using 

combinations of different metal elements. Also, as a secondary objective, the possibility 

of transferring certain metal sequences to other solids, such as MOF-derived oxides, has 

been evaluated. 

A family of MOFs with a rare-earth rod-shaped SBU, Rare-Earth Polymeric Framework-

4 (RPF-4), was chosen as a platform to carry out the study of the insertion of binary metal 

combinations. Although the crystal structure is compatible with the whole lanthanide 

series, it is relevant to first study the monometallic samples, as the effect of the 

crystallization mechanism on the morphology of the crystals is unknown. This first stage 

of the study revealed that, once formed, the lanthanum-based RPF-4 crystals undergo a 

redissolution of the central part and a subsequent crystallization on the external faces, 



VII 

 

which leads them to present channels along the basal planes. When moving to binary 

combinations, although the bulk analysis of the samples point to a homogeneous 

composition with the desired ratio, a thorough study of single-crystals indicates that 

combinations of other metals with lanthanum result in a phase segregation, and this is due 

to the complex interplay between kinetic and thermodynamic factors of the crystallization 

mechanisms. This study highlights the importance of understanding the crystallization 

mechanism of a structure in order to control the distribution of metals of different nature 

within the SBUs. After having acquired knowledge on how the RPF-4 multi-metal system 

works, the effect of the metal sequences on the magnetic behavior of the MOFs was 

evaluated, and these materials have also been thermally treated in order to transfer their 

metal sequences to other materials, in this case MOF-derived oxides that have been used 

as heterogeneous catalysts. 

On the other hand, in order to insert iridium atoms into MOFs, several experiments have 

been carried out with combinations of iridium with metals from different groups of the 

periodic table.  

In the conditions tested, the experiments demonstrated that iridium was not compatible 

with the chosen systems. Finally, through of a one-pot multi-metal strategy, by using 

indium or scandium and a ligand with two different functional groups, it has been possible 

to direct the coordination of each metal and reticulate the iridium atoms, thus obtaining 

the family of iridium-based multi-metal MOFs MIrPF-13 (Iridium Polymeric 

Framework-13, with M = Sc, In). The relevance of this new family of MOFs lies in the 

fact that new active metal centers have been incorporated into frameworks and the range 

of reactivity that can be achieved with MOFs has been expanded. 
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List of abbreviations and acronyms 
 

 

 

 

BET Brunauer-Emmett-Teller 

bipy 2,2’-bipyridine 

BTB 1,3,5-Tris(4-carboxyphenyl)benzene 

DFT Density function theory 

DMA Dimethylacetamide 

DMF Dimethylformamide 

EA Elemental Analysis 

EDX Energy dispersive X-Ray Spectroscopy 

EtOH Ethanol 

Hfipbb 4,4′-(Hexafluoroisopropylidene)bis(benzoic acid) 

IRMOF Isoreticular Metal-organic framework 

IUPAC International Union of Pure and Applied Chemistry 

MOF Metal-Organic Framework 

MTV-MOF Multivariate Metal-Organic Framework 

NPD Neutron powder diffraction 

PXRD Powder X-Ray Diffraction 

RPF-4 Rare-Earth Polymeric Framework-4 

RWGS Reverse Water Gas Shift 

SBU Secondary Building Unit 

SCXRD Single-Crystal X-Ray Diffraction 

SEM Scanning Electron Microscopy 

TGA Thermogravimetric analysis 

TXRF Total X-Ray Fluorescence Spectroscopy 

ZIF Zeolitic imidazolate Framework 
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1.1. Metal-Organic Frameworks (MOFs): the best of both worlds 

Over the last decades, we have witnessed the exponential development of a new class of 

materials: Metal-Organic Frameworks (MOFs). In 2013, the IUPAC (International Union 

of Pure and Applied Chemistry) determined that the term Metal-Organic Framework or 

MOF comes very close to a self-definition, however, according to the IUPAC a MOF is 

“a coordination network with organic ligands containing potential voids”, and a 

coordination network is “a coordination compound extending through repeating 

coordination entities in 2 or 3 dimensions”.1,2 So, a MOF is a potentially porous material 

that displays a crystalline structure arising from the combination of an organic building 

unit (organic linker) and an inorganic building unit called secondary building unit (SBU).3 

The inorganic SBU can either be a single metal or a cluster (dimers, trimers, polynuclear 

clusters, chains, rings). This term, defined and used for the first time by Yaghi et al. in 

1995,4 was the turning point in the development of MOF chemistry as it contributed to 

the design of robust crystalline materials with predetermined structures and properties 

through the control of the geometry and connectivity of the SBUs. 

Versatility is the hallmark of MOFs, and it is the result of their wide structural and 

chemical diversity, and also of their applicability in a variety of fields, such as catalysis,5,6 

gas sorption and separation,7 water decontamination,8,9 water harvesting,10 energy 

storage,11 optics,12 biomedicine13,14 and magnetism.15,16 
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Figure 1.1. Schematic representation of the building units of a MOF. From left to right, 

inorganic and organic building units are combined to generate extended structures.  

 

1.1.1. Historical context: How MOFs emerged 

In order to elaborate more on these materials, we must first understand their origins and 

even reach back to the earliest reported coordination compounds. During the XX century, 

coordination chemistry underwent a breakthrough as many theories such as Werner’s 

coordination theory17 or Lewis’ concept of acids and bases18 emerged, and the behavior 

and the structure of already existing complexes began to be comprehended. This laid the 

foundations of modern coordination chemistry and sparked the beginning of its 

development. Classic coordination compounds such as Prussian blues, 

Fe4
3+[Fe2+(CN)6]3×H2O,19 or Hofmann clathrates, [Ni(CN)2(NH3)](C6H6),

20 are 

considered forerunners to MOFs. When they first were discovered, not much was known 
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about their structure as they were thought to be molecular compounds and conclusions 

about their behavior were exclusively based on phenomenological observations. Later on, 

crystallographic techniques revealed that these compounds actually displayed a 

crystalline extended coordination structure.  

In 1959, Saito and coworkers designed an array of crystalline materials based on 

tetrahedral Cu+ ions coordinated to nitrile linkers.21 In their study, the authors presented 

1D, 2D, and 3D structures generated with linkers of different lengths. The structures that 

Saito et al. reported are supported by rather weak non-covalent interactions (in this case, 

metal-N donor interactions), which implies that the loss of the guest molecules causes the 

structures to collapse.  

In the late 1980s, Iwamoto et al.22 and Hoskins and Robson23,24 described the formation 

of coordination networks with diamond topology, directed by the coordination geometry 

of the selected metal cations (Cd2+ and Cu+, respectively). These are among the first 

reports where coordination networks are described based on their topology, in a manner 

equivalent to how Wells described the crystal structures of inorganic solids,25 in terms of 

nets based on nodes and links. These reports already illustrated the possibility of 

increasing the chemical versatility through the variations in the inorganic and organic 

moieties.  

It was not until a few years later, in 1995, when the term metal-organic framework, MOF, 

was first coined by Yaghi et al.,4 when describing the overall composition (metal ions 

and organic linkers) and character of the structure (framework) of [Cu(bipy)1.5](NO3), 

constituted by trigonal planar Cu+ ions and linear 4,4’-bipyridine linkers. In the 

subsequent years, the term MOF also started alluding to additional structural features and 

properties, such as structural rigidity and stability and permanent porosity.  



5 

 

A few years later, in 1997, Kitagawa et al. reported a material based on the same linker, 

4,4’-bipyridine, but with Co, Ni and Zn as metal ions.26 In this case, the 3D structure 

displays a complex distribution of channels and cavities, and was able to absorb gases in 

a reversible fashion with no structural deformation in a pressure range of 1-36 atm and at 

a temperature of 298 K, displaying a type I adsorption isotherm. This report was the first 

coordination polymer that displayed a porous behavior, although microporosity was not 

evidenced as it can only be determined with low pressure sorption measurements.  

A year later, in 1998, Yaghi et al. reported the synthesis of MOF-2, with formula 

[Zn(BDC)](H2O)(DMF), a structure constituted by benzenedicarboxilic acid (H2BDC) 

and Zn2+ ions.27 The special feature of this structure is that the zinc ions generate a 

polynuclear cluster node, specifically dimeric [Zn2(-COO)4] paddlewheel units that are 

bridged by BDC linkers creating a square lattice. The polynuclear nodes provide the 

structure with architectural stability as the metal ions are forced in a particular position 

and direction within the network, and the charge of the linker molecules increased the 

strength of the bonds and lead to an overall charge neutrality of the framework. Owing to 

this structural robustness, it was possible to extract all the solvent molecules without any 

framework deformation, leading to the first record of a type I N2 isotherm at 77K in the 

P/P0 range of 0 to 1 for a coordination compound. 

A turning point for the field of porous coordination materials happened shortly after, in 

1999, when two MOFs that displayed unprecedentedly high values of accessible surface 

area were presented. Firstly, Williams et al. reported a material named HKUST-1 (Hong 

Kong University of Science and Technology-1), with formula [Cu3(BTC)2(H2O)3]n, 

constituted by 1,3,5-benzenetricarboxylic acid (H2BTC) and Cu2+ paddlewheel units.28 

This 3D MOF displays a pore size of 1 nanometer and an accessible permanent porosity 

corresponding to about 40% of the solid, with a Brunauer–Emmett–Teller (BET) surface 
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area of 692 m2g-1, and the framework is stable up to 240 ºC. Another interesting feature 

of this material is that the pores can be chemically functionalized as the authors 

demonstrated that the water molecules connected to the Cu paddlewheels can be replaced 

by pyridines. A few months later, Yaghi and coworkers presented MOF-5, 

[Zn4O(BDC)3](DMF)x, constituted by Zn-based clusters and 1,4-benzenedicarboxylic 

acid (BDC) as a linker. In this case, the inorganic octahedral [Zn4O(-COO)6] clusters 

consist of four tetrahedral ZnO4 units sharing a common vertex, bridged by ditopic BDC 

linkers, generating a 3D framework. The combination of the size and high connectivity 

of the clusters and the organic linker leads to an open porous structure (61% of the unit 

cell volume is accessible porosity) that facilitates diffusion of guest molecules. MOF-5 

displays a high thermal stability (up to 300 ºC), and a very high N2 uptake (BET area = 

2500 m2g-1) that exceeded the values displayed by other traditional microporous materials 

such as zeolites. It was in this report where the authors implemented the SBU strategy: 

using polynuclear clusters to lock in place the metal ions via the binding groups of the 

organic linkers, and thus target a particular structure topology. 

This approach based on linking molecular building blocks by strong bonds to generate 

extended crystalline structures is now widely known as reticular chemistry,29 and it is the 

cornerstone in the expansion of both coordination and organic chemistry from zero and 

one-dimension (molecules and polymers), to infinite 2D and 3D with a diversity and 

tunability that until that moment was not known in traditional chemistry. From this point 

on, and given the success of reticular chemistry, the field of MOFs has undergone 

exponential growth, and is now being studied in laboratories in all over the world.30   
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Figure 1.2.  Chronological scheme of the major events that contributed to the early 

development of MOFs. 
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1.1.2. Reticular synthesis of MOFs 

As mentioned in the previous section, the first reports of coordination networks described 

them based on their topology, following the principles of crystal chemistry established by 

Wells.25 The system that Wells defined consists in describing crystals structures in terms 

of nets constructed form nodes or vertices and links or edges (topology), considering only 

the connectivity and not the chemical information, thus simplifying them. The 

nomenclature used to define net topologies consists in using a three-letter code, generally 

corresponding to naturally occurring minerals of that specific topology (for example 

diamond, dia), but newly reported topologies can have arbitrarily assigned letters.  

The concept of underlying topology is crucial in MOF chemistry as it helps design and 

access new structures based on almost infinite combinations of different of linkers and 

SBU types.31 The isoreticularity principle stemmed from the fact that the structure and 

properties of a MOF can be altered without changing their underlying topology. This 

principle has been applied to expand the pore size of a MOF and unlock ultrahigh 

porosity. The most straightforward way of enlarging the pores of a framework is to use 

linkers of a greater length, but with the same functional groups and connectivity, thus 

maintaining the same geometry as the initial parent MOF. This is the strategy that Yaghi 

et al. followed to enlarge the pore of the archetypal parent MOF-5 and generate a series 

of up to 16 isoreticular MOFs (IRMOF) with the same topology (pcu in this case).32 Not 

only does this strategy work for systematically enlarging the pore size of a MOF, but also 

for tuning the pore environment, as the authors demonstrated in the same study by using 

functionalized versions (–Br, –OC3H7, –OC5H11, –C2H4, –C4H4) of the same 1,4-

benzenedicarboxylate (BDC) linker. 
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The isoreticular expansion principle can also be applied to finely tune the pore aperture 

of a MOF in order to selectively include specific large molecules (vitamin B12) or 

proteins without them unfolding.33  

 

 

 

Figure 1.3. Schematic representation of the isoreticularity principle applied to MOF-5 

(pcu topology) as a parent structure.  
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1.2. Complexity within the frameworks: multicomponent MOFs 

In the early years of MOFs, the field of reticular chemistry was mainly concerned with 

making the frameworks more thermally, architecturally, and chemically stable. As years 

went by and progress was made, reticular chemists went beyond the typical “one metal 

and one linker” synthetic strategy. As already mentioned in this chapter, a high chemical 

and structural tunability is the main advantage of MOFs. With this in mind and also 

striving to expand the range of properties, reticular chemists are shifting towards 

exploring more sophisticated concepts such as MOFs that embrace higher chemical and 

structural complexity. Thus, complexity within frameworks is achieved by combining 

more than two types of different building units with specific crystallographic positions, 

therefore the components are arranged and repeated throughout the lattice with strict 

periodicity.34 These building units can be either different organic linkers, different types 

of SBUs, or a combination of both.35  

An early example of a mixed-linker MOF is UMCM-1, [Zn4O(BDC)(BTB)4/3].
36 This 

MOF is a ternary system comprised by Zn2+ ions, the linear ditopic linker H2BDC and the 

trigonal tritopic linker H3BTB (H3BTB = 1,3,5-tris(4-carboxyphenyl)benzene), with a 

muo topology. The outcome of the synthetic pathway of this MOF directly depends on 

the ratio between the linkers. An excess of H3BTB generates MOF-177 ([Zn4O(BTB)2], 

qom topology),37 and an excess of H2BDC generates MOF-5 ([Zn4O(BDC)3](DMF)x, 

pcu topology). The multicomponent MOF UMCM-1 can only be obtained with ratios 

ranging from 6:4 to 4:6, therefore this illustrates the significance of finding a perfect 

balance between the elements that will generate the system, especially because of the 

degree of unpredictability that a mixture of several building units can induce. 
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Figure 1.4. Schematic representation of the correlation between the H3BTB:H2BDC 

ratio and the formation of different MOF phases. The SEM images of the 

crystals of each sample showcase the scenarios of phase coexistence or phase 

purity. Reprinted with permission from reference [34]. 

 

An effective strategy to obtain complex heterometallic MOFs is a cluster cooperative 

approach, as evidenced by Sun et al. 38 The authors used isonicotinic acid (INA) to 

generate a multi-metal MOF, MTM-1, through the cooperative assembly of hexameric Ti 

clusters [Ti6O6][iPrO]6
6+ and Cu2I2 dimers. The most striking feature of this MOF is that 

the resulting hexagon-shaped {[Ti6O6][iPrO]6[INA]6} units are connected together by 24 

Cu clusters, generating a octahedral sodalite supercage. 

Reaching a high degree of complexity does not necessarily entail having to use a lot of 

building units. Li et al. combined only the ditopic linker 4-pyrazolecarboxylic acid 

(H2PyC) with Zn and Cu nitrates in a simple solvothermal reaction to afford single 

crystals of [(Zn4O)5(Cu3OH)6(PyC)22.5(OH)18(H2O)6][Zn(OH)(H2O)3], FDM-3 (Fudan 

Materials-3).39 This structure displays three geometrically and compositionally different 
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types of SBUs: a triangular [Cu3(OH)(PyC)3] cluster; octahedral [Zn4O(COO)3R3] nodes 

where R = –COO or –NN in PyC, distributed in four possible combinations; square-

pyramidal [Zn4O(COO)4R] nodes with R = –COO or –NN in PyC, distributed in two 

possible combinations. Also, the framework of FDM-3 is composed of four types of cages 

(two microporous and two mesoporous), and contains a total of 28 microporous and 11 

mesoporous cages per unit cell. So, this example illustrates that both high complexity and 

high porosity (surface area of 2585 m2g-1) can be combined in the same MOF structure 

without the need of using a high number of building elements.  

 

 

 

 

Figure 1.5. Schematic representation of the SBUs of FDM-3. a) triangular clusters 

[Cu3(OH)(PyC)3], b) octahedral [Zn4O(COO)3R3] (R = –COO or –NN), c) square 

pyramidal [Zn4O(COO)4R] (R = –COO or –NN). Reprinted with permission from 

reference [39]. 
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1.3. Introducing heterogeneity: Multivariate MOFs 

In the quest of going beyond a simple MOF structure and with the aim of turning these 

materials into multifunctional platforms with optimized properties, reticular chemists 

have gravitated towards the concept of heterogeneity. Heterogeneity within frameworks 

is achieved by combining multiple linkers with the same connectivity and length and 

bearing different chemical functionalities, or metal ions that form the same SBU into the 

backbone of a MOF. As the new elements are introduced in topologically equivalent 

positions, the overall topology and network connectivity is not altered, therefore the 

parent structure is transformed into a multivariate MOF (MTV-MOF).34  

 

 

 

Figure 1.6. Schematic representation of (up) a multi-metal MTV-MOF and (down) a 

multi-linker MTV-MOF. Metal nodes are represented as blue, orange and green spheres; 

organic linkers are displayed as black, blue and green sticks. 
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However, this heterogeneity comes with a challenge, and that is determining the outcome 

of the distribution of the building blocks at both atomic and mesoscopic levels. When 

combining two different building blocks in the same framework, different distribution 

scenarios can occur, which are strongly directed by the compatibility between the building 

elements and the target framework. If the building blocks display a similar chemical 

behavior, the result will likely be a MTV-MOF with an even composition. However, if 

there is a preferential incorporation of one building block over the others, different 

distribution scenarios can occur (Figure 1.7): complete segregation (the elements do not 

coexist in the same framework), partial segregation (coexistence of frameworks with 

compositions rich in one building block), formation of domains within the structure, core-

shell architecture, or sequencing.  

 

Figure 1.7. Representation of the different distribution scenarios that can occur when 

mixing two building blocks (represented in orange and blue). 
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Elucidating the distribution of the building units within a framework is not a trivial matter. 

In many cases, X-ray diffraction techniques cannot distinguish between metal atoms with 

similar atomic numbers, or even between organic linkers with different functional groups, 

which are present with partial occupancies. So, many scientists resort to using a 

combination of techniques, like in the case of the study presented by Reimer, Yaghi et al. 

in which a 3D mapping of the distribution of the organic linkers in MTV-MOF-5 was 

carried out by using a combination of molecular simulations and multidimensional solid-

state nuclear magnetic resonance.40 In a more recent report, Li, Yaghi et al. determined 

the sequencing of metals within the SBUs of MTV-MOF-74 by using a more sophisticated 

technique, in this case atom probe tomography.41 

 

1.3.1. Multi-linker MTV-MOFs 

MOF-5, which was already mentioned in this chapter, was the object of study of the first 

report of a MTV-MOF. In this report, Yaghi et al. synthesized an array of isostructural 

MTV-MOF-5 samples by using combinations of up to eight differently substituted 

versions of the linker H2BDC.42 An issue here was that the distribution of the different 

linkers within the framework could not be determined by diffraction techniques, and this 

is the reason why the authors turned to a combination of solid-state MAS NMR and 

molecular dynamic simulations. They found that the distribution of the different 

functionalized linkers within the framework highly depends on their chemical nature. 

Additionally, these particular distributions generate a complex pore environment that 

leads to a nonlinear enhancement of the properties. The authors found an 84% increase in 

the H2 uptake for the MTV-MOF-5 containing the combination of NO2-BDC, (OC3H5)2-

BDC, and (OC7H7)2-BDC. Additionally, the same sample displayed an enhancement of 

400% in the selective adsorption of CO2 compared to the parent MOF-5.  
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Figure 1.8. From A to I, linkers used to generate combinations of multi-linker MTV-

MOF-5. Up to 8 linkers (A-B-C-E-F-G-H-I) were combined in the same 

multivariate framework. Adapted from reference [42]. 

 

If the one-pot combination of different linkers is not viable, it is still possible to obtain 

MTV-MOFs by means of other synthetic approaches. For instance, Martí-Gastaldo, 

Padial et al. synthesized a multivariate version of UiO-68 (Universitetet i Oslo-68) 

containing both its original linker, H2TPDC ([1,1′:4′,1″-terphenyl]-4,4″-dicarboxylic 
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acid) and a tetrazine derivative, H2TZDC (4,4′-(1,2,4,5-tetrazine-3,6-diyl)dibenzoic 

acid).43 In this case, since the MTV-MOF could not be obtained through a one-pot 

synthesis, the authors carried out a linker exchange reaction by using single crystals of 

the parent UiO-68 as a template. The reaction time was a particularly crucial factor that 

directed the overall distribution of the tetrazine linker in the MOF. While a 

thermodynamically controlled diffusion led to a homogeneous distribution, a more 

kinetically controlled linker diffusion generated core-shell architectures which proved to 

improve the overall photocatalytic performance of the material. 

 

1.3.2. Multi-metal MTV-MOFs 

The combination of multiple cations within the same framework is fairly unexplored 

when compared to the multi-linker MTV-MOFs. One reason behind this is that the 

synthesis of multi-metal MTV-MOFs is not as straightforward, as mixing different 

chemical elements inevitably brings about different reactivities, and it also comes with a 

few shortcomings. Firstly, some metals display intrinsic difficulties, like the case of 

titanium salts, which tend to generate amorphous phases due to their high reactivity in 

solution.44 As the metal elements of the periodic table display different ionic radii, acidity, 

polarizing power, lability and coordination geometries, it is challenging to find a 

combination of metals with a perfect balance and compatibility with the connectivity of 

the target MOF. The computational study of Coudert et al. shines light on the cation 

distribution of heterometallic MOF-5 with different metal combinations.45 The authors 

found that if cations with similar iconic radii (Zn-Mg) coexist in the same SBU, intra-

cluster charge transfer occurs between them which seems to stabilize the system. A size 

mismatch (Zn-Cd, Ca-Mg, Be-Mg) induces local strains which are alleviated by the 

organic linkers; however this might result in a positive mixing energy meaning that the 
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system is energetically unfavorable. When faced with combinations of metals in which 

both effects have comparable importance, the MOF system can either benefit from them 

if they interact in a cooperative manner (Zn-Ca), or undergo detrimental structural hinders 

if the interaction is competitive (Cd-Mg).  

Despite these challenges, a series of approaches are widely used to generate multi-metal 

MTV-MOFs (Figure 1.9.), and they will be explained in the following sections.  

 

 

 

Figure 1.9. Representation of the different strategies to obtain multi-metal MTV-MOFs. 

Metal ions are represented as blue and orange spheres, linkers as black sticks, 

metalloligands as black sticks with a blue rhombus.  

 



19 

 

1.3.2.1. One-pot synthesis 

A one-pot synthetic approach is the most direct strategy to obtain a multi-metal MTV-

MOF, as it consists of combining several metal precursors during the synthesis of the 

MOF. One of the advantages of this strategy is that many metal ions can be incorporated 

into a target MOF if there is compatibility between the metals, the synthetic procedure 

and the framework. The case of MTV-MOF-74 is an illustration of this, as combinations 

of 2, 4, 6, 8 and up to 10 metals (Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Zn, and Cd) were 

straightforwardly inserted into the framework through one-pot solvothermal reactions.46 

Additionally, one striking fact is that this strategy also facilitated the incorporation of 

particular metals (Ba, Sr and Ca) that were not able to generate the single-metal parent 

MOF. However, ICP and EDX analysis of individual crystals of this material indicate the 

presence of all the metals initially combined, but distributed in a heterogeneous fashion. 

In a recent report, Yaghi et al. used atom probe tomography to determine the precise 

sequence of metals in the same MTV-MOF-74 system, and learnt that the outcome of the 

reactions was significantly influenced by the combination of metals and the temperatures 

of the synthesis.41 For example, the combination of Co and Cd at a reaction temperature 

of 85 ºC lead to short duplicates of the same type aligned between neighboring rods of 

the framework, while at 120 ºC the distribution was random. Li and coworkers introduced 

Cu+ nodes into heterometallic CuM-MOF-74 (M = Co, Ni, Zn) by partially reducing the 

Cu2+ centers during the one-pot solvothermal reaction.47 The ratio between Cu+ and M2+ 

sites can be finely tuned, and the EDX analysis reveals that the metals are evenly 

dispersed throughout the framework. This new dual site Cu+–Co2+ MOF-74 displays a 

significantly increased selectivity (up to 87.6%) for styrene oxide in the aerobic 

epoxidation of styrene.  

 



20 

 

 

 

Figure 1.10. One-pot approach to synthesize a heterogeneous distribution of up to 10 

metals in MTV-MOF-74. Reprinted with permission from reference [46]. 

 

 

 

 

Figure 1.11. Schematic representation of how the atom probe tomography helped 

determine the precise sequence of metals in the MTV-MOF-74 system. Reprinted with 

permission from reference [41]. 
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MTV-MOFs are not only limited to combinations with transition metals. These materials 

can also be obtained with rare-earth cations as their similar high coordination numbers 

enables their coexistence in the same framework. In a recent study, a MOF constituted by 

the linker 1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane (mCB-L) was able to 

withstand the insertion of up to 8 rare-earth ions (La, Ce, Eu, Gd, Tb, Dy, Y, and Yb).48 

This report stands out as it is not a trivial matter to create materials with a high (>3) 

number of metals. The authors highlight that the bulky and weakly basic nature of the 

linker provides flexibility to the SBUs of the MOF, and this makes them more adaptable 

to slight changes in the radii of the metal ions. The features of the linker were the reason 

behind the successful results of the experiments. ICP and EDX analyses confirmed that, 

when combined, all the metals distribute uniformly through the crystals of the samples in 

an equimolar ratio.  

Trimeric clusters, [M3(O/OH)](RCOO)6, are among the most important SBUs, and it is 

also possible to achieve heterogeneity in MOFs based on these building units. The 

tetrakis(4-carboxyphenyl)porphyrin-based (TCPP) MOF with formula [M3O]2(TCPP-

M)3 (M = Mg, Mn, Co, Ni, Fe) was obtained as a multi-metal MTV family by inserting 

combinations of transition metals.49 In this case, both the M3O trimer SBUs and the 

porphyrin units can include metal centers, which can further increase the heterogeneity 

of the system. The authors deciphered the spatial arrangement by combining the results 

from EDX, X-ray photoelectron spectroscopy (XPS) and UV−Vis diffuse reflectance 

spectra (DRS), and their MTV-MOF system displayed two distribution scenarios within 

the SBUs. While the combination of metals with size and electronegativity mismatch 

(Mn2+ and Fe3+) results in the formation of domains of SBUs comprised of only one type 

of metal, other combinations of metals, such as Ni2+ and Fe3+ generate mixed-metal SBUs 

with formula [(Ni2Fe)O] distributed in a homogeneous fashion in the MOF. The 
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distribution of these metals had a direct impact on the catalytic properties of the material, 

as the well-mixed MTV-MOF clearly displayed a better performance in the 

photooxidation of 1,5-dihydroxynapthalene.  

 

 

Figure 1.12. The two special arrangement scenarios in the SBUs of [M3O]2(TCPP-M)3. 

a) Representation of the formation of domains when mixing Mn with Fe and b) 

representation of a homogeneous distribution when mixing Ni with Fe. Reprinted with 

permission from reference [49]. 

 

A similar well-mixed distribution scenario was also observed for MIL-100, a MOF that 

also displays the trimeric M3O SBU.50 The combination of Ni2+ and Fe3+ generated SBUs 

with formula (NiFe2)O, evenly distributed throughout the framework. The incorporation 

of Ni in the MOF enhanced its Lewis acidity, and lead to a better performance in the acid-

catalyzed Prins reaction. However, when Al and Fe are combined in the same framework, 

both ions randomly occupy the metal sites in the SBU trimers, as revealed by a 

combination of spectroscopy techniques (27Al nuclear magnetic resonance, X-band 
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electron spin resonance, Mössbauer). Therefore, in this case, the framework is comprised 

by randomly distributed Al3O, Fe3O, (Fe2Al)O and (FeAl2)O SBU units.51 

Another type of significant building units for MOF structures are hexameric clusters, 

which are present in the archetypal MOF UiO-66 as [Zr6O4(OH)4] units.52 Lamberti et al. 

presented a study of the exact stoichiometry of the SBUs of a mixed-metal MTV-UiO-

66.53 By performing a multiple-edge extended X-ray absorption fine structure analysis 

(EXAFS), they demonstrated that when Zr and Ce are combined in the hexanuclear SBU 

of the structure, there is a coexistence of CeZr5 clusters with monometallic Zr6 (for a Ce 

content lower than 17%) and with Ce6 clusters (with excess of Ce).  

 

 

Figure 1.13. a) Representation of the crystal structure of UiO-66. Zr atoms are 

displayed in blue, O in red, C in gray. H atoms are omitted for clarity. b) The hexameric 

Zr6 cluster of UiO-66. c) Results of the EXAFS fitting and the composition of the 

clusters used for fitting each spectrum. Experimental data is presented as white circles, 

and the fitted curves as full lines. The Zr–Zr contribution is displayed in blue, the Ce–

Ce contribution in yellow and the Zr–Ce and Ce–Zr contributions in green. For the 

multi-metal MTV-MOFs, the sum of the two contributions is shown in black. The best 

fitting is obtained for 10% of Ce. Adapted from reference [53]. 
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The concept of heterogeneity is not exclusive to carboxylate-based MOFs. ZIFs (Zeolitic 

Imidazolate Frameworks)54 are a class of MOFs based on imidazolate linkers, and display 

structures based on 4-connected nets of tetrahedral units, analogous to zeolites. Goodwin 

and coworkers conducted a study of the structural and mechanical consequences of Zn/Cd 

substitution in the compositional family of ZIF-8, Zn1−xCdx(mIm)2 (HmIm = 2-

methylimidazole).55 Cd-substitution conveys flexibility to the framework as Cd-mIm 

interactions display weaker bonding, and it also generates a threefold reduction in the 

magnitude of thermal expansion behavior of the MOF. The authors used a computational 

reverse Monte Carlo (RMC) approach to determine compositional correlations in the 

MTV-ZIF-8, and they found that Zn and Cd monometallic clustering is significantly more 

predominant that a random distribution of the metals in all compositions.  

Group 13 is one of the least studied metal groups as MOF inorganic building units, yet 

there are examples of multi-metal group 13 MOFs in the literature. A series of MTV-

MOFs with formula [InxGa1−x(O2C2H4)0.5(hfipbb)] (H2hfipbb = 4,4′-

(hexafluoroisopropylidene)bis(benzoic acid)), based on combinations of In and Ga, was 

synthesized by my group.56 This report is particularly noteworthy as it is the first example 

of how the catalytic activity of a MOF can be tuned by modulating the ratio between the 

metals. Thus, while the single-metal counterparts only yielded reaction intermediates or 

by-products when used at catalysts for the one-pot multicomponent Strecker reaction, the 

synergy between the multiple cations of the MTV-MOFs lead to the desired α-

aminonitrile Strecker product. 
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Figure 1.14. a) Representation of the crystal structure of [InxGa1−x(O2C2H4)0.5(hfipbb)]. 

In atoms are displayed in blue, Ga in pink, O in red, F in green, C in gray. H atoms are 

omitted for clarity. b) When using this MOF as a heterogeneous catalyst for the 

multicomponent Strecker reaction, the chemical composition of its SBUs directly 

influences the outcome of the reaction. Adapted from reference [56]. 

 

More recent reports of my group illustrated how to control the distribution of multiple 

metal ions at both atomic and mesoscopic scales.57 The sequencing scenarios in the multi-

metal MOFs derived from ZnPF-1, [Zn(hfipbb)], were unraveled by using diffraction 

techniques supported by density functional theory calculations. The rod-shaped SBUs of 

ZnPF-1 consist of tetrahedral coordinated Zn atoms. When Co atoms are inserted, they 

might appear in tetrahedral or octahedral environments, depending on the initial metal 

ratios and on the temperature. When they are in an octahedral environment, a crystal 

symmetry change occurs (the c parameter of the unit cell is doubled) as the SBUs 

accommodate the new ions, which is revealed by a combination of X-ray and neutron 

diffraction techniques. Conversely, when combined with zinc, Mn ions are exclusively 

found in an octahedral coordination, resulting in an ordered atomic distribution. On the 

other hand, SEM and EDX studies revealed that the combinations with Co were the only 
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ones that displayed an uneven distribution within the framework, with a larger amount of 

Co in the external sections of the crystals and hollow morphologies. The authors 

attributed these concentration gradients and hollow core-shell morphologies to a 

crystallization mechanism based on an initial formation of Zn-rich crystals, and a 

subsequent redissolution of the inner parts of the crystals followed by a growth stage of 

Co-rich layers on the surface of the crystals. These differences in the incorporation 

kinetics of different metal elements were used to address specific atomic arrangements 

and sequences in the SBUs. They also evidenced that the arrangement of the atoms of the 

SBUs can be directly translated to metal oxides by calcining the MOFs with selected 

combinations and metal ratios.58  
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Figure 1.15. Different atomic sequencing scenarios in the SBUs of multi-metal MTV-

ZnPF-1. Reprinted with permission from reference [57]. 
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1.3.2.2. Post-synthetic metal exchange: trans-metalation 

In cases when the one-pot strategy is not feasible, (either because of problems in the 

compatibility of the strategy with the framework or the desired metal combinations, or 

because the desired compositions are not achievable through this approach), alternative 

methods can be used. The post-synthetic metal exchange is an emerging route for 

accessing multi-metal SBUs. This strategy is milder than a conventional high-temperature 

synthesis, and it consists of carrying out a metal exchange at the metal nodes of the 

framework by submerging preformed crystals of single-metal MOFs into a solution of the 

metal that will be incorporated in the parent framework. The thermodynamic and kinetic 

rates of the exchange reactions tend to be easily influenced by a series of factors such as 

the solvent (polarity, viscosity, solubility of the metal salts), the lability of the metals, the 

structure of the MOF, temperature, or time.59,60 

The archetypal MOF-5 was used to illustrate this strategy. Dincă et al. obtained MTV-

MOF-5 crystals by soaking Zn-MOF-5 single crystals into a saturated solution of Ni 

nitrate.61 The authors observed that the insertion of Ni2+ into the framework was 

thermodynamically driven, and the resulting Ni to Zn ratio was 1:3. As there is a color 

change in the crystals after the soaking stage (from colorless to yellow), the authors 

hypothesized that the Ni2+ ions must be in a octahedral coordination which implies that 

both the Zn SBUs of the MOF and the overall lattice are being distorted to accommodate 

the Ni ions. In a following report, Dincă and coworkers used the same approach to access 

the insertion of other transition metal ions into MOF-5, specifically reduced early metal 

ions like V2+ and Ti3+ (which are typically incompatible with standard MOF synthetic 

conditions), Cr2+/3+, Fe2+ and Mn2+.62 The degree of ion exchange was estimated by 

elemental microanalysis (EA), and inductively coupled plasma atomic emission 
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spectroscopy (ICP-AES), and the MTV-MOF samples show drastically different Zn 

exchange levels, and overall under 20%. The authors attribute this to the nature of each 

metal, specifically to their stability constants which lead to a kinetic control over the 

exchange reaction. The stability constants of nearly all complexes of bivalent atoms 

(regardless of the number of chemical nature of the ligand molecules) has been found to 

follow the order Mn < Fe < Co < Ni < Cu > Zn,63 and this fits well with the mismatch 

observed in the substitution degree of the Zn cations observed by the authors.  

 

 

 

 

Figure 1.16. a) Representation of the crystal structure of NixZn4−xO(BDC)3 (x = 1). The 

positions of the Ni2+ atoms cannot be clearly identified within the NiZn3 clusters, so 

they are distributed randomly. Ni atoms are displayed as blue tetrahedrons, Zn as gray 

tetrahedrons, O as red spheres, and C as gray sticks. H atoms are omitted for clarity.  

b) The SBUs of MOF-5 display different geometries depending on the additional metal 

incorporated in the framework: pseudotetrahedral for V2+, Cr2+, Mn2+, Fe2+, Co2+, and 

Ni2+ and pseudotrigonal bipyramidal Ti3+, V3+, and Cr3+ with terminal chloride moieties. 

Adapted from references [61-62]. 
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For Zn-HKUST-1, [Zn3(BTC)2(H2O)3], and Zn-PMOF-2, [Zn24L8(H2O)12], where L = 

1,3,5-tris(3,5-dicarboxylphenylethynyl)benzene)) which share a [Zn2(COO)4] 

paddlewheel SBU, Lah et al. reported an exchange of the Zn centers with Cu.64 This 

example was selected to showcase how the degree of the overall framework flexibility 

(for MOFs that share the same SBU type) has a direct impact on the accessibility of the 

metal centers and influences the outcome of the cation exchange process. In the case of 

Zn-HKUST-1, a more rigid framework, the conversion of the Zn metal centers to Cu 

reached 56%, as demonstrated by ICP-AES analysis. For Zn-PMOF-2, a more flexible 

system, the metal exchange displays site selectivity in single-crystals, and the complete 

trans-metalation was only achieved on the surface of the crystals. As the metal centers 

located on the surface of the crystals are in a more flexible environment, they showed a 

higher reactivity than the ones located in the core (also, the trans-metalation starts at the 

surface of a crystalline particle), and this led to a core-shell distribution. The authors 

highlighted that the reverse trans-metalation was not possible in neither case. 
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Figure 1.17. a) Schematic representation of the result of the cation exchange in both 

HKUST-1 and Zn-PMOF-2. b) Optical microscopic photographs of a single crystal of 

Zn-PMOF-2 submerged into a copper nitrate methanol solution, and the evolution of the 

cation exchange process over time. c) Optical microscopic photographs of (up) a single 

crystal of Zn-PMOF-2 submerged into a copper nitrate methanol solution for 3 days and 

its core-shell architecture (down) and the same crystal submerged in the solution for 12 

hours. These images evidence that the total trans-metalation occurs after 3 days. 

Adapted from reference [64]. 

 

The last two examples of this section are included to showcase that alterations in the 

SBUs following the trans-metalation strategy lead to the development of new functions 

or the enhancement of particular features of the MOF. Firstly, the post-synthetic metal 

exchange of Zn-MFU-4l(arge), [Zn5Cl4(BTDD)3] with BTDD = bis(1H-1,2,3-triazolo-

[4,5-b],[40,50-i])dibenzo-[1,4]-dioxin, with Co2+ lead to a redox-active version of the 

parent MOF with one Co center per pentanuclear MOF which displayed reversible gas-
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phase oxidation properties.65 Martí-Gastaldo et al. reported that MUV-10 (MUV, 

Materials of Universidad de Valencia) displays metal-induced topological 

transformations.66 In this case, the starting MUV-10 crystals comprised heterometallic 

Ti4+–Ca2+ SBUs with formula [Ti2Ca2(O)2(H2O)4(RCO2)8], since the combination of soft 

(M2+) and hard (M4+) metals in the nodes would facilitate the controlled metal exchange 

only in the soft positions. The newly formed heterometallic SBUs are in a 

thermodynamically metastable state, and they evolve towards clusters with lower 

nuclearity, thus inducing a MOF-to-MOF transformation that leads to new topologies. 

The insertion of M2+ (M = Fe, Co, Ni, Zn) induces a phase transformation of the parent 

MOF to MUV-101, isostructural with the prototypical MIL-100 family, and displays 

trinuclear SBUs with formula [TiM2(μ3-O)(H2O)3(RCO2)6]. For Cu2+, DFT calculations 

show that the formation of TiCu2 clusters is not favorable, and the initial SBUs transform 

into paddlewheel clusters with formula [TiCu(RCO2)2(O)(H2O)], leading to 

heterometallic MUV-102, isostructural with HKUST-1. In a recent study, a series of 

single- and multi-metal MTV-MUV-101 were subjected to a catalytic activity test.67 From 

the five samples (containing Fe3, Ti3, TiFe2, TiCo2, or TiNi2 clusters) tested for the 

aminolysis of epoxides, only the sample containing TiFe2 trimers displayed results 

comparable to benchmark catalysts, and this enhancement of the catalytic activity results 

from the combination of Lewis Ti4+ and Brønsted Fe3+−OH acid sites. 
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Figure 1.18. Graphical overview of how cation exchange in MUV-10(Ca) induces a 

MOT-to-MOF topological transformation, and the resulting structures and their building 

units. Reprinted with permission from reference [66]. 

 

1.3.2.3. Linkers containing metal-binding sites (metalloligands) 

When the two previously described strategies fail to generate an MTV-MOF, reticular 

chemists can resort to using organic linkers that bear additional metal binding sites 

(metalloligands) which do not play any structural role or interfere in the formation of the 

structure.68 One benefit of this approach is that the metal centers are “locked” in a pre-

defined position, and this enables a higher control over the distribution of the metal nodes 

in the framework.  

Linkers that contain bipyridine chelating groups are widely used.69,70 The structure of 

MOF-253, [Al(OH)(bpydc)] with H2bpydc = 2,2′-bipyridine-5,5′-dicarboxylic acid 

displays open metal sites in the bipyridine groups which can coordinate to Pd in a post-

synthetic metalation process.71 The Pd centers convey the structure a significantly higher 

sorption selectivity factor for CO2. A similar strategy was followed to coordinate Ir 
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complexes to two Zr-based MOFs, and the new multi-metal MTV-MOFs displayed 

activity in the water oxidation reaction.72  

 

 

Figure 1.19. Representation of the crystal structure of MOF-253 and is synthesis 

pathway (including the insertion of PdCl2 into the open bipy sites). Al atoms are 

displayed in orange, N in blue, C in gray, O in red, Pd in yellow, Cl in green. H atoms 

are omitted for clarity. Reprinted with permission from reference [71]. 

 

Porphyrins are also another type of widely used metalloligands. Based on a previous 

report of MOF-545,73 a Zr-based structure that combines the highly stable [Zr6O8(H2O)8] 

clusters linked by the porhpirinic linker M-TCPP (TCPP = tetrakis(4-

carboxyphenyl)porphyrin), Zhou et al. designed the stable, redox-active MOF PCN-

222(M) with M = Mn, Co, Ni, Cu, and Zn.74 This structure displayed an enzyme-

mimicking catalytic activity in aqueous solution, showing highly effective biomimetic 

oxidation on a number of substrates. The Zn-based version of the hexatopic linker [(5,15-

bis(4-carboxyphenyl)-10,20-bis(3,5-dicarboxyphenyl)]porphyrin (H6HCPP) was used in 

combination with typical transition metal elements like Mn or Co, p-block metals such as 

In and Pb, and lanthanide elements such as Gd, Pr and Yb to yield a series of open 

frameworks.75 
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Figure 1.20. Representation of the crystal structure of {Mn2[Zn(H2O)-

H2HCPP]}·13DMF·3H2O, obtained through the combination of Zn-H6HCPP and Mg. 

a) Six-connected Mn2-centered paddlewheel SBUs b) Connectivity of every Zn-

H2HCPP with six Mn2 paddlewheel clusters c) The framework viewed parallel to the ac 

plane, displaying the open 1D intralattice channels that propagate parallel to the b axis. 

Zn atoms are displayed in cyan, Mn in magenta, N in blue, C in gray, O in red. H atoms 

are omitted for clarity. Reprinted with permission from reference [75]. 

 

Other chelating groups such as 1′-bi-2-naphthol allowed the insertion of Ti clusters in a 

series of isoreticular chiral Cu-based MOFs, and this enhanced the activity of the 

frameworks in asymmetric catalysis reactions.76   
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Figure 1.21. Representation of Ti(OiPr)4 clusters anchored to the 1′-bi-2-naphthol-

derived linker of a Cu-based MOF (CMOF-3b), and the asymmetric catalysis product 

generated when using the MOF as a heterogeneous catalyst. Reprinted with permission 

from reference [76]. 

 

1.3.2.4. Preformed units 

One way to prevent the inhomogeneous distribution of the metals and avoid the 

preferential incorporation of specific ions is to start from preformed metal clusters and 

thus direct the synthesis toward the desired structure.  

This strategy was applied by Zhou et al. to obtain a series of robust multivariate iron-

containing MOFs.77 Since [M3(µ
3-O)(COO)6] (M = Al, Cr, Fe, In, Sc, V) is a typical 

trivalent metal-based building unit in MOFs, their starting building unit of choice was a 

[Fe2M(µ3-O)] cluster (M = Co, Fe, Mn, Ni, Zn). These particular clusters were feasible 

candidates to generate frameworks due to their very high solubility which facilitates their 

chemistry in solution. Additionally, they benefit from an inherent robustness due to the 

strong electrostatic interactions between the Fe3+ and the µ3-O2- sections, which would 

help preserve the integrity of the core during the synthesis reaction. 
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Another example of this trimeric cluster being used as a starting material was reported by 

Serre et al. to obtain multivariate Fe2/M MIL-127, MIL-100 and MIL-88b (M = Co, Ni, 

Mg).78 In this case, they prepared the oxo-centered trimeric Fe3+/M2+ acetate clusters by 

mixing the corresponding monometallic acetate salts. The authors highlight that bearing 

in mind the different characteristics of each metal, with their approach it is feasible to 

synthesize MOFs with a 2:1 Fe3+/M2+ ratio, and a direct synthesis using monometallic 

metal salts is not viable as it only leads to amorphous products or recrystallized linker. 

 

 

Figure 1.22. Schematic representation of the synthetic pathway that generates multi-

metal MTV-MIL-127. Reprinted with permission from reference [78]. 

 

A more sophisticated approach was used in a recent study to obtain MTV-MOFs with 

specific sequences of metal elements.79 The main idea was to use a specific heterometallic 

cluster to carry the desired combination of metals and to let them transform during the 

synthesis and become part of the structure of the framework while preserving the 

sequence of metals. A well-known family of heterometallic ring-shaped clusters with 

formula [Ga7NiF8(PivO)16] (PivOH = pivalic acid) was used as the preformed unit, which 

the authors refer to as mBU (messenger building unit). During the synthesis reaction, the 

mBU rings open and generate rods which eventually become the SBU of the MOF. In this 
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case, the mixture of the rod-type SBUs and 2,6-napthalenedicarboxylic acid generate a 

framework isostructural to MIL-69, but with Ga and Ni in the selected 7:1 ratio, as 

confirmed through EDX, total reflection X-ray fluorescence, and X-ray absorption 

spectroscopy analysis. 

 

 

Figure 1.23. Schematic representation of the strategy used to obtain GaNi-MIL-69 with 

a 7:1 Ga-Ni ratio and sequence. Ga atoms are displayed in blue, Ni in yellow, O in red, 

C in gray. H atoms are omitted for clarity. Adapted from reference [79]. 
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1.4. Perspectives and challenges 

In essence, as Yaghi, Canossa et al. stated in a recent paper, the concept of multivariety 

“changes reticular chemistry at a fundamental level by making framework properties no 

longer discrete and periodic, but a spectrum of spatially varying states encoding chemical 

and physical functions”.80 The properties that multivariate systems display stem not from 

just the simple sum, but the synergy between theses spatial arrangements.  

Throughout this introductory chapter, we have seen through many examples that 

obtaining multi-metal MTV-MOFs is attainable, albeit not trivial. Many questions remain 

unanswered:  

➢ Can any combinations of metals result in a multi-metal MTV-MOF with a target 

composition?  

➢ Is it possible to create any desired sequence or distribution of metals within the 

SBU of a MOF? Is this distribution or composition maintained at both atomic and 

mesoscopic levels? 

➢ How and to what precision can we achieve synthetic reproducibility of specific 

sequences? 

➢ Do the sequences interact with each other to encode specific properties? How? 

➢ Is it possible to access any sequence-dependent properties?  

➢ Can theses sequences be translated to other solids?  
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─ CHAPTER 2 ─ 
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In the introductory chapter, some of the major challenges associated to obtaining MTV- 

MOFs have been discussed, leaving several open questions that need to be addressed in 

order to gain further knowledge on how to design and control the composition of multi-

metal materials. Not only is it not clear which parameters dictate the outcome of the 

reactions and the atomic distribution (atomic radius, reactivity of the metals, coordination 

environments of the metals, ratios between the metals, reaction kinetics), but also not 

much is known about the compatibility between metals and parent structures, which 

makes predicting and designing a MOF with a target composition quite challenging. 

To shed some light on the challenges posed, the research work carried out in this Doctoral 

Thesis was oriented towards the study of combinations of metals of different nature or 

different groups. With this in mind, the focal point of this Doctoral Thesis is to investigate 

the feasibility of certain metal atom combinations, including rare-earths and noble metals, 

of generating multi-metal MOFs with a target composition from a synthetic and 

crystallization point of view. 

To accomplish this main goal, the work carried out in this Doctoral Thesis has been 

structured as follows. 

➢ Firstly, the key point of Chapter 4 is to elucidate the impact of different combinations 

of rare-earth ions on the atomic sequencing, and investigate the kinetic and 

thermodynamic synthesis and crystallization parameters in order to determine which 

binary metal combinations can result in a MTV-MOF with a controllable composition.  

For this, the rare-earth MOF family RPF-4 was selected as ideal platform due to its 

unique features. Also, the investigation work carried out in this Doctoral Thesis aimed 

to study the effect of the selected metal combinations on the properties of the resulting 

MTV-MOFs, and to demonstrate that oxides with a specific rare-earth ratio can be 

obtained by calcining these MTV-MOFs.  
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➢ Chapters 6 and 7 are centered around exploring other cation combinations from the 

periodic table and evaluating the viability of inserting cations that have never been 

reported as nodes of a MOF, in particular iridium (III). Therefore, one of the specific 

goals of this Doctoral Thesis was to study the role of the second metal involved in the 

binary combination, and to develop a multi-metal synthetic strategy that would 

reticulate iridium (III) atoms and thus generate a multi-metal MOF based on this noble 

metal, and to demonstrate its activity as a heterogeneous catalyst.  
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─ CHAPTER 3 ─ 

 Experimental Section 
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3.1. General techniques: Chemical analysis 

3.1.1. Elemental Analysis (EA) 

The carbon, nitrogen, and hydrogen content of some specific samples were determined 

by elemental analysis. The samples were vacuum-dried and sent to the EA department at 

the Chemical Analysis facility at the Instituto de Ciencia de Materiales de Madrid 

(ICMM), where they operate a CNHS Perkin Elmer 2400 elemental analyzer.  

3.1.2. Thermogravimetric analysis (TGA) 

The thermal stability of some specific samples was determined by thermogravimetric 

analysis. The samples sent to the TGA department at the Chemical Analysis facility at the 

Instituto de Ciencia de Materiales de Madrid (ICMM), where they operate a simultaneous 

TGA/ATD STD-Q600 equipment from TA Instruments. The samples were placed in 

platinum crucibles, and were heated in air (100 mL/min flow), in a temperature range 

between 25 °C and 800 °C with a rate of 10 °C/min. 

3.1.3. Infrared Spectroscopy (IR) 

The infrared spectrum of some specific samples was recorded at the IR Spectroscopy and 

Ellipsometry facility at the Instituto de Ciencia de Materiales de Madrid (ICMM), where they 

operate a Bruker Vertex 70V. The IR spectra of the samples were recorded from KBr pellets 

in a range from 300 to 4000 cm-1. 

3.1.4. Total X-Ray Fluorescence Spectroscopy (TXRF) 

Some of the samples could not be broken down, even after acid digestion, and therefore 

the ratio between metals could not be estimated. For this reason, Total-reflection X-Ray 

fluorescence spectrometry (TXRF) was selected as a quantification technique to 

determine the metal content of the samples. With this technique, solid samples can be 

suspended in an adequate liquid media, and analyzed without the need of an acid 

digestion.1 TXRF analysis of the selected samples was performed at the Servicio 
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Interdepartamental de Investigación (SIdI) at the Universidad Autónoma de Madrid 

(Spain), where they operate a Bruker S2 PicoFox spectrometer equipped with a Peltier-

cooled XFlash Silicon Drift detector that operates at a voltage of 50 kV and a current of 

600 μA.  
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3.2. Diffraction techniques 

3.2.1. Powder X-Ray Diffraction (PXRD) 

Powder X-ray Diffraction (PXRD) patterns were collected with a Bruker D8 DaVinci 

diffractometer equipped with a Ni-filtered CuKα radiation tube (Kα1 = 1.5406 Å, Kα2 = 

1.5444 Å, and Kα1/Kα2 = 0.5) operated at a voltage of 40 kV and at a current of 40 mA. 

Each rutinary experiment was recorded with an exposure time of 0.1 s per step and a step 

size of 0.02° (the exposure time and step size were adjusted if the experiments required a 

longer collection time for higher intensity). The samples were prepared by placing a small 

amount of a suspension of crystals in acetone on a glass sample carrier, forming a thin 

layer in the center. 

3.2.2. Single-Crystal X-Ray Diffraction (SCXRD) 

Single-Crystal X-ray Diffraction (SCXRD) experiments were performed at the Instituto 

de Ciencia de Materiales de Madrid (ICMM). The samples were placed on a glass slide 

and submerged in mineral oil. Suitable crystals were selected with a Kapton loop from 

MiTeGen, using a polarized optical microscope to check their size and quality.  

Single crystal X-ray data was collected with four-circle kappa diffractometers. The first 

one was a Bruker D8 diffractometer equipped with a Cu INCOATED microsource, a 

Bruker VANTEC 500 area detector (microgap technology) and operated at 30W power 

(45kV, 0.60mA) to generate Cu Kα radiation (λ = 1.54178 Å). The second one was a 

Bruker D8 Venture, equipped with three microsources,a Photon III detector, and operated 

at 30W power (45kV, 0.60mA) to generate Cu, Mo and Ag radiation. The diffraction data 

was collected with a resolution of 0.85 Å and a completeness > 95%. 
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3.2.3. Neutron Powder Diffraction (NPD) 

Neutron Powder Diffraction (NPD) data was acquired at the D1B instrument of the 

Institut Laue-Langevin in Grenoble (France). For the room temperature measurements, 

samples were placed in 5 mm cylindrical vanadium cans (that display a broad peak at 70–

74°), while for the sub-kelvin experiments, a 6 mm cylindrical copper container was used. 

All data sets were recorded with a monochromatic neutron wavelength of 2.5260 Å. The 

peak broadening contribution of the instrument was determined for the refinement of the 

standard Na2Ca3Al2F14. The main contribution of parasitic diffraction peaks arising from 

the environment of the sample was removed by a radial oscillating collimator. 

The Rietveld refinements were performed using the Reflex module of the software 

Materials Studio 2019, and the starting atomic coordinates were provided by the single-

metal reported structures.   
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3.3. Scanning Electron Microscopy-Energy Dispersive X-Ray 

Spectroscopy (SEM-EDX) 

Details about the morphology of the samples were determined through Scanning Electron 

Microscopy (SEM). The samples were studied at the SEM facility at the Instituto de 

Ciencia de Materiales de Madrid (ICMM), where they operate a FE-SEM FEI Nova 

NANOSEM 230 microscope equipped with an Everhard-Thornley ETD detector and an 

operating voltage between 5 and 15 kV. Some of the studies were occasionally performed 

at the Servicio Interdepartamental de Investigación (SIdI) at the Universidad Autónoma 

de Madrid (Spain), with a Hitachi S-3000 N microscope equipped with a Bruker Quantax 

EDS XFlash 6I30 analyzer.  

The samples were prepared by placing the crystals on a double-sided adhesive conductive 

carbon tape that was attached to a flat aluminum sample holder, which was metallized 

with a gold layer of 127.5 Å with a Leica EM ACE200 sputter.  

A semi-quantitative analysis of the composition of the samples, and therefore of the ratio 

between metal ions were determined by Energy Dispersive X-Ray Spectroscopy (EDX). 

The EDX microanalyses were performed with an EDAX Apollo 10–300 mm detector. 

Several points of the crystals were recorded, generally from the basal planes and the body 

of the crystal. The ratio between the metals was calculated following the formula:  

 

ratio M1 = 
Atomic % M1

Atomic % M1+Atomic % M2
 × 10  

 

 

 

 

 



63 

 

3.4. Magnetic characterization 

3.4.1. Magnetometry 

Magnetometry experiments were performed at the Magnetometry and low temperatures 

facility at the Instituto de Ciencia de Materiales de Madrid (ICMM). For the DC 

magnetization measurements, a MPMS-5 S SQUID magnetometer from Quantum Design 

(San Diego, USA) was operated in a temperature range from 1.8 to 400 K and a range of 

magnetic fields up to 5 T. The AC magnetic susceptibility measurements were performed 

on a multipurpose platform (physical property measurement system, PPMS) from 

Quantum Design (San Diego, USA) in a temperature range from 1.8 to 400 K, with an 

excitation modulate field of 1–10 Oe in amplitude and the frequency range from 10 Hz 

to 10 kHz. Additionally, the AC susceptibility was measured under a superimposed DC 

field in the range from 0 to 9 T. 

3.4.2. Thermal measurements 

Heat capacity experiments were performed at the Magnetometry and low temperatures 

facility at the Instituto de Ciencia de Materiales de Madrid (ICMM), where they operate 

a PPMS platform (physical property measurement system, PPMS) with the heat pulse 

method. The sample was attached with Apiezon N-grease to a small sapphire plate, which 

has a calibrated heater and a Cernox thermometer in the bottom part. By a heat pulse and 

the measurement of the temperature relaxation, the heat capacity is calculated under the 

approach of one or two relaxation times. A previous measurement of the heat capacity 

produced by the grease addenda was made before each measurement. The temperature 

range covered in these measurements ranged from 1.8 to 300 K, and the applied external 

magnetic field extended ranged from 0 to 9 T. 
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3.5. Computational details 

Theoretical calculations by periodic density functional theory (DFT) were performed at 

Instituto Madrileño de Estudios Avanzados-Energía (iMDEA-Energía). As a starting 

point, crystallographic data of each structure were used. Geometry and electronic 

structure were performed using Plane-wave density functional (PW-DF) calculations with 

the VASP package.2,3 The total energies corresponding to the optimized geometries of all 

samples were calculated using the spin polarized version of the Perdew-Burke-Ernzerhof 

(PBE).4 The effect of the core electrons on the valence electron density was described by 

the projector augmented wave (PAW) method.5,6 The cutoff for the kinetic energy of the 

plane waves was set to 450 eV throughout, which after extensive tests proved to ensure a 

total energy convergence better than 10−5 eV. 
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3.6. Catalysis experiments 

3.6.1. Reverse-water gas shift reaction (RWGS) 

The reaction is carried out in a continuous mode at three different temperatures (700, 600 

and 500 ºC) with a 2.5 hour hold stage at each temperature. The higher temperature was 

selected as a starting point to avoid the Sabatier reaction (transformation of CO2 into 

CH4)
7 which generates undesired byproducts like methane, and the Boudouard reaction 

(conversion of CO into CO2)
8 which results in carbon deposition which deactivates the 

catalyst.  

The reactions are carried out in a fixed-bed tubular reactor with an external diameter of 6 

mm, an internal diameter of 4 mm and a length of 280 mm, with its corresponding hinged 

tubular furnace. Both reactor and furnace are connected to a HP 6890 gas chromatograph, 

which is equipped with a SUPELCO® Carboxen 1010 PLOT column and a thermal 

conductivity detector (TCD), which operate simultaneously. 

3.6.2. Photooxidation of sulfides 

All reagents and solvents employed were commercially available and used as received 

without further purification. Prior to the reaction, the catalyst was activated by heating it 

at 100 ºC overnight. In a SUPELCO glass microreactor, 0.135 mmol of the corresponding 

sulfide, 2 mol% of the catalyst, ScIrPF-13 (based on Ir), and 0.5 mL of acetonitrile were 

mixed. The resulting suspension was stirred in an O2 atmosphere (balloon) and irradiated 

with 2 blue LED light 30 W lamps. The reactions were monitored by gas chromatography. 

Flame Ionization Detector-Gas Chromatography (FID-GC) measurements were 

conducted at the Institute of Materials Sciences of Madrid (ICMM), with a Konik 5000C 

chromatography system, equipped with a flame ionization detector. Mesitylene was used 

as a standard in a 1:1 ratio with the substrates. 
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4.1. Introduction 

Controlling the distribution of multiple cations within the same framework remains a 

challenge as it is difficult to direct the insertion of such cations into specific positions. 

Bearing in mind that the characteristics of a material are determined by its chemical 

composition and its overall structure, it is crucial to be able to tune how the metal cations 

are arranged within the framework. The ongoing investigation of my group on multi-

metal MOFs has been focused on frameworks that display rod-shaped SBUs because they 

can lead to different atomic sequencing scenarios, as detailed in Chapter 1. In a previously 

reported work of our group, the MOF family ZnPF-1 (Zinc Polymeric Framework-1), 

constituted by the organic linker 4,4’-(hexafluoroisopropylidene)bis(benzoic acid) 

(H2hfipbb) and zinc cations, was the subject of a study of the influence of the initial metal 

combination on the final sequence within the structure.1,2 For this rod-shaped SBU MOF, 

selecting the appropriate initial ratio and metal combination was key to control the 

introduction of the second metal cation, the coordination environment of the atoms and 

the arrangement within the SBU.  

Understanding the synthesis and crystallization process of a MOF is crucial in order to 

control and direct the distribution of the cations, and thus generate materials with 

controllable metal combinations. To further explore this topic, we gravitated towards 

another highly related MOF family reported by our group, RPF-4 (Rare-Earth Polymeric 

Framework-4), based on the same organic linker, H2hfipbb, and rare-earth cations (Figure 

4.1).3 Contrary to the previous example with transition metals, this topology can be 

obtained in single-metal form with an array of lanthanide ions and single-metal RPF-4, 

with formula Ln2(hfipbb)3 can be obtained for Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 

Ho, Er, Yb. This MOF family displays polymorphism, and up to three different 

polymorphs can be obtained during the synthesis,4 and for this study we will focus on the 
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α polymorph. α-RPF-4 crystallizes in the orthorhombic Pnan space group, and it consists 

of rod-shaped SBUs with nine-coordinated Ln3+ cations, connected through the organic 

linkers generating channels that run parallel to the SBUs along the crystallographic a axis.  

 

 

Figure 4.1. Representation of the crystal structure of α-RPF-4 viewed along the a axis. 

O atoms are displayed in red, C in grey, F in green, Ln in purple polyhedra. H atoms are 

omitted for clarity.  

 

We aimed to study an array of lanthanide binary combinations of RPF-4, and investigate 

the role of the initial metal ratio on the crystallization process of the framework. Our first 

step was to synthesize and characterize the corresponding single-metal samples, as it is 

essential to understand their behavior before moving on to the more complex binary 
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samples, and this preliminary study helped to shed light on how the multi-metal samples 

behave. 

Powder X-ray diffraction patterns of all the samples confirmed that in all cases α-RPF-4 

(from now on referred to as RPF-4) was formed as a pure crystalline phase. In order to 

determine the atomic and mesoscopic arrangement of the cations within the SBU of the 

framework, we used a combination of diffraction and microscopy techniques. We studied 

the morphology of the crystals by SEM, and regarding the local composition of the multi-

metal systems, we carried out EDX microanalyses throughout both the basal planes and 

the body of several individual crystals. As for the average bulk composition of the 

samples, we carried out TXRF measurements. The combination of the data obtained 

through these techniques, and the results from neutron powder diffraction experiments 

and DFT calculations led to understanding the crystallization mechanism of this MTV-

MOF system. Our findings illustrate that it is crucial to understand the crystallization 

mechanism of a multi-metal MTV-MOF in order to gain control over the atomic 

sequencing within a complex material and to be able to tune its composition for any 

application. 
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4.2. Synthesis of RPF-4: single- and multi-metal binary combinations 

All reagents and solvents employed were commercially available and used as received 

without further purification: 4,4′-(hexafluoroisopropylidene)bis(benzoic acid), H2hfipbb 

(>98%, TCI); lanthanum nitrate hexahydrate, La(NO3)3 × 6H2O (99.9%, Alfa Aesar); 

cerium nitrate hexahydrate, Ce(NO3)3 × 6H2O (99%, Aldrich); gadolinium nitrate 

hexahydrate, Gd(NO3)3 × 6H2O (99.9%, Strem Chemicals); dysprosium nitrate 

hexahydrate, Dy(NO3)3 × 6H2O (99.9%, Strem Chemicals); holmium nitrate hydrate, 

Ho(NO3)3 × nH2O (99.9%, Strem Chemicals); erbium nitrate pentahydrate (99.99%, Alfa 

Aesar); ytterbium nitrate pentahydrate, Yb(NO3)3 × 5H2O (99.9%, Strem Chemicals); 

ethanol absolute (Scharlau); acetone (99.6%, Labkem). 

4.2.1. Synthesis of single-metal RPF-4 

0.115 mmol of Ln(NO3)3 × nH2O  (Ln = La, Ce, Nd, Eu, Gd, Tb, Dy, Ho, Er, Yb) and 

0.176 mmol of H2hfipbb were dissolved in a solvent mixture of  7.5 mL of absolute 

ethanol and 5 mL of water. The mixture was placed in a 50 mL Teflon‐lined steel 

autoclave and heated overnight in an oven at 160 °C. After cooling to room temperature, 

the crystals were filtered and washed with water (3x10 mL) and acetone (3x10 mL). 

4.2.2. Synthesis of multi-metal RPF-4 

All the multi-metal samples were obtained following the same synthetic strategy as the 

single-metal MOFs. The amount of metal salt was adjusted according to every 

combination. All the quantities of metal salts used in all the synthesis are listed in Table 

4.1. To illustrate how each combination was obtained, an example is given as follows: for 

the synthesis of the La-Yb 1:9 combination, La(NO3)3 × 6H2O (0.0115 mmol, 4.98 mg), 

Yb(NO3)3 × 5H2O  (0.1035 mmol, 46.53 mg) and H2hfipbb (0.176 mmol, 70.45 mg) were 

dissolved in 7.5 mL of absolute ethanol and 5 mL of water. The mixture was placed in a 
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Teflon‐lined steel autoclave and heated overnight in an oven at 160 °C. After cooling to 

room temperature, the crystals were filtered and washed with water and acetone. 
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Table 4.1. Synthesis ratios for the multi-metal RPF-4 binary combinations. 

La-Yb 

Molar code 
La(NO3)3 x 6H2O Yb(NO3)3 x 5H2O 

mg mmol mg mmol 

1:9 4.98 0.01 46.53 0.1 

2:8 9.97 0.02 41.36 0.09 

3:7 14.95 0.03 36.19 0.08 

4:6 19.94 0.05 31.02 0.07 

1:1 24.92 0.06 25.85 0.06 

6:4 29.91 0.07 20.68 0.05 

7:3 34.89 0.08 15.51 0.03 

8:2 39.88 0.09 10.34 0.02 

9:1 44.86 0.1 5.17 0.01 

La-Ce 

Molar code 
La(NO3)3 x 6H2O Ce(NO3)3 x 6H2O 

mg mmol mg mmol 

1:9 4.98 0.01 45.39 0.1 

3:7 14.95 0.03 35.30 0.08 

1:1 24.92 0.06 25.22 0.06 

7:3 34.89 0.08 15.13 0.03 

9:1 44.86 0.1 5.04 0.01 

La-Gd 

Molar code 
La(NO3)3 x 6H2O Gd(NO3)3 x 6H2O 

mg mmol mg mmol 

1:9 4.98 0.01 46.77 0.1 

1:1 24.92 0.06 25.98 0.06 

9:1 44.86 0.1 5.20 0.01 

La-Dy 

Molar code 
La(NO3)3 x 6H2O Dy(NO3)3 x 6H2O 

mg mmol mg mmol 

1:9 4.98 0.01 47.31 0.1 

1:1 24.92 0.06 26.28 0.06 

9:1 44.86 0.1 5.26 0.01 

Yb-Gd 

Molar code 
Yb(NO3)3 x 5H2O Gd(NO3)3 x 6H2O 

mg mmol mg mmol 

1:9 5.17 0.1 46.77 0.01 

1:1 25.85 0.06 25.98 0.06 

9:1 46.53 0.01 5.20 0.1 

Yb-Dy 

Molar code 
Yb(NO3)3 x 5H2O Dy(NO3)3 x 6H2O 

mg mmol mg mmol 

1:9 5.17 0.1 47.31 0.1 

1:1 25.85 0.06 26.28 0.06 

9:1 46.53 0.01 5.26 0.01 

Yb-Er 
Molar code 

Yb(NO3)3 x 5H2O Er(NO3)3 x 5H2O 

mg mmol mg mmol 

1:1 25.85 0.06 25.49 0.06 
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4.3. Single-metal RPF-4: characterization and discussion 

We synthesized single-metal RPF-4 with lanthanide ions of different atomic radii: La3+, 

Ce3+, Gd3+, Dy3+, Er3+ and Yb3+. In Figure 4.2, the experimental powder X-ray diffraction 

(PXRD) patterns of all the synthesized single-metal RPF-4 samples are compared to the 

pattern calculated from the data of La-RPF-4 taken from reference 3, displayed in black. 

The patterns match perfectly, so it is evident that all the MOFs display the same structure 

type, and no other crystalline phase is present. 

 

 

Figure 4.2. PXRD patterns of the single-metal RPF-4 samples compared to the 

calculated pattern of La-RPF-4 (black).3 

 

As mentioned in the introduction, my group carried out an extensive study of multi-metal 

combinations of the MOF family ZnPF-1, and depending on the metals involved in the 

combinations and their arrangement within the rod-shaped SBUs of the MOF, the SEM-

EDX study of the crystals of the samples showed that they displayed either mesoscopic 
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gradients (core-shell distribution) or a homogeneous appearance. In the case of RPF-4, 

even if the crystal structure is compatible with any metal from the lanthanide series, we 

do not have knowledge on how each metal and its chemical behavior impacts the overall 

morphology of the crystals. To determine if the synthesis of each MOF follows the same 

crystallization mechanism, we carried out a detailed examination of the crystals of each 

MOF via SEM, and we discovered differences in the morphological features of the 

crystals depending on the metal cation of each MOF. Figure 4.3 showcases the SEM 

images of the single-metal samples, and La-RPF-4 stands out as it is the only sample that 

displays crystals with uneven textures and presence of holes, in contrast to the rest of the 

samples that display smooth crystals with well-defined faces, and no obvious defects.  

 

 

Figure 4.3. SEM images of the single-metal RPF-4 samples.  
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The presence of hollow crystals, with holes in their inner part, suggests that the 

crystallization of La-RPF-4 follows an Ostwald ripening mechanism (Figure 4.4), based 

on initial nucleation events, and subsequent dissolution of the inner part of the crystal, 

followed by the growth of the external faces.5,6 This particular crystallization pathway 

generates crystals with visible indents, cracks and holes, and we observed a similar hollow 

morphology in a previous study of multi-metal combinations of the MOF family ZnPF-

1.1 

 

 

Figure 4.4. Schematic representation of the Ostwald ripening mechanism. 
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4.4. Multi-metal RPF-4: characterization and discussion 

Given the different crystallization paths of the single-metal RPF-4 samples, in order to 

analyze the impact they have on the formation of a multi-metal MTV-MOF and on the 

incorporation of the different metals into the frameworks, we continued our study with 

binary combinations of rare-earths. When pondering what metal ratios to choose for these 

combinations, we considered three scenarios: in two of them, one metal element is in a 

significantly higher concentration than the other one, so it could potentially direct the 

formation of the framework (1:9 and 9:1); in the third scenario, both metals are in the 

same concentration, which can potentially lead to either the formation of an equimolar 

MTV system, or to a competition during the crystallization (1:1). Although these three 

are the main ratios we studied for most of the combinations, we did analyze additional 

ones when necessary, as detailed below.  

As there is clear evidence that La-RPF-4 behaves in a different way than the rest of the 

rare-earth systems, we opted to explore and compare binary combinations with and 

without lanthanum.  

 

4.4.1. Binary combinations with Lanthanum 

La-Yb: Firstly, studying the combination of La with Yb would provide insight into the 

ability of the structure to withstand the incorporation of metals with different enough 

atomic radii (La = 1.95 Å; Yb = 1.75 Å). The PXRD patterns of all the samples are 

displayed in Figure 4.5, and they confirm that RPF-4 was obtained as a pure crystalline 

phase in all cases. 
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Figure 4.5. PXRD patterns of the La-Yb combination. 

 

For the La-Yb 9:1 initial ratio, the SEM images show that the crystals display defective 

features such as inner holes and rough surfaces, analogous to the ones observed for La-

RPF-4. Likewise, for the La-Yb 1:9 ratio, the morphology of the crystals is similar to that 

of Yb-RPF-4, with well-defined and smooth faces. In both cases, the EDX analysis 

confirms that the output ratios match the initial ones, which implies that a MTV-MOF is 

obtained and this metal combination can generate an atomic sequencing with insertion of 

ytterbium atoms in the lanthanum SBUs, and vice versa. In both cases, the crystallization 

mechanism seems to be driven by the element present in a higher proportion, as evidenced 

by the SEM images.  
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For synthesis reaction carried out with an 1:1 La-Yb initial ratio, despite the TXRF bulk 

analysis indicates a 4:6 average output ratio, the SEM study clearly revealed a co-

existence of two types of crystals with different features and compositions, as determined 

by EDX: on one hand, crystals rich in lanthanum are found displaying morphologies 

similar to single-metal La-RPF-4; on the other hand, crystals rich in ytterbium with no 

presence of defects are also present, similar to those of single-metal Yb-RPF-4. These 

observations indicate that in the studied conditions, a MTV-MOF with equivalent amount 

of both elements cannot be obtained from an equimolar combination of lanthanum and 

ytterbium. Instead, there is a competition between both single-metal phases, which results 

in a product with compositionally segregated crystals. Considering that previous 

experiments with 9:1 and 1:9 initial ratios resulted in the formation of crystals with 

homogenous composition, the question arises of whether crystals with different metal 

combinations can be obtained by further modifying the initial ratios. Therefore, we 

studied additional initial La-Yb ratios. Interestingly, when gradually increasing the 

amount of lanthanum (La-Yb initial ratios 2:8, 3:7, 4:6), the EDX analyses showed that 

the output ratios were close to 1:9 in every case, and the morphological features of the 

crystals were equivalent to the ones displayed by Yb-RPF-4. We observed the same 

compositional bias for a gradually higher amount of ytterbium (La-Yb initial ratios 8:2, 

7:3, 6:4), as the EDX results did not follow the growing concentration trend, and 

displayed a 9:1 ratio with morphological features similar to those of La-RPF-4. This 

clearly indicates that there is no gradual shift towards the phase coexistence. Instead, the 

MOF formation is governed by the metal element present in higher concentration, only 

allowing the insertion of a limited amount of the second metal element. Consequently, 

this combination of metals does not allow obtaining a MTV-MOF with the desired metal 

ratio nor adjustable metal sequences. 
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Figure 4.6. SEM images of crystals corresponding to LaYb-RPF-4 combinations 

 a) La-Yb 1:9; b) La-Yb 1:1; c) La-Yb 9:1. 

 

La-Ce: Given the results obtained for La-Yb, we wondered what would happen if we 

combined elements with similar atomic radii, and for that reason we studied the La-Ce 

combination (atomic radius La = 1.95 Å; atomic radius Ce = 1.85 Å), with initial ratios 

of 1:9, 1:1 and 9:1. For the 1:9 and 9:1 ratios, the results are similar to the previous case 

as the outputs of the synthesis match the initial ones. However, for the equimolar ratio, it 

seems to be feasible to obtain a MTV-MOF as the EDX microanalysis results point to a 

homogeneous 1:1 ratio (within experimental error) for the whole sample. 
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Figure 4.7. PXRD patterns of the La-Ce combination. 

 

 

Figure 4.8. SEM images of crystals corresponding to LaCe-RPF-4 combinations.  

a) La-Ce 1:9; b) La-Ce 1:1; c) La-Ce 9:1. 

 

La-Gd: As in the previous examples we studied combinations of elements with similar 

(La-Ce) and different (La-Yb) atomic radii and observed very different behaviors, we 

wondered if there was a critical radii value that would induce a segregation scenario in 

the arrangement of the atoms within the SBU of the MOF. So, we carried out the synthesis 
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of combinations of lanthanum with metals further apart than cerium in the lanthanide 

series, in this case we chose gadolinium (atomic radius La = 1.95 Å; atomic radius Gd = 

1.80 Å), and the initial metal ratios 1:9, 1:1 and 9:1. On one hand, for the non-equimolar 

initial ratios the results are consistent with our previous observations. On the other hand, 

the TXRF analysis of the sample with a 1:1 La-Gd ratio displayed a ratio of 3:7, and 

through SEM-EDX we found a coexistence of two types of crystals with different 

compositions. EDX analysis confirmed an uneven distribution of the metal ratios among 

the crystals, finding a 4:6 distribution in some of the measurements. Therefore, the 

combination of La with Gd does not seem to generate a MTV-MOF with an equimolar 

metal ratio. However, we did notice some values closer to the 1:1 ratio which were not 

observed for the La-Yb combination, which points to a higher compatibility between the 

metals of this combination.  

 

 

Figure 4.9. PXRD patterns of the La-Gd combination. 
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Figure 4.10. SEM images of crystals corresponding to LaGd-RPF-4 combinations  

a) La-Gd 1:9; b) La-Gd 1:1; c) La-Gd 9:1. 

 

La-Dy: We moved a bit further in the lanthanide series in order to find out which is the 

critical atomic radius that would result in a compositional segregation of the metals 

similar to that of La-Yb, so we synthesized 1:9, 1:1 and 9:1 combinations of La and Dy 

(atomic radius La = 1.95 Å; atomic radius Dy = 1.75 Å). Once again, the results for the 

1:9 and 9:1 ratios are in line with the previous results of this chapter. Regarding the 

equimolar combination, the SEM analysis illustrated a coexistence of two types of 

crystals, with ratios ranging from 8:2, 1:1 and 4:6, and the average ratio of the bulk of the 

sample was confirmed to be 6:4 through TXRF. In this case of the combination of La with 

Dy, it is also not possible to obtain a MTV-MOF with an equimolar metal ratio. Yet, in 

the same fashion as the La-Gd combinations, we did notice the presence of some values 

closer to the 1:1 ratio which were not observed for the La-Yb combination.  
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Figure 4.11. PXRD patterns of the La-Dy combination. 

 

 

Figure 4.12. SEM images of crystals corresponding to LaDy-RPF-4 combinations  

a) La-Dy 1:9; b) La-Dy 1:1; c) La-Dy 9:1. 
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In light of these results, it seems that there is a correlation between the metals involved 

in the binary combination and the possibility to generate a multi-metal MTV-MOF with 

an even distribution of homogeneous crystals. It seems that, although MTV-MOFs are 

formed in all cases, a compositional segregation is clearly generated for certain 

combinations, which are related to differences in the crystallization process, as suggested 

by the clear changes in the features of the crystals, and these differences are more evident 

for combinations with higher differences in the atomic radii.   

 

4.4.2. Binary combinations not involving Lanthanum 

As pointed out previously in this chapter, La-RPF-4 follows a particular crystallization 

mechanism which has a clear impact on the formation of MTV-MOFs. We wanted to find 

out if other binary combinations of metals with different atomic radii but not involving 

La, and therefore following the same crystallization pathway, would also display a 

compositional segregation, and thus not allowing the formation of a MTV-MOF with the 

desired atomic sequence. Thus, we prepared samples of Yb-Dy and Yb-Gd with the initial 

ratios 1:9, 1:1, 9:1. When one of the metals is in excess (1:9 and 9:1 initial ratios), both 

EDX and TXRF results show that the output ratio coincides with the initial one, and the 

morphology of the crystals matches the corresponding single-metal samples. However, 

for the 1:1 ratio, while all the crystals of both combinations displayed a smooth and 

defect-free surface, we noticed a compositional bias for Yb-Gd. EDX microanalysis 

showed that the average output for Yb-Gd was 3:7, and considering that the sample does 

not display compositional segregation, we ascribed this bias to kinetic effects, which 

implies that the incorporation rate of Gd seems to be faster than that of Yb.  
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Figure 4.13. PXRD patterns of the YbGd-RPF-4 combination. 

 

 

Figure 4.14. SEM images of crystals corresponding to YbGd-RPF-4 combinations  

a) Yb-Gd 1:9; b) Yb-Gd 1:1; c) Yb-Gd 9:1. 
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Figure 4.15. PXRD patterns of the YbDy-RPF-4 combination. 

 

 

Figure 4.16. SEM images of crystals corresponding to YbDy-RPF-4 combinations  

a) Yb-Dy 1:9; b) Yb-Dy 1:1; c) Yb-Dy 9:1. 
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As the selected metals from the lanthanide series have similar atomic number and X-ray 

scattering factors, it is difficult to identify the possible sequencing scenarios (complete or 

partial segregation, random distribution, formation of domains, or sequencing) happening 

in the SBUs using X-ray diffraction techniques. For a deeper insight into the atomic 

distribution, we carried out neutron powder diffraction (NPD) experiments for which we 

selected the combination of Yb and Er since there is enough difference between their 

coherent scattering lengths (12.43 and 7.79 fm, respectively) so that each element can be 

easily discerned. We prepared samples of the 1:9, 1:1 and 9:1 initial ratios, and the PXRD 

patterns of the samples are displayed in Figure 4.17. The results are similar to our previous 

observations for binary combinations of RPF-4 without lanthanum. The SEM analysis 

revealed that all the samples are homogeneous and display defect-free crystals (Figure 

4.18) Regarding the composition, EDX and TXRF bulk analysis results show that the 

initial metal ratios match the output. For the 1:9 and 9:1 combinations, the NPD 

refinements (Figure 4.21 and Figure 4.22) converge for a chemical occupancy of the metal 

atoms of 0.1 and 0.9, and 0.9 and 0.1, respectively. For the 1:1 ratio, the NPD 

measurements did not evidence any additional symmetry nor phase change, and the 

refinement successfully converged for a 50% occupancy of each rare-earth atom at the 

same crystallographic site (Figure 4.23) Thus, we were able to rule out other possible 

sequencing scenarios such as the formation of monometallic domains or cations 

alternated in the same rod.  
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Figure 4.17. PXRD patterns of the YbEr-RPF-4 combination. 

 

 

Figure 4.18. SEM images of crystals corresponding to the 1:1 Yb-Er combination. 
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Figure 4.19. NPD pattern and Rietveld refinement of Yb-RPF-4. Rwp = 3.10%; Rp = 

2.10%. The broad peak broad peak at 70–74° corresponds to the vanadium sample 

holder.  

 

Figure 4.20. NPD pattern and Rietveld refinement of Er-RPF-4. Rwp = 2.23%; Rp = 

1.57%. The broad peak broad peak at 70–74° corresponds to the vanadium sample 

holder. 
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Figure 4.21. NPD pattern and Rietveld refinement of YbEr(1:9)-RPF-4. Rwp = 2.06%; 

Rp = 1.46%. The broad peak broad peak at 70–74° corresponds to the vanadium sample 

holder. 

 

Figure 4.22. NPD pattern and Rietveld refinement of YbEr(9:1)-RPF-4. Rwp = 2.13%; 

Rp = 1.44%. The broad peak broad peak at 70–74° corresponds to the vanadium sample 

holder. 
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Figure 4.23. NPD pattern and Rietveld refinement of YbEr(1:1)-RPF-4. Rwp = 2.15%; 

Rp = 1.45%. The broad peak broad peak at 70–74° corresponds to the vanadium sample 

holder. 

 

4.4.3. Effects of kinetics: extending the reaction time 

Upon observing compositional segregation between crystals of the same sample, and 

kinetic incorporation rate biases, we wondered whether an extended reaction time would 

mitigate the inconsistencies between the input and the output metal ratios, especially in 

the case of La-based combinations in which a redissolution of the samples occurs. 

Moreover, we know from previous studies of this structure that α-RPF-4 is a kinetically 

controlled polymorph.4 Thus, we carried out synthesis experiments with the same initial 

metal ratios and combinations, but extending the reaction time from 1 day to 3 days. The 

PXRD patterns of all the combinations can be found in Figure 4.24, and the average EDX 

and TXRF bulk results are displayed in Table 4.2.  
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Figure 4.24. PXRD patterns of the RPF-4 binary combinations synthesized in a reaction 

time of 3 days. 
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Figure 4.25. SEM images of the La-based RPF-4 binary combinations synthesized in a 

reaction time of 3 days.  
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Figure 4.26. SEM images of the Yb-based RPF-4 binary combinations synthesized in a 

reaction time of 3 days.  
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For the combination of La and Yb, we noticed that while a compositional segregation was 

still evident for the equimolar ratio, crystals with a metal ratio closer to the input such as 

6:4 and 1:1 are now observed. As it is unclear if these crystals are the result of new 

nucleation events, or of a partial redissolution and subsequent growing of already existing 

crystals (comparable to an in situ trans-metalation process), we carried out the following 

seeding experiments that would help rule out scenarios or identify the cause.  

The first scenario consists of using single-metal La-RPF-4 crystals and ytterbium nitrate 

as starting materials to obtain LaYb-RPF-4 in a 9:1 ratio. SEM and EDX results show 

that defective crystals with the expected composition are formed, thus indicating that a 

trans-metallation process actually occurs, most likely facilitated by the redissolution of 

the La-RPF-4 crystals trough the Ostwald ripening mechanism.  

The second scenario consists of using single-metal Yb-RPF-4 crystals and lanthanum 

nitrate as starting materials to obtain LaYb-RPF-4 in a 9:1 ratio. In this case, we observed 

the presence of lanthanum-containing particles distributed unevenly over the surface of 

the crystals of the sample. We ruled out the possibility of them being lanthanum nitrate 

particles deposited onto the crystals by washing the samples with distilled water and 

ethanol, and confirming the purity of the sample through a PXRD analysis (Figure 4.27). 

From this experiment we can conclude that for this scenario a trans-metalation process 

does not occur as the insertion of La atoms is occurring only on the surface of the crystals. 

These newly formed particles are the result of a partial surface redissolution and growth 

of the already existing crystals, similar to one described by our group.7 
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Figure 4.27. PXRD pattern of a) the first seeding experiment, La-RPF-4 + Yb(NO3)3, 

and b) the second seeding experiment, Yb-RPF-4 + La(NO3)3. 

 

Figure 4.28. SEM images of the crystals obtained by combining single-metal La-RPF-4 

and Yb(NO3)3 (a, b), or Yb-RPF-4 and La(NO3)3 (c, d). 
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Contrary to the La-Yb combination, increasing the reaction time did not seem to have an 

evident effect on the overall composition of La-Ce, La-Dy and Yb-Dy. However, it is 

noted that for the 1:1 La-Gd combination, while the compositional segregation is still 

present, the average output ratio contains a higher lanthanum content. Also, an increase 

in the reaction time did eliminate the compositional bias observed for the 1:1 Yb-Gd 

combination, as the sample displays crystals with compositions that match the initial ratio, 

which did not occur in the sample prepared in one day.  

These results seem to point to some sort of limitation that hinders the formation of certain 

binary combinations of RPF-4. We associated the compositional segregation observed for 

some of the equimolar La-based systems with differences in the crystallization 

mechanisms, leading to partial redissolution of the crystals during the synthesis reaction. 

Nevertheless, we did consider the possibility of an energy constraint for some of the 

combinations, or even a barrier in the formation of certain types of atomic arrangements 

within the SBU.  To address this issue more thoroughly, we carried out DFT calculations 

to compute the relative formation energy of the RPF-4 systems, and the results are 

displayed in Figure 4.29.a. For the single-metal RPF-4 samples, Yb-RPF-4 displayed the 

largest formation energy, and the rest of the samples showed values up to 1.8 eV. To 

study the formation mechanism of the binary systems, we focused on the La-Yb 

combination, and we computed the formation energy of RPF-4 structures in two 

scenarios: substitution of an increasing number (from 1 to 4) of La metal centers in La-

RPF-4 by Yb atoms; substitution of an increasing number (from 1 to 4) of Yb metal 

centers in Yb-RPF-4 by La atoms. Both scenarios follow a linear trend, but while the 

insertion of La in Yb-RPF-4 leads to a stabilization of the framework, the insertion of Yb 

atoms in La-RPF-4 destabilizes the system (Figure 4.29.b). So, it seems that during the 

formation of a MTV-MOF, different crystallization mechanisms coexist and compete 
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with each other. Also, the MOF formation processes seem to be thermodynamically 

controlled in the case of reaction with excess of La, and kinetically controlled in the case 

of excess of Yb.  

 

 

 

Figure 4.29. Relative values of formation energy for a) various single-metal RPF-4 

structures, with La-RPF-4 as the reference, and b) for binary La-Yb samples with 

different metal substitution ratios.  
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Table 4.2. Starting molar ratio of each RPF-4 combination, EDX and TXRF data for the output. 

Combination 

Initial 

molar 

ratio 

Metal ratio for 1-day synthesis 

Ln2(hfipbb)3 

Metal ratio for 3-day synthesis 

Ln2(hfipbb)3 

EDX average TXRF bulk EDX average TXRF bulk 

La-Yb 

1 9 La0.2Yb1.8 La0.2Yb1.8 
La0.1Yb1.9 

- 
La0.6Yb1.4 

1 1 
La0.4Yb1.6 

La0.8Yb1.2 
La0.4Yb1.6 

La1.0Yb1.0 
La1.8Yb0.2 La1.2Yb0.8 

9 1 La1.8Yb0.2 La1.8Yb0.2 La1.8Yb0.2 - 

La-Ce 

1 9 La0.2Ce1.8 La0.2Ce1.8 La0.2Ce1.8 - 

1 1 La0.8Ce1.2 La1.0Ce1.0 La1.0Ce1.0 La1.0Ce1.0 

9 1 La0.2Ce1.8 La0.2Ce1.8 La1.6Ce0.4 - 

La-Gd 

1 9 La0.2Gd1.8 La0.2Gd1.8 La0.2Gd1.8 - 

1 1 
La0.6Gd1.4 

La0.6Gd1.4 
La0.8Gd1.2 

La1.0Gd1.0 
La0.8Gd1.2 La1.4Gd0.6 

9 1 La1.8Gd0.2 La1.8Gd0.2 La1.8Gd0.2 - 

La-Dy 

1 9 La0.2Dy1.8 La0.1Dy1.9 La0.2Dy1.8 - 

1 1 
La0.8Dy1.2 

La0.6Dy1.4 
La0.6Dy1.4 

La0.8Dy1.2 
La1.6Dy0.4 La1.6Dy0.4 

9 1 La1.8Dy0.2 La1.8Dy0.2 La1.8Dy0.2 - 

Yb-Gd 

1 9 Yb0.2Gd1.8 Yb0.2Gd1.8 Yb0.2Gd1.8 - 

1 1 Yb0.6Gd1.4 Yb1.0Gd1.0 
Yb0.6Gd1.4 

Yb1.0Gd1.0 
Yb1.2Gd0.8 

9 1 Yb1.8Gd0.2 Yb1.8Gd0.2 Yb1.8Gd0.2 - 

Yb-Dy 

1 9 Yb0.2Dy1.8 Yb0.2Dy1.8 Yb0.2Dy1.8 - 

1 1 Yb1.0Dy1.0 Yb1.0Dy1.0 Yb1.0Dy1.0 Yb1.0Dy1.0 

9 1 Yb1.8Dy0.2 Yb1.8Dy0.2 Yb1.8Dy0.2 - 

Yb-Er 1 1 - - Yb1.0Er1.0 Yb1.0Er1.0 
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4.4.4. Modifying the synthetic medium 

Modifying the parameters of the reaction could potentially lead to a different outcome in 

the metal arrangement within the SBUs. We chose to modify the synthetic medium as it 

is a way of altering the kinetics of the formation of the MOF. For these experiments we 

chose to substitute the ethanol with acetone as it is compatible with the synthetic path of 

RPF-4, and we carried out the synthesis of the combinations of La with Yb, and La with 

Gd (1:9, 1:1 and 9:1 initial ratios) as they showed the most distinct features in the previous 

experiments.  

It seems that a slightly different synthetic medium did not affect the output of the 1:9 and 

9:1 ratios, as the results are congruent with the previous observations for a water/ethanol 

mixture. An excess of Yb or Gd generates defect-free crystals with an average metal ratio 

of 1:9. Conversely, an excess of La determines the distribution of the metals and the 

morphology of the crystals, as they display rough surfaces with defects and holes, and 

EDX analysis confirmed that the average ratio is 9:1.  

For the 1:1 ratio, for both combinations we found crystals with a particular core-shell 

morphology in which the exterior layer is rich in La and display different types of defects 

that match the La-rich composition, and the inner core contains a higher concentration of 

either Yb or Gd. For this type of morphology to have formed, the nuclei generated in the 

initial crystallization phase must have been contained an excess of Gd or Yb, and in the 

later growth phase these nuclei must have been coated with a lanthanum-rich layer. EDX 

analysis indicate that the average output for both combinations was 7:3, and this excess 

of lanthanum in the bulk seems to suggest that the lanthanum-rich layers that coat the 

initial nuclei hinder any possible trans-metalation processes that could facilitate the 

insertion of other cations in the exterior layers.  
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Figure 4.30. PXRD patterns of (left) LaYb-RPF-4 and (right) LaGd-RPF-4 

combinations synthesized in acetone/water. 

 

Figure 4.31. SEM images of a) equimolar LaYb-RPF-4 and b) equimolar LaGd-RPF-4 

synthesized in acetone/water. 
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4.5. Magnetic characterization of the samples 

One hallmark of the RPF-4 family is the rod-shaped SBU, which places the lanthanide 

atoms at short distances from one another (3.6-3.9 Å), comparable to the ones between 

3d cations in traditional inorganic oxides. This structural feature could generate long-

range magnetic interactions between the metal ions, and this would be of interest from 

the point of view of the magnetic properties. With this in mind, we conducted a magnetic 

characterization of the behavior of both single and multi-metal versions of this system. 

Firstly, we measured the magnetic susceptibility with a moderate applied field of 100Oe, 

and we observed that it displays a paramagnetic behavior from 1.8 to 300K. The inverse 

of the magnetic susceptibility was fitted to a Cuire-Weiss linear law behavior, which 

allowed us to calculate the paramagnetic moment of each rare-earth atom as well as the 

Curie constants, and the results are presented in Table 4.3. Only Eu-RPF-4 displayed a 

considerable shift between the experimental and theoretical values, and this is likely 

because of the well-known different magnetic states of europium. The plots of the 

temperature dependence of the inverse magnetic susceptibility of the different members 

of the RPF-4 series is presented in Figure 4.32.  
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Figure 4.32. Temperature dependence on the inverse magnetic susceptibility for 

different members of the RPF-4 series. 
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Table 4.3. The Curie Constant (Θ, K), the paramagnetic moment per formula unit (PM, 

µB/f.u.) or per rare-earth atom (PM, µB/atom), the saturation magnetization at 1.8K per 

atom (Ms, µB/atom) and the expected or theoretical effective paramagnetic moment per 

rare earth atom (PM, (µB)Effective) for the different single- and multi-metal RPF-4. *MS 

(µB/f.u.). 

 Θ (K) 
PM 

(µB/f.u.) 

PM 

(µB/atom) 

MS (µB/atom) 

@1.8K 

PM 

(µB)Efective 

Ce -5.0 2.8 2.0 0.9 2.5 

Nd -58.0 5.3 3.7 1.2 3.6 

Eu -192.0 4.8 3.4 0 0 

Gd -9.0 15.8 11.0 7.0 7.9 

Tb +15.0 13.0 9.2 6.0 9.8 

Dy +0.5 11.3 8.0 8.0 10.5 

Ho -22.4 16.7 11.8 6.0 10.6 

Er -21.0 14.8 10.4 8.0 9.6 

Yb -191.0 7.4 5.2 1.9 4.5 

Yb-Gd -9.4 9.8 - 10.0* 9.1 

Yb-Dy -4.9 11.5 - 8.0* 11.4 

 

 

The magnetization versus applied field plot (Figure 4.33) shows that none of the samples 

presents a coercive field, and we also observed a saturation phase dependent on the rare 

earth ion for the magnetic field dependence of the magnetization at a fixed temperature 

(1.8 K). This behavior might be related to the polarization effect on the paramagnetic rare 

earth atom, which is subjected to the intense external applied magnetic field. 
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Figure 4.33. Magnetic Field dependence of the magnetization at 1.8K of different 

members of the RPF-4 family. 

 

We recorded the DC magnetic susceptibility of Gd-RPF-4 under applied magnetic fields 

ranging from 0 to 5T, in the temperature range from 2 to 25K, and the results are plotted 

in Figure 4.34.a. For lower magnetic fields, a maximum is achieved at around 2K. When 

increasing the applied magnetic field, the maximum shifts towards higher temperatures, 

and this behavior could be related to a certain type of magnetic interaction between the 

low-lying energy levels of the lanthanides, which could be split by crystal and magnetic 

field.  
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Figure 4.34. a) Temperature dependence of the magnetic susceptibility at different 

applied magnetic fields, in the range of 0.1T to 5T for Gd-RPF-4. b) Temperature 

dependence of the AC magnetic susceptibility at a fixed frequency of 10KHz and 

amplitude of 1Oe, for different external magnetic fields for Gd-RPF-4. c) Linear fitting 

of the magnetic field dependence of the TMax in the AC magnetic susceptibility for Gd-

RPF-4.  
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To have a deeper understanding of the intrinsic magnetic behavior, we measured the AC 

magnetic susceptibility with a magnetic field amplitude of 1Oe in a wide range of 

frequencies (10 Hz-10 KHz), and these measurements could be subjected to an external 

DC magnetic field (Figure 4.34.b). The results of these measurements point to a clear 

paramagnetic behavior, however a maximum appears at a given temperature, TMax, and it 

can be seen more clearly for external DC magnetic fields from 0.7 up to 3.5T. This 

maximum shifts towards higher values when a significant external magnetic field is 

applied, and it follows a linear behavior (Figure 4.34.c) from which we can extrapolate a 

TMax for zero magnetic field of 0.53 K, as well as a slope of 4.7 K/Tesla in the case of 

Gd-RPF-4. The values of Tmax at zero magnetic field for all the samples are listed in Table 

4.4, and these values were always found to be below our experimental accessible 

temperature range (above 2K) except for Tb-RPF-4 and YbGd-RPF-4.  

 

Table 4.4. Values of TMax (K) extracted from the AC magnetic susceptibility data. 

RPF-4 TMax (K) extracted from AC data 

Ce 0.4 

Nd 0.2 

Eu 1.2 

Gd 0.5 

Tb 3.7 

Dy 0.6 

Ho 0.6 

Er 1.6 

Yb 0.4 

Yb-Gd 2.7 

Yb-Dy 1.6 
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In summary, the magnetic susceptibility (both AC and DC) under different external 

magnetic fields seems to indicate a complex magnetic behavior that stems from the 

interaction between the lower energy crystal field levels associated to the lanthanide ions. 

To shed some light on this, we thoroughly analyzed the specific heat (Cp) of all the 

samples as the low-temperature specific heat is very sensitive to the transitions between 

the low energy crystal field levels in lanthanides (Schottky anomalies). The low-

temperature specific heat consists of three components: lattice vibrations (phonons), 

electronic component (extremely weak in insulators) and the magnetic contribution. To 

extract the magnetic component of the specific heat, we subtracted the heat capacity 

obtained from La-RPF-4, which only displays the phonon contribution, but not the 

magnetic component related to the magnetic moment and the crystal field level transition 

related to the magnetic rare earth ions. Due to the insulating character of the compounds, 

we assume that the electronic component of the specific heat is extremely weak. The plot 

of the magnetic component of the specific heat versus the temperature under 20K is 

displayed in Figure 4.35. The magnetic component of this plot strongly increases at 

around 3K, and displays a broad maximum at 2.3K in the case of Ho-RPF-4. 
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Figure 4.35. Temperature dependence, in logarithmic scale, of the magnetic component 

of the specific heat for different members of the RPF-4 family. 

 

To have a deeper understanding of this complex behavior, we carried out a study of the 

magnetic field dependance of the specific heat in the same temperature range. For the 

equimolar combination of Yb and Gd, we recorded the specific heat subjected to an 

external magnetic field ranging from 0 to 8T. The results are displayed in Figure 4.36.a, 

and the magnetic specific heat presents a broad maximum at magnetic fields higher than 

3T. To emphasize the real effect of the applied external magnetic field, we subtracted the 

C/T data at H=0T from every C/T value. The data is plotted in Figure 4.36.b, and it 

displays a more pronounced broad maximum than in the previous case, but it does not 

provide new information.  
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Figure 4.36. a) Temperature dependence of the magnetic specific heat of YbGd-RPF-4, 

under different magnetic fields. b) Temperature dependence of the magnetic component 

of C/T, after the subtraction of the (C/T)0T, for YbGd-RPF-4. 

 

As a complementary approach, we recorded the isothermal magnetic field dependence of 

the magnetic specific heat (Figure 4.37.a). The data displays a maximum below 4T for 

temperatures under 5K, and the HMax shifts towards higher fields as the temperature 

increases from 1.9K to 5K. From the previous results we extracted the magnetic field 

dependence of the TMax, and the data follows a linear behavior from which we extracted 

a value of TMax of 0.4K at zero magnetic field (Figure 4.37.b). This is consistent with the 

magnetic susceptibility data, but at slightly different temperatures, again pointing to 

transitions between low crystal field energy levels of the rare earth ions. 
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Figure 4.37. a) Magnetic field dependence of the magnetic component of the specific 

heat, at different temperatures (isothermal) for YbGd-RPF-4. b) Linear fitting of the 

magnetic Field dependence of the TMax, for YbGd-RPF4, obtained from the isothermal 

specific heat. 

 

The integration of the magnetic field dependence of the TMax is related to the magnetic 

entropy, and it depends on the rare earth ion, as displayed in Figure 4.38. The magnetic 

component of the specific heat under applied external magnetic fields shows very broad 

maximum, which should have no relation to a long-range magnetic order.  
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Figure 4.38. Magnetic entropy as a function of temperature, in logarithmic scale, for the 

different members of the RPF-4 family. 

 

However, to rule out this possibility, we performed a neutron powder diffraction 

experiment at a very low temperature (below 1.5K). We recorded the NPD pattern of Er-

RPF-4 at 84 mK, and it did not display extra peaks, or an intensity increase of the already 

existing peaks. Therefore, the broad maximum of the magnetic field dependent specific 

heat could not be associated to a magnetic phase transition, so it could maybe stem from 

a very complex temperature dependence of the rare earth crystal field level transitions. 

This low temperature peak in the specific heat is commonly seen in rare earth-based 

compounds, and it can be attributed to the few-level electronic system of the partially 

split ground-state manifold of the rare-earth 4f-electrons.8 These levels can be altered by 

both the applied magnetic field and the crystal field of the host. In our case, the low 

temperature, magnetic field dependent specific heat was analyzed in terms of the Schottky 

model of a 2-level system.9 The first step was to remove the effect of the host. The heat 

capacity of the matrix (phonons) is typically accounted for by measuring a non-magnetic 
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rare-earth filled variant, typically with La or Lu.10 In our case, we measured La-RPF-4 as 

a background for the mass normalized specific heat. As expected, this sample did not 

display any low-temperature anomaly or magnetic field dependence of the heat 

capacity.11 After removing the host effect, we fitted the extracted magnetic heat capacity 

to a cubic background that accounted for the remnants up to higher temperatures, and the 

gap energy was estimated by using 2-level Schottky heat capacity.  

The Schottky model allows different degeneracies for the ground and excited levels, and 

this is not a straightforward issue in our case. We analyzed several options for each 

sample in each field, and many of the samples could be analyzed with the simplest model: 

two non-degenerate levels for Ce-, Gd-, Ho-, Nd- and Tb-RPF-4, as displayed in Figure 

4.39.a. The resulting Schottky Gap (H) dependence is similar for all the samples except 

Tb-RPF-4, as the estimated gap displayed dependance on the field at 0.5-1T, and it was 

analyzed with a double degenerate excited level model, however this does not work at all 

in zero or higher fields. 

Eu-RPF-4 could only be analyzed using double degenerate ground level as it does not 

display much Gap vs. H dependence, in a similar fashion to Tb-RPF-4. Although Er-RPF-

4 must be analyzed using double degenerate ground level in intermediate fields, non-

degenerate ground level gives similar gap energies in both low and high fields (Figure 

4.39.b). 

Both Yb-RPF-4 and Dy-RPF-4 gave the best results for double degenerate excited levels, 

and we also compared YbDy-RPF-4 and YbGd-RPF-4 to their single-metal counterparts. 

While YbDy-RPF-4 could be analyzed with only non-degenerate levels, it was not the 

case for both Yb-RPF-4 and Dy-RPF-4 (Figure 4.39.c). On one hand, the model works 

well for Dy-RPF-4, except at 8.8T where a non-degenerate model fits better, which is 

expected for higher fields. It displays a Gap (H) dependence similar to both Ce- and Gd-
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RPF-4, but with a bit less slope. On the other hand, Yb-RPF-4 required non-degenerate 

excited level in the lowest field. Its Gap (H) dependence is stronger than for Dy-RPF-4,  

YbGd-RPF-4 could be mostly analyzed with non-degenerate excited state except in low 

fields where double-degenerate excited levels are needed, similar to Yb-RPF-4, although 

it was not necessary in the case of Gd-RPF-4, as it can be analyzed in any magnetic field 

using non-degenerate levels (Figure 4.39.d). 
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Figure 4.39. Magnetic field dependence of the estimated gap from a Schottky analysis. 

a) Ce-RPF-4 (purple), Gd-RPF-4 (orange), Ho-RPF-4 (red), Nd-RPF-4 (blue) and Tb-

RPF-4 (green); b) Eu-RPF-4 (purple) and Er-RPF-4 (orange for a double degenerate 

ground state analysis, and blue for non-degenerate levels); c) YbDy-RPF-4 (green) 

compared to Yb- (orange and red) and Dy-RPF-4 (blue and purple). The “vertical” red 

line of the plot indicates that absurd Gap values are obtained at low fields for a double-

degenerate level analysis for Yb-RPF-4; d) YbGd-RPF-4 (purple and green), Gd-RPF-4 

(orange) and Yb-RPF-4 (blue triangles and red). The “vertical” red line of the plot 

indicates that absurd Gap values are obtained at low fields for a double-degenerate level 

analysis for Yb-RPF-4. 
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We used Er-RPF-4 as an example to illustrate the Schottky analysis, as it can be analyzed 

using either non-degenerate or double-degenerate ground levels. Figure 4.40 displays the 

Schottky fit to the extracted ΔCp(T) excess or magnetic heat capacity data at different 

magnetic fields. The Schottky model is based on the statistical physics of a few level 

system with thermal occupation:10  

CSch(T)=
R

T2
[
∑ νiΔi

2
e-

Δi
T

⁄

∑ νie
-
Δi
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-
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)

2
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where Δi is the energy gap (in K units) and Δ0=0 corresponds to the ground level. The 

model features the energy gaps, Δi, as free parameters. Therefore, once the number and 

degeneracy of levels, νi, is specified, only one fitting parameter for 2-level systems is left. 

For low-temperature 4f-electron systems it is often sufficient to consider only the first 

excited level together with the ground level. Such a two-level Schottky system has a 

characteristic peak in the heat capacity. In our data, a free cubic background must also be 

included to account for the higher temperature evolution of the specific heat.  
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Figure 4.40. Temperature dependent excess or magnetic heat capacity of Er-RPF-4 at 

different magnetic fields. The fits use non-degenerate (solid lines) and double-

degenerate (dashed lines) ground levels. 

 

The results of the Schottky analysis of the single- and multi-metal RPF-4 samples are 

displayed in Table 4.5. Since the estimated gap does not always vary linearly with the 

magnetic field, Table 4.5 also includes the EgB[K/T]=(ΔEg(B)-ΔEg)/B values obtained by 

using the heat capacity measured in the highest measured field (usually 8.5 T). 

Additionally, the data is ordered according to the zero-field gap, and can be compared to 

the 4f configuration. Interestingly, the multi-metal RPF-4 samples display similar gap 

values to Yb-RPF-4, even though both Gd- and Dy-RPF-4 have considerably larger gaps. 

 

 

 



119 

 

Table 4.5. Estimated 2-level Schottky-model energy gap without magnetic field (ΔEg) in 

temperature units, and its magnetic field dependence (EgB) for the different members of 

the RPF-4 family. 

RPF-4  ΔEg[K] EgB[K/T] 

La 0 0 

Nd 0.73 0.9 

Ce 1.6 0.8 

Yb 1.9 1.3 

Yb-Dy 2.1 0.8 

Yb-Gd 2.5 0.9 

Er 3.4 1.1 

Gd 3.6 1.2 

Dy 4.9 0.7 

Tb 5.2 0.16 

Eu 5.9 0.21 

Ho 9.1 0.9 
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4.6. Conclusions 

To summarize, equimolar La-containing combinations of the RPF-4 MOF family result 

in a phase segregation generated by a competitive formation of isoreticular crystals with 

different composition in the same sample, even if the chemical analysis of the 

composition of the bulk seems to point to an overall homogeneous output. This does not 

occur for equimolar binary combinations of RPF-4 not containing lanthanum, as they 

easily generate the MTV-MOF with the desired metal sequence in the SBU. Therefore, 

even if the MOFs can be obtained in single-metal form with any of the lanthanides we 

studied, the formation of a binary MTV-MOF seems to be driven by the complex interplay 

between thermodynamic and kinetic crystallization factors. 

 

 

 

Figure 4.41. Summary scheme of the possibility to obtain MTV-MOFs for the 1:1 

binary metal RPF-4 combinations studied in this chapter. 
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Our results illustrate the relevance of understanding the crystallization process of multi-

metal MTV-MOFs in order to control the atomic sequencing scenario within the SBUs. 

Also, they underline the significance of a careful analysis of a sample, because while the 

compositional analysis of the bulk might indicate a homogeneous distribution of the metal 

atoms, the analysis of individual single-crystals might reveal a different scenario.   

Regarding the magnetic behavior of the RPF-4 family, the samples we studied stay in the 

paramagnetic regime until the lowest temperature. However, the interaction between the 

low-lying levels of the f-electrons strongly depends on the variations induced by the 

crystal field and the external applied magnetic field, giving rise to a rich phenomenology 

in the magnetic susceptibility (AC and DC) and also in the specific heat. 

The results of this chapter have been published in Chemistry of Materials in 2022, volume 

34 (15), pages 7029-7041, with the title “Influence of the Synthesis and Crystallization 

Processes on the Cation Distribution in a Series of Multivariate Rare-Earth Metal–

Organic Frameworks and Their Magnetic Characterization”. 

Additionally, based on the magnetic experiments detailed in this chapter, another study 

has derived in order to understand the correlation of the magnetocaloric effect of the 

framework with the metal centers, in this case, gadolinium. The influence of the 

dimensionality of the SBU (rods, hexameric clusters, layers), and the associated density 

of Gd atoms per formula unit were also investigated in detail. The results of this study 

have been published in Inorganic Chemistry in 2023, volume 62 (48), pages 19741–

19748, with the title “Magnetocaloric Properties in Rare-Earth Based Metal-Organic 

Frameworks: Influence of Magnetic Density and Hydrostatic Pressure”. 
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─ CHAPTER 5 ─ 

Multi-Metal Oxides Derived from MTV-

MOFs and Their Use as Catalysts for 

The Reverse Water-Gas Shift Reaction 
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5.1. Introduction 

Not only has the field of MOFs undergone an exponential growth in the past decades, but 

also their use to obtain MOF-derived materials (oxides, carbons, nanoparticles) have 

recently emerged as an alternative of generating different classes of functional materials. 

The reason behind this is that some applications are carried out in conditions that are not 

compatible with the chemical nature of MOFs. Reactions carried out at high temperatures 

(>300 ºC), high pressures (>8MPa), or in hash conditions (highly acidic or alkaline media) 

generally cause the frameworks to collapse; however, they can be still used as precursors 

or sacrificial templates to generate other derived compounds. While MOF-derived 

carbon-based materials are especially relevant in the field of electrocatalysis,1 energy 

storage and conversion,2,3 nanomaterials derived from MOFs show great potential for 

applications such as sensing, catalysis, and energy or gas storage.4–6  

The key point here is that the composition, tuned in the initial MOFs at the atomic level, 

can be translated to other classes of solids, while preserving the specific distribution of 

the active sites. One of the most straightforward routes of synthesizing MOF-derived 

materials consists of using MOFs as precursors and subjecting them to a thermal 

treatment.7 Based on this strategy, my group recently conducted a study focused on 

obtaining MOF-derived catalysts for the reverse water gas shift (RWGS) reaction.8 A 

family of multi-metal MOFs with combinations of up to four metal atoms (Zn, Co, Mn, 

Ca)9,10 were calcined to obtain multi-metal spinels with a specific ratio and distribution 

of the metal cations, and these oxides were found to be highly efficient pre-catalysts for 

the RWGS reaction. 

Chapter 4 of this thesis has the study of the multi-metal MTV-RPF-4 family as its main 

subject, so we know how different ratios or rare-earth combinations impact the 
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distribution of the metals within the SBUs and the overall output of the synthesis. So, the 

calcination of multi-metal combinations of this MTV-MOF family is expected to generate 

oxides with specific metal ratios, and the knowledge obtained in said chapter can be 

applied to obtain complex catalysts. Therefore, it would be interesting to evaluate and 

compare the catalytic activity of the calcined multi-metal RPF-4 combinations, as 

opposed to other traditional synthesis routes. When pondering about what catalysis 

reaction would fit our MOF-derived rare-earth oxides, we gravitated towards reactions 

involving carbon dioxide (CO2), which is the primary greenhouse gas emitted through 

human activities. Although it is naturally present in the atmosphere, emissions stemming 

from human activities are increasing alarmingly, disrupting the natural balance. The 

current global energy crisis and the inexorable increase of the demand for fossil fuels 

seem to be intractable problems that bespeak the disquieting situation of the environment. 

Fossil fuel shortages and the contamination resulting from their combustion are taking a 

toll on the atmosphere, as the result is a continuously increasing amount of greenhouse 

gas emissions. To alleviate the strain that we are putting on our planet, these high-priority 

issues must be tackled.  

One approach to reduce CO2 emissions is to consider this gas as a resource rather than a 

waste, thus recycling it and turning it into a value-added product. The valorization of CO2 

can be carried out through its transformation into CO, a key C1 and C2+ building block11 

in many industrial processes, such as organic synthesis,12 formation of longer-chain 

hydrocarbons (Fisher-Tropsch reaction)13, carbonylation,14 synthesis of renewable high-

calorific fuels such as CH4,
15 and important compounds for the chemical industry such as 

methanol16 or formic and acetic acid.17 CO2 can be reduced to CO and H2O through a 

route called reverse water-gas shift (RWGS, eq. 1). This reaction is endothermic (ΔH0 = 

+41,1 kJ/mol) and thermodynamically limited, being favoured at higher temperatures.18  
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(eq.1) CO2 + H2 → CO + H2O 

 

Many catalysts have been studied for this reaction, mainly metal-based oxides,19 being 

noble (Au, Pd, Pt, Ru) and transition metals (Cu, Ni, Fe) among the most widely studied. 

As a consequence of the high temperatures required for the RWGS reaction, the catalysts 

can suffer from deactivation by either metal sintering or carbon deposition (coking).20 

One way to circumvent these hinders is to use catalysts with a homogeneous and 

“physically” confined distribution of the metal ions (for example, physical encapsulation 

of metal particles),21 or to synthesize multi-metal catalysts that include a metal with a 

higher melting point.22,23 As already mentioned, traditional oxides have been the main 

catalysts used for the RWGS reaction; however, as this field has evolved over the years, 

more sophisticated versions of these oxides (mixed-metals, nanoparticles supported on an 

oxide matrix, metal combinations or proportions not achievable through traditional 

synthesis) could access unprecedented catalytic performances.  

Generally, the catalytic activity of the RWGS reaction can be boosted by using a reducible 

metal oxide such as CeO2, CrO3 or TiO2, which display oxygen vacancies that promote 

CO2 adsorption and activation.24 Among these oxides, ceria (CeO2) displays the highest 

efficiency at high temperatures.25 When doping ceria with La3+ ions, the number of 

oxygen vacancies increases as the lanthanum ions substitute part of the Ce4+ positions, 

and this further enhances the oxygen mobility which results in an improvement of the 

reducibility of the system. A recent study demonstrated that the optimal La doping value 

is 10%, which corresponds to a maximum surface proportion of Ce3+ and the highest CO 

yield.26  

Thus, we selected the Ce-La RPF-4 combination with ratios 9.5:0.5, 9:1, 8:2 so that the 

La doping amount would be in the 5-20% range. Additionally, we also chose the 
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combinations of Ce-Pr and Ce-Nd, both in a 9:1 ratio. Generally, doping ceria with metals 

of lower ionic radius than Ce results in structural distortions that increases its reducibility, 

enhancing their reactivity in CO oxidation reactions.27 On one hand, praseodymium 

doping promotes oxygen donation in ceria;28 on the other hand, neodymium-doped ceria 

displays a higher ionic conductivity.29  

Bearing all this in mind, this chapter is focused on obtaining RPF-4-derived multi-metal 

oxides with tuned compositions based on previous knowledge (chapter 4 of this thesis) of 

how to adjust the composition of this MOF family. The performance of these materials as 

catalysts for the RWGS reaction was evaluated in comparison to oxides synthesized via 

traditional routes, and these experiments were carried out in collaboration with Carlos 

Martínez Gómez and Consuelo Álvarez Galván (Instituto de Catálisis y Petroquímica-

ICP, Madrid, Spain). These preliminary results prove that the MOF-based samples yield 

a higher catalytic activity which is directly related to the intrinsic characteristics of the 

samples, further demonstrating that MOF-derived materials offer advantages over other 

classes of compounds.  
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5.2. Synthesis and characterization of the initial MOFs 

5.2.1. Synthesis of multi-metal MTV-RPF-4 

All reagents and solvents employed were commercially available and used as received 

without further purification: 4,4′-(hexafluoroisopropylidene)bis(benzoic acid), H2hfipbb 

(>98%, TCI); lanthanum nitrate hexahydrate, La(NO3)3 × 6H2O (99.9%, Alfa Aesar); 

cerium nitrate hexahydrate, Ce(NO3)3 × 6H2O (99%, Aldrich); neodymium nitrate 

hexahydrate, Nd(NO3)3 × 6H2O (99.9%, Strem Chemicals); praseodymium nitrate 

hexahydrate, Pr(NO3)3 × 6H2O (99.9%, Strem Chemicals); ethanol absolute (Scharlau); 

acetone (99.6%, Labkem). 

The amount of metal salt was adjusted according to every combination. All the quantities 

of metal salts used in all the synthesis are listed in Table 5.1. To illustrate how each 

combination was obtained, an example is given as follows: for the synthesis of the Ce-La 

8:2 combination, Ce(NO3)3 × 6H2O (0.09 mmol, 40.3 mg), La(NO3)3 × 6H2O (0.2 mmol, 

10.4 mg) and H2hfipbb (0.176 mmol, 70.45 mg) were dissolved in 7.5 mL of absolute 

ethanol and 5 mL of water. The mixture was placed in a Teflon‐lined steel autoclave and 

heated during 72 hours in an oven at 160 °C. After cooling to room temperature, the 

crystals were filtered and washed with water and acetone. 

Table 5.1. Synthesis ratios for the multi-metal MTV-RPF-4 binary combinations used 

to obtain the corresponding mixed-metal oxides. 

Ce-La 

Molar 

code 

Ce(NO3)3 x 6H2O La(NO3)3 x 6H2O 

mg mmol mg mmol 

8:2 40.3 0.09 10.4 0.02 

9:1 44.94 0.1 4.98 0.01 

9.5:0.5 47.44 0.105 2.7 0.005 

Ce-Pr 

Molar 

code 

Ce(NO3)3 x 6H2O Pr(NO3)3 x 6H2O 

mg mmol mg mmol 

9:1 44.94 0.1 5 0.01 

Ce-Nd 

Molar 

code 

Ce(NO3)3 x 6H2O Nd(NO3)3 x 6H2O 

mg mmol mg mmol 

9:1 44.94 0.1 5.04 0.01 
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5.2.2. Characterization of multi-metal MTV-RPF-4 

The purity of the samples was confirmed by PXRD (Figure 5.1), and all the patterns match 

the simulated pattern of single-metal La-RPF-4.  

 

Figure 5.1. PXRD patterns of all the samples: as-synthesized RPF-4 MOFs. 

 

Regarding the morphology and composition of the crystals, as already mentioned in 

chapter 4, the Ce-La combinations yield hexagonal prism-like crystals with generally 

smooth faces, and with presence of a higher number of defects for the higher La 

concentration. The Ce-Nd and Ce-Pr RPF-4 combinations were not studied in chapter 4, 

however these samples display a similar behavior to the Ce-La combination. Here, Ce, 

which is in a higher concentration, directs the crystallization mechanism of the structure 

and the morphology is analogous to that of single-metal Ce-RPF-4. EDX analysis 

confirmed that the composition of the crystals of all the samples matches the initial metal 

ratios (Figure 5.3). 
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Figure 5.2. SEM images of the MTV-RPF-4 samples. a) Ce-La 9.5:0.5 b) Ce-La 9:1 c) 

Ce-La 8:2 d) Ce-Pr 9:1 and e) Ce-Nd 9:1. 
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5.3. Calcination of the MOFs and characterization of the products 

5.3.1. Calcination of multi-metal MTV-RPF-4 

The multi-metal MTV-RPF-4 samples were transferred to zirconia crucibles and were 

subjected to a thermal treatment in air. The first step consisted of a heating stage of 6 

hours 20 minutes (2.5 ºC/min heating rate) from room temperature to 800 ºC; the 

temperature was maintained for 4 hours, and the sample was left to slowly cool down to 

room temperature. The RPF-4 structure totally decomposes at 550 ºC,30 therefore this 

calcination strategy ensures the total transformation of the MOF and the elimination of 

any organic component.  

 

5.3.2. Characterization of the calcined products  

The purity check and phase identification of the calcined samples were carried out 

through PXRD (Figure 5.3). All the patterns match the formation of the cubic CeO2 

crystal phase (fluorite-type structure, PDF database code 04-018-4984), which implies 

that the Ce3+ atoms have been oxidized to Ce4+, as expected bearing in mind that the 

thermal treatment was carried out in air. The absence of any other crystalline phase in the 

PXRD patterns suggests that the La atoms are effectively incorporated in the CeO2 lattice, 

thus generating oxygen vacancies. 
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Figure 5.3. PXRD patterns of the calcinated MTV-RPF-4 samples. 

 

To further characterize the calcination products and to rule out any changes in the 

composition or the ratio between the metals, a SEM-EDX study was conducted (Figure 

5.4). The initial hexagonal prism-like morphology of the parent MOFs is partially 

retained, which is frequently observed in many thermally treated MOFs;31,32 however, the 

crystals are clearly contracted and slightly deformed, as result of the calcination process 

and removal of the organic part. A closer look at the crystals shows that they are now 

formed by aggregated particles. The EDX analysis confirmed that the metal ratios of the 

initial MOFs were successfully transferred to the oxides (Figure 5.6). 
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Figure 5.4. SEM images of the calcined MTV-RPF-4 samples. a) Ce-La 9.5:0.5 b) Ce-

La 9:1 c) Ce-La 8:2 d) Ce-Pr 9:1 and e) Ce-Nd 9:1. 
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5.4. Catalytic performance evaluation: RWGS reaction 

5.4.1. Catalysis procedure 

The reaction is carried out in a continuous mode at three different temperatures (700, 600 

and 500 ºC) with a 2.5 hour hold stage at each temperature. The higher temperature was 

selected as a starting point to avoid the Sabatier reaction (transformation of CO2 into 

CH4)
33 which generates undesired byproducts like methane, and the Boudouard reaction 

(conversion of CO into CO2)
34 which results in carbon deposition which deactivates the 

catalyst.  

 

5.4.2. Results and discussion 

In addition to the aforementioned samples, CeO2 doped with 10% La was synthesized 

following a reported sol-gel route8 to be used as a benchmark (denoted CeLa 9:1 – SG).   

Firstly, as displayed in Figure 5.5, an induction period is observed in the first reaction 

hour as conversion values quickly increase. In the first reaction stage at 700 ºC, the oxides 

derived from MTV-RPF-4 show higher conversion values than the sol-gel prepared 

sample. After 2.5 hours of reaction time, maximums of 41%, 43%, and 45% of conversion 

were reached for the MOF-derived oxides with Ce-La ratios of 9.5:0.5, 9:1, and 8:2, 

respectively, while the sol-gel prepared oxide displays a conversion value of 36%. For 

the Ce-Pr and Ce-Nd 9:1 samples, the conversion values are slightly lower than the 

lanthanum-containing samples (39.9% and 38.7%, respectively). This trend is maintained 

in the second reaction stage at 600 ºC. As expected, there is a general conversion decrease 

associated to the drop in temperature. Again, the sol-gel prepared oxide displays a low 

conversion value (16.6%), and the Ce-Nd 9:1 sample yielded slightly lower values. The 

lanthanum-containing MOF-derived oxides demonstrate the best activity, with 
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conversion values of 19.8%, 18,6% and 23.5% for Ce-La ratios of 9.5:0.5, 9:1 and 8:2, 

respectively. The most striking fact is that the selectivity towards CO is 100% in all cases, 

and this value is maintained even at 500 ºC (Figure 5.6). The CO yield is the most 

significant parameter to evaluate the catalytical performance as it includes both 

conversion and selectivity, CO yield = (selectivity × conversion) / 100; however, as the 

selectivity of all the samples displays a constant value of 100% during all the cycles, the 

CO yield plot matches the conversion plot.  

After completing the catalysis cycles, the samples were recovered and were analyzed by 

PXRD to check for any structural or compositional changes. As displayed in Figure 5.7, 

the PXRD plots of the MOF-derived oxides match the structure of CeO2, and do not 

display any change after being subjected to the conditions of the catalysis experiments.  

 

 

Figure 5.5. CO2 conversion versus reaction time plot.  
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Figure 5.6. Selectivity towards CO versus reaction time plot.  

 

Figure 5.7. PXRD patterns of the calcined MTV-MOFs post-catalysis. 
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The chemical composition of the surface of the MOF-derived Ce-La 9:1 sample was 

analyzed through XPS. As displayed in Table 5.2, the La/Ce ratio is very close to the 

theoretical value, and both species are in the form of oxides. 

Table 5.2. Atomic composition of the Ce – La (9:1) catalyst by XPS. 

Atoms C 1s O 1s Ce 3d La 3d La/Ce 

Composition (%) 32.53 56.24 9.94 1.29 0.13 

 

Additionally, the deconvolution of the spectrum of the 3d orbital of Ce was carried out to 

evaluate the proportion of Ce3+ and Ce4+ (in their corresponding forms, Ce2O3 and CeO2) 

in the sample. As expected for the Ce 3d XPS spectrum of ceria,35 up to ten maximum 

peaks are observed in the deconvolution of the spectrum displayed in Figure 5.8, of which 

three doublets correspond to Ce4+, and two doublets to Ce3+. Each peak was assigned an 

ion based on information found in different literature sources,36,37 and the data is 

presented in Table 5.3.  

 

Figure 5.8. Deconvolution of the XPS spectrum corresponding to the Ce 3d orbital for 

the MOF-derived sample Ce-La 9:1.  
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Table 5.3. Ce 3d deconvolution spectrum peak assignation. v, u = integrated peak areas. 

Ion Binding energy (eV) Assignation 

Ce4+ 

882.9 v 

888.5 v’’ 

897.6 v’’’ 

900.1 u 

906.9 u’’ 

916.3 u’’’ 

Ce3+ 

881.5 v0 

886.2 v’ 

899.9 u0 

901.9 u’ 

 

Given these results and following the equations used by Chan et al. in their report (eq. 2-

4),35 the Ce3+ and Ce4+ percentages can be estimated by using the area under the curve of 

each peak, and the calculated value for Ce3+ of 33.4%, which points to a higher presence 

of Ce4+ (CeO2) in the sample. 

 

(eq.2) Ce3+ = v0 + v’ + u0 + u’ 

(eq.3) Ce4+ = v + v’’ + v’’’ + u + u’’ + u’’’ 

(eq.4) %Ce3+ = Ce3+ / (Ce3+ + Ce4+) 

 
 

Regarding lanthanum, the 3d peak was deconvoluted in two signals due to its asymmetry. 

The major signal (834.4 eV, 62%) corresponds to La3+ in oxide form, and the minor signal 

(838.41 eV, 38%) corresponds to carbonates or surface hydroxides of La3+. 
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5.5. Conclusions 

To sum up, in this chapter, five multi-metal oxide catalysts were prepared through the 

calcination of multi-metal MTV-MOFs. The initial metal ratios and sequences were 

successfully transferred from the initial MOFs to the oxides. Due to intrinsic features of 

their structure, these materials displayed a higher catalytic activity for the RWGS reaction 

compared to that of oxides prepared via a traditional synthesis route. This was clearly 

evidenced when comparing the CO conversion of the MOF-derived catalysts (45% at 700 

ºC for the Ce-La 8:2 sample) with the sol-gel synthesized one (36% at 700 ºC). The MOF-

derived catalyst that displayed the highest CO yield is Ce-La 8:2, and this performance 

can be attributed to the higher proportion of oxygen vacancies generated by the higher La 

doping proportion.  

The results presented in this chapter are a great first step towards the optimization of a 

MOF-derived catalyst for the RWGS. The insertion of an additional metal, specifically 

Ni, would further enhance the catalytic activity, based on the fact that Ni/La-doped CeO2 

(with a determinate Ni-La proportion) has displayed an unprecedented performance.8,38 

Our MOF-derived catalysts already display a good catalytical performance, so the 

insertion of Ni would further improve the results. So, the future of this investigation topic 

will be focused towards obtaining Ni-containing catalysts (either by one-pot synthesis or 

post-synthetical Ni impregnation) and the evaluation of their catalytic activity. 

The results of this chapter have not yet been published; however, a manuscript has been 

already prepared and will be submitted to a journal once a few pending experiments will 

be completed.  
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─ CHAPTER 6 ─ 

New Bismuth- and Indium-based MOFs 
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6.1. Introduction 

The prevailing elements in the reticular chemistry of MOFs are transition metals, 

followed by rare earth atoms, and other main group atoms (Mg, Ca, Sr). Elements from 

group 13 (Al, Ga, In) and bismuth remain in the small percentage of MOF reports. My 

group became aware of the potential of these metals, and focused on studying Bi- and In-

based MOFs, finding interesting behaviors such as framework adaptability in response to 

the changes triggered by the binding of guest species in the case of Bi-MOFs,1 and an 

exceptional catalytical performance of both single- and multi-metal In-MOFs.2,3  

Bismuth is a non-toxic and environmental-friendly element, used for many years in 

pharmaceutical preparations, especially for gastric diseases or to inhibit bacterial growth,4 

and in combination with a bioinspired linker it can generate a MOF that can behave as a 

biocompatible platform.5 It is cost-effective, and in combination with its Lewis acid 

character, it can render a good performance as a heterogeneous green catalyst for different 

relevant chemical reactions.6 Bi3+ has a flexible coordination geometry which stems from 

the combination of the presence of a stereochemically active lone electron pair (6s2 

electrons),7,8 a relatively large covalent radius (1.48 Å)9 and a high affinity for 

multidentate linkers containing oxygen, nitrogen or sulfur atoms.10 Despite it benefitting 

from an array of advantages, Bi3+ is a cation that still remains fairly unexplored as a 

coordination node in MOFs. The first few reports of Bi-based MOFs with limited porosity 

were published during 2007-2011, and in 2012, Stock et al. reported the first highly 

porous and crystalline Bi-based MOF, CAU-7.11 Since then, other reports have emerged, 

focused on an array of applications, such as catalysis,12 energy storage, biomedical 

imaging, biocompatible platform, drug delivery, antibacterial coating,13 fluorescence 

sensing, adsorption and separation; however, the number is still low when compared to 

publications based on transition metals.  
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Indium is a group 13 element known for its strong Lewis acid character, and is widely 

used in the field of catalysis.14,15 It displays a rich structural diversity, given its different 

coordination capabilities.16 The first indium-based MOF, InPF-1 was reported in 2002 by 

my group,17 and since then the field has undergone a slow and steady growth, especially 

due to the high robustness and stability of the frameworks that this metal generates.18  

The goal envisioned of this chapter was to further explore the chemistry of Bi and In in 

MOFs, and also evaluate the compatibility of this metals with Ir, a metal relevant in the 

catalysis field (a more detailed discussion about the insertion of Ir in MOFs is provided 

in chapter 7), and the possibility of obtaining a multi-metal MOF.  

Thus, the first experiments were performed with the aim of combining iridium and 

bismuth or indium in a same framework, and for this we focused on three MOFs already 

obtained in my group: BiPF-1 ([Bi(BTB)(DMF)2]),
19 BiPF-3 ([Bi2(hfipbb)3], with 

H2hfipbb = 4,4′-hexafluoroisopropylidenebisbenzoic acid),19 and InPF-18 

([In3(OH)3(popha)2(4,4’- bipy)]×4H2O, with H3popha = 5-(4-carboxy-2-nitrophenoxy) 

isophthalic acid).20 The criteria followed when choosing the structures were the 

following: for Bi we wanted to investigate which SBU type would be more fitting for the 

possible insertion of Ir, monomeric (BiPF-1) or rod-type that would potentially facilitate 

the sequencing of atoms, as seen in previous chapters (BiPF-3); InPF-18 was selected 

because it displays octahedral In atoms (compatible with the octahedral environments that 

Ir tends to display) coordinated to carboxylic groups and an additional linker with an N-

containing group (4,4’-bipyridine) that would facilitate the coordination of the Ir atoms 

due to their affinity for N-donor linkers.21 

As a general strategy, the solvothermal synthesis experiments were initially performed 

following the procedures optimized for the single metal MOFs, but using the combination 

of Bi or In with Ir in an 8:2 ratio. The 8:2 ratio was preferred over 9:1, as some 
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experiments require a slightly higher concentration of the metal to be inserted, and it 

would facilitate its quantification. The results of these experiments demonstrated that 

iridium could not be inserted into the target frameworks. Instead, the MOFs were obtained 

as single-metal phases, along with a black amorphous powder rich in Ir, according to the 

EDX analysis. At the view of these results, the approach was shifted towards the design 

of new MOFs with different coordination environments, for which a key point was to 

include a N-donor linker that would preferably coordinate to the Ir atoms21 and reticulate 

them, and an additional linker with carboxylate groups that would further extend the 

framework. 

For our experiments, we selected linkers that were previously used in our group to obtain 

Bi- and In-based MOFs as this ensured the compatibility with the metals, and the 

prospects of generating frameworks were higher. The chelating molecule 2,2’-bipyridine 

(bipy) was selected as an N-donor linker, and the tritopic molecule 1,3,5-tris(4-

carboxyphenyl)benzene (H3BTB) was selected as main carboxylate linker due to its 

versatility (Figure 6.1).  

 

 

Figure 6.1. The linkers used in the synthesis of the MOFs of this chapter. 
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The hydrothermal synthesis experiments performed with the two linkers mentioned, and 

the combination of either Bi or In with Ir in an 8:2 ratio yielded a output similar to the 

previous case, where single-metal MOFs, where isolated, but not the multi-metal versions 

with iridium. Nevertheless, two new single-metal MOFs, one based on Bi (BiPF-11), and 

one based on In (InPF-32), were obtained, and they will be the main subjects of this 

chapter as they provide valuable information about how these atoms behave when acting 

as framework nodes, and help explore their chemistry as metal nodes for MOFs.  

In addition, another novel bismuth MOF was obtained during my predoctoral stay at the 

Kyoto University iCeMS (Institute for Integrated Cell-Material Sciences) in the group of 

professor Shuhei Furukawa, and it is also included in this chapter. This structure was 

obtained during the investigation on the use of hydroxamic acid linkers to form metal-

organic materials with bismuth, including MOFs and Metal-Organic Cages (MOCs),22 as 

there are no reports of this type in the literature. These results fit well in this chapter as 

they complement the goal of achieving a deeper understanding of the behavior of bismuth 

cations in MOFs. 
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6.2. Bi-based MOF: BiPF-11 

6.2.1. Synthesis of BiPF-11 

The initial synthesis reaction included both H3BTB and bipy linkers, following the above 

explained rationale for the obtaining of a multi-metal material. However, it was early 

found that only the H3BTB linker coordinated to the Bi ions in the final structure, while 

the bipy molecules remain in the mother liquor. Therefore, the synthetic conditions were 

optimized by using just bismuth nitrate, H3BTB and dimethylacetamide (DMA) at 90 ºC, 

which resulted in the formation of a crystalline product, BiPF-11. In particular, H3BTB 

(0.1 mmol, 43.8 mg) and Bi(NO3)3 × 5H2O (0.1 mmol, 48.5 mg) were dissolved in 5 mL 

of DMA, and sonicated to ensure the full homogenization of the solution. The mixture 

was placed in a 25 mL glass vial and heated for 24 hours (the crystals can be obtained in 

lower reaction times, 12-18 hours) on a heating plate at 90 °C. After cooling to room 

temperature, the white prism-shaped crystals (100-200 µm) were washed with DMA 

(3x10 mL). All reagents and solvents employed were commercially available and used as 

received without further purification: 1,3,5-tris(4-carboxyphenyl)benzene, H3BTB 

(>98%, Strem); bismuth (III) nitrate pentahydrate, Bi(NO3)3 × 5H2O (>98%, Fluka); 

DMA (Scharlau). 

 

6.2.2. Characterization of BiPF-11 

Single-crystal X-ray diffraction (SCXRD) analysis confirmed the formation of a new 

MOF, BiPF-11, which crystallizes in the monoclinic space group C2/c with cell 

parameters a = 32.217(8) Å, b = 11.312(3) Å, c = 27.649(7) Å,  = 117.519(7) and cell 

volume 8926(4) Å3 (full crystallographic parameters and refinement data are provided in 

Table 6.1). 
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Table 6.1. Crystallographic parameters and refinement data for BiPF-11. 

Crystallographic parameters BiPF-11 

Empirical formula C70H66Bi2N4O16 

Formula weight (g/mol) 1637.22 

Crystal system Monoclinic 

Space group C2/c 

a (Å) 32.217(8) 

b (Å)  11.312(3) 

c (Å) 27.649(7) 

α (º) 90 

β (º) 117.519(7) 

γ (º) 90 

Volume (Å3) 8926(4) 

Z 4 

Calculated density (g/cm3) 1.217 

Absorption coefficient (mm-1) 8.079 

F(000) 3232.0 

Radiation CuKα (λ = 1.54178) 

2θ range for data collection (º) 6.186 to 130.142 

Index ranges 
-37 ≤ h ≤ 37, -13 ≤ k ≤ 13, -32 ≤ l ≤ 

32 

Reflections collected 40859 

Independent reflections 7532 [Rint = 0.0756, Rsigma = 0.0620] 

Data/restraints/parameters 7532/0/421 

Goodness-of-fit on F2 1.061 

Final R indexes [I>2σ (I)] R1 = 0.0650, wR2 = 0.2061 

Final R indexes [all data] R1 = 0.0843, wR2 = 0.2333 

Largest diff. peak/hole (e·Å-3) 1.94/-1.52 
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BiPF-11, with formula [Bi(BTB)(DMA)2], is a neutral, three-dimensional framework in 

which the inorganic SBU is comprised by distorted octa-coordinated Bi polyhedra (Figure 

6.2). The asymmetric unit consists of one Bi atom, one BTB molecule and two DMA 

molecules (Figure 6.3). The Bi3+ atoms are coordinated to three chelating carboxylate 

groups from three different BTB linkers. Two DMA molecules complete the coordination 

sphere of Bi3+, resulting in a SBU with the formula [Bi(-CO2)3(DMA)2], displayed in 

Figure 6.4. Given the distortion of the polyhedron, with bond distances between Bi and 

the atoms from its coordination sphere ranging from 2.263 to 2.775 Å, it is possible that 

the stereochemically active lone pair of electrons of Bi is directing the bonds towards a 

certain part of the coordination sphere, resulting in a hemidirected geometry.23  

 

 

Figure 6.2. Structure of BiPF-11 viewed along the crystallographic b axis. Bi atoms are 

displayed in purple, O in red and N in blue. H atoms are omitted for clarity. 
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Figure 6.3. Thermal ellipsoid representation (50 % probability) of the asymmetric unit 

of BiPF-11. Bi atoms are displayed in purple, O in red and N in blue. H atoms are 

omitted for clarity. 

 

 

 

Figure 6.4. Monomeric eight-coordinated SBU of BiPF-11. Bi atoms are displayed in 

purple, O in red and N in blue. H atoms are omitted for clarity. 
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The structure of BiPF-11 consists of two interpenetrated networks (displayed in orange 

and blue in Figure 6.5) with ths-type topology,24 where both the organic linker and the 

inorganic SBU act as three connected nodes.  

 

  

Figure 6.5. BiPF-11 displays a 2-fold interpenetrated structure (on the left, displayed in 

blue and orange) with a ths-type topology (on the right, represented in dark grey lines 

and purple spheres). 

 

The PXRD pattern of the crystals of BiPF-11 is shown in Figure 6.6, compared to the 

simulated plot from the SCXRD data.  
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Figure 6.6. PXRD pattern of experimental BiPF-11 compared to the simulated data 

from the SCXRD experiment.  

 

When checking the structural stability of BiPF-11 by submerging crystals in different 

solvents, a phase shift was observed, and as confirmed by PXRD, the framework does not 

collapse (Figure 6.7). Thus, BiPF-11 shifts to a new phase, A (PXRD plot displayed in 

orange) when submerged in ethanol or methanol, and the initial large prism-shaped 

crystals break down into small crystalline fragments. In addition, BiPF-11 shifts to 

another phase, B (PXRD plot displayed in teal) when left to dry in air or when submerged 

in water, and the initial crystals become a microcrystalline powder. This phase shift seems 

to point to a dynamic behavior of BiPF-11, where a crystalline phase is preserved during 

the process. However, the change involved the loss of its single-crystal character, which 

prevented the elucidation the structures of the transformed phases.  
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Figure 6.7. PXRD patterns of the SCXRD data simulated plot of BiPF-11 (black), 

experimental BiPF-11 after washing with DMA (purple), BiPF-11 submerged in EtOH 

or MeOH − phase A (orange) and BiPF-11 dried in air − phase B (teal). Representative 

images of the morphology of the crystals corresponding to each PXRD pattern are 

displayed on the right.  

 

The results of the CHN elemental analysis of the activated sample are shown in Table 

6.2. The calculated data displays slightly higher values than the percentages estimated 

from the formula of the MOF (C70H66Bi2N4O16), and this difference can be due to the 

presence of DMA molecules enclosed in the pores of the MOF. 

 

Table 6.2. EA results for BiPF-11. 

BiPF-11 

Calculated CHN Experimental CHN 

%C %H %N %C %H %N 

51.349 4.071 3.426 50.478 4.886 4.439 
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The stability of the MOF was studied through thermogravimetric analysis (TG). The TG 

plot (Figure 6.8) displays three weight losses: 16.95% at 116 ºC, 8.40% at 149 ºC, 8.85% 

at 310 ºC, corresponding to the loss of solvent molecules enclosed in the pores of the 

MOF and the two coordinated DMA molecules. The total decomposition of the MOF 

occurs at 451 ºC, resulting in Bi (III) oxide (α-Bi2O3), as confirmed by PXRD (Figure 

6.9).  

 

Figure 6.8. TGA plot for BiPF-11.  

 

Figure 6.9. PXRD pattern of the TG residue of BiPF-11 (purple) compared to the 

simulated plot of α-Bi2O3 (black). 
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6.3. Bi-based MOF: KyU-13 

During my PhD, a research internship was carried out at the Kyoto University iCeMS 

(Institute for Integrated Cell-Material Sciences) in the Furukawa group, with the purpose 

of investigating the use of linkers with different chemical functionalities in the synthesis 

of various classes of metal-organic materials with the use of bismuth as metal center. 

More particularly, the work was focused on the use of hydroxamic acid derivatives with 

different bite angles, ranging from 0 to 120º.  After conducting a series of synthesis 

screening experiments, a crystalline product was obtained with the use of 1,4-benzo-

dihydroxamic acid, H4BDHA, (Figure 6.10).  In the literature there are three MOFs based 

on this linker, namely ([Zn2(BDHA)0.5(INA)3]),
25 ([Co2(BDHA)0.5(INA)3(DMF)])25 (with 

INA=isonicotinic acid), MUV-11 ([Ti2(HBDHA)2.67]),
26 and one Ti-based metal-organic 

cage, cMUV-11 ([Ti8(p-H2BDHA)8(p-BDHA)4])
27; none of these structures match with 

the crystalline product obtained in the experiments, therefore the combination of Bi and 

H4BDHA did not yield an isostructural framework with the already reported ones, but a 

new one, which will be referred to as KyU-13 (Kyoto University-13).  

 

Figure 6.10. Representation of the linker H4BDHA. 
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6.3.1. Synthesis of KyU-13 

The H4BDHA linker was synthesized following the protocol reported by Martí-Gastaldo 

et. al, but with a slight modification of the reaction temperature (the reaction was carried 

out at room temperature instead of at 40 ºC).26 

A microcrystalline material (Figure 6.11) was obtained in the first few experiments, by 

using H4BDHA (0.1 mmol, 19.6 mg), Bi(NO3)3 × 5H2O (0.1 mmol, 48.5 mg) and 5 mL 

of DMF at 90 ºC. As this material was not suitable for carrying out a SCXRD experiment, 

the synthesis strategy needed to be optimized in order to obtain larger crystals. The first 

parameters that were modified were the temperature (80-120 C), the reaction time (12-

72 h), and the metal to linker ratio (0.5:1, 1:1, 1,5:1, 2:1 and vice versa). As slight changes 

in these parameters did not have any impact on the size of the crystals, we shifted towards 

changing the solvent. Trials with dimethylacetamide (DMA), dimethylsulfoxide (DMSO) 

and N-methyl-2-pyrrolidone (NMP) did not yield any crystals, and experiments carried 

out in ethanol, methanol or water yielded amorphous powders. Therefore, it was evident 

that the initial solvent choice was the most fitting for this reaction. Using an acidic 

modulator could help grow the initial crystals and lead to higher sizes, as it inhibits the 

linker deprotonation and overall slows down the metal-ligand complexation and thus the 

nucleation and subsequent growth processes would occur at slower rates.28 Modulators 

are typically monotopic carboxylic acids or Brønsted bases, and we opted for the first 

option and used acetic, benzoic, and hydrochloric acid. This option seemed to render 

slightly bigger and less aggregated crystals, and after tweaking some of the reaction 

parameters (a smaller vial that would provide a higher pressure, less solvent, and an 

excess of the modulator), crystals of 100 µm were eventually obtained (Figure 6.11), and 

the optimized synthesis is the following: H4BDHA (0.45 mmol, 88.2 mg), Bi(NO3)3 × 

5H2O (0.15 mmol, 73.5 mg) and benzoic acid (1.13 mmol, 138.0 mg) were dissolved in 
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3 mL of DMF, and sonicated to ensure the full homogenization of the solution. The 

mixture was placed in a 5 mL glass vial and heated for 24 hours (the crystals can be 

obtained in lower reaction times, 12-18 hours) in an oven at 100 °C. After cooling to room 

temperature, the white prism-shaped crystals (Figure 6.11) were washed with DMF (3x10 

mL).  

 

 

Figure 6.11. Optical microscope images of the size and morphology of the crystals of 

KyU-13 before (left) and after (right) the optimization of the synthesis.  

 

6.3.2. Characterization of KyU-13 

SCXRD analysis of the crystals of the sample revealed that the structure corresponds to 

a new MOF. This structure, called KyU-13, is a new Bi-based MOF with the linker 

H4BDHA, and it crystallizes in the triclinic space group P-1 with cell parameters a = 

7.6171(5) Å, b = 10.3442(6) Å, c = 11.1366(6) Å, α = 109.397 (5)º, β = 100.363(5)º, γ = 

105.585(5)º and cell volume 761.47(9) Å3 (full crystallographic parameters and 

refinement data are provided in Table 6.3). 
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Table 6.3. Crystallographic parameters and refinement data for KyU-13. 

Crystallographic parameters KyU-13 

Empirical formula C11H11BiN3O8.4 

Formula weight (g/mol) 544.912 

Crystal system Triclinic 

Space group P-1 

a (Å) 7.6171(5) 

b (Å)  10.3442(6) 

c (Å) 11.1366(6) 

α (º) 109.397(5) 

β (º) 100.363(5) 

γ (º) 105.585(5) 

Volume (Å3) 761.47(9) 

Z 2 

Calculated density (g/cm3) 2.377 

Absorption coefficient (mm-1) 11.756 

F(000) 506.6 

Radiation Mo Kα (λ = 0.71073) 

2θ range for data collection (º) 5.82 to 50.04 

Index ranges -9 ≤ h ≤ 7, -12 ≤ k ≤ 12, -13 ≤ l ≤ 11 

Reflections collected 9228 

Independent reflections 2672 [Rint = 0.0402, Rsigma = 0.0323] 

Data/restraints/parameters 2672/0/229 

Goodness-of-fit on F2 1.103 

Final R indexes [I>2σ (I)] R1 = 0.0429, wR2 = 0.1093 

Final R indexes [all data] R1 = 0.0457, wR2 = 0.1104 

Largest diff. peak/hole (e·Å-3) 4.84/-2.23 
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KyU-13, with formula [Bi(H2BDHA)(DMF)], is a three-dimensional framework in which 

the SBU is comprised by distorted hepta-coordinated edge-linked Bi rods. Each rod is 

connected to four neighboring rods through the phenyl ring of the linker, resulting in 8 × 

11 Å2 channels along the a direction (Figure 6.12). The linkers display a chelating 

coordination mode by bonding to the metal cations through both oxygen atoms in the 

hydroxamate group. The formation of one-dimensional SBUs is enabled by virtue of the 

-bridging mode of the N-hydroxy functionality. (Figure 6.13). One DMF molecule 

completes the coordination sphere of the Bi atoms, resulting in a SBU with the formula 

[Bi(-CNO2)2(DMF)], displayed in Figure 6.15. At the view of this formula, it is clear that 

an additional negative charge is needed to ensure neutrality. While in other examples of 

hydroxamic acid-based reported MOFs the -NH group of the linker could be also 

deprotonated, the possible presence of counterions in the pores of KyU-13 cannot be fully 

ruled out. Indeed, during the analysis of the SCXRD data, a large electron density was 

present in the pores. Unfortunately, this electron density belongs to disordered guest 

species, and their exact chemical nature was not unambiguously confirmed.  
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Figure 6.13. Structure of KyU-13 viewed along the crystallographic a (left) and (right) 

c axis. Bi atoms are displayed in purple, O in red and N in blue. H atoms are omitted for 

clarity. 

 

Figure 6.14. Ball and stick representation of the bonds of the rod-shaped SBUs of KyU-

13. Bi atoms are displayed in purple, O in red and N in blue. H atoms are omitted for 

clarity. 

 

Figure 6.4. Rod-shaped hepta-coordinated edge-linked SBU of KyU-13. Bi atoms are 

displayed in purple, O in red and N in blue. H atoms are omitted for clarity. 
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The shape of the pores and the overall appearance of the structure are reminiscent of a 

wine-rack motif,29 and point to a flexible or “breathing” behavior.30,31 This was indeed 

evidenced by the PXRD analysis, where a slight difference in the patterns was observed 

(Figure 6.16) for dry and wet samples. Firstly, the as-synthesized sample was washed 

with DMF, so the structure would have coordinated DMF ligands (cDMF), and DMF 

solvent molecules (sDMF) enclosed in the pores. The presence of these molecules would 

create a steric hindrance and would force the pores of the structure to remain open. So, 

this phase would be the open-pore version (cDMF−sDMF). The SCXRD data was 

collected from a crystal synthesized in DMF, but washed with acetone; thus, the sDMF 

molecules were removed and this phase would be an intermediate version (cDMF−X, 

with X = absence of DMF). Extracting the coordinated DMF molecule would make the 

pores close even more, so the sample was vacuum-dried at 150 ºC, and this phase would 

be the closed-pore version (X−X).  
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Figure 6.16. PXRD patterns and schematic representation of the structure and pore 

shape of the three phases of KyU-13. The simulated pattern from the SCXRD data 

(crystals washed with acetone) is displayed in black; the pattern of the as-synthesized 

(washed with DMF) sample is displayed in red; the pattern of the sample washed with 

acetone is displayed in blue; the plot of the vacuum-dried sample at 150 ºC is displayed 

in green. cDMF = coordinated DMF; sDMF = solvent DMF; X = absence of DMF. 

 

Since the internship was completed during the final months of the PhD program, the full 

chemical and crystallographic characterization of this structure is currently being carried 

out at the Kyoto University iCeMS; however, these initial results and structural analysis 

further demonstrate the large versatility of bismuth for the formation of different MOFs 

with a flexible and an adaptative behavior. These features have been previously reported 

for other Bi-MOFs that display dimeric SBUs,1,32 but this is the first example of a flexible 

structure with rod-shaped SBU.  

 

 

 



170 

 

6.4. In-based MOF: InPF-32 

The hydrothermal reaction of indium acetate, H3BTB and bipy in a mixture of 

water/ethanol at 170 ºC resulted in the formation of a crystalline product, InPF-32. 

 

6.4.1. Synthesis of InPF-32 

All reagents and solvents employed were commercially available and used as received 

without further purification: 1,3,5-tris(4-carboxyphenyl)benzene, H3BTB (>98%, Strem); 

indium (III) acetate, In(CH3COO)3 (>99.99%, Alfa Aesar); ethanol (Scharlau). 

H3BTB (0.1 mmol, 48.5 mg), 2,2’-bipy (0.1 mmol, 15.7 mg) and In(CH3COO)3 (0.11 

mmol, 31.7 mg) were dissolved in 5 mL of deionized water and 5 mL of ethanol. The 

mixture was placed in a 50 mL Teflon‐lined steel autoclave and heated for 24 hours in an 

oven at 160 °C. After cooling to room temperature, the white plate-like crystals (50-100 

µm) were washed with water (2x10 mL) and ethanol (2x10 mL). 

 

6.4.2. Characterization of InPF-32 

The single-crystal X-ray diffraction analysis of the sample show that InPF-32 crystallizes 

in the monoclinic space group C2/c with cell parameters a = 32.12(3) Å, b = 12.450(10) 

Å, c = 27.649(7) Å,  = 110.480(18) and cell volume 6971(9) Å3 (full crystallographic 

parameters and refinement data are provided in Table 6.4). 
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Table 6.4. Crystallographic parameters and refinement data for InPF-32. 

Crystallographic parameters InPF-32 

Empirical formula C37H23InN2O6 

Formula weight (g/mol) 700.65 

Crystal system Monoclinic 

Space group C2/c 

a (Å) 32.12(3) 

b (Å)  12.450(10) 

c (Å) 18.048(12) 

α (º) 90 

β (º) 110.480(18) 

γ (º) 90 

Volume (Å3) 6971(9) 

Z 8 

Calculated density (g/cm3) 1.335 

Absorption coefficient (mm-1) 5.538 

F(000) 2828.0 

Radiation CuKα (λ = 1.54178) 

2θ range for data collection (º) 5.698 to 130.058 

Index ranges 
-38 ≤ h ≤ 38, -14 ≤ k ≤ 14, -21 ≤ l ≤ 

20 

Reflections collected 55636 

Independent reflections 5898 [Rint = 0.0879, Rsigma = 0.0470] 

Data/restraints/parameters 5898/0/415 

Goodness-of-fit on F2 1.071 

Final R indexes [I>2σ (I)] R1 = 0.0422, wR2 = 0.1253 

Final R indexes [all data] R1 = 0.0494, wR2 = 0.1319 

Largest diff. peak/hole (e·Å-3) 0.70/-0.58 
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InPF-32, with formula [In(BTB)(bipy)], is a neutral, two-dimensional framework. The 

asymmetric unit consists of one In atom, one BTB molecule and bipy molecule, therefore 

one molecular formula per unit cell (Figure 6.17). The SBU is comprised by eight-

coordinated In polyhedra (Figure 6.18). The In3+ atoms are coordinated in a µ-fashion to 

the carboxylate groups from three different H3BTB linkers, and in a N-heterocyclic 

chelating fashion to one bipy molecule, resulting in the formula [In(-CO2)3(bipy)]. In this 

case, the distances between In and the atoms from its coordination sphere have more 

similar values, ranging between 2.279 and 2.371 Å. The growth and extension of the 

framework in the three dimensions is frustrated by the bipy linkers, which are 

interdigitated in adjacent layers, thus generating a two-dimensional framework (Figure 

6.19). The structure consists of four stacked layers per unit cell, with Van der Waals 

interactions stabilizing them. Each layer is three-dimensional and self-entangled, and this 

generates a new type of topology (Figure 6.20).  

 

 

Figure 6.17. Thermal ellipsoid representation (50 % probability) of the asymmetric unit 

of InPF-32. In atoms are displayed in teal, O in red and N in blue. H atoms are omitted 

for clarity. 
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Figure 6.18. Monomeric eight-coordinated SBU of InPF-32. In atoms are displayed in 

teal, O in red and N in blue. H atoms are omitted for clarity. 

 

 

Figure 6.19. Structure of InPF-32 viewed along the crystallographic b axis. In atoms are 

displayed in teal, O in red and N in blue. H atoms are omitted for clarity. 
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Figure 6.20. Space-filling representation of two stacked layers (one is displayed in blue, 

the other one in orange) of InPF-32 viewed along the crystallographic b axis. 

 

The PXRD pattern of the experimental InPF-32 crystals matches the simulated plot from 

the SCXRD data collection (Figure 6.21), and this MOF was found to be stable in air. 

 

 

Figure 6.21. PXRD pattern of experimental InPF-32 compared to the simulated data 

from the SCXRD experiment.  
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The stability of the MOF (activated under vacuum overnight) was studied through 

thermogravimetric analysis. The TG plot (Figure 6.22) displays one weight loss of 13% 

at 250 ºC, corresponding to the loss of water molecules enclosed in the pores of the 

sample. The total degradation of the structure occurs at 462 ºC, resulting in In (III) oxide 

(In2O3), as confirmed by PXRD (Figure 6.23).  

 

 

Figure 6.22. TG plot for InPF-32. 
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Figure 6.23. PXRD pattern of the TG residue of InPF-32 (teal) compared to the 

simulated plot of indium oxide, In2O3 (black). 
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6.5. Conclusions 

To outline the main ideas from this chapter, we found that the insertion of iridium into 

selected Bi and In-based frameworks was not feasible, and this might be associated with 

a lack of compatibility between the metal combinations, or with a lack of affinity of Ir for 

the SBUs or for the overall structures. Nevertheless, the synthetic studies led to the 

discovery of two new Bi- and In-MOFs. Despite being very different metals, both bismuth 

and indium have generated similar SBUs, octa-coordinated polyhedral SBUs (slightly 

more distorted in the case of Bi), and the structures they generate crystallize in the same 

system but with different dimensionalities and characteristics. In the case of InPF-32, the 

chelating bipy molecules “lock” in place two of the eight coordination sites of In3+, which 

provides extra rigidity to the structure and dictates the overall topology of the network. 

For BiPF-11, these positions are more flexible or “free” as they are occupied by two DMA 

molecules, and this contributes to the dynamic behavior of the system.  

BiPF-11 is not the first Bi-MOF reported with the linker H3BTB. The first example, CAU-

7, dates back to 2012,11 and also BiPF-1,19 a MOF from my group already mentioned in 

this chapter, is also based on the same linker; however, the relevance of BiPF-11 lies in 

the fact that it provides information on how Bi behaves when mixed with the same linker 

but in different synthesis conditions, and the versatility of this combination.  
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Table 6.5. Comparison of MOFs based on Bi and H3BTB. 

MOF Formula c.i. Bi SBU Solvent T (ºC) t (h) 

BiPF-1 [Bi(BTB)DMF2] 8 Bi(-CO2)3DMF2 DMF 90 144 

BiPF-11 [Bi(BTB)DMA2] 8 Bi(-CO2)3DMA2 DMA 90 18-24 

CAU-7 [Bi(BTB)] 9 Bi(-CO2)3 rods MeOH 120 12 

c.i. = coordination index; T = temperature (ºC); t = time (hours). 

Among metals from group 13, In3+ is known to form monomeric SBUs and generate 2D 

layered materials.18 In the literature there are three reports of In-MOFs obtained with the 

combination of H3BTB and bipy.33 These MOFs display 2D interpenetrated structures 

based on In3+ octahedral nodes, resulting in a 6,3-connected hcb-type topology. Even if 

InPF-32 is not the first MOF reported with that combination of building units, its structure 

stands out due to its unique stacking. 

The results of this chapter have not yet been published because some pending experiments 

must be carried out; however, once this work is completed, two manuscripts (one based 

on BiPF-11 and InPF-32, and one centered on KyU-13) are expected to stem from the 

MOFs detailed in this chapter. 
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─ CHAPTER 7 ─ 

Reticulating Iridium: A New MOF 

Family, MIrPF-13 (M = In, Sc) 
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7.1. Introduction 

Iridium is an element with very low earth abundance, but widely used in a breadth of 

applications, ranging from solar cells,1 organic electronic devices2 to biological 

applications3 (anticancer agent,4 biological probe,5 biocompatible materials6). Although 

iridium is a transition metal, it is part of the ubiquitous noble metal family (Ag, Au, Pt, 

Rh, Ir, Pd, Ru and Os) which implies that it can be quite expensive. However, considering 

that its price is less than half that of rhodium, it seems that iridium is an interesting cost-

effective alternative. Over the past decades, almost every metal element in the periodic 

table has been used to create MOFs, from alkali metals7 to uranium,8 with only a few 

exceptions, including iridium as one of the elements that has not yet been incorporated 

into the SBU of a MOF.9,10 Although there are examples of iridium-containing MOFs 

used in catalytic applications such as water splitting,11–17 CO2 and O2 reduction,18 

hydrogenation of CO2 to formate,19 Si-H bond functionalization,20 aerobic alcohol 

oxidation,21 or ethylene hydrogenation, 22–24 in all of these the iridium atoms are either 

incorporated into the structure as part of a metalloligand, or inserted post-synthetically 

and coordinated to anchoring groups of the linkers. These strategies are generally carried 

out in two-step processes, and the accessibility and tunability of the metal centers can be 

hindered and/or the porosity of the MOFs can be reduced due to the presence of bulky 

complexes. The direct use of iridium in MOF synthesis remains elusive, partly due to the 

distinctive coordination chemistry properties of iridium cations.  

In the literature we can find reports of anchored molecular iridium compounds onto solid 

matrixes25–27 used in heterogenous catalysis; however, incorporating Ir atoms into the 

structure of a porous solid, specifically a MOF, would provide more advantages: a simpler 

and more cost-effective synthesis of the catalyst, a molecularly and chemically tunable 

environment for the Ir atoms, and the possibility of recycling the catalyst.  
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Nowadays, catalysis is deemed to be the core of the development of modern science, as 

it has made molecular complexity accessible with high selectivity and efficiency. Not 

only does it make synthetic methodologies more cost-effective and less time-consuming, 

but it also allows for greener chemistry to be used and thus alleviate the strain we are 

putting on the environment, especially during the environmental crisis that has been 

steadily worsening in the last few decades. Transition metal catalysis plays a key role in 

the field of organic synthesis, as it allows carrying out novel or non-conventional 

transformations, not obtainable through traditional chemistry. Ir-based materials are 

widely used in the catalysis field due to their unique properties and unparalleled activity. 

Thus, iridium compounds are key catalysts for important chemical transformations, such 

as water splitting for which IrO2 is a staple catalyst, as it can withstand harsh acidic 

conditions.28–31 In addition, iridium molecular catalysts, such as pincer complexes32 or N-

heterocyclic carbenes complexes33 are generally used in homogeneous phase.34  

So, the key point of this chapter is the strategy used for reticulating iridium into a metal-

organic framework, and testing the catalytic activity of the material. To achieve this goal, 

a strategy based on the combination of iridium with additional metal elements has been 

explored, for which various synthetic approaches were attempted. Following, the quest 

for the reticulation of iridium atoms in MOF building units is detailed.   
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7.2. First experiments: inserting Ir into already known MOFs 

Our first approach to reticulate iridium was to insert it into the structure of already 

reported MOFs, in a simple one-pot synthetic pathway. This would direct the insertion of 

the Ir atoms into specific positions of the SBUs of the MOFs, and no other complexes or 

post-synthetical treatments would be required. As mentioned in the introduction (chapter 

1) of this thesis, there are many precedents of additional metal elements being 

incorporated into already reported single-metal MOFs, which is accomplished through an 

array of routes depending on the compatibility of the target MOF with the additional metal 

element.35 So, we decided to explore the insertion of Ir in known MOFs containing 

trivalent cations of different atomic radii and coordination environments. The chemistry 

of Ir-based compounds resembles that of its group 9 congener, rhodium,36,37 and in the 

literature there are examples of multi-metal Rh-based MOFs with either other transition 

metals38,39 or elements from group 13,40 thus we assumed that iridium would also generate 

multi-metal systems.  

 

7.2.1. Rare-earth based MOFs: RPF-4 and RE-1,4-NDC-fcu-MOF 

The MOF family RPF-4, discussed in chapter 4 of this thesis, was chosen as the first 

candidate for the insertion of Ir. The reason behind this was that, after the exhaustive study 

carried out in chapter 4, we have knowledge about how the structure behaves when two 

cations are combined in the same building unit. Also, the rod-shaped SBUs of this MOF 

contain a high density of metal ions in close vicinity and accessible through the pores, 

which facilitate cation exchange in the SBU. 

Following the synthetic procedure already detailed in chapter 4 and using IrCl3 × nH2O 

as an Ir3+ precursor, the one-pot synthesis (in a reaction time of 1 and 3 days) of La-Ir, 
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Nd-Ir and Yb-Ir was carried out, all of them in an 8:2 ratio. We chose La and Yb to check 

if the different crystallization mechanisms that the RPF-4 combinations based on these 

metals display would have any impact on the insertion of Ir, and Nd as an intermediate 

cation between the other two. The 8:2 ratio was preferred over 9:1, as some experiments 

require a slightly higher concentration of the metal to be inserted, and it would facilitate 

its quantification. 

The PXRD patterns of the combinations confirm that RPF-4 was obtained as a pure phase 

(Figure 7.1). No presence of peaks corresponding to any Ir-containing compound, such 

as IrO2 or Ir(OH)3, was observed. 

 

Figure 7.1. PXRD patterns of the M-Ir RPF-4 combinations (M = La, Nd, Yb). 

The morphology and composition of the crystals of the samples was studied using SEM-

EDX (Figure 7.2). Samples containing La displayed defective morphologies similar to 

those displayed by single-metal La-RPF-4 (in both 1 and 3 days), and the same applies to 

Yb-containing samples; Nd-based samples displayed crystals with smooth surfaces, 

similar to the case of Yb. EXD analysis revealed a 9:1 ratio (within experimental error) 
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for the La- and Yb-based combinations, and no presence of Ir in the case of the Nd-Ir 

combination. However, we also noticed the frequent presence of submicron particle 

aggregates in all the samples. It was not clear whether these particles were another 

compound that had generated during the synthesis, nuclei of RPF-4 that did not get to 

grow correctly, or pieces of broken crystals. As these particles were found generally on 

the surface of crystals, and due to their small size, it was not possible to get a clear analysis 

of their composition through EDX.  

 

Figure 7.2. SEM images of the M-Ir RPF-4 combinations synthesized in 3 days (M = 

La, Nd, Yb). a) RPF-4 La-Ir, b) RPF-4 Nd-Ir, c) RPF-4 Yb-Ir. 
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The TXRF analysis of the La-Ir sample revealed an excess of Ir in the bulk (La-Ir 

0.14:9.86), which does not match the ratio obtained by EDX (La-Ir 9:1 ratio), and implies 

that the particles observed in the SEM images were rich in Ir.  

As the insertion of Ir into the RPF-4 system did not seem successful, we shifted to a MOF 

with a different type of trivalent rare-earth based SBU. The structure of M-1,4-NDC-fcu-

MOF (1,4-NDC = 1,4-naphtalenedicarboxylic acid; M = Y, Tb) is generated by bridging 

hexanuclear clusters with formula [M6(μ3-OH)8(O2C−)12] (Figure 7.3). This cluster is 

similar to the archetypal Zr-based SBU of UiO-66,41 which has been successfully doped 

with other metals,42 so it would be an interesting candidate for the insertion of Ir. The 

synthesis of combinations of M-Ir of M-1,4-NDC-fcu-MOF was also carried out 

following the reported procedure, using IrCl3 × nH2O as an Ir3+ precursor.43  

 

 

Figure 7.3. 12-connected cuboctahedron-shaped SBU of RE-1,4-NDC-fcu-MOF (RE = 

Y, Tb). RE atoms are displayed in purple, C in grey, O in red. H atoms are omitted for 

clarity. 
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The combinations that were synthesized were Y-Ir and Tb-Ir in an 8:2 ratio. While the Tb-

based combination did not yield any solid, the Y-based MOF resulted in a phase mixture 

with an amorphous black powder, similar to the one obtained for RPF-4 (Figure 7.4), and 

again implying that iridium was not effectively incorporated in the SBU.  

 

 

Figure 7.4. PXRD patterns of RE-1,4-NDC-fcu-MOF Y-Ir. 
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7.2.2. Bismuth- and Indium-based MOFs 

Given that the insertion of Ir into rare-earth-based MOFs was not successful, we pondered 

whether Ir is not compatible with the selected lanthanide-based systems, and we shifted 

to our other MOFs based on In and Bi, discussed in chapter 6. In3+ generally display an 

octahedral coordination environment, similar to Ir3+, and the presence of an additional 

linker with an N-containing group in the case of InPF-32 (2,2’-bipyridine) would 

facilitate the coordination of the Ir atoms due to their affinity for N-donor linkers.36 BiPF-

11 was also selected for these experiments due to its dynamic behavior which would 

potentially allow the framework to adapt to the insertion of the Ir cations, and also to 

explore the combination of iridium with elements with a higher number of electrons. We 

synthesized BiPF-11 and InPF-32 following the synthetic routes described in chapter 6, 

with a M:Ir (M = Bi, In) ratio of 8:2, and using IrCl3 × nH2O as an Ir3+ precursor. The 

PXRD patterns of the samples match the simulated ones from the SCXRD data from 

chapter 6 (Figure 7.5). In the case of InPF-32, the PXRD plot indicates low crystallinity 

of the sample, and the presence of additional peaks indicate that there is another phase 

forming along the MOF. The results from the EDX analysis point to a lack of iridium in 

both systems. Again, the SEM images (Figure 7.6) display the presence of particle 

aggregates on the surface of the crystals of the MOFs. Therefore, it seems that is was not 

possible to obtain multi-metal MTV-MOFs with these combination of metals in the 

studied conditions. 
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Figure 7.5. PXRD patterns of BiPF-11 and InPF-32. 

 

 

Figure 7.6. SEM images of a) BiPF-11 and b) InPF-32. 
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7.2.3. Aluminium-based MOFs 

Again, since the insertion of Ir in our Bi- and In- based MOFs was also not successful, 

we thought of using a metal with a similar radius value (atomic radius of Ir = 1.35 Å). We 

chose aluminium. a cost-effective, green, abundant metal, with a radius of 1.25 Å. 

Generally, Al3+ displays an octahedral coordination environment, similar to that of Ir3+. 

We considered a series of Al-based reported MOFs with different types of SBUs, as 

displayed in Figure 7.7: MIL-53 (rods)44, Al(OH)ndc (rods)44, MIL-100 (trimers)45,46 

and MOF-520 (ring-shaped SBU)47–49. The synthesis of the materials was carried out 

following the corresponding reported route, with an 8:2 Al:Ir ratio, and using IrCl3 × nH2O 

as an Ir3+ precursor.  

 

 

Figure 7.7. Al-based MOFs and their corresponding SBUs. Al atoms are displayed in 

blue, C in grey, O in red. H atoms are omitted for clarity. 

 



196 

 

In the case of Al-Ir MIL-100, the synthesis attempts resulted in the recrystallization of 

the linker, or in the formation of polymorphs of the linker H3BTC, as confirmed by the 

PXRD analysis (Figure 7.8). SCXRD analysis of the unit cell parameters of a crystal of 

the sample further confirmed that the structure matched the polymorph with CSD code 

BTCOAC. 

 

 

Figure 7.8. PXRD patterns of MIL-100 Al-Ir.   

 

The synthesis of Al-Ir MOF-520 yielded small white crystals mixed with a black 

amorphous powder (Figure 7.9). As the crystals were not of the size needed for the 

SCXRD analysis, and the presence of the black powder was indicative of phase 

segregation instead of insertion of Ir in the MOF, we assumed that the insertion 

experiment was not fruitful. 
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Figure 7.9. PXRD patterns of Al-Ir MOF-520.   

 

For Al(OH)ndc, the synthesis yielded grey crystals, and the PXRD confirmed the purity 

of the sample (Figure 7.10). However, the SEM-EDX analysis revealed that the sample 

consisted of the prism-shaped crystals of Al(OH)ndc, and spherical particles and 

aggregates of uneven sizes. The presence of these particles leads to a charging effect that 

generates an anomalous contrast in the SEM images, even if the samples were previously 

coated with Au (Figure 7.11). Also because of this, the EDX microanalysis could not be 

performed in individual crystals, and the composition of the bulk reveals a high content 

of Ir (Al:Ir 3:1 and 2:1), and presence of a considerable amount of Cl (Al:Ir:Cl 8:4:1 and 

9:3:1). These results led us to rule out this MOF option as it seems that the combination 

of Al-Ir is not compatible with this system.  
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Figure 7.10. PXRD patterns of Al(OH)ndc Al-Ir. 

 

 

Figure 7.11. SEM images of Al-Ir Al(OH)ndc.   
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Regarding Al-Ir MIL-53, the synthesis yielded grey crystals, and the experimental PXRD 

pattern matches the reported one, but with significant differences in the relative intensity 

of multiple diffraction peaks. (Figure 7.12).  

 

 

Figure 7.12. PXRD patterns of MIL-53 Al-Ir. 

 

To ensure the purity of the sample, we used a Soxhlet method to carry out several cycles 

of washing (solid-liquid extraction) of the material and extract any possible contaminants 

or remaining linker. The solvent of choice was methanol because of its low boiling point 

(64.7 ºC), and the sample did not change color after this process. 

The TGA plot of the MOF is shown in Figure 7.13, and it matches the reported behavior 

of conventional Al-MIL-53.50 There is a weight loss of approximately 30% at around 250 

ºC, and the total decomposition of the framework occurs between 500-600 ºC. The total 

degradation of the MOF resulted in iridium(IV) oxide (IrO2), as evidenced by PXRD 

(Figure 7.14), demonstrating the presence of iridium in the bulk of the solid. 
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Figure 7.13. TG plot of Al-Ir MIL-53. 

 

 

Figure 7.14. PXRD of the TG residue of Al-Ir MIL-53. 
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The TXRF analysis of the composition of the bulk of the sample resulted in an Al:Ir ratio 

of 8:2, matching the initial synthesis ratio. However, a closer look at the crystals of the 

sample through SEM and a EDX mapping analysis revealed that the Ir atoms were not 

evenly distributed throughout the MOF, but mostly located in spherical areas found on 

the surface of the crystals (Figure 7.15.). Since these areas were not washed out after the 

Soxhlet process, it could be possible that iridium atoms are preferentially incorporated in 

the external crystal faces during the synthesis, but also that a different phase is formed, 

and strongly attached to the surface of the MOF crystals.  

 

 

Figure 7.15. EDX mapping of a crystal of Al-Ir MIL-53. In the mapping, C is displayed 

in red, O in green, Al in blue and Ir in gold. 
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XPS analysis indicated a high O 1s signal, which can be ascribed to the functional groups 

of the linkers (the carboxylates groups) or to the metal-OH chains of the SBUs of the 

MOF; however, we cannot rule out the possibility of iridium oxide particles present in the 

bulk sample contributing to the high intensity of this XPS signal. Although the sample 

was not easy to analyze by SCXRD as the crystals displayed a morphology similar to thin 

plates or needles, we were able to record the data of one crystal, and the refinements point 

to an absence of Ir in the structure. In view of these results, we conclude that Al-based 

MOFs are not the most fitting candidates for the insertion of Ir.  

We hypothesize that, in all the cases previously described, during the one-pot synthesis 

reactions, the iridium atoms are not actually being inserted in the framework of the MOFs, 

but rather forming iridium or iridium oxide nanoparticles (1-5 nm) or particles with small 

domains, and because of the size of these particles, they are not distinguishable nor 

detectable with X-ray diffraction techniques or SEM. 
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7.3. Reticulating Iridium: a new heterometallic MOF family, MIrPF-

13 (M = In, Sc) 

At this stage and in view of the fact that we were unable to achieve the insertion of Ir in 

already reported MOFs, we considered designing a new multi-metal Ir-based MOF. As 

opposed to the previous experiments where the formation of a multi-metal MTV-MOF 

was pursued, in the present approach we sought to create a structure where different metal 

cations would occupy specific sites. In this way, the additional metal element could 

facilitate the formation of an extended iridium-based framework and also provide the 

resulting MOF with additional properties resulting from the combination of multiple 

metal elements. To implement this strategy, we envisioned the use of a linker with two 

coordination modes to facilitate the insertion of each metal into specific locations, while 

avoiding the formation of single-metal phases. We had in mind organic linkers with dual 

functionalities as Ir seems to have a higher affinity for nitrogen rather than carboxylate 

groups.36 Having considered an array of linkers, we settled on a N,O-donor linker with 

three different substitutions (Figure 7.16): 2,4-pyridinedicarboxilic acid (2,4-H2PDC); 

2,5-pyridinedicarboxilic acid (2,5-H2PDC); 2,6-pyridinedicarboxilic acid (2,6-H2PDC). 

In the literature we found examples of Ir complexes with 2,6-H2PDC,51,52 and different 

pyridinecarboxylic moieties,53 in which the Ir atoms coordinate to both the pyridinic 

nitrogen and the carboxylic oxygen atoms, and in the case of the linkers we selected, this 

would leave the carboxylate groups at the 4-, 5- and 6-position of the ring available to 

coordinate to the second metal atom, thus facilitating the extension and growth of a 

framework. 
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Figure 7.16. Pyridinedicarboxilic acids used in this section of the chapter. 

 

7.3.1. InIrPF-13 

The first metal that was chosen to be combined with Ir was In. Indium is a cost-effective, 

low-toxicity, group 13 metal that displays different coordination capabilities, resulting in 

a rich structural diversity,54 and a strong Lewis acid character that makes it widely used 

in the field of catalysis.55–59 Generally, In-based MOFs display high stability in air or in 

a humid environment, and good catalytical performance.63 In systems with six-coordinate 

In atoms, the stability of the structure is the result of an electron-rich hypervalent bonding 

pattern, which has a direct impact on the general features of the material, making it 

generally more thermodynamically stable and more reactive from a kinetics point-of-

view.64  

This synthetic strategy yielded one new heterometallic In-Ir MOF only with the 2,5-

H2PDC linker: InIrPF-13. The combinations of In-Ir and the other two linkers resulted in 

the formation amorphous solids, or recrystallized linker.   

 

7.3.1.1. Synthesis of InIrPF-13 

All reagents and solvents employed were commercially available and used as received 

without further purification: 2,5-pyridinedicarboxilic acid, 2,5-H2PDC (>98%, TCI); 

iridium(III) chloride hydrate, IrCl3 × nH2O (99.8%, Alfa Aesar); indium(III) acetate, 

In(CH3COO)3 (99.99%, Alfa Aesar); indium(III) nitrate hexahydrate, In(NO3)3 × 5H2O 

(99.99%, Alfa Aesar); indium(III) chloride tetrahydrate, InCl3 × 4H2O (99.99%, Strem); 
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indium(III) fluoride hydrate, IrF3 × nH2O (99%, abcr); indium(III) acetylacetonate, 

In(acac)3 (≥99%, Sigma Aldrich).  

2,5-PDC (0.32 mmol, 54.6 mg), In(CH3COO)3 (0.08 mmol, 23.4 mg), and IrCl3 × nH2O 

(0.08 mmol, 24.0 mg) were dissolved in 13 mL of deionized water. The ratio between the 

linker, In(CH3COO)3 and IrCl3 × nH2O is 4:1:1. The mixture was placed in a 50 mL 

Teflon‐lined steel autoclave and heated during 24 hours in an oven at 170 °C. After 

cooling to room temperature, the yellow crystals were washed with water (3x10 mL).  

This synthetic pathway yielded the new heterometallic In-Ir MOF, InIrPF-13. However, 

during the synthesis reaction, another already reported single-metal indium-based 

structure61 forms along, and in the range of conditions we tested (Table 7.1 and 7.2), it 

was not possible to obtain InIrPF-13 as a pure phase. This will be discussed more in depth 

in the following section of this chapter.  
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Table 7.1. Synthetic conditions tested in the attempt to obtain pure InIrPF-13. 

Entry 
mmol 

2,5-PDC 

mmol 

Indium salt 

Indium 

salt 

mmol 

IrCl3xnH2O 

Temp. 

(ºC)  
Time (h) Solvent mL Modulator 

1 0.24 0.12 A 0.08 170 24 H2O 13 - 

2 0.24 0.10 A 0.06 150 24 H2O 13 - 

3 0.20 0.21 A 0.13 150 24 H2O 13 - 

4 0.20 0.16 A 0.12 150 24 H2O 13 - 

5 0.20 0.16 A 0.10 150 24 H2O 13 - 

6 0.20 0.16 A 0.08 150 24 H2O 13 - 

7 0.20 0.16 A 0.06 150 24 H2O 13 - 

8 0.20 0.16 A 0.04 170 24 H2O 13 - 

9 0.20 0.16 A 0.04 170 24 DMSO 14 - 

10 0.20 0.16 A 0.04 150 24 H2O 13 - 

11 0.20 0.12 A 0.04 150 24 H2O 13 - 

12 0.20 0.10 A 0.06 170 24 H2O 13 - 

13 0.20 0.10 A 0.06 150 144 H2O 13 - 

14 0.20 0.10 A 0.06 150 72 H2O 13 - 

15 0.20 0.10 A 0.06 150 24 H2O 13 - 

16 0.20 0.10 A 0.06 150 24 DMF 13 - 

17 0.20 0.10 A 0.06 150 24 EtOH 13 - 

18 0.20 0.10 N 0.06 150 24 H2O 13 - 

19 0.20 0.10 C 0.06 150 24 H2O 13 - 

20 0.20 0.10 A 0.06 150 24 H2O 10 - 

21 0.20 0.10 A 0.06 150 24 H2O 8 - 

22 0.20 0.10 A 0.06 150 24 H2O 5 - 

23 0.20 0.10 A 0.06 150 24 H2O+EtOH 8+5 - 

24 0.20 0.10 A 0.06 150 24 H2O+EtOH 6.5+6.5 - 

25 0.20 0.10 A 0.06 150 5 H2O 13 - 

26 0.20 0.10 A 0.06 150 3 H2O 13 - 

27 0.20 0.10 A 0.06 130 24 H2O 13 - 

28 0.20 0.10 A 0.04 150 24 H2O 13 - 

29 0.20 0.08 A 0.04 150 24 H2O 13 - 

30 0.20 0.06 A 0.04 150 24 H2O 13 - 

31 0.20 0.04 A 0.04 150 24 H2O 13 - 

32 0.20 0.02 A 0.04 150 24 H2O 13 - 

33 0.16 0.16 A 0.04 170 168 H2O 13 - 

34 0.16 0.16 A 0.04 170 72 H2O 13 - 

35 0.16 0.16 A 0.04 170 48 H2O 13 - 

36 0.16 0.16 A 0.04 170 24 H2O 13 - 

37 0.16 0.16 A 0.04 170 Aging+24 H2O 13 - 

38 0.16 0.16 A 0.04 150 24 H2O 13 - 

39 0.16 0.12 A 0.08 170 72 H2O 13 - 

40 0.16 0.12 A 0.04 150 24 H2O 13 - 

41 0.16 0.10 A 0.06 150 24 H2O 13 - 

42 0.16 0.08 A 0.12 170 72 H2O 13 - 

43 0.16 0.08 A 0.04 170 24 H2O 13 - 

44 0.16 0.08 A 0.04 150 24 H2O 13 - 

45 0.16 0.06 A 0.04 150 24 H2O 13 - 

46 0.16 0.04 A 0.08 170 24 H2O 13 - 
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47 0.16 0.04 A 0.04 170 168 H2O 13 - 

48 0.16 0.04 A 0.04 170 48 H2O 13 - 

49 0.16 0.04 A 0.04 170 Aging+24 H2O 13 - 

50 0.16 0.04 A 0.04 170 24 H2O 13 - 

51 0.16 0.04 A 0.04 150 24 H2O 13 - 

52 0.12 0.16 A 0.04 150 24 H2O 13 - 

53 0.12 0.12 A 0.08 170 24 H2O 13 - 

54 0.12 0.12 A 0.04 150 24 H2O 13 - 

55 0.12 0.08 A 0.04 150 24 H2O 13 - 

56 0.12 0.06 A 0.04 150 24 H2O 13 - 

57 0.12 0.04 A 0.08 170 24 H2O 13 - 

58 0.12 0.04 A 0.04 150 24 H2O 13 - 

59 0.08 0.16 A 0.04 150 24 H2O 13 - 

60 0.08 0.12 A 0.04 150 24 H2O 13 - 

61 0.08 0.08 A 0.04 150 24 H2O 13 - 

62 0.08 0.06 A 0.04 150 24 H2O 13 - 

63 0.08 0.04 A 0.04 150 24 H2O 13 - 

64 0.06 0.16 A 0.04 150 24 H2O 13 - 

65 0.06 0.12 A 0.04 150 24 H2O 13 - 

66 0.06 0.08 A 0.04 150 24 H2O 13 - 

67 0.06 0.06 A 0.04 150 24 H2O 13 - 

68 0.06 0.04 A 0.04 150 24 H2O 13 - 

69 0.2 0.17 A 0.04 150 24 H2O 13 0.05 mL Et3N 

70 0.2 0.10 A 0.06 150 24 H2O 13 500 µL HNO3 cc  

71 0.2 0.10 A 0.06 150 24 H2O 13 300 µL HNO3 cc  

72 0.2 0.10 A 0.06 150 24 H2O 13 100 µL HNO3 cc 

73 0.2 0.10 A 0.06 150 24 H2O 13 50 µL HNO3 cc 

74 0.2 0.10 A 0.06 150 24 H2O 13 500 µL AcOH cc 

75 0.2 0.10 A 0.06 150 24 H2O 13 300 µL AcOH cc 

76 0.2 0.10 A 0.06 150 24 H2O 13 100 µL AcOH cc 

77 0.2 0.10 A 0.06 150 24 H2O 13 50 µL AcOH cc 

78 0.2 0.10 A 0.06 150 24 H2O 13 500 µL NaOH 1M 

79 0.2 0.10 A 0.06 150 24 H2O 13 300 µL NaOH 1M 

80 0.2 0.10 A 0.06 150 24 H2O 13 100 µL NaOH 1M 

81 0.2 0.10 A 0.06 150 24 H2O 13 50 µL NaOH 1M  

82 0.2 0.06 A 0.06 150 24 H2O 13 100 µL HNO3 cc 

83 0.2 0.06 A 0.06 150 24 H2O 13 10 µL HNO3 cc 

84 0.2 0.06 A 0.06 150 24 H2O 13 0.2 mmol Oxalic acid  

85 0.2 0.04 A 0.04 190 24 H2O 13 100 µL AcOH cc 

86 0.2 0.04 A 0.04 180 24 H2O 13 100 µL AcOH cc 

87 0.2 0.04 A 0.04 170 24 H2O 13 100 µL AcOH cc 

 

A = indium (III) acetate; N = indium (III) nitrate hexahydrate ; C = indium (III) chloride 

tetrahydrate; F = indium (III) fluoride; AC = indium (III) acetylacetonate; AcOH = acetic 

acid; Aging = The linker and the iridium salt were left stirring in water at room 

temperature for 24 hours; the indium salt was added afterwards, and the solution was 

heated up to the specified temperature for each case. 
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Table 7.2. Synthetic conditions tested in the attempt to obtain pure InIrPF-13, using 

stock solutions of the linker as a precursor.  

Entry 
Stock 

solution 

mmol 

2,5-PDC 

mmol 

Indium salt 

Indium 

salt 

mmol 

IrCl3xnH2O 

Temp. 

(ºC)  
Time (h) Modulator 

1 12.5 mL EtOH 0.1 0.08 A 0.02 150 72 - 

2 12.5 mL EtOH 0.1 0.08 A 0.02 150 24 - 

3 12.5 mL H2O 0.05 0.06 A 0.01 170 24 - 

4 12.5 mL H2O 0.05 0.05 A 0.01 150 24 - 

5 12.5 mL H2O 0.05 0.045 A 0.01 150 24 - 

6 12.5 mL H2O 0.05 0.04 A 0.02 170 24 - 

7 12.5 mL H2O 0.05 0.04 A 0.01 180 24 - 

8 12.5 mL H2O 0.05 0.04 A 0.01 180 Aging+24 - 

9 12.5 mL H2O 0.05 0.04 A 0.01 170 72 - 

10 12.5 mL H2O 0.05 0.04 A 0.01 170 Aging+72 - 

11 12.5 mL H2O 0.05 0.04 A 0.01 170 48 - 

12 12.5 mL H2O 0.05 0.04 A 0.01 170 24 - 

13 12.5 mL H2O 0.05 0.04 A 0.01 170 Aging+24 - 

14 12.5 mL H2O 0.05 0.04 A 0.01 150 72 - 

15 12.5 mL H2O 0.05 0.04 A 0.01 150 24 - 

16 12.5 mL H2O 0.05 0.04 N 0.01 150 24 - 

17 12.5 mL H2O 0.05 0.04 C 0.01 150 24 - 

18 12.5 mL H2O 0.05 0.04 F 0.01 150 24 - 

19 12.5 mL H2O 0.05 0.04 AC 0.01 150 24 - 

20 12.5 mL H2O 0.05 0.04 A 0.01 150 5 - 

21 12.5 mL H2O 0.05 0.04 A 0.01 150 3 - 

22 12.5 mL H2O 0.05 0.037 A 0.01 170 48 - 

23 12.5 mL H2O 0.05 0.035 A 0.01 150 24 - 

24 12.5 mL H2O 0.05 0.031 A 0.01 170 48 - 

25 12.5 mL H2O 0.05 0.03 A 0.01 150 24 - 

26 12.5 mL H2O 0.05 0.27 A 0.01 170 48 - 

27 12.5 mL H2O 0.05 0.25 A 0.01 150 24 - 

28 12.5 mL H2O 0.05 0.21 A 0.01 170 48 - 

29 12.5 mL H2O 0.05 0.20 A 0.01 190 24 - 

30 12.5 mL H2O 0.05 0.20 A 0.01 180 24 - 

31 12.5 mL H2O 0.05 0.20 A 0.01 170 72 - 

32 12.5 mL H2O 0.05 0.20 A 0.01 170 24 - 

33 12.5 mL H2O 0.05 0.16 A 0.01 170 48 - 

34 12.5 mL H2O 0.05 0.11 A 0.01 170 48 - 

35 12.5 mL H2O 0.05 0.01 A 0.01 170 48 - 

36 12.5 mL H2O 0.05 0.01 N 0.01 170 48 - 

37 12.5 mL H2O 0.05 0.01 C 0.01 170 48 - 

38 12.5 mL H2O 0.05 0.01 F 0.01 170 48 - 

39 12.5 mL H2O 0.05 0.01 AC 0.01 170 48 - 

40 12.5 mL H2O 0.05 0.05 A 0.01 170 24 100 µL AcOH cc 

41 12.5 mL H2O 0.05 0.04 A 0.01 170 24 50 µL AcOH cc  

42 12.5 mL H2O 0.05 0.04 A 0.01 150 24 300 µL AcOH 6M 

43 12.5 mL H2O 0.05 0.04 A 0.01 150 24 100 µL AcOH 6M 

44 12.5 mL H2O 0.05 0.04 A 0.01 150 24 50 µL AcOH 6M 

45 12.5 mL H2O 0.05 0.04 A 0.01 150 24 10 µL AcOH 6M 

46 12.5 mL H2O 0.05 0.02 A 0.01 170 24 300 µL HNO3 cc 
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47 12.5 mL H2O 0.05 0.02 A 0.01 170 24 100 µL HNO3 cc 

48 12.5 mL H2O 0.05 0.02 A 0.01 170 24 50 µL HNO3 cc 

49 12.5 mL H2O 0.05 0.02 A 0.01 170 24 300 µL AcOH cc  

50 12.5 mL H2O 0.05 0.02 A 0.01 170 24 100 µL AcOH cc 

51 12.5 mL H2O 0.05 0.02 A 0.01 170 24 50 µL AcOH cc 

 

Stock solutions of the linkers were prepared in the following concentrations: 0.0042 M 

for H2O; 0.0085 M for EtOH. A = indium (III) acetate; N = indium (III) nitrate 

hexahydrate ; C = indium (III) chloride tetrahydrate; F = indium (III) fluoride; AC = 

indium (III) acetylacetonate; AcOH = acetic acid; Aging = the linker and the iridium salt 

were left stirring in water at room temperature for 24 hours; the indium salt was added 

afterwards, and the solution was heated up to the specified temperature for each case. 
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7.3.1.2. Characterization of InIrPF-13 

As already mentioned before, the hydrothermal reaction of iridium chloride, indium 

acetate and 2,5-H2PDC at 170 ºC resulted in the formation of a crystalline product, InIrPF-

13.  

Single-crystal X-ray diffraction (SCXRD) analysis confirmed the formation of an 

extended framework through the coordination of both indium and iridium atoms to the 

2,5-H2PDC linkers. The new MOF, InIrPF-13, crystallizes in the orthorhombic space 

group Cmc21 with cell parameters a = 25.6795(12) Å, b = 23.9298(11), c = 9.8205(5), 

and cell volume 6034.6(5) Å3 (full crystallographic parameters and refinement data are 

provided in Table 7.3).  
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Table 7.3. Crystallographic parameters and refinement data for InIrPF-13. 

Crystallographic parameters InIrPF-13 

Empirical formula C42H18Cl0.5In2.21Ir2N6O28.21 

Formula weight (g/mol) 1713.86 

Crystal system Orthorhombic 

Space group Cmc21 

a (Å) 25.6795(12) 

b (Å)  23.9298(11) 

c (Å) 9.8202(5) 

α (º) 90 

β (º) 90 

γ (º) 90 

Volume (Å3) 6034.6(5) 

Z 4 

Calculated density (g/cm3) 1.886 

Absorption coefficient (mm-1) 15.959 

F(000) 3234.0 

Radiation CuKα (λ = 1.54178) 

2θ range for data collection (º) 5.048 to 130.204 

Index ranges -30 ≤ h ≤ 27, -25 ≤ k ≤ 28, -11 ≤ l ≤ 11 

Reflections collected 27820 

Independent reflections 5197 [Rint = 0.0309, Rsigma = 0.0218] 

Data/restraints/parameters 5197/0/406 

Goodness-of-fit on F2 1.056 

Final R indexes [I>2σ (I)] R1 = 0.0300, wR2 = 0.0798 

Final R indexes [all data] R1 = 0.0310, wR2 = 0.0808 

Largest diff. peak/hole (e·Å-3) 0.7/-0.66 

Flack parameter 0.368(17) 
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In this structure, the metals generate two independent SBUs with different geometry. On 

one hand, the iridium atoms form an inorganic SBU with formula [IrN3(-COO)3] by 

bonding via N- and O-heterochelation to three linker molecules in an octahedral geometry 

(Figure 7.17). On the other hand, the indium atoms generate trimers with formula 

[In3(OH)2(-COO2)6]∞ that are formed by μ-O vertex-sharing indium octahedra (Figure 

7.17). These trimers are further bridged by carboxylic groups, forming zig-zag chains. A 

careful analysis of the X-ray diffraction data reveals that only the central indium atom 

(labeled as In2 in Figure 7.17) is fully occupied; the other two atoms (In1 and In3) are 

partially occupied, and the free refinement of their occupancy factor resulted in a 

significant improvement of the residual values, with final occupancy values of 72% for 

In1 and 48% for In3. This occupational disorder of the metal atoms is also accompanied 

by positional disorder of the carboxylic oxygen atoms involved in their coordination. 

Despite the intrinsically defective nature of the structure, as at least one indium atom is 

always present in the trimer, the formation of an extended framework is ensured. In 

addition, a chlorine atom was identified near this trimer, also with partial occupancy 

(50%), as well as water molecules. The combination of both SBUs and the organic linker 

leads to a heterometallic layered coordination framework (Figure 7.18). The layers are 

stacked forming hydrogen bonds, generating oval-shaped channels filled with water 

molecules. The formula obtained from the single-crystal X-ray data analysis is 

Ir2In2.2(2,5-PDC)6Cl0.5(H2O)4.2.  
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Figure 7.17. Ir- and In-based SBUs of InIrPF-13. Ir atoms are displayed in gold, In in 

purple, O in red, C in grey, N in blue. H atoms were omitted for clarity.  
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Figure 7.18. Polyhedral representation of the crystal structure of InIrPF-13. Gold and 

violet polyhedra represent Ir and In atoms, respectively; O and N atoms are red and blue 

spheres, respectively; C atoms are shown as grey sticks. H atoms were omitted for 

clarity. a) View of the structure along the c axis showing the two-dimensional structure, 

and the oval shaped channels formed in the interlayer space. Occluded water molecules 

are omitted for clarity b) Top view of one of the layers, showing the connection between 

the two types of SBUs.  



215 

 

A SEM-EDX analysis was carried out to check the ratios between the metals. A total of 

27 analyses were performed on individual crystals of 9 different samples, finding In:Ir 

ratios between 1.5 and 1.0, with an average of 1.2, being this value also the most 

frequently recorded in all the samples. A non-defective structure would have a 1.5 ratio. 

This variability in the indium content is another evidence of the intrinsically defective 

nature of the In SBU in the MOF.  

As mentioned in the previous section of this chapter, it was not possible to isolate this 

MOF as pure phase, given that a competing phase always appeared in the bulk of the 

samples. The experimental PXRD pattern of InIrPF-13 matches the simulated pattern 

from the SCXRD data (Figure 7.19); however, it displays some additional peaks that can 

be assigned to another competing phase, in this case, an already reported In-MOF based 

on the same organic linker, [In(OH)(2,5-PDC)]n (CCDC number 659856).61 Further 

confirmation of the presence of this In-based MOF in the bulk of the samples was 

obtained through SEM-EDX: there is a coexistence of elliptical prism-shaped crystals 

corresponding to InIrPF-13 with presence of both metals, and spherical aggregates of 

[In(OH)(2,5-PDC)]n that contain only indium (Figure 7.20).  

 

Figure 7.19. PXRD patterns of InIrPF-13 (purple) and [In(OH)(2,5-PDC)]n (orange). 
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Figure 7.20. SEM images of a) a spherical aggregate and a close-up of crystals of 

[In(OH)(2,5-PDC)]n, b) an individual crystal of InIrPF-13 covered in aggregates of 

small particles of [In(OH)(2,5-PDC)]n and a close-up of the particles. EDX spectrum of 

c) an individual crystal of InIrPF-13 and d) [In(OH)(2,5-PDC)]n, both present in the 

bulk of the same sample. For InIrPF-13, the ratio between In and Ir is 1.5. 
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We tried to optimize the synthesis of the MOF in order to avoid the formation of the In-

based phase (screening of conditions displayed in Tables 1-2). The first parameters that 

were modified were the temperature, the reaction time, and the In:Ir:linker ratio, but slight 

changes in these parameters did not yield pure InIrPF-13. Changes in the solvent or in the 

In precursor also generated a phase mixture. To test whether a much shorter reaction time 

would prevent the other phase from forming, a synthesis experiment was performed with 

only 3 hours of heating. The PXRD of the sample shows the formation of a mixture of 

In(OH)3 and low crystallinity [In(OH)(2,5-PDC)]n, suggesting that it is a kinetically 

favored phase (Figure 7.21). Using an acidic modulator, specifically acetic and nitric acid, 

to shift the dissociation equilibrium of the indium precursor also yielded a phase mixture 

of InIrPF-13 and [In(OH)(2,5-PDC)]n. We also carried out aging experiments by first 

mixing the Ir salt with the linker for one day, and after that adding the In salt and heating 

up the reaction mixture. We hoped that this would avoid the competition between In and 

Ir as it would favor the coordination of the Ir atoms to the linker; however, this was not 

the case as the result of the experiment was a phase mixture. The 2,5-PDC linker does not 

display a high solubility in water, so we gravitated towards using stock solutions of each 

element of the synthesis in order to assure a homogeneous starting solution, and also to 

prevent the In atoms from reacting with the linker faster than the Ir ones. This strategy 

was not fruitful as it also yielded a phase mixture.  
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Figure 7.21. PXRD patterns of InIrPF-13 synthesized in 3h (purple), In(OH)3 (orange) 

and [In(OH)(2,5-PDC)]n (teal). 

 

7.3.2. ScIrPF-13 

Given that Ir was already reticulated into a new framework and the only inconvenience 

was the phase competition with the other In-based MOF, the most straightforward 

approach was to shift towards other trivalent metals that would substitute the indium ions 

in the framework, and a feasible candidate was scandium. It is the smallest and least basic 

rare-earth element, with a strong oxyphilic character for Sc3+, as it tends to coordinate to 

hard donor atoms like O atoms from carboxylate groups. In a similar way to indium, it 

usually generates highly robust and stable frameworks.65 Moreover, there are examples 

of isostructural MOFs reported with indium or scandium,55,66 as well as MOFs with SBUs 

comprised of scandium trimers and chains.67,68 Bearing this in mind, the strategy of using 

scandium instead of indium was successful, and the combination of iridium chloride, 

scandium nitrate and 2,5-H2PDC in water lead to the formation of a compound 

isostructural to InIrPF-13. 
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7.3.2.1. Synthesis of ScIrPF-13 

All reagents and solvents employed were commercially available and used as received 

without further purification: 2,5-pyridinedicarboxilic acid, 2,5-H2PDC (>98%, TCI); 

iridium(III) chloride hydrate, IrCl3 × nH2O (99.8%, Alfa Aesar); scandium nitrate 

pentahydrate, Sc(NO3)3 × 5H2O (99.9%, Strem Chemicals). 

2,5-PDC (0.32 mmol, 54.6 mg), Sc(NO3)3 × 5H2O (0.08 mmol, 25.7 mg), and IrCl3 × 

nH2O (0.08 mmol, 24.0 mg) were dissolved in 13 mL of deionized water. The ratio 

between the linker, Sc(NO3)3 × 5H2O and IrCl3 × nH2O is 4:1:1. The mixture was placed 

in a 50 mL Teflon‐lined steel autoclave and heated during 24 hours in an oven at 170 °C. 

After cooling to room temperature, the yellow crystals were washed with water (3x10 

mL).  

 

7.3.2.2. Characterization of ScIrPF-13 

Single-crystal X-ray diffraction (SCXRD) analysis confirmed the formation of an 

isostructural framework to InIrPF-13, with cell parameters a = 25.4624(5) Å, b = 

24.3673(5), c = 9.7884(2), and cell volume 6073.2(2) Å3. The full crystallographic 

parameters and the refinement data are displayed in Table 7.4. The refinement of the 

occupancies factors of the Sc atoms in the trimers resulted in a similar situation to that of 

the In trimers; however, in this case, the Sc SBUs are mostly fully occupied for the 

analyzed crystal, as the best residual values were obtained for occupancy factors of 89% 

and 91% for Sc1 and Sc3, respectively (Figure 7.22). This structure did not show presence 

of chlorine atoms; therefore, hydroxyl groups must be present to compensate the charges 

and assure charge neutrality. The exact positions of the corresponding hydrogen atoms 

could not be determined from the difference in the electron density maps, but it seems 

reasonable to assume that these are located near the two bridging O atoms, as well as near 
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the terminal O with a partial occupancy. The formula derived from the SCXRD 

refinement is Ir2Sc2.8(2,5-PDC)6(OH)2.4(H2O)4.4.  
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Table 7.4. Crystallographic parameters and refinement data for ScIrPF-13. 

Crystallographic parameters ScIrPF-13 

Empirical formula C42H18Sc2.8Ir2N6O28.8 

Formula weight (g/mol) 1577.56 

Crystal system Orthorhombic 

Space group Cmc21 

a (Å) 25.4624(5) 

b (Å) 24.3673(5) 

c (Å) 9.7884(2) 

α (º) 90 

β (º) 90 

γ (º) 90 

Volume (Å3) 6073.2(2) 

Z 4 

Calculated density (g/cm3) 1.725 

Absorption coefficient (mm-1) 11.602 

F(000) 3021.0 

Radiation CuKα (λ = 1.54178) 

2θ range for data collection (º) 5.02 to 130.224 

Index ranges -29 ≤ h ≤ 29, -28 ≤ k ≤ 26, -11 ≤ l ≤ 11 

Reflections collected 17162 

Independent reflections 5003 [Rint = 0.0304, Rsigma = 0.0273] 

Data/restraints/parameters 5003/97/388 

Goodness-of-fit on F2 1.087 

Final R indexes [I>2σ (I)] R1 = 0.0327, wR2 = 0.0761 

Final R indexes [all data] R1 = 0.0369, wR2 = 0.0784 

Largest diff. peak/hole (e·Å-3) 1.29/-0.86 

Flack parameter 0.47(2) 
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Figure 7.22. Sc-based SBU of ScIrPF-13. Ir atoms are displayed in gold, Sc in purple, 

O in red, C in grey, N in blue. H atoms were omitted for clarity.  

 

A SEM-EDX study was conducted to confirm the ratio between the metals and to check 

the purity of the sample. Only elliptical prism-shaped crystals corresponding to ScIrPF-

13 were observed in the sample (Figure 7.23). From a total of 14 analyses, the average 

Sc:Ir ratio was determined to be 1.2. This confirms the presence of metal-site vacancies 

in this inherently defective SBU also when using scandium. 

The experimental PXRD pattern of the sample was recorded as a complementary 

validation of its purity. The data is displayed in Figure 7.24, and it shows no presence of 

any other crystalline compound.  
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Figure 7.23. SEM images of a) an individual crystal of ScIr-PF-13 of the bulk of the 

sample. EDX spectrum of b) an individual crystal and c) an aggregate of particles of 

ScIrPF-13. In both cases, the ratio between Sc and Ir is 1.3, therefore in this sample 

there is no phase coexistence. 
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Figure 7.24. PXRD pattern of experimental ScIrPF-13 (gold) compared to the 

simulated pattern from the SCXRD data (black).  

 

As this MOF was obtained as a pure phase, we carried out its complete bulk chemical 

characterization. Firstly, the results of the CHN elemental analysis are shown in Table 

7.5. The experimental data matches the CHN percentages estimated from the formula of 

the MOF derived from the SCXRD data (Ir2Sc2.8(2,5-PDC)6(OH)2.4(H2O)4.4). 

 

Table 7.5. EA results for ScIrPF-13. 

ScIrPF-13 

Calculated CHN Experimental CHN 

%C %H %N %C %H %N 

31.742 1.856 5.290 33.167 1.765 5.768 

 

The stability of the MOF (activated under vacuum overnight) was studied through 

thermogravimetric analysis (TGA). The TGA plot (Figure 7.25) displays one weight loss 

of 11.42% at around 60-100 ºC, corresponding to the loss of water molecules adsorbed in 

the pores of the MOF, and the total decomposition of the framework occurs at 440 ºC in 

only one step, which is equivalent to a 56.34% weight loss. The total degradation of the 
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MOF resulted in a mixture of scandium(III) oxide (Sc2O3) and iridium(IV) oxide (IrO2), 

as evidenced by PXRD (Figure 7.26). 

 

 

Figure 7.25. TGA plot of ScIrPF-13. 

 

 

Figure 7.26. PXRD patterns of the residue from the TG analysis of ScIrPF-13 (gold), 

simulated IrO2 (purple) and simulated Sc2O3 (teal).  
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Regarding the UV-Visible spectrum, ScIrPF-13 display a wide absorption range (200-500 

nm-1), which implies that this MOF is more suited for photocatalysis (Figure 7.27). 

 

 

Figure 7.27. UV-Vis absorbance spectrum of ScIrPF-13. 

 

The textural properties of ScIrPF-13 were evaluated through N2 sorption at 77K. The 

activation of the material prior to the measurement was completed by heating it under 

vacuum at 100 ºC overnight. The resulting isotherm is shown in Figure 7.28, and it 

displays a profile characteristic of layered materials with intercalated molecules.69 The 

accessible surface area was calculated using the Brunauer–Emmett–Teller (BET) model, 

yielding a value of 24 m2/g.69 
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Figure 7.28. Adsorption-desorption isotherm of ScIrPF-13. Filled and hollow circles 

represent adsorption and desorption points, respectively. 

 

 

7.3.2.3. Catalytic performance of ScIrPF-13 

Upon successfully obtaining the novel iridium MOF, ScIrPF-13, we moved towards 

proving that this material is a feasible candidate to be used as a heterogeneous catalyst, 

and thus evidencing the activity of the reticulated iridium sites. We decided to investigate 

the photocatalytic activity of the ScIrPF-13 under irradiation with visible light. 

Iridium(III) complexes are receiving increasing attention as sensitizers in numerous light-

induced photoredox catalytic transformations due to the broad range of potentials that 

they might exhibit through linker modification.70–72 As a demonstration of the suitability 

of ScIrPF-13 as a photoredox heterogeneous catalyst, we investigated its use in the 

photooxidation of sulfides. Thus, in presence of 2 mol% of the catalyst (based on Ir), the 

model substrate methylphenylsulfide was quantitatively and selectively oxidized to the 
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corresponding sulfoxide under irradiation with blue light, at room temperature, after 20 

hours and in a O2 atmosphere (Table 7.6). Remarkably, the catalyst was easily recovered 

and could be reused in up to 6 consecutive cycles with no significant loss of activity nor 

selectivity. Moreover, the PXRD pattern of the recovered catalyst (Figure 7.29) 

demonstrates that the structure is preserved after the catalysis cycles. The photocatalytic 

activity of the MOF was further evaluated with other substituted sulfides. Thus, p-

tolylmethylsulfide and 4-chlorophenylmethylsulfide were also fully oxidized to their 

corresponding sulfoxides, after reaction times of 28 and 36 hours, respectively. We also 

tested the ability of ScIrP-13 to photooxidize the toxic sulfur mustard simulant 2-

(chloroethyl)ethylsulfide,73 again obtaining quantitatively less toxic sulfoxide in a 

reaction time of 20 hours. 

To investigate the nature of the reactive oxygen species (ROS) involved in the 

photooxidation process, a series of experiments were carried out in presence of different 

scavenger species. In particular, when in presence of p-benzoquinone (BQ), more than 

75% conversion was achieved, while when 1,4-diazabicyclo[2.2.2]octane (DABCO) was 

present, the conversion drastically dropped to less than 5%, clearly indicating that 1O2 is 

the most important ROS generated.74 Moreover, the presence of electron and hole 

scavengers, namely copper sulfate and potassium iodide, respectively, also resulted in a 

drastic inhibition of the reaction (< 5% conversion) indicating the critical role of the 

charge separation process initiated by ScIrP-13 in the photooxidation process. 
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Table 7.6. Photooxidation of sulfides with ScIrPF-13a 

aPhotooxidation conditions: sulfide (0.135 mmol), catalyst (2 mol% Ir), acetonitrile (0.5 

mL), irradiated with blue LED light (2x30W) at RT in a O2 (balloon) atmosphere. 

bCarried out with methylphenylsulfide. 

 

 

 

 

 

 

Sulfide Time (h) Conversion (%) Selectivity to sulfoxide (%) 

 
20 > 99 100 

 
28 > 99 100 

 
36 > 99 100 

 20 > 99 100 

Scavenger testsb 

CuSO4
 20 2  

KI 20 2  

BQ 20 76  

DABCO 20 3  

Cyclability testsb 

Cycle 1 20 100 99 

Cycle 2 20 97 99 

Cycle 3 20 96 99 

Cycle 4 20 95 99 

Cycle 5 20 95 99 

Cycle 6 20 94 99 
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Figure 7.29. PXRD pattern of ScIrPF-13 postcatalysis (gold), compared to the 

simulated plot from the SCXRD data (black). 
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7.4. Conclusions 

In summary, we here demonstrated, for the first time, the feasibility of synthesizing metal-

organic frameworks with iridium as a structural chemical building component. Our multi-

metal-based approach paves the way to extend the field of reticular chemistry to 

previously unexplored metal elements, incorporating new active metal sites and 

expanding the range of reactivity achievable with MOFs. We anticipate that this approach 

will be instrumental in obtaining other frameworks with diverse chemical and pore 

environments, specifically tailored to exploit the activity of these high-value metal 

elements in the future.  

The results of this chapter have been summarized in a manuscript, which has been already 

submitted for publication and it is currently under revision. A preprint of the paper can 

be accessed at: 10.26434/chemrxiv-2023-cbm9z. 
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The key point of this Doctoral Thesis was to explore the feasibility of generating multi-

metal MOFs with specific metal combinations, and to determine which are the crucial 

factors that impact the outcome of the reactions.  

One of the main objectives of this investigation was to use the MOF family RPF-4 as a 

platform to evaluate if it is possible to obtain MTV-MOFs with specific binary 

combinations of rare-earth atoms, and to determine which parameter would determine the 

outcome of the reactions. The results of the experimental work that was carried out for 

Chapter 4 made it possible to determine the sequencing scenarios within the SBUs of the 

RPF-4, and also which combinations resulted in a MTV-MOF with the desired metal ratio 

and atomic distribution. The results of the research highlighted the relevance of the 

synthesis and crystallization mechanism of a MOF, which for RPF-4 were proven to be 

determinant for the incorporation of different metal ions into the SBUs. Another crucial 

point was that, while the compositional analysis of the bulk of lanthanum-based RPF-4 

samples indicated a homogeneous distribution of the metal ions, a more thorough analysis 

of the composition of individual crystals revealed the presence of a compositional 

segregation, even for combination of metals for which the MOF can be obtain in the 

single-metal form. So, this emphasizes the importance of understanding the MOF system 

and also carrying out an exhaustive analysis of the samples. Upon understanding that the 

composition of different metal combinations of MTV-RPF-4 was determined by a 

complex interplay between thermodynamic and kinetic crystallization factors, it was 

possible to tune the composition of any binary combination of this MOF family to suit 

any application. Bearing this in mind, and in view of the initial goal of translating specific 

metal sequences to other materials, MOF-derived oxides were obtained by calcining RPF-

4 samples with specific compositions, and these materials displayed an enhanced catalytic 

performance compared to traditional oxides.  
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Additionally, as established in the initial main goals, other metal combinations including 

noble metals, specifically iridium (III), have been explored throughout this Doctoral 

Thesis. As discussed in Chapter 6 and 7, it was not possible to insert iridium into already 

reported MOFs through a one-pot approach, and this led to designing an alternative 

strategy. Following a one-step multi-metal approach, iridium (III) building units were 

reticulated into a framework, generating the new MOF family, MIrPF-13 (M = Sc, In). 

This new multi-metal material was a suitable heterogeneous catalyst for photocatalysis, 

as the iridium building units are responsible for the enhanced catalytic performance. 

The one-step multi-metal strategy showcased in Chapter 7 paves the way for extending 

the field of reticular chemistry to other unexplored metal elements and broaden the range 

of reactivity and chemical versatility that can be achieved in MOFs.  

As a final remark, I would like to mention that, considering the initial objectives and the 

conclusions, the research work carried out in my Doctoral Thesis is expected to be broadly 

beneficial for the field of reticular chemistry, especially for the emerging sequence-

oriented development of multi-metal MOFs, as it helps to overcome some of its main 

challenges through the fundamental comprehension of their synthetic process.   
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