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Abbreviations and Acronyms 

1-BT 1-benzothiophene DMAB Dimethylamine-borane 

4- MDBT 4-methyldibenzothiophene DMF Dimethylformamide 

4,4’-azopy 4,4’-azopyridine DMF N,N’-dimethylformamide 

4,6-DMDBT 4,6-
dimehtyldibenzothiophene 

DMSO Dimethyl sulfoxide 

ac Alternating current DVS Dynamic vapour sorption 

ACN Acetonitrile E. coli Escherichia coli 

[BMIM]PF6 1- butyl-3-
methylimidazolium 
hexafluorophosphate 

ECODS Extraction and Catalytic 
Oxidative Desulfurization 

BPY Bipyridine EtOH Ethanol 

CA Contrast agent FT-IR Infrared spectroscopy 

CD  Circular Dichroism iPrOH Isopropanol 

CEST Chemical Exchange 
Saturation Transfer 

ISC  Intersystem crossing 

CP Coordination Polymer IUPAC International Union of Pure and 
Applied Chemistry 

CPL Circularly Polarised 
Luminescence 

M’MOFs Mixed-Metal-Organic 
Frameworks 

CT Computed tomography MBC Minimum bactericidal 
concetration 

DBT Dibenzothiophene MeOH Methanol 

dc Direct current MIC Minimum inhibitory 
concentration 
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MMM Mixed matrix membrane SBU Secondary Building Unit 

MMMs Multifunctional molecular materials SD Standard deviation 

MOF Metal-Organic Framework SEM Secondary Electron Microscopy 

MRI Magnetic resonance imaging SIM Single Ion Magnet 

NSAID Non-Steroidal Anti-Inflammatory 

Drug 

THF Tetrahydrofuran 

ODS Oxidative desulfuration 

OM Oil model 

PMMA Polymethyl methacrylate 

POM Polyoxometalate 

PSF Polysulphone 

PSM Post-synthetic modification 

PSMO Post-synthetic metathesis and 

oxidation 

PXRD Powder X-Ray Diffraction 

RH Relative humidity 

RT Room temperature 

S. aureus Staphylococcus Aureus
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Summary  

In recent decades, coordination chemistry has been among the most widely 

investigated field in the scientific community. The interest in these compounds derives 

from the wide range of properties they can exhibit. The diversity of these possible 

properties enables them becoming of great interest to be applied in many fields such as 

magnetism, luminescence, catalysis, separation and storage of gases and biomedicine, 

among others.  

Consequently, understanding the molecular structure of these systems enable 

setting the basis for designing and synthesising novel materials with modulated 

properties.  

Nonetheless, the most appealing feature of these materials is the possibility to 

combine several of these unique characteristics to simultaneously obtain a 

multifunctional coordination compound. In this sense, the versatility and multifunctionality 

of these materials has encourage the scientific community to continue developing and 

improving this family of materials. 

Starting from this premise, this thesis pursues the objective to develop novel 

coordination compounds and metal-organic frameworks by the self-assembly of 

lanthanides or d block metals and carboxylate based organic ligands. First of all, the 

ideal synthetic conditions have been set and various synthetic approaches have allowed 

to prepare a bunch of materials. Hydrothermal routes have permitted to isolate single-

crystals; while microwave assisted synthesis was set as an ideal method not only to 

scale up the reaction but also to significantly reduce the required reaction-time.  

For the characterization of the presented materials the combination of several 

techniques has been needed; among them can be mention, infrared spectroscopy 

(FTIR), elemental analysis (EA), thermogravimetry (TG), electron microscopy (SEM and 

EDS) and powder X-ray diffraction (PXRD). The crystal structures were unveiled using 

single crystal X-ray diffraction analysis. 

Subsequently, learning from the material final features a shaped and fine-tuned 

application has been explored. Consequently, this doctoral thesis includes the synthesis 

and characterization of novel coordination compounds and MOFs based on carboxylate 

ligands of diverse nature for their subsequent multifunctional applications in fields 

broaden from catalysis to gas storage. 
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To conclude, with the aim of implementing prepared materials in industrial 

processes shaping techniques have been explored along with stability-assays performed 

in processed materials to evaluate such processing.  

Regarding the organization of this thesis, the content is structured in six individual 

chapters. This configuration has been set in accordance with the organic ligand 

employed for the synthesis of each family of materials. Consequently, each section will 

contain a general introduction framing the work and explored applications followed by 

the most important results and discussion to end with obtained conclusions. Part of the 

work presented in this thesis has already been published in scientific journals while some 

other sections are expected to be in a close future. A more detailed information can be 

found in the section of list of publications. 
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Coordination polymers and Metal-Organic Frameworks: origin 
and terminology 

In 2009, the International Union of Pure and Applied Chemistry (IUPAC), presented 

a guideline entitled Coordination Polymers and Metal-Organic Frameworks: Terminology 

and Nomenclature with the aim of unifying nomenclature within the scientific community. 

In the latest recommendations published in 2013, IUPAC defined the aforementioned 

terms as:[1]  

Coordination polymer: A coordination compound with repeating coordination 

entities extending in 1, 2, or 3 dimensions. 

Metal-organic frameworks: A metal-organic framework, abbreviated to MOF, is 

a coordination network with organic ligands containing potential voids. This wording 

accounts for the fact that many systems are dynamic, and changes in structure and thus 

corresponding changes in potential porosity or solvent and/ or guest filled voids may 

occur depending on temperature, pressure or other external stimuli.  

A vast number of structures can be addressed by these definitions. Consequently, 

for the sake of clarity, in this thesis, Coordination Compounds or Polymers will refer to 

discrete molecules or compounds with 1 or 2 dimensions, meanwhile, the Metal-Organic 

Framework will be considered structures presenting a 3-dimensional network, leaving 

aside the emphasis on the porosity. Concretely, in this thesis, chapters 2-4 and 6 will be 

related to 3D-MOFs while chapters 1 and 5 to coordination compounds with lower 

dimensionality. 

Metal-organic frameworks are coordination networks composed of a metal ion or 

node and an organic linker that permit the rational structural design of functional 

materials. Consequently, structure-property relationships are established enabling 

fine-tuning of their functionalities for tailored applications.[2] 

 

Figure I.1. Illustration of MOF’s building blocks and resulting porous, crystalline structure.[3] 



Introduction 

4 

The history of MOF began in the 1990s. Concretely, the work developed by B. F. 

Hoskins and R. Robson laid the foundations.[4,5] However, the importance of the porous 

MOFs is derived from O. Yaghi’s group, who published the MOF-5 structure in 1995: the 

first three-dimensional porous MOF known today.[6] Nonetheless, the contribution of 

several researchers among which S. Kitagawa,[7–9] G. Férey,[10–12] and J. R. 

Long,[13] should be highlighted. Being relatively young materials, during the last years, 

the chemistry of MOFs has undergone a relatively rapid evolution motivated by their 

intrinsic characteristics which make them ideal candidates to be applicable in many 

fields.[14,15]  

Among the unique features of MOFs their high surface area, design flexibility, 

tuneable porosity and ease of chemical functionalization can be mentioned.[3] By playing 

with the size of the organic linker, tailorable pore morphologies can be acquired as can 

be appreciated in Figure I.2. Nonetheless, generally, porous structures tend to be 

unstable and can easily degrade under high pressure or extreme temperature 

conditions.[16] 

 

Figure I.2. Increasing pore size in an isoreticular series of paddlewheel MOFs.[17,18] 
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Synthetic methodologies 

Traditionally, CPs and MOFs have been synthesised through direct self-assembly 

of metal ions and organic linkers under solvothermal conditions.[19] However, many 

synthetic strategies allow the preparation of MOFs. Those methods developed in recent 

years are electrochemical, sonochemical, and microwave, among others. Generally, 

these novel methods yield in most cases low cost, faster and yield cleaner products.[16] 

A summarized overview of the available synthetic methods is depicted in Figure I.3. 

 

Figure I.3. Several synthetic methods for MOFs preparation.[20] 

 

Additionally, several factors determine the synthesis of MOFs: reaction time and 

temperature selected, solvent and the nature of the metal ions and organic linkers. The 

combination of the aforementioned factors and the selected synthetic method would lead 

to the production of final materials with particular characteristics (particle sizes, 

distributions and morphologies). Consequently, a fine-tuning must be carried out taking 

into consideration the strengths and weaknesses that a particular synthetic method can 

offer trying to find an equilibrium for the selection of the most suitable method that would 

provide a solution to a particular application.[21]  

Accordingly, and taking into consideration the infrastructure and disponible 

equipment, for the development of this thesis, the employed synthetic routes have been: 

slow evaporation, diffusion method, hydrothermal synthesis and microwave synthesis. 

Scale up and structural transformations. 
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When a process originally developed in a laboratory is going to be transferred into 

an industrial stage, several considerations must be taken. A key factor to consider is 

Materials Tetrahedron, a concept established by Materials Science and Engineering for 

the large-scale production of any material in the industry.[22] This tetrahedron correlates 

the structure, composition, synthetic procedure and performance of the material 

produced at a large scale with its production cost and final applicability.[23] 

 

Figure I.4. The material tetrahedron is to be considered in the selection of materials in the 
industry.[22] 

 

If Materials Tetrahedron is applied to large-scale production of MOFs, it is essential 

to first select the appropriate reagents (metal ion or node and organic linker). As metal 

ions or nodes, metal oxides and sulphates are the most commonly used raw 

materials.[24] Like organic linkers, the most widespread precursors are carboxylic acid 

derivatives such as terephthalic, isophthalic and formic acid. At the industry level, 

structures with higher complexity are often discarded because of poor accessibility and 

incremented production costs.[23,25] 

In terms of solvent selection, water is presented as the best environmentally 

sustainable and “greener” option.[26] However, the use of other organic solvents is often 

required in MOF syntheses, such as DMF, DMSO or EtOH. The industry seeks to reduce 

and minimise the use of the latter, which are generally far more polluting and costly. As 

an interesting approach, solvent-free synthesis has been investigated in recent years; 

not only for offering the possibility to save solvent costs but also for the environmental 
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compromise.[27] In addition, it is necessary to consider the post-synthesis procedures 

of the material, as they largely determine the cost-effectiveness of a reaction. Filtration, 

cleaning, drying and activation processes are often time-consuming and affect the cost 

of the final product.[20,28] 

On another level, MOFs offer the possibility to be modified either during the 

synthetic procedure (in situ) or post-synthetically. The first option refers to the 

introduction of ions, molecules, or polymers into the MOF pores while crystallization and 

generally procedures homogeneous materials; while the second procedure allows the 

addition of different species that are not compatible with the reaction media a posteriori, 

being in principle, easy to obtain heterogenous modified materials. Several 

post-synthetic modifications are summarized in Scheme I.1.[29] 

 

Scheme I.1. Scheme of possible PSM in MOFs synthesis and representation of a-e 
modifications.[29] 

a b c

d e f

a b

c

d

e

f
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Relevant applications 

The possibility of developing intriguing structures with unique properties has led 

MOFs to find application in many fields that broadens from heterogeneous catalysis,[30–

32] magnetism,[33] chemical separation,[34–36] and luminescence[37–39] to energy 

storage.[3,19,40] An overview of possible applications is depicted in Figure I.5.[41] 

In this thesis, several of these applications have been explored taking into 

consideration the suitability of the final material for its potential application in a 

determinate area. Consequently, we opt for presenting a summarized overview in the 

introduction and dedicate a focused and detailed explanation to the particular application 

selected for each family of compounds studied in Chapters 1-6. 

 

Figure I.5. Multidiscipline application of MOFs.[41] 
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Shaping of materials 

Regardless of the presented exceptional properties of metal-organic frameworks, 

MOFs need to be adapted before being implemented into devices for a specific final 

application. In general, MOF synthesis yields insoluble loose powders with low packing 

density that are difficult to handle. Therefore, the shaping of MOFs is a prerequisite and 

adequate optimization is required.[28,42–44] 

One of the easiest ways to shape MOFs is through mechanical compression. 

However, this procedure has some limitations. Under high-pressure conditions, the 

porous material can be amorphized. Also, due to the tight packing, the material may have 

a lower permeability to host molecules. In that case, the use of other substances called 

binders, such as sucrose, is employed by mixing with MOF to ease the formation of the 

composite.[44,45] The shaped MOFs structures with high mechanical stabilities are 

presented as beads, pellets or monoliths which afford to pack uniformly and maximize 

bulk density.[46]  

Among the processing techniques for MOFs shaping mechanical pressure 

application, surface coating, template synthesis, or extrusion can be mentioned among 

others.[43] The optimal processing technique is selected by taking into consideration the 

MOF properties, the followed synthetic route and the final application to which is 

addressed. Figure I.6 exhibits several MOF processing techniques.[47,48] 

 

Figure I.6. Several MOFs shaping techniques.[42]  
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For the development of this thesis, we focused our attention on two of the 

mentioned shaping techniques, concretely, pelletization and immobilization into 

polymeric membranes have been performed.  

 

Objectives 

Having in mind the versatility of MOFs and CPs and the broad applications they 

offer; the present work is focused on the synthesis and structural characterization of 

multifunctional materials for various applications. The report on this doctoral thesis is 

divided into five main chapters and a complimentary sixth one which includes annexes. 

As aforementioned, the proposed distribution was performed in accordance with the 

organic ligand employed for the synthesis of each family of compounds. In each chapter, 

a summary will highlight the most representative information about the work. A general 

introduction will include the current state of the art of the research area in which the work 

is framed focusing on the particular applications that are explored. Afterwards, the most 

relevant findings will be explained along with a general discussion. To end, conclusions 

will be outlined. 
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Summary  

In this chapter a family of multidimensional (2-(1H-tetrazol-5-yl)ethyl) amino acid 

coordination compounds have been synthesised and thoroughly characterized. For this 

purpose, glycine, valine, phenylalanine and tyrosine have been selected as starting 

amino acids and Mn2+, Zn2+ and Cd2+ as metallic nodes. Three main applications have 

been explored for this family of compounds: 

- From one side, for Mn2+ based dimer magnetic resonance imaging studies 

have been conducted, prompted by the number and disposition of the 

coordinated water molecules and taking into consideration the promising future 

of manganese-based coordination compounds as bio-compatible substitutes 

to conventional Gd based contrast agents.  

- From another side, d10 block metal-based complexes allowed exploring 

photoluminescence properties derived by in situ synthesised ligands. 

- Finally, amino acid preserved structural chirality allowed us to examine 

chiroptical properties, particularly focusing on circularly polarized 

luminescence. 
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1 
1.1 Introduction 

In the synthesis of novel coordination compounds in situ metal/ligand reaction is 

presented as a very important approach for organic- and coordination chemistry; 

traditionally, pre-synthesised commercially obtained ligands and metal ions in the form 

of metallic salts have been the source for the synthesis of novel coordination complexes. 

Nonetheless, recently, in situ ligand synthesis appears as an appealing synthetic 

procedure, particularly for the crystal engineering field since it allows providing not only 

very stable materials, but also products with limited accessibility or not easily obtained 

through conventional methods. In this procedure, conventional ligands are substituted 

by precursors that undergo a transformation and coordinate to metals to produce single 

crystal of the desired product.[1,2] 

Generally, for the synthesis of coordination compounds with extended 

dimensionality solvothermal routes have allowed featuring chemical reactions at high 

temperature and pressure conditions yielding crystalline coordination complexes. Among 

in situ synthesised ligands, Demko-Sharpeless [2+3] cycloaddition reaction [3–5] is 

presented as an easy-handling alternative for the synthesis of tetrazole derivate ligands 

by reaction of organonitriles with metal azides (Scheme 1.1).[6,7]  

 

Scheme 1.1. A plausible mechanism for the formation of tetrazoles.[7] 

 

In this chapter, our main goal will be the synthesis of novel luminescent chiral in 

situ generated tetrazole-derivative amino acid based coordination compounds as novel 
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imaging agents. In situ synthesised coordination compounds will derive by the 

cycloaddition of cyanoethylated amino acids with sodium azide according to the 

procedure described by Demko-Sharpeless.[5] For that, amino acids have been used as 

initial precursors and cyanoethyl functionalization has been previously carried out before 

tetrazolate transformation.[6,8–10] Amino acids are molecules that contain both amino 

and carboxylic functionalities and are the monomers in protein synthesis, in other words, 

the building blocks of life.[4] Tetrazoles are known to be precursors in multiple nitrogen 

containing heterocycles and are broadly investigated for many medical applications in 

diverse areas.[4,11–15] Because of their multifunctionality, many examples of several 

coordination compounds and MOFs have been reported in the literature so far.[16–19] 

In fact, the combination of amino acids with tetrazoles not only derives in ligands with 

multiple binding sites what promotes stable tridentate structures when coordinated to 

metal centres, but also tetrazole functionality enhances light absorption promoting better 

emissive capacity of the synthesised materials.  

In diagnosis, when conditions, animalities, injuries or abnormalities such as 

damaged cellular tissue, tumours, organ injuries, among others need to be locally 

detected, magnetic resonance imaging (MRI) and fluorescence imaging are a powerful 

non-invasive techniques that allows focalised and temporal resolution and offers unique 

diagnostic information avoiding the need for harmful invasive interventions such as 

biopsies.[20]  

Concretely, MRI is based on nuclear spins magnetization and makes use of 

energies in the radio frequency range to alter the alignment of the magnetization of 

nuclear spin, most commonly belonging to water molecules, thus causing these 

hydrogen nuclei to produce a detectable rotational magnetic field.[21]  

In the absence of an external magnetic field protons spin in randomly oriented 

directions. However, when an external field is applied a small overall alignment of the 

nuclear spin will occur in the direction of the applied field. In MRI a uniform external 

magnetic field is employed to align protons of the water nuclei of the tissue being 

examined (Figure 1.1).[22] 
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Figure 1.1. a) Alignment of protons with the B0 field. In the absence of an external magnetic 
field, protons are oriented randomly. When the protons are placed in a strong magnetic field 

(B0), a net magnetization will be produced parallel to the main magnetic field. b) T1 (up) and T2 
(bottom) relaxation process gradual recovery to equilibrium after a 90º radio frequency pulse 

was applied to the system.[22,23] 

 

This uniform alignment is disrupted by an external perpendicular magnetic field 

with a radio frequency pulse inducing perturbation in nuclei. On the removal of this field, 

nuclear spin suffers a recovery and precession period to come back to the initial 

field-aligned situation. This recovery occurs in both the x-y plane (transverse) and z axis 

(longitudinal) direction producing an NMR signal (Figure 1.2). 

 

Figure 1.2. Coordination system in which transverse plane (x,y) and longitudinal direction (z) 
are represented.[22] 

 

MRI, compared to NMR, offers spatial information which is obtained by the 

conjunction of NMR signal along with magnetic field gradients. Different pulse sequences 

and acquisition parameters allow for recording images emphasizing one type of contrast 

or another. In general, the density of the tissue to be analysed, and T1 and T2 values 

along with the specific pulse sequence define the contrast of a tissue in an MRI image.  

b)b) 
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The contrast of an image obtained will depend on the density of the nuclei to be 

observed presently in a voxel (volumetric unit of an image, analogous to a 

two-dimensional pixel) and to T1 and T2 relaxation times, longitudinal and transverse 

relaxation times respectively, which are related to the medium and are characteristic for 

each type of tissue. 

In MRI, contrast agents (CA) are employed to enhance the detection of the 

anatomical information (contrast) obtained. Contrast agents are molecules, external to a 

body, that are used to emphasize the observation of a pathology operating by modifying 

relaxation times of water present in tissues. These agents are broadly used in clinical 

research (not only in MRI, nuclear imaging and computed tomography (CT) are also 

using this CA) and function by modifying with its presence the T1 and T2 relaxation time 

of the water molecules. Generally, the modification is a shortening of the relaxation times, 

with a modification in T1 yields positive contrast or brightening and T2 relaxation 

darkening of the affected tissue. 

 

Figure 1.3. T1-weighted pre- and post-contrast sequences showing contrast enhancement of 
pachymeninges (arrows). a, c Axial T1 pre-contrast. b, d Axial T1 post-contrast.[24]  

 

Contrast agents can be classified regarding the mechanism of contrast generation. 

Four major subgroups are differentiated in function depending on their behaviour under 

the effect of a magnetic field (1) Paramagnetic (Gd3+ and Mn2+), (2) superparamagnetic 

(Fe NPs), (3) ferromagnetic (Fe3O4) and (4) diamagnetic (BaSO4).[25] 

Contrast agents that shorten both longitudinal and transverse relaxation times to 

approximately the same degree are called T1-contrast agents. Agents that shorten 

transverse relaxation times to a much greater extent than longitudinal relaxation times 

are called T2-contrast agents.[26] 
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The parameter that measures the effect of contrast agents is relaxativity and it is 

commonly measured in mM-1 s-1 units. The final value of the relaxativity is a complex 

mixture of effects, including the molecular structure of the CA and/or kinetics of the 

complex with the water molecules. As a general strategy, a signal enhancement is 

obtained by maximizing the number of unpaired electrons of CA; in addition to, increasing 

the number of accessible water molecules in the inner sphere of the complex and 

minimizing the distance between metal ion and water protons enables signal 

increment.[27] 

Several key elements must be taken into consideration for a successful design of 

a MRI CA: relaxativity, toxicity, stability, biodistribution and pharmacokinetics are among 

them. Because the potential in vivo use of the CAs, they should have minimal risk of 

toxicity and be stable in application media. This is why it is relatively common that CAs 

generally are presented as chelated metal complexes since they allow masking of the 

potential toxicity of free metal ions. Another key element is CAs’ pharmacokinetic; which 

involves absorption, distribution, metabolism and excretion, this last step is described as 

the removal process of MRI CAs from the body. Although absorption and metabolism 

have relatively low influence along the aforementioned process, distribution is 

fundamental as it rules the scope of in vivo application of MRI. The pursued objective is 

to obtain a specific accumulation in the site of interest.[28,29] 

In this work, we will focus on paramagnetic contrast agents. They are characterized 

by having unpaired electrons in the metal orbitals that act as T1 shortening relaxation 

pathways in the protons of the water molecules present in the medium. Paramagnetic 

contrast agents or positive contrast agents are by far the clinically most employed CAs, 

that increase the MRI signal coming from the region where the CA is distributed to. In 

the literature, several examples can be found; Figure 1.4 summarizes some 

commercially approved T1 contrast agents.[29] 
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Figure 1.4. Commercially approved T1 contrast agents. (NMG = meglumine).[29] 

 

Among T1 shortening contrast agents, historically, Mn2+ has been selected as the 

first chemical species to demonstrate the paramagnetic contrast enhancement in MRI. 

The very first MR phantom image published in 1973 by Lauterbur[30] summarizes that 

MnSO4 was used to create the contrast in the first MR phantom images. Concerning 

biocompatibility, Mn2+ is an essential micronutrient and a cofactor of various enzymes 

responsible for diverse cellular functions and controls oxidative stress.[28] Nonetheless, 

in practice, Gd-based MRI CAs have been more extendedly used in clinics and have 

been heavily relied upon radiologic diagnosis of tissue. However, long-term Gd retention 

concerns from the point of view of toxicity since it is known that after CA exposure some 

patients can develop fibrosis.[31] This problem is particularly disturbing to patients 

suffering from renal insufficiency as CA’s eliminated via is the kidney. In the attempt to 

overcome this problem, Mn2+ based CAs (high spin d5 with five unpaired electrons), are 

presented as suitable candidates as they exhibit lower toxicity in comparison to Gd3+. 

Nevertheless, it must be mentioned that in high concentrations Mn2+ ion is known to 

cause neural and cardiovascular toxicity.[27]  

In this chapter, we will in situ synthesise a novel Mn2+ based coordination 

compound and examine it as a possible MRI contrast agent. Additionally, to analyse the 

photoluminescent behaviour, tetrazole derivative amino acid ligands and biologically 

acceptable d10 block metals will be selected as metal sources and with them, a family of 

compounds will be synthesised. The closed-shell configuration of metals disables 

possible potential quenching processes derived from d-d transitions permitting 

luminescent emission, consequently, the lowest energy excited states of their complexes 
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are mainly for a ligand centred (LC) or/ and ligand to ligand charge transfer (LLCT) 

nature.[32–34] 

Ligand centred emission processes are favoured by extended conjugated systems. 

Tetrazole derivative in situ synthesised amino acid ligands will display such aromaticity 

being adequate candidates for exhibiting long lasting luminescent properties.[35] 

Finally, we further wanted to exploit another functionality of our materials and 

motivated by the preserved chirality of the amino acid precursors in synthesised 

compounds, in this chapter, we will investigate the ability of our materials to display 

differential absorption of right- and left-circularly polarized light (Figure 1.5).[36]  

 

Figure 1.5. Circularly polarized luminescence.[37] 

 

Chirality of a molecule refers to a geometrical property of an object not being 

superimposable to its mirror image. Chiral molecules exhibit unique photophysical 

properties such as circular dichroism (CD) and, interestingly, some examples have also 

been described to show circularly polarized luminescence (CPL).[38]  

CPL is defined as the intensity difference of left and right circularly polarized 

radiation emitted by a chiral luminophore and is quantified by luminescence dissymmetry 

factor glum[39] and is calculated according to Equation 1.1. 

 

𝑔𝑙𝑢𝑚 = 2( 𝐼𝐿 − 𝐼𝑅)/(𝐼𝐿 + 𝐼𝑅) Equation 1.1 
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Where IL and IR refer to the intensity of left- and right-CPL, respectively. The 

maximum value of 2 reached by the equation refers to a completely left- or right- 

polarized CPL while glum values of 0 correspond to unpolarized luminescence. In other 

words, the higher glum value refers to a better degree of polarization of the emitted light, 

referring to lower energy loss.[37] 

Circularly polarized luminescence can be employed as the source of information 

about chiral substances (conformation information) and finds application in diverse areas 

from information processing,[40] OLED[37,41] to bioimaging.[42] Exploring new 

approaches to construct CPL active materials with maximum glum values is if of great 

importance. 

Herein, a family of tetrazolyl amino acid derived coordination compounds will be 

synthesised and characterized for finding application in molecular imaging, 

photoluminescence and chiroptical applications. 
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1 
1.2 Materials and methods 

1.2.1 Compound synthesis 

1.2.1.1 Synthesis of N-(2-cyanoethyl) amino acid derivative precursor. 

The synthesis of the precursors was carried out according to the procedure 

described by McKinney et al.[10] 

N-(2-Cyanoethyl)glycine: 3.76 g (0.05 mol) of glycine was suspended in 20 mL 

of deionized water in an Erlenmeyer flask. One equivalent of sodium hydroxide was 

dissolved in 10 mL of water and added dropwise to the amino acid solution. In this step, 

it is important to keep the temperature below 30 ºC. To the cold alkaline solution, 1.25 

equivalents of acrylonitrile were added dropwise and kept stirring for 2 h until a colourless 

solution was obtained. It is important to notice that temperature may rise while 

acrylonitrile is being added. That is why acrylonitrile addition to the amino acid solution 

was done in an ice bath to avoid side reactions which would reduce the yield of the 

monocyanoethyl derivative. Subsequently, the solution had stood overnight in the fridge. 

Then, 2.86 mL (0.05 mol) of acetic acid was added to the reaction keeping magnetic 

stirring. Subsequently, reaction volume was reduced to 10 mL and 50 mL ethanol was 

added afterwards. After standing overnight in the fridge N-(2-Cyanoethyl)-glycine 

precipitates and is collected by filtration and washed with ethanol. 

N-(2-Cyanolethyl)-L- or -D-valine: The same procedure was used for the 

cyanoethylation of L- or D-valine. In this case, 2 g (0.017 mol) of L- or D-valine were 

suspended in 10 mL of deionized water. The addition of one equivalent of NaOH 

dissolved in 4 mL of H2O allowed the dissolution of the ligand. As previously described, 

this step was carried out in an ice bath. Finally, 1.67 mL (0.0255 mol) of acrylonitrile was 

added keeping the temperature below 30 ºC to avoid side reactions left reacting for 2 h. 

The resulting solution was stood in the fridge overnight before ligand acidification with 

an equivalent of acetic acid with 1 mL (0.017 mol). Finally, 50 mL of EtOH was added to 

promote ligand complete precipitation. After standing for an hour in the fridge crystals 

were collected by filtration and washed with ethanol. The product was recrystallized in 

hot water. 

N-(2-Cyanoethyl)-L- or -D-phenylalanine: For the synthesis of these precursors 

the procedure followed in the cyanoethylation of glycine was pursued. In this case, 1.65 g 

(0.1 mol) of L- or D- phenylalanine, 0.6 g (0.015 mol) of NaOH and 1.1 mL (0.0165 mol) 
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of acrylonitrile were used. After the addition of acrylonitrile and standing in the fridge 

overnight it was necessary to reflux for 2 h to complete de reaction. The acidification 

process was performed by adding an equivalent of concentrated hydrochloric acid and 

precipitation occurred instantaneously. After standing in the fridge overnight the 

precipitate was collected by filtration and washed with water.  

N-(2-Cyanoethyl)-L- or -D-tyrosine: It was followed exactly the procedure 

described for phenylalanine. 2 g (0.01 mol) of L- or D- tyrosine, 0.6 g (0.015 mol) NaOH 

and 1.1 mL (0.0165 mol) acrylonitrile were used to carry on the reaction. 

 

1.2.1.2 Transition metal-based compound synthesis 

In general, the synthesis of the complexes was performed by hydrothermal 

reaction of the appropriate metal chloride or nitrate (1 mmol) with the corresponding 

N-(2-cyanoethyl)amino acid derivative (1 mmol) and sodium azide (1.5 mmol), in 

water/methanol solvent mixture (5:5 mL) at 100 ºC for 12 h followed by cooling to room 

temperature over 3 h produced single crystals. Their crystal structures were determined 

using single crystal X-ray crystallography. In the succeeding lines a detailed procedure 

will be described for each compound: 

Synthesis of single crystals of [Mn2L2(H2O)4]·H2O, in advance Mn_gly (1.1) 

0.128 g (1 mmol) of N-(2-cyanoethyl)glycine (H2L1) were dissolved in 5 mL of an 

equal mixture of H2O/MeOH, 0.065 g (1 mmol) of NaN3 was added to the solution and 

0.198 g (1 mmol) of Mn(NO3)2·4H2O. The solution was placed in a Teflon liner vessel 

and heated at 100 ºC for 12 h. Single crystals were obtained after cooling down to room 

temperature. 

 

Scheme 1.2. In situ synthesis of (2-(1H-tetrazol-5-yl)ethyl)glycine ligand by hydrothermal 
routes. 
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Synthesis of single crystals of [ZnL2]n, in advance Zn-L/D_val (1.2/ 1.3) 

0.26 g of (1.5 mmol) of N-(2-cyanoethyl)-L or D-valine (H2L2) were dissolved in 

10 mL water/ 5 mL methanol mixture. To this solution, first 0.129 g (1.98 mmol) of NaN3 

were added and once dissolved, 0.45 g (1.5 mmol) of Zn(NO3)2·6H2O. Magnetic stirring 

was kept for 10 minutes and the colourless solution was placed in a capped vial and 

placed at 100 ºC for 12 h to get single crystals. 

 

Scheme 1.3. In situ synthesis of (2-(1H-tetrazol-5-yl)ethyl)valine ligand by hydrothermal routes. 

 

Synthesis of single crystals of [ZnL3]n, in advance Zn-L/D_phen (1.4/ 1.5) 

0.22 g of (1 mmol) of N-(2-cyanoethyl)-L- or -D-phenylalanine (H2L3) were 

suspended in a mixture of 10 mL H2O/ 5 mL MeOH. 0.04 g (1 mmol) of NaOH were 

added to the suspension to get a dissolution to which 0.065 g (1 mmol) of NaN3 were 

added. Finally, 0.30 g (1 mmol) of Zn(NO3)2·6H2O to the reaction and kept stirring for 

10 minutes. The final solution was poured into a capped vial and placed in the oven for 

12 h at 100 ºC. Single crystals were obtained after slowly cooling down to room 

temperature. 

 

Scheme 1.4. In situ synthesis of (2-(1H-tetrazol-5-yl)ethyl)phenylalanine ligand by hydrothermal 
routes. 
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Synthesis of single crystals of {[ZnL4]·H2O}n, in advance Zn-L/D_tyr (1.6/ 1.7) 

The same procedure was followed for the synthesis of Zn-L/D_phen (1.4/1.5), but 

in this case, 0.234 g (1 mmol) of N-(2-cyanoethyl)-L- or -D-tyrosine (H2L4) were used for 

the reaction. 

Synthesis of {[CdL4]·H2O}n, in advance Cd-L/D_tyr (1.8/ 1.9) 

0.117 g (0.5 mmol) of N-(2-cyanoethyl)-L- or -D-tyrosine (H2L4), 0.154 g (0.5 mmol) 

of Cd(NO3)2·4H2O and 0.0325 g (0.5 mmol) of NaN3 were weighted in a vial. 8 mL of 

water were added and placed in a Teflon liner vessel solvothermal reactor for 48 h at 

140 ºC. After slow cooling to room temperature, the polycrystalline powder was obtained, 

which was collected by filtration and washed with water.  

 

Scheme 1.5. In situ synthesis of (2-(1H-tetrazol-5-yl)ethyl)tyrosine ligand by hydrothermal 
routes, being M = Zn and Cd for compounds 1.6, 1.7 and 1.8, 1.9, respectively.  

 

The corresponding structural characterization (elemental analysis, FTIR spectra 

and PXRD) was performed for all compounds to confirm the purity of the samples. For 

more details consult Appendix 1 (Table A1.1, Figure A1.1-4 and Figure A.1.5-6.). 

 

1.2.2 Relaxation time measurements 

Relaxativity measurements were carried out in compound .1.1 (Mn_gly). For that 

purpose, solutions of 1 mM, 0.5 mM and 0.1 mM concentration (relative to Mn2+) were 

prepared in Milli-Q water and analysed. To ensure that the material was completely 

dissolved, they were sonicated over 30 minutes and filtered off by a 0.22 µm microfilter. 

Milli-Q water employed in dissolution preparation was used as blank or reference in 

relaxativity measurements. Three different measurements of T1 and T2 were performed 

for each sample and each concentration. Relaxivity values r1 and r2 were obtained from 

the slopes of the curves 1/T1 and 1/T2 vs. the concentration of Mn2+ expressed in mM. 
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1.2.3 Chiroptical properties 

General procedure for circular dichroism experiments 

Samples for CD measurements were prepared as follows: a precision weighted 

amount of material (2 mg) was suspended in Milli-Q H2O (4 mL) and sonicated over 1 h. 

General procedure for circularly polarized luminescence experiments 

Samples for CPL measurements were prepared as follows: a precision weighted 

amount of well-grounded material (5 mg) was suspended in 4 mL H2O and sonicated 

over 5 min. To prevent material decantation sample was manually shacked between 

spectra collection. For racemic mixture preparation, well-grounded 2.5 mg of 

L-enantiomer and 2.5 mg of D-enantiomer were weighed and suspended in 4 mL of H2O. 

Next, fluorescence and CPL spectra were collected for pure enantiomers. The resulting 

CPL spectra were calculated as an average of recorded 100 scans. 

For data collection, a set of 100 scans for each enantiomer and the racemic mixture 

have been recorded in suspension exciting the sample by 300 nm LED. Note that, the 

equipment possesses a negative correction. 

As a proof of concept, and to ensure that the material remains stable in water, 5 mg 

of material were suspended in 4 mL of H2O and sonicated for 5 minutes. Then, the 

decanted solution was filtered with the aid of a 45 µm syringe and fluorescence and CPL 

of the solution were collected giving in all enantiomeric pairs a negligible CPL and 

luminescence signal. 

 

1.2.4 Statistical analysis of the chiroptical properties 

F-test variance and t-test were conducted intending to conclude whether variances 

significantly differ among them and determine the veracity of the recorded CPL signals. 

In t-student statistical analysis, a comparison of L- and D- enantiomers data concerning 

racemic mixture was performed. 

𝐹 =  
𝑠1

2

𝑠2
2   (𝑠1 > 𝑠2) Equation 1.2 

𝐻0 ≡  𝑠1
2 =  𝑠2

2 ( 𝐹𝑐𝑎𝑙𝑐 < 𝐹𝑡𝑎𝑏) Variances are not significantly different 
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𝐻1 ≡  𝑠1
2 ≠  𝑠2

2 ( 𝐹𝑐𝑎𝑙𝑐 ≥ 𝐹𝑡𝑎𝑏) Variances are significantly different 

Additionally, t-student statistical analysis was carried out as aforementioned to 

compare data obtained for each enantiomer concerning racemic mixture. 

𝑡 =  
|𝑥̅1 − 𝑥̅2|

𝑠𝑝√
1

𝑛1
+

1
𝑛2

 Equation 1.3 

 

𝑠𝑝  =  √
(𝑛1 − 1)𝑠1

2 + (𝑛2 − 1)𝑠2
2

𝑛1 + 𝑛2 − 2
 

Equation 1.4 

s1 refers to each enantiomer and s2 to racemic mixture. 

𝐻0 ≡ 𝑠1  ≤ 𝑠2  (𝑡𝑐𝑎𝑙𝑐 < 𝑡𝑡𝑎𝑏)  Indicates are not significantly different  

𝐻0 ≡ 𝑠1  > 𝑠2   (𝑡𝑐𝑎𝑙𝑐 ≥ 𝑡𝑡𝑎𝑏)  Indicates are significantly different with enantiomers 

giving a higher signal than the racemic mixture. 
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1.3 Results and discussion 

1.3.1 Structural characterization 

Single crystal studies revealed that compound 1.1 exhibits the following formula 

[Mn2L1
2(H2O)4]·H2O, where H2L1 = (2-(1H-tetrazol-5-yl)ethyl)glycine. It was in situ 

synthesised by [2+3] cycloaddition of sodium azide to N-(cyanoethyl)glycine and 

crystallizes in the monoclinic P21/c space group. The asymmetric unit of this dimeric 

entity is composed of a ligand molecule and a metallic centre (Figure 1.6a). The 

coordination environment is completed by the coordination of two water molecules, and 

a crystallization water molecule. 

Mn1 atom presents a hexacoordinated MnN3O3 environment composed by the 

coordination of three nitrogen atoms belonging two of them to a tetrazolyl moiety (from 

two different ligands) and the remaining nitrogen corresponding to the amino group of 

the amino acid precursor. One oxygen atom corresponds to a monodentate carboxylate 

moiety of the organic ligand and the remaining two oxygens to two coordinated water 

molecules. Continuous shape measurements (CShMs)[43] reveal that Mn1 builds 

octahedral polyhedron (Table A1.5). 

Growing the asymmetric unit, it can be seen that the dimeric structure presents 

hydrogen bonding governed by supramolecular interactions (Figure 1.6b).  

a) b) 

 

 

Figure 1.6. a) Excerpt of the asymmetric unit of compound Mn_gly (1.1) and b) perspective 
view of the packed dimeric structure where H bonding interactions are shown in dashed green 

lines. 
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Single-crystal X-ray crystallographic studies carried out on isostructural 

enantiomeric pairs with the formula [ZnL2]n where H2L2 is 

2-(1H-tetrazol-5-yl)ethyl)-L-valine or (2-(1H-tetrazol-5-yl)ethyl)-D-valine generated by 

[2+3] cycloaddition of sodium azide to the corresponding N-(cyanoethyl)-L or D-valine, 

yields respectively compounds Zn-L_val (1.2) and Zn-D_val (1.3). The enantiomeric 

pairs reveal three dimensional (3D) MOFs that crystalise in the orthorhombic P212121
 

space group (Figure 1.7). The asymmetric unit of 1.2 and 1.3 is comprised of doubly 

deprotonated ligand (carboxylate and tetrazolate) molecule and a metallic centre. The 

organic linker, 2-(1H-tetrazol-5-yl)ethyl)valine coordinates to the Zn2+ from the oxygen 

atom of the carboxylate moiety as well as from two nitrogen atoms, one belonging to the 

amino group and the other belonging to the tetrazolate ring of the amino acid derivative. 

Zn1 presents a [ZnN3O2] coordination environment in compounds Zn-L_val (1.2) 

and Zn-D_val (1.3) (Figure 1.7) composed of the syn-anti monodentate coordination of 

two oxygen atoms belonging to the carboxylate moieties of two ligands molecules, two 

nitrogen atoms of a tetrazolate moiety again from adjacent ligands as well as from the 

coordination of the nitrogen atom belonging to the amino group of the amino acid 

derivative. Continuous shape measurements (CShMs) [43] reveal that Zn1 build a 

spherical square pyramid (SPY-5) polyhedron (Table A1.6). 

The analysis of the topology through TOPOS Pro software[44] reveals that 

compounds Zn-L_val (1.2) and Zn-D_val (1.3) possess a 6-c unimodal net with (33·59·63) 

point symbol and lcy topology. Although the structure expands in three dimensions the 

growth of the structure does not have solvent accessible volume according to the 

geometrical calculations performed with the PLATON-v1.18 program (Figure A1.8). 
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a) b) 

  

c) d) 

  

Figure 1.7. a) View of the asymmetric unit of Zn-L_val and b) Zn-D_val, compounds 1.2 and 
1.3, respectively, c) Perspective view of the ligand coordination modes in Zn-L_val and 

d) packed structure. 

 

Single-crystal X-ray crystallographic studies undertaken on isostructural 

enantiomeric pairs with the formula [ZnL3]n where H2L3 is 2-(1H-tetrazol-5-yl)ethyl)-L- 

phenylalanine or (2-(1H-tetrazol-5-yl)ethyl)-D-phenylalanine which was derived by in situ 

[2+3] cycloaddition of sodium azide with the corresponding N-(cyanoethyl)-L or 

D-phenylalanine, yields respectively compounds Zn-L_phen (1.4) and Zn-D_phen (1.5). 

Note that good quality single-crystals have been only obtained for compound 1.5 but due 

to the isostructural character of compound 1.4 in the following section compound 1.5 

description will be performed in detail as a representative example of the enantiomeric 

pair. Compound Zn-L_phen (1.4) and Zn-D_phen (1.5) exhibit layered two-dimensional 

structure that crystallises in the monoclinic P21 space group. The asymmetric unit of 1.4 

and 1.5 is composed of a doubly deprotonated ligand molecule and a Zn2+ metallic 

centre. 

As for the previous examples, the organic ligand coordinates the metallic centre 

from the carboxylate moiety (in a monodentate way in syn-anti disposition to 



Chapter 1 

34 

neighbouring metallic centres) and the nitrogen’s, one belonging to the tetrazolate moiety 

and the other to the amino group of the amino acid derivative (Figure 1.8). 

Zn1 presents a [ZnN3O2] coordination environment in compounds Zn-L_phen (1.4) 

and Zn-D_phen (1.5) composed of the syn-anti monodentate coordination of the oxygens 

belonging to adjacent carboxylates, in addition to the coordination from the nitrogen of 

the amino group as well as to two nitrogen atoms from the tetrazolate moiety. Continuous 

shape measurements (CShMs)[43] reveal that Zn1 build a spherical square pyramid 

(SPY-5) polyhedron (Table A1.6). 

Two-dimensional layered topology performed with TOPOS Pro software[44] 

exhibits that compounds Zn-L_phen (1.4) and Zn-D_phen (1.5) display a 3.5-c unimodal 

net with ({3·52}{32·53·64·7}) point symbol and 3,5L50 topology.  

a) b) 

  

c) d) 

  

Figure 1.8. a) Asymmetric unit b) excerpt of the crystal structure of compound 1.5Zn-D_phen c) 
and d) perspective view and and packed structure 

 

a

b

c



Multidimensional (2-(1H-tetrazol-5-yl)ethyl)amino acid derivative coordination compounds 

 

35 

1 
To conclude with structural description, single-crystal X-ray crystallographic 

studies performed on isostructural enantiomeric pairs with the formula {[ZnL4]·H2O}n and 

{[CdL4]·H2O}n where H2L4 is 2-(1H-tetrazol-5-yl)ethyl)-L-tyrosine or 

(2-(1H-tetrazol-5-yl)ethyl)-D-tyrosine in situ generated by [2+3] cycloaddition of sodium 

azide to the corresponding N-(cyanoethyl)-L- or -D-tyrosine, yields respectively two 

isostructural enantiomeric pairs, in advance, Zn-L_tyr (1.6) and Zn-D_tyr (1.7), Cd-L_tyr 

(1.8) and Cd-D_tyr (1.9), respectively. Good quality single-crystals have been obtained 

for Zn2+ counterparts, nonetheless, due to the isostructural nature of Cd2+ enantiomeric 

pairs, the crystal description of 1.6 will be held in advance as a representative example 

of the isostructural family. 

Compounds 1.6-1.9 exhibit a two-dimensional structure that crystallises in the 

orthorhombic P212121 space group. The asymmetric unit of 1.6-1.9 is composed of a 

doubly deprotonated (carboxylate and tetrazolate; note that the phenol group remains 

unaltered providing intermolecular hydrogen bonds) ligand molecule and a Zn2+ metallic 

centre in addition to a crystallization water molecule. 

In resemblance to the previously described structures, 2-(1H-tetrazol-5-yl)ethyl) 

tyrosinate ligand coordinates the metallic centre from the carboxylate moiety (in a 

monodentate way in syn-anti disposition to adjacent metallic centres) and from the 

nitrogen’s one, belonging to the tetrazolate moieties and the other to the amino group of 

the amino acid derivative (Figure 1.9). 

Zn1 presents a [ZnN3O2] coordination environment in compounds 1.6-1.9 

composed of the syn-anti monodentate coordination of the oxygens belonging to 

adjacent carboxylates, in addition to the coordination from the nitrogen of the amino 

group as well as to two nitrogen atoms from the tetrazolate moiety. Continuous shape 

measurements (CShMs)[43] reveal that Zn1 build a spherical square pyramid (SPY-5) 

polyhedron (Table A1.6). 

Two-dimensional layered topology performed with TOPOS Pro software[44] 

exhibits that compounds 1.6-1.9 display a 3.7-c unimodal net with ({3·52}{32·511·67·7}) 

point symbol. Growing the asymmetric unit, it can be seen that the layered structure 

presents remarkable supramolecular interactions which are governed by hydrogen 

bonding interactions. 
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a) b) c) 

 

 

 

d) 

 

e) f) 

 

 

Figure 1.9. View of the asymmetric unit a) of Zn-L_tyr and b) Zn-D_tyr, compounds 1.5 and 1.7, 
respectively, c) Perspective view of the ligand coordination modes in Zn-D_tyr d) most 

representative intermolecular hydrogen bonds e) perspective view and f) packed structure along 
a axis.  
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1.3.2 Relaxativity measurements 

To understand how Mn_gly (1.1) performs as a potential contrast agent for MRI, 

we studied its relaxativity under 1.4 T scanner at Bruker Minispec mq60 working at 37 ºC 

and at 7 T by a Bruker Biospec 70/30 preclinical MRI spectrometer. The former 

equipment provides the relaxativity of a compound in the clinical field and at body 

temperature giving an idea of the performance as a potential contrast agent in clinical 

environments while the latter, provides relaxitivity values at a much higher magnetic field, 

typically used in preclinical research.  

Relaxativity is dependent on external parameters among which applied field, 

temperature and hydration state of the molecule can be highlighted. Regarding applied 

field, it is known that r1 relaxativity typically decreases with an increase of the external 

field while transverse relaxativity, r2, is static or increases resulting in an increased r2/ r1 

ratio.[45]  

This r2/ r1 ratio classifies a substance working as a T1 or T2 contrast agent. 

Generally, contrast agents with a low r2/ r1 ratio (<5) are classified as T1 substances, 

while agents exhibiting larger ratios (> 10) are categorized as T2 contrast media.[23] 

 

Scheme 1.6. Schematic representation of in situ synthesised Mn2+ based contrast agent 
displaying four coordinated water interchangeable molecules in the first coordination sphere. 

 

Relaxativity measurements undertaken in compound 1.1 were carried out in 

ultrapure Milli-Q water media at three different concentrations (1.0 mM, 0.5 mM and 

0.1 mM) for both fields (1.4 T and 7 T). The longitudinal (r1) and transverse (r2) relaxativity 

values were calculated from the slope of the plot of 1/T vs. [Mn] expressed in mM.  
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Figure 1.10. Longitudinal (r1) and transverse (r2) relaxativity rate of compound 1.1 Mn_gly as a 
function of Mn2+ concentration measured in a) Minispec at 1.4 T and b) in Bruker Biospec 70/30 

at 7 T, respectively. 

 

The r1 value obtained for Mn2+ was 2.17 mM-1 s-1 and 3.34 mM-1 s-1 at 1.4 T and 

7 T, respectively; little below relaxativities found for small Mn2+ complexes containing 

one inner-sphere water molecule which generally exhibit r1 values of 2.4–3.7 mM-1 s-1 at 

0.47 T and 25 ºC[46,47] and comparable to Mangafodipir trinatrium Mn-DPDP 

(r1 = 2.1 mM-1 s-1, 20 ºC, 1.5 T[48]), an intravenously administrated CA used to enhance 

the contrast of the liver and pancreas marketed under the name of Teslacan®.[49] 

As previously stated, the r2/r1 ratio rules a contrast agent potentially working as a 

T1 brightening or T2 endarkening agent and ratios below 5 are categorized as T1 

substances, while agents exhibiting larger ratios (over 10) are classified as T2 contrast 

substance.[23] In our studied Mn_gly (1.1) compound, the ratio r2/r1
 was 8.1 for 1.4 T and 

13.2 for 7 T, working potentially as a T2 substance. 

Subsequently, to evaluate the efficiency of compound 1.1 as a brightening or 

endarkening contrast agent, T1 and T2 weighted-phantom MR images of the complex at 

three concentrations have been collected.  

A T1-weighted image will expect to present water with a shorter relaxation time 

displaying a brighter image; while in a T2-weighted image, the shorter T2 signal, the faster 

will disappear and thus, the presence of the CA will contribute to destroying signal 

deriving in a darker image. 
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In principle, obtained relaxativity values both at 1.4 T and 7 T fields have 

demonstrated relatively high r2/r1 ratios considering 1.1 behaving as a potential T2 

contrast agent. 

For the aforementioned measurements, again, analysis was carried out in 

ultrapure Milli-Q water media at three different concentrations for compound 1.1 and in 

1 mM concentration for MnCl2 which was used as a reference. It would be expected for 

MnCl2 to display higher r1 and r2 values since possibly the number of accessible and 

interchangeable water molecules in the metal surrounding would be higher in number 

compared to compound 1.1. 

 

Figure 1.11. a) T1-weighted (up) and b) T2-weighted (bottom) phantom MR images of complex 
1.1 and MnCl2 at different concentrations at 7 T. 

 

At a first sight, taking into consideration T1 and T2 weighted-phantom MR images 

we can appreciate that our contrast agent at 1 mM concentration possesses a slightly 

brighter contrast ability compared to 1 mM MnCl2 dissolution mainly associated with the 

coordinated water molecules in the complex's inner-sphere, leading to the exchange of 

water molecules with the surrounding water.  

Although, T1-weighted images exhibit that intensity of the image was found to 

slightly increase with concentration increasing of complex 1.1 is detectable (see Figure 

1.11, up), T2-weighted images with increasing concentrations exhibit smaller signal 

coming in accordance with the behaviour expected for relatively high r2 values, 

(concretely of 44 mM-1 s-1 at 7 T for 1.1) as shown in Figure 1.11, bottom. 

Given these results, it can be stated that synthesized Mn_gly (1.1), which under 

clinical conditions (1.4 T and 37 ºC), has demonstrated an r1 value of 2.17 mM-1 s-1, a 

relatively high r2/r1 ratio of 8.1 along with an efficient negative effect as evident from the 

T2-weighted MR image could have potential applicability as a novel T2 negative contrast 

agent. 

1 mM 0.1 mM H2O 1mM MnCl20.5 mM

1 mM 0.5 mM 0.1 mM H2O 1mM MnCl2

a)

b)
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1.3.3 Photoluminescence measurements 

Solid-state photoluminescent studies were conducted in polycrystalline samples to 

assess emission characteristics and study the influence of the assembling ligands. Note 

that, due to the equivalent emission of enantiomers, the emission capacity of one 

enantiomer has been studied as representative of the pair. 

Synthesised d10 metal complexes present extended aromaticity promoted by a 

poly-heterosubstituted penta-atomic ring; this feature made us think about the possibility 

of these entities being good candidates for displaying enhanced photoluminescent 

properties. In addition to that, ligand coordination to metals with fully-filled d orbitals 

promote structural rigidity, and in consequence, reduces the efficiency of non-radiative 

pathways yielding increased fluorescent emission. Because of that, d10 metal complexes 

have been broadly studied for applications ranging from fields of sensing to 

photochemistry, so far.[50–52] 

To begin with, the excitation spectrum of Zn_val recorded at 15 K (Figure 1.12) 

monitoring at the ligand emission at 394 nm display a broad band ranging from 

250-400 nm where a set of transitions are appreciable peaking at 289, 328, 336 and 

340 nm, respectively.  

15 K emission spectrum of Zn_val has been collected upon excitation at 289 nm. 

The emission profile consists of a main broad band, from 350 to ca. 650 nm, with the 

maximum intensity at 445 nm with a set of less intense shoulders peaking at 384, 416 

and 463 nm, respectively. The emission of Zn_val stems from the ligand centred π-π* 

electronic transition suggesting that the conjugated ligand is the part contributing to the 

emission while the Zn2+ centre commits to structural rigidity enhancing ligand emissive 

properties.  

Zn_Val decay curve recorded at ambient temperature while monitoring the 

strongest emission at 445 nm under direct excitation at 340 nm (inset of Figure 1.12), is 

only properly fitted by a second order exponential function yielding lifetimes of 

5.82 ± 0.09 ns and 1.29 ± 0.02 ns with an averaged lifetime of 1.34 ns. It must be noted 

that the contribution of the longest decay time is significantly higher than the shortest 

one and that decays shorter than 1 ns can be assessed to lamp pulse. 
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Figure 1.12. 15 K excitation spectra of Zn_val (black; λExc. = 394 nm) and emission spectra (red) 
with the excitation fixed at 289 nm. The inset shows the corresponding decay curve monitoring 
the emission at 445 nm with the excitation selected at 340 nm collected at room temperature; the 
solid red lines are the best fits using second-order decay functions, y = y0 + A1·exp(-x/ τ1) + 

A2·exp(-x/ τ2) (r2 > 0.999). The average lifetimes were calculated according to the formula < τ >
= (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2). 

 

Emission spectra of Zn_val were performed at different temperatures (15–300 K) 

selecting the excitation at 289 nm to study temperature induced changes in the emission 

spectrum. For that, the temperature dependence of the integrated intensity (IZn_Val) was 

determined by integrating emission spectra in the range of 350–575 nm. As shown in the 

thermal behaviour (Figure 1.13, inset) there is a linear relationship between temperature 

and emission intensity. As it was expected, temperature decrease diminishes the 

possibility of relaxation via non-radiative paths and thus increments emission intensity. 
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Figure 1.13. The emission spectra of Zn_val in the 15–300 K range with the excitation selected 
at 289 nm. Inset: Temperature dependence of IZn-val in the same temperature range.  

 

Subsequently, the 10 K excitation spectrum of Zn_phen monitoring at the 

maximum emission at 480 nm shows a broad band, from 275 to 400 nm, with the 

maximum at 388 nm with a shoulder at 309 nm (Figure 1.14). 

The emission spectrum of Zn_phen, collected at 10 K and, excited at 325 nm 

presents a broad band, from 350 to ca. 750 nm, exhibiting the maximum intensities at 

413 nm and 500 nm which is attributed, as for Zn_val analogue, to ligand aromatic π-π* 

electronic transition.  

Zn_phen decay curve recorded at ambient temperature while monitoring the 

strongest emission at 480 nm under direct excitation at 370 nm (inset of Figure 1.14), is 

only properly fitted by a second order exponential function yielding lifetimes of 

5.56 ± 0.18 ns and 1.23 ± 0.04 ns with an averaged lifetime of 1.29 ns. It must be noted 

that the contribution of the longest decay time is significantly larger than the shortest one 

and that decay times shorter than 1 ns can be assigned to the laser pulse. 
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Figure 1.14. 10 K excitation spectrum of Zn_phen (black; λExc. = 552 nm) and emission spectrum 
(red) with the excitation fixed at 325 nm. The inset shows the corresponding decay curve 
monitoring the emission at 480 nm with the excitation selected at 370 nm collected at ambient 
temperature; the solid red lines are the best fits using second-order decay functions, y = y0 + 
A1·exp(-x/ τ1) + A2·exp(-x/ τ2) (r2 > 0.999). The average lifetimes were calculated according to the 

formula< τ >= (A1τ1
2 + A2τ2

2)/(A1τ1 + A2τ2). 

 

To conclude, the emission capacity of isostructural Zn_tyr and Cd_tyr analogues 

has been studied in detail. 

10 K excitation spectrum of Zn_tyr detecting at the maximum emission at 511 nm 

shows a broad band, from 275 to 400 nm, with the maximum at 377 nm with a shoulder 

at 313 nm. On its part, when isostructural Cd_tyr possess a highly resembling excitation 

spectrum displaying a broad band located in the range of 250–400 nm and with a 

well-defined shoulder peaking at 306 nm and 399 nm when excited at 520 nm. 

The emission spectra of Zn_tyr and Cd_tyr, recorded at 10 K and, excited at 

325 nm presents a broad band, from 350 to ca. 750 nm attributed, as for Zn_val 

analogue, to ligand aromatic π-π* electronic transition. Nonetheless, it must be noted 

that Zn_tyr analogue exhibits poorly defined shoulders peaking at 377 and 511 nm with 

the spectrum maximum located at 452 nm; while the Cd_tyr emission spectrum displays 
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a similar emission pattern with maxima located at the same position, but a higher relative 

intensity in 519 nm peak concerning 453 nm signal.  

Cd_tyr decay curve recorded at ambient temperature while monitoring the 

strongest emission at 460 nm under direct excitation at 370 nm (inset of Figure 1.15 b), 

is only properly fitted by a second order exponential function yielding two lifetimes of 

5.21 ± 0.46 ns and 1.29 ± 0.02 ns with an averaged lifetime of 0.66 ns. 

 

Figure 1.15. a) 10 K excitation spectrum of Zn_tyr (black; λExc. = 511 nm) and emission spectrum 
(red) with the excitation fixed at 325 nm. b) 10 K excitation spectrum of Cd_tyr (black; 
λExc. = 520 nm) and emission spectrum (red) with the excitation fixed at 325 nm The inset shows 
the corresponding decay curve monitoring the emission at 460 nm with the excitation selected at 
370 nm collected at ambient temperature; the solid red lines are the best fits using second-order 
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decay functions, y = y0 + A1·exp(-x/ τ1) + A2·exp(-x/ τ2) (r2 > 0.999). The average lifetimes were 

calculated according to the formula< τ >= (A1τ1
2 + A2τ2

2)/(A1τ1 + A2τ2). 

 

Variable temperature emission spectra were performed in Zn_tyr to explore 

temperature induced changes in the emission spectrum. By integrating the emission 

spectra in the range of 350–750 nm the corresponding temperature dependence of the 

integrated intensity (IZn_tyr) was calculated. Inset of Figure 1.16 exhibits a linear 

relationship dependency among emission intensity and temperature; as it was expected, 

since it is known that low temperature minimizes kinetic energy of molecules and thus, 

disables electrons being relaxed from excited states through non-emissive paths. 

 

Figure 1.16. The emission spectra of Zn_tyr in the 15–300 K range with the excitation selected 
at 325 nm (laser). Inset Temperature dependence of IZn_tyr in the same temperature range. 
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1.3.4 Chiroptical properties of MOFs 

1.3.4.1 Circular dichroism experiments 

Given the chiral nature of the synthesised compounds (1.2-1.9), differential 

absorption of the right and left circularly polarized light (CD) was investigated as the 

absolute configuration of homochiral coordination compounds can be confirmed by 

positive or negative CD signals. For that, the corresponding water suspensions CD 

spectra were collected from each enantiomeric pair according to the procedure detailed 

in the 1.2.3 section. As observed in Figure 1.17, spectra of enantiomeric compounds are 

mirror-symmetric images indicating in all cases the formation of enantiopure samples.  

When CD spectra of each pair are analysed in detail, Zn-L_val (1.2) and Zn-D_val 

(1.3) spectra exhibit several bands with maxima at 183, 196 and 213 nm with alternating 

Cotton effects. Compounds Zn-L_phen (1.4) and Zn-D_phen (1.5) peak at 194, 207, 217, 

226 and 267 nm. Compounds Zn-L_tyr (1.6) and Zn-D_tyr (1.7) display a set of bands 

located at 180, 186, 191, 202, 236 and 287 nm. Finally, Compounds Cd-L_tyr (1.8) and 

Cd-D_tyr (1.9) exhibit three main bands at 183, 213 and 230 nm, with alternating Cotton 

effects for all previously described compounds (1.4-1.9). Note that, despite the 

isostructural nature of compounds Zn-L_tyr (1.6) and Zn-D_tyr (1.7) concerning Cd-L_tyr 

(1.8) and Cd-D_tyr (1.9) CD spectra exhibit slightly different shape which is due to the 

data collection parameters. Nonetheless, the maxima peak at a similar wavelength. In 

all cases, CD absorption bands are present in the corresponding UV-Vis spectra in 

compounds (1.2-1.9). 
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Figure 1.17. Circular dichroism spectra were recorded for compounds 1.2-1.9. 

 

1.3.4.2 Circularly polarized luminescence experiments 

In the present work, circularly polarized luminescence spectra have been collected 

in suspension for left-handed and right-handed enantiomers of compounds Zn-L_phen 

(1.4) and Zn-D_phen (1.5) based on the emission of the ligand; the experiments run on 

the rest of the enantiomeric pairs did not yield measurable CPL signal. 

To begin with, fluorescence spectra has been collected in the 350–750 nm region; 

nonetheless, the CPL signal was only clearly detectable at 560–610 nm. This is due to 

numerous transitions occurring below the fluorescence band and that the transition 

involved in CPL is only appreciable at high wavelengths and in consequence, low 

energetic range. Because of that reason, spectra have been recorded in the 

aforementioned region allowing multiple accumulations to reduce signal noise. 

Recorded CPL spectra present weak but distinguished opposed signals (Figure 

1.18). No maxima can be foreseen since the observed region corresponds to the tail of 
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the emission appreciated in the steady-state photoluminescent spectrum which stems 

from the ligand π–π* electronic transition.  

 

Figure 1.18. glum values of the CPL bands were found for the main emission bands of 
compounds Zn-L_phen (1.4) and Zn-D_phen (1.5). 

 

As observed, in Figure 1.18, Zn-L_phen (1.4) presents a negative signal meaning 

that it emits preferentially right-handed circularly polarized emission, while Zn-D_phen 

(1.5) exhibits major emission of left-handed CPL. As aforementioned, equipment 

correction error is slightly negative, which triggers glum values of racemic mixture values 

being slightly negative. 

Acquired dissymmetry factor glum exhibit values around 1 x 10-3; measuring glum 

values for L - 2.38 x 10-3 and D enantiomer 2.22 x 10-4, respectively.  

These results confirm that the compound can produce the searched luminescent 

phenomenon in suspension since the emitted light is similarly polarized in opposite 

directions by each enantiomer. 

Nonetheless, to further confirm that obtained weak signals steam from the sample 

and were not derived from the data-collection procedure, a statistical study was 

performed according to the procedure described in the bibliography.[53] For this 

statistical analysis of CPL activity, collected 100 scans recorded for each enantiomer 

(L- and D-) along with a racemic mixture were divided into 10 sets of scans; then, the 

mean corresponding to the 10-scan subgroup was calculated and the corresponding 
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average area was determined for each data set. In all cases, to avoid any relationship 

between the compared sets of data those have been randomized. Figure 1.19 exhibits 

represented data, as it can be appreciable, the D-enantiomer displays only positive areas 

while L- the enantiomer exhibits negative values, which indicates that the net negative 

areas calculated for the spectra delimit in the negative part of the scale. Racemic mixture 

shows opposite signed areas. 

 

Figure 1.19. Areas of the differentiated data set were obtained from the CPL activity of 
compounds Zn-L_phen (1.4, blue) and Zn-D_phen (1.5, purple), and the racemic mixture 

(yellow). 

 

Subsequently, the mean of the integrated area and its standard deviation were 

calculated for the spectra of each compound taking into consideration all data sets. With 

this information, F-test variance and t-test were conducted intending to conclude whether 

variances significantly differ among them and determine the veracity of the recorded CPL 

signals. In t-student statistical analysis, a comparison of L- and D- enantiomers data 

concerning racemic mixture was performed. 

The F-test statistical analysis yielded results collected in Table 1.1. According to 

results, calculated F values are higher than tabulated ones which determines that 

according to F-test variances differ significantly in both cases. 
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Table 1.1. F-test for the area data 

 Fcalc Ftab 

Zn-L_phen (1.4) 100.41 3.18 

Zn-D_phen (1.5) 107.99 3.18 

Fcalc < Ftab 

Additionally, t-student statistical analysis was carried out as aforementioned with 

the objective of comparing data obtained for each enantiomer with respect to racemic 

mixture. The t student analytical analysis results are summarized in Table 1.2. 

Table 1.2. t-test for the area data of the CPL activity of the L and D enantiomers concerning the 
racemic mixture. 

 tcalc ttab 

Zn-L_phen (1.4) 26.48 2.10 

Zn-D_phen (1.5) 10.02 2.10 

tcalc > ttab 

 

Taking into consideration the values of t-student statistical analysis, it was 

observed that calculated t-student value is higher than the tabulated one which indicates 

that at 95 % confidence signals observed for L- and D- enantiomer are significantly 

higher compared to racemic mixture signals. For more details consult Appendix 1.9. 

Chiroptical properties. Statistical analysis of the CPL data section.  

Statistical analysis of the CPL data carried out in samples Zn-L_phen (1.4) and 

Zn-D_phen (1.5) and the racemic mixture allowed confirming that despite the signal 

weakness, the collected spectra are derived from the sample and that no error has been 

performed in the data collection which could detriment recorded data. 
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1.4 Conclusions 

In this chapter, we have successfully synthesised and characterized a family of 

nine multifunctional coordination compounds based on (2-(1H-tetrazol-5-yl)ethyl)amino 

acid derivative (amino acid = glycine, valine, phenylalanine and tyrosine) ligands and 

d-block metals. 

Concretely, relaxativity measurements have been carried out in Mn2+ based 

compound 1.1, demonstrating 1.1 being a novel manganese-based contrast agent which 

could find potential application in magnetic resonance imaging as a T2 contrast agent. 

The high r2/r1 ratio, along with observed signal intensity reduction and endarkening found 

in T2-weighted images has prompted us to conclude compound 1.1 potential applicability 

as a T2 contrast agent. Future research steps should be conducted in the direction of 1.1 

being clinically applied. For that purpose, future analysis will address additional 

characteristics such as its cytotoxicity, aggregation of blood proteins and biodistribution 

and pharmacokinetics with in vivo experiments. 

On another level, motivated by the extended aromaticity of in situ synthesised 

ligands, photoluminescent properties have been studied in d10 metal derived complexes. 

Compounds 1.6-1.9 display similar excitation and emission lines derived from ligand 

centred π→π* transition emission in all cases displaying relatively short decay times of 

around 5 ns. 

Finally, amino acid precursor’s preserved chirality prompted us to study the 

chiroptical properties of compounds 1.6-1.9. Circular dichroism allowed us to conclude 

that in all cases enantiomeric pairs display opposite cotton effects being only Zn_phen 

enantiomeric pairs able to display circularly polarized luminescence. Obtained 

dissymmetry factor, glum, is in the range of 1 x 10-3 and line with values examples in the 

bibliography.[38] To conclude, we further confirmed by statistical study that the obtained 

weak CPL is a property intrinsic to the sample and does not derive from the 

data-collection procedure. 
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Summary 

This chapter summarizes the synthesis and characterization of three-dimensional 

multifunctional materials based on 3-amino-4-hydroxybenzoate ligand and it is organized 

in three main bocks: in the first one, 3d metal-based MOFs will be presented; in the 

subsequent two sections, lanthanide-based materials will be prepared and their 

applications explored. The principal novelty of this work can be briefly summarized on 

the following aspects: 

- To start with, 3d (Co2+ and Zn2+) metal ion based bifunctionality will allow 

exploring coordination polymers with magnetic and modulated 

photoluminescent properties. 

- Subsequently, a family of isostructural multifunctional Ln-MOFs will be 

presented display single-molecule magnet behaviour, photoluminescent 

properties for thermometry application and CO2 adsorptive capacity. Along with 

the catalytic performance in efficient solvent-free cyanosilylation reaction of 

carbonyl compounds with trimethylsilyl cyanide catalysed by yttrium and 

europium-based counterparts will be studied. 

- Finally, easy handling processing-techniques will be evaluated for shaping bulk 

material into pellets and membranes. This research will be conducted in 

terbium-based material allowing a comparation between the emissive capacity 

of the membrane-immobilized material with respect to pristine MOF. 

Additionally, water adsorption and proton conductivity of the unshaped material 

will be carried on. 
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PART 1 
 

2.1 Introduction. 3-amino-4-hydroxybenzoate and 3d metal ion 
Based Bifunctional Coordination Polymers. Magnetic and 
Modulated Photoluminescence properties. 

Multifunctional molecular materials (MMMs) are compounds in which two or more 

physical properties coexist, compete or cooperate.[1] Therefore, combinations such as 

conductive/optical, magnetic/optical or conductive/magnetically are possible to study 

giving the opportunity of analysing simultaneously the influence of one (or more) physical 

property present in these materials. Because of the broad spectrum that these materials 

can cover, several applications can be addressed to MMMs. Gas separation and storage, 

heterogeneous catalysis, drug delivery, sensor devices and magnetic and 

photoluminescence are among them.[2,3]  

In this line, the exploration of new metal-organic frameworks (MOFs) with improved 

physico-chemical properties are an ongoing prerequisite and aim. MOFs offer the 

possibility to rationally design the structure of the material in order to shaping the desired 

properties for a particular final application. To that end, the type and properties of the 

metal ions composing the structure are of great importance. Consequently, the 

incorporation of different metal ions in the same structure by constructing mixed-metal-

organic frameworks (M’MOFs) might be advantageous to prompt a specific application 

into the material.[4,5]  

In this work, we have successfully synthesised a novel cobalt-based MOF and 

implemented this approach to yield several heterometallic Zn2+ doped M’MOFs with the 

aim of systematically studying their magnetic and spectroscopic properties. For this 

purpose, we took advantage of the isostructurallity shown by our new cobalt coordination 

compound to the previously reported zinc counterpart,[6] which has proven to be a MOF 

with extraordinary acid–based resistance and to efficiently separate acetylene from 

C2H2/CO2 mixtures under ambient conditions showing the highest C2H2/CO2 uptake ratio 

reported in bibliography for MOFs so far.[7–10] 

On another level, the magnetic behaviour of 3d ions enables their application into 

molecular magnetism, a field of active research which has contributed in the 

development of high-density data storage and quantum computation.[11] This magnetic 

behaviour derives from the slow magnetic relaxation of metal ions with appropriate 
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coordination shell, in this case Co2+. At this point, the structural design is thus crucial so 

that the coordination of organic ligands not only favour the occurrence of magnetic 

anisotropy but also isolate the spin carriers by imposing weak or null exchange 

interactions in the crystal building to avoid long-range magnetic ordering phenomena, 

such as ferromagnetism, antiferromagnetism, metamagnetism.[2,12] An alternative to 

avoid those undesired effects is to physically isolate (dilute) the spin carriers into a 

diamagnetic matrix that preserves isostructural nature, a process called magnetic 

dilution, in such a way that magnetic exchange interactions would be partially 

suppressed to give single ion magnetic properties, and hence single-ion magnets 

(SIMs).[13] These materials are able to keep the magnetic moment after the exposure 

to a magnetic field and slowly reorient it as a consequence of the existence of an energy 

barrier below a blocking temperature. The energy barrier (Ueff) for the reversal of spin is 

dependant of the axial zero-field splitting parameter (D) and the total spin of the complex 

(S).[14] In general, the magnetic behaviour of these 3d ion–based compounds results 

from the interaction between ligand-field splitting and spin–orbit interaction, both of which 

can generate large anisotropy (D). In particular, Co2+ complexes are good candidates for 

the construction of SIMs owing to their large magnetic anisotropy, which is directly 

influenced by the coordination environment of cobalt ions. Trigonal prismatic 

coordination geometries lead to highly negative values of D; therefore, they are very 

appropriate for the preparation of SIMs. Tetrahedral Co2+ geometries with si = 3/2 show 

a larger spin–orbit coupling constant and hence these complexes can display 

larger D values.[15] In fact, although the highest effective energy barrier exhibited by a 

Co2+ complex has been observed in a tetrahedral compound [Ueff = 118 cm–1 at zero 

direct-current (dc) field], trigonal-prismatic Co2+ complexes have also shown interesting 

SMM properties.[16] However, for 3d ion-based SIMs, the SMM behaviour is usually only 

visible under a small applied external field that suppresses the fast magnetic tunnelling, 

making that not much mononuclear complexes based on 3d ions show slow relaxation 

of the magnetization.[17] 

In our attempt to synthesise a multifunctional Mixed Metal-organic framework, zinc 

incorporation into the network not only play an important role in inducing magnetic 

dilution but also gives the possibility to study photoluminescent properties. Group12 

metals are well known by their lack of luminescence quenching since they afford no d-d 

transition and exhibit flexible coordination environments associated with closed-shell 

configuration allowing them to be adapted to a wide range of geometries.[18,19] In this 

sense, ligand centred (LC) and ligand-to-metal charge transfers (LMCT) may improve 
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their performance in solid samples.[20,21] Solid-state light emitting MOFs are receiving 

large attention since they can be used as ideal platforms to boost development of 

improved devices for applications in light-emitting diodes and optical sensors, among 

others. 

Bearing these ideas in mind, briefly, we have synthesised and characterised a new 

Co-MOF and studied adsorption capacity and magnetic properties. We performed 

magnetic dilution of the MOF and studied homometallic Zn and Zn-Co heterometallic 

photoluminescent properties. 
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2.2  Materials and methods 

All chemicals were of reagent grade and used as commercially obtained.  
 

2.2.1  Compound synthesis  

General procedure for the synthesis of single crystal of {[CoL]·0.5DMF·H2O}n  

In a 6 mL screw-capped vial, 0.010 g (0.0625 mmol) of 3-amino-4-hydroxybenzoic 

acid organic linker and an equivalent of Co(NO3)2·6H2O, 0.018 g (0.0625 mmol), were 

weighted. Then, 4 mL DMF/ 0.3 mL EtOH/ 0.3 mL MeCN/ 0.1 mL H2O solvent-mixture 

was added to the vial, which was sealed and introduced to the oven at 140 °C for 2 hours 

to give rise rod-shaped single crystals.  

General procedure for the scaled-up synthesis: 3-amino-4-hydroxybenzoic 

acid ligand (0.20 g, 1.2 mmol) was dissolved in 2 mL of DMF/ 2 mL of H2O solvent 

mixture. Co(NO3)2·6H2O (0.35 g, 1.2 mmol) was dissolved in 1 mL of DMF/ 1 mL of H2O 

solvent mixture. The metal solution was added dropwise into the ligand solution under 

magnetic stirring until a purple precipitate was formed. The product was collected by 

filtration and washed with DMF and H2O. 0.112 g (yield 44 %). Sample purity was 

checked by powder X-ray diffraction (Figure A2.2). 

General procedure for the synthesis of [CoxZn1-xL]n heterometallic materials:  

For the synthesis of mixed-metal counterparts an appropriate molar amount of 

Co(NO3)2·6H2O and Zn(NO3)2·6H2O have been employed according to how it is 

tabulated in Table 2.1 (always accounting a total molar amount of 1.2 mmol). The 

resulting purple polycrystalline samples (with variable colour intensity dependant of 

cobalt doping proportion) was filtered off and washed several times with water and 

dimethylformamide. The purity of heterobimetallic sample was checked by PXRD (for 

more details check Appendix 2. Figure A2.3). 
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Table 2.1. Doping percentage, mmols and corresponding weight used in the synthesis of 

[CoxZn1-xL]n heterometallic samples. 

% Co mmol (g) %Zn mmol (g) 

0 - 100 1.20 (0.400) 

5 0.06 (0.018) 95 1.14 (0.390) 

10 0.12 (0.035) 90 1.08 (0.320) 

30 0.36 (0.105) 70 0.84 (0.25) 

50 0.60 (0.175) 50 0.60 (0.178) 

70 0.84 (0.244) 30 0.36 (0.107) 

90 1.08 (0.314) 10 0.12 (0.0357) 

100 1.20 (0.350) 0 - 
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2.3 Results and discussion 

The solvothermal reaction of the 3-amino-4-hydroxybenzoic acid ligand H2L with 

Co(NO3)2·6H2O salt in N,N’-dimethylformamide/water (DMF/H2O) mixture yields a three 

dimensional MOF of general formulae {[CoL]·0.5DMF·H2O}n, namely 2.1 or Co_MOF.  

2.3.1 Structural characterization 

Single-crystal X-ray diffraction analysis reveals that Co_MOF (2.1) crystallizes in 

the tetragonal P42 space group as a racemic twin probably derived from the lower 

symmetry present in the crystal structure, a fact that generates a systematic disorder in 

the framework. Therefore, though the high overall symmetry present in the crystal 

imposes an asymmetric unit with a unique cobalt ion and a deprotonated ligand, there 

are indeed two non-equivalent disordered cobalt atoms with distinct coordination 

environments (Figure 2.1). One is trigonal prism SBU, in which Co2+ has 6-connected 

nodes –CoN2O4 coordination environment– where the metallic centre is linked by two 

oxygen atoms from different carboxylate groups, two oxygen atoms from different 

hydroxyl groups, and two nitrogen atoms from two different amino groups. The other 

coordination environment corresponds to a tetrahedron SBU, in which Co2+ displays 

4-connected nodes –CoO4 coordination environment– where two oxygen atoms from 

different carboxylate groups and two oxygen atoms from different hydroxyl groups 

complete the coordination sphere. Continuous SHAPE measurements (CShMs)[22] 

revealed Co based polyhedra resemble a trigonal prism (TPR-6) and a tetrahedron (T-4), 

respectively (see Tables A2.7 and A2.8). On its part, the organic ligand, 

3-amino-4-hydroxy benzoato, is also disordered into two equivalent dispositions and 

shows a tetradentate µ4-κO:κO’:κO’’,N:κO’’’ coordination mode by using the carboxylate, 

hydroxyl and amino groups to link to both metal centres. The linkage of both SBUs by 

means of the ligands generates a dimeric core that is further extended in the three 

directions to give rise to a pts topological network with the (42·84) point symbol according 

to the topological analysis performed with TOPOS software.[23] 
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Figure 2.1. Excerpt of the crystal structure of compound 2.1 showing the trigonal prismatic and 

tetrahedral the coordination polyhedra. 

 

The growth of the 3D open framework leaves tubular microchannels of an 

approximate diameter of 9.1 Å, which are occupied by crystallization DMF and water 

molecules (Figure 2.2). The void volume corresponds to ca. 43 % of the unit cell volume 

according to the geometrical calculation of the pore volume by PLATON-v1.18 program. 

 

Figure 2.2. View of the packing of 2.1 showing the solvent-accessible voids. 
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In our attempt to design multifunctional materials, we analysed Co_MOF (2.1) 

magnetic properties. 

 

2.3.2 Magnetic properties 

Temperature-dependent magnetic susceptibility was measured on polycrystalline 

samples of 2.1 in the range of 2–300 K and was given in the Figure 2.3. Upon cooling, 

the value of MT gradually decreases from 6.8 cm3·K·mol-1 at 300 K to 4.7 cm3·K·mol-1 

at 50 K and then drops fast to 0.03 cm3·K·mol-1at 2 K. Below 8 K, MT seems to suffer a 

slope change and thus appears to increase to reach a maximum of at 5.75 K 

(1.15 cm3·K·mol-1) to subsequently reach the minimum value at 2 K. This behaviour 

derives from the occurrence of antiferromagnetic interactions. In addition, at the highest 

temperature the magnetic value is higher than the expected spin only 

value (1.875 cm3·K·mol-1, S = 3/2) indicating a high g value (g > 2.0). The decrease of 

the MT at lower temperatures can be attributed combination of two factors: from one 

side, zero-field splitting of the ground state and from the other, intramolecular 

interactions.[2,24]  

On the other hand, dc magnetization measurements were carried out at 2–7 K 

range showing a gradual increase with the applied external field without reaching a 

complete saturation of magnetization, this behaviour could be derived by the presence 

of significant anisotropy in the ground state and/or accessible low-lying excited states 

that are partially (thermally and field-induced) populated at these temperature range, in 

other words, probably, the highest available field (7 T) may not be sufficient to fully 

populate the excited states to reach magnetization saturation for the studied 

complex.[25,26]  
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Figure 2.3. Temperature dependence of the MT product at 1000 Oe for complex 2.1 

Inset: M vs H at 2–7 K. The lines are a guide to the eye. 

 

Additionally, DFT calculations were conducted over each cobalt environment, 

distorted trigonal prismatic (TPR) and tetrahedral (Td), in an independent way (Figure 

2.4). According to the energetical distribution of the molecular orbitals both trigonal 

prismatic and tetrahedral environments exhibit very similar energetical distribution but 

differs from the theoretical distribution which could be derived by the big environmental 

distortion, particularly in TPR, which is confirmed by SHAPE.  
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Figure 2.4. Molecular orbital representation of a) TPR coordinated and b) Td coordinated 

respectively. 

 

With the aim to find out if compound 2.1 shows slow relaxation of the magnetization 

or not, dynamic alternating-current (ac) magnetic measurements were performed. 

Despite the expected large anisotropy of the cobalt ions, compound 2.1 did not show any 

out-of-phase M′' signal under zero external field, which may be due to the fast resonant 

zero-field quantum tunnelling of the magnetization (QTM) through degenerate energy 

levels.[16] When the ac measurements were performed in the presence of an external 

dc field of 1000 Oe, complexes 2.1 showed weak frequency dependency, but with the 

maxima of M" appearing below the instrument detection limit (Figures A2.20). Thus, the 

energy barrier (Ueff) and relaxation time (τ0) cannot be obtained via convectional 

Arrhenius method. However, if we assume that there is only one relaxation process, the 

Debye model (Equation 2.1) could provide a rough estimation of Ueff and τ0 values,[27] 
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ln


M
"


M
′⁄ = ln(2πντ0) +

Ea
kBT⁄  Equation 2.1 

yielding Ueff value of 8.92 K and relaxation times (τ0) of 4.25·10-8 s (see Figure A2.21). 

In this particular case, the contribution and exchange interaction of both tetrahedral and 

trigonal prismatic Co2+ centres are taken into account to estimate the energy barrier of the 

magnetization reversal.  

However, with the aim of isolating magnetic centres, Zn2+ based magnetic dilution was 

carried out. Magnetic dilution involves the doping of Co2+ paramagnetic centres into Zn2+ 

diamagnetic matrix yielding heterometallic compounds. This strategy has shown to be an 

interesting approach to isolate paramagnetic centres since it avoids magnetic exchange 

interactions, supressing long-range order, so that the material behaves as a single ion 

magnet (SIM).[28] In particular, analysis of the more diluted compound [Co0.05Zn0.95L]n, 

(composed of 95 % zinc in the metal stoichiometry) reveals slow magnetic relaxation with 

τ0 = 2.09 10-5 s and Ueff = 6.31 K according to the best fitted with Orbach and Raman 

relaxation processes (B = 1.23 s-1·K-n and n = 5.75). 

τ-1 = τ0
-1exp(-Ueff/kBT) + BTn Equation 2.2 

2–6 K range generated Cole–Cole plots display well-defined semicircles that may be 

fitted with the generalised Debye model,[29] to estimate the nature of the relaxation 

processes. The obtained α values are within the range of 0.09 (2 K)–0.04 (6 K), suggesting 

a single mechanism involved in magnetic relaxation. However, when ln(τ) versus 1/T feature 

is plot Arrhenius plots present a curved shape. Thus, fitting the high-temperature data to 

Raman process gives τ0 = 8.44 10-7s and Ueff = 18.82 K. In any case, taking into account the 

shape of the curve, the relaxation times were fitted to an expression that considered the 

presence of simultaneous Orbach and Raman relaxation processes. Several examples in 

bibliography had shown that either tetrahedral[28,30,31] and trigonal prismatic[16,26,32,33] 

cobalt environments tend to relax by multiple relaxation pathways where the relaxation data 

should be modelled with accounting for the contributions from direct, QTM, Raman and 

Orbach relaxation processes. In our case, as cobalt environment are supposed to be ideally 

isolated wherein the network, the contribution of both relaxation modes corresponding to its 

centre have been considered for the best fitting. 
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Figure 2.5. Temperature dependence of out-of-phase components of the ac susceptibility in a dc 

applied field of 1000 Oe for heterometallic [Co0.05Zn0.95L]n. Inset: Arrhenius plots. The black line 

accounts for the best fit considering Orbach relaxation, and the red line corresponds to Orbach 

plus Raman relaxation. 

 

Interestingly, the presence of Zn2+ in the heterometallic samples imbues them with 

photoluminescent properties. Motivated by this, we decided to explore photoluminescent 

properties of [CoxZn1-xL]n heterometallic compounds as well the pure zinc based material. To 

that end, we took advantage of the fact that these compounds were isostructural to the a 

zinc-based counterpart previously reported in bibliography.[6] That Zn2+ based metal-organic 

framework described by Zhang et al. had proved to have an extraordinary acid–based 

resistance and was able to efficiently separate acetylene from C2H2/CO2 mixtures under 

ambient conditions.  

For the synthesis of heterometallic compounds several proportions of Zn2+ to Co2+ 

combinations were employed. (See Table 2.1 for more details). Chemical and physical 

characterization as well as PXRD data confirmed the success of partial replacement in the 

result heterometal counterparts (Figure A2.3). Additionally, we further confirm the presence 

of both metals by EDX mapping (Figure A2.16). 
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2.3.3 Photoluminescent properties 

The solid-state photoluminescence spectra were recorded at ambient temperature 

for polycrystalline homometallic (Zn2+ and Co2+) and [CoxZn1-xL]n heterometallic samples. 

We first decided to explore homometallic Zn2+ emission capacity given that group 12 

metals are known to be particularly suitable for their use in photoluminescence, contrarily 

to what occurs for Co2+.[34] The closed-shell electronic configuration affords no d-d 

transitions, which could enhance ligand-centred (LC) emission.[35] Furthermore, the 

presence of these ions may also promote ligand-to-metal charge transfer (LMCT) as 

metal ions possess empty orbitals that can be populated in the excited state, and 

therefore the photoluminescence (PL) emission may be modulated with regard to the 

ligand-centred (LC) emissions.[36] Upon excitation with 330 nm light, the zinc-based 

compound shows three maxima peaking at 361, 391 and 460 nm, among which the 

second one dominates the emission spectrum. The excitation spectrum focusing on the 

main emission line exhibits several absorption bands located in the ultraviolet region with 

four maxima at around 288, 307, 322 and 332 nm, which resemble the excitation spectra 

found for the previously reported ligand.[37] Therefore, the observed bands can be 

attributed to inner π– π* transitions occurring in the aromatic ring of the 

3-amino-4-hydroxybenzoic acid ligand. In order to get deeper insight into the emission 

mechanism, TD-DFT calculations were performed on suitable model of homometallic 

zinc compound. The calculated spectra reprocess fairly well the experimental one, 

indicating that the process is conducted by three main transitions between the molecular 

orbitals depicted in Figure 2.6. Nonetheless a shift of around 50 nm is observable in first 

two transitions, thus correlating the transition calculated at 308 nm to the experimental 

361 nm transition and the calculated 342 nm transition to the 391 nm experimental 

transition, respectively. The electron density of HOMO orbitals HOMO-5 and HOMO-3 is 

extended over the aromatic ring what suggest a π orbital, whereas LUMO orbital feature 

a π* character. Thus, it can be confirmed that the transitions involved in the 

photoluminescence are mainly of π*←π nature induced by ligand centred emission, as 

further confirmed by the agreement of experimental data and TD-DFT calculations.  
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Figure 2.6. Room temperature Time-dependent density-functional theory (TD-DFT) computed 

(dashed lines) and experimental (solid lines) photoluminescence under λex = 330 nm 

polycrystalline homometallic Zn-MOF. The insets show the most representative molecular orbitals 

involved in the electronic transitions. 

 

The emission and excitation spectra of compound 2.1 (based on the cobalt 

counterpart) show similar patterns (for more detailed information check Appendix 2. 

Figure A2.38) with much less emission intensity due to the quenching exerted by this 

ion.  

With the aim of integrating the photoluminescence properties into the magnetic 

compound 2.1, the heterometallic mixtures were further studied. The main emission 

bands of [CoxZn1-xL]n materials keep the same shape but are somewhat structured 

compared to homometallic compounds. Additionally, the minor shoulder peaking at 

λem = 448 nm presents relatively lower intensity for the heterometallic materials than for 

the zinc analogue. No remarkable shift of the main bands is observed between homo- 

and heterometallic compounds. In fact, the inset in Figure 2.7 reveals that there is a 

linear relationship between the intensity of the main signal (peaking at 392 nm) and the 

Co2+ proportion, since it acts as a luminescent quencher. Thus, the quenching efficiency 
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was estimated applying the Stern-Volmer equation which correlates the quencher 

concentration with the fluorescence decrease by a quencher constant. 

I I0 = 1 + ksvQ⁄  Equation 2.3 

being I the fluorescence intensity of heterometallic compound, I0 the reference 

fluorescence intensity of the Zn counterpart and Q the quencher (Co2+) concentration. 

 

Figure 2.7. Fluorescence spectra of homometallic zinc and cobalt compounds and [CoxZn1-xL]n 

(where x= 0.9-0.1 stands for the proportion of Zn in the formula ) at RT (λex = 330 nm). Inset 

graph: Stern-Volmer plot with regard to the relative intensity of the main emission band. 

 

The linear fitting of Equation 2.3 gives a value of ksv value of 1.30(0.1), meaning 

that the quenching capacity of cobalt(II) ions is relatively low and that the resulting 

materials may be considered to be bifunctional. Among all the studied samples, that 

containing the lowest proportion of Co(II), namely [Co0.05Zn0.95L]n, is probably the most 

interesting one, since it presents both single-ion magnet and photoluminescence 

properties. 
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2.4 Conclusions 

In conclusion, we have successfully synthesised a novel Co_MOF (2.1) by 

solvothermal reaction. [CoL]n possess a 3D porous network connected tps topology 

structure which is constructed by the connection of Co(NO3)2·6H2O and 3-amino-4-

hydroxybenzoic acid ligand. In the attempt to add multifunctionality to Co_MOF (2.1), 

diamagnetic-matrix based dilution allowed to obtain a material with single ion magnet 

behaviour showing a magnetic barrier for the reversal of magnetization of Ueff = 6.31 K. 

Additionally, the photoluminescent studies of heterometallic Zn-Co and homometallic 

isostructural zinc materials showed linear response in the fluorescent intensity decrease 

with respect to Co2+ quencher incorporation in the structure. Overall, this work will prompt 

further design of multifunctional porous cobalt-based MOF that is able to show single ion 

magnet behaviour in a diluted matrix as well as emissive properties. 
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PART 2 

 

2.5 Introduction. Multifunctional Lanthanide-based Metal-
organic Frameworks derived from 
3-amino-4-hydroxybenzoate: Single-molecule magnet 
behaviour, luminescent properties for thermometry, CO2 
adsorptive capacity and catalysts for efficient solvent-free 
cyanosilylation reaction 

Metal-organic frameworks (MOFs) are organic–inorganic hybrid materials self-

assembled by metal ions/clusters with organic linkers through metal–organic linker 

coordination bonds. As metal ions/clusters generally display certain preferred 

coordination geometries, self- assembly of these moieties (known as nodes) with organic 

ligands (linkers) of predetermined shapes and predictable coordination patterns can give 

rise to rationally designed MOFs with anticipated structures.[38] These materials are also 

well-known by their permanent porosity with significantly high surface area which make 

them very promising for applications related to gas capture.[39] In this regard, pore 

surface’s tunability by pre- or post-synthetic modifications permit convenient optimization 

and maximization of the pore size and shape to fully exploit pore space for selective 

adsorption and storage. Moreover, the crystallinity of these materials allows the precise 

analysis of adsorption sites, which helps to understand the magnitude of adsorbate-

adsorbent interactions is within the pores.[40] In particular, lanthanide-based MOFs (Ln-

MOFs) are a class of crystalline materials that have attracted great attention during the 

last decades due to their intrinsic advantages such as coordination versatility and broad 

application-spectrum owing to their unique properties based on f-electrons.[41] In fact, 

lanthanide ions offer the possibility to incorporate both luminescent-centres and 

magnetic properties in a single material, enabling combinations that are ideally shaped 

for a particular application while the material is imbued with multifunctional 

character.[42,43]  

Lanthanide’s electrons are located in 4f orbitals which are shielded by occupied 

5s2 and 5p6 orbitals from ligand field. Because of this fact, the coordination environment 

around the 4f ion keeps almost undisturbed giving rise to high spin-orbit coupling 

interactions. Therefore, when describing magnetic properties of lanthanide ions, it is 

necessary to consider a spin-orbit coupling term which is described by MJ quantum 

number. Overall, the rational design of materials with single-molecule magnet (SMMs) 
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behaviour require, in addition to a well-defined ground state with the highest MJ value, 

sizeable energy separation with the excited MJ±1 sublevels in order to get high energy 

barriers (Ueff) for the reversal of magnetization and thus, high performance SMMs. This 

energy barrier is dependant of a parameter called the anisotropy, which is an intrinsic 

characteristic of lanthanide ions and their coordination sphere. The electronic cloud of 

each lanthanide ion disposes a particular shape in each MJ level, although, when 

stabilizing the ground state MJ sublevel, two main shapes are distinguished: oblate and 

prolate.[44] In order to enhance magnetic anisotropy in the ground state MJ sublevel, it 

is important to suitably select the coordination environment of the metal, i.e. the ligand 

distribution around the metal centre (in other words ligand field), in order to favour 

anisotropic electron density of the lanthanide ion, and thus, rationally design materials 

with greater energy barriers. In this regard, according to the lanthanide ions’ anisotropic 

electron density–leaving apart Gd3+ which is isotropic–, oblate ions (e.g. Dy3+ and Tb3+ 

ions) should possess ligand donor atoms with the greatest electron density coordinated 

at the axial positions, whereas prolate ions (e.g. Er3+ and Yb3+) acknowledge the 

coordination of ligand donor atoms with greatest electron density coordinated at the 

equatorial positions in order to maximize the anisotropy of the metal centre.[44]  

Apart from exploiting magnetic properties, lanthanide ions offer interesting 

photoluminescence properties characterized by emissions that cover a vast range of the 

electromagnetic spectrum. Even if they show small absorptive coefficients, each 

lanthanide ion shows characteristic hypersensitive and narrow emissive lines converting 

these metals particularly suitable for the elaboration of light-emitting devices.[45] In the 

particular case of lanthanide-based MOFs, the photoluminescence properties arise from 

both the metal centre and the organic ligand, which makes the afore mentioned structural 

design of high importance in order to modulate the emission to a specific application 

such as sensing, diodes, display technology, etc.[20,46] Notably, among aforementioned 

applications, in recent years, much effort has been devoted to the development of Ln3+ 

ratiometric thermometers.[47] Comparing to conventional contact thermometry, 

luminescent thermometry exhibits a non-invasive and robust technique with faster 

response, higher accuracy and spatial resolution where generally conventional 

thermometry lacks of effectiveness.[48] In general, absolute temperature in lanthanide-

based luminescent thermometers is optically determined, preferably, via intensity-ratio 

of two Ln3+ emitting centres. Often, Eu–Tb-mixed MOF are presented as good 

candidates where the intensity-ratio of the 5D4→7F5 and of the 5D0→7F2 transitions of 

Tb3+ and Eu3+ respectively are compared.[48] It must be noted that since 2012, when the 
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first example of ratiometric Eu-Tb mixed MOF luminescent thermometer was 

described,[49] the number of these materials has potentially increased. So far, the 

reported luminescent thermometers display greater thermal sensitivity for a specific 

temperature-range and they are, hence, classified among the temperature region in 

which they can perform. In this way, thermometers performing in the cryogenic region- 

(<100 K), in medium (100–300 K), in biological (298–323 K), and  in high-temperature 

domains (>400 K) may be distinguished. In particular, thermometers performing at 

cryogenic region are in great demand since they can find application in fields of 

superconducting magnets, aerospace, and nuclear fusion power.[50–52] However, at 

present, the number of lanthanide based MOFs thermometers covering the cryogenic 

range is still very limited.[53–55] 

As previously stated, MOF’s porosity and high surface areas enable their 

application in gas adsorption/separation processes. Among other gases, the current rise 

of atmospheric CO2 concentration levels, resulting from combustion of fossil fuels, is 

nowadays a worldwide environmental concern. Up to now great efforts are being done 

to develop new methodologies and technologies to effectively capture this gas in order 

to mitigate its emission into the atmosphere.[56,57] While still at it infancy, a significant 

progress has been made in the development of MOFs for CO2 capture in recent years. 

Nonetheless, the implementation of MOFs as CO2 adsorbents is still a challenging 

matter.[40] Four main mechanisms rule the selective adsorption of CO2 using MOFs as 

adsorbents: 1) the size and shape exclusion, only molecules with a specific shape and 

below certain size could only break through the pore, this effect is called the molecular 

sieving effect, 2) the interaction between the pore surface and the adsorbate, 3) the 

control over the pore size of the adsorbent and the kinetic diameter of two molecules 

required to be separated and 4) the diffusion speed of guest molecules and compatibility 

of the pore diameter will determine selective-adsorption process.[43,58] Additionally, it 

must be noted that for MOFs being used as CO2 adsorbents before the adsorption 

process, an activation may be required via applying vacuum and/or high temperatures 

with the goal of removing coordinated and crystallization solvents molecules to give rise 

to open metal sites or coordinatively unsaturated sites (cus) with which guest-molecule 

will interact. The strength of this interaction is defied by the heat of enthalpy or isosteric 

heat (Qst) and describes the affinity of the MOF to adsorb CO2.[40] Generally, material 

activation promotes an uptake of guest molecules, CO2 in this case, improving by far the 

adsorption capacity of the MOFs. 
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Additionally, another heightening field in which metal–organic frameworks (MOFs) 

have garnered significant attention by the scientific community as potential functional 

materials of use in heterogeneous catalysis.[59,60] The high degree of synthetic 

tunability in coordination modes and number, allowed to the synthesis of materials with 

different properties such as surface area, porosity, pore size and shape, density and 

stability.[61] MOFs main advantage lie in (1) their high internal surface area, which 

provides space for reactions; (2) catalytic activity toward organic reactions stemming 

from both metal and organic active functionalities; (3) selectivity originating from the well-

defined pore environment; and (4) architectural and chemical stability endowed by the 

robust linkages made up of organic units and metal-based clusters, which enables 

recycling them as catalysts.[62] One subset of MOFs that are of interest from a synthetic 

and application points of view are those assembled using rare-earth metal nodes, where 

yttrium and scandium are included together with the series of fifteen lanthanides.[63] 

Contrary to d-block metals, the coordination chemistry of rare-earth metals is very 

diverse, with only small energetic differences between different coordination numbers 

and geometries, and where geometry is dictated primarily by ligand steric effects.[64]  

In recent years, various studies have been conducted towards the use of rare-earth 

MOFs as heterogeneous catalysts for organic reactions, being one of these benchmark 

transformations the cyanosilylation of carbonylic compounds.[63] This reaction is a 

powerful synthetic tool for the C−C bond formation in organic chemistry and provides 

access to versatile cyanohydrins that can be easily transformed to plenty of useful 

compounds in the chemical industry.[65]  

As already mentioned, cyanohydrins are versatile building blocks for the synthesis 

of a great variety of fine chemicals (organic compounds such as α-hydroxy acids, α-

hydroxy aldehydes and β-amino alcohols)[37,65] agrochemicals and 

pharmaceuticals.[66] For the synthesis of this type of compounds, trimethylsilyl cyanide 

(TMSCN) is presented as the best cyanation agent; indeed, the hydrolysis of TMSCN 

results in the in situ generation of HCN. Most interestingly, the direct use of TMSCN 

leads to the formation of more stable O-silyl protected cyanohydrin, which can be 

handled more safely and employed for further transformations.[67,68] More importantly, 

due to its higher atom economy without formation of side products leaving apart the use 

of more toxic reagent (such as NaCN, KCN or HCN). Moreover, it is environmentally 

friendly, cost-efficient and selective towards extremely versatile organic molecules, 

which is in total agreement with some of the twelve principles of green chemistry.[69,70] 
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From the viewpoint of green chemistry, modern chemical research must make 

progress on the basis of sustainable and environmentally benign practices.[71] Anastas 

and Warner[69] introduced the concept of “Green Chemistry” with the aim of overcoming 

environmental and health problems generated by chemical industry by designing 

innovative eco-friendly reactions that would lead to cleaner processes. Basically, this 

concept emphasizes efficient use of the starting materials (preferably recycled) and 

minimization of waste generation in addition to the use of toxic or hazardous reagents in 

the manufacture and application of chemicals. In this context, a chemical process can 

be evaluated by green chemistry metrics.[72] Atomic economy (AE), mass intensity (MI), 

reaction mass efficiency (RME) and carbon efficiency (CE) parameters have been 

proposed as a measure of environmental sustainability in terms of minimizing the 

theoretical amount of waste. The green metrics are calculated by Constable eta al.[72] 

equation and ideally for AE, RME, and CE should be 100 % and for MI close to 1. 

In the following lines, green metrics will be defined. AE is a theoretical measure of 

the chemical and environmental efficiency of a reaction taking into account reaction 

stoichiometry; solvents, possible excess of reagents, formation of unwanted products, 

etc. are not taken into account.[73] MI considers the yield, stoichiometry and also the 

solvent and the reagent employed in the reaction. RME allows for the effect of yield and 

the excess or catalytic amount of reactants used without considering the solvent. CE is 

the percentage of carbon in the reactants that remains in the final product and principally 

reflects the yield of reactions.  

 

𝑀𝐼 =  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑎 𝑝𝑟𝑜𝑐𝑒𝑠𝑠/ 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑠𝑡𝑒𝑝 (𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑔)
 Equation 2.4 

𝑅𝑀𝐸 % =
Σ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

Σ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
𝑥100 Equation 2.5 

𝐶𝐸 % =  
 𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑥 𝑁ᵒ 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

Σ (𝑚𝑜𝑙 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑥 𝑁ᵒ 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 )
𝑥100 Equation 2.6 

 

Regarding to the catalytic cycle followed in the TMSCN assisted cyanosilylation 

reaction two possibilities are usually proposed (Scheme 2.1).[37] In both of them, the 
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coordination of the carbonylic substrate to the unsaturated metallic centre is presented 

as the first step of the reaction; this coordination leads on partially positively charged 

carbonyl carbon atom (carbon activation) favouring the subsequent nucleophilic attack 

of the TMSCN. The molecular rearrangement results in the formation of the main 

product; the catalytic cycles reported differ in the order of the mentioned rearrangement. 

The products were replaced by aldehydes or ketones, and the catalysts were continued 

to activate further carbonylic substrates in subsequent catalytic cycles, as so far has 

been described previously for similar compounds in bibliography.[74–76] 

 

Scheme 2.1. A plausible mechanism for the cyanosilylation reaction catalysed by Y- and 

Eu-MOFs.[63,76,77] 

 

In the vast majority of the examples reported cyanosilylation reaction is performed 

by homogeneous catalyst, where the catalyst is responsible for the activation of the 

carbonyl substrate. Lewis acids,[78,79] Lewis bases,[80,81] organic-inorganic 

salts,[82,83] or nucleophilic catalysts[84] among others[70] are some of those catalyst 
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that have been extensively investigated exhibiting relatively high efficiency. Nonetheless, 

separation difficulties and recyclability hinder the process. Although recently a catalyst-

free protocol for cyanosilylation of aldehydes[85] has been proposed, it required a high 

temperature and showed no activity when less-reactive ketones were employed.[86] 

Therefore, catalytic methods are more commonly applied as they provide better results 

with mild experimental conditions. 

Form the sustainability point of view, easily separable solid catalysts are the 

preferable choice since they present good recyclability, easy processability and 

economic viability derived from its low cost and lack of catalyst contamination within the 

final product. Regarding the classification of heterogeneous catalyst developed for 

cyanosilylation reaction three major categories are differentiated: (i) polyoxometalates, 

which in most cases act as Lewis bases; (ii) organocatalyits and (iii) metal-organic 

frameworks, which act as Lewis’s acids. When comparing organocatalysts to metal-

based counterparts, the former are exempt from possible metal leaching and thus 

product contamination; however, they are generally less reactive and need stronger 

reaction conditions.[86] 

Cyanosillation reaction was firstly reported in 1994 by Fujita and co-workers using 

a Cd based coordination polymer being used as catalyst,[87] and here after, a plethora 

of diverse works have been applied to this specific reaction using metal-MOF such as 

based on d-block metals.[88–94]  

A bit later, concretely in 2004 Schlichte et al reported Cu-HKUST-1 being able to 

catalyse cyanosilylation reaction of aldehydes in reasonable yield (70 %) after 48 h 

reaction time and 5 mol% catalyst loading.[95,96] More recently, various known MOFs 

such as Cr-MIL-101, Zr-UiO-66 and bisphenol-based has exhibited remarkably 

accelerated cyanosilylation of various carbonylic substrates in excellent yield (98 %), 

albeit the rate depended on the type of organic solvent.[90,91] 3d metal based systems 

among which manganese[92] and cobalt [93,94] MOFs have also been investigated for 

carbon–carbon forming cyanosilylation reaction being the former used a catalyst loading 

as high as 11 mol%, whereas the latter used a significantly reduced amount of 2 mol%.  

However, if attention is focused on lanthanide-based MOFs able to catalyse 

cyanosilylation reaction, no more than 15 examples have been reported so far, where 

the catalytic activity of the material is demonstrated by using catalyst loadings in the 
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range of 1 to 10 mol%, and using in all of them reactive aldehydes as 

electrophiles.[74,76,105–108,97–104] 

In fact, there are only three examples where the use of less reactive ketones were 

investigated with these rare-earth metal-MOFs giving rise to the formation of highly 

interesting quaternary centres. The first one, was reported by Gustafsson et al. in 

2010.[109] In that work, Nd(btc)·H2O (btc = 1,3,5-benzenetricarboxylate) was used as 

catalyst in a 4.5 mol% loading at room temperature and dichloromethane (DCM) as 

solvent, reaching 91 % of conversion after 18 h. To the best of our knowledge, this is the 

highest conversion reached so far when using ketones as electrophiles. Later on, Ce-

MOF (3 mol%)[110] and Tm-BDC (BDC = 1,4-benzenedicarboxylate) (2 mol%)[111] 

catalysts where tested under solvent-free conditions being not able to overpass previous 

results yielding only an 8 or 31 % of conversion, respectively. 

Having all this in mind, our research group has paid attention to the preparation of 

Ln-MOFs for adsorption processes and focused on designing novel multifunctional 

metal-organic frameworks exhibiting magnetic, photoluminescent, adsorptive, and 

catalytic properties. In this work, we report on a novel family of isostructural porous 

compounds formulated as {[Ln5L6(OH)3(DMF)3]·5H2O}n based on 3-amino-4-

hydroxybenzoic acid ligand (H2L).[37] In addition to the synthesis and physico-chemical 

characterization, magnetic properties have been accomplished based on samples 

containing oblate and prolate lanthanide(III) ions as well as on magnetically diluted 

materials. Moreover, photoluminescence properties of ligand and Tb3+ and Eu3+ samples 

have been studied and the performance as ratiometric thermometers in heterometallic 

materials. Furthermore, adsorptive capacity of dysprosium counterpart to adsorb CO2 

has been also analysed both at ambient pressure and at high pressure conditions. To 

conclude, we report yttrium- and europium-based MOFs for solvent-free catalytic 

cyanosilylation reaction of a bunch of carbonylic substrates. The study of the catalytic 

performance has enabled comparing their ability towards different aldehydic and ketonic 

substrates.  
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2.6 Materials and methods 

All chemicals were reagent grade and were used as commercially obtained without 

any further purification. 

2.6.1 Compound synthesis 

General procedure for the synthesis of single crystal of 

{[Ln5L6(OH)3(DMF)3]·5H2O}n where Ln = Nd (2.2), Sm (2.3), Eu (2.4), Gd (2.5), Tb (2.6), 

Dy (2.7), Ho (2.8), Er (2.9), Tm (2.10), Yb (2.11), Y (2.12). 0.010 g (0.0625 mmol) of 

3-amino-4-hydroxybenzoic acid organic linker was dissolved in 0.5 mL of DMF containing 

10 μL of Et3N (0.072 mmol). 0.0434 mmol of the corresponding lanthanide nitrate salt, 

was dissolved into a 0.5 mL of distilled water in a separate vial. Once dissolved, 0.5 mL 

of H2O was added to the ligand solution and 0.5 mL of DMF to the metal solution. The 

metal solution was added dropwise to the ligand solution under magnetic stirring. The 

resulting brownish-yellow solution was poured into a screw-capped vial (6 mL) and 

introduced to the oven at 100 °C for 2 hours to give rise hexagonal shaped single 

crystals. Single-crystal X-ray structure determination, elemental analysis (EA) and TGA 

confirm the general formula {[Ln5L6(OH)3(DMF)3]·5H2O}n.  

General procedure for the scaled-up synthesis: 0.2 g (1.2 mmol) of 3-amino-4-

hydroxybenzoic acid ligand was weighted and dissolved in 3 mL/2mL DMF/H2O solvent 

mixture containing 200 µL of Et3N (1.44 mmol). To this solution, a solution containing 

0.868 mmol of Ln(NO3)3·nH2O, dissolved in 1 mL water, was added dropwise. A 

precipitate seems to be formed in the beginning though it is eventually redissolved to 

give rise to a brownish-yellow solution. This solution was placed in a microwave and 

heated at 100 °C for two hours to get around 60-85 mg of Ln-MOF (yielding ~18-26 %). 

The purity of the product was confirmed by PXRD. 

General procedure for the synthesis of heterometallic materials:  

Synthesis of heterometallic materials for magnetic dilution: 0.100 g (0.625 mmol) 

of 3-amino-4-hydroxybenzoic acid organic linker was dissolved in 3 mL/2mL DMF/H2O 

solvent mixture containing 100 μL of Et3N (0.720 mmol). To this solution, a solution 

containing 0.434 mmol of the corresponding salt mixture was dissolved in 1 mL water, 

was added dropwise. For the synthesis of magnetically diluted samples, yttrium was 

employed as diamagnetic metallic-centre. Three heterometallic Y3+–Ln3+ compounds 

were prepared where Ln3+ = Dy3+ (2.13), Er3+ (2.14) or Yb3+ (2.15) with 30:1 % 
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Y3+:Ln3+doping proportion. The metal mixture solution was added dropwise to the ligand 

solution under magnetic stirring. The resulting brownish-yellow solution was placed in a 

microwave and heated at 100 °C for two hours. The purity of the product was confirmed 

by PXRD. 

Heterometallic materials tested in ratiometric thermometry: 0.100 g (0.625 mmol) 

of 3-amino-4-hydroxybenzoic acid organic linker was dissolved in 3 mL/ 2mL DMF/H2O 

solvent mixture containing 100 μL of Et3N (0.720 mmol). To this solution, a solution 

containing 0.434 mmol of the corresponding lanthanide salt mixture was dissolved in 

1 mL water, was added dropwise. Accordingly, three additional heterometallic 

compounds with Y3+ or Gd3+ and Tb3+/Eu3+ mixed lanthanide ions were prepared with the 

following doping proportions Y3+:Tb3+:Eu3+ 50:45:5 % and 50:40:10 %, and 

Gd3+:Tb3+:Eu3+ 50:40:10 %, compounds 2.16, 2.17 and 2.18, respectively. The 

heterometal solution was added dropwise to the ligand solution under magnetic stirring. 

The resulting brownish-yellow solution was placed in a microwave and heated at 100 °C 

for two hours. The purity of the product was confirmed by PXRD. 

General procedure for the synthesis {[Eu5L6(OH)3(H2O)3]·5DMF}n, Eu-MOF or 

(2.19). 0.010 g (0.0625 mmol) of 3-amino-4-hydroxybenzoic acid organic linker was 

dissolved in 0.2 mL of DMF containing 10 μL of Et3N (0.072 mmol). 0.019 g 

(0.0434 mmol) of Eu(NO3)3·5H2O, was dissolved into a 0.8 mL of distilled water in a 

separate vial. Once dissolved, 0.8 mL of H2O was added to the ligand solution and 

0.2 mL of DMF to the metal solution. Metal solution was added dropwise to the ligand 

solution keeping magnetic stirring. The resulting brownish-yellow solution was poured 

into a screw-capped vial (6 mL) and introduced to the oven at 100 °C for 2 hours to give 

rise hexagonal shaped single crystals.  

General procedure for the scale-up synthesis of Eu MOF (2.19): 0.2 g 

(1.2 mmol) of 3-amino-4-hydroxybenzoic acid ligand was weighted and dissolved in 

1.2 mL/ 3 mL DMF/H2O solvent mixture containing 200 µL of Et3N (1.44 mmol). To this 

solution, a solution containing 0.38 g (0.868 mmol) Eu(NO3)3·5H2O dissolved in 1.8 mL 

water, was added dropwise. A precipitate seems to form but ends up redissolving to give 

rise to a brownish-yellow solution. This solution was placed in an oven and heated at 

100 ºC for two hours to get 80 mg of Eu-MOF. The purity of the product was confirmed 

by PXRD. 
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2.6.2 Catalysis 

General procedure for the cyanosilylation reaction: In a 1 ml vial with a septum 

screw capped equipped with a stirring bar, 0.5 mol% catalyst (2.3 mg for Y-MOF (2.12) 

and 2.5 mg for Eu-MOF (2.19), respectively) was weighed. Subsequently, the 

corresponding amount of carbonylic compound 2 (0.25 mmol) was added followed by 

trimethylsilyl cyanide (TMSCN) (34 μL, 0.275 mmol, 1.1 equiv.) and the reaction was 

stirred under inert N2 atmosphere at room temperature during the corresponding time. 

Once the reaction was finished the catalyst was removed by centrifugation (8000 rpm, 

3 min) and washed with DCM (2 x 0.5 mL) obtaining the corresponding pure product 3 

or 4 after removal of the solvent with rotary evaporator. When not fully conversion was 

reached, the product was purified by column chromatography using hexane as eluent. 
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2.7 Results and discussion 

2.7.1 Structural characterization 

Single-crystal X-ray crystallographic studies on {[Ln5L6(OH)3(DMF)3]·5H2O}n 

(where Ln = Nd (2.2), Sm (2.3), Eu (2.4), Gd (2.5), Tb (2.6), Dy (2.7), Ho (2.8), Er (2.9), 

Tm (2.10), Yb (2.11), Y (2.12)) reveal three dimensional (3D) lanthanide MOFs 2.2-2.12 

crystallize in the hexagonal P63/m space group (for details, see Table A2.3). 

Furthermore, X-ray crystallographic analysis suggested that 2.2-2.11 are isostructural 

compounds. So, in the following section we will only discuss the structure of 2.7Dy in 

detail as a representative example of the family. The asymmetric unit of 2.7Dy is 

comprised of two crystallographically independent Dy3+ ions and a deprotonated ligand, 

as well as a coordinated DMF solvent-molecule. The organic linker, 

3-amino-4-hydroxybenzoic acid, coordinates to the lanthanide ion by the carboxylate 

moiety in a bidentate way, along with the hydroxyl and amino groups in a monodentate 

way.  

Dy1/ Dy2 atoms present nine-coordinated and eight-coordinated environments, 

respectively. Dy1 exhibits [DyN3O6] environment composed by the coordination of three 

nitrogen atoms and three oxygen atoms belonging to amino and hydroxy groups of the 

organic ligand, whereas the remaining three oxygen atoms pertain to hydroxyl anions. 

Instead, Dy2 completes the coordination shell by six donor atoms belonging to the 

carboxylate moiety of the ligand in addition to the hydroxyl anion and a DMF solvent 

molecule. Continuous shape measurements (CShMs)[22] reveal that Dy1 and Dy2 

atoms build different polyhedra, with that of Dy1 resembling a spherical tricapped trigonal 

prism (TCTPR-9) and that of Dy2 a triangular dodecahedron (TDD-8), see (Tables A2.8 

and A2.9 for more detailed information).  

Growing the asymmetric unit, it can be seen that both coordination environments 

are interconnected by hydroxyl anions, which act as µ3-O to give rise to Ln5(OH)3 clusters 

(Figure 2.8), which can be considered the secondary building unit (SBUs) of the 

structure. Each of these clusters is joined to six neighbouring SBUs in such a way that it 

may be referred to as a six-connected node. The analysis of the topology by means of 

TOPOS Pro software[23] reveals that 2.7Dy presents a 6- connected uninodal net with 

the (49·66) point symbol and acs topology. The growth of the structure along c axis leaves 

narrow microchannels that correspond to the 19.3 % of the unit cell volume according to 

the geometrical calculations performed with PLATON-v1.18 program.[112] Additionally, 
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the porous nature of this MOF forces it to crystallize with several solvent molecules within 

the pores, which account for five crystallization water molecules according to the 

thermogravimetric analysis.  

a) b) 

 

 

Figure 2.8. a) Excerpt of the coordination mode of the 3-amino-4-hydroxybenzoic acid ligand 

among the pentanuclear node, hydrogen atoms have been omitted for the sake of clarity and 

b) perspective view along the crystallographic c axis showing the microchannels. 

 

Compounds 2.2-2.11 are also isotypic to an yttrium based MOF previously 

reported by our group.[37] Even though, Ln1 and Ln2 coordination environment in 

compounds 2.2-2.11 is exactly the same as in yttrium-based MOF, in advance compound 

2.12, single-crystal parameters of the latter diamagnetic counterpart differ slightly, a 

reason why powder X ray diffraction pattern shows slightly shifted diffraction maxima that 

is probably caused by the smaller size of yttrium(III) ion compared to lanthanide(III) ions 

(see Figure A2.5). At this point, it is worth highlighting that depending on the Y3+ to Ln3+ 

doping proportion, PXRD patterns present diffraction maxima corresponding to both pure 

compounds 2.12 and 2.2-2.11 (see Figure A2.7). Nevertheless, the occurrence of a 

phase segregation has been discarded by SEM mapping experiments, which clearly 

confirm random distribution of the three elements along a single crystal (for more details 

see Figure A2.17-19). 
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In this work, the yttrium-based material gives us the opportunity to get a deeper 

insight into both magnetic and luminescence properties of the Ln-MOF family. On the 

one hand, its diamagnetic nature allows to magnetically dilute paramagnetic centres to 

further examine the slow relaxation processes of single ions. On the other hand, Y-based 

compound can be used as a matrix to be doped with Eu3+ and Tb3+ ions to modulate the 

emission signal and evaluate their possible application in ratiometric thermometers. 

Finally, this structure has allowed us carrying on catalytic studies, concretely in 

cyanosilylation reaction of carbonyl substrates in presence of TMSCN. 

Also, considering that our isostructural MOFs exhibit large channels in which 

coordinated DMF molecules are pointing put pore, we thought about the possibility of 

these coordinated solvent molecules being removable and creating vacant coordination 

sites that could serve as Lewis acid catalytic sites. In this context, we carried out 

cyanosilylation reaction of a bunch of aliphatic and aromatic carbonyl compounds under 

solvent-free media with yttrium analogous (2.12Y) and with the aim of easing solvent 

discoordination, we tried to synthesise an analogous structure modifying synthetic 

procedure and increasing water to DMF ratio.  

In such conditions, we obtained single-crystal of Eu-MOF (2.19Eu) 

{[Eu5L6(OH)3(H2O)3]·5DMF}n which exhibits exactly the same coordination mode as the 

previously discussed structures with the difference of having a water coordinated 

molecules instead of DMF in the asymmetric unit. In this latter case, again, large 

channels along c crystallographic axis corresponding to ca. 19 % of the unit cell have 

shown to host crystallization DMF molecules, which according to TG calculations come 

in accordance with five DMF molecules.  

Growing the structure along c axis we realized that as for the analogous 

counterparts coordinated water molecules to Eu2 site was pointing out the pore which 

made us think about the possibility of being more easily displaced a coordinated water 

molecule than a DMF molecule and that the process of removing the coordinated solvent 

molecule to create vacant coordination sites that could serve as active Lewis acid 

catalytic sites would be favorized in this latter case. Because of that, compound 2.19Eu 

has been tested for the cyanosilylation reaction of carbonyl compounds, especially for 

the less reactive ketones. 
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Figure 2.9. Pentametallic nodous showing the two different Eu(III) coordination environments 

(up) and perspective view of the packing of 2.19 where coordinated water molecules (coloured 

in purple) are displayed pointing out the pore 2.19Eu. 
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2.7.2 Magnetic properties 

2.7.2.1 DC Magnetic Properties 

Magnetic molar susceptibility (M) measurements were acquired on polycrystalline 

samples in compounds 2.5-2.7, 2.10 and 2.11 in the temperature range of 2–300 K. 

Obtained room temperature MT values are very close to the theoretical expected for five 

free non-interacting ions considering a regular population of the Stark sublevels in their 

ground states (Tfree ion 40, 60, 71, 58 and 13 cm3 K mol-1 for Gd3+(2.5), Tb3+(2.6), 

Dy3+(2.7), Er3+(2.10) and Yb3+ (2.11), respectively,  

Figure 2.10. Cooling down the samples, MT product shows a progressive drop up 

to 50 K and a sharp drop at low temperature in compounds 2.5Gd, 2.6Tb, 2.7Dy, and 2.10Er. 

On its part, compound 2.11Yb experiments a much slower decay of to reach a value of 

4.20 cm3 K mol-1 at 2.0 K. Although the general trend of the MT product may be 

associated to the thermal depopulation for the excited MJ sublevels derived from the 

crystal-field splitting of the corresponding ground term of the Ln3+ ions (8S0, 7F6, 6H15/2, 5I8 

and 2F7/2 respectively for 2.5Gd, 2.6Tb, 2.7Dy, 2.10Er and 2.11Yb), the decrease of MT 

product in compound 2.5Gd indicates that the occurrence of antiferromagnetic 

interactions must not be discarded. The field dependence of the magnetization was 

investigated in the range of 0–7 T at 2–7 K temperature range. Isothermal reduced 

magnetization curves (insets) display saturation for compound 2.5Gd reaching a 

maximum of 35 NμB, which comes in line with the value expected for the pentanuclear 

node. The saturation in reduced magnetization curves and the superimposition in M vs 

H/T plots is an expected feature due to the isotropic nature of Gd3+ ion. Instead, these 

curves (insets) lack of saturation (far for the expected saturation values of 9, 10, 9 and 

4 NμB expected for one Tb3+, Dy3+ Er3+ and Yb3+ ion, respectively) for the rest of 

compounds, which in addition to the non-superimposition of the M vs H/T plots 

corroborates the presence of magnetic anisotropy in compounds 2.6Tb, 2.7Dy, 2.10Er and 

2.11Yb. 
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Figure 2.10. Temperature dependence of the MT product at 1000 Oe for complexes 2.5Gd-2.7Dy, 

2.9Er and 2.11Yb. Inset: isothermal reduced magnetization curves in the 2-7 K temperature range. 

Solid lines are a guide to the eye. 

2.7.2.2 Ac Magnetic Properties 

Dynamic ac magnetic susceptibility measurements were performed in compounds 

2.7Dy, 2.9Er and 2.11Yb. We carefully selected those materials as they show different 

shape of free-ion electron density. Ln3+ ions with anisotropic electronic density are 

classified into two groups: oblate and prolate. Dy3+ is an oblate-type ion so, in order to 

enhance its anisotropy, the ligand donor atoms with greatest electron density should 

coordinate at axial positions, whereas Er3+ and Yb3+ ions are prolate, meaning that the 
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largest axial anisotropy is obtained by equatorial ligand coordination. In an attempt to 

understand which type of ion would better suit to present SMM behaviour in this particular 

system consisting of pentanuclear clusters, both type of ions have been studied. Dy3+ 

based SMMs are among the most prolific examples among lanthanide clusters with 

interesting single-molecule magnet property, in contrast to Yb3+ analogues, which are 

very scarce.[113,114] One of the main reasons is the shape of free-ion electron density. 

Moreover, the ligand field seems to cause a deeper effect in breaking the degeneration 

of MJ sublevels for Dy3+ ion than for Er3+ and Yb3+ ions, in such a way that the former 

often presents greater magnetic anisotropy.[115] 

Ac measurements under an alternating field of 3.5 Oe reveal that none of the 

compounds exhibit frequency dependent signals above 2 K under a zero applied dc field. 

This effect can be connected to the relaxation of the magnetization via quantum 

tunnelling (QTM),[116] (in other words, bypassing between degenerated energy levels 

not needing to overcome the thermal energy barrier) and to the relatively weak coupling 

interactions among 4f ions which lead to weak interactions that could facilitate the fast 

relaxation of the magnetization hiding the SMM behaviour. A strategy to overcome this 

problem is known to be the application of an external magnetic field that would break 

degeneracy among MJ energetic levels and provoke tunnelling conditions to be lost, or 

at least partly. Therefore, a static field of 1000 Oe was applied to try to suppress QTM 

relaxation process. Only compound 2.11Yb showed signal dependency among 

frequency. This was an expected feature, since results obtained from Magellan 

software[117] demonstrated that anisotropic axis in pentanuclear node in compound 

2.7Dy lies perpendicular. Dy1 anisotropic axis cross perpendicularly to Dy2 ion anisotropy 

axis, an undesired effect since it could counteract the anisotropy effect of the ion. Taking 

into account that the oblate ion anisotropy axes lie perpendicular towards the ion 

electronic cloud distribution, we believe that in this particular system prolate type ions 

(such as Er3+ and Yb3+) are more suitable in order to design materials showing SMM 

behaviour. This is the case of compounds with prolate type ions with well-defined axiality, 

in which the electron distribution is parallel to the anisotropy axis. In the present case, 

the highest negative net charge among ligand donor atoms comes from the phenoxo 

bridge giving rise to the shortest bond distances. These bonds are parallelly lined up to 

the anisotropy axis of prolate ions enhancing ion anisotropy and contributing to a 

possible SMM behaviour (Supporting Figure A2.23).  
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Many examples of Yb3+ SMMs are reported in the literature composed by discrete 

molecules,[118–123] nonetheless, as far as we know, very few examples of polynuclear 

Yb3+ compounds can be found in the literature, and in most cases slow relaxation of 

magnetization is only visible under an applied constant field.[118,124] In those reported 

examples, Yb3+ relaxation process occurs preferably by, Raman, direct and quantum 

tunnelling rather than most usual Orbach processes. Even more surprising, there are no 

high nuclearity complexes involving Yb3+ ions with single-molecule magnet (SMM) 

behaviour that have been covered to date, since only discrete molecules or mono-

dimensional coordination polymers have been reported so far.[125,126] In this sense 

compound 10Yb is the first porous three dimensional metal-organic framework exhibiting 

SMMs behaviour in the presence of an external magnetic field.  

Relaxation of the magnetization can occur through diverse mechanisms. Purely 

Orbach type, which follows Arrhenius law and gives a value of the effective energy barrier 

directly, although it scarcely happens alone. In most common cases, relaxation of the 

magnetization takes place through the combination of several paths which can be 

summarized by fitting parameters referred in Equation 2.7. 

τ-1 = τ0
-1exp(-Ueff/kBT) + AT + BTn +τQTM

-1  Equation 2.7 

The first parameter stands for the Orbach relaxation process, the second 

parameter (AT) to the direct relaxation path, the third (BTn) to the Raman relaxation and 

τQTM
-1 makes reference to the quantum tunnelling of magnetization relaxation pathway. 

Under an external field of 1000 Oe, compound 2.11Yb reveals slow magnetic 

relaxation according to the best fitted obtained taking into consideration Raman and QTM 

relaxation processes (Equation 2.8). These results come in line with the semi-circular 

nature of the Cole-Cole plots and α values (0.28–0.23) and different temperature which 

wards off from 0 values, suggesting a combination multiple relaxation processes is taking 

place. The fitting data were in agreement with the experimental data, as depicted in 

Figure 2.11 (inset), affording τQTM = 6.75·10-5 s, B = 10.56 s-1·K-n and n = 6.802 (Figure 

2.11).  

τ-1 = τQTM
-1 + BTn Equation 2.8 
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Figure 2.11.Temperature dependence of out-of-phase components of the ac susceptibility in a 

dc applied field of 1000 Oe for 2.11Yb. Insets: Arrhenius plots. The black line accounts for the best 

fit considering Orbach relaxation, and the red line corresponds to Raman plus QTM relaxation. 

 

However, in view of the residual unquenched QTM occurring in pure samples, we 

also explored the magnetic dilution strategy with Y3+. We tried to isolate paramagnetic 

centres in a diamagnetic matrix in order to avoid weak exchange interactions among 

lanthanide atoms which could negatively contribute and favour the single-ion effect. To 

perform magnetic dilution, we selected 30:1 Y3+ to Ln3+ dilution ratio with the aim of 

isolating a paramagnetic centre in each pentanuclear node. The diluted samples were 

prepared by co-crystallization of the diamagnetic counterpart along with the 

paramagnetic ion (see Figure A2.6 for more details in characterization of doped 

samples). Following the aforementioned procedure compounds 2.13Y-Dy, 2.14Y-Er and 

2.15Y-Yb have been prepared. To explore the slow magnetic relaxation in the diluted 

samples, magnetic ac susceptibilities were measured in the 60–10000 Hz frequency 

range. As for pure counterparts, none of diluted compounds 2.13–2.15 show frequency 

dependent signals without the presence of an external magnetic field (Figure A2.26, 

Figure 2.11 and Figure 2.12), so the measurements were repeated applying a magnetic 

field of 1000 Oe. In case of compound 2.13Y-Dy, no maxima can be found in out of phase 

molar magnetic susceptibility and the frequency dependent χM’’ peaks seem to appear 

below 2 K, out from the detection limit of the equipment. Fortunately, a pair of maxima 

and a nice set of maxima in χM’’ curves are present for compounds 2.14Y-Er and 2.15Y-Yb, 
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respectively. These results reinforce our first hypothesis being prolate-type ions more 

suitable to show single molecule behaviour in this particular system. 

Despite the fact that compound 2.13Y-Dy did not show a maximum, the energy 

barrier (Ueff) and relaxation time (τ0) can be estimated if we assume that a single 

relaxation process is contributing in the ion relaxation. According to Debye mode 

applying Equation 2.9 a rough estimation of Ueff and τ0 values can be obtained, yielding 

Ueff values of 17.43 K and relaxation time (τ0) of 3.34·10-8 s-1 (Figure A2.30). 

𝑙𝑛
𝜒𝑀′′

𝜒𝑀′
= ln(2𝜋𝑣𝜏0) +

𝐸𝑎

𝑘𝐵𝑇
 Equation 2.9 

In compounds 2.14Y-Er and 2.15Y-Yb, even after magnetic dilution, a remaining non-

negligible fast tunnelling relaxation is still observed (Figure 2.11 and Figure 2.12). 

However, it seems that is mostly suppressed since better-defined maxima and shifted to 

higher temperature are obtained. We must notice that the magnetic dilution performed 

for Er3+ in compound 2.14Y-Er allowed showing SMM behaviour. In this compound, the 

maximum was only clearly visible at 6000 and 10000 Hz frequencies. The best fitting of 

the data was achieved with Equation 2.10 which accounts for Orbach relaxation process 

yielding Ueff values of 13.09 K and relaxation time (τ0) of 6.46·10- 8 s- 1.  

τ-1 = τ0
-1exp(-Ueff/kBT) Equation 2.10 

In case of compound 2.15Y-Yb, the relaxation times present a curvature pathway 

and as for compound 2.11Yb the best fitting has been obtained taking into consideration 

simultaneously Raman and QTM relaxation processes (Equation 2.8), which gives rise 

to the following parameters: τQTM = 2.15·10-2 s, B = 7.2 s-1·K-n and n = 5.87. 
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Figure 2.12. Temperature dependence of out-of-phase components of the ac susceptibility in a 

dc applied field of 1000 Oe for compound 2.14Y-Er. Insets: Arrhenius plots. The black line accounts 

for the best fit considering Orbach relaxation. 

 

 

Figure 2.13. Temperature dependence of out-of-phase components of the ac susceptibility in a 

dc applied field of 1000 Oe for compound 2.15Y-Yb. Insets: Arrhenius plots. The black line accounts 

for Orbach fitting, and the red line corresponds to the best fitting obtained combining Raman plus 

QTM relaxation processes. 

 



Multifunctional metal-organic frameworks based on 3-amino-4-hydroxibenzoic acid ligand  

97 

2

2.7.3 Photoluminescence properties 

Lanthanide centred emission, characterised by narrow signals in the UV-visible 

and near-infrared regions, is of great interest given its large applicability in many different 

areas moving from bioimaging to photovoltaics.[127] Motivated by these possible 

applications, in this work, photoluminescence properties have been studied for pure Eu3+ 

(2.4Eu) and Tb3+ (2.6Tb) compounds as well as for mixtures of lanthanide elements in the 

Y3+ based matrix, using polycrystalline samples in all cases. In particular, our interest 

was focused on networks bearing Y3+ or Gd3+, Tb3+ and Eu3+ in view of their potential 

application in optical thermometry. Accordingly, three additional heterometallic 

compounds with Y3+ or Gd3+ and Tb3+/Eu3+ mixed lanthanide ions were prepared with the 

following doping proportions Y3+:Tb3+:Eu3+ 50:45:5 % and 50:40:10 %, rendering 

compounds 2.16Y-Tb-Eu5% and 2.17Y-Tb-Eu10% respectively, and Gd3+:Tb3+:Eu3+ 50:40:10 %, 

compound 2.18Gd-Tb-Eu10%. With the last two samples thermometry studies were carried 

out.  

The excitation spectra of compounds 2.12Y, 2.6Tb, 2.4Eu and 2.16Y-Tb-Eu5% recorded 

at 12 K are presented in Figure 2.14. The excitation spectrum of 2.12Y, monitoring the 

ligand emission at 410 nm, consist of main broad UV bands, ranging from 230 to ca. 380 

nm and peaking at 255 and 312 nm, attributed to the transitions from the ground to the 

low-lying excited states (S0→S2,1) of the organic ligand. 
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Figure 2.14. 12 K excitation spectra of 2.12Y (black; λEm. = 410 nm), 2.6Tb (green; λEm. = 544 nm), 

2.4Eu (red; λEm. = 620 nm) and 2.16Y-Tb-Eu5% (blue; λEm. = 614 nm). 

 

On its part, the excitation spectrum recorded for compound 2.4Eu at 12 K detecting 

the strongest Eu3+ emission at 620 nm is dominated by a set of sharp spectral lines 

ascribed to the Eu3+ intra-4f transitions, from the fundamental 7F0 level to the 5D0-4, 5L6 

and 5GJ excited levels. The ligand excitation bands are almost absent in this spectrum, 

some residual ligand signal is still noticeable at wavelengths above 300 nm. Contrary to 

that, the 12 K excitation spectrum of compound 2.6Tb is completely dominated by the 

ligand excitation bands, which are similar to the ones observed for compound 2.12Y. This 

demonstrates an effective energy transfer from the ligand to the Tb3+. The typical Tb3+ 

intra-4f transitions, from the fundamental 7F6 level to the 5D4-2 and 5GJ excited levels 

appears with residual intensities. The excitation spectrum of compound 2.16Y-Tb-Eu5%, 

monitoring the Eu3+ emission at 614 nm, is also dominated by the ligand excitation broad 

bands with a profile resembling the one of compound 2.12Y, with the maxima peaks 

slightly shifted to 250 nm and 325 nm, respectively. The most intense Eu3+ excitation 

lines are also present in this spectrum, even if with relative low intensities. In addition, it 

is also identifiable the first excitation transition of Tb3+, 7F6→5D4 at 485 nm, resulting from 

the Tb3+-to-Eu3+ energy transfer process.  
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To get deeper insights into the distinct photoluminescence performance of the Tb3+ 

and Eu3+ compounds we have determined the triplet zero phonon energy of the ligand. 

For that, stationary-state and time-resolved emission spectra of 2.12Y have been 

recorded at 12 K under 310 nm excitation light (Figure 2.15). As observed, the stationary 

state emission spectrum displays two broad bands, from 315 to ca. 550 nm, attributed to 

the S1→S0 ligand fluorescence (peaking at 340 nm) and T1→S0 ligand phosphorescence 

(peaking at 450 nm). This assignment is supported by the time-resolved emission 

spectra, which allowed isolating the fluorescence and phosphorescence emissions by 

using faster and slower detection conditions, respectively. The zero-phonon energy level 

of the ligand phosphorescence, related to the energy of the emitting triplet states, is 

estimated at 410 nm (24390 cm–1). This level is relatively close to Tb3+ first excited state 

(5D4, 585 nm / 20619 cm-1) and far from the energy of the lowest-lying excited level of 

Eu3+ (5D0, 580 nm / 17241 cm–1), explaining why the energy transfer is more efficient to 

the former lanthanide ion according to Latva’s law.[128]  

 

 

Figure 2.15. Stationary emission spectra of 2.12Y (black line) and corresponding time-resolved 

emission spectra showing the separation of the fluorescence (blue line; initial delay of 0.01 ms 

and integration time of 0.1 ms) and the phosphorescence (red line; initial delay of 0.1 ms and 

integration time of 10 ms) recorded at 12 K under 310 nm excitation. The time-resolved spectra 

were not corrected for the detection and optical spectral response of the spectrofluorometer.  
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The emission spectrum of 2.6Tb recorded at 12 K and excited at 315 nm (Figure 

2.16a) presents the typical narrow lines attributed to the Tb3+ 5D4→7F6-0. The emission 

spectra of 2.4Eu recorded at 12 K with the excitation selected at 393.5 nm (5L6 excited 

level) and at 335 nm (ligand band) are shown in Figure 2.16. The spectra exhibit the 

characteristic sharp intra-4f emission lines of Eu3+ attributed to the 5D0→7F0-4 transitions. 

In particular, in the 5D0→7F2 transition region at least six Stark components can be 

observed, 4 main lines and two smaller lines in the low energy part. The intensity of the 

two low energy Stark components clearly increases with the 335 nm excitation. This 

unequivocally proves the presence of the two independent Eu3+ sites as described in the 

structural section. The dominance of the 5D0→7F2 transitions over the 5D0→7F1 transition 

is typical of Eu3+ environments without inversion centres, in line with that previously 

described in the structural section. In addition, the 5D0 Eu3+ decay curve, recorded at 12 

K while monitoring the strongest emission at 616 nm under direct excitation at 393.5 nm 

(insert of Figure 2.16b), is only properly fitted by a second order exponential function 

yielding two lifetimes of 0.08 ± 0.01 and 0.27 ± 0.01 ms, and with an averaged lifetime 

of 0.25 ms. This is again in accordance with the presence of two Eu3+ sites in the 2.4Eu 

structure. Identical conclusion is obtained for 2.6Tb, for which the corresponding 5D4 Tb3+ 

decay curve recorded at 12 K also yields two lifetimes of 0.08 ± 0.01 and 0.36 ± 0.01 ms, 

resulting in an averaged lifetime of 0.29 ms. 
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Figure 2.16. 12 K emission spectra of (a) 2.6Tb (green line) excited at 315 nm, and of (b) 2.4Eu 

with the excitation fixed at 335 nm (red line) and 393.5 nm (black line). The inserts show the 

corresponding (a) 5D4 and (b) 5D0 decay curves monitoring the emissions at 544.5 and 616 nm 

with the excitations selected at 377 nm and 393.5 nm, respectively for 2.6Tb and 2.4Eu; the solid 

red lines are the best fits using second-order decay functions, y = y0 + A1·exp(-x/ τ1) + A2·exp(-

x/ τ2) (r2 > 0.999). The average lifetimes were calculated according to the formula< τ >= (A1τ1
2 +

A2τ2
2)/(A1τ1 + A2τ2). 
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Figure 2.17. 2.16Y-Tb-Eu5%12 K Decay curves monitoring the emission at 544 nm and 614 nm with 

the excitation selected at 377 nm (black), and 394 nm (red); the solid lines are the best fits using 

second-order decay functions, y = y0 + A1·exp(-x/ τ1) + A2·exp(-x/ τ2) (r2 > 0.999). The average 

lifetime was defined as < τ >= (A1τ1
2 + A2τ2

2)/(A1τ1 + A2τ2). 

 

Heterometallic compound 2.16Y-Tb-Eu5% decay curves collected at 12 K have been 

acquired by monitoring the strongest emission lines for both Tb3+ (5D4→7F5 transition, 

544 nm) and Eu3+ (5D0→7F2 transition, 614 nm), using the excitations at 377 nm and 394 

nm, respectively (Figure 2.17). All curves are well fitted by a second order exponential 

decay functions yielding average lifetimes: of 0.43 ms and 0.62 ms, respectively for Tb3+ 

and Eu3+, in one hand, both lifetimes are larger than the ones obtained for the pure Tb3+ 

(2.6Tb) and Eu3+ (2.4Eu) samples, resulting from the suppression of the self-quenching 

due to the dilution of the optically active elements. On the other hand, contrary to the 

pure Tb3+ and Eu3+ samples, the Eu3+ lifetimes are larger than the ones of Tb3+, due to 

the aforementioned Tb3+-to-Eu3+ energy transfer process. 

Temperature induced changes on the emission spectrum motivated us to studying 

the capacity of the mixed compounds for luminescent thermometry. For that purpose, we 

carefully selected compounds 2.17Y-Tb-Eu10% and 2.18Gd-Tb-Eu10% because the metals 

mixing proportion are equal among them. Y3+ and Gd3+ complexes were selected since 

former allows Ln-MOFs doping withing an optically inert Ln matrix and the latter, displays 

high-energy of the first excited state which prevents from participation in the studied 

electron transfer mechanism.[129,130] Following this strategy, in compounds 
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2.17Y-Tb-Eu10% and 2.18Gd-Tb-Eu10%, Ln centres are prompted to be adequately distributed 

withing the net avoiding non-radiative energy transfer mechanisms derived by 

intermetallic energy transfer processes which could overall reduce luminescence 

efficiency.[131] 

ITb and IEu were determined by integrating the emission spectra in the ranges of 

538–552 nm and 609–619 nm for 2.17Y-Tb-Eu10% and in the range of 536–556 nm and 

610–618 nm for 2.18Gd-Tb-Eu10%. Figure 2.18 presents the temperature-dependent 

emission spectra of the compounds 2.17Y-Tb-Eu10% and 2.18Gd-Tb-Eu10% in the 12−320 K 

range. As expected, the emission spectra highly resemble to what was obtained for 

analogous compound 2.16Y-Tb-Eu5%. 

 

Figure 2.18. a) Emission spectra of 2.17Y-Tb-Eu10% in the 12–320 K range with the excitation 

selected at 312 nm and b) emission spectra of 2.18Gd-Tb-Eu10% in the same range and fixing the 

excitation at the same wavelength. 
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Afterwards, temperature dependence of the integrated intensity of the emissions 

was calculated and are depicted in Figure 2.19. Based on the integrated areas of Tb3+ 

5D4→7F5 (ITb) and Eu3+ 5D0→7F2 (IEu) emissions, a thermometric parameter may be 

defined, Δ = ITb/IEu, allowing to convert emission intensities into absolute temperature 

values.[54] It was estimated an instrumental error of 0.1 % to estimate the standard 

deviation of each experimental data.[132] The emission of Tb3+ decreases by 93 % and 

94 % from 12 to 340 K, and the Eu3+ emissions decrease by 65 % and 77 % for 2.17Y-Tb-

Eu10% and 2.18Gd-Tb-Eu10% compounds, respectively. 

 

Figure 2.19. Temperature dependence of ITb (green) and IEu (red) in the 12–320 K range of 2.17Y-

Tb-Eu10% left and of 2.18Gd-Tb-Eu10% (right).  

 

The temperature dependence of the thermometric parameter Δ in the range of 12–

320 K and the corresponding relative sensitivities, defined as Sr = |∂Δ|/∂T in the same 

temperature range for compounds 2.17Y-Tb-Eu10% and 2.18Gd-Tb-Eu10% are shown in Figure 

2.20 and Figure 2.21, respectively.  
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Figure 2.20. Variation of the ratiometric intensity parameter ∆ as a function of temperature in the 

12–320 K range, for 2.17Y-Tb-Eu10% and for 2.18Gd-Tb-Eu10%. The solid lines result from the fits 

considering the following empirical exponential functions: Δ(T) = exp(a+bT+cT2) (r2 = 0.96) and 

Δ(T) = Δ0 +A^(R0T) (r2 = 0.99) for 2.17Y-Tb-Eu10% and 2.18Gd-Tb-Eu10%, respectively. The bars depict 

the errors in the thermometric parameter resulting from the propagation of the 0.1 % errors 

determined for ITb and IEu.[132] 

 

Compound 2.17 display two distinct regimens in the sensitivity, whereas for 

compound 2.18 a single temperature-sensing regime can be observed. For 2.17Y-Tb-Eu10% 

the maximal relative sensitivity is obtained at Tm 12 K with Sm 1.202 % K-1; above 

mentioned temperature a tendency of decreasing relative sensitivity is observed. This 

behaviour is followed until 150 K, afterwards relative sensitivity increases up to 320 K. In 

case of compound 2.18Gd-Tb-Eu10%, the maximum relative sensitivity is obtained at Tm 

320 K yielding Sm 2.43 % K-1. These values come in line with the compounds that have 

been reported so far in bibliography.[132] 

The temperature uncertainty, the minimum temperature change that can be 

ascertained in a given measurement, is defined as, 𝛿𝑇 = 1 𝑆𝑟 (𝛿∆ ∆⁄⁄ ), where 𝛿∆ ∆⁄  is the 

relative error in the determination of the thermometric parameter.[132]  The minimum 

temperature uncertainties of both compounds (see Figure 2.21) follows exactly the 

corresponding maximum sensitivities, 0.08 K at 320 K for 2.18Gd-Tb-Eu10% and 0.16 K at 

12 K for 2.17Y-Tb-Eu10%.  
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Figure 2.21. Temperature sensitivity (Sr) in the 12–320 K range for 2.17Y-Tb-Eu10% and for 2.18Gd-

Tb-Eu10% left, and corresponding temperature uncertainty (𝛿𝑇) (right). For clarity only uncertainty 

values below 20 K are shown. 

 

 

Figure 2.22. Decay curves of 2.17Y-Tb-Eu10% (left) and 2.18Gd-Tb-Eu10% (right) acquired at 12 K 

monitoring the Tb3+emission at 544 nm (black) and the Eu3+emission at 614 nm (red) with the 

excitation fixed at 312 nm. The solid lines are the best fits using second order exponential decay 

function y = y0 + A1·exp(-x/ 𝜏1) + A2·exp(-x/ 𝜏2) (r2 > 0.999). Average lifetime was calculated 

according to the formula < 𝜏 >= (𝐴1𝜏1
2 + 𝐴2𝜏2

2)/(𝐴1𝜏1 + 𝐴2𝜏2). 

 

Finally, 5D4 Tb3+ and 5D0 Eu3+ decay curves, monitoring the emissions at 544 and 

614 nm, respectively, were collected for compounds 2.17Y-Tb-Eu10% and 2.18Gd-Tb-Eu10% at 

12 K with the excitation fixed at 312 nm (Figure 2.22). The average lifetimes shows that 

compound 2.17Y-Tb-Eu10% (< 𝜏544 > = 0.41 ms, < 𝜏614 > = 0.42 ms) presents the larger 

Tb3+ lifetimes and the shorter Eu3+ lifetimes relatively to compound 2.18Gd-Tb-Eu10% 
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(<  𝜏544 > = 0.28 ms, < 𝜏614 > = 0.56 ms). In both cases, lifetimes increase relatively to 

the values obtained at 12 K for the pure 2.4Eu (< 𝜏 > = 0.27 ms ) and 2.6Tb (< 𝜏 > =

0.29 ms) compounds. This results from the Tb3+-to-Eu3+ energy transfer, that shortens 

the Tb3+ lifetimes and increases the Eu3+ lifetimes, and from the dilution of the optically 

active ions, that eliminates the self-quenching effect.  
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2.7.4 Adsorption capacity 

With the aim of getting preliminary data on the porosity of the material, the pore 

size distribution, accessible surface area and pore volume of 2.7Dy, was computed by a 

Monte Carlo code developed by Herdes and Sarkisov.[133,134] In the light of the results, 

the calculations (Figure A2.44) show that coordinated DMF molecules are exposed to 

voids and their removal generates more accessible pores displaying 3D pores in the 

range of 4.89-6.35 Å diameter and exhibiting a surface area 713.2 m2/g and pore volume 

of 0.319 cm3/g and porosity of 50.9 %. 

The porous structure of 2.7Dy led us to assess its experimental gas adsorption 

behaviour. The accessibility of gaseous probe molecules into the porous framework of 

2.7Dy was first evaluated by recording adsorption isotherms of N2 at 77 K. Regretfully, 

probably due to the narrow pore size of the compound, the study of porosity by means 

of this gas at 77 K revealed no adsorption capacity. Even though, CO2 molecules could 

diffuse through the porous, as the latter molecule has a smaller kinetic radius compared 

to the former and comparatively, CO2 establishes stronger interactions with the amino 

group of the ligand. In general, it is known that MOFs with polar (–OH, –N=N–, –NH2 and 

–N=C(R)–) pores show a higher CO2 adsorption than non-polar MOFs.[135] Therefore, 

CO2 adsorption isotherms were recorded at 273 K and 298 K in compound 2.7Dy.  

Regarding CO2 adsorption capacity reached at 1 bar (Figure 2.23), compound 2.7Dy 

loads 2.1 mmol/g at 273 K and 1.6 mmol/g at 298 K. These obtained values can be 

considered as moderate values when compared with those achieved by referential 

MOFs.[136] Particularly, obtained adsorption both at 273 K and 298 K comes very good 

in line with those observed in TMOF-1 which exhibited a CO2 uptake 2.2 mmol/ g (273 K) 

and 2.2 mmol/g (298 K).[137] Contrarily the isosteric heats of CO2 adsorption of 2.7Dy 

(Figure 2.24) can be considered as relatively high (see below). In this sense, despite low 

uptake capacity of 2.7Dy rules out its application in CO2 storage, its high adsorption heats 

makes this material more suitable for separation and purification technologies of this 

greenhouse gas.[138–141] 
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Figure 2.23. CO2 adsorption isotherms at 273 K (red) and 298 K (blue) for 2.7Dy. 

 

The isosteric heat of adsorption (Qst) was calculated from the adsorption isotherms 

at 273 and 298 K to evaluate the strength of the interaction between the adsorbent and 

adsorbate according to Clausius-Clapeyron equation, Equation 2.11.[142]  

𝑄𝑠𝑡 =  −𝑅 [∆(𝑙𝑛𝑃)/∆(𝑇−1)]𝑁 Equation 2.11 

where Qst, R, P, T and N correspond to isosteric heat of adsorption, constant for 

ideal gases, pressure, temperature and the amount of adsorbed CO2, respectively. 

Enthalpy of adsorption (Qst) value demonstrates the strength of the interaction between 

the host and guest molecules. Indeed, the magnitude of the Qst is a function of the binding 

strength indicating the amount of the required energy for the regeneration process. The 

higher Qst of adsorption, the higher will be the affinity that the adsorbent has to adsorb a 

gas, CO2 in this case. Nevertheless, its regeneration process would require high energy 

to regenerate the adsorbent. Thus, an equilibrium or balance is needed between the 

affinity that MOFs has to uptake a gas a specific gas, the enthalpy of adsorption, and the 

energy required to regenerate the material.[135] 
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Figure 2.24. Isosteric heats of adsorption (Qst) of CO2 for compound 2.7Dy. 

 

At near zero-coverage, the Qst of CO2 in compound 2.7Dy is 41.4 kJ/mol. This value 

for CO2 is comparable to other previous works,[57] as well as for some reputed MOFs 

such as Ni-MOF-74 (42 kJ/mol),[143] Zn2(ox)(atz)2 (41 kJ/mol),[144] and 

Pd(μ-F-pymo-N1,N3)2 (40 kJ/mol).[145] Meanwhile, the Qst values show a staggered 

decrease with the increasing loading of adsorbate molecules in the MOF, which is related 

with gradual decrease in the availability of the best performing adsorption sites. 

Precisely, the isosteric heat of adsorption profile shows three main steps and when 

considering Qst vs CO2 loading per cluster (Figure A2.41, left) it could be ascribed to the 

successive occupation of the three coordinatively unsaturated sites (cus) available after 

the removal of the coordinating solvent molecules during the activation of the MOF 

(Figure A2.41, right).  

In comparison to other MOFs containing open-metal sites (in which values around 

30-60 kJ/mol are obtained),[142] 2.7Dy exhibits relatively high isosteric heat 

(41.4 kJ/mol), which also suggests a direct interaction between CO2 and cus. These 

coordinatively unsaturated metal sites are available for adsorbate interaction only after 

carrying solvent-exchange procedure. As described in the supplementary information, 

solvent-exchange procedure with MeOH allowed partly/fully replaced coordinated DMF 

molecules, which by sample activation were removed allowing the structure to contain 

three cus per formula. Generally, as-synthesized MOFs are prone to contain fully 

coordinated metal ions/ clusters with fully completed coordination spheres by bonds 

formed with solvents and organic ligands. Provided that those bonds can be removed, 

materials activation can provide accessible cus, which act as Lewis acid sites on the 
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surface specifically interacting with gas host-molecules. Cus are usually the first loading 

sites as they may serve as charge-dense binding-sites that strongly interact with gas 

molecules. Therefore, it is possible that, after a removal of solvent and subsequent 

activation of the material, to transform these sites into cus that increase 

adsorbate/surface interactions during the adsorption process as it happens in our 

particular case.[146]  

We subsequently performed high pressure adsorption isotherms of N2 and CO2. 

As it is depicted in Figure 2.25, even at the highest pressure, at 8 bar, compound 2.7Dy 

shows relatively low affinity towards N2 and exhibits an adsorption uptake of 

1.10 mmol/ g, much lower than for CO2, which are of 4.59 mmol/g and 3.84 mmol/g for 

273 K and 298 K, respectively. Interestingly the adsorption occurs in two well-

distinguishable steps that occurs at almost the same loading regardless the adsorption 

temperature. Such behaviour could be ascribed to a reorganization of the CO2 at a critical 

loading in order to render more room for next incoming adsorbate molecules. 

 

Figure 2.25. High pressure adsorption isotherms of N2 at 273 K (red) and CO2 at 273 K (green) 

and 298 K (blue), respectively. 
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2.7.5 Catalytic activity 

Porous nature of the structure displaying cavities asses accessibility of external 

molecules to interact with metallic centres. In this scenario, and having in mind that 

coordinated solvent molecules disposition (pointing out the pore) favour structure 

desolvatation and aforementioned interaction, cyanosilylation catalytic reaction was 

performed in a bunch of carbonylic substrates in presence of trimethylsilyl cyanide 

(TMSCN) and solvent-free media. For that study to be performed, Y3+ and Eu3+ 

counterparts, compounds 2.12Y and 2.19Eu, respectively have been selected as catalyst. 

2.7.5.1 Establishing optimal reaction conditions 

To begin with, catalysis conditions were established. For that purpose, 

benzaldehyde (2) and trimethylsilyl cyanide (TMSCN) were chosen as starting reagents 

and the reaction was carried out at room temperature and no solvent (Scheme 2.2). The 

criteria followed for this reaction being chosen was that this benchmark-reaction is taken 

as reference in many examples of the bibliography.[105,147–150] To begin with, the role 

of the catalyst was tested; for that purpose, the reaction was carried in catalyst absence 

under 1:2 benzaldehyde to TMSCN ratio.  

 

Scheme 2.2. Optimization of the reaction conditions. 

 

The blank reaction exhibited the formation of product 3 after 14 h of reaction with 

only 8 % of conversion corroborating that cyanosilylation reaction do not go ahead in 

catalyst absence.  

After several experiments, the optimized catalytic protocol was fixed decreasing 

the amount of TMSCN down to 1.1 equiv and using a catalyst loading of 0.5 mol%. 

Monitoring of the reaction by 1H NMR, allowed us studying the time required to obtain 

full conversion as well as analysing the influence in catalyst-loading reduction over the 

time required to reaction completion.  



Multifunctional metal-organic frameworks based on 3-amino-4-hydroxibenzoic acid ligand  

113 

2

When comparing both MOFs behaviour, the time required to reach full conversion 

varies significantly from Y to Eu-MOF. Under the same catalytic loading (0.5 mol%) 

2.19Eu reaches full conversion at 5 min reaction time whereas 2.12Y needs 5 hours. 

 

Figure 2.26. Kinetic profile of the reaction using 0.5 mol% of 2.12Y catalyst (red data) and 2.19Eu 

(black data) in a 1:1.1 ratio benzaldehyde to TMSCN under nitrogen atmosphere at room 

temperature. 

 

The turnover frequency (TOF) of catalyst was calculated as a function of 

conversion stabilising the relationship between mmol product per mmol catalyst per unit 

time obtaining a maximum of 106 h-1 at 1 hour reaction time (53 % of conversion) for 

Y-MOF and 1301 h-1 at 5 min reaction time (54 % of conversion). These results 

remarkably overpass those found with Y-based MOF catalysts but also those reported 

with any MOF based on lanthanides (Table 2.2). Remarkably, Eu-MOF catalysts at 

0.5 mol% uses 2.5 mol% of Europium metal, which is one of the most reduced catalyst 

loading among the rest of described MOF catalysts based on Europium, which are 

usually in the range of 5 to 20 mol%. When the loading is reduced down to 0.1 mol% the 

achieved TOF after the same 5 min of reaction (13 % of conversion) was as high as 

783 h-1 (Figure 2.27).  
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Figure 2.27. Analysis of the TOF (h-1) and reaction conversions obtained with Y-MOF (left) and 

Eu-MOF (right) in optimized reaction conditions at different reactions times. 

 

Table 2.2 exhibits performances of benzaldehyde cyanosilylation reaction being 

catalysed by lanthanide-based metal-organic frameworks reported in bibliography. When 

comparing our MOFs performances, we can highlight that both Y- and Eu-MOFs reach 

the highest TOF values at the lowest catalytic loading of 0.5 mol% catalytic loading. 
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Table 2.2. Catalytic cyanosilylation of benzaldehyde performances of Ln-MOFs reported in the literature. 

MOF 
mol% 

MOF 

Recyclability 

Nº of cycles 
Conversion Conditions Ratio[a] TOF h-1 

Eu2(MELL)(H2O)6[b] [106] 10 5 >99 % 3h RT, MeCN 1:2 3.2 h-1 

[Sm/Dy/Yb(3,5-DSB)(Phen)(H2O)]·H2O[c] [74–76] 2 4 

>99 % 3 h (Sm) 

70 %, 3 h (Dy) 

50 %, 3 h (Yb) 

40 ºC, 1:1.5 6-79 h-1 

Sm/Eu/Gd/Tb/Eu-Gd/Eu-Tb-psa[d] [104] 5 3 

70 %, <2 h (Eu) 

80 %, <2 h (Sm) 

87 %, <2 h (Eu-Gd) 

74 %, <2 h (Tb) 

94 %, <2 h (Eu-Tb) 

RT, DCM 1:1.5 84-112 h-1 

Nd/Eu/Sm/Ho/Yb/Er-dms[e] [151] 5 3 

85 %, < 1h (Nd) 

96 %, < 1h (Eu) 

92 %, <2 h (Sm) 

79 %, <2 h (Ho) 

98 %, <2 h (Yb) 

93 %, <2 h (Er) 

RT, DCM 1:1.5 159-234 h-1 

Nd, Ho, Er, Yb-btc[f] [109] 4.5 5 >99 %, 2 h RT, DCM 1:2 1-11 h-1 

Tm(BDC)1.5(DMF)-(H2O)[g] [111] 2 [h] 57 %, 5 h RT 1:1 [h] 
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La/Ce/Nd/Sm/Dy(L)(NO3)(DMF)2]n·n(DMF)[i] [110] 3 5 

93 %, 2 h (La) 

94 %, 2 h (Ce) 

91 %, 2 h (Nd) 

89 %, 2 h (Sm) 

90 %, 2 h (Dy) 

RT 1:4 2-16 h-1 

Tb-TCA[j] [98] 2 [h] 78 %, 4 h RT, DCM[k] 1:2.4 9.8 h-1 

[Sm(L-H2)(R-L-H3)(H2O)4]·nH2O[l] [102] 10 [h] 69 %, 16 h RT, DCM 1:2 0.4 h-1 

[Yb2(L)2(H2O)3]·2H2O[m] [101] 1.4 5 >99 %, 24 h RT 1:2 5 h-1 

[Pr(LOMe)(H2O)4]·2.5DMA·3H2O[n] [152] 1.9 2 99 %, 14 h RT 1:2 3.8 h-1 

[Sm(H2O)5][Sm(H2O)7][Co2Mo10H4O38]·6H2O [99] 2 3 98 %, 5 h RT 1:3 9.8 h-1 

[La/Ce/Nd(H2O)5]2Mo6V2O26·8H2O [100] 1 3 

94 %, 5 h (La) 

90 %, 5 h (Ce) 

96 %, 5 h (Nd) 

RT 1:3 

10.4 h-1 

10.0 h-1 

13.7 h-1 

Our Y-MOF catalyst [37] 0.5 7 >99 %, 5 h RT 1:1 106 h-1 

Our Eu-MOF 0.5 7 >99 %, 30 min RT 1:1 1301 h-1 

[a] Ratio between benzaldehyde 1a and TMSCN; [b] MELL = mellitic acid; [c] 3,5-DSB = 3,5-disulfobenzoate, 

Phen = 1,10-phenanthroline; [d] psa = 2-phenylsuccinate; [e] dms = 2,3-dimethylsuccinate; [f] btc = 1,3,5-benzenetricarboxylate; [g] 

BDC = 1,4-benzenedicarboxylate; [h] Not given; [i] L = 5-[2-{2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene}hydrazinyl]isophthalate; [j] 

TCA = tricarboxytriphenylamine; [k] The aldehyde employed is 2-nitrobenzaldehyde. [l] 

L-H4 = 2,2’-diethoxy-1,1’-binaphthalene-6,6’-bisphosphonic acid. [m] L = 4,4′,4″-((2,4,6-trimethylbenzene-1,3,5-

triyl)tris(methylene))tribenzoate; [n] LOMe = 3,3′-((2,3,6,7-tetramethoxyanthracene-9,10-diyl)bis(4,1-phenylene))diacrylate.
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2.7.5.2 Y-MOF and Eu-MOF catalysed cyanosilylation reaction of 
carbonyl compounds 

Once having optimized reaction conditions (1.1 equiv. TMSCN, 0.5 mol% catalyst, 

room temperature), a bunch of aldehydic and ketonic substrates, including aromatic, 

heteroaromatic and aliphatic were subjected to cyanosilylation reaction in presence of 

Y-MOF or Eu-MOF. We choose Y-MOF for aldehydic substrates and Eu-MOF for less 

reactive ketones in view of results obtained with benzaldehyde cyanosilylation.  

The scope of cyanosilylation reaction of aldehydes catalysed by Y-MOF is 

summarized in Scheme 2.3. Reaction was carried out using the corresponding aldehydic 

substrate 2 (25 µL, 0.25 mmol, 1 equiv.) and TMSCN (34 µL, 0.275 mmol, 1.1 equiv.) 

with 0.5 mol% (2.3 mg) Y-MOF catalyst loading under inert N2 atmosphere at room 

temperature. After 5 h reaction time desired cyanohydrin product 3 was obtained at over 

99 % conversion.  

The results showed that the reaction has broad tolerance for a wide variety of 

substrates. Under standard conditions, the corresponding products were obtained in 

quantitative conversions after 5 hours whether using aldehydes with electron-donating 

groups (2b-d), with electron-withdrawing groups (2e), with different position of the 

substituents or using heteroaromatic systems (2f-i). It should be noticed that in the case 

of 2c the reaction needed 48 h to reach full conversion. This slowdown behaviour in 

aldehydes bearing electron-donating groups has been previously described for 

lanthanide MOFs.[110] The examples of aliphatic aldehydes 3j-k are remarkably 

significant since usually aliphatic aldehydes typically give lower catalytic efficiency that 

aromatic ones due to their innate reduced reactivity. In our hands, our Y-MOF catalyst 

performed both reactions in a quantitative manner within 5 hours. 



Chapter 2 

118 

 

Scheme 2.3. Scope of the cyanosilylation reaction of aldehydes. Conversion is given in 

brackets and in bold is represented the new carbon-carbon bond. a Reaction time of 48 h. 

 

We also wanted to test whether Y-MOF was able to perform cyanosilylation 

reaction of ketones. Therefore, we subsequently explored the use of less reactive 

ketones giving rise to the generation of quaternary stereocentres (Scheme 2.4) in 8 

different substrates 2l-s. We found quantitative conversions after 24 or 48 h of reaction 

time featuring aryl-alkyl (3l, 3m), aryl-aryl (3n) as well as alkyl-alkyl (3o-3s) cyanohydrin 

silyl ethers (Scheme 2.4). Even cyclic ketones such as 2p-r were converted into their 

corresponding cyanohydrins, although in the case of the sterically demanding 2r the 

conversion was of 63 % after 48 h of reaction.  
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Scheme 2.4. Scope of the cyanosilylation reaction of ketones. Conversions are given in 

brackets in bold is represented the new carbon-carbon bond.a Reaction time of 24 h.b Reaction 

time of 48 h. 

 

Afterwards, we explored isostructural Eu-MOF for the scope of the reaction using 

overall of 17 types of ketones. Great variety of aryl alkyl ketones were tested. As a prove 

of concept, we also assayed three different aldehydes just to check Eu-MOF ability to 

carry on cyanosilylation reaction.  

Reaction was carried out using the corresponding ketonic substrate 2 (0.25 mmol) 

and TMSCN (34 µL, 0.275 mmol, 1.1 equiv.) with 0.5 mol% (2.5 mg) Eu-MOF catalyst 

loading under inert N2 atmosphere and at room temperature. After 24 h reaction time, 

desired cyanohydrin product 4 was obtained. In all cases, conversion of the reaction was 

calculated relative to compound 2 and was determined by 1H NMR of the reaction crude. 
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Scheme 2.5. Scope of cyanosilylation reaction of ketones. Conversion is given in brackets and 

in bold is represented the new carbon-carbon bond.a Reaction time of 48 h. 

 

In view of results, it can be highlighted that within 24 h reaction high conversions 

were obtained both for aldehydic and ketonic substrates, only with a slight reduction 
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when the aromatic ring contained electron-withdrawing groups whether at the para- or at 

the ortho-positions (4g and 4i-4j). The evaluation of diaryl ketones (4m- 4n) required 

48 h to achieve moderate to good results, probably due to the steric hindrance of the 

substrates. The use of α,β-unsaturated ketones (4o) was also assayed but unfortunately 

only a conversion of 58 % was obtained. The use of aliphatic ketones (4p- 4q) provided 

full conversions after 24 h of reaction. 

Finally, we decided to test cyclic ketones which are usually less employed. In our 

hands, full conversion of 4r-4s was obtained after 24 h, although an extra 24 hours were 

needed in order to fully convert the most sterically demanding 2-adamantanone 4t. 

The possibility of scaling-up the process was also pursued by performing the 

reaction with aldehyde 2j, giving rise to the formation of almost a gram of product 4j and 

an isolated yield of 98 %. This cyanohydrin silyl ether is of great interest in the agri-food 

sector since it has been described as a very useful precursor of 5-(2,4-difluorophenyl)-

4-imino-5-methyl-3-(phenylamino)oxazolidin-2-one, a potent fungicide (Scheme 

2.6).[153] 

 

Scheme 2.6. Application of the cyanohydrin product 4j towards the synthesis of a fungicidal 

active compound. 

 

2.7.5.3 Catalyst recyclability 

Reusability of the heterogeneous catalyst is of remarkable importance from a 

green chemistry point of view. For this reason, recyclability tests were conducted with 

benzaldehyde (2) and TMSCN as the model reaction under standard optimized reaction 

conditions (Scheme 2.7).  
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Scheme 2.7. Y-MOF and Eu-MOF catalyst recyclability test. 

 

Concretely, in a 1 mL vial with a septum screw capped equipped with a stirring bar, 

the catalyst Y or Eu-MOF (0.5 mol%, 2.3 mg and 2.5 mg, respectively) was weighed. 

Then, the corresponding amount of carbonylic compound 2 (25 µL, 0.25 mmol) followed 

by TMSCN (34 μL, 0.275 mmol, 1.1 equiv.) were added and the reaction was stirred 

under inert N2 atmosphere at room temperature during 0.5 h. After reaction was 

complete, the catalyst was easily separated from the reaction solution by centrifugation 

(3 min at 8000 rpm), washed with dichloromethane (2 x 1.5 mL) and dried before being 

reused under the same reaction conditions. As shown in Figure 2.28, both Y-MOF and 

Eu-MOF remain intact and maintain the active during 7 consecutive cycles without any 

erosion of the catalytic activity. 

 

Figure 2.28. Recyclability of Y-MOF (left) and Eu-MOF (right) catalysts during 7 consecutive 

cycles. 

 

Catalyst was characterised after each cycle by powder X-ray diffraction revealing 

no appreciable structural changes with respect to the pattern recorded before catalytic 

cycles confirming that the crystallinity of the structures was unaltered after the reaction 

demonstrating their heterogeneous nature. 
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2.7.5.4 Catalyst leaching 

Further studies were carried out in order to evaluate catalyst leaking. To that end, 

after the second and seventh cycle, reaction crude was centrifuged to recover the 

catalyst and the supernatant filtered off thorough a plug of celite and washed with 

dichloromethane (2 x 0.5 mL) and dried under vacuum. Subsequently, compound 2h for 

Y-MOF reaction supernatant and compound 2d were added to Eu-MOF reaction 

supernatant and was added and the reaction was stirred under N2 atmosphere at room 

temperature. Analysing an aliquot by 1H NMR after 5 h revealed only 6 % of product 3h 

and no product (4d) was observed after 24 h corroborating that almost no leaching of 

Y3+ neither Eu3+ take place. 

 

 

Scheme 2.8. Catalyst leaching test performed for Y-MOF (top) and Eu-MOF (down) catalysed 

cyanosilylation reaction. 

 

Finally, we evaluated overall transformation according to green-chemistry metrics 

in the optimized catalytic conditions in the cyanosilylation of benzaldehyde with TMSCN 

in presence of Y-MOF or Eu-MOF catalyst. Calculated values are summarized in Table 

2.3 and it can be stated that overall transformation is eco-friendly and overcome health 

and environmental problems derived from the chemical industry. Also, it must be noticed 

that obtained values are comparable to those reported previously for related lanthanide-

based MOFs.[104,105]  
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Table 2.3. Green metrics values (AE, MI, RME and CE) obtained with Y-MOF and Eu-MOF 

catalysed reaction in the cyanosilylation of benzaldehyde with TMSCN. 

Green Chemistry Metrics Y-MOF catalysed Eu-MOF catalysed 

Atomic economy (AE) 99.8 % 99.8 % 

Mass Intensity (MI) 1.10 1.05 

Reaction mass efficiency (RME) 91.4 % 95.7 % 

Carbon Efficiency (CE) 96.0 % 96.8 %  
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2.8 Conclusions 

All in all, we report a family of novel three-dimensional metal-organic frameworks 

based on 3-amino-4-hydroxybenzoate and Ln3+ ions. These coordination networks are 

isostructural among them and crystalise in hexagonal P63/m space group showing 

{[Ln5L6(OH)3(DMF)3]·5H2O}n formula. With the aim of exploiting potential multifunctional 

character of these Ln-MOFs, their single molecule magnet behaviour, photoluminescent 

properties and adsorption capacity have been studied. Starting by magnetic properties, 

none of these compounds (2.7Dy, 2.9Er and 2.11Yb) exhibit frequency-dependence 

without an external magnetic field due to the effect of quantum tunnelling of 

magnetization. When 1000 Oe static field of was applied to suppress QTM relaxation 

process, only compound 2.11Yb showed signal dependency among frequency, which, as 

far as we are aware, constitutes the first porous three-dimensional Yb-based MOF 

exhibiting field-induced SMM behaviour. In view of residual unquenched QTM occurring 

in pure samples, magnetic dilution strategy was performed (in this case with Y3+) yielding 

compounds 2.13Y-Dy, 2.14Y-Er and 2.15Y-Yb. The procedure of isolating paramagnetic 

centres in a diamagnetic matrix was successful in the latter two compounds since the 

position of the maxima in χM’’ was shifted towards higher temperatures. Compounds 

2.14Y-Er and 2.15Y-Yb present Orbach- (with Ueff = 13.09 K and τ0 = 6.46·10-8 s-1) and QTM 

plus Raman- (τQTM = 2.15·10-2 s, B = 7.2 s-1·K-n and n = 5.87) mediated relaxation 

mechanisms, whereas compound 2.13Y-Dy shows no maxima in out of phase molar 

magnetic susceptibility. These results may be explained according to the electron density 

shape of the lanthanide(III) ion, since the system benefits prolate-type ions (Er3+ and 

Yb3+) rather than oblate ions (Dy3+). 

On another level, compounds 2.4Eu and 2.6Tb present characteristic emissions of 

the ions, among which Tb3+ ion shows more brilliant and long-lived emission than Eu3+ 

because the ligand-to-lanthanide energy transfer is more efficient for the former owing 

to the low energy gap between their excited states. Three additional Y3+-or Gd3+-and 

Tb3+/Eu3+-mixed lanthanide networks were prepared with the following Y3+:Tb3+:Eu3+ 

doping proportions of 50:45:5 % (2.16) and 50:40:10 % (2.17), and Gd3+:Tb3+:Eu3+ of 

50:40:10 % for compound 2.18, and exploited for potential application in thermometry. 

Interestingly, compounds 2.17 and 2.18 perform as luminescent thermometers showing 

a maximal relative sensitivity of Sm 1.202 % K-1 obtained at Tm 12 K and Sm 2.43 % K-1 

at Tm 320 K, respectively.  
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This family of compounds possess porous structures characterized by narrow 

microchannels along c axis which additionally allowed us exploring adsorption capacity 

of the synthesised materials at low pressure and high-pressure conditions. Although, 

compound 2.7Dy adsorption isotherms of N2 revealed no adsorption capacity, CO2 

molecules could diffuse through the pore exhibiting 44.6 cm3/g (2.1 mmol/g) uptake of 

CO2 physiosorbed at 273 K (at STP conditions), and a volume of 35.1 cm3/g (1.6 mmol/g) 

at 298 K. In comparison to other MOFs containing open-metal sites, 2.7Dy exhibits 

relatively high isosteric heat (41.4 kJ/mol) that supports the strong interaction between 

CO2 and the first of the three cus centres present in the network. Upon loading the 

framework with the gas, the interaction progressively decreases showing two more steps 

in the profile that perfectly matches with the coordination of CO2 with the remaining two 

cus pertaining to the pentanuclear cluster.  

Finally, motivated by the porous nature and accessibility of external molecules to 

MOFs metallic clusters two analogous yttrium- (2.12Y) and europium (2.19Eu)-based 

metal–organic supramolecular porous systems have been tested in the catalytic 

cyanosilylation reaction of aldehydic and ketonic substrates, of different nature, avoiding 

the use of volatile organic compound (VOC), favouring the transformation to the final 

cyanohydrin product under green conditions (solvent free and at ambient temperature).  

Importantly, preliminary studies conducted in 2.12Y demonstrated working as 

heterogeneous catalyst, working as Lewis acid after solvent decordination, in the 

cyanosylylation reaction of several aldehydes. Therefore, we designed a strategy 

modifying synthetic procedure to obtain this family of compounds and decided to 

increment water ratio in the initial solvent mixture; having in mind that, at higher water 

proportion, coordination of the less volatile solvent would be favourised and therefore, 

the desolvatation would be eased yielding more easily a vacant position in metal centre 

and acting as Lewis acid catalyst. In such conditions, we obtained Eu-MOF, compound 

2.19Eu which contains water molecule instead of DMF, as compound 2.12Y did. We 

subsequently, tested it in the cyanosilylation reaction of aldehydes and ketones 

exhibiting great ability heterogeneously catalysing cyanosilylation reaction of the less 

reactive ketones demonstrating the effectiveness of our approach. 

More concretely, Eu-MOF displayed activity as heterogeneous catalyst in 

cyanosilylation with TMSCN of various ketones at solvent-free and ambient temperature 

conditions. Among lanthanide-based catalyst reported so far, 2.19Eu displayed the one 
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of the highest activities with a TOF value of 1301 h-1, and with the impressive possibility 

of recyclability for at least seven cycles without any change on structure and with no leak 

during them. 

In this context, motivated by obtained the proved capability of 2.12Y and 2.19Eu 

MOFs working as heterogeneous catalyst in the cyanosilylation reaction of carbonylic 

substrates in environmentally friendly conditions, we thought about the possibility of 

synthesising a heterobimetallic Y-Eu MOF 2.19Eu material with enhanced catalytic 

activity derived by the synergy of both materials properties as future work.   
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PART 3 
 

2.9 Introduction. Easy handling and cost-efficient 
processing-techniques of a three-dimensional Tb3+-MOF. 
Emission capacity of the membrane-immobilized material 
and water adsorption and proton conductivity of the pristine 
MOF. 

Metal-organic frameworks are relatively new materials that nowadays are reaching 

the market. Since the first porous three-dimensional example, MOF-5, reported by 

Yaghi’s group in the nineties,[154] an immense number of MOFs have been described 

in the last years finding application in multiple fields.[98,155–158] However, for these 

materials being implemented in industry several technical barriers have to be overcame 

so far.[159] Among others can be mentioned: the availability at large-scale which not 

only depends on reactants but also in whole process production-costs, MOF’s physical 

properties maintenance when manufacturing at high scale, the importance of formulation 

for finetuning of MOFs’ physical properties when shaping for a particular application, in 

addition to the performance of final material under realistic operating industrial conditions 

such as moisture, pressure or temperature.[160]  

In fact, MOF’s synthetic-procedures yield as final product very insoluble and low-

density loose powders that often are difficult to handle and can be problematic to 

incorporate into devices in industry, since they can easily blow off and contaminate 

pipes.[161] Therefore, shaping of MOF is mandatory for using them in real industrial 

applications. Generally, the selection of processing or shaping technique depends on 

the synthetic-procedure and textural properties of the MOF material.[161,162]  

Essentially, as advantage, after carrying out MOF’s processing, mechanical 

strength and resistance enhancement is expected in the final product with respect to bulk 

non-processed material. Additionally, the shaping must be cost effective.[162] Even if 

shaping of MOFs for specific applications is still in its infancy great efforts have still to be 

dedicated to the rational study of this process so as to access to the real commercial 

application.[161] 

Monoliths, beads and pellets, are conferred as suitable processed-materials with 

maximised bulk density and minimized wasted space.[162] Among the recent mentioned 

transformed materials, pelletization technique is presented as the most common method 
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for densifying MOF’s by applying pressure. However, this process encounters several 

disadvantages such as, that excessive pressure can crush MOF’s structure and reduce 

mechanical stability, as well as the use of binders (which are generally added to improve 

cohesion) can dilute porous powder and cause pore blockage.[161]  

Another interesting approach for transforming materials without the need of 

external pressure, can be to assemble MOFS into polymeric membranes to give rise to 

mixed-matrix membranes (MMMs).[163] This strategy results appealing from the 

industrial point of view since membranes have low productions cost and exhibit relatively 

high mechanical properties such as, flexibility, softness, and thermal and chemical 

stability, among others.[163–165]  

From a practical point of view, once processing, shaped materials are required to 

apart from keeping structural robustness, be stable under humidity, temperature or 

pressure operating conditions.[162] Thus, testing shaped materials towards these 

variables becomes of great importance towards optimal performance in industrial 

implementation. 

Also, in recent years, MOFs investigation for being used in the proton conduction 

field is gaining importance and is presented advantageous field for MOF application 

since they can possibly be implemented in solid-state electrolytes.[166] The interest 

towards MOF’s particularly relies on their intrinsic large surface area, long-range ordered 

and porous cavities where proton-carries can be incorporated as guest molecules 

enabling control over conductivity at the molecular level.[166] 

Proton conduction in a MOF can be originated by two types of pathways. In the 

called, “vehicle mechanism” proton-diffusion occurs enabled by water molecules which 

act as vehicles, and in the “grotthus mechanism” conduction do not necessarily depend 

on water transport but proton-motion occurs through hydrogen bonds established among 

neighbouring water molecules. In this latter case, a minimum relative humidity is required 

in order to water molecules creating a hydrogen-bond pathways from which protons 

would be conducted. A part form conducting mechanism, the character of the MOF is of 

great importance and plays key role. So as, hydrophilic MOFs display strong water 

affinity and are able to absorb large water uptake at even under low humidity 

conditions.[167] Additionally, the presence of acidic protons or metal-coordinated water 

molecules facilitates hydrogen bond formation path inside the pore promoting proton-

conduction.[168] 
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As already stated, proton-conduction process is directly correlated to water-

adsorption capacity of the MOF. Among water-adsorption mechanisms, three types are 

described: vapour adsorption on the metallic cluster (chemisorption), layer adsorption 

(this process is reversible and is correlated to physisorption) and capillary condensation 

(this process is reversible).[168] Since the first copper based two dimensional 

coordination polymer able to conduct protons reported by Kanda et al. in 1979,[169] 

several examples have been published, nonetheless the challenge in this line relies on 

designing MOFs able to reversibly uptake large water uptakes within a narrow relative 

humidity range.[166] 

Having all this in mind, in this work, we propose easy handling techniques for 

shaping compound 2.6Tb, which exhibits {[Tb5L6(OH)3(DMF)3]·5H2O}n formula, in pellets 

and membranes and study shaped material’s performance against temperature and 

moisture conditions in order to simulate possible industrial operating conditions. 

Additionally, as a proof of principle, we embed luminescent compound 2.6Tb into PMMA 

membrane to explore photoluminescent properties of mixed- matrix membrane, more or 

less in the line with the work performed by Dechnik eta al. who described the first 

luminescent MOF mixed-matrix.[170] Also, motivated by, compound 2.6Tb relatively high 

vapour-adsorption capacity and structure stability, proton conductivity of 2.6Tb was 

studied.  
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2.10  Materials and methods 

2.10.1  Compound synthesis  

Single crystal synthetic procedure of {[Tb5L6(OH)3(DMF)3]·5H2O}n, 2.6Tb 

The synthetic procedure to obtain single crystal and scale up procedures have 

been already described above in 2.6.1 synthesis. 

 

2.10.2  MOF processing techniques 

2.10.2.1  Membrane’s preparation and Characterization 

For 2.6Tb being integrated into membranes, two polymeric-matrixes have been 

selected: Polysulphone (PSF) and polymethylmethacrylate (PMMA).  

In both matrixes, membranes preparations conditions were optimized by testing 

different polymer-to-MOF ratios in order to achieve a material with balanced mechanical 

stability and membrane coverage homogeneity; since, excessive MOF proportions with 

respect to polymer diminish mechanical stability and makes membranes more 

breakable; and, also, low ratios lead on pockets in the material, (areas not covered with 

the MOF); therefore, an equilibrium is of great importance in order to obtain a material 

with the best properties. 

For these reasons, after several test, the optimal membrane conditions were 

stablished to be 75 mg MOF in 400 mg polymer. In this way, processed material’s 

mechanical stability and homogeneity could be compared as the same synthetic ratio 

has been used in both polymeric matrixes. The membrane synthesis was performed 

according to the following procedure: 

400 mg of PSF were weighted and dissolved in 5 mL of CH2Cl2 to this dense 

solution, 75 mg of compound 2.6Tb were added and left stirring for 30 min. The remaining 

viscous solution was then cast in a glass petri dish and left unstirred at ambient 

conditions until complete evaporation of the solvents. In case of PMMA, the same solvent 

volume was measured and to this, first, 400 mg of polymethylmethacrylate were added 

and, once dissolved, 75 mg of compound 2.6Tb were added and left suspension stirring 
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for 30 min. The succeeding steps were followed as previously described of PSF based 

membranes. 

MOF incorporation into polymeric membrane was accessed by powder X-ray 

diffraction and SEM/EDS analysis. Additionally, incorporation is immediately visible to 

the naked eye as pure PMMA and PSF are transparent while MOF containing 

membranes had brown dark colour (See Figure A2.46). Also, SEM/EDS mapping of the 

surface and cross section analysis allowed confirming that 2.6Tb was uniformly 

distributed throughout the polymeric membrane (Figure A2.20).  

2.10.2.2  Pellets preparation and Characterization 

A home-made extrusion apparatus (composed by a syringe) allowed pellets to be 

compressed for which as binding agent, water was used. For pellets preparation, 100 mg 

of compound 2.6Tb were weighted and 100 µL was added to form a malleable paste. 

Subsequently, the paste was transferred into a syringe and compressed. With the aid of 

an external heating source, biding agent elimination allowed obtaining final pelletized 

material. With the aim of enhancing resistance, some of pellets were coated with 

polymer, in this case, polysulphone was used for that purpose. For polymer coating, 

pellet was submerged during 2 s in an already prepared polymer solution of CH2Cl2 

containing 300 mg of polysulphone. Once dichloromethane being evaporated the coating 

dried and pellet got its final resistance. 
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2.11  Results and discussion 

2.11.1  Structural characterization 

Single-crystal structure discussion has been performed based on the isostructural 

Dy3+ analogue in the 2.7.1 structural characterization section.  

 

2.11.2  Processing into pellets and membranes 

In order to incorporate MOFs into devices, bulk material shaping is primordial,[162] 

in this line, with the aim of exploring processing techniques compound 2.6Tb has been 

transformed into pellets and membranes.[171]  

Once, compound 2.6Tb being transformed into pellets and membranes, the stability 

of these final processed materials was tested against moisture and temperature cycles. 

For that purpose, materials were placed for 72 h in a desiccator containing K2SO4 

saturated solution which simulated 98 % relative humidity (RH) ambient.[172] 

Afterwards, materials were characterised by PXRD. 

2.11.2.1  Moisture stability 

PXRD results (Figure A2.47) exhibit that compound 2.6Tb is stable and keeps its 

structure after being transformed into pellets or membranes and being exposed for 72 h 

at 98 % RH. Contrary to what happens when material is directly put in contact with water, 

that evolves into another crystalline phase, long exposure to humidity do not provoke 

material transformation and remains stable. Due to the amorphous nature of the polymer, 

only the main intense peaks of compound 2.6Tb stands over the amorphous background 

in polysulphone (PSF) based membrane’s PXRD. 

2.11.2.2  Temperature stability 

Once carrying out humidity tests, pellets were afterwards treated to temperature 

cycles. For that aim, four heating and cooling down cycles were performed and materials 

were characterised by PXRD analysis. Thus, uncoated pellets and polysulphone with 

coated were first tested against 98 % relative humidity (RH) for 72 h and later tested their 

thermal stability. For this purpose, temperature cycles of heating to 125 ᵒC and cooling 

down to room temperature were carried out. After each cycle, a photograph of both 
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pellets (coated and uncoated) was taken in order to check their integrity. Subsequently, 

PXRD analysis was performed after the second and forth cycle in coated and uncoated 

pellets. Overall, the compound 2.6Tb coated and uncoated pellets resist perfectly to 

humidity and subsequent temperature cycles not only keeping their integrity but also their 

structure according to results obtained by PXRD (Figure A2.48). However, it must be 

noticed that coated pellets keep better their integrity because of the resistance apported 

by the polymer. 
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2.11.3  Water adsorption studies 

The gravimetric water vapor sorption kinetic measurements of compound 2.6Tb and 

composite membranes (Figure 2.29) were performed using a Dynamic Vapor Sorption 

(DVS) system at 25 °C over a wide range of relative humidity (0% to 95% RH). The 

isotherm of 2.6Tb display a IUAPC's Type I shape typical of microporous materials such 

as MOFs, although the slight increase of water mass above 80% RH (seen as a hint of 

a Type II isotherm) can be seen as an indication of a minor contribution of multilayer 

adsorption on the external surface of the particles. The overall increase in mass of 

compound 2.6Tb is quite substantial reaching ca. 18 wt.% at P/P0 = 95%. There is also a 

slight but obvious hysteresis between the adsorption and desorption, which extends to 

the low-pressure range, indicating the retention of water molecules within the MOF 

framework. This apparently irreversible water uptake may be related to the swelling of 

the MOF structure or a chemical interaction with the water molecules.  

The isotherm of the 2.6Tb@PSF membrane displays a similar shape to that of 2.6Tb, 

in turn very different from the Type III observed for pure PSF,[173] and thus suggesting 

that the overall mass change is essentially determined by the fraction of 2.6Tb in the 

membrane. As expected, 2.6Tb@PSF adsorbs much less water than 2.6Tb, reaching a 

maximum 2.86 wt.% at P/P0 = 95%. Assuming that pure PSF adorbs ca. 0.8 wt.% of 

water also at P/P0 = 95%,[173] one can crudely estimate the weight fraction of 2.6Tb in 

PSF to be 12%, which his is in reasonable agreement with the nominal composition.  

2.6Tb@PMMA absorbs nearly the same amount of water near saturation (2.70 wt.% 

at P/P0 = 95%) than 2.6Tb@PSF, but the shape of the isotherm for low RH indicates a 

much smaller fraction of the micropores accessible for adsorption. The poor affinity of 

PMMA for water (adsorbs ca. 0.06 wt.% at P/P0 = 95% [174]) could explain this behavior.  
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Figure 2.29 Water vapour adsorption (solid symbols) and desorption (open symbols) isotherm 

curves for compound 2.6Tb, and the 2.6Tb@PSF and 2.6Tb@PMMA membranes. 
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2.11.4  Ionic Conductivity 

Motivated by the relatively high-water vapour uptake, we decided to test compound 

2.6Tb for proton conductivity. Conductivity measurements carried out in pelletized sample 

of compound 2.6Tb with increasing temperature at each RH (1st cycle) and cooling down 

(2nd cycle). As expected for water-mediated proton conducting MOFs proton conductivity 

increases with the augmentation of humidity. 

The Arrhenius plots of the ionic conductivity of compound 2.6Tb and 2.6Tb@PSF 

membrane measured under the variable temperature (40-94 °C) and relative humidity 

(20-95 %), RH, are presented in Figure 2.30. The ionic conductivity results of the 

2.6Tb@PMMA membrane are not represented in Figure 2.30, since the electrical 

resistance of these samples was higher than 10 M, and thus impossible to determine 

due to limitations of the LCR meter. According to the data depicted in Figure 2.30, the 

ionic conductivity of the materials increases with the temperature and RH. In the case of 

compound 2.6Tb, at temperatures higher than 60 °C and RH ≥ 40 % the conductivity 

started to decrease. The maximum ionic conductivity observed for compound 2.6Tb was 

3.2 × 10−8 Scm-1 at 60 °C and 95% RH. From DVS data one would expect higher 

conductivity values, which may be explained by i) some degradation of the MOF bulk 

framework during ionic conductivity measurements, ii) the pelletization of the MOF which 

decreases the available surface area. The addition of compound 2.6Tb to the PSF 

membrane leads to a decrease of the conductivity when compared with pristine PSF 

membrane (2.50 × 10−4 Scm-1, at room temperature and equilibrated with deionized 

water for 24 h),[175] but on the other side PSF seems to increase the stability of the MOF 

since the decrease of the conductivity with temperature was no longer observed.  
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Figure 2.30. Arrhenius plots for the ionic conductivity of compound 2.6Tb and 2.6Tb@PSF 

membrane measured under variable RH and temperature. 
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2.11.5  Photoluminescent properties 

In view of the promising applications that lanthanide centred MOFs can have 

derived by their characteristic narrow signals ranging from UV to near IR, we decided to 

study photoluminescent properties Tb3+ in PMMA supported MOF to compare with 

pristine MOF emission, recently reported in our group[176] as well as working in the 

approach to implement luminescent materials into devices. For this purpose, we carefully 

selected PMMA as polymeric membrane with the aim of avoiding any possible 

interreference between Tb-MOF and polymeric matrix intrinsic emission.  

The excitation spectra of compound 2.6Tb@PMMA was recorded at 12 K features 

two broad UV bands maxima, ranging from 240 to ca. 310 nm and peaking at 254 and 

288 nm. The pattern of this spectrum presents high resemblance with isostructural Y3+ 

and Tb3+ pristine MOF excitation spectra reported lately.[176] In all cases, ligand 

excitation lines rule excitation demonstrating an efficient energy transfer from ligand to 

Tb3+.  

 

Figure 2.31. 12 K excitation spectra of 2.6Tb@PMMA (black; λExc. = 320 nm), isoestructural 

2.12Y (red; λExc. = 410 nm), 2.6Tb pristine Tb3+ MOF (green; λExc. = 544 nm). 

 

On its part, upon excitation at 315 nm emission spectrum of MOF loaded 

polymeric membrane display characteristic emission bands corresponding to Tb3+. More 

concretely, the emission spectra of Tb3+ excited in the ligand recorded at ambient 

temperature (at 294 K) and at 12 K exhibited Tb3+ 5D4→7F0-6 transition characteristic 
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sharp lines what comes in line with an efficient antenna effect where ligand is able to 

transfer energy from the ligand excited triplet state to the Tb3+ excited levels. As 

expected, decreasing temperature non-radiative relaxation pathways dimmish and 

increment emission intensity. 

5D4 decay curves fixing the excitation at 315 nm and monitoring at 543.4 nm 

(Figure 2.32, inset) has been recorded at room temperature (294 K) and 12 K, in both 

cases, the spectrum is only properly fitted by a second order exponential function yielding 

two lifetimes with an averaged lifetime of 𝜏294 𝐾 > = 0.350 ms and < 𝜏12 𝐾 >= 0.326 ms. 

This evidence is in accordance with the presence of two Tb3+ distinct sites in the 

structure.  

 

Figure 2.32. Emission spectra of Tb recorded at 294 K (black) and 12 K (red) monitoring the 

emission at 315 nm. Inset: 5D4 decay curves of Tb acquired at 294 K (black) and 12 K (red) 

monitoring the Tb3+ emission at 544 nm. The excitation was fixed at 315 nm all measurements. 

The solid lines are the best fits using second order exponential decay function 

y =-y0 + A1·exp(-x/ 𝜏1) + A2·exp(-x/ 𝜏2) (r2 > 0.999). 

 

The time-resolved emission spectra recorded at 12 K excited at 290 nm allows to 

compare and differentiate ligand fluorescence (S1→S0 transition) from the 

phosphorescence (T1→S0). The broad band has a much faster time dependence of the 

S1→S0 transition compared to the transition T1→S0 since the former band is completely 

suppressed by a time delay of only 0.05 ms. The total suppression of the low- energy 
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T1→S0 ligand emission denotes a complete energy transfer from the triplet excited state 

to the Tb3+ excited levels. The zero-phonon energy level of the ligand phosphorescence 

emitting triplet states, is estimated at 390 nm (25641 cm–1), is relatively close to Tb3+ first 

excited stated (5D4, 585 nm / 20619 cm-1). These results confirm what was mentioned 

above, ligand triplet state is near Tb3+ first exited state (located at 485 nm corresponding 

to 5D4) is energetically close to ligand triplet state and thus energy transfer occur from 

ligand triplet state to Tb3+ first excited estate and posteriorly from Tb3+ first excited state. 

 

Figure 2.33. Time-resolved emission spectra showing the selected region of 2.6Tb@PMMA 

membrane recorded at measured with 290 nm excitation. Black line: initial delay of 0.01 ms and 

integration time of 0.1 ms; red line: initial delay of 0.05 ms and integration time of 5 ms. Time-

resolved emission spectra were not corrected for detection and optical spectral response of the 

spectrofluorometer. The average lifetime was calculated according to the formula < 𝜏 >= (𝐴1𝜏1
2 +

𝐴2𝜏2
2)/(𝐴1𝜏1 + 𝐴2𝜏2). 

  



Chapter 2 

142 

2.12  Conclusions 

Herein, we presented a non-complicated easy handling and cost-efficient method 

for the processing MOFs into pellets and membranes, exhibiting in both cases adequate 

resistance and mechanical stability in the final shaped material towards high humidity 

and temperature cycling conditions.  

Membrane supported 2.6Tb material photoluminescent properties have been 

investigated proving that terbium based-MOF is able to keep its emissive properties 

subsequent processing into membranes; thus, this alternative is presented as an 

effective approach towards implementation into devices of luminescent Ln-MOFs. 

Additionally, as a prove of concept, processed materials (pellets and membranes) have 

been tested against high humidity and temperature conditions exhibiting relatively good 

resistance and performance under industrial operating conditions. Finally, motivated by 

the stability and resistance towards RH shaped materials had shown, water adsorption 

isotherms have been collected showing 18 % increment in mass at higher measured 

relative pressure, which corresponds to 95 %. 

In this line, as a possible application, proton-conduction has been tested. As 

expected for water-mediated proton conducting MOFs proton conductivity increases with 

the augmentation of humidity obtaining maximum ionic conductivity value of 

2.7 × 10−8 Scm-1 at 60 °C for 2.6Tb: Comparing with the results in bibliography which 

exhibit conductivity values close to 1.1 × 10−4 Scm-1 for purely 3D carboxylate-based 

MOFs[177] 2.6Tb exhibit relatively modest conductivity. From water adsorption (DSV) 

data, it would be expected higher conductivity values nonetheless, obtained results could 

be explained by MOF degradation in addition to diminishing available surface area by 

material processing. 
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Summary 

This chapter encompasses the synthesis and characterization of a novel copper-

based metal-organic framework based on 3,4-dihydroxybenzoic acid ligand. The novelty 

of this work can be briefly summarized on the following aspects: 

- To begin with, a novel copper based three-dimensional structure has been 

synthesised and thoroughly characterized exhibiting the formula 

{[Cu3L2(DMF)2]·3H2O}n. 

- Subsequently, in view of the microporosity of the structure, adsorptive capacity 

has been assessed. 

- Additionally, material shaping-techniques have allowed processing the new 

Cu-MOF into pellets and membranes. 

- Finally, 3,4-dihydroxybenzoic acid ligand presents well-known antibacterial 

activity; therefore, we performed preliminary evaluation and comparison of our 

copper-based materials’ antibacterial properties with respect its precursors by 

disk diffusion method.  
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3.1 Introduction 

Infections caused by pathogenic bacteria have been considered as one of the most 

concerning menaces of global consideration that affect public healthcare. To tackle this 

problem, over years, antibiotics have been administrated to treat bacterial infection. 

However, due to the growing resistance of pathogens to convectional antibiotics, often, 

treatment has become less effective or even ineffective. Consequently, the need to 

develop new effective solutions to broad antibacterial agents and combat infections more 

effectively has set of great importance.[1,2]  

In this context, metal-organic frameworks are presented as promising materials. 

Bacterial activity in MOFs can be conducted by two different mechanisms.[2] The most 

probable mechanism involves that MOFs can act as reservoirs of metal ions that can 

provide gradual release resulting of sustained antibacterial effect with high durability. In 

this case, the gradual release of the metal ions, either in the form of cations or small 

parts of the MOF, that compose the MOF by biodegradation of the framework is the 

reason for biotoxicity. The other mechanism supports that antibacterial activity can be 

due to interactions between bacterial surface and the active site of the MOF surface. In 

this latter case, active centres present in MOFs are stabilized by strong chemical bonds 

becoming the material robust enough to keep its structure but at the same time weak 

enough not to block antibacterial activity.[3] 

Herein, we will focus on the antibacterial activity promoted by the former described 

mechanism. In this case, antibacterial properties steam not only from release of bioactive 

metal-ions, but also from the organic linkers giving rise to combined synergistic 

antibacterial effect in the media. Another important factor in promoting antibacterial 

properties, is the particle size of the MOF.[4] Decreasing particle size to the nanoscale-

range results in considerable enhancement of the surface-area allowing greater 

interaction with the surrounding, even prompting the internalization into the cell. Toxicity 

is another key factor for MOFs being used as antibacterial agents. It must be taken into 

consideration that action of MOF associated in the antibacterial process is derived by 

physical damage to bacterial cells. Consequently, not only toxicity associated with 

inorganic and organic precursor, but also in vivo toxicity data have to be reported; so far 

available data of the former materials results scarce.[2,5] 

Since ancient times, silver (Ag) has been known as antibacterial agent.[6] Copper 

is presented as an interesting metal ion due to its multifunctional character in interesting 
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fields such as catalysis or adsorption.[7] It is also very interesting from a biological point 

of view since it is cheap, abundant and well-known by the capacity of eradicating 

bacterial infection.[8–10] It has been widely used in clinics; particularly multiple 

applications of copper-based sterilizing materials have been found.[1,3]  

Among copper-based MOFs Cu-BTC, also known as HKUST-1 and MOF-199, has 

been extensively studied in the field of bactericidal materials due to the simple synthetic 

route and low toxicity of the ligand.[11] Several approaches to immobilize MOFs into 

various substrates have been carried out in the last years with the idea of developing 

new materials with promising properties.[2,12] From textiles that could be used as would-

dressing to inhibit bleeding and promote healing to coatings that would prevent bacteria-

adhesion to surfaces to avoid biofilm formation, the application spectrum is broad.[12] In 

this line, Rodríguez et al.[3,13] reported the immobilizing Cu-BTC into cellulose fibres 

exhibiting good antibacterial activity for E. coli.[13] The immobilization was performed by 

exposing cellulosic substrates to Cu-BTC MOF precursors to the in situ synthesis of the 

material in a basic media. The antibacterial activity in this case arises from gradual 

degradation and Cu2+ liberation which induces damage to the bacterial envelope.[14] 

Another possible shaping and immobilizing procedure can be packing into pellets, 

monoliths or membranes. As MOFs generally yield insoluble and non-dense products, 

they tend to display problems when incorporated into devices as they can blow off and 

contaminate easily pipes in charge/discharge cycles. Thus, bulk-material processing 

becomes a mandatory procedure for MOFs being implemented in industry as it has been 

discussed in Chapter 2. The selection of the shaping technique depends on the textural 

properties of the chosen material and, in general, the shaped material has to at least 

keep or enhance its mechanical strength and must be simple and cost-effective 

procedure.[15,16] 

Even though, shaping and processing of MOFs for specific application is still in an 

embryonic stage, efforts are being dedicated to give access to MOFs in the direction of 

real application.[17] Thus, apart from shaping, it becomes mandatory testing processed 

materials under humidity, applied-pressure conditions or high operating temperatures 

that can be encountered in industrial processes. In this line, Figueira et al.[18] reported 

a work where they presented a simple and inexpensive method for the immobilization of 

MOFs in the form of pellets and membranes and studied the stability of processed 

materials in terms of temperature and humidity in order to simulate possible operating 
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industrial conditions. They performed the studies in Cu-BTC and MOF-74 metal-organic 

frameworks motivated by the well-known capacity of this material to adsorb harmful 

gases, such as CO2, and due to the possible competition of ambient water-molecules 

with the gases that are supposed to be captured in the porous network.[19] 

With all the above, in this work we report a novel three-dimensional copper-based 

MOF composed by 3,4-dihydroxybenzoate ligand displaying the formula 

[Cu3L2(DMF)2]·3H2O, namely  3.1Cu in advance, where L3- corresponds to the 

deprotonated organic linker. Taking into consideration the antibacterial activity of Cu2+ 

ions, and that the organic linker composing the MOF exhibits well-known performance 

against pathogenic bacteria,[20] antibacterial activity has been studied in both ligand and 

compound 3.1Cu. Additionally, following the approach of immobilization of the material 

reported by Figueira et al.[18] 3.1Cu has been shaped into pellets and membranes and 

the behaviour under thermal and moisture conditions has been studied in transformed 

materials. Also, microporous structure of 3.1Cu enabled us testing the material for CO2 

adsorption following the strategy of Yang et al.[19] who studied improvement of surface-

area and CO2 adsorption of Cu-BTC via solvent-exchange procedure. 
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3.2 Materials and methods 

3.2.1 Compound synthesis 

General procedure for the synthesis of single crystals of 

{[Cu3L2(DMF)2]·3H2O}n: 0.010 g (0.065 mmol) of 3,4-dihydroxybenzoic acid (H3L) 

organic linker was dissolved in 0.5 mL of DMF. In a separate vial, 0.010 g (0.0434 mmol) 

of Cu(NO3)2·2.5H2O was dissolved into 0.5 mL of distilled water. Once dissolved the 

ligand and metal, 0.5 mL of H2O was added to the ligand solution and 0.5 mL of DMF to 

the metal solution. Metal solution was added dropwise to the ligand solution keeping 

magnetic stirring. The resulting greenish turquoise solution was poured into a screw-

capped vial (6 mL) and introduced to the oven at 95 °C for 6 h giving rise to dark brown 

ribbon-shaped single crystals. Single-crystal X-ray structure determination, elemental 

analysis (EA) and TGA confirm the general formula {[Cu3L2(DMF)2]·3H2O}n. 

General procedure for the scale-up synthesis: 0.2 g (1.2 mmol) of 

3,4-dihydroxybenzoic acid ligand and 0.2 g (0.868 mmol) of Cu(NO3)2·2.5H2O were 

weighted and dissolved in 3 mL DMF/3 mL H2O solvent mixture. This greenish turquoise 

solution was placed in a microwave and heated at 95 °C for an hour to get around 85 mg 

of Cu MOF (yielding ~75 %). The purity of the product was confirmed by PXRD (Figure 

A3.2). 

 

3.2.2 Antibacterial tests 

Inhibitory activity against Staphylococcus Aureus (S. aureus). The pathogenic 

strains of Staphylococcus Aureus (CECT 976, S. aureus) were supplied by the Colección 

Española de Cultivos Tipo (CECT). The pathogenic strain was grown in tryptic soy broth 

(TSB No2, Sigma-Aldrich) at 30°C, following the supplier recommendations.  

The inhibitory activity of copper(II) nitrate, ligand and compound 3.1Cu was 

evaluated by agar diffusion assays against S. aureus. This assay was carried out as 

follows: 0.1 mL of an overnight culture of S. aureus was spread on petri dishes containing 

TSA (containing 3 % v/v of TSB and 1.5 % w/v agar). Then, pellets of each sample were 

placed on agar plates containing the pathogenic bacteria and incubated at 30 °C, the 

pathogen optimal temperature. After 24 h of incubation, the inhibition zones were imaged 

and compared. Pellets of 100 mg were prepared by mixing 75 mg of calcium phosphate 

and 25 mg of the sample (copper(II) nitrate, ligand or compound 3.1Cu, respectively) and 
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then pressed using a compact hydraulic press at 10 tons. A pellet with 100 mg of calcium 

phosphate was also prepared and analysed as negative control. Inhibition experiments 

were performed in triplicate. Inhibition area was measured with the ImageJ software.[21] 

It was obtained by subtracting the area of the pellet to the total area. Data are shown as 

mean value and the corresponding standard deviation (SD).  

 

3.2.3 MOF processing: Transformation into pellets and membranes 

3.2.3.1 Pellets preparation and Characterization 

A home-made extrusion system allowed compressing 3.1Cu forming pellets; for the 

purpose of apporting cohesion to the bulk material water has been employed as binding 

agent. 100 mg of compound 3.1Cu were weighted and 100 µL of water added to yield a 

malleable paste. Afterwards, the mentioned paste was transferred into a syringe and 

compressed applying heat with the aim of eliminating the excess of binding agent. With 

the objective of increasing pellet endurance and resistance, some of the pellets were 

covered by a polymeric coating. For this purpose, they were submerged for 2 s in a 

solution of CH2Cl2 containing 300 mg of polysulphone (PSF). Solvent evaporation gives 

place to a transparent film covered pellet of 3.1Cu. 

3.2.3.2 Membrane’s preparation and Characterization 

Compound 3.1Cu has been also immobilized in a polymeric membrane. Shaping of 

this material was carried out according the following procedure: 400 mg of polysulphone 

(PSF) were weighted and dissolved in 5 mL of CH2Cl2; to this dense solution, 100 mg of 

compound 3.1Cu were added and left stirring for 30 min. The remaining viscous solution 

was then cast in a glass petri dish and left unstirred at ambient conditions until complete 

evaporation of the solvents yielding 3.1Cu@PSF. Note that, membrane preparation 

conditions have been optimized through assays containing various MOF to polymer 

ratios with the objective of getting balanced coverage homogeneity and mechanical 

stability. 

MOF palletisation and incorporation into polymeric membrane was accessed by 

powder X-ray diffraction (Figure 3.4). Additionally, in case of membranes, MOF 

incorporation is immediately visible to the naked eye as pure PSF is transparent while 

MOF containing membranes presents brown dark colour. 
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3.3 Results and discussion 

3.3.1 Structural characterization 

Single-crystal X-ray crystallographic studies on {[Cu3L2(DMF)2]·3H2O}n, where 

L = 3,4-dihydrxybenzoate, exhibit a three dimensional (3D) metal-organic framework that 

crystallizes in C2/c monoclinic space group. Asymmetric unit of 3.1Cu is composed of two 

crystallographically independent Cu2+ ions, a 3,4-dihydroxybenzoate ligand and a DMF 

solvent molecule. 

Cu1 and Cu2 exhibit entire and half of occupation, respectively, which give rise to 

three positive charges being balanced by the completely deprotonated 

3,4-dihydroxibenzoate ligand. The organic linker, 3,4-dihydroxibenzoate shows 

coordination to the metallic centre both from the carboxylate moiety as well as phenoxide 

groups. Cu1 atom displays a penta-coordinated environment being linked to three 

ligands and a solvent molecule. Concretely, [CuO5] environment is composed by the 

coordination of two phenoxide moieties of one ligand (one oxygen works as a bridge 

between two neighbour Cu1 centres and the other between Cu1 and Cu2 centres), an 

additional phenoxide moiety that corresponds to another linker-molecule (which also 

connects two Cu1 metals), as well as by the coordination of one donor atom belonging 

to a carboxylate moiety of another ligand-molecule. The surrounding of Cu1 is completed 

by the coordination of an additional oxygen atom belonging to a DMF solvent molecule 

which acts as direct bridge between Cu1 and Cu2 metal centres. 

 

 

Figure 3.1. Excerpt of the coordination mode of 3,4-dihydroxybenzoic acid ligand in compound 
3.1Cu, hydrogen atoms have been omitted for the sake of clarity. 
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Cu2, instead, presents a hexa-coordinated environment, being linked to four 

ligands and two solvent molecules. When [CuO6] surrounding is examined in detail, two 

oxygen atoms belonging to phenoxide moieties of two distinct linker molecules, which 

act again as nexus between Cu1 and Cu2 centres, in addition to the coordination of 

another two oxygen donor atoms belonging to carboxylate moieties corresponding to two 

distinct linkers and two oxygen atoms coming from two DMF molecules compose the 

metal surrounding (in this latter case, as for Cu1, the oxygen donor atoms belonging to 

solvent molecules connect Cu1 and Cu2 metal centres). 

Continuous shape measurements (CShMs)[22] revealed that Cu1 and Cu2 atoms 

build different polyhedra, resembling that Cu1 and Cu2 build square pyramid (SPY-5) 

and octahedron (OC-6) polyhedra, respectively. See Table A3.4 and Table A3.5 for 

information that is more detailed. Taking into account the connectivity achieved among 

secondary building units, SBUs, it may be considered as an ‘‘ABBABBA ’’ model where 

SBUs arrange along the b axis, considering A as Cu2 and B as Cu1 (see Figure A3.8). 

Cu ions are joined with one another to infinite metal-oxygen SBUs, in such way that these 

units spread into three dimensions. All in all, considering the connectivity of all metals 

and ligands, the resulting structure possesses a previously non-described topology that 

can be simplified by the (42·82·102)(43)2(44·63·83)2 point symbol.[23] 

The growth of this structures along c axis leaves narrow microchannels that are 

occupied by disordered water molecules, these coordinated solvent molecules display 

pointing out disposition through the pore and take advantage of the whole pore cavity. In 

addition to coordinated DMF solvent molecules TG analysis has confirmed that three 

crystallization water molecules are present in the lattice within the pore (See 

Figure A3.4). 
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Figure 3.2. View of the packing along the a and perspective view showing the solvent 
accessible voids.  

 

After material characterisation, compound 3.1Cu processing has been performed in 

addition to testing shaped materials into moisture and temperature operating conditions. 

Also, compound 3.1Cu’s adsorptive capacity has been studied, as well as possible 

competition of water adsorption with the adsorbate gas. For that purpose, solvent 

exchange procedure has been employed to activate the material at lower temperatures.  

Finally, the antibacterial activity of compound 3.1Cu has been explored by disk-

diffusion assays. 

  



Antibacterial activity and adsorptive capacity of a copper and 3,4-dihydroxybenzoate based MOF 

167 

3 

3.3.2 Processing into pellets and membranes 

Following the approach of Figueira et al.[18] bulk material of 3.1Cu has been 

transformed into pellets and membranes with the aim of exploring simple and cost 

effective processing techniques according to the procedure described in 3.2.2 MOF 

processing section.[18]  

After compound 3.1Cu being shaped into pellets and membranes, stability of these 

processed materials has been examined against possible operating industrial conditions 

such as moisture and temperature cycles. So, first, pellets and membranes of 3.1Cu have 

been treated for 72 h in a desiccator containing K2SO4 saturated water solution which 

simulated a 98 % relative humidity (RH) ambient[24] and, subsequently, moisture 

stability has been checked. Afterwards, pellets have been treated against temperature 

cycles. In all cases, stability of the processed materials has been determined by PXRD. 

 

Figure 3.3. a) The crystal structure of 3.1Cu and the corresponding SEM images. b) Schematic 
representation of pellet and membrane preparation. 
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3.3.2.1 Moisture stability. 

Powder X-ray diffraction patterns performed in 3.1Cu demonstrated that pristine 

MOF as well as shaped materials (pellets and membranes) keep their stability under high 

relative humidity (98 % RH) conditions for 72 h (Figure 3.4). 

In case of membrane immobilized material of 3.1Cu (3.1Cu@PSF), the amorphous 

nature of PSF polymeric matrix provokes that only the main intense peaks corresponding 

to compound 3.1Cu stand over the background as it can be appreciated in Figure 3.4 

which summarizes collected PXRD data. 

 

 

Figure 3.4. Powder X-ray diffractograms of the studied materials, as-synthesized and after 
processing into pellets and membrane after exposure to humidity. 
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3.3.2.2 Temperature stability 

After performing humidity tests, pellets have been tested against temperature 

cycles. Four heating and cooling down cycles (from 125 ºC to RT) were conducted on 

shaped materials and then characterised by PXRD analysis. A photograph taken after 

each cycle gave an idea of the integrity of the pellet (Figure 3.5, top). Note that, PXRD 

analysis were conducted after the second and forth cycle in coated and uncoated pellets.  

Overall, compound 3.1Cu coated and uncoated pellets exhibit good resistance to 

humidity and subsequent temperature-cycles keeping pellet integrity and not suffering 

humidity derived structural transformation. Nonetheless, it must be admitted that coated 

pellets keep better their integrity because of the resistance apported by the polymer. 

 

 

Figure 3.5. Pictures of the prepared pellets (uncoated, left and coated, right) after each 
temperature cycle and powder X-ray diffractograms of the studied materials after the second 
and forth cycle. 
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3.3.3 Adsorption capacity 

3.3.3.1 Water adsorption  

In view of the good stability of the processed materials under high humidity 

conditions we decided to experiment whether 3.1Cu was able to adsorb water or not. To 

that end, water-vapour adsorption isotherms were recorded at 25 ºC in bulk of 3.1Cu in 

order to ascertain the amount of water adsorbed at different relative humidity (2-98 %). 

Obtained results are summarized in Figure 3.6. 

 

Figure 3.6. Water adsorption isotherms of compound 3.1Cu as synthesised (AS) and after 
solvent-exchange with EtOH for 16 h. 

 

The results display that as synthesised (AS) compound 3.1Cu presents very low 

variation in mass change, concretely 1.5 %, which could be indicative of monolayer-type 

adsorption in the surface of the MOF. We subsequently decided to carry on solvent 

exchange procedure, in order to substitute coordinated DMF molecules for more volatile 

solvents which would be more easily displaced creating vacant positions to which water 

could have accessibility. In addition, we focused on selecting not only more volatile 

solvents, but also with smaller volume in order to reduce the stearic hindrance and 

occupation of the pore volume. So, we selected water, methanol and ethanol as possible 

substitutes. After keeping the materials for 16 h in magnetic agitation we checked 

whether material stability was kept observing that in the first to solvents there was an 

evolution towards another crystalline phase (as it ca be appreciated in Figure A3.3). 

Therefore, we proceed solvent-exchange procedure with ethanol. 
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Concretely, solvent-exchange procedure was carried out stirring 100 mg of 

compound 3.1Cu in 4 mL of EtOH during 16 h. According to TG analysis and PXRD 

(Figure A3.5), it was deduced that the material remains stable and appears that 

coordinated DMF molecules have been replaced by EtOH molecules, at least partly. In 

agreement with this, water adsorption isotherms ware repeated exhibiting three times 

higher change in mass in comparison to the as synthesised compound 3.1Cu, exhibiting 

an uptake of 6 %. Nonetheless, even if the approach seems to be satisfactory, it must 

be admitted that compound 3.1Cu exhibits a relatively low uptake, even after solvent-

exchange procedure, which could be attributed to the hydrophobic character of the MOF. 

N2 and CO2 adsorption isotherms 

Subsequently, with the aim of assessing data on the porosity of the material we 

studied Cu-MOF’s adsorption capacity towards gases. First, we performed sorption 

isotherm studies on as synthesised material 3.1Cu towards N2 and CO2 adsorbates at 

77 K and 273 K, respectively, after an outgassing procedure performed at 170 ºC for 6 h. 

Regarding N2 adsorption capacity reached at 1 bar and 0.03 bar (Figure 3.7) Cu-MOF 

loads 7.5 cm3/g (0.4 mmol/g) for N2 and 5 cm3/g (0.2 mmol/ g) for CO2 according to 

Brunauer–Emmett–Teller surface area (SBET) calculations. 

 

Figure 3.7. N2 and CO2 adsorption and desorption isotherms at 77 K and 273 K for 3.1Cu, upon 
outgassing at 170 ºC for 6 h. 

 

In view of the relatively low uptake both for N2 and CO2 we decided to proceed with 

solvent exchange procedure as for we did for water-adsorption studies. Similarly, 
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compound 3.1Cu was suspended in ethanol for 16 h and sorption studies have been 

repeated. 

In this latter case, again, the outgassing procedure has been performed as for as 

synthesised materials, and adsorption capacity reached at 1 bar evaluated for N2 at 77 K 

and for CO2 at 273 K (Figure 3.8) was studied. Under mentioned conditions, 3.1Cu 

exhibits a similar loading in N2, indicating that N2 do not reach to material microporosity 

although mesoporosity does, exhibiting 20 cm3/g (0.9 mmol/g) uptake and regarding BET 

surface it triplicates from 5 cm2/g to 15 cm2/g. 

Regarding to CO2 uptake, adsorption in micropores significantly increases (up to 

13 cm3/g corresponding to 0.54 mmol/g) exhibiting according to Dubining equation 

displaying an increment form 0.15 cm3/g to 0.5 cm3/g. 

 

Figure 3.8. N2 and CO2 adsorption and desorption isotherms at 77 K and 273 K for 3.1Cu, upon 
outgassing at 170 ºC for 6 h after solvent exchange with EtOH. 
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3.3.4 Antibacterial activity 

The inhibitory activity of the compound 3.1Cu and its precursors, Cu(NO3)2·2.5H2O 

and 3,4-dihydroxybenzoic acid ligand, was assessed against the pathogenic Gram 

positive S. aureus bacteria; known to cause a wide variety of clinical diseases.[25]  

The aforementioned evaluation was performed by disk diffusion method, by 

comparing the inhibition zone after 24 h of incubation in TSA agar media. Figure 3.9 

exhibits the obtained results.  

 

Figure 3.9. Antibacterial disk-diffusion assays showing the inhibitory activity against S. aureus of 
copper nitrate, 3,4-dihydroxybenzoic acid ligand and compound 3.1Cu. The negative control 
sample, without inhibitory activity, contained calcium phosphate, which was also used as 
supporting material in the rest of the samples (25 mg of active sample and 75 mg of calcium 
phosphate).  

 

According to antibacterial disk-diffusion assays, copper(II) nitrate, 

3,4-dihydroxybenzoic acid ligand and compound 3.1Cu presented antimicrobial activity 

against S. aureus. As expected, the control sample, which is composed by calcium 

phosphate, did not inhibit the growth of the pathogenic bacteria. Table 3.1 summarizes 

the area of inhibition generated around each of the solid sample after 24 h of incubation 

in the media, which is favourable for the growth of the pathogen.  
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Table 3.1 Area of inhibition (cm2) of the tested compounds against S. aureus bacteria. Values 
are shown as mean ± standard deviation (SD, n = 3). The mass of Cu and ligand of each 

sample is also provided. 

Compound 
Inhibition area 

(cm2) 
Mass of Cu 

(mg) 
Mass of ligand 

(mg) 

3,4-dihydroxybenzoic acid 
ligand 

3.6 ± 0.3 - 25 

Cu(NO3)2 4.2 ± 1.7 6.8 - 
3.1Cu 4.1 ± 0.8 6.9 10.7 

 

As it can be observed, both samples, copper(II) salt and compound 3.1Cu, which 

contained similar mass of Cu2+ (Table 3.1), exhibited practically similar area of inhibition. 

Thus, the pathogenic growth can be likely inhibited upon MOF dissolution and 

subsequent Cu2+ release, which further diffuse through the agar. The ligand release can 

also partially inhibit the growth. These results confirm that the inhibitory activity of Cu2+ 

and the ligand remain practically unaltered after the formation of the MOF. 

At this stage, a comparison among antibacterial activity with MOF degradation 

would be interesting. For that, it would be required to determine how much ligand and 

Cu2+ is released within 24 h. These results would enable confirming whether the inhibition 

is derived by Cu2+ ions, 3,4-dihydroxybenzoic acid ligand or a combination of both.  
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3.4 Conclusions 

To conclude, we have synthesised a novel copper-based metal-organic framework 

and shaped it by a simple and non-expensive processing method. Furthermore, we 

checked shaped material’s stability by means of temperature and moisture ambient with 

the aim of simulating possible industrial operating conditions exhibiting in both scenarios’ 

good mechanical stability and integrity in pelletized materials and membranes. 

Additionally, microporous structure of the three-dimensional MOF allowed us studying 

adsorptive capacity of 3.1Cu displaying almost negligible CO2 uptake in as synthesised 

material. However, solvent exchange procedure allowed to partly replace coordinated 

DMF molecules with ethanol keeping structural stability and easing material activation 

by the replacement of a more volatile solvent. Consequently, sorption isotherms were 

repeated exhibiting an uptake of 0.54 mmol/g. Finally, motivated by the known 

antibacterial capacity of Cu2+ and 3,4-dihydroxybenzoic acid ligands, we decided to study 

antibacterial activity of compound 3.1Cu and its precursors by disk-diffusion method 

towards pathogenic S. aureus bacteria exhibiting that the antibacterial activity of both 

Cu2+ and 3,4-dihydroxybenzoic acid ligand remain practically unaltered after the 

formation of the compound. 

Consequently, at this stage, as future work several objectives can be set. From 

one side, minimum inhibitory concentration (MIC) should be calculated and 

subsequently, minimum bactericidal concentration (MBC). Additionally, it would be 

interesting to study the MOFs’ degradation process to determine the amount of Cu2+ and 

ligand released within 24 h with the aim of determining whether the inhibition is derived 

by Cu2+ ions, 3,4-dihydroxybenzoic acid ligand or a combination of both. In this regard, 

it would be interesting to study whether a synergy, indifference or antagonistic effect is 

derived by ligand and metal combination. Furthermore, the mechanism of action would 

be interesting to analyse as well as in broaden the studied antibacterial assays to other 

Gram positive and negative bacterial strains. 
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Summary 

The novelty of this work can be summarized in the following aspects: 

- This chapter outlines the synthesis and characterisation of a family of Ln3+ 

based 3D MOFs mediated by metalloligand assisted synthesis. This ruthenium 

based metalloligand have act as secondary building unit and have been proved 

to be a good strategy for the synthesis of heterobimetallic complexes exhibiting 

the formula {[(RuL3)2Ln3]ClO4}n. 

- Afterwards, in view of the promising emissive capacity of displayed by 

lanthanide ions exhibiting narrow emissive lines with pure colours going form 

the UV-Vis to NIR spectrum, photoluminescent properties have been explored. 

- Finally, materials have been tested as heterogeneous catalyst in the oxidative 

desulfurization reaction.  
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4.1 Introduction 

As previously mentioned in Chapter 2, lanthanide ions offer infinite possibilities in 

the synthesis of novel MOFs; not only for their multiple and diverse coordination modes 

giving rise to large coordination spheres but for their exclusive optical properties. This 

feature becomes them appealing candidates to be implemented in optical devices since 

their electronic f-f transitions cover from UV-Vis to the near-infrared region of the 

electromagnetic spectrum. In addition, lanthanides display narrow emissive lines with 

pure emission colours.[1] Nonetheless, they encounter low adsorption coefficients (ε) 

and direct excitation results are generally inefficient since 4f-4f transitions are forbidden 

by Laporte’s law.[2] Therefore, lanthanide centred emission should be sensitized by 

organic conjugated systems generating an energy transition from the ligand moiety to 

the lanthanide to enhance its emissive intensity. This effect is called antenna and 

consists of an energy conversion between ligand single-excited state; that may typically 

convert to triplet state by intersystem crossing, and lanthanide ion triplet excited state 

that needs to be energetically close to efficiently accept energy from the chromophore to 

then relax via radiative pathways.[3] 

Consequently, the selection of appropriate chromophores displays a key role. In 

this sense, the attempt to design multifunctional luminescent materials based on metal 

complex ligands, known as metalloligands, is a promising method since it allows to 

incorporate photofunctional molecules into the coordination network allowing to develop 

of responsible materials with high sensitivity.[4,5] By definition, metalloligands are metal-

containing complexes that present binding sites from which the coordination to a second 

metal ion or cluster is allowed. Therefore, they are particularly suitable for the preparation 

of novel MOFs through stepwise synthesis since enables straightforward immobilization 

of functional sites, such as catalytically active metal sites, or photoactive metal sites, 

among others.[6] 

An example of a metalloligand mediated synthesis of a novel MOF finding 

application in catalysis was reported by Han et al.[7] Concretely, they presented a copper 

and ytterbium based MOF with the formula {[Yb6Cu12(OH)4(PyC)12(H2O)36]·(NO3)14·xS}n 

(QUST-81) for efficient removal of heterocyclic organosulfur compounds from fuel. In 

fact, nowadays, approximately 90 % of the global energy resources are originated from 

fossil fuels, and their demand is increasing day after day. Nonetheless, fossil fuels 

generally encounter the problem of impurities, a great concern that needs to be removed 
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before utilization. Some of the mentionable contaminants that can be found in are sulphur 

and nitrogen-containing organic molecules. Even if in low concentration, those 

substances affect the efficacy and promote catalytic deactivation. Therefore, novel cost 

effective technologies capable to be implemented in industrial processes that would 

provide low nitrogen and sulphur levels in fuels are in great demand.[8,9] 

In this scenario, the investigation of MOFs as heterogeneous catalysts involved in 

the diesel desulfurization process becomes a spreading field. To date, MOFs have been 

more regularly applied as scaffolds for active material such as POMs;[9,10] in 

consequence, relatively scarce examples are found where the MOF itself acts as 

catalyst.[8] Therefore, in this work a family of novel lanthanide based materials have 

been synthesised assisted by ruthenium(II)-tris(2,2’-bipyridine-5,5’-dicarboxylic acid) 

metalloligand to be tested as heterogeneous catalyst in the oxidative desulfurization 

reaction. Finally, photoluminescence properties of the synthesised materials will be 

explored.  
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4.2 Materials and methods 

4.2.1 Compound synthesis 

For the synthesis of this family of compounds, we started by oxidizing 

5,5’-dimehtyl-2,2’-bipyridine to obtain 2,2,’-bipyridine-5,5’-dicarboxylic (L) according to 

the procedure reported by Constable et al.[11,12] The purity of the final product was 

confirmed by 1H-RMN (Figures A4.2). Subsequently, we prepared ruthenium 

metalloligand and make it react with the corresponding lanthanide salt to give rise to the 

corresponding three-dimensional structure. Suddenly, procedures are reported in detail: 

General procedure for Ru-metalloligand synthesis: Two synthetic pathways 

have been followed for the synthesis of Ru-metalloligand. According to the first 

procedure, 0.0856 g (0.38 mmol) of RuCl3·nH2O and 0.278 g (1.14 mmol) of 

2,2’-bipyridine-5-5’-dicarboxylic acid were mixed and placed in a solvothermal reactor 

and added 10 mL of water before heating 3 h at 220 ºC. As a result, black single-crystals 

were obtained with a 50 % yield. The crystals were collected by filtration and cleaned 

with water confirming the formula [RuL3] (Table A4.3 and Figure A4.7, up). 

In the attempt to scale up reaction a second procedure was employed.[13] In this 

case, 0.12 g (0.53·mmol) of RuCl3·nH2O and 0.45 g (1.84·mmol) of 

2,2’-bipyridine-5-5’-dicarboxylic acid were refluxed in DMF for 24 h. After this reaction-

time a brown precipitate appears and it was collected by filtration and cleaned with 

acetonitrile and dichloromethane (obtained yield 75 %). The purity of the final [RuL3]Cl2 

product was confirmed by 1H-RMN (Figures A4.3). 

 

Scheme 4.1. Synthetic procedure to obtain [RuL3]Cl2. 

 



Chapter 4 

184 

General procedure for the synthesis of compounds {[(RuL3)2Ln3]ClO4}n where 

L = 2,2’-bipyridine-5-5’-dicarboxylic acid Ln = Nd (4.1), Sm (4.2), Eu (4.3), Gd (4.4), 

Tb (4.5), Dy (4.6), Er (4.7), Yb (4.8). 0.02 g (0.02 mmol) of ruthenium metalloligand and 

0.06 mmol of the corresponding hydrated lanthanide salt (nitrate or chloride) were 

weighted and dissolved in 3 mL/ 3 mL DMF/H2O solvent mixture containing 0.8 mL 

perchloric acid. The remaining intense red solution was placed in an oven and heated at 

100 °C for 24 h to get single crystal. Single-crystal X-ray structure determination, 

elemental analysis (EA) and TGA confirm the general formula {[(RuL3)2Ln3]ClO4}n. The 

purity of the product was confirmed by PXRD (Figure A4.4). 

 

4.2.2 Extraction and Catalytic Oxidative Desulfurization (ECODS)  

General procedure for oxidative desulfurization of model diesel catalysed by 

4.3Ru-Eu. Desulfurization experiments were conducted in a closed borosilicate 5 mL 

reaction vessel under constant magnetic stirring heated in a paraffin bath at 70 ºC. 

ECODS was performed in a biphasic system composed by an ionic liquid 

(1-butyl-3-methylimidazolium hexafluorophosphate, [BMIM]PF6, a viscous, colourless, 

hydrophobic and non-water-soluble ionic liquid) and a model diesel consisting of four 

refractory aromatic sulphur compounds yielding a total sulphur concentration of 

2000 ppm. Concretely, those compounds were 1-benzothiophene (1-BT), 

dibenzothiophene (DBT), 4-methyldibenzothiophene (4- MDBT), and 

4,6-dimehtyldibenzothiophene (4,6-DMDBT) in n-octane. 

In a typical experiment, 0.75 mL of extraction solvent, 0.75 mL of model diesel and 

the corresponding catalytic loading (5 mg, 10 mg or 20 mg) were mixed in the reaction 

vessel. The extraction-oxidation desulfurization includes two main steps. An initial 

extraction obtained by stirring both immiscible phases for 10 min at 70 ºC where an 

equilibrium between the sulphur compounds that are transferred form model diesel to 

ionic liquid is obtained and a subsequent catalytic step initiated by the addition of H2O2 

oxidant (75 µL, 0.74 mol).  

The catalytic oxidation occurs principally in the extractive phase, [BMIM]PF6, since 

catalyst is dispersed in this layer in addition to the high solubility of the oxidized products 

in this media.  
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The total sulphur content was periodically quantified by gas chromatography using 

tetradecane as external standard. For this purpose, aliquots were taken at 10 min, 30 

min, 1 h, 2 h, 3 h and 4 h reaction times (after the addition of oxidant) with a microsyringe 

from the model diesel phase. 

 

Figure 4.1. a) Picture of the reaction vessel and b) Schematic representation of the 
desulfurization reaction conciliating initial extraction and oxidative catalytic processes.[14] 
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4.3 Results and discussion 

4.3.1 Structural characterization 

In the following section, a tentative model of the three-dimensional structure will be 

described. Because of the poor quality of the obtained single-crystals, X-ray 

crystallographic studies allowed for proposing an approximated formula. Accordingly, 

proposed formula, {[(RuL3)2Ln3]ClO4}n, was backed up by the analysis of several single-

crystals in addition to other characterisation techniques as elemental analysis 

(Table A4.1), FT-IR (Figure A4.1), TG (Figure A4.6), ICP-AES (Table A4.2) and SEM-

EDX (Figure A4.9). For a detailed explanation please check Appendix 4 supporting 

information of chapter 4. ICP-AES analysis, conducted in compound 4.6Ru-Dy, exhibited 

a dysprosium content of 1652 mg/L (corresponding to 10.2 mM of Dy3+) and ruthenium 

content of 686 mg/L (6.8 mM Ru2+). Calculated Dy3+ to Ru2+ proportion sums 1.5, which 

is perfectly in line with the proposed formula. Additionally, SEM-EDX mapping performed 

in one single crystal of the isostructural 4.3Ru-Eu counterpart, confirms that both metals 

are present in single crystal and exhibits a surficial proportion of 1.43 Eu3+ with respect 

to Ru2+ (Figure A4.9). 

Therefore, the proposed formula, {[(RuL3)2Ln3]ClO4}n where 

L = 2,2’-bipyridine-5,5’-dicarboxylic acid and Ln = Nd (4.1), Sm (4.2), Eu (4.3), Gd (4.4), 

Tb (4.5), Dy (4.6), Er (4.7), Yb (4.8) is derived by the combination of single crystal X-ray 

diffraction, powder X-ray diffraction, SEM–EDX, and ICP-AES, is consistent and 

summarizes the best approximation for data obtained in the aforementioned techniques. 

Single crystal X-ray diffraction studies reveals that compounds 4.1-4.7 consists of 

three dimensional (3D) isostructural cationic lanthanide-MOFs crystallizing in the 

orthorhombic Cmca space group. Because of the isostructural nature of the synthesised 

materials, 4.6Ru-Dy structure will be described in the following section as a representative 

material for this family of compounds.  

Proposed model formula consists of a cationic coordination compound where 

ruthenium(II) metalloligand contributes in eight negative charges and three lanthanide 

atoms in nine positive charges which are balanced by a perchlorate counterion. The 

asymmetric unit of 4.6Ru-Dy is comprised of two crystallographically independent Dy3+ions 

and one Ru2+ ion (in all cases, the metallic centres show half of occupation), one and a 

half deprotonated 2,2’-bipyridine-5,5’-dicarboxylic acid ligand as well as half of a 
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perchlorate anion and a coordinated water molecule. Note that, asymmetric unit do not 

yield a neutral sum as previously state because of the poor quality of the single crystal. 

2,2’-bipyridine-5,5’-dicarboxylic organic linker, displays multiple coordination 

possibilities. From nitrogen atoms of the bipyridyl group ligand displays coordination to 

the Ru2+ of the asymmetric unit, giving rise to RuL3 metalloligand. Two of the ligands that 

composes Ru-metalloligand display the same coordination to Dy3+ centres. One of the 

carboxylate moieties shows coordination in a bidentate way to two neighbouring Dy1 

atoms and from the other side, the other moiety shows monodentate coordination to 

another Dy1 centre. The remaining ligand comprising Ru-metalloligand displays 

coordination to two Dy2 atoms in a chelate way. 

Dy1 atoms present six-coordinated [DyO6] and environments while Ru1/Dy2 

exhibits six-coordinated and penta-coordinated [RuN6] and [DyO5] environments, 

respectively. Dy1 exhibits DyO6 environment composed by the coordination of four donor 

oxygen atoms belonging to ligand carboxylate moiety that exhibits chelate among two 

neighbouring Dy centres and two oxygen atoms belonging to ligand carboxylate moiety 

exhibiting monodentate coordination. Ru1 instead, shows RuN6 surrounding comprising 

the structure of the Ru metalloligand and is completed by the coordination of six nitrogen 

atoms belonging to three bipyridyl moieties of 2,2’-bipyridine-5,5’-dicarboxylic ligand. 

Finally, Dy2 display DyO5 coordination comprised by four donor oxygen atoms belonging 

to ligand and the coordination environment is completed by the coordination of a water 

solvent molecule. Continuous shape measurements (CShMs)[15] revealed that Dy1, 

Ru1 and Dy2 atoms build different polyhedra, resembling that Dy1 build spherical trigonal 

prism (TPR-6), Ru1 octahedron (OC-6) and Dy2 square pyramid (SPY-5) polyhedra 

respectively. See Table A4.5 and Table A4.6 for more detailed information.  

Growing the asymmetric unit, it can be seen that coordination environments of Dy1 

and Dy2 show “ABAB..” connection model where A can be considered as two Dy ions 

interconnected as it can be for B where two Dy2 metals appear are interconnected. The 

connection between A and B is done by hydrogen bonding throw the proton of the 

coordinated water molecule in Dy2 to the non-coordinating oxygen of the carboxylate 

group of the 2,2’-bipyridine-5,5’-dicarboxylic ligand. Additionally, the highly packed 

nature of the structure does not display porous available to acquiring solvent lattice 

molecules. Instead, perchlorate anion occupies this cavity (Figure A4.5).  
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a) b) 

 

 

c) 

 

Figure 4.2. a) Excerpt of the coordination mode of ruthenium(II) metalloligand and b) Dy1 
coordination environment and c) perspective view in compound 4.6Ru-Dy, hydrogen atoms have 

been omitted for the sake of clarity. 
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4.3.2 Extraction and Catalytic Oxidative desulfurization (ECODS) 
performance 

Desulfurization studies were performed by increasing heterogeneous 4.3Ru-Eu 

catalyst loading. An initial extraction desulfurization of approximately 49 % was 

achieved after 10 min at 70 ºC. After the addition of the oxidant, only a slightly 

increased tendency was appreciated when 10 mg catalytic loading was used, 

reaching a conversion of 51 %. When smaller or bigger loadings are used (5 mg or 

20 mg catalyst, respectively), total conversion was not increased during oxidative 

desulfurization stage.  

Furthermore, at different reaction times a fluctuational tendency is observed 

indicating that the catalyst is not active using this solvent extraction. This tendency 

is also found when 10 mg catalytic loading is employed at 2 h reaction time. 

Nonetheless, in the regime of 10 minutes to 1 h reaction an increasing tendency 

(from 51 % to 59 % conversion) followed by a stabilization appreciated at 3-5 h 

reaction time is appreciated overall reaching the 64 % conversion.  

 

Figure 4.3. Desulfurization of a multicomponent model diesel (2000 ppm S) catalysed by 
heterogeneous 4.3Ru-Eu catalyst at three catalytic loadings using equal volumes of model diesel 

end extraction solvent and H2O2 at 70 ºC. The vertical dashed line indicates the instant that 
oxidative catalytic reaction was started by the addition of oxidant. 

 

Subsequently, we analysed stability of the catalyst after catalytic reaction by 

powder X-ray diffraction. As it is depicted in Figure 4.4, 4.3Ru-Eu catalyst had suffered a 
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transformation into another crystalline phase not corresponding to the initial product nor 

metal oxides. 

 

Figure 4.4. Powder X-ray diffraction patterns of 4.3Ru-Eu before and after ECODS cycles when 
10 mg (red) and 20 mg catalytic loading (blue) was employed. 

 

In view of the obtained results, even if at first stage we could think the catalytic 

loading may have an important role and that 10 mg catalytic loading could be the most 

suitable for this system, taking into consideration that only a final conversion 

enhancement of the 15 % (from initial 50 % to final 65 %) is obtained a poor catalytic 

performance can be assigned. Additionally, a structural transformation in the catalyst 

phase at the end of the catalytic activity was observed. In this scenario, even if reported 

results are a sum of preliminary data and further experimentation may be required to 

determine at what stage stars catalyst evolution and to what final product evolves, we 

decided to focus on other potential application of this family of compounds: 

photoluminescent properties. 
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4.3.3 Photoluminescence measurements 

In the following section, solid state photoluminescent properties of 

2,2’-bipyridine-5,5’-dicarboxylic acid ligand (L), Ru(II)metalloligand and compounds 

4.1Ru-Nd, 4.3Ru-Eu, 4.4Ru-Gd, 4.5Ru-Tb and 4.7Ru-Er will be explored in detail motivated by the 

diverse applications that lanthanide-based material found in optical devices.[16,17] 

Excitation spectra of 2,2’-bipyridine-5,5’-dicarboxylic acid collected at 294 K 

monitoring the emission at 570 nm consists of a broad UV band (350–450 nm) with a 

maximum located at 390 nm which can be attributed to organic linker π–π* transitions. 

This spectrum coincides with solid-state emission spectrum of the organic linker 

previously reported in bibliography.[18] Ligand emission spectrum acquired at 294 K 

exhibits a broad band ranging from 400 to ca. 700 nm with two maxima peaking at 

457 nm and 554 nm, respectively.  

 

Figure 4.5. Excitation spectra of 2,2’-bipyridine-5,5’-dicarboxylic acid recorded at 294 K 
monitoring the emission at 570 nm (black) and emission spectra of the ligand at ambient 
temperature (294 K) with the excitation fixed at 375 nm (red). 

 

Subsequently, excitation spectrum of Ru(II)metalloligand was acquired at 

ambient temperature (294 K) recording the emission at 730 nm. The spectrum consists 

of a main broad band ranging from 250 nm to ca. 650 nm with three different maxima 

peaking at 267 nm, 370 nm and 526 nm (Figure 4.6). On its part, 294 K excitation spectra 

of 4.4Ru-Gd recorded at 730 nm exhibits similar pattern displaying a broad UV in the 
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aforementioned region peaking at 271 nm, 366 nm and 560 nm. The excitation spectrum 

of compound 4.5Ru-Tb recorded at 294 K monitoring emission 730 nm, presents high 

resemblance to [RuL3]Cl2 and 4Ru-Gd excitation spectra displaying a broad band 250 nm 

to ca. 650 nm with three different maxima peaking at 258 nm 366 nm 562 nm, 

respectively. Note that, the spectrum do not show any characteristic sharp lines ascribed 

to Tb3+in the recorded emission wavelength which demonstrates that compounds 

4.4Ru-Gd and 4.5Ru-Tb excitation is clearly dominated by [RuL3]Cl2 metalloligand. 

 

Figure 4.6. Excitation spectra of [RuL3]Cl2 (black, λEm = 730 nm), 4.4Ru-Gd (blue, λEm = 730 nm) 
and 4.5Ru-Tb (green, λEm = 730 nm) recorded at 294 K. 

 

The emission spectrum of Ru(II)metalloligand recorded at 294 K excited at 

375 nm (Figure 4.7) presents a broad band, from 600 to ca. 850 nm with the maxima 

located at 700 nm. Similarly, 294 K emission spectra of 4.4Ru-Gd and 4.5Ru-Tb recorded at 

375 nm and 377 nm, presents a spectrum dominated by the aforementioned band 

peaking at 725 nm and 714 nm, respectively. 
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Figure 4.7. Ambient temperature (294 K) emission spectra of [RuL3]Cl2 (black, λExc = 375 nm), 
4.4Ru-Gd (blue, λExc = 375 nm) and 4.5Ru-Tb (green, λExc = 377 nm). 

 

Temperature induced changes in the emission spectrum motivated us studying 

4.4Ru-Gd and 4.5Ru-Tb emission profile at variable temperature. 

 

Figure 4.8. Emission spectra of 4.4Ru-Gd recorded at 12 K, 100 K, 200 K and at 300 K 
monitoring the excitation at 375 nm. 

 

Temperature increasing emission spectra of 4.4Ru-Gd recorded at 12 K and 

incrementing by 100 K step with the excitation fixed at 375 nm is represented in Figure 
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4.8. As expected, temperature increasement directly repercuss on spectral intensity 

being the most prominent intensity diminishment in 200 K to 300 K step. The profile 

shown at low temperature is ascribed to first excited states being overpopulated and 

promoted a more efficient relaxation via fluorescent radiative pathways. Additionally, 

structural ordination and rigidity achieved at low temperature may promote enhancement 

in emissive intensity. Note that, temperature decreasing allows definition of spectra 

exhibiting at 12 K and 100 K well defined two maxima peaking at 654 nm and 753 nm. 

 

Figure 4.9. Emission spectra of 4.5Ru-Tb recorded at 12 K, 50 K, 100 K, 150 K, 200 K, 250 K, 
265 K, 275 K and 300 K with the excitation fixed at 377 nm. 

 

On its part, temperature increasing emission spectrum of 4.5Ru-Tb recorded at 

12 K, 50 K, 100 K, 150 K, 200 K, 250 K, 265 K, 275 K and 300 K monitoring the excitation 

at 377 nm, 5D3 excitation line, presents high remembrance with 4.4Ru-Gd counterpart 

exhibiting a broad, from 600 nm to ca. 850 nm, with one or two maxima depending on 

the collecting temperature. In general, low temperature allows better spectral definition 

exhibiting two well defined maxima peaking at 668 nm and 745 nm. It is important to 

highlight that, two regimes can be differentiated in temperature increasing emission 

spectrum: from 12 K to 100 K, two maxima are appreciated and spectral intensity is 

favoured as temperature increases (Figure 4.13, left). Then, as temperature continues 

increasing from, 150 K to 300 K, as expected, signal intensity decreases and a single 

broad band peaking at 725 nm can be appreciated (Figure 4.13, right).  
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Figure 4.10. Excitation spectra of 4.3Ru-Eu recorded at 12 K and at monitoring the emission at 
614.8 nm. 

 

The excitation spectra of 4.3Ru-Eu recorded at 12 K detecting the strongest Eu3+ 

emission at 614.8 nm shows a set of sharp lines ascribed to the Eu3+ intra-4f transitions 

from the fundamental 7F0 level to the 5D0-4, 5L6 and 5GJ excited levels being completely 

absent Ru(II)metalloligand excitation bands in this spectrum (Figure 4.10). 

The emission spectra of 4.3Ru-Eu recorded at 12 K with the excitation selected at 

394.7 nm, Eu3+ 5L6 level, is shown in Figure 4.11. The spectrum exhibits the 

characteristic sharp lines of the Eu3+ 5D0→7F0-4 transitions. The dominance of the 

5D0→7F2 transitions over the 5D0→7F1 transition is typical of Eu3+ environments without 

inversion centres, in line with that previously described in the structural section. 

Furthermore, the 5D0 Eu3+ decay curve, recorded at 12 K monitoring the strongest 

emission at 614.8 nm under direct excitation at 394.7 nm (inset of Figure 4.18), is only 

properly fitted by a second order exponential function yielding two lifetimes of 

0.22 ± 0.02 ms and 1.09 ± 0.01 ms, and with an averaged lifetime of 1.05 ms. This 

evidence is again in accordance with the presence of two Eu3+ sites in the 4.3Ru-Eu 

structure. 
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Figure 4.11. 12 K emission spectra of 4.3Ru-Eu fixing the excitation at 394.7nm. Inset: 12 K 5D0 
decay curve monitoring at 614.8 nm fixing the excitation at 394.7 nm fitted with a second order 
exponential decay function, y = y0 + A1·exp(-x/τ1) + A2·exp(-x/𝝉𝟐) (r2 > 0.999). the average lifetime 

was defined as < 𝝉 >= (𝑨𝟏𝝉𝟏
𝟐 + 𝑨𝟐𝝉𝟐

𝟐)/(𝑨𝟏𝝉𝟏 + 𝑨𝟐𝝉𝟐). 

 

 

Figure 4.12. 12 K excitation spectra of 4.1Ru-Nd (red) and 4.7Ru-Er (black) monitoring the 
emission at 1057 nm and 1531 nm, respectively. 

 

Subsequently, our attention was focused on compounds exhibiting emission in 

the near infrared region. For that purpose, 4.1Ru-Nd and 4.7Ru-Er were explored. 
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The excitation spectrum of 4.1Ru-Nd recorded at 12 K monitoring the emission at 

1057 nm presents a broad band ranging from 250 nm to ca. 700 nm, in addition to a set 

of typical narrow lines peaking at 274 nm, 369 nm and 583 nm, respectively. Those 

bands are attributed to Nd3+ characteristic sharp emission lines attributed to 

4I9/2→4F7/2,4S3/2, 4I9/2→4H9/2,
4F5/2 and 4I9/2→4F3/2 transitions. The excitation spectrum of 

4.7Ru-Er recorded at 1531 nm collected the same temperature displays the same broad 

band, from 250 to ca. 700 nm, in addition to a set of sharp lines located at 271 nm, 363 

nm and 604 nm corresponding to Er3+ 4I15/2→ 4I9/2 and 4I15/2→ 4I11/2 transitions. 

The emission spectra of 4.1Ru-Nd and 4.7Ru-Er were acquired fixing the excitation 

at 400 nm at 12 K. Compound 4.1Ru-Nd presents the typical narrow lines attribute to the 

Nd3+ 4F3/2→ 4I11/2
 and 4F3/2→ 4I13/2

 transitions. Note that, spectral response of the detector 

goes from 950-1700 nm, because of this, Nd3+ 4F3/2→4I9/2 emission transition, commonly 

appearing in the range 850-950 nm, with the maxima located at round 900 nm range is 

not observed properly in the collected spectra. Compound 4.7Ru-Er, on its part, exhibits 

characteristic emission lines of Er3+attributed to 4I13/2→ 4I15/2
 transition.  

Figure 4.13. 12 K emission spectra of 4.1Ru-Nd (left) and 4.7Ru-Er (right) monitoring the excitation 
400 nm. 
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4.4 Conclusions 

To sum up, in this chapter we report the synthesis and characterization of a family 

of three-dimensional cationic metal-organic framework based on 

Ru(II)tris(2,2’-bipyridine-5,5’-dicarboxylate) metalloligand and Ln3+. These coordination 

compounds display an isostructural nature exhibiting the formula {[(RuL3)2Ln3]ClO4}n. In 

pursue of multifunctional materials, we explore photoluminescent properties and the 

capacity of being employed as heterogeneous catalyst in oxidative desulfurization. 

For the application as heterogenous catalyst, compound 4.3Ru-Eu has been 

selected. Three catalytic loadings (5 mg, 10 mg and 20 mg) have been tested and 

unfortunately none of them shown conversions over 65 %. Additionally, we appreciated 

that, by the end of the catalytic cycle, catalyst suffers a transformation into another 

crystalline phase probably originating its deactivation. 

On another level, 2,2’-bipyridine-5,5’-dicarboxylic acid ligand (L), 

ruthenium(II) metalloligand and compounds 4.1Ru-Nd, 4.3Ru-Eu, 4.4Ru-Gd, 4.5Ru-Tb and 

4.7Ru-Er photoluminescent properties has been explored. Emission spectra of compounds 

4.4Ru-Gd and 4.5Ru-Tb had demonstrated to be clearly dominated by a broad UV-Vis band 

similarly found in the emission of Ru(II)metalloligand. In the 4.5Ru-Tb case, contrary to 

what happens in compound 4.3Ru-Eu where characteristic emission of the ion is observed, 

none of the Tb3+ lines are appreciable. In view of the broad emission associated with the 

ligand, we decided to explore the emission of compounds with emissive properties in the 

near infrared region. Consequently, first, 4.1Ru-Nd and 4.7Ru-Er compounds excitation 

spectra were collected in the metal centred maximum excitation line, and subsequently, 

emission spectra centred in ligand associated maximum (at 400 nm) for both 

compounds. The emission spectra of 4.1Ru-Nd and 4.7Ru-Er presented the typical narrow 

lines ascribed to each metallic centre, concretely, 4F3/2→ 4I11/2
 and 4F3/2→ 4I13/2

 transitions 

for Nd3+ and 4I13/2→ 4I15/2
 transition attributed to Er3+; this evidence suggests the existence 

of an energy transfer from metalloligand excited tripled state and lanthanide excited state 

for the subsequent relaxation via radiative pathway. 
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Summary 

This last chapter summarizes three experimental projects conducted in parallel to 

the work presented in previous chapters. Briefly, the novelty of the work can be outlined 

as: 

- I) Based on the 3-amino-4-hydroxybenzoic acid ligand (already discussed in 

Chapter 2), a novel mixed heterobimetallic Y/Eu-MOF was synthesised looking 

for synergy and enhancement in properties exhibit in cyanosilylation reaction 

concerning Y- or Eu-MOFs counterparts. Furthermore, this heterobimetallic 

MOF has allowed hydroboration of carbonyls to be studied. We decided not to 

be discussed it in Chapter 2 and to dedicate an independent section for this 

last reason. This work has already been published. 

- II) The combination between 4,4’-azopyridine and dicarboxylic acids (aliphatic 

or aromatic) presents infinite combinations in the synthesis of porous MOF. 

With this aim, in this second annexe, we will develop the synthesis and 

characterization of nine novel structures based on Zn2+ and Cd2+ and their 

photoluminescent properties will be explored. 

- III) Finally in the third annexe, a novel Zn2+ and tetrazole based three-

dimensional MOF is presented with promising photoluminescent and 

adsorption properties.  
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6 

ANNEXE 1 
 

6.1 Introduction. A Mixed Heterobimetallic Y/Eu-MOF for the 
Cyanosilylation and Hydroboration of Carbonyls  

Metal-organic frameworks are multifunctional inorganic-organic systems 

composed of organic ligands and metallic nodes and since the 90s have emerged as 

promising materials for infinite applications, among them heterogeneous catalysis.[1,2] 

Their intrinsic porosity along with easy tunability and functionalization are some of 

their appealing characteristics to be employed in heterogeneous catalysis.[3] The 

structural porosity provides a confined space to which substrates have access and 

catalysis can take place. Furthermore, MOFs robustness provides stable skeletons 

where unsaturated metallic centres can act as Lewis acid catalyst, subsequent 

displacement of coordinated solvent molecules could occur, and the further activation of 

the substrates already accessed through the channels might help the catalysis evolve.[4] 

In this context, cyanosilylation and hydroboration reactions catalysed by 

heterogeneous catalysts, such as MOFs, are presented as interesting approaches to the 

formation of cyanohydrins and alcohols.[5,6] Cyanosilylation reaction is an important 

synthetic tool for C–C bond formation in organic systems since it gives access to key 

intermediates of great interest in the field of pesticides and medical applications among 

which as α-hydroxy acids, α-hydroxy ketones, α-amino acids, and β-amino alcohols can 

be mentioned.[7,8] 

Nonetheless, within this frame of reference, the number of reported Ln-MOF acting 

as heterogeneous catalyst in cyanosilylation reaction results is relatively scarce 

(Table 2.2) summarizes the reported examples exhibiting activity, so far).[5,9,18–24,10–

17] Moreover, to the best of our knowledge, lanthanide-based heterobimetallic MOFs 

have never been applied. In the field of hydroboration, the context is even more 

unexplored. The synthesis of alcohols through this route has been explored through MOF 

systems based on Ti, Fe, Co and Mg [25–30] but there are no examples with these 

supramolecular entities built on lanthanides precursors. Therefore, in this work, the first 

example of yttrium and europium-based mixed-MOF with the formula 

{[Y3.5Eu1.5L6(OH)3(H2O)3]·12DMF}n is presented taking the strong background of our 

group in the examination of these supramolecular systems in catalysis.[23,24,31] 
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The heterobimetallic Y/Eu-MOF presented herein was designed looking for 

synergy and enhanced catalytic activity concerning the isostructural pristine counterparts 

which were able to exhibit activity for seven cycles (with very low catalytic loading of 

0.5 mol%), no catalyst leaking, TOF values of 106 h-1 and 1031 h-1 and preferred 

suitability towards aldehydic and ketonic substrates for Y-MOF[23] and Eu-MOF[31], 

respectively. 

Taking all into consideration, our interest lies in exploring the catalytic activity of 

this novel heterobimetallic MOF based on the 3-amino-4-hydroxybenzoic acid polytopic 

ligand in the cyanosilylation and hydroboration reactions of aldehydes and ketones of 

diverse nature under solvent-free and environmentally friendly conditions to eventually 

conclude whether catalytic activity enhance on concerning to initial counterparts. 
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6.2 Materials and methods 

6.2.1 Compound synthesis 

Synthesis of {[Y3.5Eu1.5L6(OH)3(H2O)3]·12DMF}n, namely 6.1Y-Eu: 

3-amino-4-hydroxybenzoic acid (0.010 g, 0.0625 mmol) was dissolved in 0.2 mL of DMF 

containing 10 μL of Et3N (0.072 mmol). In a separated vial Eu(NO3)3·5H2O (0.006 g, 

0.0145 mmol) and Y(NO3)3·6H2O (0.011 g, 0.0289 mmol) salts were dissolved into a 

0.8 mL of distilled water. After dissolution, 0.2 mL of DMF and 0.8 mL of H2O were added 

to metal and ligand solutions, respectively. Finally, the metal solution was added 

dropwise and under continuous agitation to the ligand solution. The obtained brown 

solution was introduced to the oven at 100°C for 2 h in a screw-capped vial (6 mL) to 

yield hexagonal single crystals. 

6.2.2 Catalysis 

General procedure for the cyanosilylation reaction: In a 1 mL vial with a septum 

screw capped equipped with a stirring bar, Y/Eu-MOF catalyst (0.5 mol%) was weighted. 

Subsequently, the corresponding amount of carbonylic compound 6.1Y-Eu (0.25 mmol) 

was added followed by trimethylsilyl cyanide (TMSCN) (34 μL, 0.275 mmol, 1.1 equiv.) 

and the reaction was stirred under inert N2 atmosphere at room temperature during 24 h. 

Once the reaction was finished, the catalyst was removed by centrifugation (1230  rpm, 

5 min) and washed with DCM (2 x 0.5 mL) obtaining the corresponding pure products 2 

and 3 after removal of the solvent with a rotary evaporator. When not fully conversion 

was reached the product was purified by column chromatography using hexane as 

eluent. 

General procedure for the hydroboration reaction: In a 1 mL vial with a septum 

screw capped equipped with a stirring bar, Y/Eu-MOF catalyst (0.5 mol%) was weighted. 

Subsequently, the corresponding amount of carbonylic compound 6.1Y-Eu (0.25 mmol) 

was added followed by pinacolborane (HBPin) (40 μL, 0.275 mmol, 1.1 equiv.) and the 

reaction was stirred under inert N2 atmosphere at room temperature during the 

corresponding time indicated on the table. After that time, the hydrolysis of the final 

product was carried out by adding NaOH (0.1 M, 0.5 mL) and Et2O (0.5 mL) and the 

mixture was stirred overnight. Once the reaction was finished, the catalyst was removed 

by centrifugation (12300 rpm, 5 min) and washed with DCM (2 x 0.5 mL) obtaining the 

corresponding product 4 after removal of the solvent wia the rotary evaporator.   
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6.3 Results and discussion 

6.3.1 Structural characterization 

The solvothermal reaction between 3-amino-4-hydroxybenzoic acid (H2L) ligand 

and Y-Eu metal mixture in a basic media yields a three-dimensional porous metal-

organic framework that crystallizes in a hexagonal P63/m space group. The asymmetric 

unit of this supramolecular entity is composed of a deprotonated ligand molecule, two 

metal atoms with special positions in addition to a coordinated water molecule and a 

hydroxyl bridge which acts as a connector among neighbouring metallic centres. Note 

that, taking into consideration that metals are randomly distributed within the crystal 

structure, a tentative formula is presented which is corroborated by the bulk properties 

of the material (see ICP-MS results in Table A6.2 or SEM-EDX results in Figure A6.3). 

Therefore, regarding the metal environment, two surroundings are described: nine 

coordinated [MN3O6] and eight coordinated [MO8] environments, which according to 

continuous shape measurements confirm that spherical capped square antiprism 

(TCTPR-9) and triangular dodecahedron (TDD-8) polyhedra, respectively (Table A6.5 

and Table A6.6). The former coordination environment is composed of three hydroxyl 

oxygens and amino atoms from L in addition to three additional oxygen atoms belonging 

to a ligand hydroxyl group. The latter metallic nucleus is composed of the coordination 

of a water solvent molecule oxygen belonging to a hydroxyl bridge along with six oxygen 

atoms corresponding to two ligand hydroxyl and two carboxylate moieties. 

As aforementioned, hydroxyl bridges µ3-OH¯ join metallic centres constructing 

M5(OH)3 secondary building units in the structure, being ligand connectors among 

different sbu. Regarding the connectivity of the supramolecular entity from the topological 

point of view six-connected nodes are described, which according to TOPOS software 

[32] examination the framework dispose of acs network with (49·66) point symbol. 

Intrinsic porosity of 6.1Y-Eu (according to PLATON-v1.18[33] cavities corresponds with 

19 % volume of the structure) enables solvent crystallization molecules to be trapped 

whiting the pores; concretely, DMF molecules have been demonstrated to be located in 

the microchannels. 
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Figure 6.1. Perspective view of the a) metal coordination environments found in heterobimetallic 
compound 6.1Y-Eu. b) view of the pentametallic nodous where M5(OH)3 sbu are appreciable. c) 
View for the formation of the 1 D channels; d) The cavities present in the structure along a axis. 
Color code: Y (green), Eu (purple), C (grey), O (red), N (blue) and H (white). Note that due to the 
altering and randomly oriented disposition metals an approximated representation has been 
performed taking into consideration the proposed formula of {[Y3.5Eu1.5L6(OH)3(H2O)3]·12DMF}n. 

 

Single-crystal X-ray diffraction allowed proposing an approximated formula of the 

heterobimetallic catalyst which was further confirmed by FT-IR, ICP-AES, PXRD and 

SEM-EDX. For a detailed explanation of FT-IR and PXRD please check supporting 

information in Figure A6.1 and Figure A6.2, respectively. 

ICP-AES analysis conducted in heterobimetallic compound 6.1Y-Eu exhibited an 

yttrium content of 1672 mg /L (corresponding to 18.8 mM of Y3+) and a europium content 

of 1268 mg /L (8.34 mM Eu3+). The calculated Y to Eu relationship gives 2.25 which is 

very much in line with the proposed formula where a proportion of 2.33 is expected. 

Additionally, SEM-EDX mapping confirms that both metals are present in a single crystal. 

However, the mapping spectrum performed in one single crystal showed a relatively 

higher Y3+ to Eu3+ proportion; for the crystal in which the spectrum was collected a 

relationship of 3.25 regarding Y3+ to Eu3+ was calculated. This is due to the uneven 
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distribution of metals through catalyst structure. Nonetheless, the proposed formula 

which is derived by single crystal X ray diffraction, powder X-ray diffraction, SEM-EDX 

and ICP-AES is consistent and summarizes the best approximation for data obtained in 

the aforementioned techniques.  

 

6.3.2 Catalytic activity 

6.3.2.1 Establishing optimal reaction conditions 

The catalytic activity of Y/Eu-MOF, in advance 6.1Y-Eu (0.5 mol%) was initially 

evaluated in the cyanosilylation reaction of carbonyl compounds (1) using TMSCN as a 

nucleophile, solvent free reaction conditions, room temperature and N2 atmosphere. We 

started by employing the same conditions used in Y and Eu counterparts.[23,31], Initially, 

we test the reaction blank, in the absence of catalyst only 8 % conversion after 14 h. 

Subsequently, we performed optimization of the reaction of hydroboration rection 

according to how is summarized in (Table A6.7). First of all, the reaction was tested with 

solvents of different nature as well as without solvent (entries 1-5), obtaining the best 

result in the absence of solvent (entry 1, Table A6.7). Finally, the amount of catalyst was 

also tested (entries 6-8) observing that with a slight increase from 0.35 to 0.5 mol% the 

reaction took place with full conversion (entry 6). 

6.3.2.2 Y/Eu-MOF catalysed cyanosilylation and hydroboration 
reaction of carbonyl compounds 

Under optimized reaction conditions (1.1 equiv. TMSCN, 0.5 mol% catalyst, room 

temperature) the scope of the cyanosilylation reaction was evaluated with 5 highly 

reactive aldehydes of different natures such as aromatic, heteroaromatics and aliphatic, 

demonstrating that independently of the nature of the substituent, the reaction takes 

place with very good to excellent conversions (89-99 %) after only 24 h (Scheme 6.1). 

Later on, less reactive and sterically demanding ketones were tested observing a 

significant decrease in conversion (74-77 %) when electron-donating or electron-

withdrawing substituents were located at para-position, whereas again excellent 

conversion was achieved with aromatic, heteroaromatics and aliphatic substrates 

(91-99 %) (Scheme 6.1). These results overpass the ones published until the moment in 
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bibliography[14–16] and have similar catalytic behaviour with our pristine Eu-MOF 

examined in detail in Chapter 2. 

 

Scheme 6.1. Scope of the cyanosilylation reaction using aldehydes and ketones. 

 

Afterwards, having hydroboration optimal conditions fixed, the scope of the 

hydroboration reaction was evaluated again using a broad range of different ketones 

(Scheme 6.2). The use of electron-donating groups in the para-position of the aromatic 

ring negatively influenced the catalytic reaction, causing the reaction time to increase 

from 24 h to 48 h or even 120 h to obtain moderate conversions (45-67 %). This influence 

on the increase in reaction time did not take place when electron-withdrawing 

substituents were used, observing that regardless of the position of the aromatic ring in 

which the substituents were found, yields were good (71-90 %). Furthermore, 

heteroaromatics ketones reached good results in only 24 h of reaction (88 %). The steric 

hindrance of diaryl ketone, as well as α,β-unsaturated ketones, increases the reaction 

time to 48 h to achieve full conversion. Aliphatic ketones of different nature were tested 
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providing good results (95-99 %). Finally, we decided to test cyclic ketones, which are 

usually less employed obtaining moderate results (61-63 %). 

 

Scheme 6.2. Scope of the hydroboration reaction of ketones. a) Reaction carried out during 
24 h. b) Reaction carried out during 48 h. c) Reaction carried out during 120 h. 

 

6.3.2.3 Catalyst recyclability 

Recyclability tests were also investigated to study the heterogeneous nature of the 

catalyst. For a detailed procedure consult Appendix 6.9. The catalyst was dried under 

vacuum and then charged with a new set of reagents to evaluate its re-cyclability. The 

corresponding products were obtained in 28 % and 61 % for cyanosilylation and 

hydroboration, respectively, and in another consecutive cycle, 0 % and 15 % of 

conversion, respectively, were achieved (Figure 6.2).  
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Figure 6.2. Study of the recyclability of Y/Eu-MOF (0.5 mol%) catalyst on the cyanosilylation 
and hydroboration reaction of acetophenone as carbonyl substrate. 

 

6.3.2.4 Catalyst leaching 

A leaching test was also carried out in the case of the hydroboration reaction 

(Scheme A6.3). For that, after the first and second reaction of the recyclability test, the 

catalyst was removed by centrifugation and the supernatant was filtered through a plug 

of celite and dried under vacuum. Then, 1-(pyridin-2-yl)ethan-1-one (1i) and HBPin were 

added to the crude of the corresponding reaction cycle and the reaction was stirred under 

an inert N2 atmosphere at room temperature for 24 h. After that time, an aliquot was 

analysed by 1H NMR obtaining in the first cycle a 38 % of conversion, and in the second 

cycle a 13 % of product, corroborating the leaching of Y or Eu. 

To conclude, green chemistry metrics such as the atomic economy (AE), mass 

intensity (MI), reaction mass efficiency (RME), and carbon efficiency (CE) were 

calculated for both reactions studied (Table 2.3) to evaluate if the reactions are eco-

friendly.  

Overall transformation according to green-chemistry metrics in the optimized 

catalytic conditions in the cyanosilylation of benzaldehyde with TMSCN in presence of 

6.1Y-Eu catalyst was evaluated and calculated values are summarized in Table 2.3. Note 

that, obtained values are comparable to those reported previously for related lanthanide-

based MOFs [12,34] and suggests that overall transformation is eco-friendly and 

overcome health and environmental problems derived from the chemical industry. 
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Table 6.1. Green metrics values (AE, MI, RME and CE) were calculated for the Y/Eu-MOF 
catalyst in the cyanosilylation and hydroboration reaction. 

 Y/Eu-MOF catalysed 

Green Chemistry Metrics Cyanosilylation Hydroboration 

Atomic economy (AE) 100 % 49.1 % 

Mass Intensity (MI) 1.13 2.41 

Reaction mass efficiency (RME) 95.7 % 46.8 % 

Carbon Efficiency (CE) 96.8 % 52.1 % 
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6.4 Conclusions 

Herein, we report the synthesis and characterisation of, to the best of our 

knowledge, the first heterobimetallic Y/Eu-MOF based on 3-amino-4-hydroxybenzoic 

acid ligand. This novel material was synthesised looking for synergy and enhancement 

in properties exhibit in cyanosilylation reaction concerning Y- or Eu-MOFs counterparts 

and has been thoroughly characterized by means of X-ray crystallography, FTIR, 

ICP-MS, and PXRD. 

Concretely, Y/Eu-MOF has demonstrated impressive catalytic efficiency in the 

cyanosilylation and hydroboration reaction of carbonyl compounds with a reduced 

recyclability compared to related MOFs. Comparing to Y- or Eu-MOFs counterparts, 

which exhibited no erosion of the catalytic activity in 7 consecutive cycles, the 

recyclability of the heterobimetallic material is decreased in a 71 % from the first to the 

second catalytic cycle. Nonetheless, evaluated overall transformation according to 

green-chemistry metrics in the optimized catalytic conditions for cyanosilylation reaction 

demonstrates that overall transformation is eco-friendly and overcome health and 

environmental problems derived from the chemical industry. Also, it must be noticed that 

obtained values are comparable to those reported previously for related lanthanide-

based MOFs and very similar to Y- or Eu-MOFs counterparts.[12,34]  
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ANNEXE 2 
 

6.5 Introduction. Synergetic combination of 4,4’-azopyridine 
and diacids for the synthesis of photoluminescent 
coordination polymers based on d10 metals 

In the attempt to synthesise novel MOFs, the combination of two or more ligands 

of diverse nature, presenting different sizes, shapes and coordination features can be a 

convenient synthetic route. Given that the combination can provide synergetic 

coordination of such ligands to a metal centre it is possible to produce multifunctional 

MOFs with tuneable and tailorable functionalities within a single material.[35,36] 

In this sense, for this second annexe, we wanted to try this synthetic approach and 

selected 4,4’-azopyridine and a family of substituted and non-substituted aliphatic 

diacids for the preparation of novel MOFs based on group 12 metals, concretely, Zn2+ 

and Cd2+ for the subsequent analysis of photoluminescent properties. Having in mid that, 

group 12 metals do not afford d-d transitions due to closed-shell configuration, and 

consequently, lacking of luminescence quenching.  

In general, group 12 based CPs and MOFs afford a wide range of coordination 

environments[18,19] with improved photoluminescent properties with respect to pristine 

ligand derived by the robustness and enhanced rigidity to the system by restricting 

molecular motions/vibrations to minimize the non-radiative loss.  

Therefore, herein we will describe the rational synthesis and characterization of a 

family of compounds based on Zn2+ or Cd2+, 4,4’-azopyridine and a dicarboxylic acid 

(glutaric acid, 3-methylglutaric acid, succinic acid, 2-methylsulccinic acid, L- or D-malic 

acid and L- or D- tartaric acid) for the study of the photoluminescent properties. 
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6.6 Materials and methods 

6.6.1 Compound synthesis 

General procedure for the synthesis of 6.2–6.10: 0.0184 g (0.1 mmol) of 4,4’-

azopyridine and 0.1 mmol of the corresponding diacid were dissolved in 1 mL equal 

DMF/H2O solvent-mixture. To this solution, 0.1 mmol of the appropriate metal solution 

dissolved in the same solvent mixture was added dropwise. Table 6.2 summarizes the 

synthetic combinations employed. The resulting orange solution was placed in a screw-

capped vial (6 mL) at 95 ºC overnight to yield an orange single crystal. 

Table 6.2. Selected diacid and metals for the synthesis of compounds 6.2–6.10. 

Compound Diacid Metal 

6.2Cd-glu Glutaric acid Cd 

6.3Cd-3Mglu 3-methyl glutaric acid Cd 

6.4Cd-suc Succinic acid Cd 

6.5Zn-suc Succinic acid Zn 

6.6Zn-2Msuc 2-methyl succinic acid Zn 

6.7Cd-Lmal and 6.8Cd-Dmal L-/D- malic acid Cd 

6.9Cd-Ltar and 6.10Cd-Dtar L-/D- tartaric acid Cd 

 

6.6.2 Chiroptical properties 

General procedure for circular dichroism experiments 

Samples for CD measurements were prepared as follows: a precision weighted 

amount of material (2 mg) was suspended in mili-Q H2O (4 mL) and sonicated over 

30 min. 
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6.7 Results and discussion 

6.7.1 Structural characterization 

Solvothermal reaction between 4,4’-azopyridine, the corresponding diacid and 

Cd2+ or Zn2+ metal solution yields a family of structure with diverse dimensionality. Table 

6.3 contains a summary of the obtained type of structure. Single crystals with measurable 

quality have been acquired for compounds 6.2, 6.3, 6.4, 6.5, 6.6, and 6.10. Nonetheless, 

PXRD data and CD studies have demonstrated that compound 6.9Cd-Ltar and 6.10Cd-Dtar 

are isostructural and enantiomers among them. Additionally, because of the structural 

similarity between malic acid and tartaric acid and coordination mode displayed by 

compound that 6.10Cd-Dtar we thought about the possibility of being 6.7-6.10 isostructural. 

Therefore, we performed PXRD analysis and confirm the isostructural nature (Figure 

6.4). 

Table 6.3. Dimensionality of the obtained structures 

Compound Type of structure 

6.2Cd-glu Interpenetrated 3D  

6.3Cd-3Mglu Interpenetrated 3D 

6.4Cd-suc 2D 

6.5Zn-suc 3D 

6.6Zn-2Msuc 2D 

6.7Cd-Lmal and 6.8Cd-Dmal 2D 

6.9Cd-Ltar and 6.10Cd-Dtar 2D 

 

In essence, in all cases 4,4’-azopyridine coordinates to metal centre by the nitrogen 

of the pyridyl group and there are the carboxylate groups of the diacids which rule not 

only the coordination mode but also the dimensionality of the final structure. Briefly, 

Figure 6.3 contains a packed structure and an excerpt of the where the coordination 

mode adopted by each diacid is depicted. 
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Figure 6.3. Perspective view of the packed structure and view of the diacid coordination mode 
for compounds 6.2-6.10. In all cases, hydrogens have been omitted and 4,4’-azopyridine ligand 
coordination been simplified to a pyridine ring for the sake of clarity. 

 

 

Figure 6.4. Figure of the PXRD patter of compound 6.7Cd-Lmal and 6.9Cd-Ltar.  
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6.7.2 Photoluminescence measurements 

In the following section, solid state photoluminescent properties of the aromatic 

4,4’-azopyridine ligand and compounds 6.2Cd-glu, 6.3Cd-3Mglu, 6.4Cd-suc, 6.7Cd-Lmal and 6.9Cd-

Ltar will be explored in detail. 

The excitation spectrum of 4,4’-azopyridine collected at 294 K monitoring the 

emission at 394 nm consists of a broad UV band (300–350 nm) with three maxima 

located at 306, 320 and 334 nm which can be attributed to organic linker π–π* transitions. 

Ligand emission spectrum acquired at 294 K fixing the excitation at 325 nm, exhibits a 

broad band ranging from 350 to ca. 400 nm with two maxima peaking at 359 nm and 

394 nm.  

Given the high resemblance that compound 6.2-6.9 excitation and emission 

spectra present, compound 6.2 will be studied as representative material. The excitation 

spectrum of 6.2Cd-glu collected at ambient temperature (294 K) and monitoring the 

emission at 394 nm, presents a similar UV-Vis broad band ranging from 300 to ca. 350 

nm to the presented by 4,4’-azopyridine ligand. Emission spectra recorded at the same 

temperature (294 K) and fixing the excitation at 325 nm exhibits a broad band (360–

410 nm) with a maximum peaking at 394 nm. Consequently, it can be stated that 

compounds 6.2-6.9 photoluminescent properties are driven by π–π* transitions of the 

aromatic 4,4’-azopyridine ligand. These spectra come very will line with the solid-state 

photoluminescence spectra reported by Zhu et al. who studied the photoluminescent 

properties of an analogous Zn2+ and 4,4’-azopyridine based coordination compound.[37]  



Annexes 

261 

6 

 

Figure 6.5. Ambient temperature (294 K) excitation spectra (black, λEm. = 394 nm) and emission 
spectra (red, λExc. = 325 nm) of 4,4’-azopyridine and compounds 6.2-6.4, 6.7 and 6.9. 
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6.7.3 Chiroptical properties 

6.7.3.1 Circular dichroism experiments 

Given the chiral nature of the synthesised compounds (6.7–6.10) differential 

absorption of the right and left circularly polarized light (CD) was investigated as the 

absolute configuration of homochiral coordination compounds can be confirmed by 

positive or negative CD signals. Thus, CD spectra of the corresponding water 

suspensions were recorded for each enantiomeric pair according to the procedure 

detailed in the 0 section. According to the spectra, the enantiomeric compounds display 

mirror-symmetric images indicating in all cases the formation of enantiomeric samples.  

CD spectra of 6.7Cd-Lmal and 6.8Cd-Dmal display a set of bands peaking at around 

198, 205, 247, 259 and 270 nm with alternating Cotton effects. CD spectra of 6.9Cd-Ltar 

and 6.10Cd-Dtar exhibits similar profile with a set of bands with maxima at 190, 196, 209 

and 221nm.  

 

Figure 6.6. Circular dichroism spectra were recorded for compounds 6.7Cd-Lmal and 6.8Cd-Dmal 
(left) and 6.9Cd-Ltar and 6.10Cd-Dtar (right).  
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Table 6.4. Crystallographic data and structure refinement details of compounds 6.2-6.10. 

Compound 6.2Cd-glu 6.3Cd-3Mglu 6.4Cd-suc 

Formula C50Cd3H60N16O16 C16H14CdN4O4 C15H8CdN4O4 

Mr 1478.34 438.71 420.6 

Crystal system monoclinic orthorhombic orthorhombic 

Space group C2/c Aea2 Pbcn 

a(Å) 23.351(6) 15.4288(9) 9.8375(9) 

b(Å) 13.682(3) 17.1147(8) 16.3566(14) 

c(Å) 20.225(8) 13.5360(8) 10.9203(10) 

α(°) 90 90 90 

β(°) 115.347(2) 90 90 

γ(°) 90 90 90 

Volume(Å3) 5840(3) 3574.3(3) 1757.2(3) 

Z 4 8 4 

ρcalc g/cm3 1.681 1.631 1.59 

μ/mm-1 1.163 1.249 1.267 

F(000) 2976 1744 824 

Crystal size/mm3 0.12 × 0.11 × 0.10 0.14 × 0.12 × 0.09 0.13 × 0.11 × 0.08 

Radiation MoKα (λ = 0.71073) 
MoKα (λ = 
0.71073) 

MoKα (λ = 0.71073) 

2Θ range for data 
collection/° 

3.548 to 55.414 4.658 to 57.642 4.832 to 57.642 

Index ranges 
-30 ≤ h ≤ 30, -17 ≤ k ≤ 

17, -25 ≤ l ≤ 26 
-20 ≤ h ≤ 20, -23 ≤ 
k ≤ 23, -18 ≤ l ≤ 18 

-13 ≤ h ≤ 13, -22 ≤ k 
≤ 22, -14 ≤ l ≤ 14 

Reflections collected 23521 49798 80210 

Independent reflections 
6702 [Rint = 0.0445, 

Rsigma = 0.0478] 
4653 [Rint = 0.0626, 

Rsigma = 0.0314] 
2298 [Rint = 0.0959, 

Rsigma = 0.0255] 

Data/restraints/parameters 6702/455/461 4653/1/228 2298/6/114 

Goodness-of-fit on F2 1.036 1.084 1.754 

Final R indexes [I>=2σ (I)] 
R1 = 0.0655, wR2 = 

0.1675 
R1 = 0.0330, wR2 = 

0.0702 
R1 = 0.1172, wR2 = 

0.3754 

Final R indexes [all data] 
R1 = 0.0771, wR2 = 

0.1761 
R1 = 0.0434, wR2 = 

0.0742 
R1 = 0.1442, wR2 = 

0.4118 
Largest diff. peak/hole / e 

Å-3 
3.21/-1.33 0.84/-0.72 2.97/-2.71 

Flack parameter    
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Table 6.4. Crystallographic data and structure refinement details of compounds 6.2-6.10 

(continuation). 

Compound 6.5Zn-suc 6.6Zn-2Msuc 6.10Cd-Dtar 

Formula C28H24N8O8Zn2 C18H8N4O4Zn C42H24Cd3N11O22 

Mr 731.29 220.85 1371.92 

Crystal system monoclinic orthorhombic orthorhombic 

Space group Cc Pbcn P21212 

a(Å) 15.4203(12) 9.846(5) 22.010(5) 

b(Å) 12.1049(12) 16.367(5) 24.647(5) 

c(Å) 9.4922(7) 10.906(5) 13.624(5) 

α(°) 90 90.000(5) 90.000(5) 

β(°) 118.211(4) 90.000(5) 90.000(5) 

γ(°) 90 90.000(5) 90.000(5) 

Volume(Å3) 1561.4(2) 1757.5(13) 7391(4) 

Z 2 4 4 

ρcalc g/cm3 1.555 1.669 1.233 

μ/mm-1 1.598 1.454 0.918 

F(000) 744 912 2692 

Crystal size/mm3 0.16 × 0.12 × 0.10 0.14 × 0.12 × 0.10 0.15 × 0.13 × 0.07 

Radiation 
MoKα (λ = 
0.71073) 

MoKα (λ = 0.71069) MoKα (λ = 0.71069) 

2Θ range for data 
collection/° 

4.506 to 57.45 4.828 to 46.66 4.456 to 46.524 

Index ranges 
-20 ≤ h ≤ 20, -16 ≤ 
k ≤ 15, -11 ≤ l ≤ 12 

-10 ≤ h ≤ 10, -18 ≤ k 
≤ 18, -12 ≤ l ≤ 12 

-24 ≤ h ≤ 24, -27 ≤ k ≤ 
27, -15 ≤ l ≤ 15 

Reflections collected 17781 10362 41397 

Independent reflections 
3726 [Rint = 0.0808, 

Rsigma = 0.0610] 
1269 [Rint = 0.0487, 

Rsigma = 0.0396] 
10483 [Rint = 0.1052, 

Rsigma = 0.1129] 

Data/restraints/parameters 3726/2/209 1269/0/108 10483/0/704 

Goodness-of-fit on F2 0.934 1.057 1.116 

Final R indexes [I>=2σ (I)] 
R1 = 0.0343, wR2 = 

0.0830 
R1 = 0.0626, wR2 = 

0.1605 
R1 = 0.1220, wR2 = 

0.2965 

Final R indexes [all data] 
R1 = 0.0391, wR2 = 

0.0865 
R1 = 0.0827, wR2 = 

0.1814 
R1 = 0.1451, wR2 = 

0.3103 
Largest diff. peak/hole / e 

Å-3 
0.54/-0.36 1.28/-0.82 1.95/-3.00 

Flack parameter 0.900(17)  0.22(14) 
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6.8 Conclusions 

To sum up, in this second annexe, we have demonstrated the infinite possibilities 

that the combination of two or more ligands presenting different and diverse 

functionalities, thus, coordination modes offer in the synthesis of novel MOFs. In this 

sense, we have developed the synthesis and characterization of a family of nine 

structures based on metals of group 12 (Zn2+ and Cd2+) and we have studied the 

photoluminescent properties of these materials revealing that the emissive properties of 

the structures are clearly driven by 4,4’-azopyridiene ligand. 
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ANNEXE 3 
 

6.9 Introduction. A 3D tetrazole-based Zn(II) coordination 
polymer based on 1-H-tetrazole-5-carboxylic acid ethyl ester 
ligand: crystal structure, luminescence and modulable 
adsorption  

Over the past few decades, crystal engineering has been one of the more rapidly 

developing fields within materials science. The successful rational design and controlled 

synthesis have allow obtaining multifunctional materials[38–41] with unprecedented 

topologies and importantly, high-performance materials for specific applications.[42–49] 

In this sense, the rich variety of coordination modes presented by the 1-H-tetrazole-

5-carboxylic acid ethyl ester ligand deriving in a great structural diversity have been the 

reason to be selected as an ideal candidate for the synthesis of novel coordination 

polymers of diverse dimensionality and applicability. Several of the aforementioned 

coordination modes of the tetrazole ring are displayed in Scheme 6.3. 

 

Scheme 6.3. Coordination modes of 5-substituted tetrazoles. 

 

For the reason above discussed, in this work, we present the synthesis and 

characterization of a new three-dimensional metal-organic framework based on 

1-H-tetrazole-5-carboxylic acid ethyl ester ligand and Zn2+ for the future analysis of its 

potential application in photoluminescence and modulable adsorption. 
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6.10  Materials and methods 

6.10.1  Compound synthesis 

Synthesis of [ZnL2]n, namely 6.11Zn: 1-H-tetrazole-5-carboxylic acid ethyl ester 

sodium salt (0.010 g, 0.0610 mmol) was dissolved in 0.5 mL of DMF and 0.5 mL H2O 

solvent mixture. In a separated vial, Zn(OAc)2·2H2O (0.0067 g, 0.0305 mmol) was 

dissolved in the same solvent mixture employed for ligand solution. After dissolution, the 

metal solution was added dropwise to the ligand solution while keeping magnetic 

agitation. Finally, a colourless solution was introduced in a screw-capped vial (6 mL) to 

the oven at 95°C for 24 hours to yield single crystals.  

 

 

6.11  Results and discussion 

6.11.1  Structural characterization 

Single-crystal X-ray crystallographic studies on [ZnL2]n where 

L = 1-H-tetrazole-5-carboxylic acid ethyl ester sodium salt exhibits three dimensional 

(3D) metal-organic framework that crystallizes in P212121 orthorhombic space group. The 

asymmetric unit of 6.11Zn is composed of one Zn2+ ion and two deprotonated ligand 

molecules. Albeit, the ligand is achiral the final structure crystallises as non-enantiogenic 

space group. This phenomenon is known as accidental chirality and is derived from a 

spatial rearrangement of a rigid molecule belonging to a point group containing only 

rotational symmetry elements not containing an inversion centre.[50] 

1-H-tetrazole-5-carboxylic acid ethyl ester ligand exhibit coordination to the 

metallic centre from the nitrogen atoms belonging to the tetrazole group. Each ligand 

acts as a bidentate bridging linker and binds two Zn atoms through 1,4-nitrogen atoms 

of the tetrazole group (Scheme 6.3). Precisely, the [ZnN4] environment is comprised of 

the coordination of four nitrogen donor atoms belonging to four ligands in such 

disposition that continuous shape measurements (CShMs)[51] reveal that Zn1 build (Td) 

tetrahedron polyhedron. 
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Figure 6.7. Perspective view of the metal coordination environment in 6.11Zn (left) and view of 
the packed structure where ethyl moiety of 1-H-tetrazole-5-carboxylic acid ethyl ester ligand is 
pointing out the pore (right). In both figures, hydrogen atoms are omitted for clarity. 

 

Table 6.5. Table of the continuous Shape Measurements for the [ZnN4] coordination 
environment. 

SP-4 D4h Square 

 

T-4 Td Tetrahedron 

SS-4 C2v Seesaw or sawhorse (cis-divacant octahedron) 

vTBPY C3v Axially vacant trigonal bipyramid 

 

Complex 6.11Zn  SP-4 T-4 SS-4 vTBPY-4 

Zn1 33.113 0.034 90151 3.097 

 

The growth of the structure leaves porous along with the a and b axis. This cavity 

is partly occupied by the ethyl moiety of the 1-H-tetrazole-5-carboxylic acid ethyl ester 

ligand. As it is appreciable in Figure 6.7, the ester group is pointing out the pore and 

partly occupying solvent accessible volume. The analysis of the topology by means of 

TOPOS Pro software[32] reveals that 6.11Zn presents a 4- connected diamond-like net, 

where Zn2+ centres are considered as four connected nodes and ligands as bridging 

linkers. 



Annexes 

269 

6 

  

Figure 6.8. A 3D-diamondoid-like net of 6.11Zn. Blue connections represent 1-H-tetrazole-5-
carboxylic acid ethyl ester ligand and the pink positions denote Zn2+ metal atoms.[52]  

 

Table 6.6. Crystallographic data and structure refinement details of compound 6.11Zn  

Compound 6.11Zn 

Formula C8H10N8O4Zn 

Mr 347.61 

Crystal system orthorhombic 

Space group (no.) P212121 

a(Å) 9.8740(6) 

b(Å) 9.8845(6) 

c(Å) 13.7666(9) 

α(°) 90 

β(°) 90 

γ(°) 90 

V(Å3) 1343.61(15) 

Z 4 

ρcalcg/cm3 1.718 

μ/mm-1 1.859 

F(000) 704.0 

Crystal size/mm3 0.13 × 0.12 × 0.1 

Radiation MoKα (λ = 0.71073) 

2θ range for data collection/° 5.074 to 52.742 

Index ranges 
-12 ≤ h ≤ 11, -11 ≤ k ≤ 12, 

-17 ≤ l ≤ 17 

Reflections collected 2593 

Independent reflections 
2593 [Rint = 0.0143, 

Rsigma = 0.0605] 

Data/restraints/parameters 2593/52/193 

Goodness-of-fit on F2 1.146 

Final R indexes [I>=2σ (I)] R1 = 0.0524, wR2 = 0.1413 

Final R indexes [all data] R1 = 0.0575, wR2 = 0.1445 

Largest diff. peak/hole / e Å-3 0.96/-0.53 

Flack parameter -0.119(19) 
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6.12  Conclusions 

In this third annexe, the synthesis and preliminary structural characterisation of a 

diamond like 3D MOF composed by Zn2+and 1-H-tetrazole-5-carboxylic acid ethyl ester 

ligand has been conducted. As future work is expected to perform the analysis of 

photoluminescent properties and adsorption capacity.  
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Conclusions 

The general aim of this doctoral thesis has been exploiting the multifunctionality of 

the novel coordination compounds and metal-organic frameworks prepared in this work 

derived the combination of transition metals and lanthanides with carboxylate group 

ligands. The linkers with the aforementioned functionality have proved to be excellent 

building blocks for the design of novel architectures, both because of the structural 

diversity structural diversity achieved as well as for the great variety of properties 

exhibited by these materials. 

The interesting crystalline structures obtained have allowed the fine tuning of the 

application optimally suited to each structural feature. In this sense, some of the 

applications explored in this work have been magnetism, luminescence, magnetic 

resonance imaging, adsorption, conductivity, heterogeneous catalysis, antibacterial 

activity and biological properties. 

Regarding the followed synthetic-pathways, solvothermal synthesis and 

microwave assisted synthetic routes have been followed for the preparation of the 

materials. The former, has allowed obtaining single-crystals with which structural 

resolution has been performed. Furthermore, the use of glass vials has facilitated the 

reaction monitoring. The latter synthetic pathway has allowed to scale up reaction 

significantly reducing the required reaction time. 

In advance, the particular conclusions stemmed for each family of compounds will 

be described in short.  

Chapter 1 

 In chapter 1, a family of 3d (Mn2+, Zn2+ and Cd2+) metals and tetrazol 

derivative amino acid based coordination compounds have been in situ 

synthesised for their application in MRI, photoluminescence and chiroptical 

properties.  

 Concretely, relaxativity measurements in compound 1.1, demonstrated 

being possibly used in magnetic resonance imaging as a T2 contrast agent. 

As future work, additional analysis on cytotoxicity, biodistribution and 

pharmacokinetics in vivo should be conducted prior to be clinically applied.  
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 On another level, photoluminescent analysis performed in d10 metal derived 

complexes have demonstrate the emission being ruled by ligand centred 

π→π* transition.  

 Finally, chirality preserved in amino acid precursor’s motivated us to study 

chiroptical properties of compounds 1.6-1.9. Circular dichroism 

demonstrated in all cases enantiomeric pairs display opposite cotton 

effects being only Zn_phen enantiomeric pairs able to display circularly 

polarized luminescence. 

Chapter 2 

Part 1  

 The ligand explored in chapter 2 has allowed extensively exploit the 

multinationalism derived of 3-amino-4-hydroxybenzoic acid not only by 

combining to 3d block metals but also to Ln3+.  

 To begin with, the combination with Co2+ has allowed exploring the 

magnetic behaviour of the pristine 3D MOF in addition to the magnetically 

diluted sample with Zn2+ which demonstrated a magnetic barrier for the 

reversal of magnetization of Ueff = 6.31 K. 

  Additionally, dilution with Zn2+ not only resulted in an enhancement in the 

magnetic properties but also different doping proportions had demonstrating a 

linear response in the fluorescent intensity decrease with respect to Co2+ 

quencher incorporation.  

Part 2 

 The combination of the ligand with Ln3+ ions have allowed the formation of 

a family of isostructural 3D MOFs to which magnet behaviour, 

photoluminescent properties and adsorption capacity have been studied.  

 Regarding magnetic properties, compound 2.11Yb showed signal 

dependency among frequency. Consequently, magnetic dilution strategy 

was performed in compounds 2.13Y-Dy, 2.14Y-Er and 2.15Y-Yb obtaining 

successful results in the latter two compounds as the position of the 

maxima in χM’’ was shifted towards higher temperatures. 

  Photoluminescent analysis conducted in compounds 2.4Eu and 2.6Tb 

present characteristic emissions of the ions exhibiting a more efficient for 

the former owing to the low energy gap between their excited states. In 
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addition, mixed-lanthanide networks have demonstrated compounds 2.17 

and 2.18 could find potential application in thermometry.  

 From other side, the porous structure allowed us studying CO2 adsorptive 

capacity revealing a comparable behaviour to other MOFs containing open-

metal sites and relatively high isosteric heat (41.4 kJ/mol).  

 Finally, the porous nature and accessibility of external molecules to metallic 

clusters has permitted compound 2.12Y and 2.19Eu being tested as catalyst 

in the solvent-free cyanosilylation reaction of a carbonyl substrates 

demonstrating great ability to heterogeneously catalyse the 

aforementioned reaction.  

Part 3 

 To conclude, 2.6Tb material has been shaped and processed into pellets 

and membranes to further study its emissive properties in membrane 

immobilized material demonstrating being able to keep emissive properties. 

Finally, water adsorption studies revealed a promising uptake of 18 % 

increment in mass; it would be expected good conductivity values 

nonetheless exhibited proton conductivity was relatively modest. 

Chapter 3 

 A a novel copper-based 3D MOF is presented based on 

3,4-dihydroxybenzoic acid ligand.  

 This novel material has been shaped through palletisation and membrane-

immobilization processing techniques and exhibited good stability by 

means of temperature and moisture conditions which simulated possible 

industrial operation conditions.  

 Additionally, microporous structure permitted to collect CO2 sorption 

isotherms before and after solvent-exchange procedure showing relatively 

tripled adsorption capacity with the latter procedure.  

 Finally, the well-known antibacterial capacity of Cu2+ and 3,4-

dihydroxybenzoic acid ligands motivated us performing a preliminary study 

on the antibacterial activity of compound 3.1Cu and its precursors by disk-

diffusion method towards pathogenic S. aureus bacteria. Results exhibited 

that the antibacterial activity of both Cu2+ and 3,4-dihydroxybenzoic acid 
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ligand remain practically unaltered after the formation of the compound. 

Further analysis should be addressed to determine among others, MIC, 

MCB in addition to MOFs degradation procedure and mechanism of action. 

Chapter 4 

 This section proposes the synthesis and characterization of a family of 

isostructural metalloligand assisted 3D MOFs with the formula 

{[(RuL3)2Ln3]ClO4}n for the exploration of photoluminescent properties and 

use as catalyst in oxidative desulfurization of fuel. 

 Several catalytic loadings of compound 4.3Ru-Eu have been tested in 

ECODS reaction. However, none of them reached full conversion. In 

addition, a transformation of the original crystalline phase was appreciated. 

 Photoluminescent properties studied in ligand, metalloligand and 

compounds 4.1Ru-Nd, 4.3Ru-Eu, 4.4Ru-Gd, 4.5Ru-Tb and 4.7Ru-Er demonstrated 

that in compounds 4.4 and 4.5 emission was centred metalloligand 

emission while only 4.3 exhibited Ln3+ intra f transitions. Compounds 4.1 

and 4.7 when exciting at ligand maximum absorption displayed typical 

narrow lines ascribed to each metallic centre ion in the NIR region derived 

by a energy transfer from the metalloligand to the lanthanide centre. 

Chapter 5 

 This chapter describes the synthesis of a family of coordination compounds 

based on diclofenac for the evaluation of magnetic and photoluminescent 

properties, anti-inflammatory activity and contrast agent behaviour.  

 Magnetic properties evaluated in 5.6Dy revealed that it exhibited subtle slow 

relaxation of the magnetization near the detection limit of the apparatus. 

 Emissive properties of prepared materials exhibit good performance of the ligand 

in sensitizing the emission of lanthanide ions both in the visible and near-infrared 

region.  

 The anti-inflammatory response of the pristine drug and Gd3+-based coordination 

compounds exhibiting enhanced behaviour in coordination compounds.  

 In addition, with the aim of determining whether Gd3+ based coordination 

compound could acta as CA relaxativity studies were conducted exhibiting 

relatively poor values.  
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 Liposome encapsulation was set as strategy to enhance encapsulated material 

concentration and thus relaxativity. We decided to follow this strategy not only for 

Gd3+ based counterpart but also from Eu3+ and analogous Fe3+ compounds with 

the aim of determining the best mechanism to produce MRI signal. Although 

material encapsulation resulted satisfactorily no enhancement of the relaxativity 

values was obtained due to lack of accessibility and interchangeability of the bulk 

water with respect to metal-coordinated solvent molecules. 

Chapter 6 

Annexe 1 

 This works follows the one presented in chapter 2, and resumes the 

synthesis of the first heterobimetallic /Eu-MOF based on 3-amino-4-

hydroxybenzoic acid ligand with the objective of searching a synergistical 

effect in cyanosilylation reaction concerning Y- or Eu-MOFs counterparts. 

 The novel material has been not only tested in cyanosilylation reaction of a 

aldehydic and ketonic substrates of different nature in the solvent free 

media, but also in hydroboration reaction exhibiting good catalytic efficiency 

in both scenarios. Comparing to its pristine counterparts the novel material 

presents reduced recyclability.  

Annexe 2 

 The present section describes the synthesis and characterization of of a 

family of nine structures based on Zn2+ and Cd2+ with the combination of 

two ligands offering diverse structures and coordination modes.  

 Photoluminescent properties studied in prepared compounds suggest that 

emissive properties in all compounds are dominated by the bands ascribed 

to 4,4’-azopyridine ligand. 

Annexe 3 

 To conclude this chapter, the synthesis and preliminary structural 

characterisation of a novel diamond like 3D MOF composed by Zn2+ and 

1-H-tetrazole-5-carboxylic acid ethyl ester ligand has been conducted with 

which photoluminescent properties and adsorptive capacity are expected 

to explore in a future.
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