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 “There’s plenty of room at the bottom” 

Richard Feynman (1918 – 1988) 

 

The field of molecular materials constitutes a stimulating discipline, which allows the 

design and customization of chemical building blocks, as well as their combination to 

produce specific physical properties which are crucial in the understanding and 

development of novel functional molecular devices.  Within this extraordinarily 

widespread framework, chemists are in an ideal position to synthetize, characterize and 

manipulate molecules to achieve this goal. This is clearly exemplified with the work of 

this thesis, demonstrating the validity and the limits of molecular materials in different 

applications.  

This thesis is divided into five chapters. First of all, a general introduction of the most 

relevant architectures based on coordination molecules are presented in Chapter 1. This 

introduction is focused on the molecular engineering design point of view, to obtain 

the desired functional materials. The rest of the chapters are organized according to 

increasing dimensionality, starting with single molecules, and finishing with 

coordination polymers.  Chapter 2 concerns the lower working dimensionality, a single 

molecule, focusing on the preparation of a family of rotaxanes whose electrical 

measurements through a single molecule are discussed.  Chapter 3 continues in the line 

of single molecules, but in this case as nanomagnets. A lanthanide phthalocyanine 

molecule is discussed, although magnetic behavior is achieved in bulk. Increasing 

dimensionality, Chapter 4 presents the synthesis of one-dimensional coordination 

polymers with discrete voids that selectively sorbs CO2 from a mixture of gases. 

Finally, Chapter 5 presents three-dimensional materials through the synthesis of two 

novel metal organic frameworks (MOFs), where a Pd-based metalloligand is 

incorporated into the framework. This enhances the quality and the reusability of this 

Pd(II) system as a catalyst. 

The work described in this thesis has given rise to the following publications: 

“Selective CO2 sorption using compartmentalized coordination polymers with discrete 

voids”. E. Miguel-Casañ, E. Andres-Garcia, J. Calbo, M. Giménez-Marqués and G. 

Mínguez Espallargas. Chem. Eur. J. 2021, 26, 4653 
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“Heterometallic Palladium-iron Metal-Organic Framework as a highly active catalyst 

for cross-coupling reactions”. E. Miguel-Casañ, M. D. Darawsheh, V. Fariña-Torres, 

I. J. Vitórica-Yrezábal, M. Fañanás-Mastral and G. Mínguez Espallargas. Chem. Sci. 

(Accepted) 

“Unprecedented double-digit enhancement of hysteresis temperature in neutral 

diradical side-by-side double-decker Tb2-phthalocyanines dimers”. E. Miguel-Casañ, 

C. R. Ganivet, L. Escalera-Moreno, A. Camón, A. Gaita-Ariño, F. L. Rey, G. de la 

Torre, T. Torres, E. Coronado. In preparation. 

“Schitching copper rotaxane”. E. Miguel-Casañ, C. Hsu, D. Stefani, M. El Abbassi, S. 

Tatay Aguilar, S. Cardona-Serra, E. Coronado and H. S. J. van der Zant. In preparation. 

Also, Eugenia Miguel Casañ contributed to other work during the PhD: 

“Multivariate sodalite zeolitic imidazolate frameworks: a direct solvent-free 

synthesis”. J. López-Cabrelles, E. Miguel-Casañ, M. Esteve-Rochina, E. Andres-

Garcia, I. J. Vitórica-Yrezábal, J. Calbo and G. Mínguez Espallargas. Chem. Sci. 2022, 

13, 842. 
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“There’s plenty of room at the bottom” 

Richard Feynman (1918 – 1988) 

 

El campo de los materiales moleculares constituye una línea muy destacada para el 

diseño y optimización de nuevos materiales moleculares funcionales, gracias a la 

combinación de propiedades físicas y químicas. Dentro de este marco 

extraordinariamente generalizado, los químicos se encuentran en una posición ideal 

para sintetizar, caracterizar y manipular moléculas para lograr este objetivo. Los cuatro 

diferentes proyectos abordados en esta tesis están basados en esta área, demostrando la 

validez y los límites de los materiales moleculares para diferentes aplicaciones. 

En primer lugar, en el capítulo 1 se presenta una introducción general de las 

arquitecturas más relevantes basadas en la química de coordinación, desde los años 90 

hasta la actualidad. La introducción se centra en el punto de vista del diseño molecular 

para obtener los materiales funcionales deseados. Como enfoque se introducirán 

sistemas de tamaño más pequeño a más grande, siguiendo un aumento de la 

dimensionalidad. El Capítulo 2 comienza con el desarrollo de un interruptor molecular 

basado en la familia de los rotaxanos, con medidas eléctricas a escala de una sola 

molécula. El capítulo 3 presenta la síntesis de polímeros de coordinación 

unidimensionales con cavidades discretas que absorben selectivamente CO2 de una 

mezcla de gases. Finalmente, el capítulo 5 describe materiales tridimensionales, 

basados en redes metalo-orgánicas (MOFs). Dos nuevos MOFs son sintetizados y cada 

uno de ellos tiene incorporado un catalizador organometalico a la red para mejorar su 

catálisis y su reutilización.  
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1.1 COORDINATION CHEMISTRY  

The term coordination chemistry refers to an interdisciplinary area which develops 

based on the synthetic approaches to surrounding ions or atoms, known as coordination 

centers, with an array of attached molecules, known as ligands or complexation agents. 

Remarkably, these coordination complexes display a huge versatility as their physical 

properties can be easily tuned by changing both the metal or the ligands. In fact, they 

have been postulated as ideal systems for future nanodevices operating at the 

nanoscale. This introduction aims to summarize the most significant development in 

coordination chemistry to produce coordination complexes that can be used as active 

components in applications like gas adsorption, gas separation, catalysis, and electrical 

and magnetic devices, the topics of this thesis. 

From a historical point of view, much of our current understanding of coordination 

chemistry arises from the work of Alfred Werner (1866 – 1919), the pioneer of this 

field (Nobel Prize in Chemistry in 1913).1 At the end of 19th century, his work related 

with geometric aspects of how metals are connected to ligands offered a consistent 

conception of coordination that could be applied to organic and inorganic compounds.2 

Werner postulated that metal ions have two different kinds of valence: (1) a first 

valence (oxidation state) and (2) a secondary valence (coordination number) that is the 

total number of ligands arranged to the metal ion.3 Applying this theory, Werner’s 

successfully proved that by using the same ligand, different compounds with the same 

molecular formula, called isomers, could be isolated (see Figure 1.1.). It is important 

to know which isomer we are dealing with because they can present different physical 

and chemical properties. In 1907, Werner’s successfully prepared the violet salt of 

‘Co(NH3)4Cl2’ complex that ought to exist according to his theory.3 This coordination 

complex displays the six ligands occupying the vertices of an octahedron, being the 

difference between the two not identical structures (isomers) in the orientation of the 

chloride ions around the cobalt center (see Figure 1.1.a), as he had anticipated. In fact, 

many of the compounds he prepared, for which he had elucidated the coordination 

based solely in his theory, were later proved to be right.4 This initiated a revolution 

towards the study of a wide variety of novel compounds. 

As a point of view of applications, the isomerism of a given molecule significantly 

influences on properties like stability and reactivity in chemical or biological 

environments. A classical example of this is the platinum complex [Pt(NH3)2Cl2], 

which was first introduced by Werner (see Figure 1.1.b). Two different isomers are 
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possible: cis-[Pt(NH3)2Cl2] and trans-[Pt(NH3)2Cl2], both presenting very different 

properties. Specifically, the cis- isomer was the first platinum antitumor drug 

introduced in the clinic, whereas the trans isomer is clinically ineffective.5 This is a 

result of the preferential binding of the cis- isomer to two adjacent nitrogen atoms in 

the groove of DNA, which inhibits the replication of the cell.  

 

Figure 1.1. a) Octahedral trans- and cis- isomers of [Co(NH3)4Cl2]; b) Square planar 

trans- and cis- isomers of [Pt(NH3)2Cl2]. 

However, despite all the important achievements in coordination chemistry afforded 

by Werner, coordinative bonding was not completely understood as many different 

scenarios were present given the large versatility of this incipient field. In this context, 

a significant breakthrough was published in 1951, with the preparation of ferrocene by 

Kealy and Pauson. However, the chemical structure that was proposed at this time was 

wrongly established as a linear complex with a single covalent bond from the saturated 

carbon atom of each cyclopentadienyl groups to the iron centre. The correct structural 

determination was successfully deduced independently by the groups of Fischer and 

Wilkinson,6,7 who demonstrated the presence of two identical cyclopentadienyl rings 

that equally bind with the iron ion, thus resulting in the first sandwich compound. The 

singularity of this complex falls in the bonding interactions: the iron ion interacts with 

the five carbon atoms of the cyclopentadienyl simultaneously. This means that all five 

carbon atoms would be equally involved in the bonding. This contributed to the 

increase of the chemical bonding theoretical knowledge.8  

This sandwich structure led to a huge interest in compounds of d-block metals with 

hydrocarbons, initiating the development of the organometallic chemistry with until 

eight and nine monocycle rings (see Figure 1.2),9 which has evolved enormously in the 

last 50 years. More recently, these sandwich-type ligands have been found to be ideal 
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systems to form single molecule magnets (SMMs) when combined with lanthanide 

centres. This type of magnetic molecules have the capacity to retain magnetization for 

a relatively long time,10 and are ideal systems for quantum technologies, showing 

promising results for quantum computing architectures. A critical aspect in these 

systems is the relaxation time, which should be as long as possible in order to retain 

information. In the past years, it has been shown that lanthanoid-based metallocenes, 

i.e. ferrocene analogues with lanthanoid centres, present hysteresis up to 80 K.11,12 

Although the magnetic relaxation in this class of compounds is still not completely 

understood, the ligand sphere stabilizes the lanthanide ions mj grounds state by tuning 

the local electron density around the lanthanide ion and enrich their magnetic 

properties.13 An alternative planar ligands that present more tunability than 

cyclopentadienes and their analogues are phtalocyanines and porphirines.14 Although 

much less explored, they have also shown to be very effective for the formation of 

Single-Ion Magnets.15 This will be discussed in more detail in Chapter 3 of this Thesis. 

 

Figure 1.2. Examples of sandwich complexes. Structurally characterized homoleptic 

and heteroleptic metallocenes with Cx ring systems (x = 4 − 9; M = metal atom). 

From the basis of the knowledge acquired till the 70’s in coordination chemistry, a new 

field emerged in order to control intermolecular forces, instead of covalent bonds, to 

prepare metal-organic complexes. The term “supramolecular chemistry” was 
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introduced in 1978 by Jean-Marie Lehn to refer, according to his own words, to ‘the 

chemistry beyond the molecule’. Taking advantage on the use of non-covalent 

intermolecular forces, larger and more complex molecular architectures than the 

classical, and simple, metal-organic complexes synthesized till that moment could be 

assembled. The goal moved to the design of molecules with appropriate physical 

properties for practical applications. In this context, the first supramolecular 

coordination motifs that were explored consisted on encapsulating ligands such as 

cryptands (by Lehn) 16 and the crown-ether linkers based on oxygen (by Pedersen and 

Cram).17 This revolutionary field was awarded with the 1987 Nobel Prize in Chemistry 

to Jean-Marie Lehn, Donald Cram and Charles Pedersen.18 

 

Figure 1.3. Examples of Pedersen’s crown ethers, Lehn’s cryptands and Cram’s 

crown ethers. 

The discovery of the mentioned supramolecular motifs led to a remarkable concept as 

the molecular self-assembly, molecules that could be recognized to each other through 

non-covalent interactions forming superstructures. A similar behavior is observed on 

nature, where simple molecular precursors assemble to extremely complex 

biomolecules, which are vital for life processes, the most significant example in nature 

is DNA.19 The forces that govern the organization maybe: (a) electrostatic,20 (b) 

hydrogen bonds,21 (c) water-mediated hydrogen bonds,22 (d) hydrophobic or 

hydrophilic interactions,23  (e) and van der Waals interactions24 (see Figure 1.4). 
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Figure 1.4. Examples forces that govern the organization of supramolecules. 

An important concept linked  to supramolecular chemistry, and that evolved naturally 

from the concepts introduced previously, is the ‘metaldirected self-assembly’, 

introduced by Makoto Fujita.25 This means the creation of building blocks composed 

by transition metal groups and organic molecules that self-assemble into large, stable 

highly symmetric structures, such as squares (1990)25 or discrete octahedra (1995),26 

see Figure 1.5. This field, based on the molecular self-assembly through coordination 

chemistry, has had a huge impact and has evolved towards the design of structures with 

higher dimensionalities. For instance, through a chemical design of different pyridine-

based bridging ligands, nano-sized two- and three-dimensional synthetic receptors 

were prepared via coordination with transition-metals ions.27 
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Figure 1.5. a) Structure of Pd(II)-square; b) Structure of Pd(II)-octahedron cage. 

At the same time than the “metal directed self assembly” approach was being 

developed for the construction of discrete supermolecules, another field emerged from 

the concepts of coordination chemistry, that is coordination polymers (CPs), one of the 

most promising functional materials. These architectures are extended hybrid organic-

inorganic materials formed by metal centres linked by organic ligands via coordination 

bonds. Although some coordination polymers were reported before,28,29 the work by B. 

Hoskins and R. Robson in the 80s can be considered as the origin of the field. They 

reported the first CPs in 1989, combining a 4-connected organic ligand with tetragonal 

shape and Cu+ metal centres, resulting in a three-dimensional framework with diamond 

topology. Importantly, they predicted the enormous potential of this type of solids.30  

Few years later, O. Yaghi and co-workers introduced the term metal-organic 

frameworks (MOFs) to denote this type of 3D frameworks,31 which has later been 

defined by IUPAC as a sub-class of coordination polymers having porosity as a 

distinguishing feature.32 Multidimensional infinite structures of CPs have been 

prepared by a careful combination of the geometrical preferences of the metal ion and 

the functionalities of the organic ligands, resulting in more than 110.000 reported 

MOFs at present. 
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Figure 1.6. Crystal structure of most used metal-organic frameworks. A) MOF-5 

composed by Zn(II) SBU and terephthalic acid; b) MIL-53, composed by Cr3+  as 

metal center connected by terephthalate as linker; c) MOF-74, composed by Zn(II) 

SBU and 2,5-dihydroxybenzene-1,4-dicarbozylate; d) ZIF-8, composed by 

tetrahedrally-coordinated Zn(II) connected by imidazolate linkers; e) UiO-66 

composed by Zr(IV) SBUs and terephthalic acid; and f) KHUST-1 composed by 

Cu(II) paddle-wheel SBUs and trimesic acid.  

Chemical design plays a key role to construct and enrich CPs with desired properties. 

The unlimited organic linkers and the huge number of metal ions or clusters opens the 

door to infinite structures. Archetypical architectures are MOF-5, which was the first 

MOF thermally robust enough to allow its use in gas storage (Figure 1.6.a);33 MIL-53, 

a flexible MOF (Figure 1.6.b) that changes the pore size upon exposure to different 

solvents;34 MOF-74 (Figure 1.6.c), which can be prepared with different metal centres 

(Zn,35 Mg,35 Cd,36 Cu,37 Co,38 Ni, Cr, Fe,39 Mn40 and Ti41) and have accessible open 

metal sites; UiO-67 based in hard Lewis acids/bases and resistant to water, DMF, 

benzene and acetone (Figure 1.6.e);42 HKUST-1 present water molecules to complete 

the coordination environment of the metal node, offering the possibility of removing 
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the water molecules and funcionalize the framework (Figure 1.6.f);43 ZIF-8, one of the 

first examples of MOF with a high chemical stability, stable after boiling in different 

solvents and pH range,44 although very recently it has been shown to slowly degrade 

in water.45 

While the past almost 30 years have seen significant progress in the chemistry and 

applications of MOFs, there remains a vast space for exploration, particularly in the 

control porosity and thermal stability.46 Tunning the porosity in MOFs can be achieved 

through isoreticular synthesis by employing organic linkers of different dimensions and 

chemical functionalities, but with identical connectivity dispositions.47 However, 

different symmetries and conformations adopted by the same ligand may yield MOFs 

of different nets.  

Thanks to the recent advances in coordination chemistry, the molecular structure of 

materials has been allowed to be tune, and an enhancement of their intrinsic properties 

can be achieved with revolutionary applications that attract the interest of many 

scientists. In this context, the chemical versatility permitted to develop molecules that 

enable a wide array of applications ranging as active components for electronics, 

magnetic devices, catalyst, gas separation, or biomedicine among others. Moreover, 

the rise in the chemical design of the ligands and the coordination with metals over the 

past decades has been possible as technology has been able to characterize their 

coordination bonding. This technology leads to study how affect the electronic 

properties of the metal the chemical design of the surrounding. This will be the main 

focus of our research. 

In this thesis, I will focus my attention on the fields of molecular electronics, 

magnetism, catalysis, and gas separation. Therefore, a description of the state of the art 

of the four fields is briefly discussed below. 

1.2 MOLECULAR ELECTRONICS 

Molecular electronics is a multidisciplinary approach as is well explained by R. Friend, 

a physicist who is one of the leading characters of molecular electronics and recognize 

the worth of chemists: 
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One of the big opportunities in this science is that it crosses 

traditional divides between subject areas. There’s communication between 

physics and chemistry and materials and divide physics. Managing that 

communication has been hard work, but it has been really rewarding, as well. It 

hasn’t felt at all like the ordinary mode of activity for a research program in the 

physics department. In fact, I spend more of my time going to chemistry 

conferences than I do going to physics conferences. I find what I can pick up at 

chemistry conferences extremely valuable. I’m constantly trying to better 

understand what chemists are trying to do. 

R. Friend 

Mark Ratner, twenty years ago defined molecular electronics as the set of electronic 

behaviors in molecule-containing structures that are dependent upon the characteristic 

molecular organization of space.48  

With the approach of sub-5 nm nodes in metal-oxide-semiconductors, the size and 

machining accuracy devices decrease gradually (see Figure 1.7).49 Through the 

construction of electrode-molecule-electrode junction (molecular junction), connecting 

a single molecule to external circuits provides the development of novel strategies for 

future electronic devices suppressing possible solutions beyond Moore’s Law.50 

 

Figure 1.7. From top-down to bottom-up approach, a size decrease until molecular 

electronics 
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The study of molecular electronics cover how to realize the connection between 

molecules and external measuring circuits,51 how to accurately obtain and regulate the 

electric signal of the junctions,52 and how to fabricate the corresponding high-

performance devices,53 all of them are key scientific issues that need to be solved. 

More detail information about this section will be on Chapter 2. 

1.3 MOLECULAR MAGNETISM 

Molecular magnetism is an interdisciplinary area that emerge from magnetochemistry, 

the branch of chemistry concerned with the synthesis and study of substances that 

exhibit interesting magnetic phenomena. The idea started with the search for 

molecules-based ferromagnets that order at or above room temperature via chemical 

design, even other challenges attract much attention as spin crossover phenomena and 

the search for multifunctional materials.54 Although first, some basic concepts on 

molecular magnetism will be described. 

To begin with, when we applied a magnetic field (H) to a molecular material, the 

sample acquires a molar magnetization (M) related to H through: 

𝛿𝑀/𝛿𝐻 = 𝜒                  Eq 1.1 

where  is the molar magnetic susceptibility. Despite molar magnetic susceptibility by 

the temperature (T) is more frequently used.  

The way how the material react to the presence of an external magnetic field allows to 

classify them as diamagnetic or paramagnetic materials. The diamagnetic materials 

have all the electrons paired, which have a weak, negative susceptibility to magnetic 

field (slightly repelled). Notwithstanding, paramagnetic materials have attracted by a 

magnetic field due to the presence of some unpaired electrons in partially filled orbitals. 

Depending on the alignment of the spins with the field, paramagnets are divided on 

ferromagnetic (parallel), antiferromagnetic (parallel when the field is applied, and 

antiparallel when the field is removed) or ferrimagnetic ordering (antiparallel). 
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As this thesis is focused on molecular magnetis, the features that distinguish molecular 

magnets from traditional magnetic materials are low-density, transparency to 

electromagnetic radiation, and sensitive to external stimuli such as light, pressure, 

temperature, chemical modification or magnetic/electric field. Further, the inherent 

locality of molecular magnetic moments allows the simulation of magnetic states with 

Hamiltonians of finite dimensions, facilitating the exact treatment of quantum magnetic 

properties. The combination of these two features allow strong potential to be at the 

forefront of future technologically innovative applications.55 

 

Figure 1.8. Scheme of the two possible electronic states for Fe2+ in an octahedral 

complex. 

Let us briefly introduce one of the most spectacular examples of molecular bistability, 

the spin-crossover, which is displayed by some octahedrally coordinated transition 

metal atoms (3d4-d7). Its ground state may be in two different states, depending to a 

first approximation on the magnitude of the energy gap, which is known as ligand field 

splitting ∆. The d orbitals of the transition metal ion split into a subset of three 

degenerated orbitals (dxy, dyz, dzx) with lowest energy, t2g, and a subset of two 

degenerated orbitals (𝑑𝑧2 and 𝑑𝑥2−𝑦2) of highest energy, eg. between two metal orbitals. 

Therefore, depending on the magnitude of ∆, two configurations are possible. For 

energy splitting larger than the electronic repulsion, all the electrons are in the t2g levels, 

called the low spin state (LS). For the reverse scenario, the electrons fill the five d 

orbitals; according to Hund’s rule, maximizing the spin multiplicity and giving rise to 

this the high spin state (HS). This lead a switching phenomenon between the two labile 
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electronic configurations (HS and LS) as a consequence of a given external 

perturbation such as light irradiation, temperature, application of pressure or magnetic 

field or the insertion of a guest molecule into the system.56,57,58,59,60 This spin-crossover 

phenomenon was exploit to develop switching materials for applications such as 

molecular or pressure sensing,61 actuators,62 and thermal displays.63 

Recently, the current trends in the field have sparked the search for low dimensional 

materials, motivated by their potential applicability in high density magnetic storage 

required by society and industry. For instance, the discovery of slow magnetic 

dynamics engineered in zero-dimension SMMs, which are atomically precise 

superparamagnets with tunable magnetic anisotropy, opened up a brand new research 

field, even the remanence is observed at really low temperatures. However, in the last 

years the field has experienced a remarkable result with magnetic remanence above 

liquid nitrogen temperature (>77K), that will explain in more detail in chapter 3. 

1.4. MOLECULAR COMPOUNDS FOR GAS SEPARATION 

Gas storage and separation is not only crucial for production requirements (as purity or 

safety) but also in reduce costs. Almost 15% of the world’s energy consumption is due 

to industrial chemical separation. Therefore, the importance of separation is worldwide 

acknowledged, and it is a critical research area. Scientists go in search of alternatives 

to the traditional separation techniques, enhancing the energetic efficiency. 

Some parameters are important to separation processes, as suitable adsorption and 

desorption kinetics, high adsorption capacity and selectivity and regeneration. The 

same porous materials presented in the last sections achieve these parameters to adsorb 

molecules of a gas or liquid phase. Activated carbons, zeolites and MOFs are the most 

known adsorbents. More recently porous aromatic frameworks (PAFs),64 covalent-

organic frameworks (COFs)65 and polymers of intrinsic microporisity (PIMs) are also 

gaining increasing interest (see Figure 1.9).66  

Many gas-separating methods exist nowadays such as absorption,67 cryogenics,68 

membranes,69 microbial/algae,70 and adsorption.71 Each different technologies use an 

associated material for separation and capture. The industry request for high separation 

efficiency, low energy consumption, small carbon footprint, cost saving, easy operation 

and scalability.  
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Figure 1.9. Structures of porous materials with recent interest for gas separation. 

Reducing greenhouse gases in the atmosphere has quickly become one of the most 

urgent environmental issues nowadays. Among all of them, carbon dioxide (CO2) 

separation is still a critical issue. During Chapter 4, a more detailed information will 

be described. 

1.5 MOLECULAR COMPOUNDS AS CATALYSTS 

Catalysis allows researchers to perform reactions that would be too slow to be useful 

without a catalyst present. Molecular catalysts started with homogeneous catalysts, 

which are dissolved in the liquid phase of the reaction conditions. Thanks to technics 

as mass spectrometry and nuclear magnetic resonance spectroscopy, molecular 

catalysts could be progressed on molecular level insight during the early and mid-20th 

century. 

Molecular catalysts are composed by a metal bonded to one or more carbon-containing 

molecules referred to as ligands. The metal tends to act as the active site, to which the 

reactant binds before undergoing conversion to the desired product. 

The control at molecular level of the catalysts allows the tunability and selectivity of 

the desire reactivity. Again, the development on coordination chemistry will be benefit 

in this field as well. 

Recently, one of the main goals in this field is the synthesis of heterogeneous 

catalysts.72 The use of rare metals that have limited abundance on Earth and the 

difficulty of recover the catalysts after the reaction mixture in homogeneous, have 
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begun to push the field toward the research of heterogenous catalysts. An interesting 

solids used as heterogeneous catalysts are microporous materials with high active 

surface area.  

One of the higher important groups of heterogeneous catalysts are Zeolites, a 

crystalline aluminosilicate wherein the 3D framework defines channels and cavities of 

strictly regular dimension on the nanometer scale. These voids are accessible to organic 

substrates and suitable catalysts for liquid-phase reactions.73 In the end of 1990s, a new 

perspective of heterogeneous catalysts was create with a material with ordered 

mesopores. These materials present high surface areas, large pore volumes, and tunable 

pore dimensions. This mesopores enables catalytic reactions involving bulky substrates 

and/products. Although the surrounding of the mesopores are amorphous, in contrast 

to the crystallographic defined pores walls of zeolites. More recently, MOFs, explained 

in the first sections, gained the attention of the scientists also in this field. In contrast 

to the purely inorganic materials zeolites and mesoporous silica, MOFs are based by 

inorganic-organic materials, increasing on thousands of different frameworks that vary 

different in structure and composition. 

 
Figure 1.10. a) Crystal structure of Zeolite Y, based on aluminum and oxygen; b) 

schematic representation of mesoporous silica SBA-15. 

To conclude, Chapter 5 will continuous this section with the synthesis of a novel mixed 

metal MOFs and the results on catalytic measurements. 

  



Introduction 

 51 

1.6 REFERENCES 

1. Constable, E. C. & Housecroft, C. E. Coordination chemistry: the scientific 

legacy of Alfred Werner. Chem. Soc. Rev. 42, 1429–1439 (2013). 

2. Werner, A. Beitrag zur Konstitution anorganischer Verbindungen. Zeitschrift 

für Anorg. Chemie 3, 267–330 (1893). 

3. Werner, A. Zur Kenntnis des asymmetrischen Kobaltatoms. I. Berichte der 

Dtsch. Chem. Gesellschaft 44, 1887–1898 (1911). 

4. Spingler, B., Scanavy-Grigorieff, M., Werner, A., Berke, H. & Lippard, S. J. 

Crystal Structure Determination of a (μ-Amido)(μ-hydroxo)(μ-

superoxo)dicobalt(III) Complex from the Werner Collection. Inorg. Chem. 40, 

1065–1066 (2001). 

5. Rosenberg, B. Some Biological Effects of Platinum Compounds. New agents 

for the control of tumours. Platin. Met. Rev 15, 42–51 (1971). 

6. Fischer, E. O. & Pfab, W. Cyclopentadien-Metallkomplexe, ein neuer Typ 

metallorganischer Verbindungen. Zeitschrift für Naturforsch. B 7, 377–379 

(1952). 

7. Wilkinson, G., Rosenblum, M., Whiting, M. C. & Woodward, R. B. The 

structure of iron bis-cyclopentadienyl. J. Am. Chem. Soc. 74, 2125–2126 (1952). 

8. Kealy, T. J. & Pauson, P. L. A New Type of Organo-Iron Compound. Nature 

168, 1039–1040 (1951). 

9. Münzfeld, L. et al. Synthesis, structures and magnetic properties of [(η9-

C9H9)Ln(η8-C8H8)] super sandwich complexes. Nat. Commun. 10, 1–7 (2019). 

10. Layfield, R. A. Organometallic Single-Molecule Magnets. Organometallics 33, 

1084–1099 (2014). 

11. Goodwin, C. A. P., Ortu, F., Reta, D., Chilton, N. F. & Mills, D. P. Molecular 

magnetic hysteresis at 60 kelvin in dysprosocenium. Nature 548, 439–442 

(2017). 

12. Guo, F. S., B. Day, Y. Chen, M. Tong, A. Mansikkamäki, R. A. Layfield,. 

Magnetic hysteresis up to 80 kelvin in a dysprosium metallocene single-

molecule magnet. Science. 362, 1400–1403 (2018). 

13. Ungur, L., Le Roy, J. J., Korobkov, I., Murugesu, M. & Chibotaru, L. F. Fine-

tuning the Local Symmetry to Attain Record Blocking Temperature and 



Introduction 

 52 

Magnetic Remanence in a Single-Ion Magnet. Angew. Chemie Int. Ed. 53, 4413–

4417 (2014). 

14. Ishikawa, N., Sugita, M., Ishikawa, T., Koshihara, S. & Kaizu, Y. Lanthanide 

Double-Decker Complexes Functioning as Magnets at the Single-Molecular 

Level. J. Am. Chem. Soc. 125, 8694–8695 (2003). 

15. Ganivet, C. R. et al. Influence of Peripheral Substitution on the Magnetic 

Behavior of Single-Ion Magnets Based on Homo- and Heteroleptic Tb III 

Bis(phthalocyaninate). Chem. - A Eur. J. 19, 1457–1465 (2013). 

16. Lehn, J. M. Cryptates: macropolycyclic inclusion complexes. Pure Appl. Chem. 

49, 857–870 (1977). 

17. Pedersen, C. J. & Frensdorff, H. K. Macrocyclic Polyethers and Their 

Complexes. Angew. Chemie Int. Ed. English 11, 16–25 (1972). 

18. Leigh, D. A. Genesis of the Nanomachines: The 2016 Nobel Prize in Chemistry. 

Angew. Chemie Int. Ed. 55, 14506–14508 (2016). 

19. Seeman, N. C. DNA in a material world. Nature 421, 427–431 (2003). 

20. Zapata, F., González, L., Bastida, A., Bautista, D. & Caballero, A. Formation of 

self-assembled supramolecular polymers by anti-electrostatic anion–anion and 

halogen bonding interactions. Chem. Commun. 56, 7084–7087 (2020). 

21. X. Lin, M. Suzuki, M. Gushiken, M. Yamauchi, T. Karatsu, T. Kizaki, Y. Tani, 

K. Nakayama, M. Suzuki, H. Yamada, T. Kajitani, T. Fukushima, Y. Kikkawa 

& S. Yagai, High-fidelity self-assembly pathways for hydrogen-bonding 

molecular semiconductors. Sci. Rep. 7, 43098 (2017). 

22. N. J. V. Zee, B. Adelizzi, M. F. J. Mabesoone, X. Meng, A. Aloi, R. H. Zha, M. 

Lutz, I. A. 2. Filot, A. R. A. Palmans & E. W. Meijer, Potential enthalpic energy 

of water in oils exploited to control supramolecular structure. Nature 558, 100–

103 (2018). 

23. Northrop, B. H., Glöckner, A. & Stang, P. J. Functionalized Hydrophobic and 

Hydrophilic Self-Assembled Supramolecular Rectangles. J. Org. Chem. 73, 

1787–1794 (2008). 

24. Yang, L. & Champness, N. R. Chapter 1. Surface Self-assembly of Functional 

Supramolecular Networks. in Monographs in Supramolecular Chemistry vols 

2017-Janua 1–36 (2017). 

25. Fujita, M., Yazaki, J. & Ogura, K. Preparation of a macrocyclic polynuclear 



Introduction 

 53 

complex, [(en)Pd(4,4’-bpy)]4(NO3)8 (en = ethylenediamine, bpy = bipyridine), 

which recognizes an organic molecule in aqueous media. J. Am. Chem. Soc. 112, 

5645–5647 (1990). 

26. M. Fujita, D. Oguro, M. Miyzawa, H. Oka, K. Yamaguchi & K. Ogura, Self-

assembly of ten molecules into nanometre-sized organic host frameworks. 

Nature 378, 469–471 (1995). 

27. Fujita, M. Metal-directed self-assembly of two- and three-dimensional synthetic 

receptors. Chem. Soc. Rev. 27, 417 (1998). 

28. Buser, H. J., Schwarzenbach, D., Petter, W. & Ludi, A. The crystal structure of 

Prussian Blue: Fe4[Fe(CN)6]3.xH2O. Inorg. Chem. 16, 2704–2710 (1977). 

29. Powell, H. M. & Rayner, J. H. Clathrate Compound Formed by Benzene with 

an Ammonia–Nickel Cyanide Complex. Nature 163, 566–567 (1949). 

30. Hoskins, B. F. & Robson, R. Infinite Polymeric Frameworks Consisting of 

Three Dimensionally Linked Rod-like Segments. J Am Chem Soc 111, 5962–

5964 (1989). 

31. Yaghi, O. M. & Li, H. Hydrothermal Synthesis of a Metal-Organic Framework 

Containing Large Rectangular Channels. J. Am. Chem. Soc. 117, 10401–10402 

(1995). 

32. Batten, S. R. et al. Terminology of metal–organic frameworks and coordination 

polymers (IUPAC Recommendations 2013). Pure Appl. Chem. 85, 1715–1724 

(2013). 

33. N. L. Rosi, J. Eckert, M. Eddaoudi, D. T. Vodak, J. Kim, M. O'Keeffe, O. M. 

Yaghi, Hydrogen Storage in Microporous Metal-Organic Frameworks. Science. 

300, 1127–1129 (2003). 

34. Millange, F., Serre, C. & Férey, G. Synthesis, structure determination and 

properties of MIL-53as and MIL-53ht: the first Criii hybrid inorganic–organic 

microporous solids: CrIII(OH)·{O2C–C6H4–CO2}·{HO2C–C6H4–CO2H}, 

Chem. Commun. 601, 822–823 (2002). 

35. N. L. Rosi, J. Kim, M. Eddaoudi, B. Chen, M. O'Keeffe, O. M. Yaghi, Rod 

Packings and Metal−Organic Frameworks Constructed from Rod-Shaped 

Secondary Building Units. J. Am. Chem. Soc. 127, 1504–1518 (2005). 

36. Díaz-García, M. & Sánchez-Sánchez, M. Synthesis and characterization of a 

new Cd-based metal-organic framework isostructural with MOF-74/CPO-27 

materials. Microporous Mesoporous Mater. 190, 248–254 (2014). 



Introduction 

 54 

37. G. Calleja, R. Sanz, G. Orcajo, D. Briones, P. Leo, F. Martínez, Copper-based 

MOF-74 material as effective acid catalyst in Friedel–Crafts acylation of 

anisole. Catal. Today 227, 130–137 (2014). 

38. N. Nijem, L. Kong, Y. Zhao, H. Wu, J. Li, D. C. Langreth, and Y. J. Chabal, 

Spectroscopic Evidence for the Influence of the Benzene Sites on Tightly Bound 

H2 in Metal−Organic Frameworks with Unsaturated Metal Centers: MOF-74-

Cobalt. J. Am. Chem. Soc. 133, 4782–4784 (2011). 

39. Bloch, E. D. et al. Selective Binding of O2 over N2 in a Redox–Active Metal–

Organic Framework with Open Iron(II) Coordination Sites. J. Am. Chem. Soc. 

133, 14814–14822 (2011). 

40. D. Wu, Z. Guo, X. Yin, Q. Pang, B. Tu, L. Zhang, Y. Wang, Q. Li, Metal-

Organic Frameworks as Cathode Materials for Li-O2 Batteries. Adv. Mater. 26, 

3258–3262 (2014). 

41. S. Jensen, K. Tan, L. Feng, J. Li, H. C. Zhou, and T. Thonhauser, Porous Ti-

MOF-74 Framework as a Strong-Binding Nitric Oxide Scavenger. J. Am. Chem. 

Soc. 142, 16562–16568 (2020). 

42. J. H. Cavka, S. Jakobsen, U. Olsbye,, N. Guillou, C. Lamberti, S. Bordiga, and 

K. P. Lillerud, A New Zirconium Inorganic Building Brick Forming Metal 

Organic Frameworks with Exceptional Stability. J. Am. Chem. Soc. 130, 13850–

13851 (2008). 

43. Chui, S. S. Y., Lo, S. M. F., Charmant, J. P. H., Orpen, A. G. & Williams, I. D. 

A Chemically Functionalizable Nanoporous Material [Cu3(TMA)2(H2O)3]n. 

Science. 283, 1148–1150 (1999). 

44. K. S. Park, Z. Ni, A. P. Coté, and O. M. Yaghi, Exceptional chemical and 

thermal stability of zeolitic imidazolate frameworks. Proc. Natl. Acad. Sci. 103, 

10186–10191 (2006). 

45. Zhang, H., Zhao, M. & Lin, Y. S. Stability of ZIF-8 in water under ambient 

conditions. Microporous Mesoporous Mater. 279, 201–210 (2019). 

46. Slater, A. G. & Cooper, A. I. Function-led design of new porous materials. 

Science. 348, aaa8075 (2015). 

47. M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O'Keeffe, O. M. Yaghi, 

Systematic Design of Pore Size and Functionality in Isoreticular MOFs and 

Their Application in Methane Storage. Science. 295, 469–472 (2002). 

48. Ratner, M. A. Introducing molecular electronics. Mater. Today 5, 20–27 (2002). 



Introduction 

 55 

49. Salahuddin, S., Ni, K. & Datta, S. The era of hyper-scaling in electronics. Nat. 

Electron. 1, 442–450 (2018). 

50. Hirohata, A. & Takanashi, K. Future perspectives for spintronic devices. J. Phys. 

D. Appl. Phys. 47, 193001 (2014). 

51. Komoto, Y., Fujii, S., Iwane, M. & Kiguchi, M. Single-molecule junctions for 

molecular electronics. J. Mater. Chem. C 4, 8842–8858 (2016). 

52. Makk, P. et al. Correlation Analysis of Atomic and Single-Molecule Junction 

Conductance. ACS Nano 6, 3411–3423 (2012). 

53. Xin, N. et al. Concepts in the design and engineering of single-molecule 

electronic devices. Nat. Rev. Phys. 1, 211–230 (2019). 

54. Cornia, A. et al. Preparation of Novel Materials Using SMMs. in Single-

Molecule Magnets and Related Phenomena vol. 122 133–161 (Springer-Verlag, 

2006). 

55. Coronado, E. Molecular magnetism: from chemical design to spin control in 

molecules, materials and devices. Nat. Rev. Mater. 5, 87–104 (2020). 

56. Fraser-Reid, B. Topics in Current Chemistry: Preface. Top. Curr. Chem. 301, 

(2011). 

57. Kahn, O. Spin-crossover molecular materials. Curr. Opin. Solid State Mater. 

Sci. 1, 547–554 (1996). 

58. Bao, X. et al. The Effect of an Active Guest on the Spin Crossover Phenomenon. 

Angew. Chemie Int. Ed. 52, 1198–1202 (2013). 

59. C. Bartual-Murgui, L. Salmon, A. Akou, N. A. Ortega-Villar, H. J. Shepherd, 

M. C. Muñoz, G. Molnár, J. A. Real, A. Bousseksou, Synergetic Effect of Host-

Guest Chemistry and Spin Crossover in 3D Hofmann-like Metal-Organic 

Frameworks [Fe(bpac)M(CN)4] (M=Pt, Pd, Ni). Chem. - A Eur. J. 18, 507–516 

(2012). 

60. K. A. Zenere, S. G. Duyker, E. Trzop, E. Collet, B. Chan, P. W. Doheny, C. J. 

Kepert and S. M. Neville, Increasing spin crossover cooperativity in 2D 

Hofmann-type materials with guest molecule removal. Chem. Sci. 9, 5623–5629 

(2018). 

61. R. Torres-Cavanillas, M. Morant-Giner, G. Escorcia-Ariza, J. Dugay, J. 

Canet-Ferrer, S. Tatay, S. Cardona-Serra, M. Giménez-Marqués, M. Galbiati, 

A. Forment-Aliaga & E. Coronado, Spin-crossover nanoparticles anchored on 



Introduction 

 56 

MoS2 layers for heterostructures with tunable strain driven by thermal or light-

induced spin switching. Nat. Chem. 13, 1101–1109 (2021). 

62. Molnár, G., Rat, S., Salmon, L., Nicolazzi, W. & Bousseksou, A. Spin Crossover 

Nanomaterials: From Fundamental Concepts to Devices. Adv. Mater. 30, 

1703862 (2018). 

63. Kahn, O. & Martinez, C. J. Spin-Transition Polymers: From Molecular 

Materials Toward Memory Devices. Science. 279, 44–48 (1998). 

64. Tian, Y. & Zhu, G. Porous Aromatic Frameworks (PAFs). Chem. Rev. 120, 

8934–8986 (2020). 

65. Altundal, O. F., Altintas, C. & Keskin, S. Can COFs replace MOFs in flue gas 

separation? high-throughput computational screening of COFs for CO2/N2 

separation. J. Mater. Chem. A 8, 14609–14623 (2020). 

66. H. W. H. Lai, F. M. Benedetti, J. M. Ahn, A. M. Robinson, Y. Wang, I. Pinnau, 

Z. P. Smith, and Y. Xia, Hydrocarbon ladder polymers with ultrahigh 

permselectivity for membrane gas separations. Science. 375, 1390–1392 (2022). 

67. Blomen, E., Hendriks, C. & Neele, F. Capture technologies: Improvements and 

promising developments. Energy Procedia 1, 1505–1512 (2009). 

68. Maqsood, K., Mullick, A., Ali, A., Kargupta, K. & Ganguly, S. Cryogenic 

carbon dioxide separation from natural gas: a review based on conventional and 

novel emerging technologies. Rev. Chem. Eng. 30, 453–477 (2014). 

69. X. Lin, M. Suzuki, M. Gushiken, M. Yamauchi, T. Karatsu, T. Kizaki, Y. Tani, 

K. Nakayama, M. Suzuki, H. Yamada, T. Kajitani, T. Fukushima, Y. Kikkawa 

& S. Yagai, High-efficiency CO2 separation using hybrid LDH-polymer 

membranes. Nat. Commun. 12, 3069 (2021). 

70. H. Onyeaka, T. Miri, K. Obileke, A. Hart, C. Anumudu, Z. T. Al-Sharify, 

Minimizing carbon footprint via microalgae as a biological capture. Carbon 

Capture Sci. Technol. 1, 100007 (2021). 

71. P. Nugent, Y. Belmabkhout, S. D. Burd, A. J. Cairns, R. Luebke, K. Forrest, T. 

Pham, S. Ma, B. Space, L. Wojtas, M. Eddaoudi & M. J. Zaworotko, Porous 

materials with optimal adsorption thermodynamics and kinetics for CO2 

separation. Nature 495, 80–84 (2013). 

72. Liang, J., Liang, Z., Zou, R. & Zhao, Y. Heterogeneous Catalysis in Zeolites, 

Mesoporous Silica, and Metal-Organic Frameworks. Adv. Mater. 29, 1701139 

(2017). 



Introduction 

 57 

73. Climent, M. J., Corma, A., García, H. & Primo, J. Zeolites in organic reactions. 

Appl. Catal. 51, 113–125 (1989). 

 



 

 

 

 



 

 

 

 

 

 

 

 

OBJECTIVES



 

 

  



 

 61 

 

 

 

 

1. Design and synthesis of two organometallic complexes to use in 

molecular electronics as switches. 

2. Design and modify the architecture of a phthalocyanine ligand to 

improve the SMM behaviour. 

3. Design and synthesis of two novel ligands to control the pore over CCPs 

to selectively sorb CO2 over N2 and CH4. 

4. Design and synthesis of Mixed Metal MOFs based on palladium to use 

as heterogeneous catalysits. 
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2.1 INTRODUCTION 

Molecular electronics is the branch of science that deals with developing electronic 

devices using molecular components. It was not until 1974, when Arieh Aviram and 

Mark Ratner demonstrated that a single molecule with a donor-spacer-acceptor 

structure could behave as a diode, that this prolific field rose. Remarkably, due to their 

absence of dangling bonds and the ability to operate at ultralow dimensionalities (single 

molecules) with negligible energy dissipation, molecular components may overcome 

the current limitations of classical semiconductor electronics. Even more, molecular 

components present several advantages compared to silicon-based electronic devices.1 

First, their extremely reduced size (from few amnstrongs to nanometers) permits the 

development of devices at a scale that the silicon industry cannot reach.2 Second, 

molecular conductance is very sensitive to very small changes in the molecule’s atomic 

configuration. Thus, the molecular world offers unlimited possibilities for tuning the 

device’s electrical response on demand, via chemical engineering.2 Third, the 

innumerable variety of molecules that exist and are yet to be studied offers new exciting 

avenues for the development of new electronic devices.3 This ignited broad interest 

worldwide in molecular devices, to replace the existent silicon-based microelectronics, 

many researchers are currently investigating and developing novel molecules and 

coordination complexes suitable as functional units in electronic devices.4 However, 

there are still some drawbacks, hampering their implementation in practical electronic 

devices: (1)  low stability, (2) complicated processing, (3) low electrical response, (4) 

complicated mechanism of electronic conduction, (5) and high manufacturing cost.5,6 

One of the most problematic points is related to the understanding of how the current 

flows through molecules, knowledge that is required to design molecules and use them 

properly in molecular devices. In this context, it was not until the 80s, thanks to the 

development of two of the most important techniques, the scanning tunnelling 

microscope (STM) and the atomic force microscope (AFM) that allow to characterize 

and manipulate the electrical properties of single molecules,7,8 that this could begging 

to be explored. Noticeably, the inventors, Gerd Binning and Heinrich Rohrer, gained 

the Nobel Prize in Physics in 1986 for this research. Later in the nineties, the first 

significant work of a single-molecule electronic properties was published by Mark 

Reed (Yale University) and James Tour (South Carolina’s University).9 However, even 

nowadays is still difficult to experimentally identify the physical mechanism behind 

the molecule’s arrangement in electronic junction; so, different predictions based on 

existing models such as the Landauer approach are used to study electronic transport.10 

In the 2000s, large disparities were found between transport properties in different 
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researcher groups measuring same molecular junction. David Millar and Linda H. 

Doerrer observed different conductance values on a break junction with the same 

molecule on time, providing strong support for the hypothesis that each breaking of an 

Au wire in the presence of molecules results in a slightly different atomic arrangement 

of the junction.11 Therefore, it is necessary to conduct sufficient data analysis and data 

mining to extract reliable and reproducible information about molecular conductance.12 

Nongjian J. Tao et. al measured the resistance of a 4,4’-bipyridine molecule with a 

value of 1.3 ± 0.1 megahoms, achieved by repeatedly forming thousands of molecular 

junctions as a process dominated by electron tunneling, in agreement of theoretical 

calculations.13  

Nevertheless, despite all the work done for the past decade developing molecular 

junctions, there are still a huge lack of control in the molecule-electrodes contact. In 

this context, chemists are able to design and synthesize molecules with different 

anchoring groups, which can help to understand the coupling and interaction between 

tunneling electrons and molecules at this scale. This contact is of capital importance, 

as it will affect the interaction of the electrode and the molecule, providing a coherent 

transport or incoherent transport (more detail in the following section). Therefore, 

alternative ways to enhance their coupling have been explored ever since.14 The most 

recent and promising way is based on the use of graphene as electrode, which revealed 

stable molecular orbital gating at room temperature due to their -conjugated 

framework, making them ideal candidates for constructing electrodes with atomic 

precision.15  

In this chapter, I will summarize the fundaments of charge transport in single molecules 

(section 2.1.1) the different kind of molecular switches that exist nowadays (section 

2.1.2), and I will discuss the basic principles involved in the design of molecular 

devices (section 2.1.2). Finally, I will examine the conductivity of single-molecule 

switches and discuss how these are fundamentally related to chemical principles 

(sections 2.2 and 2.3). 
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2.1.1 Charge transport in single molecules 

When a single molecule is contacted between two molecular electrodes, two distinct 

charge transport mechanisms can account for the current flow: (1) coherent transport 

via tunnelling (or super exchange), (2) incoherent thermally activated hopping 

mechanism. 

 
Figure 2.1.  Tunneling and hopping charge transport molecular junctions. 

Tunnelling is a quantum mechanical phenomenon whereby the wavefunction of the 

electron can propagate through a potential barrier. In this scenario two barriers are 

presented, one due to the contact of the Drain with the molecule, and the other with the 

Source (Figure 2.1). When this mechanism is the predominant the electrons directly 

move from the Source to the Drain, and the conductance follows the equation: 

Eq (1)     𝐺 = 𝐺𝑜𝑒
−𝛽𝐿 

where Go is the contact conductance between gold atoms (about 77.5 S),  is the 

tunnelling decay constant (or attenuation factor), characteristic of the chemical 

structure of the chain, and L is the length of the molecule. As the length of molecule 

increases or the coupling between the energy of the barriers increases the tunnelling 

conductance decreases. This can be obviously seen in eq (1). Thus, this mechanism is 

predominant in short molecules, due to their relatively large HOMO-LUMO gap, 

electrons have a high probability to directly pass through the molecule without inelastic 

interactions, so the coherence of electrons is maintained. Clearly the temperature does 

not play any role in the tunnelling conductance (eq 1), reason why it is called a 

temperature independent mechanism. 
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Hopping conductivity involves an electron moving from one site to another of the 

molecule. In this scenario the electrons are injected from the Source into the molecule 

and then moves inside the molecule until they reach the Drain electrode (Figure 2.1). 

In contrast to the tunnelling mechanism, the conductance follows an Arrhenius 

equation: 

Eq (2)     𝐺 ∝ 𝑒𝑥𝑝(
−𝐸𝐴

𝑘𝐵𝑇
) 

Where EA is the activation energy, kB the Boltzmann constant and T the temperature. 

In this mechanism the EA is related to the length of the molecule and its chemical 

nature. In contrast to the Tunnelling the hopping is characteristic of long molecular 

wires with a smaller HOMO-LUMO gap, being also the conductance length dependent, 

as it affects the Ea. Finally, A eq (2) indicates this mechanism is strongly dependent of 

the temperature, being a thermally activated mechanism. This inelastic scattering 

process destroys the coherence of the electronic phase and changes the phase of the 

electron. 

2.1.2. Molecular devices 

Classical single-molecular electronic devices consist of a molecule with a functional 

unit connected between two electrodes. As the molecule-electrode connection is of 

capital importance for the device electronic conductivity, the molecule is usually 

modified with two anchoring groups that can interact with the electrodes, decreasing 

the parameter or the Ea depending on the conduction mechanism, forming highly 

conductive and robust molecular junctions (Figure 2.2). In this contest, the device’s 

electrical response mainly depends on the contacted molecule (length and electronic 

structure), and the electrical contact, both parameters will be explained below. 

2.1.2.1 Contacted Molecule  

A broad family of molecules have been chosen for molecular electronic devices, some 

of them strictly organic (as alkanedithiols, alkydiamines, oligo(phenylene ethynylene), 

etc) and others coordinated to inorganic metals (as porphyrins, phthalocyanines, 

inorganic complexes, etc). Arguably, one of the most interesting molecules for these 

studies are those that exhibit switchability, as they can display On and Off states with 

different electrical properties, perfect for transistors or memory storage devices.  
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Having this in mind, single molecule switches are defined as molecules that can exist 

in two different states, which can be switched by applying an external stimulus. The 

trigger used to switch between the states can be a change in temperature, chemical 

environment, an electronic field, light or even a magnetic field.16 In molecular junctions 

the most used switches are those based on (1) conformation changes, (2) oxidation 

states, (3) conformational and oxidation state switches,  and (4) the spin-crossover 

phenomenon. 

 

Figure 2.2. A simplified schematic diagram of the electrode/molecule/electrode 

junction, showing the electrode (yellow), the anchor group (purple), and the 

functional unit (pink). The blue area represents the interaction between the electrode 

and the anchoring group. 

1) Conformational switches: Conformation-dependent switches are based on 

isomer that possess different 3D structure. Typically, light is used as stimulus to induce 

conformational changes. One of the most studied photoswitchable system are the cis-

trans of azobenzene molecules that exhibit switching upon light and electric field 

between a cis to trans structural conformation.17 Modulating the charge transport of the 

molecule by stereoelectric effect, depending on the conformation of the backbone.18 

The second one most studied are the diarylethenes, which can switch from a closed and 

conducting state into an open and nonconducting state when exposed to visible light 

and is connected between two gold electrodes,19 or the opposite when it are exposed to 

ultraviolet light and using carbon electrodes.20,21 Fortunately, bistable photoswitching 

between both states was solved by introducing groups that decreased the conjugation 

and reduced the metal-molecule coupling. 
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Figure 2.3. Typical molecule switches in single-molecule junction. a) Schematic 

representation of a conformational switch with open and closed form of a thiolate 

diarylethene. b) Schematic representation of an electrochemically switch based on 

BTP, showing a low-conductance state in neutral state and high-conductance upon 

oxidation. c) Schematic representation of spin switch by spin crossover. Adapted from 

reference 19, 27 y 30. 

2) Electrochemical switches: This switch is based on molecules that can be 

reduced or oxidized by applying a gate potential.22 Generally, the two approaches to 

obtain the switching mechanism with gate electrodes are: (a) tuning the frontier orbital 

energy with respect to the Fermi level of the contacts and (b) changing their charge 

state of electrochemically active molecules. This change can be achieved in a two-

terminal device by the application of a high bias voltage or using a third gate 

electrode.23  

Great efforts have been made in tunning different kind of molecular centers, including 

redox active organic molecules such as oligo(phenylene ethynylenes (OPEs),24 

thiophene (Figure 2.2.b),25 anthraquinone,26 redox-active proteins,27 transition metal 

complexes, among others.28 Apparently, non-redox active molecules presented slow 

change of transport current as was reported by Tao et al. Nevertheless, a few years ago, 

the same group reported a high switching (by two orders of magnitude) of a non-redox 

molecule when the oxidation/reduction go with and without anti-resonance.29  
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3) Conformational and oxidation state switches: These switches are based on 

molecules that change their oxidation state, producing because of this a significant 

conformational changes. Remarkably, it affects their physical properties, not only 

because of the different oxidation state but also the different molecular structure. In 

this context, one promising family of molecules are the mechanically interlocked 

molecules. This kind of molecules are assigned to superstructures composed of several 

molecular units which are intertwined in a way so that they cannot be separated without 

the breaking of a chemical bond, although they are not covalently bonded. 30 This 

quality makes mechanically interlocked molecules high robust and ideal archetypes to 

use in electronic devices. The most studied architectures are rotaxanes and catenanes 

(Figure 2.4). Catenanes are molecules which can archive the rotational movements 

(Figure 2.4.a), whereas rotaxane are molecules consisting of one or more ring 

components encircling at least one axle with bulky stoppers on the extremes (Figure 

2.4.b). The non-interlocked form of rotaxanes is called pseudorotaxanes (Figure 2.4.c), 

where no stoppers are present at either end of the axis. 

The first rotaxane was reported in 1967 by I. T. Harrison and S. Harrison, although the 

yields were very low (they had to repeat the reaction seventy times in order to achieve 

a six percent yield of rotaxanes).31 Thanks to Sauvage et al. with the metal-ion template 

synthetic method this percentage was significantly improve.32 This methodology 

inspired chemists to develop novel and efficient strategies for the synthesis of these 

kinds of molecules. Nowadays, the most efficient synthesis of such architectures relies 

on the use of template-directed methodologies.33 This approach consists in a guide 

directional scaffold and promotes covalent bond formation to capture the interlocked 

structure. 

 

Figure 2.4. Principal interlocked structures 
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If a metal is added to these mechanically interlocked systems, a molecule is obtained 

which can change his conformation depending on the oxidation state of the metal 

applying an electrochemical potential. As an example, in the case of copper, the 

oxidation state (I) prefers the tetrahedral coordination, whereas the oxidation state (II) 

tends to be pentacoordinate. Thus, a change in the oxidation state induces a 

coordination geometry change to pass from one state to the other.34 This behaviour can 

be employed to construct molecular switches, where the conductivity of the different 

states could be different at the single molecule level. Moreover, instead of changing 

the number of electrons, it is also possible to play with the spin state where different 

spin states lead to different conductance states and could thus be used to induce 

switching. 

4) Spin crossover based switches: Spin-crossover metal complexes (an example 

in Figure 2.3.c),35 are molecular systems that can switch between two possible 

electronic states, depending the ligand field splitting (), which depends on the 

coordination metal, the nature of the ligand, and the distance between them. It is usually 

associated with a d4-d7 electron configuration in an octahedra coordination. An entire 

class of spin-crossover molecules have been measured applying different stimulus at 

single molecule level and demonstrating a conductance switching. 

2.1.1.2 Junction formation methods 

a) 

 

Figure 2.5. Sketch of a) MCBJ setup and b) STM-BJ (adapted from reference 32). 

In order to measure the electrical properties of a single molecule, it is necessary to 

connect the molecule between two electrodes with distances between them in the 

nanoscale range. The two more used techniques are Mechanically Controlled Break 

Junction (MCBJ) and Single-Molecule Break Junction (SMBJ-BJ). 
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MCBJ is based on the nanofabrication of nanometric gaps where single molecules can 

be traped.36 To do that a continuous electrode is patterned on a flexible substrate, in 

order to later mechanically bend the substrate stretching the electrodes and breaking it 

into two parts, forming the so-called nanogap, Figure 2.5.a. Then the molecule is drop 

casted on the substrate and its electrical response explored after applying a voltage 

between the electrodes. Recently, alternative, and more efficient ways to create the 

nanogaps in a more controlled manners have been developed, like the electromigration. 

Permitting the obtention of nanometric gaps of gold or graphene with an impressive 

accuracy.37 

On the other hand, for SMBJ-BJ measurements an STM tip that is used to approach a 

conductive surface with the molecule, to chemically connect the molecules and the tip 

by forming a chemical bond.38 Subsequently, the fused contact is stretched by pulling 

out the tip and the conductance trace is measured. With this methodology, thousands 

of single-molecule junctions can be formed in a relatively short time. 

The difference in the conductance behaviour between the breaking and making process 

could be explained by the shape of the metal electrode. In the breaking process, a single 

molecule bridges a gap between sharp metal tip-electrodes that are prepared just after 

elongating and breaking a metal atomic contact. Notwithstanding, in the making 

process, the electrode surface becomes flat due to the thermal diffusion of metal atoms 

on the electrode surface.39,40 An enhancement of junction in making process was 

observed with wide -plane molecules,41 demonstrating that the shape of the molecule 

is critically important for the formation of the single molecular junction.  

As the nature of the metal-molecule bonding is usually unclear, many conductance 

measurements are carried out and the results are analysed statistically to determine the 

most probable conductance of a single molecule. The most used statistical method is 

the conventional one-dimensional (1D) conductance histogram, which is constructed 

from many individual conductance traces.13 Nevertheless, to provide a straightforward 

visualization of the evolution of the junction’s characteristics, two-dimensional (2D) 

histogram is created by superimposing hundreds of conductance traces that are shifted 

to the same starting point, and then illustrating the data points with an additional color-

coded binned coordinate. In addition, conductance switching between two conductance 

states was clearly observed using the 2D histogram method.42  
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2.2 RESULTS AND DISCUSSION 

Herein, I present the design of two organometallic single-molecule switches. The first 

one, a novel electrochemically switchable bistable copper pseudorotaxane, whose 

oxidation state can be modulated by applying an electrochemical gate potential (section 

2.2.1). The second one is an organometallic spin-state switch based on iron(II), which 

displays a remarkable spin-crossover behaviour (Section 2.2.2).  

2.2.1 Bistable copper pseudorotaxane as molecular switch 

 
Figure 2.6. Schematic representation of a rotaxane in a molecular junction. 

As it has been mentioned before, electrochemically switchable rotaxanes are 

architectures which can induce conformational changes on the ligands that 

considerably affects their electronic properties. Since the 2016 Novel prize in 

chemistry, huge research of rotaxane applications have been done due to their 

promising use as smart devices and materials. The use of bistable rotaxanes as switches 

is well-known in solution, as for example the faster switch was demonstrated by 

Coronado et. al. with a copper pseudorotaxane, which is characterized by a pirouetting 

motion of the ring component around the axle. The electrochemical characterization 

with wide redox hysteresis and millisecond timescale switching rates, made this Cu(I) 

rotaxane a very promising candidate for the development of redox switching molecular 

devices.43 

The different coordination preference of the oxidation state of copper ion to induce 

controlled motion at molecular level, was develop by Prof Sauvage, using a catenane 

with a spontaneous molecular rearrangement.44 Depending on the different oxidation 

states, copper prefers to be tetracoordinate [Cu(I)] or pentacoordinate [Cu(II)]. 
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Figure 2.7. Coordination of Cu(I) and Cu(II) 

Nevertheless, no studies in solid state have been done yet. Looking for a rigid, highly 

conductive, and stable molecular platforms for the investigation of switching 

molecules, we designed and synthesized a family of conjugated pseudorotaxanes with 

different oxidation states. 

Previously, our group studied the coordination of Cu(I) to single molecular wires. An 

increasing on molecular conductance was reported upon coordination, which was 

obscured by a change in molecular coordination.45 Moreover, the use of pyridine-ended 

wire (W) gave the most stable and reproducible junctions in this study.46 Here, we 

synthetized the previously non-bistable Cu(I)-pseudorotaxane called (R2), with only 

one coordinated state in the macrocycle. Furthermore, the analogous Cu(II)-

pseudorotaxane was also synthetized (R3) to perform the preliminary electrical 

characterization of the two redox states separately.  

As molecular switch, we chose bistable pirouetting motion on copper pseudorotaxane 

owing to a bis-chelating ring (M23), which contains two coordination states: 1) a 

tridentate pyridine bisamine unit; and, 2) 2,9-diphenylphenantroline bidentate moiety. 

The distribution of the two states in the same macrocycle reduces the distance between 

the two coordination sites to increase the kinetics of the switching process.47 The 

complete complex with a Cu+ is dubbed R23, while the other with a Cu2+ center R32, 

see Figure 2.8. 
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Figure 2.8. Chemical structure of rotaxanes R23, R32, R2 and R3 (the PF6 anions 

and hydrogen atoms have been remove for clarity). 

2.2.1.1 Synthesis and chemical characterization 

Firstly, the synthesis of pseudorotaxane with only one coordination state in the 

macrocycle was carried out by the copper-templated self-assembly of backbone W with 

the corresponding macrocycle, M2 (possessing a phenanthroline moiety as stopper) to 

obtain R2-Cu(I); and M3 (possessing pyridine bis-amine tridentate chelate as stopper) 

to obtain R3-Cu(II) (see Figure 2.8). These complexes represent the non-bistable 

analogues of the systems, R32-Cu(II), in their oxidase and reduce forms. 
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Scheme 2.1. Synthesis of the oxidized and reduced forms of bistable system 

[Cu(M23)W]+/2+. 

Secondly, the threading of bistable pseudorotaxanes were carried out mixing 

equimolecular amounts of macrocycle M23, [Cu(CH3CN)4]PF6 and molecular 

backbone W under argon in a dichloromethane/acetonitrile mixture (for R23-Cu(I)); 

and, the oxidized form of the pseudorotaxane, R32-Cu(II), was isolated in quantitative 

yield by mixing macrocycle M23, Cu(CH3COO)2, and W in 1:1:1 stoichiometry in a 

dichloromethane/methanol mixture (illustrated in Scheme 2.1). 

Cu(I) complexes were confirmed by High Resolution Mass Spectrometry (HRMS), 

NMR, elemental analysis and EDAX. Although the 1H NMR signals in the aromatic 
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region appeared poorly defined, the coordination of the ring to the axle was confirmed 

by the characteristic doublet of the phenoxy moieties. 

Cu(II) complexes were characterized by HRMS, Electron Paramagnetic Resonance 

(EPR), elemental analysis and EDAX.  

EPR studies: Subtle changes in the metal coordination geometry of paramagnetic 

metal centres are well reflected in the d-orbital splitting patter of the EPR spectra. 

Figure 2.9 shows the powder spectra of R23-Cu(II), presented the characteristic pattern 

of axially elongated mononuclear Cu(II) complexes, with g g⊥2.04 and a well 

resolved hyperfine coupling of the parallel component with the I = 3/2 nuclear spin of 

the copper ion.48 The pattern was compared with the pirouetting rotaxane published by 

Ponce et al. with similar values, closer to the bistable rotaxane rather than the 

monostable one.49 This fact supports the idea that Cu(II) adopts a pentacoordinated 

environment in the bistable pseudorotaxane complex.  

 

Figure 2.9. X-band EPR spectra of R3(PF6)2, R23(PF6)2 and R2(PF6)2 were recorded 

at 4 K in powder samples. Microwave frequency used: 9.4723 GHz. 
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Table 2.1. Values of X-band EPR spectra of R3(PF6)2, R23(PF6)2 and R2(PF6)2 were 

recorded at 4 K in powder samples. Microwave frequency used: 9.4723 GHz. 

 

  g⊥  g‖ A‖ (G) ref 

Rotaxane 2(PF6)2  2.065 2.269 150 1 

Rotaxane 1(PF6)2 2.063 2.225 172 1 

R23(PF6)2  2.080 2.225 172 This work 

R2(PF6)2 2.070 2.208 176 This work 
 

UV-Vis characterization: The two redox states of the pseudorotaxane have been also 

been distinguished by UV-Vis spectroscopy. [Cu(phen)2]+ family typically present at 

least three bands in the visible region: band I (above 500 nm), band II (maximum 

around 430-480 nm, the most prominent), and band III (390-420 nm, often hidden by 

the onset of band II), whose intensities are related to the symmetry of the complex.50  

 

Figure 2.10. Absorption UV-Visible spectra of R23(PF6), R23(PF6)2, and R3(PF6)2. 

The spectra of R2(PF6) and R3(PF6) were added for comparison. Data was recorded in 

dichloromethane (Cu(I) complexes) and acetonitrile (Cu(II) complexes) C= 110-5 M. 

Figure 2.10 shows the spectra of R2, R3, R23, R32 and the related threaded complex 

(rotaxane 3) in the region extending from 375 to 800 nm, the region below 400 nm are 
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associated to -* LC transitions.51 Cu(I) complexes (R2, R23 and Rotaxane 2) present 

the characteristic MLCT bands (  3000 M-1cm-1) responsible of the red colour of 

tetracoordinated [Cu(phen)2]+ complexes; and the band corresponding with Cu(II) 

complexes (R32 and R3) with less overlapped due to the shorter extended conjugation. 

2.2.1.2 Electrical characterization 

In all the cases a molecular solution of 0.01 mM in acetonitrile of R2, R23, R3 and 

R32 were drop casted on a SiO2 substrate. Then, the conductance of the different 

systems (R2, R23, R3, and R32) was recorded by applying 300 mV of bias voltage 

under vacuum, at room temperature, Figure 2.11. 

 

Figure 2.11. Clustering analysis of the conductance properties. Histograms of the 

different categories of breaking traces were obtained from a reference-free cluster 

analysis applied to displacement histograms and the right panels to the corresponding 

one-dimensional conductance histogram. Two different clusters with molecular 

traces were obtained for R23 and R32, while only one cluster could be extracted for 

both R2 and R3. 
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The clustering analysis reveals the presence of traces up to 2 nm long with slanted 

planteaus centered around 2.3 x 10-3 G0 for R2 (orange band in Figure 2.11) and 2.5 x 

10-5 G0 for R3 (red band in Figure 2.11). These conductance histograms obtained from 

the measurements of R23 presents two clustering values corresponding to R2 and R3. 

Thus, when R23 is in the Cu(I) state has a higher conductance by about one order of 

magnitude compared to when it is in the Cu(II) state (Figure 2.11). 

After, the switchable capabilities of the molecular systems were explored by STM-BJ. 

The measurements for R2, R3, R32 and R23 were done at a bias voltage of 200 mV. 

The results plotted shows the conductance as a function of time (Figure 2.12). At t = 0, 

the piezo movements have been stopped, and after that, a gradual step-like decrease of 

the conductance is seen, which corresponds to few-atom contacts narrowing down by 

the self-breaking mechanism. Like with the MCBJ experiment (Figure 2.10), the 

single-atom plateau around 1 G0 is seen. After the jump out of contact the long lifetime 

of a junction indicates the presence of a molecule in it. 

For molecules R2 and R3 we do not observe switching events in the STM-BJ (Figure 

2.12.a and Figure 2.12.b); switching here is defined as precise jumps in the conductance 

by more than a factor of 5-10. For R23, we typically find similar non-switching traces 

that are stable for up five minutes (Figure 2.12.d). However, in less than 1 % of the 

traces, clear switching events as a function of time are visible (Figure 2.12.c). We note 

that the conductance values of the low and high states are close to the two values found 

in the fast-breaking traces and the ones obtained for R2 and R3. This suggest that the 

switching can be related to a configurational rotation of the ring. 
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Figure 2.12. STM-BJ measurements. Top panels: In the case of R2 (a) and R3 (b), 

no conductance switching is observed in the self-breaking traces. Medium and down 

panels: Self-breaking measurements of R23. No switching is observed (d) and (f), 

while in few of them (c) and (d), switching between two conductance values occurs. 
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2.2.1.3 DFT calculations 

The tetracoordinated Cu(I) and the pentacoordinated Cu(II) structures of R2 and R3 

complex were optimized by DFT.  

NEGF-DFT calculations were carried out on the threaded systems gold devices in both 

oxidation states. The transmission spectrum of the pseudorotaxane in both redox states 

are show in Figure 2.13. 

The calculations revealed a slow differences between Cu(I) and Cu(II) 

pseudorotaxanes. In both cases the LUMO orbital is the molecular level closer to Fermi 

level at infinitesimal bias. As a preliminary calculations, it looked like Cu(II) conduce 

more than Cu(I), but at this infinitesimal bias, looks like it is the opposite behaviour, 

in agreement with the experimental results using MCBJ technique. 

  
Figure 2.13. Transmition spectra of the Cu+2 (left) and Cu+ (right) when the Au-py 

bond distance was kept constant. 
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4.2.1.4 Conclusions 

In previous work of our group, a Cu(I) pseudorotaxane (R2) was studied by the 

methods of fast-breaking and self-breaking in MCBJ. Taking advantage of these 

results, a family of copper based-pseudorotaxane with different oxidation states were 

synthetized and their conductivity were measure at single molecule level to extend their 

response to the redox switching behaviour of copper. 

A bistable Cu(I)/ Cu(II) pirouetting copper pseudorotaxane was designed and 

synthetized, as well as its monostable Cu(I) and Cu(II) conterparts. Moreover, the 

conductance measurements depending on the oxidations state of the metal coordinated 

have been studied by two-terminal MCBJ devices and theoretical calculations 

corroborates the resulting measurements. 
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2.2.2 Fe(II) single-molecule wire 

 

Figure 2.14. Schematic representation of an Fe(II) complex in a molecular juction 

Once we have investigated the redox switching of a bistable copper pseudorotaxane, 

we proceed to incorporate a single transition metal ion instead of the copper to the wire 

of the pseudorotaxane. The idea is to use spins instead of electrons to do molecular 

switches. This emerging field, known as molecular spintronics, combines the 

advantages of spintronics and molecular electronics.52 Recently, some experiments 

demonstrated the manipulation of the molecular spin state of a molecule by an external 

stimulus at molecular scale.16,53 

As mentioned before, spin-crossover compounds have demonstrated to be a promising 

molecule to switch electronic current. At single-molecule junctions, the molecular 

geometry and electronic configuration change with the distances between the metal and 

the ligand inducing modifications in the ligand field energy. Since the first 

experimental study of a spin crossover system deposited on a surface using STM 

technique by Alam et al.,54 numerous experiments had been reported. For example, 

nanoparticles,55 nanorods,56 or single-layer57 have been measured between two 

nanoelectrodes. Due to the low conductance of this architectures, several groups have 

been explored different strategies to increase the conductance as encapsulate the spin 

crossover molecules into a single-walled carbon nanotubes,58 forming macroscopic 

composites with carbon nanotubes,59 deposited on graphene,55 or deposited on other 

conductive two dimensional materials as molybdenum disulfate.60 

When compared single-molecule level with bulk state, intermolecular interactions 

disappear, and spin-state switching may be achieved by applying different stimuli 
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under isothermal conditions. There are two strategies to induce  the SCO phenomena 

in a single-molecule break-junction, by electrostatic effects 35,61 or molecular 

stretching.62,63 However, it is still unclear what happens for individual molecules that 

show a temperature-induces SCO transition in a solid-state device. Recently, Mario 

Ruben et al.64 have published a supramolecular iron(II) complex based on bis(1H-

pyrazol-1-yl)pyridine (BPP) whose computational studies revealed a possible SCO by 

stretching the wire. However, experimental conductance switch was not successfully 

obtained due to a low affinity of the anchoring groups of the complex to the gold 

electrodes. In order to carry on with this research, a suitable anchoring group is required 

to demonstrate stretching-induce spin-state switching. 

This section reports the design and synthesis of a novel Fe(II) spin-crossover complex 

for their integration into electronic devices. For that purpose, the Fe(II) complex is an 

extended member of the prototypal family of spin-crossover complexes 

[Fe(L)H2B(pz)2)2] where H2B(pz)2 is dihydrobis(1-pyrazolyl)borate and L can be a 

derivative of phenantroline (in our case the pyridine ended wire, W) or bipyridine.65 

This family of complexes present sublimation, robust SCO after being deposited as thin 

films as well as spin transition around room temperature. Moreover, 

[Fe(W)H2B(pz)2)2] spin-crossover complexes can combine the ease conductive form 

of pyridine-ended diethynyl-phenanthroline as stable junctions with the spin-crossover 

characteristics of [Fe(L)H2B(pz)2)2] complexes. 
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2.2.2.1 Synthesis and chemical characterization 

The preparation of mononuclear Fe(H2Bpz2)2(W) was adapted from the synthesis of 

Jose Antonio Real, et al.65 Treatment of the Fe(ClO4)26H2O salt with two equivalents 

of KH2B(Pz)2 in methanol mixture under inert conditions give rise to a methanolic 

fraction of [Fe(H2B(pz)2)2]. In these reactions, insoluble potassium perchlorate is 

formed which is eliminated by filtration. Immediately, an equimolecular amount of W 

in a mixture of methanol:chloroform (1:1) solution was added to form the 

Fe(H2Bpz2)2(W) complex to this methanolic fraction.  

 

Figure 2.15. Schematic synthesis of iron complex. 

As this synthesis is highly sensitive to air conditions, the synthesis was done in two 

different experimental spaces under inert conditions (Schenk line and globe box). 

Single crystals were obtain using an H tube inside the glove box. The methanolic 

fraction of [Fe(H2B(pz)2)2] was mixed slowly with the wire solution, each solution was 

added in each arm of the H tube and the crystals growth in the union of both arms. 

The complex was characterized by elemental analysis, infrared spectroscopy (IR), 

thermogravimetric analysis, HRMS and UV-Vis. Both environmental conditions 

(glove box and Schlenck line) provided the same compound (as was corroborate with 

IR, Fig 2.16). 
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Fig 2.16. Infrared spectra of  Fe(H2Bpz2)2(W) synthetized in same synthetic 

pathway but in different environments: single crystals were growth in a H-tube under 

nitrogen atmosphere; Glove box, the reaction was carried out inside the glove box, 

with nitrogen atmosphere; and Schlenk line, using argon instead of nitrogen. 

4.2.2.2 Single crystal X-ray diffraction 

Fe(H2Bpz2)2(W) crystallises in the triclinic space group P1 (Table 2.2). In the 

asymmetric unit, there is two boron hydrobis(1-pyrazolyl) dianions, two methanol 

molecules and one crystallographically independent Fe(II) centre. Each iron is 

surrounded by six nitrogen atoms belonging to four nitrogens of two H2B(pz)2 ligands 

and the two nitrogens of the phen. Figure 2.17 shows a perspective drawing of the 

molecular structure of W where the wire ligand is almost planar and the boron atoms 

are approximately in a tetrahedral environment (HBH, HBN, and NBN angles are 

found withing the 108.25 − 115.27 range). The distance between iron(II) ion and boron 

atom through the six-membered chelate ring is 3.4 Å (in agreement with the 3.5 Å of 

the traditional phen ligand).  
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Table 2.2. Crystallographic data and structural refinement for Fe(H2Bpz2)2(W) 

FeW 

Empirical formula C41 H39 B2 Fe N11 O2 

Formula weight 795.29 

Crystallographic system Triclinic 

Space group P 1̄ 

a/ Å 12.5037(16) 

b/ Å 13.1989(16) 

c/ Å 13.7143(21) 

/º 112.092(13) 

/ º 101.970(12) 

/ º 96.272(10) 

V/ Å3 2007.316 

Z 9 

calcg/cm3 1.707 

/mm-1 1.648 

F(000) 1058 

Crystal size / mm  

T/ K 119.6 

/ Å 0.71073 

2 range/ º 6.612 to 55.79 

Index ranges for h, k, l -16≤h≤16,-16≤k≤17,-17≤
𝑙 ≤17 

Reflections collected 27222 

Independent reflections 8448 [Rint = 0.1147, Rsigma = 

0.1839]  

Data/restraints/parameters 8448/ 

Goodness-of-fit on F2 1.048 

Final R indexes [I= (I)] R1 = 0.1142, wR2 = 0.2592 

Final R indexes [all data] R1 = 0.2249, wR2 = 0.3219 

max and min (e· Å-3) 0.961/-0.435 
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Figure 2.17. Crystal structure of Fe(H2Bpz2)2(W) showing the - interactions 

with solvent molecules. 

Table 2.3. Selected Bond Distances (Å) and Bond Angles (deg) for Fe(H2Bpz2)2(W) 

N1−Fe 2.048 N1−Fe −N3 90.590 

N2−Fe 2.052 N1−Fe −N2 100.707 

N3−Fe 2.066 N2−Fe −N3 90.457 

B−N4 1.520 N1−Fe −N1’ 79.496 

B−N5 1.554 N3−B −N3’ 88.671 

  N4−B −N5 108.303 

    

W 

C1−N1 1.343 C1−N1−C5 117.791 

C5−N1 1.349 C2−C1−N1 122.961 

C1−C2 1.403 C3−C2−C1 118.557 

C3−C2 1.353 C2−C3−C4 120.863 

C3−C4 1.419 C4−C5−N1 123.553 

C4−C6 1.405 C5−C4−C6 119.952 

C7−C2 1.436 C3−C2−C7 118.618 

C7−C8 1.183 C2−C7−C8 171.731 

C9-C8 1.441 C7−C8−C9 174.362 

C9−C10 1.357 C8−C9−C10 124.364 

C10−C11 1.372 C9−C10−C11 120.393 

C11−N4 1.305 C10−C11−N4 124.727 

N4−H1 2.130   
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Figure 2.18. Crystal structure of Fe(H2Bpz2)2(W) showing the   −   stacked 

between dimmers of complexes. 
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The pyridines of the wire are hydrogen-bonded to two methanol molecules (N4 − H1 

= 2.130 Å). The wire ligand is involved in   −   interactions between phen units, 

exhibiting distances of 3.827 Å along the (110) direction. Thus, the packing is between 

two facing complexes with an average distance between Fe(II) centers of 7.779 Å 

(Figure 2.18). 

2.2.2.3 Powder X-ray diffraction 

Powder X-ray diffraction experiments have been performed in order to confirm the 

phase purity of the bulk material. Figure 2.19 shows the X-ray diffractogram at room 

temperature of as-synthesised Fe(H2Bpz2)2(W) and the simulated diffractogram for the 

original compound obtained from the single crystal X-ray data at 120 K.  

 

Figure 2.19. XRPD theoretically and experimentally of Fe(H2Bpz2)2(W). 
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2.2.2.4 Magnetic measurements 

Magnetic susceptibility () measurements were carried out under a 1000 Oe magnetic 

field on microcrystalline sample of Fe(H2Bpz2)2(W) as synthesised (Figure 2.20). The 

mT vs T plot present a value of 3.7 cm3 mol-1 K at room temperature, which 

corresponds to what is expected for a high-sin iron(II) ion. This value decreases 

gradually on cooling down to a value of 1.5 cm3 mol-1 K at 20 K. The plot between 250 

and 20 K evidently indicates the occurrence of a continuous and thermally dependent 

incomplete spin transition, where the critical temperature of this spin transition is 150 

K. At very low temperature, intramolecular antiferromagnetic exchange coupling 

between the iron(II) ions mediated by the bridging ligands may also play an important 

role in causing the sudden decrease.  

 

Figure 2.20. Temperature dependence of the T product of Fe(H2Bpz2)2(W) as-

ssynthesised  
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2.2.2.5 Conclusions 

The synthesis of a new family of transition metal ion based on iron(II) complexes to 

use as single molecule switches has been described. The spin-switching combining 

with predesigned wires to afford very stable and reproducible single junctions, afford 

a step forward to the understanding of the spin transition at the interfaces. 

The chemical structure of this complex was confirmed by single crystal, MS, and 

elemental analysis. Magnetic measurements carried out on the microcrystalline powder 

sample confirmed the spin-crossover behaviour. However, transport measurements 

need to be complete in order to demonstrate difference conductance of both spin states 

of iron. 

2.3 METHODS 

For mass spectrometry, 1H NMR 

UV-Vis absorption spectra were recorded on a Shimadzu UV-2501PC 

spectrophotometer using quartz 1 cm path length cuvettes. 

First derivative EPR spectra were recorded at 4 K in a Bruker ELEXYS E580 equipped 

with continuous-flow cryostats Complexid helium. Complexes solutions of 

approximate 110-3 M were prepared in dry acetonitrile. Reported g values and 

hyperfine coupling constants (A), were obtained by the simulation of the experimental 

spectra with WINERP SimFonia program Version 1.25. 

2.3.1. Synthesis 

All chemicals used were purchased from commercial sources and used without further 

purification, except for NBS, which was recrystallized from water. Anhydrous 

tetrahydrofuran solvent was freshly distilled under argon over sodium drying agent. 

Column chromatography was carried out on silica gel (60 Å, 230-400 mesh). 
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Macrocycle M2 

M2 was prepared according to a described procedure. 

1H NMR (300 MHz, CDCl3)   8.41 (d, J = 8.9 Hz, 2H), 8.07 (d, J = 8.4 Hz, 2H), 7.76 

(s, 2H), 7.19 (d, J = 8.9 Hz, 2H) 4.35 (t, J = 5.3 Hz, 4H), 3.86 (t, J = 5.3 Hz, 4H), 3.78 

− 3.67 (m, 12 H). 

MS (ES): m/z (%): calcd for [C34H34N2O6H]+ : 567.6 (100) [MH]+. 

Macrocycle M3 

 

M3 was prepared according to a described procedure. 

1H NMR (300 MHz, CDCl3)   8.59 (t, J = 1.7 Hz, 1H), 8.25 (dd, J = 7.8 Hz, 2H), 7.54 

(dd, J = 11.8, 4.3 Hz, 1H), 7.26 (s, 1H), 7.06 (d, J = 7.6 Hz, 2H), 4.35 (t, J = 6.3 Hz, 

4H), 3.88 (s, 4H), 2.67 (t, J = 6.7 Hz, 4H), 1.79 (dd, J = 8.4, 6.3 Hz), 1.69 − 1.36 (m, 

13H). 

MS (ES): m/z (%): calcd for [C27H37N3O4H]+ : 468.3; found: 468.6 [MH]+. 
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Macrocycle M23 

 

M23 was prepared according to a describe procedure. 

1H NMR (300 MHz, CDCl3)   8.41 (d, J = 8.9 Hz, 4H), 8.25 (d, J = 8.4 Hz, 2H), 8.06 

(d, J = 8.4 Hz, 2H), 7.74 (s, 2H), 7.65 (t, J = 7.5 Hz, 4H), 7.10 (d, J = 8.9 Hz, 4H), 4.17 

(t, J = 6.7 Hz, 4H), 3.96 (s, 4H), 2.81 (t, J = 7.5 Hz, 4H), 1.98 − 1.86 (m, 4H), 1.84 − 

1.70 (m, 4H). 

MS (ES): m/z (%): calcd for [C39H39N5O2H]+ : 610.2; found: 610.5 [MH]+. 

Molecular wire W 

 

W was prdescribedccording to a describe procedure. 

1H NMR (300 MHz, CDCl3)   9.29 (d, J = 2.1 Hz, 2H), 8.67 (d, J = 6.0 Hz, 2H), 8.43 

(d, J = 2.1 Hz, 2H), 7.84 (s, 2H), 7.47 (dd, J = 4.4, 1.6 Hz, 4H). 

MS (ES): m/z (%): calcd for [C39H39N5O2H]+ : 610.2; found: 610.5 [MH]+. 
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Rotaxane R2 

 

M2 (26 mg, 0.05 mmol) was dissolved in dichloromethane (4 mL) under argon 

atmosphere. Then, a degassed solution of [Cu(CH3CN)4]PF6 (19 mg, 0.05 mmol) in 

acetonitrile (4 mL) was added via cstirredThe mixture was stirring under inert 

atmandphere for 30 minutes, an a degassed solution of W (0.xx mg, 0.05 mmol) in 

dichloromethane (10 mL) was added via cannula, turning the colour into darstirredhe 

mixture was stirring during 3 h, organic solvents were evaporated under reduced 

pressure and the residue was suspended in a 1:1 mixture of hexane and diethyl ether 

and filtered to yield the pure product as a red solid. 

1H NMR (500 MHz, CD2Cl2)   8.98 (s, 2H), 8.72 (d, J = 4.6 Hz, 2H), 8.42 (s, 2H), 

8.30 (s, 2H), 8.18 (s, 4H), 8.10 (d, J = 4.6 Hz, 2H), 7.48 (s, 4H), 7.07 (d, J = 8.1 Hz, 

4H), 5.81 (d, J = 8.1 Hz, 2H), 3.99 − 3.87 (m, 4H) 3.88 − 3.75 (m, 4H), 3.48 (t, J = 4.8 

Hz 4H), 3.08 (t, J = 4.8 Hz, 4H). 

MS (ES): m/z (%): calcd for CuC58H44N6O5
 : 967.3; found: 967.6 (100) [Cu(M2)W]+. 
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Rotaxane R3 

 

Cu(CH3COO)2H2O (10 mg, 0.05 mmol) in methanol (4 mL) was added into a 

solution of M3 (31 mg, 0.05 mmol) in dichloromethane (4 mL). After 30 minutes of 

stirring a degassed solution of W (19 mg, 0.05 mmol) in dichloromethane (10 mL) 

was added changing the color from green into brstirredn. The solution was 

stirring for 3 hours and then solvents were evaporated under reduced pressure 

and an excess of aqueous KPF6 (100 mg, 10 mL) was added. The resulting solid 

was filtered and washed with plenty of water to yield the pure product as a brown 

solid (45 mg, 66%). 

HRMS (ES): m/z (%) calcd. for CuC53H51N7O4 : 456.1649; found: 456.1646 (100) 

[Cu(M3)W]2+. 

Elemental analysis (%) calcd. for CuC65F12H53N9P2O2: C, 58.10; H, 3.83; N, 9.38; 

Found: C, 52.89; H, 3.61; N, 8.00. 
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Rotaxane R23 

 

M23 (31 mg, 0.05 mmol) was dissolved in dichloromethane (4 mL) and a solution of 

Cu(CH3COO)2H2O (10 mg, 0.05 mmol) in methanol (4 mL) was addedstirrednula. 

The mixture was stirring for 30 minutes and a degassed solution of W (19 mg, 

0.05 mmol) in dichloromethane (10 mL) was added changing the color from green 

into stirredeen. The solution was stirring for 3 hours and then solvents were 

evaporated under reduced pressure and an excess of aqueous KPF6 (100 mg, 10 

mL) was added. The resulting solid was filtered and washed with plenty of water 

to yield the pure product as a brown solid (45 mg, 66%). 

HRMS (ES): m/z (%) calcd. for CuC65F12H53N9O2 : 527.1809; found: 527.1805 

(100) [Cu(M23)W]2+ 

Elemental analysis (%) calcd. for CuC65F12H53N9P2O2: C, 58.10; H, 3.83; N, 9.38; 

Found: C, 52.89; H, 3.61; N, 8.00. 
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Iron complex FeW 

 

A solution of Fe(ClO4)2H2O (372 mg, 1 mmol) in methanol (5 mL) was added  over 

a solution of KH2B(Pz)2 (504 mg, 2 mmol) in the same solvent (10 mL). The 

mixture was stirred for 10 min, decanted off and filtered. The solid was washed 

with methanol (5 mL). The methanolic fractions were collected, and a solution of 

W (382 mg, 1 mmol) in methanol (10 mL) was added dropwise to the resulting 

uncolored iron(II)-containing solution. A dark-violet crystalline product formed 

immediately, which was filtered, washed with methanol, and dried. All the 

manipulations were carried out under nitrogen atmosphere, inside a globe box. 

HRMS (ES): m/z (%) calcd. for FeB2C38N12H30: 732.23; found: 733.2344 (100) 

[Fe(H2B(pz)2)2)W]2+ 

Elemental analysis (%) calcd. CH30N12B2Fe: C, 59.47; N, 21.26; H, 3.94. Found: C, 

59.98; N, 20.65; H, 3.20. 
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3.1 INTRODUCTION 

During the last chapter, single molecules have been proposed as active components 

for molecular electronic devices. However, their reduce dimensionality and tunable 

electronic structure have provided an excellent platform for their applications in other 

fields, such as molecular magnetism, due to the singular magnetic properties exhibited 

by some of them.1 In this regards, the ability of these molecules to retain magnetization 

at low temperatures permits the inclusion of the molecular world into practical 

applications as microscopic and versatile building blocks for quantum sensing and 

simulation, information processing, as well as their integration into 2D materials for 

spintronics.2,3 In this last regard, interfacing with superconducting surfaces and novel 

addressability techniques such as opto-spintronics are opening an exciting  route 

toward quantum devices.4,5 

Therefore, the development of single molecules exhibiting ferromagnetic-like 

behavior opens the door to synthesizing zero-dimensional magnetic clusters composed 

of one or several coupled magnetic ions.6,7 These are divided into Single-Molecule 

Magnets (SMMs), containing several magnetic ions, and Single Ion Magnets (SIMs), 

containing only one paramagnetic metal center and representing the smallest 

molecular nanomagnets we can imagine.  

The first example of a molecular nanomagnet was the archetypal manganese cluster 

known as Mn12, a SMM composed of twelve exchange-coupled Mn centers in mixed 

oxidation states (III and IV).8 The magnetic behavior of this SMM can be described as 

a giant anisotropic spin S = 20, which results from the exchange coupling between the 

spins of neighboring metal ions, and that is split in their ±mS components due to an 

axial magnetic anisotropy   in such a way that the mS = ± 10 doublet becomes the ground 

state, being separated from the highest level mS = 0 by an energy Ueff, which creates a 

barrier for the reversal of the spin  

orientation giving rise to a “bit” of memory (Figure 3.1). Subsequently, the f-block 

ions' ability producing similar energy diagrams due to their higher magnetic 

anisotropies motivated the research evolution towards SIMs.9,10 In this case, the inner 

4f electrons are effectively shielded by 5s and 5p electrons, so the large unquenched 

orbital angular moments, L, are preserved giving rise to large spin-orbit couplings and 

high total angular momenta, J = L +S, whose J-components, mJ,   are strongly split 
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under the influence of a crystal field. In order to obtain a large anisotropy barrier for 

SMM properties, three factors are necessary.  

(1) The ground mJ state should have a high total angular momentum projection, , /±mJ/ 

= J. 

(2) The splitting of the ground and excited mJ states should be large. 

(3) The mJ states should be pure to avoid the Quantum tunneling magnetization (QTM), 

which is one of the main sources of demagnetization of SMM and SIM. The QTM 

bleaching occur by minimizing the transverse anisotropy, the dipolar interaction, the 

hyperfine effect, and the vibration coupling. 

 

Figure 3.1. a) Low-lying spin energy scheme as a function of mJ quantum number, 

calculated using zero-field splitting parameters for Mn12 and the most relevant 

relaxation mechanisms: Orbach (blue) and QTM (green); b) Magnetic hysteresis, 

distinguishing between hard magnets (green lines), soft magnets (yellow lines) and 

magnets with "butterfly or "pinched" hysteresis (purple lines). 

The firsts two requirements are obvious. Thus, a high magnetic moment is required to 

make a molecular magnet, and binary memory requires two degenerate states (a 

magnetic doublet) to switch. These two degenerated states are characterized by a 

positive and negative spin value with respect to a given axis of magnetization (see 

Figure 3.1.a). At zero field, the two components are separated by a potential energy 
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barrier (Ueff), but when a magnetic field is applied, one of the two states is stabilized 

and the magnetic moment is oriented along this field direction. After the field is 

removed, the spin population overcomes this barrier either thermally or by quantum 

tunneling (or both) within a long enough time scale, one observes a slow loss of the 

sample magnetization. Besides this requirement, for a nanomagnet to be exploited as 

magnetic memory, it is also key to check the above-mentioned bistability, which is 

experimentally characterized in the form of a magnetic hysteresis (see Figure 3.1.b), 

thus providing the needed memory effect. The third requirement is mostly related to 

molecular design since magnetic anisotropy is directly connected with the structure 

and symmetry of the molecule. 

Generally, when a ferromagnetic material is magnetized in one direction, its magnetic 

dipole moments are aligned, and when the magnetic centers exhibit a strong interaction 

can exhibit a lag or delay in the reverse magnetization of the material. This lag or delay 

is commonly known as magnetic hysteresis. The hysteresis of a material is a memory 

effect in experiments at a variable magnetic field, where the magnetization of a sample 

is a function of its history and not merely of the present conditions (temperature, field). 

Thus, in rising-lowering sweeps of the magnetic field between two extreme values, the 

magnetization at a given magnetic field can present two values, depending on whether 

we are raising the magnetic field from its extremely low value or lowering it from its 

extremely high value (see Figure 3.1.b). Therefore, hysteresis is typically defined by 

two distinctive points; the remnant magnetization (MR) and the coercive field (Hc). 

Remnant magnetization is the M value obtained by applying and removing a large 

magnetic field and it is directly related with the quality of the magnet, the highest MR 

the best. The coercive field of a sample is the ability of the material to withstand a 

magnetic field without becoming demagnetized. Depending on the magnetic material, 

the hysteresis variates. The curve on the yellow line (Figure 3.1.b) represents a “soft” 

magnet, which exhibit narrow hysteresis, being easily magnetized by low magnetic 

fields. In contrast, the curve on the green line (Figure 3.1.b) that represents materials 

called "hard” magnets, displays wider hysteresis and much higher MR and Ec than soft 

magnets. Additionally, there are some magnets that present the so-called "butterfly" 

or "pinched" hysteresis, with zero coercive fields (see purple line in Figure 3.1.b). The 

hysteretic behavior of nanomagnets resembles that of the bulk magnets, although its 

origin is different. In bulk magnets it is due to a movement in the domain walls in the 

solid, while in nanomagnets it has a molecular origin, coming, as we have seen, from 

the presence of an energy barrier created by the magnetic anisotropy of the molecule. 
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In this last case, a fast relaxation at zero field, giving rise to a butterfly hysteresis, is 

caused by QTM 

In nanomagnets, the maximum temperature at which the hysteretic behaviour is still 

observed in a magnetization vs field plot is called blocking temperature (TB), in 

analogy to superparamagnets. One of the most challenging issues in this field is to find 

nanomagnets with magnetic hysteresis at temperatures as high as possible, ideally 

around room temperature. In this context, for some time, the strategy to develop SMMs 

with high TB was focused on raising the energy barrier,11. Still, even with high Ueff 

values, some systems do not slow the reversal of magnetization, giving rise to low TB. 

The main reason behind this is alternative relaxation mechanism that ignore the Ueff, 

permitting the population of energy levels with the opposite spin even at low magnetic 

fields. Theses mechanism are two (1) Orbach relaxation and (2) QTM.  

(1) The Orbach mechanism involves relaxation by sequential single-spin-phonon 

transitions between the mJ states of the ground J multiplet of the molecule, Figure 3.1.a.  

(2) The QTM relaxation involves that the spin population tunnels the barrier between 

states on opposite sides, Figure 3.1.a.12 QTM (green line in Figure 3.1.a) plays a 

particularly important role at low temperatures where the thermal barrier would be 

otherwise insurmountable. Thereafter, current efforts are focused on identifying and 

suppressing the relevant molecular vibrations that drive phonon-mediated spin 

relaxation processes. This new strategy is producing successful design principles with 

record-blocking temperatures above the nitrogen boiling point.13 

To design nanomagnets exhibiting the best properties we should pay attention to the 

magnetic relaxation mechanisms. Therefore, different synthetics tools, such as tuning 

the molecular rigidity and crystal packing, have been followed by quenching of the 

spin relaxation mechanisms and enhance of the SMM/SIM magnetic response.14 In this 

context, two strategies potentially increase the blocking temperature. 

In the first scenario, the strong magnetic coupling between two lanthanide ions can 

improve the performance of SMMs because it contributes to remove the QTM process. 

However, magnetic interactions between lanthanide ions are generally weak. 

Nevertheless, using radical bridging ligands leads to strong interactions, which leads 
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to higher blocking temperatures. This approach was discovered by Jeffrey Long et al., 

using an N2
3- radical bridge between dinuclear Ln(III) (Ln= Gd, Dy) complexes having 

strong antiferromagnetic coupling between lanthanides.15 For instance, Dy2-

[(Me3Si)2N]2(-) present magnetic blocking temperature up to 8.3 K (see figure 

3.2.1). Recently, Jeffrey Long and co-workers isolated a series of bimetallic lanthanide 

complexes also using radical bridging ligands but collinear with the large magnetic 

anisotropy, that induced by the crystal field, give rise to a magnetic relaxation time of 

67 K.16 

In the second case, the wise choice of a proper ligand environment, even if it is not 

axial as usual for Dy3+ (based SIMs), may bring the molecular vibration modes relevant 

for spin relaxation out of resonance, thus preventing the magnetization loss. One 

important example is the Dy3+, based metallocene SIM, studied at the same time by 

Richard A. Layfield et. al and David P. Mills et al.17,18 This SIM is the current flagship 

leading the way with the highest blocking temperature TB ~ 80 K and barrier to 

magnetization reversal Ueff ~ 2160 K (see Figure 3.2.2).17,18 Nevertheless, despite this 

success, the difficulty encountered in the chemical stability  of metallocene rings limits 

their long-term versatility.19 This fact opens the legitimate question of whether one 

 

Figure 3.2. Strategies devoted to increase the blocking temperature. Figures adapted 

from reference 12, 14 and 15. 
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could use alternative coordination environments able to keep high-temperature 

operability but also with a wider perspective for functionalization, organization, and 

applications. 

In this chapter, I will summarize the fundaments of SMMs based on Ln3+ ions (3.1.1). 

I will discuss molecular design strategies to increase the blocking temperature using 

phthalocyanine molecules (3.1.2). Finally, I will describe the synthesis of a novel Ln-

double-dimer phthalocyanine SMMs (3.2) and discuss the magnetic properties (3.3). 

3.1.1. Phthalocyanines as SMM 

Phthalocyanines (Pcs) are highly conjugated and essentially planar aromatic 

macrocycles, consisting of four isoindole units presenting 18 delocalized -electrons 

over an arrangement of alternated carbon and nitrogen atoms. During the last decade, 

the chemistry of this family of molecules discovered over 100 years ago has enjoyed a 

renaissance, thanks to an emerging attraction for its potential in molecular magnetism 

and electronics.20 What makes these molecules so promising? Besides their narrow and 

tunable molecular band gaps and their strong absorption in the visible region, Pcs 

present high structural robustness and broad chemical versatility.21 Organic chemistry 

thus offers versatile tools for tailoring the phthalocyanine ring periphery, furnishing a 

big library of Pc analogues (see Figure 3.3). 

 

Figure 3.3. Structural formula of the phthalocyanine macrocycle and its chemically 

tunable positions. 
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The macrocyclic planar aromatic structure of Pcs allows the coordination of metal 

atoms in the center bounded to four inwardly projecting nitrogen centers. Moreover, 

Pcs tend to form stacked structures and form face-to-face (as sandwiches) dimeric 

complexes MPc2 with a metal ion between them, named deckers. The electronic ground 

state of the metal is hybridized with the phthalocyanine molecular orbitals, giving rise 

to versatile electronic, optical, and magnetic properties.22 Since Ishikawa reported the 

first bis(phthalocyaninato)lanthanide ions with slow magnetization relaxation as a 

single-molecular property,23 this kind of molecules were studied in detail as a source 

of molecular nanomagnets. In the next section, we will describe how the design of the 

Pc molecules affect the magnetic properties of these nanomagnets. Here, we will start 

with the synthesis of Pcs. Here, we will start with the synthesis of Pcs. 

3.1.1.1. Synthesis of phthalocyanines  

 

Scheme 3.1. Synthetic routes to MPc. i) Heat and a high-boiling point solvent 

(hydroquinone) with metal salts, ii) Lithium, boiling pentanol, followed by aqueous 

hydrolysis, iii) Heat in ethanol with a metal salt, iv) heat in a high boiling-point 

solvent with urea and metal salt. 
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Since their discovery in 1907, there have been many attempts to improve the synthetic 

procedure for preparing Pc compounds. These attempts aimed to decrease the reaction 

temperature and obtain high yields. In this context, it was in 1934 when Linstead and 

Lowe reported cyclotetramerization of appropriately substituted precursor, usually 

phthalonitrile or diiminoisoindoles, or less commonly, by chemical modification over 

the Pc ring itself as starting material.24  

Depending on the symmetry of the Pc, the synthetic pathway is different, being more 

difficult for the asymmetric ones, which bear at least one different substituent in one 

of the four isoindole units. 

From the point of view of symmetric MPcs (A4), different synthetic routes exist that 

can be followed to synthesize them. 

(i) Use of either phthalonitrile or diiminoisoindoline precursors under heat and 

high-boiling-point solvent with metal salts as templates.  

(ii) The metal-templated assisted reaction of the corresponding phthalonitrile and 

metal salt under heating. 

(iii) Use of lithium alkoxides with Pc, giving rise to the LiPc that is soluble in acetone 

and ethanol, to ulteriorly convert it into MPc by metallic exchange: Being this last one 

insoluble and can be collected easily.  

(iv) Use of o-cyanobenzamide, phthalimide, or phthalic anhydride as precursors in 

the presence of a metal salt and a source of nitrogen, such as urea (see Scheme 3.1). 

As has been commented before, synthesizing unsymmetrically substituted Pc is a more 

difficult task, due to their arduous purification.25 These purifications are required to 

isolate the desired molecule from the secondary products. These Pc are typically 

synthesized by statistic cyclotetramerization, which is based on the mixed condensation 

of two differently functionalized phthalonitriles or diiminoisoindolines to produce a 

mixture of Pcs. 
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The condensation of Pcs has several proposed pathways. However, all the proposed 

mechanisms have some common features. The macrocyclization starts with the 

presence of sodium or lithium alkoxide with the formation of 1-imido-3-alcoxyindoline 

(Scheme 3.2.A). The second step is the nucleophilic attack of this intermediate to the 

cyano group of another phthalonitrile molecule. A dimer is formed (Scheme 3.2B), 

which can now either react with another phthalonitrile unit, in the same way, to form a 

trimer (Scheme 3.2.C), or to undergo self-condensation (Scheme 3.2.D). A different 

route consists of the metal-mediated formation of the Pc ring, in which the metal acts 

as a template during the macrocyclization. 

 

Scheme 3.2. Proposed mechanism for the synthesis of metallophthalocyanines by 

cyclotetramerization of phthalonitriles in the presence of a metal salt. 

When the cyclotetramerization is complete, different products with different functional 

groups at the corners of the molecule are obtained simultaneously (Figure 3.4), 

requiring complicated purification steps to isolate the desired Pc. Different techniques 
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can do purification; nevertheless, the most used is chromatography. Taking care of the 

pi-pi stacking, only gravimetric columns are available to get pure phthalocyanine 

ligands. TLC-preparative is useful when the product mixture is in the order of a few 

milligrams. 

 

Figure 3.4. Mixture of phthalocyanines was obtained via statistical 

cyclotetramerization of two differently functionalized phthalonitriles or 

diiminoisoindolines, pink and green. 

3.1.1.2. Magnetism of LnPc2 

The magnetic properties of Ln-SMMs (lanthanide single-molecule magnets) depend 

primarily on the ion anisotropy resulting from the combination of spin-orbit coupling 

and ligand field. It is worth mentioning that unlike transition metal complexes, ligand 

field effects in lanthanide complexes are much smaller than the spin-orbit coupling 

parameters. Nevertheless, the ligand field causes a significant perturbation in the 

energy levels of the spin-orbit coupled ground multiplets of lanthanide ion complexes. 

An appropriate ligand field can result in a substantial energy gap between the ground 

and excited state sublevels and, therefore, can result in promising magnetic properties. 

This is the case of the tetragonal symmetry with square-antiprism D4d. Here, the axial 
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ligand field induced by the two Pcs ligands around the lanthanide splits the ground 

magnetic state of the lanthanide ion, characterized by J, in  mJ sublevels.  

 

Figure 3.5. a) Quadrupole approximations of the 4f-shell electron distribution for 

the tripositive lanthanides; b) electron distribution shapes; c) energy and Jz values of 

the sublevels of the ground multiplets for Ln-Pc2 (Ln= Tb, Dy, Ho, Er, Tm, Yb). 

Adapted from reference 10 y 11. 

Since the spatial distribution of f electrons in the different 4f orbitals leads to an 

anisotropic charge density, the position of the ligands (in axial or in equatorial) will 

determine the splitting of the mJ sublevels. Thus, the basic shapes of the 4f-shell 

electron distribution for the Ln(III) ions can be divided into prolate (axial elongated), 

oblate (equatorially expanded), or isotropic (spherical). Thus, a minimization of the 
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repulsion of electron charge densities between the lanthanide ions and the ligand is 

required to ensure a SMM behavior in which the highest mJ state becomes the ground 

state.  Under this conditions, an axial crystal field is required for lanthanide ions with  

oblate-shapes, while an equatorial one is required for the prolate-shaped lanthanide 

ions.26 Pcs ligands present an axial crystal fields, which stabilizes oblate shapes 

(observed on terbium and dysprosium metal ions, see Figure 3.5.a). For these two ions, 

the largest Ueff values are observed on Tb+3. This is due to the anisotropy of individual 

mJ states. For Tb3+ the anisotropy of states mJ = ±6  has an extremely oblate density, 

but the rest of the states all have prolate electron densities making them extremely 

unfavorable for the phthalocyanine geometry. This extreme contrast leads to a large 

separation between the ground state and the lowest excited state (see Figure 3.4.c).  

3.1.1.3. Engineering design of phthalocyanine as SMM 

 

Figure 3.6. Schematic illustrations of the most relevant effective modifications on 

Ln-Pc-SMM.  
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LnPc2 has proven to be a promising candidate for highly efficient SMM in terms of the 

aforementioned properties. However, the magnetic hysteresis appears only below 10 K 

despite the large Ueff. As we explained before, this is mainly due to QTM. Extensive 

structural and electronic studies have been carried out to reach high TB values. Two 

main approaches have been followed to achieve this goal: 

(1) Enhancement of the intramolecular forces, adjusting the environment of the 

crystalline phase (purple cage in Figure 3.6). 

(2) Enhancement of the intermolecular forces to modify the crystal field, such as 

changing the redox state, with ligand substituents, adding deckers, and fusing two Pc 

forming dimmers (yellow cages in Figure 3.6). 

Crystal Packing 

The crystal packing of the molecule is crucial for the magnetic response of molecular 

magnets. In 2013, Roberta Sessoli et al. reported that the magnetic hysteresis of TbPc2 

depends on the environment of the crystalline phase.27 Depending on the 

intermolecular or intramolecular distances of the lanthanide ions, the f-f interactions 

will affect the magnetic properties differently.26 This was demonstrated by showing 

that an amorphous sample does not show magnetic hysteresis but presents a clear 

magnetic hysteresis when the same sample is recrystallized. The disappearance of the 

hysteresis in amorphous materials is due to different crystal packing environments, 

which significantly increases the QTM rate. An important intermolecular interaction 

involves a considerable exchange bias, which reduces the QTM in crystalline 

materials.28 

On the other hand, the magnetic properties of LnPc2 can be tunned by tunning the 

dimensionality of the system. For instance, Yamashita et al. demonstrated that spin 

dynamics could be improved by manipulating the arrangement of SMMs in the solid 

state.29 In this arrangement, the 1D structure of the Tb ions presents magnetic dipole 

interactions between different Pc molecules in this arrangement increasing the 

magnetic relaxations times by five orders of magnitude. 

Modify redox state 

The ligand field (LF), strong metal-ligand bonding, can be adjusted by altering the 

electronic and structural characteristics of Pc ligands, so SMM systems are highly 
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affected by LF.30 One year after the first reported LnPc2 as SMM, an upward 

temperature shift of the neutral TbPc2 was reported by Ishikawa. 31 This system shows 

the characteristic magnetization at a significantly higher temperature range due to the 

removal of electrons of the anionic complex [TbPc2]- to obtain the neutral one [TbPc2]0. 

This causes changes in the crystal field splitting of the lanthanide states, while 

introducing a S = 1/2 radical delocalized over the Pc ligands that enhances the magnetic 

coupling, thus suppressing the QTM. 

Multiple-Deckers 

In addition to double-decker complexes, the next molecular design was the extended 

stacked Pc complexes, allowing multiple-deckers to understand better the origin of the 

slow relaxation. The first triple-decker with higher magnetic relaxation times was 

reported by Youkoh Kaizu et al.,32 and the first quadruple-decker by Song Gao et al.33 

Fukuda et al. demonstrated how this f-f interaction affects the SMM properties 

compared to a homonuclear Dy-quadruple-decker with a heteronuclear Dy-Y.34 This 

behavior can be observed even with longer distances between the Dy, as was reported 

by Yamashita with a quintuple-decker complex with both Dy in the extremes of the 

decker.35 It was discovered that some dinuclear complexes based on the lanthanide ions 

DyIII, TbIII and HoIII exhibit ferromagnetic interactions between ions, while the 

dinuclear ErIII complex exhibits antiferromagnetic interactions.36,37 

Effect of substituents 

Until 2012, and as has been previously commented, the most important factor 

determining the TB and Ueff was the oxidation state of the double-decker in double 

decker SMM. Therefore, ways to modify the Pc with different functional groups that 

can modify their electronic structure have been studied ever since. In this context, the 

first modified Pc with electron-withdrawing groups was reported by Jaume Vecina et 

al. in 2012, presenting an increase in redox stability but the SMM behavior remains 

unchanged.38 

Few years later, in 2015 T. Torres et al. demonstrated for the first time an enhancement 

in the magnetic properties of a TbPc2 by modifying the molecular structure and adding 

peripheral functional groups on one of the Pcs.39 Thus, adding strong electron donating 

groups onto the Pc induces changes in the electrostatic potential around the terbium 

ion, which result in an enhancement over the ligand field and, therefore, over the 
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magnetic behavior.40 Jianzhuang Jiang and co-workers followed this approximation, 

but instead of using homoleptic complex, they used an heteroleptic phthalocyanines 

with strong periphery positions of one of the two phthalocyanine ligands allowing 

values of Ueff = 939 and TB = 30 K.41 

Dimers 

In such arrangement the LnPc2 units are connected via a spacer, causing space-

magnetic dipole interaction. The first example was reported by Jianzhuang Jian et al., 

fusing two Pcs with a benzene moiety and creating the first biradical-lanthanide SMM 

containing a biradical;42 this delocalized biradical exhibits antiferromagnetic 

interaction, which suppresses the QTM and increases the magnetic hysteresis. More 

recently, Yamashita et al. compared the magnetic anisotropy and spin phenomenon 

between an axially symmetric triple-decker and a fused dimer-triple decker with 

improved results for the dimer-triple decker.43 Nevertheless, a SMM double-dimer 

decker based on Pc has not been reported yet; following this research, even better 

results can be achieved. 

Coupling two Pcs units 

The assembly of two LnPc2 units as building blocks for obtaining dinuclear Ln SMMs 

can improve the nanomagnet performance since it can increases the rigidity of the 

SMM. This approach has been exploited using concepts of the supramolecular 

chemistry: 

(1) Self-assembly: By connecting two Pcs through, for example, alkali metal ions, and 

enables control over the arrangement, resulting in a co-facial dimeric SMM can be 

obtained.44 The best result using this approach was reported by Jianzhouang Jiang and 

co-workers. It consists of a pseudo-quadrupole-decker assemble through Na+ 

connections to optimizes the coordination polyhedron for the terbium ions towards the 

square-antiprismatic geometry and intramolecular Tb-Tb distances of 9.865 Å. This 

complex exhibits a TB = 25 K.45  

(2) Clamshell-type: It uses, for example, an ether bond to join two Pc, resulting in a 

covalently-linked quadruple-decker SMM.46 The optimization of the coordination field 

strength for the terbium ion in these systems enhances significantly helps the molecular 

anisotropy, suppresses  the QTM effect and resulting in a significantly improved SMM 
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behavior. Moreover, it is worth noting that weak intra/inter-magnetic interactions 

between the double-deckers building blocks may also contribute to diminish the 

QTM.43 Using this approach, Yamasita and co-workers reported a clamshell-type 

complex, achieving the highest TB obtained until now (31 K).46 However, there is still 

a long way to go for the practical applications of this family of compounds.  

To sum up, Table 3.1. records the best LnPcs as SMMs with the higher Ueff and TB. 

Table 3.1. Summary of the best results on SMM based on LnPcs. 

 

3.2. RESULTS AND DISCUSSION 

A few years ago, in collaboration with Tomas Torres's group, our group initiated the 

employment of phthalocyanine molecules to construct single-molecule magnets. The 

modification of the phthalocyanine structure holding different peripheral functional 

substituents on one of the Pc ligands induces a huge increase in the blocking 

temperature and the energetic barrier, see section 3.1.3.39  

Here, we have explored a novel approach to enhance the performance of these LnPc 

complexes that consists of fusing two Pc ligands and using these ligands to construct a 

Ln dimer. The synthetic approach was already initiated in the Torres group by Carolina 

Ganivet during her thesis and some preliminary results were obtained. In the present 

thesis I have optimized the synthesis of these complexes and presented for the first time 

their magnetic characterization. 
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3.2.1. Synthesis of dimeric terbium(III) bisphthalocyanine 

The molecular nature of the Pc based metal-complexes not only permits changes in the 

metal but also in the ligand part. Specifically, the Pc organic molecule can be modified 

by adding a second phthalocyanine to form a Pc dimer. The majority of the reported 

Pc-dimers share a benzene group (Figure 3.7.a).47 In our case, we use a triple bond to 

covalently link the two Pcs (Figure 3.7.b). Nowadays, only porphyrins dimers are 

covalently linked by triple bonds, but they display lower stability compared to those of 

the Pc ligands.48 

 

Figure 3.7. Structure of phthalocyanine dimers: a) sharing a common benzene ring; 

b) sharing a triple bond. 

3.2.1.1. Synthesis of the Pc dimer 

The synthesis of the dimer ligand is summarized in Scheme 3.3. The long synthetic 

pathways start with the mixed condensation of 4,5-bis[(para-tert-

butyl)phenoxy]phthalonitrile and 4-iodo-phthalonitrile.  



Double-decker Tb2-phthalocyanine dimer 

 128 

 

Scheme 3.3. Reagents and conditions: (a) 2-methy-3-lbut-3-yn-2-ol, Pd(Ph3)2Cl2, 

CuI, Et2NH, THF; (b) NaOH, Toluene (anh); (c) Pd(Ph3)2Cl2, CuI, Et2NH, THF; (d) 

TFA. 

The pure unsymmetrical iodo-phthalocyanine (1) was grown by coupling with 

commercial 2-methyl-3-butyn-2-ol to give 2, followed by deprotection under basic 

conditions (NaOH in toluene) to afford diethynyl intermediate 3 in high yields. Then, 

the coupling with iodo-phthalocyanine and ethynyl-phthalocyanine under Sonogashira 

conditions afforded the desired Mg-phthalocyanine 4. Finally, the demetallation with 

TFA affords the desired product 5. The 1H-NMR spectra show the pure free base Pc 

dimer 5 (see Figure 3.8). The protons assignment of the central isoindole (soft pink ball 
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in Figure 3.8) were observed at 10.84 ppm (THF-d6). The signals of the aromatic 

protons of the Pc ring (yellow, purple, soft purple and pink balls in Figure 3.8) and the 

phenyl ring of the tert-butylphenoxy substitutent (orange and blue balls in Figure 3.8) 

were observed in the range of 7.04-9.78 pmm. The signals of tert-butyl groups were 

located in the region of 1.35-1.45 ppm (green ball in Figure 3.8). 

 

Figure 3.8. 1H-NMR of compound 5. 
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3.2.1.2. Synthesis of the double-decker dimer Ln complexes 

The synthesis of the double-decker was done with two different lanthanides, terbium 

and dysprosium. 

Tb2-Pc 6 was obtained by mixing equimolar amounts of Pc dimer 5 with Tb(acac)3 in 

the presence of a catalytic amount of LiOMe in TCB and hexadecanol, Scheme 3.4. 

The presence of the homoleptic compound was detected by MALDI-TOF spectrometry 

(Figure 3.10). 

 

Scheme 3.4. Synthesis of the double decker Tb2-Pc dimer. (a) Tb(acac)3H2O, 1,2,4-

triclorobenceno(anh), MeOLi, hexanodecano 

 



 Double-decker Tb2-phthalocyanine dimer 

  

 131 

Figure 3.10. MALDI-TOF mass spectrum of Tb2Pc2. 

The free degree of rotation in dimer 5, with cis and trans conformation, causes the 

appearance of three isomers, whose proposed structure are displayed Figure 3.11. After 

an arduous purification, the isomers were isolated by preparative LC. 

 

Figure 3.11. Proposed models for the homoleptic compound 6. 
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Recording and interpreting NMR spectra of highly paramagnetic compounds are 

difficult due to increased relaxation rates and extended chemical shift ranges. First of 

all, Ln-Pc complexes must be reduced to be active in NMR. Therefore, hydrazine 

hydrate was added to a solution of Tb2Pc2 with THF to obtain the reduced species. The 

proper reduction of the complex was followed by UV-VIS (Figure 3.12), where the 

change in the absorption region between 600-700 nm supports the proper reduction of 

the [Tb2Pc2]0 (green) into the [Tb2Pc2]- (blue). 

 

Figure 3.12. a) Schematic structures of neutral and oxidate Tb2Pc2; b) UV-Vis 

absorption spectra of neutral phthalocyanine complex, [Tb2Pc2]0 (green lines) and 

reduce phthalocyanine complex, [Tb2Pc2]- in THF. 

Figure 3.13 we see large negative chemical shifts for the protons of the reduced dimer 

(compound 5). These shifts are caused by the strong, upfield paramagnetic shifts 

induced by the Tb3+ ions. 
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Figure 3.13. 1H-NMR of Tb2Pc2 in THF 

The chemical shift of an NMR active nucleus in a paramagnetic complex can be 

expressed as the sum of the orbital term (orb) and the hyperfine term (HF). HF is 

mainly composed of the Fermi contact (FC) and pseudocontact (PC) shifts,49 as shown 

in equation 1: 

𝛿𝑜𝑏𝑠 = 𝛿𝑜𝑟𝑏 + 𝛿𝐻𝐹 = 𝛿𝑜𝑏𝑠 + 𝛿𝐹𝐶 + 𝛿𝑃𝐶      (1) 

The Tb3+ ion in Pc paramagnetic complexes is affected by the ligand field of the orbital 

ligands, and therefore, the Tb3+ ions have strong axial magnetic anisotropies with the 

easy magnetic axes lying along the C4 axes of the decker. In this case, FC, which 

involves the interactions between the electron spin on the nucleus and the nuclear spin, 

is lower than the dipolar contact contribution (PC) due to the fact that all the protons 

of the ligands being separated from the lanthanide ions by four atoms at least. Ishikawa 

et al. used geometric parameters to obtain from DFT calculations to assign protons 

signals.36 The magnetic axis of this LnPc2 was determined to be perpendicular to the 

plane of the ligand. In Tb2Pc2, both dimer ligands are perpendicular, and the negative 

shifts induced by the terbium ions are higher when closer are the protons from to these 

paramagnetic ions are closer. A hypothetic distribution of the signals is described in 
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Figure 3.13, based on the decrease of the induced shifts for protons upon increasing 

their distance to the paramagnetic ions. 

3.2.1.3. Synthesis of the related monomer of Tb2Pc2 

Our efforts to obtain single crystals of Tb2Pc2, were unsuccessful and we only obtained 

a polycrystalline material. Therefore, to have information about its crystallographic 

structure, the related monomer was also synthesized and characterized.39 Although the 

monomer TbPc2 decker had been previously reported, its crystalline structure could 

not be solved due to the incapacity of obtaining TbPc2 single crystals. To overcome 

this, I used slow evaporation with layering tubes. This technique allowed me to form 

TbPc2 single crystals with the suitable size to measure and solve the crystalline 

structure by single-crystal XRD (Figure 3.14). Permitting to determine the real 

distances between Pc ligands (2.389 Å) and Tb(III)-Pc distances (2.389 Å). As it is fair 

to assume that this distance will be the same for the Tb2Pc2 dimer, we use these values 

for doing some theoretical calculations to get a deeper insight in its magnetic response 

(Section 3.2.3). 

 

Figure 3.14. a) Molecular structure of TbPc2 (related monomer of Tb2Tb2) in top 

view with all hydrogen atoms omitted for clarity [Tb(III) cyan, top Pc (blue), down 

Pc (pink)]; b) Simplify structure of TbPc2 with tert-butylphenil groups omitted to 

clarify the distance between Tb(III) and Pc ligand, as distances between Pc ligands. 
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3.2.2 Magnetic characterization 

The small amount of Tb2Pc2 compound obtained, around 10 milligrams, made 

impossible to measure its magnetic response by conventional SQUID magnetometry. 

Therefore, we collaborated with Prof. Fernando Luis Rey at INMA to magnetically 

characterize the Tb2Pc2 by using a homemade micro-Hall probe magnetometer. 

3.2.2.1. Magnetization as a function of the magnetic field: hysteresis 

The technique to determine whether the Tb2Pc2 behaves as SMM or not is the field 

dependence of the magnetization at different temperatures (Figure 3.15). The 

magnetization saturates at approximately 5 µB /molecule at 2 K, which corresponds 

with the strong magnetic anisotropy of Tb in the powdered sample.    

Interestingly, magnetization isotherms exhibit hysteresis loops until 60-80 K (see 

Figure 3.16), and the remanence of the magnetization does not vanish until T≤ 10 K 

(see Figure 3.14). As expected, the width of the magnetic hysteresis decreases with 

increasing temperature since spin-lattice relaxation processes become activated by 

temperature. Taking into account that the material is superparamagnetic, these results 

point to the presence of slow (in the scale of tens of seconds) spin-lattice relaxation 

processes, thus magnetic memory effects. 

  

Figure 3.15. Magnetization vs field plot measured at 2 K for a powder sample of 

Tb2Pc2. 
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Figure 3.16. Magnetization isotherms of Tb2Pc2 measured at different temperatures. 
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3.2.2.2. Magnetic relaxation and ac susceptibility 

The relaxation rate for a technologically useful SMM should be as slow as possible. In 

order to obtain the relaxation time value of Tb2Pc2, first, the compound was saturated 

at the field of 2 Tesla, and then the field was swept, while recording the magnetization 

for a few hours. Fitting these data with a single exponential decay gives the relaxation 

times following an Arrhenius-like behaviour: 

 𝜏−1 = 𝜏0
−1𝑒𝑥𝑝

−𝑈𝑒𝑓𝑓
𝑘𝐵𝑇

⁄
        (2) 

where Ueff is the effective barrier of reversal and kB is the Boltzmann constant. 

Below 5 K, relaxation is dominated by a quantum tunneling mechanism, characterized 

by a weak dependency of  with the temperature and a minimum  value at zero field. 

The estimation of  between 10 K and 30 K follows an Arrhenius law characteristic of 

a thermally activated process, which affords an effective barrier Ueff  220 K with 0 = 

4 x 10-8 s ( see Figure 3.17). 

 

Figure 3.17. Magnetic relaxation time was measured as a function of temperature 

for different magnetic fields (left, Arrhenius plot) and as a function of a magnetic 

field at T = 2 K and 0.5 K. 
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3.2.3 Calculations 

Notice that in all previous examples of TbPc2 complexes the magnetic hysteresis was 

observed up to 31K, a value that is significantly lower than the one obtained with the 

double double dimer Tb2Pc2 (ca. 60K). To explain this record value in the blocking 

temperature, we speculate that the vibrations should be involved in controllig the spin 

relaxation processes at these temperatures. In order to confirm this hypothesis Luis 

Escalera-Moreno, former PhD in our group and nowadays at Max Planck Institut für 

Quantenoptik (MPQ) in Germany, performed theoretical calculations on our systems. 

In order to simplify the model, we assumed a non-radical singly-reduced [TbPc2]- 

monomer along with the 13 spin states that arise from the Tb3+ ground J = 6 quantum 

number but with the calculated vibration spectrum of [TbPc2]0. The other component 

of the model -where the same energy scheme as in [TbPc2]- is used- is the hypothetical 

[TbPc4]-5 from those results from: 

(i) The removal of one Tb3+ ion in our side-by-side [TbPc2]2
0 dimer. 

(ii) A double reduction, yet employing the calculated vibration spectrum of [TbPc2]2
0. 

The group of molecular vibrations key for magnetic relaxations were identified for both 

components, which are responsible for driving the spin population inside the ground 

spin doublet. The two relevant vibrations in [TbPc2]- with harmonic frequencies 19.8 

and 26.6 cm-1 (see Figure 3.18.a) consist on (i) an opposite relative rotation of the two 

Pc ligands -which maintain their planarity- around their perpendicular axis, and (ii) 

out-of-plane twisting movements of the two Pc ligands that break their planarity with 

no relative rotation. These two vibrations are no longer present in [TbPc4]-5 since the 

extra monomer's side-by-side linkage prevents the two Pc ligands from a free relative 

rotation. Moreover, the extra weight introduced by the second monomer might also 

avoid the out-of-plane twisting movements of the Pc ligands in which their planarity is 

lost. The three relevant vibrations in [TbPc4]-5 have harmonic frequencies 4.6, 5.5, 13.3 

cm-1 (see Figure 3.18.b) and consist of rigid and joint movements of the dimer as a 

whole. In addition to avoiding movements in the metal-coordinating atoms,14 from 

these facts, we learn that blocking relative motions between ligands -even if they all 

vibrate rigidly as a whole- is also key for an enhanced slow reversal of magnetization. 

Alternative procedures with a possible similar potential but perhaps producing a more 
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rigid crystal field could include stapled bis-phthalocyanine where the two Pc units are 

linked via two C-C 𝜎 bonds thus retaining the monomeric character.50 

 

 

Figure 3.18. Relevant vibrations of a) TbPc2 and b) Tb2Pc2. 
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3.4 CONCLUSIONS 

This chapter gives a brief overview of the field of nanomagnets. The field has 

conquered remarkable landmarks in the last few years, with hysteresis at temperatures 

close to that of liquid nitrogen boiling point. However, all systems with record 

hysteresis temperatures are variations of a single chemical architecture, namely 

dysprosium metallocenium, which presents certain limitations in terms of processing, 

chemical versability, or further development as a quantum bit. For these reasons, I was 

focus on lanthanide phthalocyanine family, which are very promising molecules in this 

field and overcome these limitations.  

A novel dinuclear rare-earth complex [Tb2Pc2]0 was designed and synthetized. Inside 

the family of SMM based on phthalocyanine molecules as ligands, this is the first time 

a double dimer is achieved to be coordinated to two terbium ions on the same xy plane. 

Moreover, an enhancement on the molecular magnetism is achieved with hysteresis 

until ~ 70 K and relaxation times of 4 x 10-8 s. The reason of this enhancement is due 

to the larger rigidity of the Tb sites imposed by this dimer structure. Thus, in this side-

by-side structure the vibrations that were detrimental in the monomer for the magnetic 

relaxation (in-plane and out-of-plane twisting of the Pc ligands) were removed, thus 

keeping the magnetic memory up to 60K.  
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3.3 METHODS 

For mass spectrometry, 1H NMR 

UV-Vis absorption spectra were recorded on a Shimadzu UV-2501PC 

spectrophotometer using quartz 1 cm path length cuvettes. 

First derivative EPR spectra were recorded at 4 K in a Bruker ELEXYS E580 equipped 

with continuous-flow cryostats for liquid helium. Complexes solutions of 

approximately 110-3 M were prepared in dry acetonitrile. Reported g values and 

hyperfine coupling constants (A), were obtained by the simulation of the experimental 

spectra with WINERP SimFonia program Version 1.25. 

3.3.1. Synthesis 

All chemicals used were purchased from commercial sources and used without further 

purification. Column chromatographies were carried out on silica gel (60 Å, 230-400 

mesh). Preparatives silica gel glass plates (20x20 cm) with layers thickness of 2mm in 

60 Å particle size. 
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4,5-Bis[(p-tert-butyl)phenoxy]phthalonitrile  

 

A solution of 4,5-dichlorophthalonitrile (10 mmol, 2.00 g) and 4-tert-butylphenol (30 

mmol, 4.57 g) in anhydrous DMSO (25 mL) was heated to 100 ºC until their complete 

dissolution; then, oven-dry K2CO3 (100 mmol, 14.03 g) was added in eight portions 

over 40 min. The resulting yellow mixture was stirred at 100 ºC for 3h, allowed to 

reach room temperature, poured into crushed ice (500 mL). Cold water was then poured 

into the mixture resulting in the precipitation of a yellowish-green solid, which was 

filtered, washed with water, and vacuum-dried. Recrystallization from methanol left to 

4 g of 5 as a pale-yellow solid. Yield: 83%.  

1H-NMR (300 MHz, CDCl3):  (ppm) = 7.46 (d, J = 8.85 Hz, 4H), 7.14 (s, 2H), 7.03 

(d, J = 8.85 Hz, 4H), 1.36 (s, 18H). 13C-NMR (300 MHz, CDCl3):  (ppm) = 153.3, 

151.6, 149.2, 127.4, 121.4, 119.6, 115.2, 109.8, 34.6, 31.4. MS (C28H28N2O2, exact 

mass = 424.22, molecular weight = 424.54; EI): m/z = 424 [M]+ (100%). 
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Ph-I 1 

 

A mixture of 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), 4,5-tert-

butylphenoxyphthalonitrile (0.7 mmol, 0.30 g), 4-iodophtalonitride (0.23 mmol, 0.06 

g) and MgCl2 (0.28 mmol, 0.03 g) in 1-pentanol was stirred at reflux at air conditions 

for 18h. The reaction was allowed to cool to room temperature and the solvents was 

evaporated under reduced pressure. The crude was triturated in methanol and filtered. 

The resulting green solid was then purified by column chromatography on silica gel 

using as a mobile phase hexane/dioxane (4:1). The fractions containing the desired 

product were then evaporated under reduced pressure yielding phthalocyanine as a 

green solid. Yield: 14%.  

1H NMR (500 MHz, THF-d8):  (ppm) = 9.70 (s, 1H), 9.11-9.05 (m, 7H), 8.48-8.41 

(dd, 1H), 7.52-7.40 (m, 12H), 7.22-7.11 (m, 12H), 1.44-1.32 (m, 54H) ppm. MS 

(MALDI-TOF, m/z = 1551.4 (%) [M+] 
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Ph-≡-OH 2 

 

To a dry mixture solution of diethylamine (0.29 mL) and THF (0.10 mL) was added 4-

iodophthalonitrile (6), bis[triphenylphosphine]-palladium(II) dichloride (0.7x10-3 

mmol, 1.0 mg) and copper(I) iodide (0.7 mmol, 0.1 mg). Then, 2-methylbut-3-yn-2-ol 

(0.07 mmol, 0.02 mL) was added dropwise and the mixture was stirred under argon 

atmosphere during 20h. The solvents were removed under reduced pressure. The solid 

was extracted with CH2Cl2, washed with water and passed through a column of silica 

gel using a mixture of hexane/dioxane (7:3) to yield 55.3 mg (60%) of a green solid.  

1H NMR (500 MHz, THF-d8):  (ppm) = 9.35 (s, 1H), 9.29-9.27 (d, 1H), 9.10 (s, 1H), 

9.07-9.05 (m, 5H), 8.10-8.08 (d, 1H), 7.52-7.40 (m, 12H), 7.23-7.11 (m, 12H), 4.72 (s, 

1H), 1.67 (s, 6H), 1.40-1.36 (m, 54H) ppm. MS (MALDI-TOF, m/z (%) [M+] 
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Ph-≡ 3 

 

A dry toluene solution (2 mL) of phthalocyanine (7) (0.08 mmol, 120.0 mg) and NaOH 

(0.08 mmol, 3.0 mg) was stirred in a 10 mL flask under reflux in argon atmosphere for 

six hours. The solvent was evaporated under reduce pressure and the solid residue was 

extracted with CH2Cl2 and washed with water. The organic phase was dried over 

MgSO4 and washed with water. Then, the solvent was evaporated to obtain a crude 

product that was purified by column chromatography on silica gel using 

hexane/dioxane (5:1.5) as eluent. Phthalocyanine 8 was obtained as a green solid in a 

60 % yield.  

1H NMR (500 MHz, THF-d8):  (ppm) 9.45 (s, 1H), 9.32-9.30 (d, 1H), 9.11 (s, 1H), 

9.07-9.05 (m, 5H), 8.18-8.16 (d, 1H), 7.52-7.41 (m, 12H), 7.23-7.12 (m, 12H), 3.91 (s, 

1H), 1.40-1.40-1.36 (m, 54H) ppm. MS (MALDI-TOF, m/z (%) [M+] 
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Ph-dimer(Mg) 4 

 

A dry Toluene/THF/Net(iPr)2 (3:1:1) mixture (2 mL) was subjected to deoxygenation 

by three freeze-pump-thaw cycles with argon and poured over a mixture of compound 

8, Pd(Ph3)2Cl2 (0.015 eq, 0.0007 mmol, 0.84 mg) and CuI (0.00036 mmol, 0.07 mg). 

The mixture was stirred under argon for 16 h at 60 ºC. Once the ethynyl derivative is 

consumed, monitored by TLC, the mixture was filtered over a celite plug and the 

solvent was evaporated under reduced pressure. The product was purified by short 

column chromatography on silica gel using a hexane:dioxane (6:4) solvent to remove 

the unreacted product 6, and following pure THF was added to obtained pure product 

9. Yield 45 %. 

1H NMR (500 MHz, THF-d8):  (ppm) 9.45 (s, 1H), 9.32-9.30 (d, 1H), 9.11 (s, 1H), 

9.07-9.05 (m, 5H), 8.18-8.16 (d, 1H), 7.52-7.41 (m, 12H), 7.23-7.12 (m, 12H), 3.91 (s, 

1H), 1.40-1.40-1.36 (m, 54H) ppm. MS (MALDI-TOF, m/z (%) [M+]) 

 

  



 Double-decker Tb2-phthalocyanine dimer 

  

 147 

Ph-dimer 5 

 

Dimer compound (9) (0.030 mmol, 87 mg) was dissolved in CF3CO2H (6.2 mL) and 

the mixture was stirred at room temperature for 5h. Then, water was added to 

precipitate a solid. The green solid was filtered and washed with water. UV-Vis 

spectrum proved that the product was completely demetallated. Yield 92 %.  

1H NMR (500 MHz, THF-d8):  (ppm) 10.87 (s, 2H), 9.74 (s, 2H), 9.48-9.47 (d, 2H), 

9.24-9.11 (m, 12H), 8.50-8.48 (d, 2H), 7.58-7.42 (m, 24H), 7.32-7.12 (m, 24H), 1.50-

1.36 (m, 108H) ppm. MS (MALDI-TOF, m/z (%) 282.65 [M+] 
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Double-decker Tb2-Ph [Tb2Pc2]0 

 

Dimeric compound 10 (1eq, 0.014 mmol, 40 mg) and Tb(acac)3·nH2O (1.2 eq, 0.017 

mmol, 8mg) were mixed and refluxed for 24h under argon atmosphere in 

Triclorobencene (5 mL) with n-hexadecanol (23 eq, 33 mmol, 80 mg) in the presence 

of catalytic amount of LiOMe. Solvent was removed under reduced pressure affording 

a green solid. The product was diluted with CH2Cl2 and washed with water (twice) and 

brine. The resulting dark green organic solution was dried over MgSO4 and 

concentrated under reduced pressure to afford a crude which was purify through a 

column of silica gel using a mixture of CHCl3/hexane (4:1). The green solid was a 

mixture of all isomers. Yield 18% (all isomers).  

1H NMR (500 MHz, THF-d8):  (ppm) -5.92 (s, 36 H), -6.20 (s, 8 H), -7.95 (s, 36 H), 

-8.14 (s, 36 H), -8.33 (s, 8 H), -9.10 (s, 8 H), -9.33 (s, 8 H), -11.61 (s, 36 H), -13.17 (s, 

36 H), -21.74 (s, 36 H), -23.61 (s, 8 H), -23.91 (s, 8 H), -24.76 (s, 8 H), -26.35 (s, 8 H), 

28.31 (s, 8 H), -44.51 (s, 8 H), -64.41 (s, 8 H), -92.36 (s, 4 H), -93.05 (s, 4 H), -108.44 

(s, 4 H), -111.51 (s, 4 H), 

MS (MALDI-TOF, m/z (%) 5869 [M+] 
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Isomers separation 

Preparative LC proof was used to isolate isomer 1 from the others. The mixture of 

isomers was solubilized with CH2Cl2 and with a handmade paint brush was add the 

sample to whole width of the plate. Let it run with a solvent mixture, 

chloroform/heptane (1:1), during a couple of hours, isomer 1 was isolated scraping the 

adsorbent layers from the plate and eluting with THF solvent. A dark green powder 

was obtained after evaporating the solvent under reduce pressure. 

 

Figure 5.15. Preparative LC after the run to isolate isomer 1 (top line). 
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4.1 INTRODUCTION 

The increase of atmospheric CO2 levels contributes to the phenomenon of global 

warming and climate change. During the last 30 years, the amount of CO2 has increased 

from 278 to 410 ppm.1 Despite CO2 not being the most abundant greenhouse gas, it has 

a significant impact on global warming due to its relatively long life in the atmosphere, 

of 300 to 1000 years. Therefore, the quest for carbon capture materials has moved to 

the forefront of scientific research to slow down this increasing CO2 concentration level 

in the atmosphere.2,3 

In this chapter, we focus on selective CO2 capture. Currently, the standard technique 

to absorb CO2 on post-combustion capture are aqueous amine scrubbers.4 Despite the 

high selectivity, the exorbitant energy consumption to be reused and the corrosion 

issues make it necessary to explore other successful materials.5 

Possible solutions are cryogenic distillation, which implies higher energy; membranes, 

which are mechanically fragile; and microbial/alga capture materials, with an 

extremely narrow range of operating conditions.6 Although these methods can provide 

optimal results, adsorption processes are better alternatives due to the reduction in 

operational energy and costs. The use of sorption to solids as porous materials, such as 

zeolites,7 activated carbons,8,9 or porous coordination polymers (PCPs, also known as 

metal-organic frameworks, or MOFs), has been adequately considered since the 

commonly weak interactions between the sorbate and sorbent10 result in the 

advantageous reduced cost of the renderability of the material.9,11 

MOFs, with more than 110000 reported compounds, have an ample variety of 

structures. Some of them have channels of appropriate reduced sizes to allocate 

exclusively CO2 molecules. In addition, the extensive chemical versatility of these 

MOFs allows modifying the inner space of the framework to incorporate different 

functionalities that promote favorable host-guest interactions.12 In this sense, 

introducing specific binding sites for CO2, including open-metal sites13 or Lewis basic 

sites, has been demonstrated as an efficient solution to separate CO2 from mixtures of 

gases. However, the enormous porous character of these materials is sometimes 

accompanied by problems in terms of selectivity, which can be overcome with 

restrictions in the accessibility of the pores.14,15,16,17  
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Figure 4.1. Crystal structure of compounds CCP-1/CCP-2 and CCP-3/CCP-4. The 

counteranions and hydrogen atoms have been removed for clarity. 

Thus, if the pores are interconnected by small apertures, the selectivity properties are 

enhanced.18,19 In this sence, compartmentalized coordination polymers (CCPs) are a 

family of materials without permanent channels for gas diffusion, which enhance a 

selective sorption capacity thanks to small molecules can diffuse inside the voids due 

to the dynamic rotation of the organic ligands.20 CCP-1 and CCP-2 were the first 

reported polymers of this family, based on iron (II) coordinanted to six 1,4-bis(tetrazol-

1-ylmethyl)benzene, btix, ligands forming a linear 1D chain with internal vids between 

irons (see Figure 4.1). The difference between them are the contraanion, being 

perchlorate (ClO4) for CCP-1, and  tetrafluoroborate (BF4) for CCP-2. Subsequently, 

the family of CCPs had been extended with the synthesis of two isostructural materials 

to the previous ones, CCP-3 and CCP-4. It was demonstrated that using an extended 

organic ligand, 4,4′-bis((1H-tetrazol-1-yl)methyl)-1,1′-biphenyl, btzbp, the same 

coordination is manteined. The difference between CCP-3 and CCP-4 is the same as 

CPP-1 and CCP-2, different contraanions. 

In addition, the presence of magnetic centres allows the detection of the sorption of 

gases. In particular, the spin-crossover temperature, which is very sensible to the metal 

centre environment, is shifted to higher temperatures upon CO2 incorporation in the 
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voids. This behavior is observed on CCP-1 and CCP-2, which can load up one 

molecule of CO2 per void. In the case of CCP-3 and CCP-4, which can load up two 

molecules of CO2 in each void, different behavior is observed depending the number 

of how many molecules are inside the void. When only one molecule of CO2 is 

adsorbed, the increase of spincrossover temperature is maintenied. However, when two 

molecules of CO2 are inserted, the temperature of SCO decrease (even still be higher 

than the empty CCP). That behavior was related to different orientation of the CO2 

molecules inside the voids, where the presence of two molecules do not allos a strong 

interaction between the quadrupole moment of the CO2 and the tetrazole ring, 

provoking a soft modification of spin-crossover temperature. 

It was demonstrated that CCPs family are excellent candidates for gas separation and 

gas sensor.21,22,23 However, their sorption capacity is limitated due to the reduce size of 

their void. Still, CCPs offer the advantage that the size of these compartments can be 

tuned modifying the organic ligand with han enhancement of their sorption capacity, 

and moreover, encapsulating larger species. 

In this chapter a series of coordination polymers is synthesized where the gas molecules 

are confined in a restricted space and without establishing a strong interaction with the 

framework.This novel comopounds overcome the limitation of the total sorption 

capacity of each material, limited to the internal voids of the structure. To performe the 

increasing capacity, two novel ligands were synthesized with a larger size, the ligands 

btztp and btztzine (see Scheme 2.1), based on the previously reported ligands of this 

family of materials. 

4.2 RESULTS AND DISCUSSION 

4.2.1 Ligand Design and Synthesis 

Two novel extended ligands were synthesized with the same tetrazol anchor group than 

the previously used. This increase of distance between the coordinating tetrazole rings 

permits the formation of larger voids to increase the sorption capacity on CCPs. As 

previously demonstrated in our group,22 the use of 4,4′-bis((1H-tetrazol-1-yl)methyl)-

1,1′-biphenyl (btzbp), containing an extra phenyl ring compared with 1,4-bis(tetrazol-

1-ylmethyl)benzene (btzx), results in an increased sorption capacity. Specifically, the 

CO2 sorption in CCP-3 and CCP-4 (both formed with btzbp, only varying on the 

counterion) is the double than in CCP-1 and CCP-2 (both formed with btzx, only 
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varying on the counterion). Furthermore, it was demonstrated that CCPs present 

discrete compartments that are interconnected by dynamic apertures allowing the 

discrimination between similar molecules such as CO2 and N2; or CO2 and CH4.
23 

Taking this into account, we expect a similar mechanism of sorption upon increasing 

the length of the ligand so that increase in CO2 should be accompanied with negligible 

N2 sorption, resulting in an enhanced separation capacity.  

 

Scheme 4.1.  Chemical structures of the different ligands used for the formation of 

CCPs, indicating the length between the coordinating tetrazole rings. From top to 

bottom: btx, btzbp, btztp and btztzine. 

In order to study how the role of the chemical nature of the molecule that forms part of 

the linker, a tetrazine moiety was added instead of adding an extra phenyl ring. Thus, 

the molecule ((1,2,4,5-tetrazine-3,6-diyl)bis(4,1-phenylene))dimethanamine (btztzine) 

was designed. The use of tetrazine derivatives shown by Banglin Chen and co-workers 

to increase the sorption capacity with the low-pressure region and separation selectivity 

of CO2, functionalizing SIFSIX-2-Cu-i with tetrazine moiety (UTSA-120a).  As 

previous studies have well documented, uncoordinated N-sites could increase the gas-
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binding affinity with CO2. Nevertheless, the flexibility of the ligand is the critical role 

of CCPs family to sorption and separation capacity, so that will affect the tetrazine 

molecule.  

4.2.1.1. Synthesis btztp 

The synthesis of btztp starts with the protection of amine groups (in  4-

bromobenzylamine, 1a) and the boronics (in benzene-1,4-diboronic acid, 2a, forming 

compounds 1b and 2b, to increase the yield of the Suzuki coupling reaction.  

 
Scheme 4.2. Synthesis of btztp. Reagents and conditions: (a) BOC anhydrous, i-

propanol; (b) H3BO3, p-TsOH·H2O, toluene; (c) NaHCO3, [Pd(PPh3)4]; (d) TFA, 

CH2Cl2:MeOH; (e) NaN3, TEOF, HOAc. 
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Ones the compound 3 is formed, the next step was the desprotection of di-tert-butyl 

groups with trifluoroacetic acid. Finally, the last step is the formation of tetrazole 

groups, following previously reported protocol, consisting on the reaction of terphenyl-

bis-amine with NaN3 and triethylorthoformate.24 

4.2.1.2. Synthesis of btztzine 

The ligand btztzine was prepared in two steps. The first one is adapted  from a 

previously reported protocol for the formation of tetrazine,25 consisting on the reaction 

of ciano group, N2H2 and catalyzed with N-Acetyl-L-cysteine to obtain the tetrazine 

group. The second step consiste in the formation of tetrazole as described before. 

 

Scheme 4.3. Synthesis of btztzine. Reagents and conditions: (f) N2H2, N-Acetyl-L-

cysteine, MeOH; (g) NaN3, TEOF, HOAc. 

4.2.2. Synthesis of CCP 

The reaction of btztp and btztzine with M(II) salts in refluxing MeCN during five days 

affords four new coordination polymers with the formula [M(L)3](X)2 (M = Fe or Cu; 

L = btztp or btztzine; X = ClO4
– or BF4

–). These novel materials were denoted CCP-5 

(L = btztp, M = Fe and X = ClO4
–) CCP-5-Cu (L = btztp, M = Cu and X = ClO4

–), 

CCP-5-Cu-tzine (L = btztzine, M = Cu and X = ClO4
–) and CCP-6 (L = btztp, M = Fe 

and X = BF4
–). 
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Despite extensive attempts, single crystals large enough for single-crystal X-ray 

diffraction could not be obtained, unfortunately. Therefore, we collaboarated with 

Joaquin Calbo at IcMol to circumvent this issue. He obtained the model of these CCPs 

was obtained by Density Functional Theory that confirms the typical structure of CCPs 

(as shown in Figure 4.2). 

 

Figure 4.2. Crystal structure of CCP-6. Contraanions have been removed for clarity. 

Key: Fe: orange; C, black; N, blue; H, white. 

4.2.3. Density functional theory 

The initial geometries were modeled considering previous single crystal diffraction 

data obtained from CCP-2 and CCP-4, incorporating an additional phenyl ring (for 

CCP-6) or a tetrazine ring (for CCP-5-Cu-tz). Then the atomic positions and lattice 

parameters were optimized at the PBEsol level, including counterions for charge 

neutrality (Figure 4.3). FeII‒N coordination distances are predicted at 1.93 Å like 

crystal structures of CCP-2 and CCP-4, calculated at the same level and in good accord 

with previous experimental data. Significantly, the pore sizes using the extended btztp 

and btztzine ligands are increased, with metal center-to-center distances of ca. 20 Å, 

much larger than CCP-2 (11.4 Å) and CCP-4 (15.7 Å).  
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Figure 4.3. Minimum-energy crystal structure of different CCPs calculated at the 

PBEsol level of theory. Coordination MII − N distances are indicated in blue. BF4
– 

and ClO4
– counterions are omitted for clarity. 

Structural analysis confirms the formation of 1D chains where the metal centers are 

triply bridged by btztp/btztzine ligands, which coordinate in a syn-conformation. 
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The ligand arrangement causes the formation of discrete voids with a volume of 380 

Å3, significantly larger than those found in CCP-1 and CCP-2 (135 Å3), and CCP-3 

and CCP-4 (253 Å3). Each of these voids is partially occupied by MeCN molecules, as 

deduced from TGA measurements (see Figure 4.4). However, these molecules can be 

easily evacuated upon mild thermal treatment under a vacuum.  

 

Figure 4.4.  Thermogravimetric analysis (TGA) profile (blue) of washed CCP-6 at 

a heating rate of 5 ºC min–1 under a constant stream of N2 and DTA curve (red). 

Finally, theoretical calculations of newly reported CCPs evidence that the central 

phenyl ring in the btztp ligand, in CCP-6, is tilted ca. 27º out of the plane generated by 

the vicinal phenyl rings, whereas the tetrazine ring in CCP-5-Cu-tz remains coplanar 

concerning the vicinal phenyl rings, with an out-of-plane dihedral angle of < 5º. This 

structural difference may lead to changes in the gas sorption properties between btztp 

and btztzine-based CCPs. 

 

Figure 4.5. Calculated dihedral angles in the central ring of btztp and btztzine. 
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Table 4.1. Optimized lattice parameters (in Å) of the unit cell of the list of CCPs 

compared with the experimental values for CCP-2 and CCP-4.  

    a  b  c  𝜶  𝜷  𝜸  

CCP-2  optimized  10.46851  10.46939  22.70176  90.0242  89.9923  119.8729  

experimental   10.3668  10.3668  23.1504  90.0  90.0  120.0  

CCP-4  optimized  10.40702  10.39449  31.35371  89.9365  90.0466  120.0212  

experimental  10.2235  10.2235  31.903  90.0  90.0  120.0  

CCP-6  optimized  10.37685  10.37872  39.84793  89.7144  90.2948  119.9696  

CCP-6-

tz  

optimized  
10.34433  10.36795  39.26494  89.7690  90.4294  120.0889  

CCP-5-

Cu  

optimized  10.43815  10.47228  40.40503  89.7675  90.3241  120.5168  

CCP-5-

Cu-tz  

optimized  10.41632  10.42048  39.84789  89.7992  90.2581  119.8312  
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The calculated powder diffraction patterns of DFT crystal models are in good 

agreement with the experimental data (see Figure 4.6 for CCP-6, CCP-5, CCP-5-Cu 

and CCP-5-Cu-tz). 

 

Figure 4.6. X-ray powder patterns of polycrystalline powder of a) CCP-6 

experimental and calculated; b) CCP-5-Cu experimental and calculated; c) 

Comparison of CCP-6 with CCP-5; d) Comparison of CCP-5-Cu and CCP-5-Cu-

tz. 
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4.2.5. Gas sorption 

Compartmentalized Coordination Polymers have demonstrated the capacity of loading 

different gases in their internal voids, even though the crystal structures present no 

permanent channels. In this chapter, activated CCP-6 and CCP-5-Cu-tz are analyzed 

with CO2, N2 and CH4, assuming the same behavior as CCP’s family due to the 

isostructural nature. Gas sorption isotherms are performed at different temperatures, 

that is 283, 298, 313 and 333 K, although not all temperatures have been performed on 

all gases.  

Figure 4.6.a depicts the experimental sorption isotherms of CCP-6 for N2, CH4 and 

CO2 at 298 K, respectively, obtaining a loading capacity of 0.6, 1.7, and 2.2 molecules 

per void, at 10 bar, for each gas. As expected, the gas capacity of CCP-6 is increased 

with respect to the analogs CCP-2 and CCP-4 (see Table 4.2) obtained with the 

shortest bis-tetrazole ligands. The isotherms for carbon dioxide describe an abrupt and 

sharp profile. 

Table 4.2. Summary of molecules per void that can adsorbe CCPs. 

 CCP-2 CCP-4 CCP-6 

N2 0.4 0.5 0.6 

CH4 0.8 0.6 1.7 

CO2 1.2 2 2.2 

 

 



Selective CO2 Sorption using CCPs 

 171 

 

Figure 4.7. CO2, N2 and CH4 gas adsorption isotherms of: a) CCP-6; b) CCP-5-Cu; 

and c) CCP-5-tz at 298 K. Equilibrium conditions set to 600 s intervals, with a 

tolerance of 0.001 mg·min–1. 

It is observed that the incorporation of tetrazine group in the ligands in CCP-5-Cu-tz 

limits the adsorption capacity of the material (Figure 4.7.b), which is likely caused by 

the rigidity of the ligand. Thus, whereas in CCP-6 the three phenyl rings in btztp ligand 

facilitate the entering of the gas molecules, in CCP-5-Cu-tz, the planar btztzine ligand 

exhibits more restricted vibrations that hamper the diffusion of the gas molecules. 

Figure 4.7.c shows the adsorption capacity of CCP-5-Cu, close to CCP-6 but slightly 

lower. It demonstrated the best sorption material as CCP-6. 
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4.2.5.1. Kinetics profiles of single gas adsorption 

Even though the three gas molecules can physically fit in the void, as the kinetic 

diameters of CO2, N2 and CH4 are different (3.3, 3.64 and 3.8 Å, respectively), the lack 

of permanent channels enhances the role of the interaction between the gases and the 

framework for gas sorption. Analysis of the adsorption kinetic profiles for CO2, N2 and 

CH4, indicates that CO2 gas possesses the lowest threshold pressure as compared with 

CH4 and N2 (Figure 4.8) 

  

 

 

Figure 4.8. Isothermal (298 K) kinetic study in single gas adsorption (pressure vs. 

time). CCP-6 under: a) CO2 at 18 bar; b) CH4 at 18 bar; and c) N2 at 10 bar. 

Equilibrium conditions set to 600 s intervals, with a tolerance of 0.001 mg·min–1. 

The addition of the tetrazine group in the CCP structure results in kinetically slower 

adsorption (especially for carbon dioxide). The lack of rotation of the modified linker 

hinders the adsorption and difficult the separation process. Figure 4.9. contains CCP-

5-Cu-tz kinetic results. 
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Figure 4.9. Isothermal (298 K) kinetic study in single gas adsorption (pressure vs. 

time). CCP-5-Cu-tz under: a) CO2 at 18 bar; b) CH4 at 18 bar; and c) N2 at 10 bar. 

Equilibrium conditions set to 600 s intervals, with a tolerance of 0.001 mg·min-1. 

Furthermore, we measure the kinetics of CCP-5-Cu to corroborate the isostructurality 

between CCP-5-Cu and CCP-6. Values and kinetics from CCP-5-Cu are closer to 

CCP-6. However, adsorption is still slower for this third material (Figure 4.10). 
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Figure 4.10. Isothermal (298 K) kinetic study in single gas adsorption (pressure vs. 

time). CCP-5-Cu under: a) CO2 at 18 bar; b) CH4 at 18 bar; and c) N2 at 10 bar. 

Equilibrium conditions set to 600 s intervals, with a tolerance of 0.001 mg·min–1. 
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4.2.5.2. Isosteric heat of adsoprtion 

The heat of adsorption was calculated according to the Clasius-Clapeyron equation 

through the data extracted from the experimental isotherms at different temperatures: 

 

Figure 4.11. Gas adsorption isotherms of CO2 on CCP-6 at different temperatures. 

 

𝑞𝑠𝑡 = 𝑅 ∙ 𝑇2 ∙ [
𝛿(𝑙𝑛𝑃)

𝛿𝑇
]
𝑄=𝑐𝑡𝑒

= −𝑅 ∙ [
𝛿(𝑙𝑛𝑃)

𝛿(1 ∕ 𝑇)
]
𝑄=𝑐𝑡𝑒

 

 

Equation 4.1. Classius-Clapeyron equation used during the data analysis of the gas 

sorption isotherms. 

 

Figure 4.12. Isosteric heat of adsorption of CO2 on CCP-6. 
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4.2.6. Breakthrough 

Breakthrough measurements are helpful to study the real capacity of a material to 

separate a given gas from a mixture. Essentially, we have investigated the suitability 

of CCP-6 to separate CO2 from CO2:N2 and CO2:CH4 mixtures, which are relevant 

processes in industrial applications, as CO2 is an anthropogenic pollutant and a 

common contaminant in fuels. For this, CO2 has been diluted in three concentrations, 

namely 5 %, 20 %, 50 % (CO2:N2/CH4), maintaining the total flow at 15 ml inlet flow 

and the absolute pressure at 1 bar, and adding helium as a system tracer to validate the 

negligible adsorption of N2 and CH4. In addition, the role of the temperature in the 

separation capacity of this compartmentalized polymer has also been investigated, 

using three different temperatures for each dilution, namely 283, 298 and 323 K. Time 

zero was set with the first detection of helium, which was used as a trace ( 1 ml·min–1 

of He in the feed flow). 

Separation ratio (α) is defined as the inverse relationship between the adsorbed amounts 

from each gas, and the inlet flow composition. 

𝛼 =

𝑞𝑎𝑑𝑠,𝑔𝑎𝑠1
𝐹0,𝑔𝑎𝑠1
⁄

𝑞𝑎𝑑𝑠,𝑔𝑎𝑠2
𝐹0,𝑔𝑎𝑠2
⁄

        Eq 4.1 

Wheres qads is the quantity of gas adsorbed and F0 is the flow outlet. 
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Figure 4.13. Breakthrough exit flowrates (solid line, left axis) and CO2 accumulative 

adsorption (dash-dot line, right axis) vs. time for at 298 K and 1 bar, on CCP-6. Inlet 

composition corresponds to a dilution of CO2 (1:1): (a) in nitrogen, and (b) in 

methane. Time zero is set with the first detection of helium (tracer). 

  

Figure 4.14. Breakthrough exit flowrates (solid line, left axis) and CO2 accumulative 

adsorption (dash-dot line, right axis) vs. time for at 298 K and 1 bar, on CCP-6. Inlet 

composition corresponds to a 15 ml min-1 dilution of CO2 (1:3): (a) in nitrogen, and 

(b) in methane. Time zero is set with the first detection of helium (tracer). 
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Figure 4.15. Breakthrough exit flowrates (solid line, left axis) and CO2 accumulative 

adsorption (dash-dot line, right axis) vs. time for at 298 K and 1 bar, on CCP-6. Inlet 

composition corresponds to a 15 ml min-1 dilution of CO2 (1:5): (a) in nitrogen, and 

(b) in methane. Time zero is set with the first detection of helium (tracer).- 

  

Figure 4.16. Breakthrough exit flowrates (solid line, left axis) and CO2 accumulative 

adsorption (dash-dot line, right axis) vs. time for at 283 K and 1 bar, on CCP-6. Inlet 

composition corresponds to a 15 ml min-1 dilution of CO2 (1:3): (a) in nitrogen, and 

(b) in methane. Time zero is set with the first detection of helium (tracer). 
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Figure 4.17. Breakthrough exit flowrates (solid line, left axis) and CO2 accumulative 

adsorption (dash-dot line, right axis) vs. time for at 323 K and 1 bar, on CCP-6. Inlet 

composition corresponds to a 15 ml min-1 dilution of CO2 (1:3): (a) in nitrogen, and 

(b) in methane. Time zero is set with the first detection of helium (tracer). 

Figure 4.13 to 4.17 show the characteristic breakthrough curve for different dilution 

(16, 25 and 50 %) and different temperatures (283, 298 and 323 K) for each 

composition (CO2 and N2 or CO2 and CH4). Carbon dioxide break-time is remarkably 

more extensive than the helium and nitrogen/methane one, evidencing the selective 

adsorption of this valuable gas. When CO2 finally breaks through the column, the 

typical roll-up is observed for He and N2 (or CH4) profiles. The slightly lower amount 

of adsorbed CO2 in Figure 4.18.b is a consequence of CH4 adsorption, which contrasts 

with negligible N2 sorption, in good agreement with the single adsorption data. 
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Figure 4.18. Gas adsorbed amounts on CCP-6 determined from breakthrough 

profiles, at 1 bar (absolute pressure) for CO2:N2 (left) and CO2:CH4 

 

 

Figure 4.19. Gas adsorbed amounts on CCP-5-Cu-tz determined from breakthrough 

profiles, at 1 bar (absolute pressure) for CO2:N2 (left) and CO2:CH4 
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Figure 4.20. Gas adsorbed amounts on CCP-5 determined from breakthrough profiles, 

at 1 bar (absolute pressure) for CO2:N2 (left) and CO2:CH4 
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Table 4.3. Experimental selectivities () for CCP-6, calculated from the integration of the 

respective breakthrough curves (original and replica measurements). 

Exp. conditions CO2 adsorbed  

(ml g–1)  

 

N2 or CH4 adsorbed  

(ml g–1)  

 

Selectivity (α) 

 

283 K;   5% CO2 in N2 4.05 6.48 11.1 

283 K; 20% CO2 in N2 12.33 0.43 (+) 114.9 

283 K; 50% CO2 in N2 21.65 0.00 (+) >1000 

298 K;   5% CO2 in N2 2.74 7.47 6.5 

298 K; 20% CO2 in N2 8.82 2.08 16.9 

298 K; 50% CO2 in N2 16.22 0.00 (+) >1000 

323 K;    5% CO2 in N2 1.41 6.25 4.0 

323 K; 20% CO2 in N2 4.91 2.86 6.9 

323 K; 50% CO2 in N2 10.37 0.07 (+) 156.5 

    

283 K;   5% CO2 in CH4 4.27 8.16 9.3 

283 K; 20% CO2 in CH4 11.08 3.68 12.0 

283 K; 50% CO2 in CH4 20.05 0.00 (+) >1000 

298 K;   5% CO2 in CH4 2.72 11.86 4.1 

298 K; 20% CO2 in CH4 8.82 2.08 16.9 

298 K; 50% CO2 in CH4 16.22 0.98 (+) 16.6 

323 K;    5% CO2 in CH4 1.48 9.34 2.8 

323 K; 20% CO2 in CH4 4.56 5.78 3.2 

323 K; 50% CO2 in CH4 10.04 2.58 3.9 

    

    

Exp. conditions CO2 adsorbed  

(ml g–1)  

 

N2 or CH4 adsorbed  

(ml g–1)  

 

Selectivity (α) 

 

283 K;   5% CO2 in N2 4.29 6.53 11.7 

283 K; 20% CO2 in N2 12.74 2.19 23.3 

283 K; 50% CO2 in N2 21.4 0.00 (+) >1000 

298 K;   5% CO2 in N2 2.78 6.33 7.8 

298 K; 20% CO2 in N2 8.96 2.48 14.4 

298 K; 50% CO2 in N2 16.83 0.00 (+) >1000 

323 K;    5% CO2 in N2 1.44 7.58 3.4 

323 K; 20% CO2 in N2 5.01 5.71 3.5 

323 K; 50% CO2 in N2 11.54 0.73 (+) 15.8 

    

283 K;   5% CO2 in CH4 3.58 11.28 5.6 

283 K; 20% CO2 in CH4 12.23 5.14 9.5 

283 K; 50% CO2 in CH4 21.82 0.00 (+) >1000 

298 K;   5% CO2 in CH4 2.47 9.91 4.4 

298 K; 20% CO2 in CH4 8.76 8.46 4.1 

298 K; 50% CO2 in CH4 15.82 0.53 (+) 29.7 

323 K;    5% CO2 in CH4 1.34 11.38 2.1 

323 K; 20% CO2 in CH4 4.41 5.17 3.4 

323 K; 50% CO2 in CH4 11.02 4.05 2.7 
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Table 4.4. Experimental selectivities () for CCP-5-Cu-tz, calculated from the integration of the 

respective breakthrough curves (original and replica measurements). 

Exp. conditions CO2 adsorbed  

(ml g–1)  

 

N2 or CH4 adsorbed  

(ml g–1)  

 

Selectivity (α) 

 

283 K;   5% CO2 in N2 2.53 8.80 5.1 

283 K; 20% CO2 in N2 6.50 4.71 5.5 

283 K; 50% CO2 in N2 12.30 7.82 1.6 

298 K;   5% CO2 in N2 2.02 5.82 6.2 

298 K; 20% CO2 in N2 4.93 4.02 4.9 

298 K; 50% CO2 in N2 10.24 2.70 3.8 

323 K;    5% CO2 in N2 1.05 7.71 2.4 

323 K; 20% CO2 in N2 3.33 5.36 2.5 

323 K; 50% CO2 in N2 7.91 2.76 2.9 

    

283 K;   5% CO2 in CH4 1.88 8.73 3.8 

283 K; 20% CO2 in CH4 5.96 7.24 3.3 

283 K; 50% CO2 in CH4 10.47 3.05 3.4 

298 K;   5% CO2 in CH4 1.31 6.43 3.6 

298 K; 20% CO2 in CH4 4.03 5.58 2.9 

298 K; 50% CO2 in CH4 8.26 5.05 1.6 

323 K;    5% CO2 in CH4 1.13 6.03 3.3 

323 K; 20% CO2 in CH4 2.59 4.60 2.3 

323 K; 50% CO2 in CH4 6.08 2.51 2.4 

    

    

Exp. conditions CO2 adsorbed  

(ml g–1)  

 

N2 or CH4 adsorbed  

(ml g–1)  

 

Selectivity (α) 

 

283 K;   5% CO2 in N2 2.51 8.39 5.3 

283 K; 20% CO2 in N2 6.88 4.47 6.2 

283 K; 50% CO2 in N2 10.74 2.75 3.9 

298 K;   5% CO2 in N2 1.71 7.94 3.8 

298 K; 20% CO2 in N2 4.23 4.35 3.9 

298 K; 50% CO2 in N2 9.88 2.64 3.7 

323 K;    5% CO2 in N2 1.02 6.66 2.7 

323 K; 20% CO2 in N2 3.83 7.13 2.2 

323 K; 50% CO2 in N2 8.18 3.76 2.2 

    

283 K;   5% CO2 in CH4 1.96 8.31 4.2 

283 K; 20% CO2 in CH4 5.96 8.27 2.9 

283 K; 50% CO2 in CH4 10.24 1.33 7.7 

298 K;   5% CO2 in CH4 1.88 13.31 2.5 

298 K; 20% CO2 in CH4 5.19 7.78 2.7 

298 K; 50% CO2 in CH4 8.75 3.63 2.4 

323 K;    5% CO2 in CH4 0.75 5.48 2.4 

323 K; 20% CO2 in CH4 2.91 5.12 2.3 

323 K; 50% CO2 in CH4 8.03 4.27 1.9 
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 Table 4.5. Experimental selectivities ( ) for CCP-5-Cu, calculated from the integration of the 

respective breakthrough curves (original and replica measurements). 

Exp. conditions CO2 adsorbed  

(ml g–1)  

 

N2 or CH4 adsorbed  

(ml g–1)  

 

Selectivity (α) 

 

283 K;   5% CO2 in N2 4.18 10.77 6.9 

283 K; 20% CO2 in N2 11.94 3.04 15.7 

283 K; 50% CO2 in N2 22.47 0.56 (+) 40.5 

298 K;   5% CO2 in N2 2.82 9.55 5.2 

298 K; 20% CO2 in N2 9.57 7.29 5.3 

298 K; 50% CO2 in N2 15.67 0.00 (+) >1000 

323 K;    5% CO2 in N2 1.30 6.79 3.4 

323 K; 20% CO2 in N2 4.40 5.29 3.3 

323 K; 50% CO2 in N2 10.58 2.17 4.9 

    

283 K;   5% CO2 in CH4 3.50 13.66 4.6 

283 K; 20% CO2 in CH4 10.22 6.45 6.3 

283 K; 50% CO2 in CH4 20.67 2.48 8.4 

298 K;   5% CO2 in CH4 2.20 11.00 3.5 

298 K; 20% CO2 in CH4 8.07 9.82 3.3 

298 K; 50% CO2 in CH4 16.91 4.28 4.0 

323 K;    5% CO2 in CH4 1.21 9.52 2.3 

323 K; 20% CO2 in CH4 4.42 7.25 2.4 

323 K; 50% CO2 in CH4 9.41 3.56 2.6 

    

    

Exp. conditions CO2 adsorbed  

(ml g–1)  

 

N2 or CH4 adsorbed  

(ml g–1)  

 

Selectivity (α) 

 

283 K;   5% CO2 in N2 4.00 8.34 8.52 

283 K; 20% CO2 in N2 13.63 3.61 15.12 

283 K; 50% CO2 in N2 20.26 0.67 (+) 30.21 

298 K;   5% CO2 in N2 2.63 8.50 5.50 

298 K; 20% CO2 in N2 7.86 2.52 12.45 

298 K; 50% CO2 in N2 14.98 0.00 (+) >1000 

323 K;    5% CO2 in N2 1.42 9.31 2.71 

323 K; 20% CO2 in N2 5.03 6.42 3.13 

323 K; 50% CO2 in N2 10.94 2.86 3.82 

    

283 K;   5% CO2 in CH4 2.88 5.94 8.6 
283 K; 20% CO2 in CH4 10.49 7,.63 5.5 

283 K; 50% CO2 in CH4 17.64 3.98 4.4 

298 K;   5% CO2 in CH4 2.20 9.67 4.0 

298 K; 20% CO2 in CH4 7.87 9.01 3.5 

298 K; 50% CO2 in CH4 14.68 2.14 6.9 

323 K;    5% CO2 in CH4 1.41 6.71 1.6 
323 K; 20% CO2 in CH4 5.01 11.01 1.8 

323 K; 50% CO2 in CH4 11.03 4.76 2.3 
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4.2.7. Magnetism 

Magnetic studies were performed on polycrystalline samples of compounds CCP-5 

and CCP-6. The spin transition centered at 204 K, a temperature similar to the 

previously reported CCPs family. However, a more significant residual high-spin 

fraction (40 %) remains at low temperatures (Figure 4.21). The distance between 

adjacent Fe centers (20.4 Å for CCP-5/6 and 19.6 Å for CCP-5/6-tz) is more 

significant than that typically observed for cooperative spin-crossover phenomena, 

which agrees with the gradual thermal transition recorded in the magnetic 

measurements. 

  

Figure 4.21. Temperature dependence of the product of the magnetic susceptibility and 

temperature for CCP-5 and CCP-6. 

The spin transition abruptness of the complete CCP family is compared in Figure 4.22. 

As can be observed, the spin transition results abrupt for the smaller members of the 

family (CCP-2), is less abrupt when increasing the distance between the iron centers 

(CCP-4), and finally becomes much more gradual in CCP-6. The progressive loss in 

cooperativity can be therefore related to the more considerable distance between the 

Fe(II) centers. Nevertheless, it should be highlighted that despite the vast distance 

between the Fe(II) centers (20.4 Å), some degree of cooperativity is still observed. 
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Figure 4.22. Comparison between the magnetic susceptibility of CCP-2, CCP-4 and 

CCP-6. 

However, the inclusion of CO2 gas molecules does not cause any shift in the transition 

temperature of CCP-6, contrary to what is observed in CCP-2 and CCP-4. This is 

likely caused by the larger size of the void.  
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4.3. CONCLUSIONS 

In this chapter, the family of compartmentalized coordination polymers have been 

extended with the synthesis of two novel ligands, btztp and btztzine, which leads to 

four isoreticular materials to the previous ones:  CCP-5, CCP-5-Cu, CCP-5-Cu-tz 

and CCP-6. By chemical design of the organic ligands, it has been extended and 

functionalized, preserving the same coordination moieties of tetrazole rings and 

obtaining isostructural 1D chains that selectively separates CO2 from different gas 

mixtures. 

The prominent CCP-6, with formula [Fe(btztp)3](BF4)2, contains large discrete cavities 

of ca. 400 Å3, appropriate to allocate a larger amount of CO2 gas molecules than the 

previously reported CCPs. In order to demonstrate the remarkable selective sorption 

capacity of CCP-6, breakthrough experiments have been done, resulting in excellent 

selectivity values, thus being competitive with some molecular sieving zeolites, such 

as RHO. 

While the counter-ion exchange does not imply any significant effect in the adsorption 

behaviour of the CCP, changes in the flexibility on the linker (by the addition of 

tetrazine moieties instead of phenyl ring) can induce a loss in the separation efficiency 

of the adsorbent.  

The high selectivity of CCP-6 at high CO2 concentration and its facile regenerability 

denote that CCP-6 could find applicability in separation processes involving the 

purification of highly contaminated streams or as a first step in a multiplestage process, 

promoting its implementation in chemical engineering industry. 
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4.4. METHODS 

4.4.1. Synthesis of Organic Linkers 

All reagents and solvents were commercially available and used without further 

purification. Caution. Perchlorate salts are explosive (especially if they are dry) and 

should be handled with extreme caution. 

4.4.1.1. Synthesis btztp  

The ligand 4,4’’-bis((1H-tetrazol-1-yl)-1,1’:4,1’’-terphenyl (btztp) was synthetized 

following a five-step synthesis: 

Synthesis of tert-butyl (4-bromobenzyl)carbamate (1b). Di-tert-butyl dicarbonate 

(1.20 g, 5.4 mmol) was dissolved in isopropanol (15 mL) and added dropwise with 

dropping funnel to a solution of 4-bromobenzylamine (1.00 g, 5.37 mmol, 1a) in 

isopropyl alcohol (15 mL). After complete addition, the mixture was stirred overnight. 

The solvent was removed under reduced pressure to give a white solid (1.10 g, yield: 

92%). 1H-NMR (300 MHz, CDCl3):  = 7.46 (d, 2H), 7.17 (d, 2H), 4.84 (s, 1H), 4.27 

(d, 2H), 1.45 (s, 9H); 13C-NMR (300 MHz, DMSO):  = 155.76, 139.67, 131.08, 

129.16, 119.61, 77.90, 42.77, 28.21; MS (ES): m/z (%): 286.04(100) [M+H]+ 

Synthesis of 1,4-bis(5,5-dimethyl-1,3,2-dioxaborinan-2-yl) benzene (2b). A 

solution of boronic acid (1.60 g, 9.65 mmol, 2a) and p-TsOH·H2O (0.06 g, 0.31 mmol) 

with toluene (60 mL) was refluxed using a Dean-Stark trap to remove the water. After 

a few hours, neopentyl glycol (2.00 g, 19.20 mmol) was added and refluxed overnight. 

The insoluble solid was separated by filtration and washed with further toluene. Solvent 

was removed from the combined toluene fractions under rotatory evaporation. Then, 

Et2O (50 mL) was added and the resulting solution was washed with water (4 x 20 mL). 

The organic phase was dried over Na2SO4, the solvent was removed under reduced 

pressure to afford 0.70 g (2.31 mmol, 50% yield) of the title compound as a 

spectroscopically pure white solid. 1H-NMR (300 MHz, CDCl3):  = 7.78 (s, 4H), 3.77 

(s, 4H), 1.02 (s, 6H), 13C-NMR (300 MHz, DMSO): = 132.70, 71.37, 31.45, 31.45, 

21.30; MS (ES): m/z (%): 304.28 (100) [M+H]+ 
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Synthesis of di-tert-butyl([1,1':4',1''-terphenyl]-4,4''-diylbis (methylene)) 

dicarbamate (3). Under an argon atmosphere 1,4-bis(5,5-dimethyl-1,3,2-

dioxaborinan-2-yl) benzene (0.50 g, 1.66 mmol, 2b), tert-butyl (4-

bromobenzyl)carbamate  (1.22 g, 4.26 mmol, 1b), NaHCO3 (1.50 g, 17.85 mmol) and 

[Pd(PPh3)4] (0.19 g, 0.17 mmol) were dissolved in 60 mL of DMF and refluxed during 

5 days. After cooling to room temperature, the reaction mixture was diluted with petrol 

ether and the colorless precipitate was filtered off. The crude product was purified by 

column chromatography on silica gel (THF). 1H-NMR (300 MHz, DMSO):  = 7.75 

(s, 4H), 7.66 (d, 4H), 7.43 (t, 1H), 7.35 (d, 4H), 4.16 (d, 4 H), 1.41 (s, 9H); 13C-NMR 

(300 MHz, DMSO): = 127.58, 127.03, 126.42, 77.82, 28.27; MS (ES): m/z (%): 

489.27 (100) [M+H]+ 

Synthesis of [1,1':4',1''-terphenyl]-4,4''-diyldimethanamine (4). 10 mL of trifluoro 

acetic acid were added dropwise to a suspension of compound 3 (0.30 g, 0.61 mmol) 

with CH2Cl2-MeOH and at 0 °C. The reaction mixture was allowed to warm to room 

temperature and was then stirred overnight. The solution was alkalinized by dropwise 

addition of concentrated aqueous NaOH, resulting in a bulky light-yellow precipitate. 

The crude product was collected by filtration and was washed repeatedly with water 

and CH2Cl2 to obtain 0.13 g (0.46 mmol, 70% yield) of title white product. 1H-NMR 

(300 MHz, DMSO):  = 8.31 (s, 4H), 7.80 (s, 4H), 7.77 (d, 4H), 7.57 (t, 1H), 4.10 (s, 

4 H); 13C-NMR (300 MHz, DMSO): = 287.14 (100) [M+H]+ 

Synthesis of 4,4''-bis((1H-tetrazol-1-yl)methyl)-1,1':4',1''-terphenyl (5). A mixture 

of compound 4 (0.19 g, 0.66 mmol), sodium azide (0.85 g, 1.35 mmol) and triethyl 

orthoformate (2 mL, 9.6 mmol) was dissolved in 6 mL of acetic acid and heated at 90 

°C for 5 days. After cooling to room temperature, the solvent was evaporated and the 

solid was washed with methanol and dried under vacuum to afford 0.25 g of white solid 

(0.63 mmol, 70% yield). 1H-NMR (300 MHz, DMSO):  = 9.57 (s, 2H), 7.77 (s, 4H), 

7.74 (d, 4H), 7.47 (d, 4H), 5.78 (s, 4 H); 13C-NMR (300 MHz, DMSO): =144.09, 

139.64, 138.66, 134.12, 128.87, 127.26, 127.08, 50.47; MS (ES): m/z (%): 395.17(100) 

[M+H]+ 
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Figure 4.16. 1H NMR spectrum (300 MHz, DMSO-d6) of the ligand 4,4''-bis((1H-

tetrazol-1-yl)methyl)-1,1':4',1''-terphenyl (btztp in the main text, compound 5 in 

Scheme 2.2). 

 

Figure 4.17. 13C NMR spectrum (300 MHz, DMSO-d6) of the ligand 4,4''-bis((1H-

tetrazol-1-yl)methyl)-1,1':4',1''-terphenyl (btztp in the main text, compound 5 in 

Scheme 2.2). 
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4.4.1.2. Synthesis btztzine 

The ligand ((1,2,4,5-tetrazine-3,6-diyl)bis(4,1-phenylene))dimethanamine was 

prepared in two steps.  

Synthesis of  ((1,2,4,5-tetrazine-3,6-diyl)bis(4,1-phenylene)) dimethanamine (7). 

Hydrazine hydrate (5.28 ml, 106.57 mmol) was dropwise added to a soution of 4-

(aminomethyl)benzonitrile (1.22 g, 4.26 mmol, 6) and N-acetyl-L-cysteine (1.50 g, 

17.85 mmol) in 50 mL of MeOH and stirred at room temperature during 5 days under 

Ar atmosphere. Then, the yellowish solid in suspension was collected by filtration, 

washed with methanol (40 ml), resuspended in MeOH (50 ml) and kept under stirring 

in an open round-bottomed flask at room temperature 72 h. The purple solid was 

collected by filtration, washed with methanol (40 ml) and dried under vacuum to afford 

3.11 g (9.64 mmol, 70 % yield) of title compound as a spectroscopically pure purple 

solid. 1H-NMR (300 MHz, DMSO):  = 8.53 (d, 4H), 7.73 (d, 4H), 4.04 (s, 4 H); 13C-

NMR (300 MHz, DMSO): =163.21, 143.97, 130.85, 128.94, 127.56, 43.67. 

 

Figure 4.18. 1H NMR spectrum (300 MHz, DMSO-d6) of the ligand ((1,2,4,5-

tetrazine-3,6-diyl)bis(4,1-phenylene))dimethanamine (compound 7 in Scheme 2.3). 
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Figure 4.19. 13C NMR spectrum (300 MHz, DMSO-d6) of the ligand ((1,2,4,5-

tetrazine-3,6-diyl)bis(4,1-phenylene))dimethanamine compound 7 in Scheme 2.3). 

Synthesis of ((1,2,4,5-tetrazine-3,6-diyl)bis(4,1-phenylene)) dimethanamine (8). A 

mixture of compound 7 (0.19 g, 0.66 mmol), sodium azide (0.85 g, 1.35 mmol) and 

triethyl orthoformate (2 mL, 9.6 mmol) was dissolved in 6 mL of acetic acid and heated 

at 90 °C for 5 days. After cooling to room temperature, the solvent was evaporated and 

the solid was washed with methanol and dried under vacuum to afford 0.25 g of purple 

solid (0.63 mmol, 70 % yield). 1H-NMR (300 MHz, DMSO):  = 9.61 (s, 2H), 8.56 (s, 

4H), 7.62 (d, 4H), 5.90 (s, 4 H); 13C-NMR (300 MHz, DMSO): =144.09, 139.64, 

138.66, 134.12, 128.87, 127.26, 127.08, 50.47; MS (ES): m/z (%): 397.1(100) [M+H]+ 
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Figure 4.20. 1H NMR spectrum (300 MHz, DMSO-d6) of the ligand ((1,2,4,5-

tetrazine-3,6-diyl)bis(4,1-phenylene))dimethanamine (btztzine in the main text, 

compound 8 in Scheme 2.3). 

 

Figure 4.21. 13C NMR spectrum (300 MHz, DMSO-d6) of the ligand ((1,2,4,5-

tetrazine-3,6-diyl)bis(4,1-phenylene))dimethanamine (btztzine in the main text, 

compound 8 in Scheme 2.3). 
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Synthesis of [Fe(btztp)3](ClO4)2 (CCP-5). Fe(ClO4)2·xH2O (12 mg, 0.03 mmol) was 

dissolved in 6 mL of MeCN  and btztp (20 mg, 0.05 mmol) was added. A white 

precipitate appeared after a few days. The solid was filtered and washed with MeCN. 

Phase purity was established by X-ray powder diffraction (vide supra).Yield 70%. 

Synthesis of [Cu(btztp)3](ClO4)2 (CCP-5-Cu). Cu(ClO4)2·xH2O (12 mg, 0.03 mmol) 

was dissolved in 6 mL of MeCN and btztp (20 mg, 0.05 mmol) was added. A pale 

green precipitate appeared after a few days. The solid were filtered and washed with 

MeCN. Phase purity was established by X-ray powder diffraction (vide supra).Yield 

85 %. 

Synthesis of [Cu(btztzine)3](ClO4)2 (CCP-5-Cu-tz). A solution of Cu(ClO4)2·xH2O 

(12 mg, 0.03 mmol) in 6 mL of MeCN was added into a suspension of btztzine (20 mg, 

0.05 mmol) in 6 mL of MeCN. A purple crystalline precipitate appeared after a few 

days. The purple powder was filtered and washed with MeCN. Phase purity was 

established by X-ray powder diffraction (vide supra). Yield 75%. 

Synthesis of [Fe(btztp)3](BF4)2 (CCP-6). A solution of Fe(BF4)2xH2O (12 mg, 0.03 

mmol) in 6 mL of MeCN was added into a suspension of btztp (20 mg, 0.05 mmol). A 

white precipitate appeared after a few days. The solid weas filtered and washed with 

MeCN. Phase purity was established by X-ray powder diffraction (vide supra). Yield 

75%. 
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4.4.2. Structural characterization 

4.4.2.1. Density Functional Theory to model the structure 

The minimum-energy geometry of CCP-2, CCP-4, CCP-6, CCP-5-tz and CCP-5-

Cu-tz were obtained upon complete ion and lattice relaxation under periodic boundary 

conditions using the FHI-AIMS program package.39,40,41 The initial geometry of 

CCP-6 was extracted from the X-ray crystal of parent CCP-2 and CCP-4. BF4
‒ or 

ClO4
‒ counterions were added for charge neutrality. The unit cell for CCP-2, CCP-4, 

CCP-6/CCP-5-Cu and CCP-5-Cu-tz contained 190, 250, 310 and 286 atoms in total, 

respectively, and the low-spin state was calculated in all cases. The revised semi-local 

Perdew-Burke-Ernzerhof GGA PBEsol functional was used throughout. The 

recommended level of scalar relativity “atomic ZORA” approximation in FHI-AIMS 

was employed according to Ref. 42. The following convergence criteria for the self-

consistency cycle were applied: charge density 10-4, sum of eigenvalues 1E-2, and total 

energy 1E-5. For the geometry relaxation, the trust radius method enhanced version of 

the Broyden-Fletcher-Goldfarb-Shanno (BFGS) optimization algorithm was 

employed,43 with an energy tolerance of 1E-3 and a maximum residual force 

component per atom of 1E-2. All lattice vector degrees of freedom were relaxed. The 

minimum-energy structure calculated for CCP-2/4/6 and CCP-5-Cu-tz are shown in 

Figure 4.3. Optimized lattice parameters of all CCPs are summarized in Table 4.1. 

4.4.2.2. X-ray powder diffraction, phase purity 

Polycrystalline samples of CCP-5, CCP-5-Cu, CCP-5-tzine and CCP-6 were lightly 

ground in an agate mortar and pestle and filled into 0.5 mm borosilicate capillaries 

before being mounted and aligned on an Empyrean PANalytical powder diffractometer 

using Cu K radiation (  = 1.54056 Å). For each sample, two repeated measurements 

were collected at room temperature (2 = 2-60°) and merged into a single 

diffractogram. 

4.4.2.3. Gas sorption isotherms 

High-pressure adsorption isotherms of CO2, CH4 and N2 were measured at different 

temperatures ranging from 283 to 333 K in an IGA-001 gravimetric single component 

gas sorption analyzer (Hiden Isochema) using approximately 50 mg of sample. Before 

each adsorption experiment, the sample was outgassed at 423 K under vacuum (10–5 

Pa) for two hours. The sample was then cooled down, still under high vacuum, to the 
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target temperature that was controlled using a recirculating thermostatic bath. 

Equilibrium conditions corresponded to 600 s. interval, and 0.001 mg·min-1 tolerance. 

The heat of adsorption was calculated according to the Classius-Clapeyron equation 

through the data extracted from the experimental isotherms at different temperatures. 

4.4.2.4. Breakthrough setup 

An ABR (HIDEN Isochema) automated breakthrough analyzer setup based on a 

packed adsorption column was used to determine the adsorption dynamics of pure 

gases and mixtures. Pressure, temperature and inlet composition can be controlled and 

tuned for each experiment, and the outlet composition is analyzed by an integrated 

mass spectrometer (HPR-20 QIC). The fixed-bed column was filled with 311 mg of 

CCP-6, 263 mg of CCP-5-Cu-tz, and 234 mg of CCP-5-Cu, for each measurement. 

Before each measurement, the sample was regenerated at atmospheric temperature and 

pressure, in 40 mL·min–1 Ar flow for 20 minutes. Operation conditions ranged 283-

323 K at 1 bar. The inlet mixture consisted of carbon dioxide diluted in N2 or CH4 (5 

%, 20 %, 50 %). Time zero was set with the first detection of helium, which was used 

as a trace (1 mL·min–1 of He in the feed flow).  

4.4.2.5 Magnetic measurements 

Magnetic susceptibility measurements were carried out on single-phase polycrystalline 

samples of CCP-5 and CCP-6 with a Quantum Design MPMS-XL-5 SQUID 

susceptometer. The susceptibility data were all collected at 1 K·min–1 with an applied 

field of 0.1 T.  
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5.1 INTRODUCTION 

In recent days, Mixed-Metal Metal-Organic Frameworks (MM-MOFs) have been 

considered as next generation catalysts due to the possibility to blend different 

properties of metal ions in their structure, or even their own synergism.1 Chen and co-

workers define MM-MOFs as those with two metals in any place of the structure and 

proposed the metalloligand approach as the most promising one to prepare this type of 

materials.2 

In addition, Pd(II) complexes are nowadays widely used as homogeneous catalysts in 

many important reactions such as hydrogenation,3 coupling reaction (both carbon-

carbon and carbon-heteroatom),4 and photohydrogen production,5 among others. 

However, given the huge cost and limited availability of palladium, the search of novel 

heterogeneous catalysts which can be recycled is currently on research.6,7 Therefore, 

MOFs based on palladium (Pd-MOFs) are good candidates as heterogeneous catalysts. 

Pd-MOFs provide a good dispersion of the exposed Pd atoms within the framework, 

can stabilize reaction intermediates,8 and can increase the catalytic activity.9  

The incorporation of Pd atoms into MOFs has been typically achieved through post-

synthetic approaches, i.e. in a two-step procedure after forming the MOF.10,11 The most 

common route consists of the encapsulation of Pd nanoparticles in the pores of the 

MOFs (Figure 5.1a), yielding stable and disperse Pd nanoparticles and avoiding their 

aggregation and growth,12,13 but with the limitation of collapsing the channels and voids 

of the MOF.  

An alternative approach is the use of organic ligands with anchoring groups suitable 

for the coordination of metal complexes (Figure 5.1b),14 which has also proven 

successful for COFs;15 this can also lead to the formation of subnanometer clusters with 

superior catalytic performances in comparison with standard Pd catalysts;16,17 but still 

a reduction of the porosity is obtained due to the bulky organic complexes, reducing 

the accessibility to the palladium centres, and also increasing the leaching. 

More recently, the incorporation of Pd as metal nodes has also been demonstrated to 

figure out these problems (Figure 5.1c). The synthesis can be done by direct synthesis18 

or by transmetallation.19 However, although this type of Pd-MOFs present abundant 

exposed Pd(II) sites, the stability of the framework is compromised during the 
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catalysis. All these issues can be circumvented by the direct synthesis of a Pd-MOF, 

i.e. a MOF in which the Pd atoms form part of the framework (Figure 5.1d). With this 

approach, a more uniform distribution of the Pd centres along the material should thus 

be obtained, with no blockage of the pores and also reducing the instability of the 

framework caused by the change in the coordination sphere during catalytic cycles. 

However, this has rarely been achieved through the conventional synthetic 

methodologies, due to the tendency of Pd(II) to be reduced under these conditions, 

except for metalloligands where the Pd(II) centres are very inert, and thus, not useful 

in catalysis. 

 

 

Figure 5.1. Catalytically active palladium centres can be incorporated in a MOF 

structure blocking the pores by: a) nanoparticle encapsulation; b) functionalization 

of the ligand; or with accessible pores, using: c) palladium nodes and d) palladium 

metalloligand. 

This chapter describes the synthesis and characterization of a two novel MM-MOFs 

composed by palladium(II) complex and iron(III) trimer. These compounds present 
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different crystalline structure that are described in the first section for MUV-22, and in 

the second section for MUV-23. 

5.2 RESULTS AND DISCUSSION 

The possibility of synthetizing MM-MOFs is principally by solvothermal reaction or 

post-synthetic modification. These methodologies involve huge quantities of solvents 

(mainly noxious and environmentally unacceptable). In this context, we wanted to 

contribute to the field with the development of the solvent-assisted synthesis that 

employ small amount of solvent. With this approach, we have prepared two different 

Pd-Fe MOFs, denoted MUV-22 and MUV-23, that present different topologies and 

porosity. 

5.2.1. MUV-22 

3.2.1.1 Synthesis and characterization of MUV-22. 

First, the synthesis of the palladium metalloligand PdCl2(H2PDC)2 (H4L, where H2PDC 

= pyridine-3,5 dicarboxylic acid) was conducted from Pd(PhCN)2Cl2 and pyridine-3,5-

dicarboxylic acid.20 Then, solvent-assisted reaction of the preformed palladium 

metalloligand, H4L, with the corresponding commercial cluster 

[Fe33O(O2CCH3)6](ClO4) and acetic acid afforded MUV-22 as pure phase. As pointed 

before, this reaction was performed in the absence of larger amount of solvent, 

analogous to the synthesis of the elusive Fe(II) analogue of ZIF-8,21 but with the 

presence of only a small amount of acetic acid. The common routes (i.e. solvothermal 

methods with large amount of solvent) are not compatible with the synthesis of MUV-

22, so we developed a compatible synthetic route, using solvent analogous to the 

solvent-assisted mechanochemical approach. The physical mixture of reactants was 

ground to homogenize, sealed under vacuum in an ampoule after adding 20 microliters 

of acetic acid, and heated at 170 ºC for 72 h, resulting in the formation of red cubic 

crystals (see Figure 5.2) of formula [Fe3O(L)1.5(H2O)2Cl]•n (denoted MUV-22). 
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Figure 5.2. SEM images of MUV-22 showing the cubic morphology. 

The use of a small amount of acetic acid is essential for the exclusive formation of 

MUV-22. A larger amount of acetic acid yields a mixture of phases, with the formation 

of a polymorph of MUV-22 (which is described in more detail in Chapter 5.2.2). Very 

recently, Horike et al. have published the requirement of using co-crystals to use 

carboxylic acids in solvent-free synthesis,22 although we show here an alternative route 

through the use of a minor amount of solvent. 

The good quality of the crystals permitted crystal structure determination by single-

crystal X-ray diffraction (Figure 5.3.). The structure is isostructural to MIL-12723 an 

indium analogue MOF,24 crystallizing in the space group P4332, with unit cell 

parameters of a = b = c = 22.1118 Å (Table 5.1.). Structure solution reveals the 

presence of 6-connected trimeric [Fe3(3-O)(COO)6] SBUs and tetratopic 

PdCl2(PDC)2
4– metalloligands. Thus, each Fe3O(COO)6 unit acts as a six-connected 

node, whereas the metalloligands act as a four-connected node, resulting in the 

construction of a (4,6)-connected structure with the augmented soc network.  
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The Pd metalloligands are located at the faces of a cube and connect the eight corners 

occupied by Fe3O trimers, each of which can be considered as a 6-c node with a trigonal 

prismatic geometry. Each metalloligand is composed by one palladium center 

coordinated by two Cl– (disordered over two positions) and two pyridine moieties. 

The net is composed by a periodic arrangement of one kind of cage with a diameter of 

10 Å (yellow ball, Figure 5.3.) and two different channels with approximate diameter 

of 6-7 Å (pink and blue balls in Figure 5.3.).  

The chemical identity of MUV-22 was confirmed by inductively coupled plasma mass 

spectrometry (ICP-MS). The amounts of Fe and Pd are 35.6±0.9 (mg/g) and 37.6±0.4 

(mg/g), respectively, which indicates the presence of 1.8 Fe per 1 Pd (calc. ratio 2:1). 

  

 

Figure 5.3. Synthetic route to form MUV-22 single crystals. 
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Table 5.1. Single crystal X-ray diffraction data collection and refinement details for 

MUV-22. 

Identification code MUV-22 

Empirical formula C42H40Cl6Fe6N6O38Pd3 

Formula weight 2103.81 

Temperature/K 119.6(8) 

Crystal system cubic 

Space group Pm-3n 

a/Å 22.1165(4) 

b/Å 22.1165(4) 

c/Å 22.1165(4) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 10818.1(6) 

Z 4 

ρcalcg/cm3 1.292 

μ/mm-1 1.477 

F(000) 4136.0 

Crystal size/mm3 0.03 × 0.02 × 0.02 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 6.642 to 33.03 

Index ranges -17 ≤ h ≤ 17, -17 ≤ k ≤ 17, -17 ≤ l ≤ 17 

Reflections collected 54934 

Independent reflections 544 [Rint = 0.2715, Rsigma = 0.0304] 

Data/restraints/parameters 544/1/68 

Goodness-of-fit on F2 1.050 

Final R indexes [I>=2σ (I)] R1 = 0.0491, wR2 = 0.1274 

Final R indexes [all data] R1 = 0.0597, wR2 = 0.1342 

Largest diff. peak/hole / e Å-3 0.52/-0.39 
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Figure 5.4. PXRD patterns of simulated and as-synthetized MUV-22. 

The high crystallinity and phase purity of the sample was confirmed by PXRD (Figure 

5.4.). The bulk material was exhaustively washed with a large amount of EtOH, 

immersed in the solvent overnight to remove any unreacted starting materials and the 

acetic acid, and finally, heated at 120 ºC under vacuum overnight.  

 

Figure 5.5. FT-IR of washed MUV-22 (purple) and PdCl2(H2PDC)2 (orange). There 

is no free ligand observed in the MOF. 
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The infrared (IR) spectra of the powder confirmed the absence of any unreacted started 

material. The peaks of free acid at 1718 and 1745 cm–1 disappeared and instead 

appeared strong peaks indicating the coordinated carboxylate around 1400 and 1640 

cm–1. The peaks at 1640, 1390, 627 and 480 cm–1 in infrared spectra indicate the 

Fe3O(COO)6(H2O)3 moieties (Figure 5.5.). 

X-ray photoelectron spectroscopy (XPS) was measured to confirm the oxidation state 

of the palladium ions in MUV-22 (Figure 5.6.), with binding energies representative 

of Pd(II) (Pd 3d5/2 is 337.9 eV and Pd 3d3/2 is 343.6 eV).25 Importantly, no Pd(0) was 

observed, confirming the successful synthetic approach avoiding the formation of 

Pd(0) nanoparticles. 

 

Figure 5.6. XPS spectra of MUV-22 showing the absence of Pd(0). 

5.2.1.2 Gas sorption studies 

The porous nature of MUV-22 was assessed by N2 sorption at 77 K. Activation of 

MUV-22 was successfully achieved by treating the washed material at 120 ºC 

overnight. Figure 5.7. displays the N2 adsorption isotherm, with typical type I isotherm 

with a plateau at 180 cm3g1.  

The obtained accessible surface area was calculated using the Brunauer-Emmett-Teller 

(BET) model, giving a value of 710 m2·g–1 which is comparable with the reported 
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values of the In analogue MOF (795 m2·g–1),24 and a pore volume of 0.323 cm3·g–1. 

The pore size distribution was calculated using the corrected Horvath-Kawazoe 

method,26 exposing a narrow distribution of microporosity (4.6-5.39) Å with maximum 

peak at 4.85 Å.  

 

Figure 5.7. N2 gas adsorption and desorption isotherms of MUV-22 at low-pressure. 

The excellent results on surface area made us to study the sorption capacity with other 

gases. CO2 and CH4 sorption isotherms were studied, showing a maximum total uptake 

of 7.2 and 4.8 mmol·g–1 at 18 bar, respectively (Figure 5.8). 

  

Figure 5.8. CO2 and CH4 gas adsorption isotherms of MUV-22 at high-pressure. 
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The isosteric heat of adsorption (Qst) is found to be 22.62 kJ·mol–1 (for CO2) and 15.11 

kJ·mol–1 (for CH4), indicating a higher affinity of MUV-22 for carbon dioxide (Figure 

5.9). 

  

  

Figure 5.9. Isosteric heat of adsorption of CO2 and CH4 on MUV-22. 

Importantly, the crystallinity of MUV-22 remains intact after all the gas sorption 

measurements, as corroborated by PXRD (see Figure 5.9). 

 
Figure 5.9. PXRD of MUV-22 before and after sorption measurements. 
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5.2.1.3 Stability tests of MUV-22 

5.2.1.3.1 Thermal stability 

The thermal stability of washed MUV-22 was inspected using Thermogravimetric 

Analysis (Fig 5.10.a). The initial loss of 20 %, between 25 and 50 ºC, corresponds to 

the evaporation of solvent molecules. In the range 200-300 ºC, a 4 % decrease was 

observed corresponding to coordinated-water loss (calculated for 3 H2O = 2.5 %). Over 

310 ºC, the MOF decomposes as result of breaking of the metalloligand, as seen in the 

TGA of the free ligand (Fig 5.10.b). Upon heating up to 900 ºC, 33 % of residue was 

remained, which is consistent with the formation of Fe2O3 and Pd. 

 
Figure 5.10. Thermogravimetric analysis of a) PdCl2(H2PDC)2 and b) MUV-22 

using heating rate of 5 ºC/min under air flow. The red line is the derivative of weight 

loss with temperature. 

5.2.1.3.2 Chemical stability 

To examine the chemical stability of MUV-22, it was immersed for 24 h in different 

aqueous solutions with pH values ranging from 2 to 11 and in several organic solvents 

(chloroform, methanol, DMF, acetone, toluene and dioxane). The PXRD for the 

recovered materials reveal that the crystallinity is maintained under these conditions 

(Figure 5.11a and 5.11.c), in sharp contrast to the indium analogue, which is unstable 

both in organic solvents and H2O.24 Additionally, the porosity of the treated material 

was also studied by N2 adsorption isotherm at 77 K, showing no significant reduction 

of the sorption capacity (Figure 5.11b). 
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Figure 5.11. Stability study of MUV-22: a) PXRD pattern after different treatments; 

b) N2 isotherms at 77 K after different treatments; c) PXRD pattern after different 

organic solvents; d) Thermogravimetric analysis after different pH treatments. 
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Figure 5.12. 1H NMR after immersing MUV-22 in: a) toluene and dioxane; and b) 

different buffered aqueous solutions. No trace of the ligand is observed until pH 13, 

where some signals in the aromatic region can be observed, likely due to 

decomposition of the metalloligand. 
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Thermal stability was of MUV-22 after immersing in pH 2, 7 and 11 was inspected 

using Thermogravimetric Analysis (Figure 5.11.d). The behavior is the same as the as-

synthetized washed MUV-22 (Figure 5.10.b), thus discarding the formation of defects. 

Finally, the possible dissolution of the MOF was investigated with 1H NMR 

spectroscopy by analyzing the presence of organic ligand after 24 h immersion of 

MUV-22 in deuterated dioxane, toluene and different pH solutions. As shown in Figure 

5.12, no signal of the pyridine-3,5-dicarboxylic acid could be detected. 

5.2.1.4 Catalytic activity 

Given the high chemical stability of MUV-22, its porous nature, and the easy 

accessibility to the Pd(II) centers, we investigated its catalytic activity in allylic 

alkylation reactions. This section was done in collaboration with the group of Prof. 

Martín Fañanás-Mastral from CiCUS-USC (Centro Singular de Investigación en 

Química Biolóxica e Materiais Moleculares-Universidad de Santiago de Compostela). 

Pd-catalyzed allylic alkylation represents a highly versatile tools in chemical synthesis 

and has been used in the preparation of many natural products and biologically active 

compounds.27 Although it has been extremely useful for the construction of C–C bonds 

using several organometallic reagents such as organoaluminum or Grignard reagents,28 

even the Pd-catalyzed allylation of alkylboron compounds has been rarely reported.29  
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Catalysis of allylation of C(sp3) nucleophile 

The catalytic activity of MUV-22 was studied in the reaction between cinnamyl 

bromide and methylboronic acid pinacol ester, a typically reluctant reagent in cross-

coupling reactions. After screening of several reaction parameters (temperature and 

solvents, leaving groups and additives), we found that MUV-22 efficiently promotes 

the reaction in the presence of Cs2CO3 and KF in toluene at 90 ºC (Table 5.2.). 

Moreover, a screening of additives was done to obtain the best yields and conversions 

with the quantity of equivalents, being the best equivalent of methylboronic acid 

pinacol ester and cinnamyl bromide (2:1) (see Table 5.3.). 

Table 5.2. Solvent and temperature screening. 

 

Entry Solvent/T Conversion A (%) Colour 

1 1,4-Dioxane/60 ºC 47 8 Beige 

2 1,4-Dioxane/90 ºC 96 23 Beige 

3 1,4-Dioxane/120 ºC 100 32 Dark brown 

4 Toluene/90 ºC 96 58 Beige 

5 Toluene/150 ºC 100 30 Black 
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Table 5.3. Screening of additives 

 

Entry x equiv y equiv Conversion  (%) A (%) 

1 2 1 100 58 

2 2 0 100 45 

3 0 1 3 - 

4 2 0,5 100 40 

5 1 1 55 41 

6 1 0 49 33 

7 3 0 100 44 
 

 

Table 5.4. Screening of additives. 

 

Entry Cat (x mol%) Conversion 

(%) 

A yield (%) 

1 MUV-22 (2,5 %) Full 58 

2 - 3 - 

3 Pd(OAc)2 (10%) Full 20 

4 Pd(OH)2/C (2,5%) Full 43 

5 PdCl2(H2PDC)2 (2,5%) Full 42 

6 Fe3O(OAc)6(ClO4) (1,7%) 87 18 

7 PdCl2(H2PDC)2 (2,5%) 

Fe3O(OAc)6(ClO4) (1,7%) 

Full 41 
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Under these conditions, (E)-1-phenyl-1-butene (A) was cleanly formed in 58 % yield 

(moderate yield is likely due to volatility of the product). Importantly, product A was 

not formed in the absence of MUV-22 (table 5.3. entry 2). 

In addition, MUV-22 shows better catalytic performance than homogeneous Pd(OAc)2 

or heterogeneous Pd(OH)2/C, as shown in entries 3 and 4 (Table 5.4). To check a 

possible cooperative bimetallic effect in MUV-22 in which the Fe atom might activate 

the allylic substrate via Lewis acid catalysis, we carried out several control experiments 

using the corresponding Pd and Fe monomers and a combination of both (entries 5-7). 

The reaction took place in the presence of Pd monomer, although A was obtained in a 

diminished yield (entry 5). The Fe monomers also showed some catalytic activity, but 

the coupling product was formed in a much lower yield (entry 6).  Interestingly, 

combination of both monomers led to a similar result than the one obtained for the Pd 

monomer, providing the coupling product in lower yield than the one obtained with 

MUV-22 (entry 7). Although bimetallic catalysis cannot be discarded at this point, 

these results suggest that the superior catalytic activity of MUV-22 might be due to a 

structural confinement effect. 

Reusable catalyst 

Recycling experiments of MUV-22 were run according to general procedure A. After 

each cycle, substrates and additives (initial amount) were added again over the solid 

recovered from the previous reaction. 
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Table 5.5. Screening of additives. 

 

Reaction number Conversion (%) A yield (%) 

1 96 58 

2 95 57 

3 95l 55 

4 96l 46 

5 93 47 
 

Recycling experiments of MUV-22 showed that the MOF still had a remarkable 

catalytic efficiency after 5 cycles (Figure 5.14).  

 

Figure 5.14. Reusability of MUV-22 
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5.2.1.5. Stability after catalysis 

After the use of MUV-22 in catalytic reaction, the resultant material denoted MUV-

22-PC, was rigorously studied to confirm the stability of the MOF, including XRPD 

(to check the crystallinity), XPS (to check the oxidation state of the Pd centres), SEM 

(to examine the Pd, Fe, Cl content), and gas sorption (to check the porosity). 

First, the MOF was recovered using a buffer solution of HOAc/NaAc. PXRD studies 

revealed that crystallinity of the MOF is maintained in the recovered catalyst (Figure 

5.15). 

 

Figure 5.15. XRPD after catalysis of MUV-22 

XPS has been performed to gain a detailed insight about possible change in the valence 

state and chemical composition of MUV-22 after catalysis. Two peaks corresponding 

to Pd(II) are observed, as before the catalysis (Figure 5.16.a), with complete absence 

of any Pd(0), thus discarding the possible formation of pd nanoparticles. Interestingly, 

the full spectrum of MUV-22-PC (shown in Figure 5.16.b-c) shows the exchange 

between the chloride ligands by fluoride ligands that was produced upon its use as 

catalyst. 
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Figure 5.16. XPS of MUV-22 before catalysis (dark purple) and post-catalysis (light 

purple). Full scpectrum of XPS showing the exchange between chlorine and fluorine 

atoms: a) before catalysis; b) post-catalysis. 
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Figure 5.17. EDS analysis of: a) MUV-22-PC showing fluorine exchange with 

chlorine; b) Mixing MUV-22 with KF in toluene at 90 ºC. 

Additional experiments included EDS analysis, performed to gain detail of the 

quantities of Fe:Pd:Cl at the surface of MUV-22 after catalysis (Figure 5.17.a). The 

ratio between Pd and Fe is maintained to 1.0:2.0. However, the peak corresponding to 

Cl disappears, with appearance of an additional peak corresponding to F, in agreement 

with XPS results (Figure 5.16). 

Interestingly, mixing of MUV-22 with KF in toluene at 90 ºC did not result in such 

process (Figure 5.17.b). These results suggest that this Cl/F ligand exchange might 
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occur in some of the Pd intermediates that are generated during the catalytic cycle, 

further indicating that the reaction happens in the inside of the MOF crystal. 

The particle morphology and crystal size of MUV-22-PC is observed through SEM 

(Figure 5.18.a) and TEM (Figure 5.18.b), discarding any Pd nanoparticles formation. 

The crystal size is similar to as-synthetised MUV-22. 

 

Figure 5.18. a)SEM images of MUV-22-PC at scale bars1 μm; b) TEM images of 

MUV-22-PC at 200 nm. 

Low-pressure single-gas nitrogen adsorption isotherms were measured with the MUV-

22-PC. The activation procedure was similar than the as-synthetized MUV-22. The 

porous nature of MUV-22-PC is clearly observed, although a slightly lower sorption 

capacity was observed (see Figure 5.19). This could be due to the presence of some 

reactant products in the pore, although an alternative explanation could be the 

extremely low amount of MUV-22-PC used for the measurement (ca. 3 mg). 
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Figure 5.19. N2 gas adsorption isotherms of MUV-22 and MUV-22-PC. 

ICP-MS was also performed on the crude of the solution after catalysis to check if there 

is leaching of the metalloligand. It has detected 2194 gL1- of Pd, which corresponds 

to a 0.04 % of the starting palladium in MUV-22. Therefore, the quantity of Pd 

decompose is negligible.  
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Catalysis activity comparison between MUV-22 

 

Scheme 5.1. Scope of the MUV-22 catalyzed Suzuki-Miyaura allylation. aReaction 

conditions: 1 (0.4 mmol), 2 (0.2 mmol), MUV-22 (2.5 mol%), Cs2CO3 (0.4 mmol), 

KF (0.2 mmol), toluene (1 mL). Yield values refer to isolated products. bObtained as 

a 2:1 mixture of linear:branched regioisomers. 
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Having established optimized conditions and demonstrated the recyclability of 

the MOF catalyst, we set out to explore the scope of this transformation (Scheme 

5.1). MUV-22 proved to be an efficient catalyst for the coupling of a range of 

allyl bromides bearing aromatic groups with electronically distinct substituents 

at different positions (3a-3h). Crotyl bromide was also an efficient coupling 

partner although in this case product 3i was obtained as a 2:1 mixture of 

regioisomers. Other alkyl boronic ester such as diborylmethane could be used as 

illustrated with the synthesis of homoallylboronates 3j and 3k.  

MUV-22 also proved to be an efficient catalyst for the allylation of C(sp2) 

nucleophiles. In this context, Ph-Bpin (3l) and other aryl boronic esters bearing 

para- (3m-3o), meta- (3p) and ortho-substituted rings (3q) were coupled with 

cinnamyl bromide in good yields. Additionally, skipped diene 3r could also be 

synthesized under MUV-22 heterogeneous catalysis conditions by using the 

corresponding alkenyl boronic ester. 

Leaching test 

The coupling between (4-formylphenyl)boronic acid pinacol ester and cinnamyl 

bromide (i.e. formation of 3n) was used to test the heterogeneous nature of the catalyst, 

through a leaching test based on a hot filtration experiment. Treatment of the filtrate 

with more Cs2CO3 under same reaction conditions did not lead to any further formation 

of product, thus establishing that no palladium leaches out of the MOF and excluding 

any homogeneous pathway. 
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a) 

 

b) 

 

Figure 5.13. 1H NMR spectra of the reaction after a) 1 hour and b) 2 hours after 

filtration. 
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5.2.2. MUV23 

5.2.2.1 Synthesis and characterization 

As introduced in section (5.2.1), during the synthesis of MUV-22 different polymorphs 

can be obtained depending on the quantity of acetic acid that we add to the reaction. 

Thus, when increasing four times the amount of HOAc a new material could be 

isolated, denoted MUV-23 (see Figure 5.20). 

 

Figure 5.20. Synthetic route to form MUV-23. 

Hexagonal single crystals were obtained using this pathway, good enough to resolve 

the crystal structure, which is completely different of MUV-22. In the case of MUV-

23, the formula of the compound is [Fe3O(L)1.25(H2O)3(HOAc)1.5]•n, similar to that of 

MUV-22. Although the hexagonal morphology of the crystal is clearly visible to the 

naked eye, using Scanning Electron Microscopy (SEM), it was possible to differentiate 

a truncated hexagonal bipyramidal geometry (see Figure 5.21), with average sizes of 

around 10 m. EDAX analysis revel the quantity of iron, palladium, and chlorine in 

the crystals (2,4:1:2,2), with a slightly larger amount of chlorine than expected. 
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Figure 5.21. SEM image of the as-synthesized material, showing the morphology of 

MUV-23 

 

MUV-23 crystallizes in a hexagonal space group P63/m, with unit cell parameters a = 

b = 20.0997 Å, c = 32.7970 Å. Structure solution reveals the presence of one 6-

connected trimeric [Fe3(-O)(COO)6] SBUs with tetratopic ligand, H4L and one 4-

connected trimeric [Fe Fe3(-O)(COO)6] SBUs with four tetratopic ligand, H4L and 

two terminal acetates. Each iron is octahedrally coordinated with 4 bidentate 

carboxylate groups bridging the iron centres in the equatorial positions, as commonly 

found in other MOFs. The coordination sphere of each iron is completed by 

coordination of water molecules in the apical position. The crystal structure consists 

on a 3D honeycomb framework with tubular channels (pale green balls in Figure 5.20). 

These hexagonal channels have a cross-section diameter of 7-8 Å which, in the as-

synthesized state, are filled with physiosorbed acetic acid molecules, as determined by 

TGA. Importantly, these one-dimesional channels cause a facile accessibility to all the 

palladium metalolligands.  

The high crystallinity and phase purity of the sample was confirmed by PXRD (Figure 

5.22). The intensities of peaks are different comparing the as-synthetized and simulated 

XRPD pattern, which suggests the presence of molecules in the pores. Thus, the bulk 

material was exhaustively washed as MUV-22, to remove any unreacted starting 

material and the acetic acid, which can be allocated in the channels of MUV-23. 

Following with the characterization, infrared (IR) spectra of the powder confirmed 

purity of the bulk, with no bands corresponding to the free acid (Figure 5.24). 
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Figure 5.22. a) PXRD patterns of MUV-23 simulated and as-synthetized; b) FT-IR of 

washed MUV-23 (brown) and PdCl2(H2PDC)2 (orange). 

 

Figure 5.23. XPS spectra of MUV-23 showing the absence of Pd(0). 

X-ray photoelectron spectroscopy (XPS) was measured to confirm the oxidation state 

of the palladium ions in MUV-23 (Figure 5.23), with only binding energies 

corresponding to Pd(II), and no peaks in the region of Pd(0). 
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The thermal stability was inspected using TGA (Figure 5.24). The behavior is the same 

as MUV-22, with an initial loss of 20% corresponding to solvent molecules and an 

abrupt decrease over 350 ºC due to the degradation of the metalloligand. 

 

Figure 5.24. Thermogravimetric analysis of MUV-23 using heating rate of 5 

ºC/min under air flow.  

Interestingly, depending on the selected single crystal used for structure solution, two 

different compounds are observed, with small differences between them, as detailed 

below. These have been labelled MUV-23a and MUV-23b, and each of them was 

structurally characterized by single-crystal X-ray diffraction. 
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Table 5.4. Single crystal X-ray diffraction data collection and refinement details for 

MUV-23. 

 

Identification code MUV-23a MUV-23b 

Empirical formula C123Cl12Fe3N18O50Pd6 C123Cl12Fe3N18O50Pd6 

Formula weight 2103.81 2103.81 

Temperature/K 119.9(3) 119.9(3) 

Crystal system hexagonal hexagonal 

Space group P63/m 2/c 2/m P63/m 2/c 2/m 

a/Å 19.708(3) 20.0997(3) 

b/Å 19.6017(3) 20.0997(3) 

c/Å 33.8192(7) 32.7970(5) 

α/° 90 90 

β/° 90 90 

γ/° 120 120 

Volume/Å3 11253.4(3) 11474.768 

Z 1 12 

ρcalcg/cm3 1.292 1.3144 

μ/mm-1 1.477  

F(000) 4136.0  

Crystal size/mm3 0.03 × 0.02 × 0.02  

Radiation Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) 

2Θ range for data 

collection/° 
3.5950 to 24.8080 

 

Index ranges 
-23 ≤ h ≤ 23, -23 ≤ k ≤ 23, -40 ≤ l 

≤ 40 

 

Reflections collected 145727  

Independent reflections 544 [Rint = 0.1824, Rsigma = 0.2459]  

Data/restraints/parameters 544/1/68  

Goodness-of-fit on F2 1.050  

Final R indexes [I>=2σ (I)] R1 = 0.0491, wR2 = 0.1274  

Final R indexes [all data] R1 = 0.0597, wR2 = 0.1342  

Largest diff. peak/hole / e 

Å-3 
0.52/-0.39 
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Close inspection of the crystal structures of MUV-23a and MUV-23b reveal small 

changes in the composition of the trimers. Both structures contain two different trimers: 

the first one, denoted Fe-trimer 1, is located at a 3-fold axis (and therefore composed 

by only one crystallographically independent iron centre); the second trimer, denoted 

Fe-trimer 2, is located at a 2-fold axis, thus being formed by two crystallographically 

independent iron centres (colored differently in Figure 5.25) 

 

Figure 5.25. Three different Fe-trimers compose MUV-23.  

The six carboxylate groups that form Fe-trimer 1 are part of six metalolligands, 

whereas Fe-trimer 2 coordinates only to four metalloligands. The remaining two 

bridges in Fe-trimer 2 are acetate ligands in MUV-23a, whereas in MUV-23b a 

disorder is found in this connectivity, with acetate and chloride ligands present. 

Depending on the specific single crystal that is measured, a different ratio in the 

acetate:chloride bridge is obtained, which explains the different amount of chlorine 

detected in different crystals. 
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Figure 5.26. A view of the two different crystallographic structure of MUV-23 

(MUV-23a and MUV-23b). H atoms have been omitted for clarity. 

5.2.2.2 Gas sorption studies 

The porous nature of MUV-23 was assessed by N2 and CO2 sorption. Activation of 

MUV-23 was done by washing several times with EtOH and MeOH and threating at 

120 ºC under vacuum overnight. Figure 5.27.a displays a characteristic type I isotherm, 

with a plateau at 80 cm3g–1. The obtained accessible surface area was calculated using 

the Brunauer-Emmett-Teller (BET) model, obtaining a value of 313 m2g–1, which is 

significantly lower to that of MUV-22 (710 m2g–1) The CO2 sorption at 298 K, shown 

in Figure 5.27.b, reveals a total uptake of 60 cm3g–1 at 1 bar.  
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Figure 5.27. a) N2 gas adsorption and desorption isotherms of MUV-23; b) CO2 

gas adsorption and desorption isotherms of MUV-23. 

5.2.2.3 Structural changes upon activation  

In order to elucidate the location of the CO2 molecules in the channels of MUV-23, 

and its possible interaction with the Pd centres, we carried out a detailed X-ray single 

crystal study in collaboration with Dr. Iñigo Vitórica-Yrezábal, from the University of 

Manchester. Single crystals were initially measured at 100 K, giving analogous 

structures to those described in Section 5.2.2.1. Upon heating at 373 K for 1 h, a 

decrease in the a and b axes is observed (from 20.0997 to 19.0495 Å), whereas the c 

axis increases (from 32.7970 to 34.0940 Å). Close inspection of the structures reveals 

that these changes in unit cell parameters are a consequence of an unexpected, but very 

important, change in the disposition of the Pd metalloligand. Specifically, one of the 

water molecules coordinated to the iron centres is lost with the heating process, as 

commonly observed in many MOFs, leaving an open metal site in the SBU. This newly 

formed Lewis acid interacts with one of the chloride of the palladium metalolligands, 

thus causing the ligand to rotate and bend in order to interact with the Fe3 SBU. This 

rearrangement of the ligand causes a change in the pore dimensions of the MOF, which 

is reduced to 8.913 Å in diameter (vs. 11.246 in the as-synthetized MUV-23). Figure 

5.29 illustrates the observed changes in the crystal structures, with the unit cell volume 

and total space voids at the three temperatures. Crystallographic details are in Table 

5.5. 
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Table 5.5. Single crystal X-ray diffraction data collection and refinement details for 

MUV-23 at different temperatures. 

 
 100 K 150 K 373 K 

Empirical formula C123Cl12Fe3N18O50Pd6 C117Cl12Fe3N12O47Pd6 C123Cl12Fe3N15O38Pd6 

Formula weight 3718.88 3556.80 3526.88 

Temperature/K 119.9(3) 150.1 372.9 

Crystal system hexagonal hexagonal hexagonal 

Space group P63/m  P63/m P63/m 

a/Å 20.0997(3) 18.9789 19.0495 

b/Å 20.0997(3) 18.9789 19.0495 

c/Å 32.797(7) 34.2497 34.094 

α/° 90 90 90 

β/° 90 90 90 

γ/° 120 120 120 

Volume/Å3 11253.4(3)   

Z 1 1 1 

ρcalcg/cm3 1.292   

μ/mm-1 1.477   

F(000) 4136.0   

Crystal size/mm3 0.03 × 0.02 × 0.02   

Radiation Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) 

2Θ range for data 

collection/° 
3.5950 to 24.8080 

  

Index ranges 
-23 ≤ h ≤ 23, -23 ≤ k ≤ 

23, -40 ≤ l ≤ 40 

-23 ≤ h ≤ 23, -23 ≤ k ≤ 

23, -40 ≤ l ≤ 40 

-23 ≤ h ≤ 23, -23 ≤ k ≤ 

23, -40 ≤ l ≤ 40 

Reflections collected 143108 64767 8754 

Independent reflections 
544 [Rint = 0.240, 

Rsigma = 0.2459] 

544 [Rint = 0.1824, 

Rsigma = 0.2459] 

544 [Rint = 0.1824, 

Rsigma = 0.2459] 

Data/restraints/parameters 544/229/197 /197/197 /198/198 

Goodness-of-fit on F2 1.096 1.155 1.080 

Final R indexes [I>=2σ (I)] 
R1 = 0.0829, wR2 = 

0.2492 

R1 = 0.0695, wR2 = 

0.2502 

R1 = 0.0865, wR2 = 

0.2724 

Final R indexes [all data] 
R1 = 0.0884, wR2 = 

0.2492 

R1 = 0.0832, wR2 = 

0.2492 

R1 = 0.1018, wR2 = 

0.2492 

Largest diff. peak/hole / e Å-3 2.02/-1.33 1.05/-1.01 1.12/-1.03 
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The porosity changes with the change in the crystal structure, so a representative 

scheme is illustrated (Figure 5.28) with the unit cell volume and total space voids at 

the three temperatures. 

 

Figure 5.28. Values of unit cell and void space before and after heating of MUV-23. 

The proposed mechanism is depicted on Figure 5.29. After heating the as-synthetised 

single crystal, the water molecules coordinated to the irons of Fe-trimer 2 (red sphere 

in the the brown polyhedra) are removed. Then, one of the chloride groups of the 

metalolligand, that is close to this iron center, is rotated to form a bridge between the 

palladium and the iron, thus forming a new Cl–Fe bond. This also causes a distortion 

of the metalloligand, which is now bent. Importantly, we have observed this process 

for both MUV-23a and MUV-23b, thus showing that both materials, although with a 

different composition, behave similarly 

 

Figure 5.29. XRPD of MUV-23 as synthetized compared with theoretic ones at 

different temperature 
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5.3. CONCLUSIONS 

In this section we have described the synthesis, characterization, and catalytic activity 

of two novel MM-MOFs. This MOFs are based on palladium metalloligand and iron 

trimmer. The use of solvent-assisted reaction instead of the classical solvothermal 

reaction offers a reduction volume of noxious and environmentally solvents. This MM-

MOFs, denoted MUV-22 and MUV-23, present accessible Pd(II) centres in the 

framework.  

Adsorption studies reveal that MUV-22 presents porosity with a BET surface area of 

710 m2·g–1 and microporosity of maximum value of 4.85 Å. MUV-23 presents another 

crystallographic structure with lower BET surface area (313 m2·g–1 ). 

Regarding chemical and thermal stability experiments, until the moment, only 

completed for MUV-22, which presents high stability. The regular disposition of the 

Pd(II)  atoms, combined with the high chemical stability and the available space 

provided by the porous framework, makes MUV-22 an interesting material for 

catalytic applications. In this sense, the activity of MUV-22 in the Suzuki-Miyaura 

allylation of aryl and alkyl boronates was explored, exemplified with the reaction 

between an allyl fragment and a reluctant coupling partner such as a methyl boronic 

ester. We have shown that MUV-22 catalyzes this reaction maintaining the crystallinity 

and the activity for several cycles. 

In relation to MUV-23, a complete single crystal X-ray study was done with different 

temperatures. An open metal size was demonstrated, and moreover, it give rise to a 

flexibility of the framework allowing bigger channels due to the affinity of this lewis 

acid to the chlorines of the metalolligand. 
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5.4. METHODS 

5.4.1. Synthesis 

All reactions were performed under argon atmosphere using oven dried glassware and 

using standard Schlenk techniques. All chemicals were purchased from Acros Organics 

Ltd., Aldrich Chemical Co. Ltd., Alfa Aesar, Apollo, Strem Chemicals Inc., 

Fluorochem Ltd. or TCI Europe N.V. chemical companies and used without further 

purification, unless otherwise noted. The palladate linker trans-[Pd2Cl2(H2PDC)2] was 

synthetized according to a published procedure. 

Synthesis of MUV-22. In a solvent-free reaction a solid mixture of 

Fe3O(CH3COO)6(ClO4)·nH2O (14 mg, 0.020 mmol) and H4L (20 mg, 0.039 mmol) 

was grounded briefly. The mixture placed in a glass tube and then acetic acid (20 µL, 

0.350 mmol) was added. The tube was flash freezing with liquid nitrogen and sealed 

after a cycle of vacuum. Ten of such tubes was heated for 48h at 170 °C (heating and 

cooling rate of 6 °C/h). The resulting mixture was washed with ethanol (3 x 25ml) and 

then with methanol (6 x 25ml) for 2 day. Yield: 140 mg (67 %). ICP: Pd:Fe ratio of 

1:1.83.  

Synthesis of MUV-23. In a solvent-free reaction a solid mixture of 

Fe3O(CH3COO)6(ClO4)·nH2O (7 mg, 0.010 mmol) and H4L (10 mg, 0.0196 mmol) 

was grounded briefly. The mixture placed in a glass tube and then acetic acid (40 µL, 

0.7000 mmol) was added. The tube was flash freezing with liquid nitrogen and sealed 

after a cycle of vacuum. Ten of such tubes was heated for 48h at 170 °C (heating and 

cooling rate of 6 °C/h). Yield: 65 mg (66 %). ICP: Pd:Fe ratio of 1:3. 
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5.4.2. Structural characterization 

5.4.2.1. X-ray powder diffraction, phase purity 

Polycrystalline samples of MUV-22 and MUV-23 were lightly ground in an agate 

mortar and pestle and filled into 0.5 mm borosilicate capillaries before being mounted 

and aligned on an Empyrean PANalytical powder diffractometer using Cu K radiation 

(  = 1.54056 Å). For each sample, two repeated measurements were collected at room 

temperature (2 = 2-40°) and merged into a single diffractogram. 

5.4.2.2. Gas sorption isotherms 

High-pressure adsorption isotherms of CO2, CH4 and N2 were measured at different 

temperatures ranging from 283 to 333 K in an IGA-001 gravimetric single component 

gas sorption analyzer (Hiden Isochema) using approximately 50 mg of sample. Before 

each adsorption experiment, the sample was outgassed at 423 K under vacuum (10-5 

Pa) for two hours. The sample was then cooled down, still under high vacuum, to the 

target temperature that was controlled using a recirculating thermostatic bath. 

Equilibrium conditions corresponded to 600 s. interval, and 0.001 mg·min-1 tolerance. 

Virial equations were applied to fit experimental data points with a fourth-grade 

polynomial used to describe the CO2 isotherms adequately. The heat of adsorption was 

calculated according to the Classius-Clapeyron equation through the data extracted 

from the experimental isotherms at different temperatures. 

5.4.3. Catalytic measurements 

Analytical thin layer chromatography was carried out on silica-coated aluminum plates 

(silica gel 60 F254 Merck) and components were visualized by UV light and KMnO4 

staining. Flash column chromatography was performed on silica gel 60 (Merck, 230-

400 mesh). 

GC-MS analyses were performed in an Agilent instrument GC-8890 equipped with 

Chemical Ionization (CI) MS-5977B detector. 

1H and 13C NMR spectra were recorded using a Bruker DPX300 (300 MHz), Varian 

Mercury 300 MHz or Agilent VNMRS-300 MHz NMR spectrometer and Me4Si as an 
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internal standard. Chemical shift values are reported in ppm with the solvent resonance 

as the internal standard (CHCl3: δ 7.26 for 1H, δ 77.16 for 13C). Coupling constants (J) 

are given in Hertz (Hz). Multiplicities are reported as follows: s = singlet, d = doublet, 

t = triplet, q = quartet, p = pentet, m = multiplet or as a combination of them. 

High-resolution (MALDI-TOF/TOF) mass spectra were recorded in a 5800 MALDI 

TOF/TOF (ABSciex) in positive reflector mode. 

General procedure A (Allylation of methylboronic acid pinacol ester): A 5 mL 

pressure tube equipped with a magnetic stirring bar was charged with MUV-22 (2.5 

mol%), Cs2CO3 (0.4 mmol), KF (0.2 mmol). Methylboronic acid pinacol ester (0.4 

mmol) and cinnamyl bromide (0.2 mmol) were dissolved in the corresponding solvent 

(0.8 mL and 0.2 mL, respectively) and subsequently added to the previous mixture. 

The reaction mixture was stirred at the designed temperature for 24 hours. Then, Et2O 

(2mL) was added, and the mixture was decanted. The solid residue was then extracted 

with Et2O (4 x 2 mL). The combined organic layers were filtered through a pad of silica 

and the solvent was removed under vacuum. Yield was determined by 1H-RMN using 

dibromomethane as internal standard. 

General procedure B (Allylation of (4-formylphenyl)boronic acid pinacol ester): A 5 

mL pressure tube equipped with a magnetic stirring bar was charged with MUV-22 

(2.5 mol%), Cs2CO3 (0.4 mmol), (4-formylphenyl)boronic acid pinacol ester (0.4 

mmol) and toluene (0.8 mL) were added, and the resulting solution was stirred at room 

temperature for 10 minutes. Cinnamyl bromide (0.2 mmol) was dissolved in toluene 

(0.2 mL) and added to the mixture. The reaction mixture was stirred at 90 ºC for 2 

hours. Then, Et2O (2mL) was added, and the mixture was decanted. The solid residue 

was then extracted with Et2O (4 x 2 mL). The combined organic layers were filtered 

through a pad of silica and the solvent was removed under vacuum. Yield was 

determined by 1H-RMN using dibromomethane as internal standard. 

5.4.3.1. Leaching test 

Reaction was set according to general procedure B and adding triphenylmethane (0.2 

mmol) as internal standard. After one hour, the reaction mixture was filtered via canula 

to another sealed tube containing Cs2CO3 (0.4 mmol) and an aliquot was taken and 

analyzed by 1H-NMR. The reaction mixture was allowed to stir under the same 
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conditions and after another hour, the reaction was stopped and it was extracted with 

Et2O and filtered through a pad of silica, solvents were removed under vacuum, and it 

was analyzed by 1H-NMR. 

5.4.3.2. Compound characterization 

(E)-1-Phenyl-1-butene (A). 1H NMR (300 MHz, CDCl3): δ 77.21-7.40 (m, 5H), 6.43 

(d, 1H, J = 15.8 Hz), 6.32 (dt, J = 15.8, 6.1 Hz, 1H), 2.28 (m, 2H), 1.15 (t, J = 7.4 Hz, 

3H). 

4-[(2E)-3-Phenyl-2-propen-1-yl]benzaldehyde (B). 1H NMR (300 MHz, CDCl3): δ 

7.54 (d, J = 8.0 Hz, 2H), 7.36-7.18 (m, 7H), 6.46 (d, J = 16.0 Hz, 1H), 6.30 (dt, J =16.0, 

6.8 Hz, 1H), 3.58 (d, J = 6.8 Hz, 2H); 13C NMR (126 MHz, CDCl3): δ 191.6, 147.3, 

136.8, 134.6, 131.9, 129.8, 129.0, 128.3, 127.3, 127.1, 125.9, 39.2. 
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