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ABSTRACT 

This work originates from a previous project of the research group I worked with. In said 

project, a new propargylcarbamate-functionalised isophthalate organic ligand was synthesised 

and used for the preparation of a new Cu-based Metal-Organic Framework (MOF), named 

[Cu(1,3-YBDC)]ˑxH2O. Due to the ability of the proprgylcarbmate group to capture Au(III) 

ions in solution and to reduce them to Au(0), this new MOF was intended to be used as a support 

for gold nanoparticles, to be used in applications such as electrocatalysis and nitrite sensing. 

Unfortunately, due to the low porosity and surface area of the material, the capture of Au(III) 

with [Cu(1,3-YBDC)]ˑxH2O occurs only in small extent, and the electro-assisted reduction 

occurs only partially, resulting in the presence of all the oxidation states of Au (0, I and III) on 

the external surface of the material.  

 This work shows the synthesis and characterisation of a new organic ligand, named 

H2YL80, which maintains the propargylcarbamate functionality of the previous one but also 

possesses a larger aromatic moiety, envisaging the possibility to obtain a corresponding Cu-

based MOF with higher porosity and surface area.  

 The reaction of the new ligand with Cu(NO3)2⸱2.5H2O to obtain a new Cu-based MOF 

was studied under different conditions, in attempt to synthesise the new material in a crystalline 

shape which allows the characterisation through X-ray spectroscopy measurements. Despite the 

numerous attempts, the best results obtained consist in polycrystalline materials. 

 In parallel to those activities, the reactivity of [Cu(1,3-YBDC)]ˑxH2O towards HAuCl4 

was studied, to see if the propargylcarbamate functionalities could reduce Au(III) to Au(0) 

without the aid of electrochemical devices. 

 Finally, the alternative application of [Cu(1,3-YBDC)]ˑxH2O as an adsorbent material 

for organic dyes was studied by testing the adsorption capacity of the material for Methylene 

Blue in different conditions. 
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Chapter 1 

1 Introduction 

 

1.1 Context of the work 

In past studies, the research group I worked with during my thesis has shown that 

propargylcarbamate group [-NH-C(O)O-CH2C≡CH], anchored on different oxide supports 

such as SiO2, Al2O3, TiO2, Fe3O4 (Fig. 1.1) is capable of reducing Au(III) ions to Au(0), yielding 

supported Gold Nanoparticles (AuNPs) without the addition of any external reducing and/or 

stabilizing agent (Fig 1.2).1,2 

 

 

Fig. 1.1: Alkyne-modified silica nanoparticle (SiO2@Yne).3 

 

 

 

Fig 1.2: TEM image and enlargement of AuNPs supported on silica nanoparticles. 

 

More recently, the research group explored the possibility of anchoring the 

propargylcarbamate fragment on different supports, such as Metal-Organic Frameworks 

(MOFs). The functionalization of a MOF with the propargylcarbamate group could provide a 

AuNPs d = 11  3 nm

,
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dense, even, and possibly highly symmetric distribution of the reactive alkyne functionality all 

over the material. Additionally, the porosity of the material and the presence of the metal nodes 

could influence the reactivity of the alkyl group, and induce different effects on the ensuing 

gold nanoparticles, compared to when the functional group is attached onto the oxidic surfaces 

previously cited. 

The research group successfully designed and synthesized a new propargylcarbamate 

functionalised isophtalate ligand, named 5-(2-{[(prop-2-yn-1-yloxy)carbonyl]-

amino}ethoxy)isophthalic acid (Fig.1.3 A), abbreviated in 1,3-H2YBDC, where Y stands for 

the pendant alkYne and BDC for benzene dicarboxylate. The ligand was used to prepare a Cu-

based MOF, named [Cu(1,3-YBDC)]⸱xH2O. The MOF was structurally characterized. It has 

been shown that the solid [Cu(1,3-YBDC)]⸱xH2O (x~2) phase contains a complex network of 

5-substituted isophthalate anions bound to Cu(II) centres, whose structure belongs to the 

common paddlewheel dimeric fragments (also known as “Chinese lantern”) of Cu2(μ-

COO)4(D)2 formulation, D being a neutral Lewis base, typically bound through a N or O atom. 

The dimer shows a short Cu⸱⸱⸱Cu distance (2.633 Å), in line with the data reported for 

analogous structures.4   

The peculiarity of this particular structure is that the apical D atom in [Cu(1,3-

YBDC)]⸱xH2O belongs to the carbonyl oxygen atom of the long propargyl carbamate residue 

(Fig 1.3 B). Such an extra coordination by the propargylcarbamate groups drastically reduces 

the porosity of the MOF.5 In fact, the Langmuir surface area was found to be 18.4±0.9 m2/g, 

while the BET surface area was 14.5 ± 0.8 m2/g. Those are extremely low values considering 

that there are reported BET areas for Cu-BTC MOFs above 1000 m2/g.6 

Several experiments were performed to test the ability of the material to capture Au(III). 

The results showed that Au(III) is indeed captured by the MOF but to only a small extent (ca. 

0.3 wt% of adsorbed gold). Also, the reduction of Au(III) occurs only partially, leading to a 

material in which all the gold oxidation states (III, I and 0) are present, in ratio depending on 

the reaction conditions.  

The electrochemical properties of the Cu-MOF were studied through cyclic-

voltammetry measurements in different electrolyte solutions, performed on Glassy-Carbon 

electrodes modified by drop-casting a MOF suspension in ethanol on its surface yielding a 

GC/Cu-YBDC electrode (hereafter abbreviated GC/Cu-MOF) as shown in Fig. 1.4. The 

modified electrodes were then tested as nitrite sensors.  
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Fig. 1.3: (A) A conventional sketch of the 1,3-H2YBDC moiety, showing molecular connectivity; (B) a 3D 

drawing of the Cu-YBDC paddlewheel fragment and the location of the carbamate carbonyl oxygen atoms 

(highlighted in yellow) completing the Cu(II) coordination through C=O…Cu bonds. Atomic coordinates are taken 

from ref [4] Color codes: Carbon (black); Hydrogen (white); Nitrogen (blue), Oxygen (red) and Copper (orange). 

The dashed bonds address the weak intermetallic interaction and the apical carbamate coordination mode. 

 

Fig. 1.4: Modification of GC electrodes by drop-casting of a solution of a Cu-YBDC suspension in ethanol, 

yielding a GC/CU-YBDC electrode.  

Due to the affinity of gold to the alkyne group of the MOF’s linker, the GC/Cu-MOF 

electrode was successively modified through AuNPs incorporation. The electrode named 

GC/Cu-MOF/Au was prepared by making the MOF deposited on the electrode surface to 

adsorb Au(III) from a HAuCl4 solution and then, after washing the electrode with ethanol, the 

Au(III) retained by the MOF was reduced to Au(0) through the application of a potential of 

0.05 V. The GC/Cu-MOF/Au electrode was also characterized and tested for nitrite detection.  

Due to the low surface area and pore volume of the Cu-MOF, the modified electrode 

showed a higher peak potential and a lower peak current for the nitrite oxidation reaction than 

the bare glassy carbon electrode. Upon incorporation of AuNPs within the MOF through 

electrodeposition, the nitrite sensing performance of the modified electrode improved beyond 

that of the glassy carbon electrode. Cyclic voltammetry and EIS characterization of the 
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electrodes confirmed the semiconductor behaviour of the MOF and the ability of AuNPs to 

compensate for that by increasing the charge transfer rate. However, due to the drop-casting 

technique employed in the electrode modification, they showed poor reproducibility in terms 

of nitrite sensing performance. 

 

1.2 Objectives 

The first aim of this work has been the design, synthesis, and characterization of a new organic 

ligand, named H2YL80, (where Y stands for the pendant alkyne and L80 indicates the similarity 

of the aromatic moiety of the ligand with the one of the ligand H3L80 found in literature7) and 

the corresponding Cu-[YL80] MOF. The new organic linker maintains the propargylcarbamate 

functionality and the two carboxylic acid groups of 1,3-H2YBDC but provides a larger spacer 

between the carboxylic acid groups by adding two benzene rings on the aromatic moiety of the 

molecule (Fig. 1.5). This new design of the ligand was chosen envisaging that the larger, more 

rigid and more hindered spacer could prevent the coordination of the propargylcarbamate chains 

to the Cu(II) ions, in order to achieve a higher porosity in the new MOF. 

 

 

Fig. 1.5: Structure of the new H2YL80 ligand. 

 In addition, this work will also cover the study of the chemical reduction of Au(III) 

performed, without the aid of electrochemical devices, by the propargylcarbamate groups on 

the surface of the previous MOF [Cu(1,3-YBDC)]⸱xH2O.   

 In parallel to these activities, this thesis will also show the studies carried on by the 

group to explore the possible application of [Cu(1,3-YBDC)]⸱xH2O as an adsorbent material 

for dyes. The adsorption of dyes is currently a topic of great interest in the field of wastewaters 
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treatments, and MOFs, thanks to their unique structures and properties, are among the materials 

that are receiving the greatest attention in said scope. 

1.3 Introduction to Metal-Organic Frameworks (MOFs) 

1.3.1 Definition 

Metal-Organic Frameworks (MOFs), also known as Porous Coordination Polymers (PCPs), are 

a class of porous, crystalline materials that derive from the assembling of multitopic organic 

ligands and metal centres (nodes).8 The organic ligands act as linkers between the nodes (which 

can consist of metal ions or metallic clusters) to yield 3D coordination structures. 

1.3.2 Brief History 

Coordination polymers became popular in 1990, when Hoskin and Robson published a paper9 

in which they suggested the existence of a “scaffolding-like” materials that could be afforded 

by linking together metal centres and rod-like connecting units. The authors had taken into 

account the fact that such polymerizing systems could lead to disordered amorphous materials 

of indefinite composition, but they also stated that the formation of highly ordered self-

assembly crystalline structures was probable enough to make some trial synthesis worthwhile. 

Since then, MOFs have become an extremely vibrant topic, with hundreds of papers published 

every year about newly discovered structures (Fig. 1.6) and applications for those materials. 

The term “MOF” was coined by Yaghi et al. in 199510 but the first review about 

coordination polymers dates back to 1964. The study of the MOFs as we know them today has 

evolved from coordination chemistry and solid state/zeolite chemistry, driven by the objective 

of creating open metal-organic extended structures of which the pores could be functionalised 

in order to perform chemistry with them.11   
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Fig. 1.6: Representative MOFs structures.6 

1.3.3 Structure and properties 

As stated in the definition, MOFs are the resulting combination of two different building units, 

respectively the organic linkers and the inorganic components, often referred to as Secondary 

Building Units (SBUs). The organic linkers are characterised by the presence of binding groups, 

such as carboxylates (by far the most common),7 phosphates, pyrazolates ecc. The SBUs consist 

of metal ions (or polynuclear clusters of metal ions), and the binding groups of the organic 

linkers. These SBUs provide directionality, and, in combination with the strong bonding 

between the constituents, endow the resulting MOFs with high mechanical, architectural, and 

chemical stability. SBUs are commonly formed in situ, thus allowing for the slow and reversible 

assembly of the overall structure, error correction, and consequently the formation of highly 

crystalline products.12 

 Seeing that the crystallinity of the MOFs is tightly related to the reversibility of the 

bonds between the linker and the metal ions/clusters, it follows that increasing the strength of 

said bonds leads to more difficulties in the crystallisation of the MOFs (Fig. 1.7). On the other 

hand, too weak metal-linker bonds may have negative consequences on the chemical and 

architectural stability of the products. This problem has been quite common until the first half 
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of the 1990s, when neutral donor linkers were used to prepare coordination network. The 

turning point was the replacement of neutral linkers with charged chelating ones. As mentioned 

earlier, the most common class of ligands consists of carboxylate-based ligands, which provide 

four advantages over neutral donors: (i) the charged carboxylates neutralize the positive charges 

of the metal nodes, thus allowing for the formation of neutral frameworks and obviating the 

need for counterions; (ii) their chelating ability provides more structural rigidity and 

directionality; (iii) they favour the formation of polynuclear clusters (SBUs) with a fixed overall 

coordination geometry and connectivity; (iv) the strong bonding between the linkers and the 

metal centres of the SBUs results in MOFs with high thermal, mechanical, and chemical 

stability.  

 

 

Fig. 1.7: Comparison of the strength of different types of interactions ranging from weak (blue and cyan, van der 

Waals forces, and hydrogen bonding), to intermediate (green, metal–donor bonds), to strong (yellow and red, 

metal-charged linker and covalent bonds, respectively). The challenge in crystallizing extended structures based 

on these interactions increases with increasing bond strength.12 

 

1.3.4 Methods of synthesis 

A crucial aspect in the study of MOFs is the variety of synthetic methods that can be used to 

obtain these materials. In most cases, the use of different methods or reaction conditions on the 

same starting materials can lead to different products.13,14  
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 The most common method, so much so that is commonly referred to as “conventional 

synthesis”, consists in carrying out the reaction by conventional electrical heating (Fig. 1.8). 

For this method, two different sub-categories can be defined: solvothermal synthesis, where the 

reaction is carried at autogenous pressure, in a closed vessel, above the boiling point of the 

solvent, and nonsolvothermal, where the reaction takes place at ambient pressure under the 

boiling point of the solvent.13 The most important parameters are the initial concentration of the 

reactants and the solvent used, which determines the range of temperature that can be used.  

 

 

Fig. 1.8: Conventional synthesis of MOFs.6 

 

 There are also many methods that fall under the category of “non-conventional 

synthesis”. Among the most common ones we find microwave-assisted synthesis (where the 

microwaves are used to heat the reaction mixtures), electrochemical synthesis (in which the 

metal ions are introduced continuously by anodic dissolution rather than being added in form 

of salts), mechanochemical synthesis (solvent-free method in which the reaction is induced by 

mechanical forces, by grinding the reactants together), sonochemical synthesis (that consists in 

inserting the reaction mixture inside an ultrasonic bath to provide the necessary energy) and 

interfacial synthesis (where the reaction takes place at the interface between two different 

solutions, one containing the metal salt and one containing the organic linker).6 

 

1.3.5 Activation of MOFs 

During the synthesis of MOFs, the presence of guest molecules (solvents, ligand excess etc…) 

trapped inside the pores is inevitable, leading to a reduction of the porosity and the surface area 

of the materials. Since permanent porosity is required for MOFs to be considered viable 



9 
 

materials,15 numerous methods have been developed to remove those guest molecules, and thus 

activate the MOFs. 

 Sometimes the removal of the guest molecules is achieved by simple heating under 

vacuum, but usually the synthesis of MOFs requires high-boiling solvents, such as N,N-

dimethylformamide (DMF) or dimethyl sulfoxide (DMSO). In those cases, thermal activation 

could cause significant capillary forces and surface tension16 which could yield fully or partially 

collapsed frameworks.16 In those cases, before applying thermal activation it is common 

practice to perform a solvent-exchange routine, by soaking the MOF in a low-boiling solvent.17 

The process of activating the MOFs by heating under vacuum is also known as “conventional 

activation”. 

 Following the logic of avoiding high surface tension and operating under milder 

conditions, the use of supercritical CO2 to activate the MOFs represents a valid alternative to 

conventional activation. The process consists in the exchanging of the solvent molecules with 

liquid CO2, below its critical temperature (31 °C) and above its critical pressure (73 bar). Then, 

the evaporation of CO2 is carried out in its supercritical state, by depressurizing the CO2 above 

its critical temperature (Fig. 1.9), which drastically minimizes the surface tension that would 

normally happen during a conventional liquid-gas transition phase.18 

Similarly to supercritical CO2 drying, another technique that avoids the liquid-gas 

transition phase is freeze drying. In this case, the initial solvent is exchanged with a high-

freezing-point solvent (e.g., benzene16) and cooled down to its freezing point. Then, the solvent 

can be removed under vacuum through sublimation, effectively avoiding the surface tension 

that would happen during liquid-gas transition phase.18 
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Fig. 1.9: Schematic phase diagram of CO2 illustrating the path for supercritical activation. By passing through the 

supercritical state the phase transition between liquid and gaseous phase can be avoided, decreasing the mechanical 

stress on the framework structure since no surface tension resulting in capillary forces is acting on the framework. 

This method is especially promising when dealing with mesoporous materials.12 

 

1.4 Applications of MOFs 

 

1.4.1 Introduction 

One of the greatest advantages of MOFs lies in the easy tunability of their properties. By 

choosing the right combination of organic ligand and metal nodes, one can synthesize MOFs to 

exhibit specific pore size and shape, stability under different conditions and peculiar surface 

functionalisation. Therefore, is not surprising that MOFs represent a versatile class of materials 

whose utility has been demonstrated in various applications (Fig 1.10) with most of them taking 

advantage of their high porosities and surface areas. As stated in this chapter at paragraph 1.2, 

for this work we are particularly interested in the use of MOFs as adsorbent materials for 

wastewater treatments, but before illustrating the topic in detail in a separated paragraph, we 

present an overview of the other most important applications. 
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1.4.2 Gas storage 

The potential use of MOFs as gas storage materials is particularly intriguing for the automotive 

sector. Gases such as methane (CH4) and hydrogen (H2) represent valid alternatives to 

traditional fossil fuels. The major drawback with those combustibles is the need to store them 

in high-pressure tanks (~250 bar for methane) and, in the case of hydrogen, at low temperatures. 

It follows that the onboard storage requires compressing and cooling systems, which is costly 

and potentially unsafe. In recent years, numerous studies have obtained interesting results in 

the storage of methane and hydrogen with MOFs, showing that the use of those materials could 

lead to high gas uptake in milder conditions in terms of pressure and temperature compared to 

traditional methods.15 For example, IRMOF-6 (Fig. 1.11) has been demonstrated to be able to 

adsorb 240 cm3/g methane at 36 atm and room temperature.19 Regarding H2 storage, Ni2(m-

dobdc) (a Ni-based MOF with a 1,4-dioxido-1,3-benzenedicarboxylate linker) is a great 

example of high-performing material with respect to the critical metrics of usable volumetric 

H2 capacity at pressures between 5 and 100 bar and near-ambient temperatures.20 

 

 

Fig. 1.10: Applications of MOFs.21 
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Fig. 1.11: Crystal structure of IRMOF-6, with formula, pore size and surface area.22 

 

 The high gas-adsorption capacity of MOFs also finds useful applications in the 

abatement of polluting gaseous emissions (such as CO2 and NH3). For example, MOF-177 has 

been showed to surpass the gravimetric CO2 capacity of numerous Zeolites and Activated 

carbons (considered to be benchmark materials) by 1.5 times.22 To enhance CO2 uptake in 

porous MOFs, the incorporation of pendant alkylamine functionalities within the pores has 

recently been pursued. This latter strategy has been proved an effective way to improve CO2 

adsorption capacity as well as to increase CO2 binding energy in porous MOFs.19 Regarding 

the NH3 capture, in 2018, Dincâ and colleagues investigated the NH3 sorption properties of two 

series of triazolate frameworks, M2Cl2BBTA (M= Co, Ni, Cu; BBTA= 1H,5H-benzo(1,2-

d),(4,5-d’)bistriazole) and M2Cl2(BTDD) (M= Mn, Co, Ni, Cu; BTDD= bis(1H-1,2,3-

triazolo[4,5-b],[4’,5’-i])dibenzo[1,4]dioxin) (Fig. 1.12).23 These MOFs contain a high density 

of open metal sites (OMSs), and several of these frameworks exhibited record static and 

dynamic NH3 capacities. Under equilibrium conditions at 1 bar, Cu2Cl2BBTA adsorbed 19.79 

mmol NH3 per g, more than twice the capacity of activated carbon.15 
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Fig. 1.12: Synthesis and structure of Co2Cl2BTDD (left) and Co2Cl2BBTA (right). C, grey; O, red; N, blue; Cl, 

green; Co, purple. Hydrogen atoms have been omitted for clarity.23 

 

 With the functionalisation of the pores surface inside MOFs, it is also possible to obtain 

adsorbent materials with high selectivity towards specific molecules, in order to perform gas 

separation via adsorption, for which the energetic demand would be significantly lower 

compared to traditional gas separation methods such as cryogenic distillation.24 For example, 

the MOF Cu6(DDCBA)3 (also known as ZJU-72), thanks to the combined effect of its open 

metal sites and the presence of immobilized –COOH groups on the pore surfaces, possesses 

high selectivity for C2H2/CH4 and CO2/CH4 separation.25   

 

1.4.3 Catalysis 

Chemical industry relies on catalytic processes. Especially for commodities, the synthetic 

processes involve in most cases heterogeneous catalysts, because they offer many advantages 

over their homogeneous counterparts such as easier separation of catalysts from reaction 

products, their applicability to continuous flow processes, and their recyclability. On the other 

hand, homogeneous catalysts possess different advantages, for examples in terms of selectivity 

and activity, but most importantly they are chemically better defined, meaning that the structure 

of the active sites is known and uniform.26 In most cases, active sites on heterogeneous catalysts 
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are not uniform, therefore the characterization at a molecular level and a rationalisation in the 

catalysts design and development are extremely difficult. The use of MOFs as heterogeneous 

catalysts or supports can help overcome this issue due to their long range ordered structure, that 

allows a precise characterization and understanding on a molecular level of the active-sites 

composition. Such property leads to a better comprehension of the structure-activity 

relationship.27 The catalytic performances of heterogeneous MOFs often do not exceed those 

of their homogeneous counterparts, however MOFs do present a few unique features that should 

be further investigated in their applications in catalysis, and which cannot be achieved by 

homogeneous catalysts or inorganic solid catalysts.  

These characteristics are:28 

• Size and shape selectivity is possible and has already been demonstrated by MOF 

catalysts due to restrictions resulting from their pore opening diameters, and therefore 

limitations regarding the accessibility of the active centres in the MOF structures.  

• The great versatility in MOFs preparation is proven by pre- and post-synthetic 

modification, which can be combined for additional tailoring of the structure. Whereas 

inorganic solid catalysts possess, most of the time, higher thermal and chemical 

stability, modification, and post-functionalization of these materials is a complex.  

• Chiral MOFs are unmatched by inorganic solid catalysts in promoting asymmetric 

transformations. The well-defined structure of the MOFs materials can aid in 

determining mechanisms and asymmetric induction pathways.  

• The possibility of creating core–shell structures of the MOF@MOF type or 

mixed/multivariant-MOFs opens pathways to new architectures allowing new features 

such as: (i) two different MOFs able to catalyse different multi-step reactions; (ii) the 

combination of incompatible catalysts in the same solid material; (iii) MOF@MOF 

materials exhibiting different size and shape selectivity, allowing easy separation of 

reagents and reaction products without further purification steps. 

 

1.4.4 Commercialisation of MOFs 

It is a quite common belief that large-scale production of MOFs would be prohibitively 

expensive, due to the need of complex materials, peculiar solvents, and reaction conditions. It 

is also often pointed out that MOFs, being composed in large percentages of organic material, 

cannot have the necessary stability (thermal, chemical or structural) for any industrial or 

commercial application.29 Both affirmations represent although a narrow and incomplete 
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comprehension of the topic. First, the stability of the MOFs depends on their structure, therefore 

it can be improved through the choice of the appropriate combination of organic linker and 

SBUs. Most importantly, the required stability of a MOF depends strictly on the application the 

material is designed for. For example, the thermal stability required to MOFs used in gas 

adsorption or gas separation is way lower than the one necessary for the MOFs used in catalysis. 

Regarding the price issues, while it is true that expensive technologies are employed in the 

synthesis, the end price is also heavily dependent on many other factors dealing with production 

scale, market value, and the specific application in question.29 

 To support this last statement, it can be brought up that from 2011 to 2019, the number 

of annual patents filing related to the field of MOFs has increased from 78 to 665 (more than 9 

times), and that around 50% of the patents come from the private sector,15 demonstrating that 

the foundations for a future large-scale commercialisation of MOFs are solid and tangible.  

 Some companies, both small start-ups and larger groups such as BASF, are already 

producing MOFs in ton scale quantities for various applications, from gas storage to battery 

materials.15,29,30 

 

1.5 MOFs as adsorbent materials for Waste waters treatment 

 

1.5.1 Introduction 

The rapid development of industrialisation and the following increase in world population of 

the last decades, along with obvious advantages, have resulted in some serious environmental 

threats, one of them being the water contamination. By direct consequence, approximately 30% 

of world population lacks access to clean water.31 Water pollution derives from the discharge 

of hazardous wastewaters into the environment without previous treatments.  

 It is no surprising that researchers have been studying cheap and efficient methods for 

wastewaters treatment for a long time. Amongst these, adsorption is one of the most commonly 

used approach due to simple operation conditions, low energy consumption and no prerequisite 

to use oxidants/reductants during the treatment process. Adsorption occurs through the uptake 

of particles, ions, molecules, or atoms (adsorbates) on the surface of the material (adsorbent).31 

In recent years, MOFs are receiving great attention in the studies of adsorbent materials for 

wastewaters treatment. Among the classes of polluting agents whose removal is being studied 

with MOFs, the most important are:32–34 

• Organic dyes: they are produced in large quantities (800000 tons per year) of which 

around 10-15% directly reaches the environment as effluent or during losses that occur 
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during drying processes. Many of the released dyes and their breakdown products are 

toxic, carcinogenic, or mutagenic to life forms. Additionally, many of them remain in 

the environment for a long period of time. They are often divided in three main 

categories (Scheme 1.1): cationic dyes (e.g., Methylene Blue [MB]), anionic dyes (e.g., 

Methyl Orange [MO]) and neutral dyes (e.g., Dimethyl Yellow [DY]). The latter 

category represents the most difficult to remove via adsorption due to the weaker 

electrostatic interactions with the surface of the adsorbent. 

 

 

Scheme 1.1: examples of the three main categories of organic dyes. 

• Pharmaceuticals and Personal Care Products: this class of pollutants is unique due to 

their ability to induce physiological effects on humans in low doses. They can be 

introduced into the environment from various sources, including sewage treatment 

plants, hospitals, runoff from agriculture and animal farming and aquaculture facilities. 

•  Herbicides and Pesticides: agricultural activities are responsible for the contamination 

of more than the 50% of polluted water sources, as consequence of the input of 

agrochemicals (herbicides and pesticides) in surface and groundwaters. This data is 

particularly worrying, because most of public environmental protection projects are 

urban-oriented, while the extra-urban areas where the agricultural activities take place. 

• Industrial compounds and by-products: industrial wastewaters contain a large variety of 

potential pollutants, the composition of which depends a lot on the specific industrial 

sector they come from (pharmaceutical, polymeric, food…). Such pollutants include, 

but are not limited to, solvents, heavy metals, plasticizers (phthalates), and food 

additives (e.g., benzoic acid). 
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1.5.2 Adsorption Mechanisms over MOFs 

Due to the infinite number of possible combinations of organic linkers and Open Metal Sites 

(OMSs) that can be found inside the structure of MOFs, it is possible to obtain materials 

with a wide range of superficial functionalities. When MOFs are used as adsorbent 

materials, these functionalities may have different kind of interactions with the adsorbate 

molecules, resulting in a variety of possible mechanisms by which the adsorption can take 

place (Fig. 1.13). The most important mechanisms are briefly illustrated in the following 

list:31 

• Electrostatic interactions: they occur between electric charges present on the surface 

of the MOF and in the adsorbate molecules. Often, the charges on the adsorbent 

surface are obtained by grafting foreign species on said surface, or by protonation 

or deprotonation of superficial functionalities led by changes in the pH of the 

aqueous solution. It is the most important adsorption mechanism for this application. 

• Acid-Base interactions: not as common as electrostatic interactions, usually they are 

obtained by grafting acidic (e.g., -SO3H) or basic groups (e.g., -NH2) over the pore 

surface. 

• Hydrogen bonds: occur between the lone pair of a highly electronegative atom and 

the hydrogen atom of a N-H, O-H or F-H bond. When they occur between the 

surface of the MOF and the adsorbate, they can improve the adsorption 

performance. 

• π -π stacking: typical mechanism for the adsorption of organic molecules. If the 

adsorbate molecule possesses a π electronic system, it can interact with OMSs or 

other π systems belonging to the MOFs surface (typically to the organic ligands, that 

often contain aromatic rings), resulting in a strong adsorption. 

• Hydrophobic interactions: some MOFs have highly hydrophobic surfaces, due to 

the presence of functionalities such as benzene rings or perfluorinated groups. Those 

surfaces can have strong interactions with non-polar pollutants, for example oils and 

molecules with long carbon chains in general. 
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Fig. 1.13: Adsorption mechanisms for organic molecules over MOFs.33 

 

1.5.3 Adsorption selectivity over MOFs 

The adsorption mechanisms that occur during the processes are obviously not determined by 

the functionalization of the adsorbent surface alone, but they depend also on the nature of the 

adsorbate molecules. It follows that, in presence of a mixture of different pollutants, it is 

possible to tune the properties of the MOF used as the adsorbent in order to selectively remove 

a single component (or class of components) of the mixture. It is noteworthy that in the 

synthesis of MOFs, it is possible to tune also the size and shape of the pores, therefore the 

selectivity can be also influenced by the different dimensions of the adsorbate molecules.35 

 

1.5.4 Alternative use of MOFs in Waste waters treatment 

Adsorption is not the only technique used in wastewaters treatments. Another possibility is to 

perform chemical treatments, specifically oxidation reactions, to decompose and remove 

organic pollutants from the water. Those methods require the use of oxidating agents, such as 

Chlorine, Chlorine Dioxide, Ozone, which can unfortunately lead to the formation of potentially 

toxic disinfecting by-products. In recent years, Advanced Oxidation Processes (often 

abbreviated as AOPs) such as photocatalysis, Fenton reactions, and sulphate radical mediated 

oxidations using MOFs have attracted attention to treat pollutants due to their simplicity and 

reproducibility. Highly reactive species (such as hydrogen peroxide [H2O2] and sulphate 

radicals [SO4
•−]) are used, in combination with MOFs, to produce radicals (OH• or SO4

•−) to 
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enhance the oxidation of organic pollutants to less toxic products.32 Additionally, the abundance 

of OMSs available and the possibility to involve organic ligands with high light-adsorption 

capacities are drawing a lot of attention towards the potential use of MOFs in photocatalytic 

removal of organic pollutants (especially dyes).21   

The catalytic activity of the MOFs can be an intrinsic characteristic of their structure, or 

can be obtained by post-synthetic modifications, for example the incorporation of homogeneous 

catalysts. In both cases, MOFs can be used for all the intents and purposes as heterogeneous 

catalysts, with all the advantages (such as easy separability, regeneration and recycle) that 

makes them attractive for large-scale operations.       

 

1.5.5 MOFs ad adsorbent materials for Dyes removal 

Among all the classes of pollutants whose removal is being studied via adsorption over MOFs, 

dyes are those which are receiving most attentions. A large number of molecules with diverse 

shapes, dimensions, and properties belong to this class, so the possibility to easily tune the pore 

shapes and size and the superficial functionalities of the MOFs represents the main strength of 

these materials for this specific application. Both the morphology of the pores and the MOF-

adsorbate interaction can play a fundamental role in the adsorption performances of MOFs. 

Obviously, high porosities and surface areas are usually preferred, but there are reported cases 

where the positive interactions between the adsorbate molecules and the surface of a MOF lead 

to high adsorption capacities despite the low surface area available. One example is the work 

of Iman et al.36 in which a Cu-based and a Co-based MOF, with BET surfaces of 118 and 124 

m2/g respectively, and no evident porosity shown during N2 adsorption experiments, showed 

experimental adsorption capacities respectively of 76.35 and 82.15 mg/g for Methylene Blue 

(MB), and of 46.12 and 48.12 mg/g for Methyl Orange (MO) (superior performances compared 

to some commercial zeolites)37. 

 Another benefit derived by the easy tunability of MOFs is the possibility to obtain 

adsorbent materials showing high selectivity for a specific dye or class of dyes. For example, 

Wu et al.38 synthesized a Cd-based MOF which showed highly selective adsorption capacity 

towards Methylene Blue (MB) even when mixed with other dyes such as Methyl Orange and 

Rhodamine B. In this case, the selectivity was attributed to the size matching between the MB 

molecules and the pores of the MOF. 

 The adsorption conditions (temperature, pH) also play important roles in the 

performances and selectivity showed by MOFs. The influence of the temperature is bonded 

with the adsorption thermality. Physical adsorption is essentially exothermic, so in most cases 
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the performances increase when the temperature decreases, as exemplified in a paper by Khan 

et al. where a Cu-based MOF was tested for the adsorption of three different dyes at various 

temperatures.39 The influence of pH is more complicated. The variations of pH can lead to the 

protonation or deprotonation of functional groups, both on the adsorbent surface and the 

adsorbate molecule, thus altering the superficial net charges and, as direct consequence, the 

electrostatic interactions.31 In some cases, variations of pH can also increase the competition 

for the adsorbent active sites by species such as H+, with the result of a decreasing in the 

adsorption performances.39 

 In order to improve the adsorption performances of MOFs, recent studies have been 

focused their attention on different preparative methods to combine MOFs with other functional 

materials to create hybrids that exhibit synergistic properties from both materials.40 Li et al. for 

example demonstrated that the removal efficiency of MB in high concentrations (36 mg/L) by 

the Cu-MOF HKUST-1 could be improved from 50% to 80% when the MOF was combined 

with Graphite Oxide (GO) to yield the hybrid material HKUST-1/GO.41 This hybrid material 

showed values of pore volumes and surface area approximately twice as high as the ones of 

simple HKUST-1, plus the hydrophobicity of GO enhanced the stabilization of the otherwise 

humidity-sensitive HKUST-1 MOF and the dispersion of the hybrid material in the aqueous 

system. Similarly, other works showed that analogue enhancements could be obtained by 

growing MOFs upon different supports such as paper (see Scheme 1.2),34 fabrics42 and 

polymers.43 

Obviously, to be considered for large-scale applications, an adsorbent material should 

show the possibility to be regenerated and reused after the first adsorption cycle. Usually the 

regeneration consists in washing the MOF with solvents such as ethanol, and drying them in 

oven before reusing them, as shown in the works of Iman et al.36 and Khan et al.39 where the 

considered MOFs maintained their original performances for at least four cycles.  
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Scheme 1.2: Example of preparation of a MOF supported on CMPF (Carboxymethl-Modified Filter Paper) for 

the removal of dyes and heavy metal ions.34 

  

1.5.6 Adsorption capacity and kinetic studies 

To evaluate the dyes adsorption performances of MOFs, it is useful to perform kinetic studies, 

where the quantity of dye removed by the MOF is measured at different times, and then the 

data are elaborated to find the best-fitting kinetic model. 

 The typical experimental procedure for kinetic study consists in immersing a previously 

weighted quantity of adsorbent material in a sample of aqueous solution with a known 

concentration of dye and putting the mixture under stirring. At given periods of time, small 

samples of the mixture are taken out, centrifuged to separate the solid material from the 

solution, and finally the concentration of the solution is measured via UV-Vis spectroscopy 

measurements.36,38,39  

 The quantity of dye removed is commonly expressed with the parameter q, also known 

as adsorption capacity. It is often indicated as qt when it is calculated at a precise time t, and as 

qe when it is calculated at equilibrium.44 The adsorption capacity at equilibrium qe is calculated 

with the following equation:36 

𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑚
𝑉     (1) 

where C0 and Ce represent the dye concentration measured at t = 0 and at equilibrium 

respectively, V is the volume of the initial solution and m is the mass of adsorbent material used. 

Clearly, qt is calculated with the same formula, using the concentration at t = t Ct instead of Ce. 

 The variation of q over time can have different trends, depending on the adsorption 

mechanisms involved. The collected data are usually plotted using different mathematical 

equations, each one corresponding to a different kinetic model, to see which one better 

represents the experimental evidence.  
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 Usually, for short contact times the dye removal occurs fast due to the availability of 

numerous unoccupied active sites on the surface of the MOF, resulting in a rapid growth of qt 

values. Commonly, the growth of qt slows down significantly after a while, due to the increasing 

saturation of the active sites.45 Obviously, the starting availability of active sites is related to 

the load of adsorbent used. The starting adsorption capacity is also connected with the initial 

concentration of dye in the solution. Increasing the starting dye concentration results in an 

increasing of the initial value of qt due to the higher solute concentration gradient,46 until the 

point in which the adsorption capacity assumes a stable value, meaning that the adsorbent has 

reached its saturation point. From this point, any further increase in the starting dye 

concentration do not modify the adsorption capacity. The minimum starting concentration 

needed to instantly get to the saturation point is a parameter that can be used to compare 

different adsorbent materials. With the same starting load, the material which requires a higher 

starting concentration to get to the saturation point is considered the best adsorbent (more active 

sites available).45  

 

1.5.7 Kinetic models for adsorption 

This section contains an overview of the most used kinetic models in the study of dye adsorption 

over MOFs, with a brief discussion of their assumptions and their mathematical equations. 

 

1.5.7.1 Pseudo Second Order (PSO) 

The PSO model corresponds to an adsorption reaction in conditions of non-equilibrium of the 

kind: 

𝐴 + 2𝑆 ⇄ 𝐴𝑆2     (2) 

where A is the adsorbate molecule and S represents an active site.47,48 This model can be 

described with the following differential equation:49 

d𝑞𝑡

d𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2     (3) 

where k2 is the second order rate constant. The differential equation can be integrated, obtaining 

the following formula:49 

𝑞𝑡 =
𝑘2𝑞𝑒

2𝑡

1+𝑘2𝑞𝑒𝑡
      (4) 

The integrated formula can be furtherly rearranged to obtain several linear equations, that can 

be useful to plot the experimental data in order to check the applicability of the PSO model. 

The most used linear form is the following:50 
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𝑡

𝑞𝑡
= (

1

𝑘2𝑞𝑒
2) + (

1

𝑞𝑒
) 𝑡     (5) 

Plotting the experimental data in terms of t/qt over time, one can see if the linear trend is fitted 

or not (the parameter R2 gives a quantitative evaluation of the suitability of the model). The 

slope and the intersection values of the obtained line allow to calculate qe and k2. 

 The PSO model is quite popular in the adsorption studies of MOFs, because it is often 

the one who fits the experimental data with higher values of R2 (see Results and Discussion). 

Nevertheless, Xiao et al. in a paper published in 201847 highlighted the fact that to correctly 

apply the PSO model, there are some conditions that have to be respected: 

• superficial adsorption is the rate-determining step; 

• the bulk concentration of dye remains constant (that is where the term “pseudo” comes 

from); 

• no desorption occurs. 

If any of those assumptions is not satisfied, the PSO model must be considered incorrect, even 

in presence of high values of the parameter R2. 

 

1.5.7.2 Pseudo First Order (PFO) 

The other commonly used model to describe the adsorption under non-equilibrium conditions 

is the PFO model,49 that can be described by the classic adsorption reaction:51 

𝐴 + 𝑆 ⇄ 𝐴𝑆      (6) 

where A is the adsorbate molecule and S represents an active site. The assumptions that must 

be made to correctly apply the model are the same seen for PSO, but the differential equation 

that describes it is different:49   

d𝑞𝑡

d𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡)     (7) 

where k1 is the first order rate constant. The differential equation can be integrated, obtaining 

the following formula: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)     (8) 

And subsequentially rearranged in the linear form: 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡    (9) 

Analogously to the PSO model, one can plot the experimental data in terms of ln(qe-qt) over 

time and use the parameter R2 to evaluate the fitting goodness of the data to the PFO model. 

 In most cases (see Results and Discussion), the comparison of R2 values seems to favour 

the PSO model over the PFO. Some recent studies although have pointed out that some of those 

results could have been influenced by some methodological biases, and so one must be careful 



24 
 

when using those data. First, one common mistake is the inclusion of data collected after the 

reaching of equilibrium, or very close to it. Those data, despite yielding satisfying R2 values, 

are not significant since they do not give information about the dynamics of the adsorption 

processes.51,52 Another issue often pointed out is that the use of linearized equations to compare 

the two models are actually not very reliable, since they compare different parameters, therefore 

the use of non-linearized equations is often encouraged.49,52 

 

1.5.7.3 Intra-Particle Diffusion (IPD) 

When the adsorbate diffusion inside the pores of the adsorbent is the rate-determining step, the 

equation that better describes this kinetic is the following:53,54  

𝑞𝑡 = 𝑘𝑑𝑡1 2⁄ + 𝐶    (10) 

where kd represents the intraparticle diffusion rate constant and C is the intercept (usually C=0). 

The linear equation allows to plot the experimental data in terms of qt over the square root of t, 

and as always, the parameter R2 represents a helpful tool to evaluate the fitting of the model. 

Sometimes, the linear equation obtained interpolating the experimental data has a non-zero 

intercept: in those cases, it means that the adsorption process may involve more than one 

mechanism.45  

 The assumption that the adsorbate intraparticle diffusion is the rate determining step is 

often true for a lot of adsorption processes that take place in batch reactors under rapid stirring.53 

This model has been found useful in the past to describe the adsorption of dyes and metal ions 

over biosorbents (for example hyacinth roots for the removal of basic dyes such as MB).55 For 

the adsorption of dyes with MOFs instead, usually the fitting is not as good as the ones from 

PSO and PFO (see Results and Discussion). 

 

1.5.7.4 Adsorption Thermodynamics: Langmuir and Freundlich isotherms 

As stated in paragraph 1.5.7.2, in conditions close to equilibrium the use of dynamic models 

such as PSO or PFO is not representative of the real adsorption mechanisms. For those 

situations, the adsorption can be modelled with many different equations, among which two of 

the most popular are Langmuir and Freundlich isotherms. Langmuir isotherm assumes that 

adsorption process is monolayer and occurs on a homogeneous surface with all the adsorption 

sites possessing identical affinities for the adsorbate.45,56 On the other hand, Freundlich 

isotherm assumes multilayer adsorption occurs on the surface of an adsorbent, suggesting non-

ideal adsorption on the heterogeneous surface.57 

 Langmuir isotherm is described by the following equation:45 
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𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑚
+

1

𝑏𝑞𝑚
    (11) 

where qm is the maximum adsorption capacity, and b is a constant value. This represents a linear 

relationship between Ce/qe and Ce, and as always, the fitting of the experimental data inside the 

equation can be evaluated with the parameter R2. 

Freundlich isotherm is described by the following equation:45 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1 𝑛⁄

     (12) 

where KF represents the Freundlich constant and 1/n is a measure of adsorption intensity or 

surface heterogeneity.57 As for the previous models, it is most often used in its linearised form: 

ln(𝑞𝑒) =
1

𝑛
ln(𝐶𝑒) + ln(𝐾𝐹)   (13) 

to study the fitting goodness of the experimental data.  
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Chapter 2 

 

2 Experimental section 

 

2.1 Materials and instrumentations 

All reagents and solvents were used as received, ultrapure water purified with the Milli-Q plus 

system (Millipore Co, resistivity over 18 MΩ cm) was used in all cases. Reagents were 

purchased from Sigma-Aldrich (analytical reagent grade). The reactions were monitored by 

thin-layer chromatography (TLC) on highly purified Silica on TLC-PET foils (with fluorescent 

indicator 254 nm, Fluka). ESI-MS analyses were performed by direct injection of methanol 

solutions using a WATERS ZQ 4000 mass spectrometer; working temperature: 80 ÷ 100 °C; 

working concentrations: ca. 10-8 g/L; Cone Voltage: 10 ÷ 30 V; working flow: 10 μL/min. The 

NMR spectra were recorded at 298 K using a Varian Gemini XL 300 (1H 300.1 MHz, 13C 75.5 

MHz) and a Varian MercuryPlus VX 400 (1H, 399.9; 13C, 100.6 MHz); spectra were referenced 

internally to residual solvent resonances and were recorded at 298 K for characterization 

purposes; full 1H and 13C NMR assignments were done using standard Varian pulse sequences. 

Spectra have been edited with the software MestReNova Version: 12.0.1-20212, 2017 

Mestrelab Research S.L. Abbreviations: s = singlet, d = doublet, t = triplet, m = multiplet, bs = 

broad singlet. ATR-FTIR analyses were performed with a Perkin Elmer Spectrum Two 

spectrophotometer, equipped with a Universal ATR accessory, in the range 4000-600 cm−1 with 

a resolution of 0.5 cm−1. Abbreviations: ν = stretching, δ = bending. Thermogravimetric 

analyses were carried out using a Perkin Elmer TGA-7. The samples (initial weight ≈10 mg) 

were heated in air in a platinum crucible at a rate of 10 °C min-1 from room temperature to 900 

°C. UV-Vis spectra were recorded with a Agilent Cary 3500 multicell spectrophotometer. The 

atomic adsorption spectroscopy (AAS) measurements were performed with a Thermo Scientific 

iCE 3300 AA01124707 spectrometer in air-acetylene flame (λ = 242.8 nm; spectral bandwidth 

= 0.5 nm). XRD was performed by a Philips X'Pert Pro instrument equipped with a fast 

X’Celerator detector, working at 40 mA and 40 kV and using Cu Kα radiation. Field emission-

scanning electron microscopy (FE-SEM) analysis was carried out by means of a Zeiss SUPRA 

40VP instrument equipped with an INCAx-act PentaFET Precision spectrometer (Oxford 

Instruments) for energy dispersive X-ray spectroscopy (EDXS) characterization. The used 

primary beam acceleration voltages were comprised between 1 kV (for imaging) and 20 kV 

(for EDXS analyses). X-ray photoelectron (XPS) studies were carried out by means of a Specs 

EnviroESCA instrument using a monochromated AlKα excitation source (hυ = 1486.6 eV), at 
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an operating pressure of ca. 10-6 mbar. Survey scans were performed with 100 eV pass energy, 

every 1.0 eV∙step-1, and for 0.1 sec∙step-1. High resolution spectra were acquired with 50 eV 

pass energy, every 0.1 eV∙step-1, and for 0.1 s∙step-1. In agreement with the literature,66 binding 

energy values (BEs; uncertainty = ± 0.2 eV) were corrected for charging assigning to the 

adventitious C 1s peak, attributed to adventitious hydrocarbons, the value of 284.8 eV. XPS 

curves were analyzed using the Specs Keystone software, applying a Shirley-type background 

substraction.67 The sensitivity factors of integrated peak areas used for atomic percentages (at. 

%) quantification were supplied by Specs. 

 

2.2 Ligand synthesis 

 

2.2.1 First approach 

 

2.2.1.1 Synthesis of prop-2-yn-1-yl (2-bromoethyl)carbamate (3) 

 

Scheme 2.1: synthesis of (3) 

A solution of 2-bromoethylamine hydrobromide (2, 9.138 g, 44.6 mmol) and NaHCO3 (11.239 

g, 133.8 mmol, 3 eq) was prepared in THF/H2O (107 mL/85 mL) and cooled to 0 °C. Propargyl 

chloroformate (1, 6.075 g, 5 mL, 1.15 eq) was added dropwise. The mixture is kept in the ice-

bath under magnetic stirring overnight. THF was then evaporated. The aqueous phase was 

extracted with ethyl acetate (3 x 20 mL). The organic layer is then washed with HCl 1 M (2 x 

10 mL) and Brine (2 x 10 mL) and dried with Mg2SO4. The solution was filtered and 

concentrated under vacuum (first at the rotary evaporator and then for 3 hours at the mechanical 

pump) under magnetic stirring to favour the evaporation of residual ethyl-acetate. The final 

product is a colourless oil (6.608 g, 32.2 mmol, 72% yield), that has been used without further 

purification and stored under Nitrogen at 4 °C. 

Rf (in Petroleum Ether/ Ethyl Ether 1:2): 0.48. 
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ESI-MS(+): (MeOH, m/z): 228 (100) [C6H8NO2Br + Na]+ 

 

Fig. 2.1: ESI-MS(+) spectrum of 3. Notice the presence of an unknown co-product at 385, with the typical Br 

pattern.  

 

1H-NMR (300 MHz, CDCl3): δ 5.24 (bs, NH3), 4.69 (d, 4J=2.4, 2H, O-CH2
4), 3.60 (m, 2H, 

NH-CH2
2), 3.46 (t, 3J=5.7, 2H, Br-CH2

1), 2.48 (t, 4J= 2.4, 1H, C≡CH5) 

 

Fig. 2.2: 1H-NMR spectrum of 3. 
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13C-NMR (75 MHz, CDCl3): δ 155.22 (Cq, C3=O), 77.94 (Cq, C5≡CH), 74.80 (C≡C6H), 

52.70 (-C4H2C≡CH), 42.77 (-C2H2NH-), 32.20 (-C1H2Br) ppm 

 

Fig. 2.3: 13C-NMR spectrum of 3. 

 

2.2.1.2 Synthesis of prop-2-yn-1-yl (2-(3,5-dibromophenoxy)ethyl)carbamate (5) 

 

Scheme 2.2: Synthesis of 5. 

A solution of crude 3 (1 g, 2.63 mmol due to the presence of ethyl acetate) and 3,5-

dibromophenol (4, 1.911 g, 7.59 mmol, 2.88 eq) was prepared in 2-butanone (90 mL). Cs2CO3 

(2.472 g, 7.59 mmol, 2.88 eq) and NaI (1.137 g, 7.59 mmol, 2.88 eq) were added. The rection 

is kept overnight at reflux temperature (80 °C) under magnetic stirring. The solution is then 

cooled at room temperature and concentrated under vacuum. The solid residual is dissolved in 

CH2Cl2 (20 mL) and NaOH 10% w/w (20 mL) and stirred for ten minutes. The organic layer 

and the aqueous layer are divided with a separating funnel. The aqueous phase is washed with 



30 
 

CH2Cl2 (3 x 10 mL), and the washings are added to the organic phase. The organic phase is 

washed with NaOH 10% w/w (3 x 10 mL), dried with Mg2SO4, filtered, and concentrated under 

vacuum. The final product is a yellow solid (1.043 g, 2.27 mmol, 86% yield). Rf (in Petroleum 

Ether/ Ethyl Ether 1:2): 0.35. 

 

1H-NMR (300 MHz; DMSO): δ =7.55 (t, 3J=5.4, NH5); 7.36 (t, 4J=1.64, 1H, Ar-H1); 7.20 (d, 

4J=1.64, 2H, Ar-H2); 4.63 (d, 4J=2.4, 2H, O-CH2
6); 4.04 (t; 3J=5.2, 2H, O-CH2

3); 3.47 (t, 4J=2.4, 

1H, C≡CH7), 3.34 (d, 3J=5.7, 2H; NH-CH2
4, partially covered by the water peak). 

 

 

Fig. 2.4: 1H-NMR spectrum of 5.  

 

13C-NMR (75 MHz; DMSO): δ = 159.95 (Cq, Ar-C4-OH), 155.46 (Cq, C7=O); 132.91 (Ar-

C1-H); 

125.79 (Ar-C2-Br); 122.82 (Ar-C3-H); 117.17 (NH-C6H2); 79.31 (Cq, C9≡CH); 77.14 

(C≡C10H); 67.11 (O-C5H2); 51.63 (O-C8H2). 
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Fig. 2.5: 13C-NMR spectrum of 5. 

 

ATR-FTIR spectra of neat 5 (cm-1): 3331 (ν NH, m), 3293 (ν ≡C-H, m), 2949 (ν C-H 

aliphatic, w), 2131 (ν -C≡C-, w), 1703 (ν -C(O)NH- carbamate, s), 1520 (δ NH, s), 1245 (ν C-

O, s). 
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Fig. 2.6: IR-ATR spectrum of 5. 

 

2.2.1.3 Attempted synthesis of 5'-(2-(((prop-2-yn-1-yloxy)carbonyl)amino)ethoxy)-

[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (H2YL80) (first approach) 

 

Scheme 2.3: Attempted synthesis of 5'-(2-(((prop-2-yn-1-yloxy)carbonyl)amino)ethoxy)-[1,1':3',1''-terphenyl]-

4,4''-dicarboxylic acid [first approach]. 

 

In a two-necked round flask, crude 5 (0.2 g, 0.53 mmol) and 4-boronobenzoic acid (6, 0.29 g, 

1.75 mmol, 3.3 eq) are dissolved in a mixture of toluene/Cyclopenthyl Methyl Ether (CPME) 

19:1 (10 mL). A solution of K2CO3 1 M (5 mL, 5 mmol, 9.4 eq) is added, then the flask 

undergoes 3 vacuum/nitrogen cycles. While fluxing nitrogen, a spatula of the catalyst 

PdCl2(PPh3)2 is added. The system is stirred at reflux temperature (110 °C) for 4 hours, keeping 

the flask wrapped in tin foil. The solution is then filtered on celite and washed with toluene (10 

mL) and water (10 ml). The solution is extracted with a mixture of Ethyl Acetate/Hexane 1:1 
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(2 x 20 mL). The aqueous and the organic phases are separated. The aqueous layer is diluted 

with water (15 mL) and then 10 mL of HCl 1 M are added. The formation of a white precipitate 

is observed. The solid is filtered and dried in the oven. The organic layer is dried with Mg2SO4, 

filtered, and concentrated under vacuum. The 1H-NMR analysis showed that the products found 

in the organic phase and in the aqueous phase are respectively the unreacted reagents 5 and 6 

(Fig. 2.5 and 2.6). 

 

1H-NMR organic phase (400 MHz, DMSO) : δ =7.55 (t, 3J=5.4, NH5); 7.36 (t, 4J=1.64, 1H, 

Ar-H1); 7.20 (d, 4J=1.64, 2H, Ar-H2); 4.89 (d, 4J=2.4, 2H, O-CH2
6); 4.04 (t; 3J=5.2, 2H, O-

CH2
3); 3.47 (t, 4J=2.4, 1H, C≡CH7 partially covered by the water peak). 

 

Fig. 2.7: 1H-NMR spectrum of the organic phase, showing the presence of reagent 5 with some impurities. 

 

1H-NMR aqueous phase (400 MHz, DMSO) : δ = 8.24 (s, 1H, OH3), 7.87 (s, 2H, Ar-H1), 

7.87 (s, 2H, Ar-H2) (the aromatic protons 1 and 2 are different but their signals fall at the 

same chemical shift). 
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Fig. 2.8: 1H-NMR spectrum of the product found in the organic phase, showing the presence of reagent 6. 

 

2.2.2 Second approach 

 

2.2.2.1 Synthesis of 3,5-Bis(4-carboxyphenyl)-1-hydroxybenzene (7) 

 

Scheme 2.4: synthesis of (8). 

In a two-necked round flask, a solution of 4 (1.8 g, 7.15 mmol) and 6 (2.373 g, 14.3 mmol, 2 

eq) is prepared in CH3CN (60 mL). A solution of K2CO3 1 M (57.2 mL, 52.7 mmol, 7.4 eq) is 

added, and the system undergoes 3 vacuum/nitrogen cycles. The catalyst PdCl2(PPh3)2 (0.1 g, 

0.143 mmol, 2% catalytic load) is added while fluxing nitrogen, then the flask is wrapped in tin 

foil, and the system is put at reflux temperature (100 °C) under magnetic stirring overnight. 

Then the solution is cooled down to room temperature, filtered on celite, washed with DI water 

(3 x 10 mL) and extracted with a mixture of Ethyl acetate/hexane 1:1 (3 x 50 mL). The organic 

layer is treated with HCl 2 M (55 mL), and the formation of a dark precipitate is observed. The 

solution is filtered and the solid is dried in the oven overnight. The final product 7 weights 

2.213 g (6.62 mmol, 92.6% yield). 
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ESI-MS(-) (MeOH, m/z): 333(100) [C20H13O5]
-. 

 

Fig. 2.9: ESI-MS(-) spectrum of 7. 

 

1H-NMR (300 MHz, DMSO): δ= 12.97 (s, 2H) 9.91 (s, 1H), 8.03 (d, 4H, 3J= 8.41 Hz), 7.85 

(d, 4H, 3J= 8.41 Hz), 7.46 (t, 1H, 4J= 1.88 Hz), 7.15 (d, 2H, 4J=1.88 Hz).   

 

Fig. 2.10: 1H-NMR spectrum of 7. 
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13C-NMR (100.6 MHz, DMSO): 167.13 (Cq; C9(O)OH); 158.56 (Cq; Ar-C4-OH); 144.26 (Cq; 

Ar-C5-Ar); 141.19 (Cq; Ar-C2-Ar); 129.93 (Cq; Ar-C8-C(O)OH); 129.82 (Ar-C6H);127.00 (Ar-

C7H);116.64 (Ar-C1H); 113.15 (Ar-C3H). 

 

Fig. 2.11: 13C-NMR spectrum of 7. 

ATR-FTIR spectra of neat 7 (cm-1): 3398 (ν O-H alcol, m), 3196 (ν O-H acid, m), 2984 (ν C-

H aliphatic, w), 1676 (ν C(O)OH, s), 1285 (ν C-O acid, s), 1181 (ν C-O alcol, s), 839 (δ C-H 

aromatic), 767 (δ C-H aromatic). 

 

Fig. 2.12: IR-ATR spectrum of 7. 
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2.2.2.2 Synthesis of dimethyl 5'-hydroxy-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (8) 

 

Scheme 2.5: synthesis of 8. 

A solution of 7 (0.779 g, 2.33 mmol) in methanol (80 mL) is prepared. Concentrated H2SO4 

(1.30 mL, 23.6 mmol, ~10 eq) is added while keeping the solution stirred. The system is stirred 

for 24 hours at reflux temperature (65 °C). The solution is then cooled down to 0 °C, and 200 

mL of DI water are slowly added. The formation of a pink-orange precipitate is observed. The 

solution is filtered and the solid is dried in the oven overnight. The final product is a pink solid 

(0.668 g, 2.06 mmol, 88% yield). 

Rf (in Petroleum Ether/ Ethyl Ether 1:2): 0.32. 

 

ESI-MS(-) (MeOH, m/z): 361(100) [C22H17O5]
-. 

 

Fig. 2.13: ESI-MS(-) spectrum of 8. 
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1H-NMR (300 MHz, DMSO): δ= 9.92 (s, 1 H, -OH6); 8.03 (d, 3J=9.00, 4H; Ar-H2); 7.89 (d, 

3J=9.00, 4H; Ar-H3); 7.48 (t, 4J=1.50, 1H; Ar-H4); 7.16 (d; 4J=1.50, 2H; Ar-H5); 3.88 (s; 6H; 

O-CH3
1). 

 
Fig. 2.14: 1H-NMR spectrum of 8.  

 

 
13C-NMR (DMSO, 100.6 MHz): δ= 166.51 (Cq; C9(O)OH); 158.98 (Cq; Ar-C4-OH); 144.54 

(Cq; Ar-C5-Ar); 140.02 (Cq; Ar-C2-Ar); 130.23 (Cq; Ar-C8-C(O)OCH3); 129.10 (Ar-C6H); 

127.60 (Ar-C7H); 117.15 (Ar-C1H); 114.31 (Ar-C3H); 52.62 (O-C10H3). 

 

Fig. 2.15: 13C-NMR spectrum of 8.  
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ATR-FTIR spectra of neat 8 (cm-1): 3361 (ν O-H alcol, m), 1696 (ν C(O)OH, s), 1276 (ν C-

O acid, s), 1192 (ν C-O alcol, s), 845 (δ C-H aromatic), 766 (δ C-H aromatic). 

 

Fig. 2.16: IR-ATR spectrum of 8. 

2.2.2.3 Synthesis of dimethyl 5'-(2-(((prop-2-yn-1-yloxy)carbonyl)amino)ethoxy)-

[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (9) 

 

Scheme 2.6: synthesis of (10). 

 

A solution of 8 (1.208 g, 3.3 mmol, 1.5 eq) and 3 0.451 g, 2.2 mmol) in 2-butanone (30 mL) is 

treated with Cs2CO3 (1.075 g, 3.3 mmol, 1.5 eq) and NaI (0.494 g, 3.3 mmol, 1.5 eq). The 

solution is stirred at reflux temperature (80 °C) for 24 hours. The solution is then cooled down 

at room temperature, concentrated in vacuum and diluted with CH2Cl2 (25 mL) and NaOH 10% 

w/w (25 mL). With a separating funnel the aqueous layer and the organic layer are divided. The 

aqueous layer is washed with CH2Cl2 (3 x 20 mL) and the washings are added to the organic 

phase. The organic layer is washed with NaOH 10% w/w (3 x 20 mL), then dried with Mg2SO4, 
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filtered, and dried under vacuum overnight. The final product is a light-brown sticky solid (0.86 

g, 1.76 mmol, 80% yield). Rf (in Petroleum Ether/ Ethyl Ether 1:2): 0.32. 

 

ESI-MS(-) (MeOH, m/z): 510 (100) [C28H25NO7+Na]+. 

 
Fig. 2.17: ESI-MS(+) spectrum of 9. 
 

1H-NMR (300 MHz, DMSO): δ= 8.04 (d, 3J=8.55, 4H; Ar-H4);7.93 (d, 3J=8.55, 4H; Ar-H3); 

7.63 (t, 4J=1.50, 1H; Ar-H1); 7.32 (d; 4J=1.50, 2H; Ar-H2); 4.62 (d; 4J=2.4; 2H; O-CH2
9); 4.16 

(t; 3J=5.4, 2H; O-CH2
6); 3.89 (s; 6H; O-CH3

5) 3.46 (t, 4J=2.4; 1H, C≡CH10); 3.42 (t, 3J=5.4, 

2H; NH-CH2
7) 
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Fig. 2.18: 1H-NMR spectrum of 9. 

 
13C-NMR (DMSO, 100.6 MHz): δ= 166.49 (Cq; C9(O)OCH3); 159.93 (Cq; Ar-C4-OCH2); 

155.94 (Cq; NH-C13(O)O); 144.57 (Cq; Ar-C5-Ar); 141.51 (Cq; Ar-C3-Ar); 130.32 (Cq; Ar-C6-

C(O)OCH3); 129.22 (Ar-C8H); 127.80 (Ar-C7H); 118.31 (Ar-C1H); 113.67 (Ar-C2H); 79.77 (-

CH2-C15≡CH); 77.58 (-C≡C16H); 67.15 (-O-C11H2-); 52.63 (-O-C14H2-); 52.05 (-O-C10H3); 

 

Fig. 2.19: 13C-NMR spectrum of 9.  
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ATR-FTIR spectra of neat (10) (cm-1): 3298 (ν ≡C-H), 2958 (ν C-H aliphatic, w), 2130 (ν 

C≡C), 1713 (ν C(O)OCH3, s), 1606 (ν C=O, s), 1535 (ν N-H, s), 1281(ν -C(O)O-), 808 (δ 

bending), 767 (δ bending). 

 

Fig. 2.20: IR-ATR spectrum of 9. 

 

2.2.2.4 Synthesis of 5'-(2-(((prop-2-yn-1-yloxy)carbonyl)amino)ethoxy)-[1,1':3',1''-

terphenyl]-4,4''-dicarboxylic acid (10, H2YL80)  

 

Scheme 2.7: synthesis of 10. 

A solution of 9 (0.82 g, 1.68 mmol) is prepared using a mixture of Methanol/THF 1:1 (20 mL). 

The system is put under magnetic stirring, and a solution of LiOH 2 M is added (4.2 mL, 8.4 

mmol, 5 eq). The solution is stirred overnight at room temperature, then is concentrated under 

vacuum, and diluted with DI water (10 mL). The system is then treated with HCl 1 M (15 x 1 

mL) and the formation of a white precipitate is observed. The solution is filtered and the solid 
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is washed with DI water (50 mL) and dried in the oven overnight. The resulting product is a 

white solid (0.588 g, 1,28 mmol, 76% yield). Rf (in Petroleum Ether/ Ethyl Ether 1:2): 0.15. 

 

ESI-MS(-) (MeOH, m/z): 482 (100) [C26H21NO7 + Na]+. 

 

Fig. 2.21: ESI-MS(+) spectrum of (7). 

 

1H-NMR (300 MHz, DMSO): δ= 8.02 (d, 3J=8.55, 4H; Ar-H4); 7.92 (d, 3J=8.55, 4H; Ar-H3); 

7.62 (t, 4J=1.50, 1H; Ar-H1); 7.31 (d; 4J=1.50, 2H; Ar-H2); 4.62 (d; 4J=2.4; 2H; O-CH2
9); 4.18 

(t; 3J=5.4, 2H; O-CH2
6); 3.48 (t, 4J=2.4; 1H, C≡CH10); 3.42 (t, 3J=5.4, 2H; NH-CH2

7). 
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Fig. 2.22: 1H-NMR spectrum of 10 in DMSO. 

 

1H-NMR (300 MHz, MeOH): δ=8.10 (d, 3J=7.80, 4H; Ar-H4); 7.82 (d, 3J=7.80, 4H; Ar-H3); 

7.55 (t, 4J=1.45, 1H; Ar-H1); 7.28 (d; 4J=1.50, 2H; Ar-H2); 4.67 (d; 4J=2.4; 2H; O-CH2
9); 4.20 

(t; 3J=5.4, 2H; O-CH2
6); 3.57 (t, 3J=5.4, 2H; NH-CH2

7) 2.86 (t, 4J=2.4; 1H, C≡CH10). 

 

Fig. 2.23: 1H-NMR spectrum of 10 in MeOH. 
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13C-NMR (DMSO, 100.6 MHz) δ: 167.16 (Cq, C9(O)OH); 159.48 (Cq; Ar-C4-OCH2); 155.51 

(Cq; NH-C12(O)O); 143.36 (Cq; Ar-C5-Ar); 141.27 (Cq; Ar-C2-Ar); 129.88 (Cq; Ar-C8-

C(O)OCH3); 127.20 (Ar-C6H); 122.83 (Ar-C7H); 118.37 (Ar-C1H); 113.09 (Ar-C3H); 79.35 (-

CH2-C14≡CH); 77.14 (-C≡C15H). 

 

Fig. 2.24: 13C-NMR spectrum of 10.  

 

ATR-FTIR spectra of neat 10 (cm-1): 3294 (ν O-H), 2960 (ν C-H aliphatic, w), 1687 (ν 

C(O)OCH3, s), 1606 (ν C=O, s), 1528 (ν N-H, s), 1292 (ν -C(O)O-), 768 (δ bending). 

 

 

Fig. 2.25: ATR-IR spectrum of 10. 
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2.3 Crystallisation of H2YL80 

H2YL80 (0.414 g, 0.9 mmol) is put in 20 mL of ethanol. At room temperature it appears mostly 

insoluble in this solvent. The solvent is heated to its boiling point (78 °C) and most of H2YL80 

dissolves. After 5 minutes, the solution is cooled down to 0 °C and the flask is left in an ice 

bath for 30 minutes. No precipitation is observed, so the solution is put at -18 °C overnight. The 

following day, seeing that no precipitate has still formed, the flask is put again in the ice bath 

and DI water (4 x 10 mL) is added, causing the formation of a white precipitate. The precipitate 

is filtered and washed with DI water. Keeping the mother solution in the ice bath, additional DI 

water (4 x 10 mL) is added, and further precipitation of a white solid is observed. This new 

precipitated is also filtered and washed with DI water. The process is repeated two other times, 

with the additional precaution of filtering the boiling ethanol solution to remove the insoluble 

residuals.    

 

2.4 Synthesis of the new Cu-MOF 

 

2.4.1 Synthesis in 2-propanol (MC35) 

A solution of H2YL80 (0.176 g, 0.390 mmol) and Cu(NO3)2⸱2.5H2O (0.163 g, 0.701 mmol, 1.8 

eq) is prepared in 2-propanol (15 mL). The reaction is carried at reflux temperature (85 °C), 

under magnetic stirring (300 rpm). The formation of a light-green solid is observed soon at the 

beginning of the reaction. After 24 h the reaction is cooled at room temperature, and the product 

is filtered and washed with 2-propanol (Fig 2.26). The product is dried in the oven overnight. 

The final product is a light green solid, weighting 0.143 g. Assuming that Cu atoms and the 

ligand are present in 1:1 stoichiometric rate, we can calculate a 70% yield for the reaction. 

 

Fig. 2.26: The product of the MOF synthesis in 2-propanol after the washing with 2-propanol. 
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2.4.2 Synthesis in DMF/H2O 3:1 (MC46) 

A solution of H2YL80 (0.057 g, 0.125 mmol) and Cu(NO3)2⸱2.5H2O (0.058 g, 0.250 mmol, 2 

eq) is prepared in DMF/H2O 3:1 (8 mL) in a closed vial. The solution was heated at 50 °C 

without stirring for a total of 168 h (1 week). After the first 24 h a green-blue solid starts 

appearing at the interface of the solution. After 48 h on the bottom of the vial a white solid starts 

forming, while the presence of the green-blue solid increases. At the end of the 168 h the 

solution is cooled down to room temperature and the product (Fig. 2.27) is filtered, washed with 

H2O, and dried in the oven overnight. The final product is a light green solid, mixed with traces 

of the white solid. The total weight is 0.030 g. Assuming that Cu atoms and the ligand are 

present in 1:1 stoichiometric rate, we can calculate a 46% yield for the reaction. 

 

Fig. 2.27: Synthesis in DMF/H2O 3:1 of the new Cu-MOF, after 168 hours, before the work-up. 

 

2.4.3 Synthesis in DMF/H2O 4:1 under inert atmosphere (MC51) 

A solution of H2YL80 (0.057 g, 0.125 mmol) and Cu(NO3)2⸱2.5H2O (0.058 g, 0.250 mmol, 2 

eq) is prepared in DMF/H2O 4:1 (8 mL) in a closed vial previously put under N2 atmosphere. 

The solution is put under magnetic stirring for 10 minutes until the ligand is completely 

dissolved. The solution is then heated at 50 °C without stirring for a total of 168 h (1 week). 

After 24 h the formation of a green solid in small quantities at the interface of the solution is 

observed. After 48 h the green solid starts growing also on the walls and the bottom of the vial. 

Neither the formation of white solid nor brown oxides is observed during the whole time (Fig. 

2.28). After 168 h, the reaction is cooled down at room temperature. The product is put in a 

Petri capsule, and the solvent is removed by decantation using a Pasteur pipette. The product is 

washed with DI water directly in the capsule and the washings are removed by decantation 

using a Pasteur pipette (filtration was avoided to minimise the material loss). The final product 

(Fig. 2.29) is dried in the oven overnight. The final product is a green solid, weighting 0.046 g. 

Assuming that Cu atoms and the ligand are present in 1:1 stoichiometric rate, we can calculate 

a 70% yield for the reaction. 
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Fig. 2.28: Synthesis in DMF/H2O 4:1 of the new Cu-MOF after 168 hours, before the work-up. 

 

 

Fig. 2.29: The product of MC51 after the washings in the Petri capsule. 

 

2.4.4 Synthesis in DMF/H2O/2-propanol 2:1:1 under inert atmosphere (MC52) 

A solution of H2YL80 (0.057 g, 0.125 mmol) and Cu(NO3)2⸱2.5H2O (0.058 g, 0.250 mmol, 2 

eq) is prepared in DMF/H2O/2-propanol 2:1:1 (8 mL) in a closed vial previously put under N2 

atmosphere. The solution is put under magnetic stirring for 10 min until the ligand is completely 

dissolved. The solution is then heated at 50 °C without stirring for a total of 168 h (1 week). 

After 48 h on the bottom of the vial begins the formation of a green solid, whose quantity 

increases slowly during the following days (Fig. 2.30). After 168 h the reaction is cooled down 
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to room temperature. The product is put in a Petri capsule, and the solvent is removed by 

decantation using a Pasteur pipette. The product is washed with DI water directly in the capsule 

and the washings are removed by decantation using a Pasteur pipette (filtration was avoided to 

minimise the material loss). The final product (Fig. 2.31) is dried in the oven overnight. The 

final product is a green solid, weighting 0.040 g. Assuming that Cu atoms and the ligand are 

present in 1:1 stoichiometric rate, we can calculate a 61% yield for the reaction. 

 

Fig. 2.30: Synthesis in DMF/H2O/2-propanol 2:1:1 of the new Cu-MOF after 168 h, before the work-up. Notice 

that the solid is almost all deposited on the bottom of the vial, while in MC51 it also grew on the walls and at the 

interface of the solution. 

 

 

Fig. 2.31: The product of MC52 after the washings in the Petri capsule. 
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2.4.5 Synthesis in DMF/H2O 4:1 under inert atmosphere at reduced ligand concentration 

(MC53) 

A solution of H2YL80 (0.057 g, 0.125 mmol) and Cu(NO3)2⸱2.5H2O (0.058 g, 0.250 mmol, 2 

eq) is prepared in DMF/H2O 4:1 (16 mL) in a closed vial previously put under N2 atmosphere. 

The solution is heated at 50 °C without stirring for a total of 168 h. After 24 h no formation of 

solid is observed. After 96 h the formation of a turquoise-green solid at the interface of the 

solution is observed, with the precipitation of the heavier crystals to the bottom of the vial (Fig. 

2.32). 

 

Fig. 2.32: Formation of solid during the synthesis of the new Cu-MOF in DMF/H2O 4:1 under inert atmosphere 

at reduced ligand concentration after 96 h.    

 After 168 h the reaction is cooled down to room temperature and the solvents are 

separated through decantation. The solid product is washed with DI water (3 x 20 mL). The 

washings are separated through decantation, and the washings result do be turbid due to the 

presence of traces of white solid, maybe containing part of the unreacted ligand. The product is 

then washed with ethanol (20 mL), and this time the washings appear to be clear. The washings 

are removed through decantation and the resulting solid is dried in the oven for 24 hours. The 

final product is a green solid, weighting 0.023 g. Assuming that Cu atoms and the ligand are 

present in 1:1 stoichiometric rate, we can calculate a 35% yield for the reaction. 

 

2.5 Reactivity of [Cu(1,3-YBDC)]·xH2O towards HAuCl4  

 

2.5.1 MeOH, 65 °C, 10 wt% wAu/wMOF  

To a suspension of [Cu(1,3-YBDC)]·xH2O (0.250 g) in MeOH (120 mL), HAuCl4x3H2O 

(0.050 g, 0.127 mmol) was added. The reaction mixture was stirred for 1 h at r.t. and the solid 
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successively was separated from the supernatant by centrifugation at 5400 rpm for 15 min. 

After three cycles of washings with MeOH (3x20 mL) and centrifugations the product was 

divided in two parts: one half was placed in MeOH (30 mL) at 65 °C for 1 h under stirring 

(FG130a). The second half was placed in MeOH (30 mL) at 65 °C for 24 h under stirring 

(FG130b). After that, the solid was again separated by centrifugation and washed with MeOH.  

 

2.5.2 Butanol, 118 °C, 10 wt% wAu/wMOF  

To a suspension of [Cu(1,3-YBDC)]·xH2O (0.250 g) in MeOH (120 mL), HAuCl4x3H2O 

(0.050 g, 0.127 mmol) was added. The reaction mixture was stirred for 1 h at r.t. and the solid 

successively was separated from the supernatant by centrifugation at 5400 rpm for 15 min. 

After three cycles of washings with MeOH (3x20 mL) and centrifugations the product was 

divided in two parts: one half was placed in butanol (30 mL) at 118 °C for 1 h under stirring 

(FG131a). The second half was placed in butanol (30 mL) at 118 °C for 24 h under stirring 

(FG131b). After that, the solid was again separated by centrifugation and washed with MeOH.  

 

2.6 Determination of Au percentage in the Cu-[YBDC]/Au MOF used for MB adsorption 

through AAS 

The instrument is calibrated using standard solutions at different concentrations (0.1, 0.2, 0.3, 

0.5, 1, 2, 3, 4 and 6 ppm) obtained by dilution of a mother solution of Au 110 ppm in HCl 0.5 

M. The Absorbance/Concentration relationship obtained is described by the following linear 

equation (Fig. 2.33): 

𝑌 = 0.03115𝑋 + 0.0045 (14) 

with R2=0.9912 (the points at concentration of 1 and 3 ppm were discarded because they were 

too scattered). 

 

Fig. 2.33: Calibration curve for the AAS measurements. 
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 The MOF sample is prepared by weighting 10.2 mg of Cu-[YBDC]/Au MOF in a 25 

mL matrass. The sample is dissolved in hot aqua regia, added dropwise until the solid is 

completely dissolved, then the matrass is taken to volume with HCl 0.5 M. The absorbance 

solution is measured, and the resulting value is 0.113, corresponding to a concentration of 3.48 

ppm. Considering the volume of the sample, we can calculate that the mass of Au present in the 

solution is 0.087 mg, corresponding to a percentage of Au in the Cu-[YBDC]/Au MOF sample 

of 0.85%.    

 

2.7 Adsorption kinetics of Methylene Blue (MB) over [Cu(1,3-YBDC)]·xH2O  

All the experiments were carried by following the same general set-up: 

• 150 mL of a standard solution of MB are put in a flask under magnetic stirring; 

• A weighted quantity of the MOF is added to the solution. At the same time, a 

chronometer is started; 

• At fixed time intervals, a 4 mL sample of the suspension is taken, and put under 

centrifugation at 6000 rpm for 5 min, to separate the MOF from the solution; 

• The supernatant is taken, and its absorbance is measured at the UV-Vis 

spectrophotometer (scan range: 800-320 nm, absorbance peak for MB at 664 nm). In 

some cases, if the predicted concentration of the sample is too high (outside the interval 

of linearity for the Absorbance/Concentration relationship), a 1000 μL sample is taken 

with a micropipette, put in a 10 mL matrass and make up to mark (1:10 dilution). 

Most of the experiments were carried by using 50 mg of [Cu(1,3-YBDC)]·xH2O and varying 

the initial concentration of MB in the standard solution (4 ppm, 20 ppm and 40 ppm). One 

additional experiment was carried adding 100 mg of [Cu(1,3-YBDC)]·xH2O to a 40 ppm 

solution of MB. Another experiment was performed by adding 50 mg of [Cu(1,3-

YBDC)]·xH2O/Au (0.85% of Au, measured with AAS, see chapter 2.6) to a 40 ppm solution 

of MB, to see if the presence of gold nanoparticles on the adsorbent material could influence 

the adsorption. All the experiments were performed at room temperature and pressure. The 

conditions employed in each experiment are reported in table 2.1. 
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Table 2.1: Conditions employed for the experimental determination of the adsorption kinetics 

of MB over [Cu(1,3-YBDC)]·xH2O. 

 MOF type MOF quantity MB starting concentration 

A) [Cu(1,3-YBDC)]·xH2O 50 mg 4 ppm 

B) [Cu(1,3-YBDC)]·xH2O 50 mg 20 ppm 

C) [Cu(1,3-YBDC)]·xH2O 50 mg 40 ppm 

D) [Cu(1,3-YBDC)]·xH2O/Au 50 mg 40 ppm 

E) [Cu(1,3-YBDC)]·xH2O 100 mg 40 ppm 

All the experiments were performed at room temperature and atmospheric pressure, under 

constant magnetic stirring. The volume of the starting MB solution was 150 mL. 
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Chapter 3 

3 Results and discussion 

In this chapter, the synthesis of a new carboxylate-based ligand with a propargyl-carbamate 

group and of the corresponding Cu-based MOF is described.  

 

3.1 New ligand synthesis 

 

3.1.1 First synthetic approach 

The first synthetic path proposed for the synthesis of the new ligand H2YL80 is illustrated in 

Scheme 3.1. It is a three-step synthesis. The first step consists in the condensation of 

commercially available propargyl-chloroformate (1) and bromoethylamine (2), yielding the 

carbamate (3). The second step is the substitution of the Br atom of (3) with the oxygen atom 

of commercially available 3,5-dibromophenol (4) to obtain the substituted carbamate (5). The 

final step involves a Suzuki reaction between the substrate (5) and two equivalents of 4-

boronobenzoic acid (6), to obtain the new ligand (10). 

The first step was already used in the synthesis of H2YBDC,5 so the procedure was 

already mostly optimized. The only additional precautions that were taken were to stir the 

mixture during the final concentration under high vacuum (10-2 mmHg), to favour the 

evaporation of ethyl acetate, and to put the store the product under nitrogen at 4 °C. 

 The second step did not present any particular issue; Cs2CO3 was used to deprotonate 

the -OH group on the 3,5-dibromophenol in order to make it more reactive towards electrophile 

groups. NaI was used to exchange the bromide on the carbamate with a iodide, which makes a 

better leaving group. 

 The third step, unfortunately, represented an insurmountable obstacle to the success of 

this synthetic route. The main issue is the difference in the solubility of the two reagents 

involved in this step. To overcome this problem, numerous expedients were used, such as 

employing different mixtures of solvents (water/toluene, water/acetonitrile…) and the use of 

additives like CPME to favour the passage of the hydro-soluble boronic acid from the aqueous 

phase to the organic phase. Despite several attempts under different reaction conditions (an 

example is reported in the § 2.2.1.3), in most cases the reagents remained segregated in separate 

layers and did not come in contact with each other. In addition to that, we suspect that the 

carbamate group present in 5 could have some undesired interaction with the Pd(II) catalyst 

used for the Suzuki reaction, in particular due to the presence of the terminal alkyne group.68,69  
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Scheme 3.1: First synthetic route proposed for the new ligand H2YL80 synthesis. Reagents and conditions: a) 

NaHCO3 3 eq, THF/H2O 1.25:1, overnight; b) Cs2CO3 1.5 eq, NaI 1.5 eq, 2-butanone, 80 °C, overnight; c) K2CO3 

1 M 9.4 eq, Toluene/CPME 19:1, cat. PdCl2(PPh3)2, 110 °C, 4 hours.  

 

3.1.2 Second synthetic approach 

The second proposed synthetic path for the new ligand synthesis is reported in Scheme 3.2. In 

this new approach the Suzuki reaction is performed on the unsubstituted 3,5-dibromophenol, 

and the propargyl-carbamate is added subsequently. This method brings two main benefits. 

First, it removes the possible interference with the Pd(II) catalyst by the pendant alkyne of the 

carbamate during the Suzuki reaction. Second, the aromatic rings that undergo the coupling 

reaction are much more similar to each other compared to the ones involved in the Suzuki 

reaction of the first approach, therefore their solubility is also similar, and it is easier for the 

reagents to come into contact. 

 Nevertheless, also this route also presents a drawback. In fact, due to the presence of the 

carboxylic acid groups on the diacid (7), the nucleophilic substitution reaction on the bromo-

propargyl-carbamate (3) cannot be performed without having the carboxylic -OH groups to 

compete with the phenolic -OH group. Considering that carboxylic acid usually possess a pKa 

of ~5 and phenols have a pKa of ~10, the acid groups are actually favoured as nucleophiles for 

the substitution. Therefore, this process requires two additional steps (protection of the 
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carboxylic acid groups via esterification, and the following deprotection by basic hydrolysis) 

in order to successfully yield the desired product.  

 

Scheme 3.2: Second synthetic route proposed for the new ligand H2YL80 synthesis. Reagents and conditions: d) 

K2CO3 1 M 7.4 eq, PdCl2(PPh3)2 0.02 eq, CH3CN, 100 °C, overnight; e) MeOH, H2SO4 conc. 10 eq, 65 °C, 24 

hours; f) Cs2CO3 1.5 eq, NaI 1.5 eq, 2-butanone, 80 °C, 24 hours; g) LiOH 2 M 5 eq, MeOH/THF 1:1, r.t., 

overnight. 
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 For the first step we modified a procedure taken from the literature.70
 The original 

procedure used a 10% catalytic load and a reaction time of 48 hours. After numerous tries we 

managed to optimise the process, using a 2% catalytic load (smaller catalytic loads result in 

lower yields) and carrying the reaction overnight.  

From the same literary source, we also took the procedure for the second step. In this 

case, there was no need to further modify the process.  

For the third step we based our procedure on the analogue substitution reaction that was 

used for the synthesis of the ligand H2YBDC.5 It required numerous attempts to find the optimal 

reaction conditions to give the desired product in satisfying yields. Each time, we modified 

some of the following parameters: 

• Solvent: different solvents were tried (DMF, 2-butanone, 2-pentanone). We carried 

each reaction in reflux conditions, so the different boiling points of the solvent 

influenced the temperature the reactions were carried at.  

• Carbamate/diester ratio: the unreacted carbamate is quite difficult to remove during 

the work-up, so we opted for the use of an excess of diester. Seeing that the diester is 

obtained through an expensive procedure, we tried to use the minimum possible 

excess. The optimal carbamate/diester millimolar ratio was found to be 1:1.5.  

• Inorganic salts: as for the second step of the first synthetic approach (see chapter 

3.1.1) we used Cs2CO3 to deprotonate the phenolic -OH in the diester and NaI to 

exchange the Br atom of the carbamate with a I atom, which is a better leaving group. 

The presence of those salts although requires numerous aqueous washings during the 

work-up, so we tried to use the smaller possible quantity of those reagents. For the 

definitive procedure we opted for 1.5 equivalents of each salt. 

For the final step (base-catalysed hydrolysis), the critical parameter we had to determine 

was the reaction time. The main issue is that if the reaction is carried on for too long, the 

carbamate chain hydrolyses as well as the ester groups, and part of the desired product is 

converted in 5'-(2-aminoethoxy)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid via the hydrolysis 

of the N-C(O) bond in the carbamate chain resulting in a pendant amine group (Fig. 3.1).  
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Fig. 3.1: structure of 5'-(2-aminoethoxy)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid.  

 

Indeed, if the reaction is carried for 24 h, after the work-up we found that the aqueous 

washings contained both the desired product and the amine product. This is particular evident 

from the 1H-NMR spectra (Fig. 3.2), where is clearly visible the presence of two distinct sets 

of signals in the aromatic phase. The nature of the by-product is confirmed by the ESI-MR 

spectrum (Fig. 3.3) where we observe the presence of a signal at 378 m/z corresponding to the 

mass of 5'-(2-aminoethoxy)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid. We found that the 

optimal reaction time to obtain a satisfying yield and to keep the amine formation at minimum 

was around 12 hours (generally the reaction was carried overnight). 

 

Fig. 3.2: 1H-NMR spectra of the organic phase (top) and the aqueous phase (bottom) after the work-up of the final 

step carried for 24 hours. The zoom on the aromatic zone of the spectrum shows that in the aqueous phase there 

are two distinct sets of signals, belonging to the desired product and the amine product. 

7.157.207.257.307.357.407.457.507.557.607.657.707.757.807.857.907.958.008.058.108.158.20

f1 (ppm)

1

2

MC25_Step4_org_10_05_2021_MeOH

Standard Proton Prameters - i300@fci.unibo.it

MC25_Step4_acq_10_05_2021_MeOH

Standard Proton Prameters - i300@fci.unibo.it



59 
 

 

Fig. 3.3: ESI-MS(+) of the aqueous phase (bottom) after the work-up of the final step carried for 24 hours. Both 

the signal of the desired product (482 m/z, C26 H21NO7Na+) and the amine product (378 m/z, C22 H20 NO6
+). 

 

 The TGA analysis of the ligand (Fig. 3.4) shows four weight losses. The first three are 

attributed to the decomposition of the propargyl-carbamate groups (obs. 32.45% 

(7.322+12.077+13.051), calc. for C6H8NO3, mw 142,13 g mol-1
, 30.94%). At 800 °C there is a 

5% residual, probably consisting in LiCl from the last reaction step.  

 

 

1st loss (%) 2nd loss (%) 3rd loss (%) 4th loss (%) Residual 800°C (%) 

7.3 12.1 13.1 61.8 5.0 

Fig. 3.4: TGA curve (continuous red line) and first derivative (dashed line) of the weight loss of H2YL80. 
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 The presence of LiCl in the ligand could lead to the formation of Cu(OH)2 and/or CuCl2 

during the synthesis of the new MOF, therefore we tried to purify the ligand through 

crystallisation (see chapter 2.3 for the procedure). In Table 3.1 we reported the yields for every 

crystallisation cycle and the solid residual at 800 °C checked with TGA analysis.  

 

Table 3.1: Yields (%) and inorganic residual at 800 °C of the purified H2L80 

Crystallisation Yield (%) Residual at 800 °C (%) 

1st 84 4.3 

2nd  22 3.9 

 

The results show that the first crystallisation, although having high yields, only reduces 

the inorganic residuals of 0.7 percentage points (Fig. 3.5). Considering that the instrument 

uncertainty is about 1% it is a negligible result.  

 

1st loss (%) 2nd loss (%) Residual 800°C (%) 

36.2 58.88 4.4 

Fig. 3.5: TGA curve (continuous red line) and first derivative (dashed line) of the weight loss of H2YL80 after the 

first crystallisation. 

The second crystallisation gives slightly better results in terms of inorganic residual at 

800 °C, reducing it at 3.9% (Fig. 3.6), but the yield is decreased by almost four times (22%).  
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1st loss (%) 2nd loss (%) Residual 800°C (%) 

34.0 61.31 3.0 

Fig. 3.6: TGA curve (continuous red line) and first derivative (dashed line) of the weight loss of H2YL80 after the 

second crystallisation. 

 

Those results brought to the conclusion that, seeing the long and complex process 

needed to synthesise H2YL80, the material loss caused by the purification process is too high 

compared to the small removal of inorganic impurities. Therefore, for the synthesis of the new 

MOF, the ligand was used without any purification. 

 

3.2 New Cu-MOF Synthesis 

The new organic ligand H2YL80 was used to attempt the synthesis of a new Cu-based MOF. 

As for the synthesis of [Cu(1,3-YBDC)]⸱xH2O, the copper salt the organic ligand is reacted 

with  Cu(NO3)2⸱2.5H2O. Ideally, this new MOF should be structurally similar to [Cu(1,3-

YBDC)]⸱xH2O, but hopefully, the larger organic moiety of the organic ligand will prevent the 

extra coordination of the carbonylic oxygen of the propargyl-carbamate chain to the apical 

positions of the paddlewheel unit (see chapter 1.1). The characterisation of MOFs is typically 

accomplished through X-ray spectroscopy techniques. In order to successfully perform those 

measurements, it is necessary to obtain the material in a crystalline form. It follows that the 

reaction conditions have to be carefully chosen, so we attempted numerous synthesis processes, 

each modifying different reaction parameters (Metal:Ligand ratio, reagents concentration, 

solvents, temperature, stirring, atmosphere, reaction time). In table 3.2 are reported the reaction 

conditions used in the different attempts.  
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Table 3.2: Reaction conditions for the different attempts for the new MOF synthesis. 

Reaction 

M:L; 

Ligand 

concentration 

DMF:H2O: 

2-propanol 
T/°C Stirring Atm. 

Time 

/h 
Results 

MC35 

1.8:1 

0.026 M 

 

0:0:1 85 Yes Air 24 
Amorphous solid (green). 

70% yield. 

MC44 
2:1 

0.016 M 
3:1:0 80 Yes Air 24 

Amorphous solid (green), 

presence of Cu-oxides. 

78.4% yield. 

MC45 
2:1 

0.016 M 
3:1:0 

r.t 

(starting) 

50 (after 

24 h) 

Yes Air 48 

At r.t the reaction does 

not happen, so the 

temperature is increased 

after 24 hours. The final 

product is an amorphous 

green solid; when washed 

with water the 

precipitation of a white 

inorganic residue is 

observed (contains traces 

of the ligand). 

MC46 
2:1 

0.016 M 
3:1:0 50 No Air 168 

Green solid mixed with 

traces of white solid; 

higher crystallinity 

compared to MC44 

(polycrystalline). 46% 

yield. 

MC49 
2:1 

0.016 M 

1:9:0 

(starting) 

After 48 

hours DMF 

is added, the 

new rate 

becomes 

1:1:0 

50 

(starting) 

80 (after 

48 h) 

No N2 168 

With the starting solvent 

composition, the ligand is 

not completely soluble. 

After 120 h at 80°C the 

product is decomposed 

(mostly brown Cu-

oxides). 

MC50 
2:1 

0.016 M 
1:0:0 

50 

(starting) 

80 (after 

48 h) 

No N2 168 

After 48 h at 50 °C no 

solid is formed. After 120 

h at 80°C the product is 

decomposed (mostly 

brown Cu-oxides). 
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Reaction 

M:L; 

Ligand 

concentration 

DMF:H2O: 

2-propanol 
T/°C Stirring Atm. 

Time 

/h 
Results 

MC51 
2:1 

0.016 M 
4:1:0 50 No N2 168 

Polycrystalline green 

solid. 70% yield. 

MC52 
2:1 

0.016 M 
2:1:1 50 No N2 168 

Polycrystalline green 

solid. 61% yield. 

MC53 
2:1 

0.008 M 
4:1:0 50 No N2 168 

Polycrystalline green 

solid. 30.5% yield. 

  

The choice of the solvents is one of the most delicate points. The combination of 

solvents in different ratios not only determines the solubility of the reagents, but it also 

influences the rate of the various reaction mechanisms, and therefore the characteristics of the 

final product (Fig. 3.7). For example, if the organic ligand has a low solubility in water, the use 

of a high rate of water in the solvent combination leads to a slow ligand dissolution, making it 

the rate-determining step in the crystallisation process.71 It is often observed that the use of high 

ratios of water and/or alcohols leads to the formation of larger crystals but with generally low 

yields, while on the other hand the use of organic solvents such as DMF increases the solubility 

of the organic ligands and consequentially the nucleation rate.72 
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Fig. 3.7: Sequence of events taking place during the NH2-MIL-53(Al) and NH2-MIL-101(Al) crystallization 

processes under different synthesis conditions. C: grey, H: white, N: blue, O: red, Al: yellow, Cl: green.71 

 

 Due to the similarity of the reagents used, in the first attempt of the synthesis of the new 

Cu-MOF the we employed the same conditions of the synthesis of [Cu(1,3-YBDC)]⸱xH2O
5 (see 

MC35 in Table 3.2). In these conditions the reagents reacted fast, yielding a light-green solid, 

but the XRD analysis on the product showed that the solid was almost completely amorphous 

(Fig 3.8).  
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Fig. 3.8: XRD analysis of the product of MC35, showing the almost completely amorphous nature of the material. 

 

The FTIR spectrum of the product was compared to the one of the neat ligand (Fig 3.9). 

The comparison highlighted the loss of the carboxylic acid protons of the ligand. This, together 

with some other difference in the spectrum area below 2000 cm-1, showed that H2YL80 

effectively coordinated the Cu ions. Having verified that the ligand and the copper salt react 

successfully with each other, the successive attempts were aimed to the research of the optimal 

conditions to increase the crystallinity of the final product. 

 

Fig. 3.9: Comparison between the FTIR spectra of H2YL80 (blue line) and the product of MC35 (red line), showing 

the disappearance of the carboxylic O-H peaks at 3294 cm-1. The differences in the region below 2000 cm-1 could 

be attributed to the formation of Cu-O bonds. 
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Different solvent compositions were tried, modifying the DMF:H2O:2-propanol ratio. 

2-propanol was chosen instead of the more common ethanol72 because during the synthesis of 

[Cu(1,3-YBDC)]⸱xH2O it was found that the presence of ethanol could lead to the esterification 

of the ligand.5 The experiments led to the conclusion that for the new Cu-MOF synthesis, the 

presence of at least a 50% of DMF in the solvent composition is necessary to dissolute 

effectively the organic ligand, but also that the presence of H2O and/or 2-propanol is mandatory 

to have the correct precipitation of the final product (see MC50 in Table 3.2).     

The choice of the temperature was made in order to avoid the decomposition of the 

reagents and the formation of copper oxides. The optimal temperature was found to be 50 °C. 

Higher temperatures led to the formation of Cu-oxides in almost all cases, while at room 

temperature the reaction does not take place (see MC45 in table 3.2). By keeping the 

temperature at 50 °C we were able to avoid the decomposition even for long reaction times (one 

week), and, at the same time, to have acceptable reaction rates (formation of the first crystals 

within the first 24-30 hours).   

The first four syntheses (MC35, MC44, MC45 and MC46 in table 3.2) were carried in 

air atmosphere, then for the following ones we switched to N2 atmosphere, hoping that it could 

prevent the decomposition of the reagents and the consequent formation of copper oxides. 

Unfortunately, it appears that even with the inert atmosphere, at high temperatures (80 °C) the 

decomposition occurs anyway (see MC49 and MC50 in table 3.2). On the other hand, none of 

the reactions carried in N2 showed the formation of the white inorganic residue that has been 

observed in MC45 and MC46 (see Table 3.2), but it is not clear if this phenomenon is related 

to the atmosphere.  

The first three syntheses (MC35, MC44, and MC45 in table 3.2) were carried under 

magnetic stirring. After those unsuccessful attempts, the magnetic stirring was not employed 

for the following reactions, to see if keeping the system still could help to slow down the 

nucleation and give a more crystalline product. Apparently, this precaution seems effective, 

seeing that the products that were obtained without magnetic stirring showed higher 

crystallinity (polycrystalline materials) compared to the previous ones (see MC46, MC51 and 

MC52 in Table 3.2 and the relative XRD spectra in Fig. 3.10). 

The last parameter that was taken into account is the concentration of the reagents. For 

the first reaction (MC35), a concentration of 0.026 M for the ligand and 0.046 M for the copper 

salt were employed. For the following reactions up to MC52, the concentration of the ligand 

was lowered to 0.016 M and to 0.031 M for the copper salt. After the encouraging results 

obtained with the reaction MC51, we decided to repeat the reaction in the same conditions but 
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halving the concentration of the reagents (see MC53 in table 3.2). This way, we hoped to slow 

down the nucleation process, allowing an easier crystallisation of the product. We confirmed 

that the formation of the solid was actually slower compared to MC51 (the first formation of 

the solid was only observed after 96 hours). Unfortunately, the product of MC53 was also 

polycrystalline (Fig. 3.11), plus the yield was exactly half compared to MC51, so it is far from 

a satisfying result.  

Comparing the XRD spectra of the products of MC51, MC52 and MC53 (Fig. 3.12), it 

appears that the crystalline phases are slightly different in each case. In MC51 we observe the 

presence of two main crystalline phases, one predominant at 2θ = 5.25° and the other at 2θ = 

5.58°. In MC52 we observe the same two phases but this time they are present in an almost 

equal proportion. In MC53 we have the disappearance of the phase at 2θ = 5.25°, but a new 

phase at 2θ = 6.40° appears, in lower proportion compared to the one at 2θ = 5.58°. 
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Fig. 3.10: XRD spectra of the products of the reactions MC46 (panel A), MC51 (panel B) and MC51 (panel C). 

The materials show higher crystallinities compared to MC35 (see Fig. 3.8). 
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Fig. 3.11: XRD spectrum of the product of the reaction MC53. 

 

 

Fig. 3.12: Comparison of the XRD spectra of the products of reactions MC52 (red line), MC52 (blue line) and 

MC53 (green line). 
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Chapter 4 

4 Reactivity of [Cu(1,3-YBDC)]·xH2O towards HAuCl4 

[Cu(1,3-YBDC)]·xH2O, hereafter simply termed Cu-YBDC, was first stirred in a 1.0 mM 

solution of HAuCl4 at room temperature for 1 h in methanol under N2, then the not adsorbed 

HAuCl4 was separated by centrifugation and the MOF thoroughly washed with methanol. 

Afterwards, the resulting material was placed in a solvent under reflux to promote the reduction 

of the adsorbed Au(III). In this way only the Au(III) truly adsorbed inside the MOF is reduced 

(Scheme 4.1). 

 

Scheme 4.1: [Cu(1,3-YBDC)]·xH2O reactions with HAuCl4. 

The samples labelled MOF/Au_M1h (FG130a) and MOF/Au_M24h (FG130b), 

MOF/Au_B1h (FG131a), MOF/Au_B24h (FG131b), were analysed by AAS to determine the 

total amount of gold (Table 4.1).  

Table 4.1: Gold content in samples MOF/Au_M1h, MOF/Au_M24h, MOF/Au_B1h, 

MOF/Au_B24h. 

Sample 
Weight of the 

sample (mg) 
Abs 

Au 

concentration 

(ppm) 

%Au w/w 

MOF/Au_M1h 10.5 0.018 0.62 0.29 

MOF/Au_M24h 10.0 0.019 0.65 0.33 

MOF/Au_B1h 9.9 0.011 0.35 0.18 

MOF/Au_B24h 9.9 0.011 0.35 0.18 
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There is no significant distinction between the amount of gold in MOF/Au_M1h and 

MOF/Au_M24h. The same is also true for MOF/Au_B1h and MOF/Au_B24h. This means that 

the gold retained by the MOF does not leach out in 24 hours, indicating a strong interaction 

between the MOF surface and gold.  

XPS studies were carried out on the four samples in order to gather information on the 

elemental composition and oxidation states characterizing the elements present on the surface 

of the investigated materials. 

All the four samples (i.e., FG130a, FG130b, FG131a, and FG131b) revealed the 

presence of C, N, O, Cu, and Au atoms on their surface, in agreement with the composition 

expected for the Au-supported MOF compounds (Fig. 4.1).  

 

Fig. 4.1: Surface XPS wide-scan spectra for all the target specimens. 

 

Results of the surface quantification are summarized in Table 4.2. All the samples 

exhibit a similar C, N and O content. In the case of metals, FG130a and FG130b samples 

revealed a Cu content of ca. 2.0 at.%, whereas for FG131a and FG131b compounds it is ca. 

1.4 at.%. On the other hand, the Au concentration, which is comprised between 0.12 and 0.06 

at.%, decreases in the order FG130a > FG130b = FG131a > FG131b. 
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Table 4.2: Relative composition of the target specimen analyzed by XPS. 

sample 
 at.% values  

 C N O Cu Au Au/Cu 

FG130a 62.76 4.14 31.00 1.97 0.12 0.06 

FG130b 62.25 4.72 30.81 2.15 0.08 0.04 

FG131a 66.42 3.86 28.27 1.36 0.08 0.06 

FG131b 66.57 3.28 28.69 1.41 0.06 0.03 

 

High-resolution spectra of C1s signal reveal the presence of four different components 

(see Fig. 4.2 a), which concurrently contribute to this peak and which can be assigned to the 

MOF scaffold. In detail, C1s signal is the result of the following features: (I) BE = 284.8 eV 

(relative abundance  42 % of the total C signal), attributed to both adventitious carbon 

contaminations and to C-C species; (II) BE = 286.0 eV (relative abundance  30 % of the total 

C), assigned to C-N and C-O bonds in the ligand skeleton; (III) BE = 287.8 eV (relative 

abundance  20 % of the total C signal), related to the -COOH functionalities bonded to the 

aromatic ring; and (IV) BE = 289.8 eV (relative abundance  8 % of the total C signal), assigned 

to -NCOO- groups present in the ligand lateral chain.73–75 Three different peaks are concurring 

to the overall intensity of the O1s signal (see Fig. 4.2 b), which are: (V) BE = 529.8 eV (relative 

abundance  7 % of the total O signal), associated to ligand oxygen atoms bonded to copper73 

and/or O in copper oxides76,77 (VI) BE = 531.5 eV (relative abundance  45 % of the total O 

signal), ascribed to C-O single bonds and chemisorbed OH hydroxyl groups;74,78,79 and (VII) 

BE = 533.2 eV (relative abundance  48 % of the total O signal), attributed to the presence of 

C=O groups in carboxylate functionalities and/or adsorbed water molecules.74,75 A single peak 

signal is determined in the N1s spectra (see Fig. 4.2 c), centered at BE = 400.6 eV. This binding 

energy value indicates that a strong ligand coordination is present between nitrogen atoms and 

Cu(II) metal centers in the investigated materials.80 

Important information on the Cu chemical state can be gained by means of a careful 

evaluation of the copper signals (see Fig. 4.2 d-e). Indeed, the calculation of the Auger 

parameter, which is defined as αCu = BE(Cu2p3/2) + KE(CuLMM)66 (where KE = kinetic energy 

= 1486.6 - BE), is a useful tool in order to determine the presence of Cu(I) and/or Cu(II) into 

the investigated materials. In our case, αCu = 1850.8±0.2 eV, close to the value obtained for 

pure CuO,76,77 thus witnessing that the majority of copper species are in their divalent oxidation 

state. Indeed, the signal of both Cu2p3/2 and Cu2p1/2 peaks can be fitted with just one 
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component. In particular, values of BE = 934.6 and 954.3 eV for Cu2p3/2 and Cu2p1/2 spin-orbit 

components, respectively, are obtained. These BEs are in agreement with the presence of Cu(II) 

species into the copper-containing metal-organic framework.73,79,81 A further confirmation of 

this attribution is given by the presence of intense shake-up satellites peaking at BE values  

9.5 eV higher than the main spin-orbit components, which are a finger-print for the predominant 

presence of d9 copper (II) centers.77,82,83 When only Cu(I) species (d10, a closed-shell system) 

are present, such satellites are not detected. 

A low intensity and broad Au4f signal is detected at its typical BE values (see Fig. 4.2 

f). The broadening of the peak suggests the presence of Au species with different oxidation 

states. In particular, it is possible to recognize the presence of: (VIII) BE(Au4f7/2) = 84.0 eV 

and BE(Au4f5/2) = 87.8 eV (relative abundance  23 % of the total Au4f signal), ascribed to 

Au(0) species; and (IX) BE(Au4f7/2) = 85.8 eV and BE(Au4f5/2) = 89.6 eV (relative abundance 

 77 % of the total Au4f signal), attributed to oxidized Au(I) species.66,74,75 In particular, the 

most oxidized gold species are found, in order, in: (i) FG131b (81.4 at.% of Au(I)); (ii) FG131a 

(78.7 at.% of Au(I)); (iii) FG130b (75.8 at.% of Au(I)); and (iv) FG130a (71.9 at.% of Au(I)). 

In these samples, the Au4f BEs characterizing metallic gold (i.e., peak VIII) are in agreement 

with the typical reference position of Au(0) (i.e., 84.0 eV).74,84 
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Fig. 4.2: Surface XPS analysis for the target specimen: (a) C1s, (b) O1s, (c) N1s, (d) Cu2p, (e) CuLMM, (f) Au4f. 

The red curve represents the fitting results. 
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In view of the AAS and XPS results discussed above, only the sample FG130a (MeOH, 

1h, 65°C) was further fully characterized and the resulting data compared with the starting Cu-

YBDC. In Fig. 4.3 the TGA plot for Cu-YBDC (of C14H11CuNO7 formula, mw 368.79 g mol-

1) shows two decomposition steps in the 200-450 °C range (attributed to the progressive loss of 

the propargyl fragments C6H8NO3 residue, obs. 38.2%, calc. 38.5%), terminating at a 

temperature ca. 150 °C lower than in the pristine organic ligand.5 Such lower thermal stability 

of the organic skeleton within the MOF is tentatively attributed to assistance, during 

decomposition, of redox process(es) catalyzed by Cu(II) ions. Furthermore, a residue of  26 

wt% is present at 400 °C, with no significant variation up to 800 °C, which is presumably due 

to residual CuO. As a residual 21.6% only is calculated if the starting material were pure, the 

excess residue at high T speaks for the presence of carbonaceous residuals and only marginally 

to Cu-rich contaminants. 

 

 

Fig. 4.3: TGA curve (continuous red lines) and their first derivatives (dashed lines) for Cu-YBDC. 

 

In Fig. 4.4 the TGA plot for the Au(I)-containing Cu-MOF (FG130a, MeOH 1h, 65 °C) 

is shown. Also in this case the two decomposition steps occur in the range 200-450 °C range 

with a final residue of  30 wt% i.e. a 4 wt% higher than in the absence of gold. 
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Fig. 4.4: TGA curve (continuous red lines) and their first derivatives (dashed lines) for the Au(I) containing Cu-

MOF FG130a (MeOH 1h, 65 °C). 

 

The XRD patterns of Cu-YBDC (RC5) and Cu-MOF/Au(I) (FG130a, MeOH 1h, 65 °C) 

are compared in Fig. 4.5. The two patterns are identical except for the fact that in Cu-

MOF/Au(I) the peak at 12.82° (indicated by the green arrow), attributed to the Cu2(OH)3(NO3) 

contaminant species, is more intense.  

 

 

Fig. 4.5: Full plot of diffraction for samples [Cu(1,3-YBDC)]·xH2O (RC5) and Cu-MOF/Au(I) (FG130a, MeOH 

1h, 65 °C). 
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In Figure 4.6 the ATR-IR spectra of Cu-YBDC (FG74, red line) and Cu-MOF/Au(I) (FG130a, 

MeOH 1h, 65 °C, black line) are shown. 

 

 
Fig. 4.6: IR-ATR spectrum of Cu-YBDC (FG74, red line) and Cu-MOF/Au(I) (FG130a, MeOH 1h, 65 °C, black 

line). 

 

The morphology of the powder was imaged by means of FE-SEM. In Fig. 4.7 SEM 

images of Cu-YBDC deposited on an electrode surface58 after sonication in ethanol and Cu-

YBDC/Au(I) are reported. The micrograph for Cu-YBDC (Figure 4.7A) revealed the 

predominant presence of large prismatic crystals with sub-micrometric dimensions while the 
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micrograph for Cu-YBDC/Au(I) (Figure 4.7B) still showed the predominant presence of prisms 

although less defined and smaller of those observed with the sample not treated with HAuCl4. 

 

  

Fig. 4.7 Representative FE-SEM images of Cu-YBDC (A) and Cu-YBDC/Au(I) (FG130a, B). 

 

 In conclusion, the thermal treatment in alcohol of Cu-YBDC impregnated with HAuCl4 

leads to the reduction of Au(III) to Au(0) and to Au(I), with the latter oxidation state as the 

predominant oxidation state leaving the morphology of the starting Cu-MOF substantially 

unchanged. 
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Chapter 5 

5 Cu-YBDC as an adsorbent for Methylene Blue 

 

5.1 Introduction 

As stated in Chapter 1.2, one of the objectives of this work is to study the possible uses of the 

Cu-YBDC MOF as an adsorbent material for dyes. For that purpose, we tested its performances 

for the adsorption of Methylene Blue (MB). The low porosity and specific surface area of the 

tested material surely represent a disadvantage when it comes to adsorption efficacy, due to the 

difficulty that the dye molecules will face entering the pores. In fact, according to the literature, 

the molecule of MB can be regarded as a rectangular volume of dimensions 17.0 x 6.7 x 3.3 

Å,85 corresponding to a volume of 426.36 Å3 and to an area of 129.2 Å2 (if we discard the 

thickness and treat the molecule as planar). Considering that the size of the cavities of [Cu(1,3-

YBDC)] is only 141 Å3, it is clear that all the adsorption phenomena must take place on the 

external surface of the MOF. On the other hand, in literature there are already reported cases of 

MOFs with low surface area and porosity which showed nevertheless high adsorption 

capacities.36 The different functional groups present upon the external surface of [Cu(1,3-

YBDC)]⸱xH2O could provide an interesting substrate due to the large amount of different 

adsorption mechanisms that can take place (hydrogen bonds between the dyes and the -NH- or 

the C=O group of the carbamate, π-π interactions between the dyes and the aromatic rings, π-π 

interactions between the dyes and the propargyl group…), so it is worth the try.31,33  

 

5.2 State of the art for Methylene Blue (MB) adsorption over MOFs 

Methylene Blue (MB) is one of the most used dyes for adsorption studies over MOFs. MB is a 

cationic dye, extensively used in the dying of cotton, silk and wood,86 but can also be found in 

other fields such as pharmaceutical chemistry.87 It is also considered a hazardous molecule, 

because of its toxic, carcinogenic and mutagenic effect on human health.41 For these reasons, 

there is an increasing interest towards the technologies for the abatement of MB, since some 

countries are even starting to implement legal limits for the concentration of this pollutant in 

discharged industrial wastewaters (for example, in China the maximum concentration allowed 

is 0.2 mg/L).88 Even in absence of specific legislations for Methylene Blue, the abatement of 

this molecule and/or of other organic dyes can contribute to contain numerous environmental 

parameters such as BOD and COD for the waste-waters under the legal values (for example see 

D. Lgs 152/06, Part Three, Attachment 5, Table 3 for Italian legislation).89 
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 Due to its molecular structure (Fig. 5.1), there are many different mechanisms that can 

take part in the adsorption of MB Over MOFs. First, its cationic nature enhances the 

electrostatic interactions with anionic and/or electron rich surfaces. The aromatic rings of MB 

can also interact via π-π stacking, if there are aromatic functional groups or multiple bonds on 

the surface of the MOF (quite common occurrence). Lastly, the presence of electron lone-pairs 

upon the N atoms of MB allows the formation of hydrogen bonds with some surfaces.45 

 

Fig. 5.1: Structure and brute formula of Methylene Blue.87 

 In Table 5.1, we collected a wide range of examples taken from the literature of MOFs 

used for MB adsorption. For each of them, the performances were studied in terms of adsorption 

capacity with different kinetic models, specifically the Pseudo-Second Order (PSO), the 

Pseudo-First Order (PFO), and the Intraparticle Diffusion model (IPD). It is notable that in 

every example, the PSO model has been found to be the best fit for the experimental data. This 

collection will be used to compare the performance of the MOF [Cu(1,3-YBDC)] as an 

adsorbent material for MB. 

 

Table 5.1: Literature kinetic data for Methylene Blue (MB) adsorption over MOFs according 

to the following adsorption models: Pseudo-Second Order (PSO), Pseudo-First Order (PFO) 

and Intraparticle Diffusion (IPD). 

MOF PSO PFO IPD Conditions 

MOF-138  

(Cd-MOF) 

k2=0.01379 g/mg⸱min 

qe=39.573 mg/g 

R2=0.99466  

k1=0.670 min-1 

qe=47.55104 mg/g 

R2=0.97673 

kd=10.9904 mg/g⸱min0.5 

C=0 

R2=0.92411 

MOF: 30 mg 

MB: 30 mL, 10-5 M 

MOF-Fe45 

k2=0.006482 g/mg⸱min 

qe,Exp=65.311 mg/g 

qe,Cal=69.4444 mg/g 

R2=0.9934 

k1=0.135 min-1 

qe,Exp=65.311 mg/g 

qe,Cal=37.870 mg/g 

R2=0.9521 

Non-zero intercepts 

MOF: 0.2 g/L 

MB: 1000 ppm 

pH=9 

 

Amine-MOF-

Fe45 

k2=0.013080 g/mg⸱min 

qe,Exp=102.925 mg/g 

qe,Cal=105.2632 mg/g 

R2=0.9990 

k1=0.1778 min-1 

qe,Exp=102.925 mg/g 

qe,Cal=30.718 mg/g 

R2=0.9647 

Non-zero intercepts 

MOF: 0.2 g/L 

MB: 1000 ppm 

pH=9 
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MOF PSO PFO IPD Conditions 

NH2- MIL-125 

(Ti)90 

k2=0.0005 g/mg⸱min 

qe,Exp=397 mg/g 

qe,Cal=455 mg/g 

R2=0.9912 

k1=0.09 min-1 

qe,Exp=397 mg/g 

qe,Cal=480 mg/g 

R2=0.9602 

kd=45 mg/g⸱min0.5 

C=166 

R2=0.9122 

MOF: 0.0050 g 

MB: N.A. 

Amino-MIL-

101(Al)91 

k2=2.6±1.3 g/mg⸱min 

qe=762±12 mg/g 

R2=0.999  

k1=(7±3) ⸱10-2 min-1 

qe=762±12 mg/g 

R2=0.9 

 
MOF: 5 mg 

MB: 100 mL, 40 ppm 

MIL-100(Fe)92 

k2=0.409 g/mg⸱h 

qe,Exp=22.9 mg/g 

qe,Cal=22.9 mg/g 

R2=0.9999 

k1=0.355 h-1 

qe,Exp=22.9 mg/g 

qe,Cal=4.0 mg/g 

R2=0.9273 

 
MOF: 5 mg 

MB: 4 mL, 60 ppm 

CuMOF-136 

k2=0.0756 g/mg⸱min 

qe,Exp=76.35 mg/g 

qe,Cal=38.62 mg/g 

R2=0.9906 

k1=0.0614 min-1 

qe,Exp=76.35 mg/g 

qe,Cal=23.19 mg/g 

R2=0.8467 

kd=15.4325 mg/g⸱min0.5 

C=0 

R2=0.9631 

MOF: 30 mg 

MB: 30 mL, 10-5 M 

CuMOF-236 

k2=0.0396 g/mg⸱min 

qe,Exp=82.15 mg/g 

qe,Cal=74.51 mg/g 

R2=0.99635 

k1=0.28478 min-1 

qe,Exp=82.15 mg/g 

qe,Cal=64.36 mg/g 

R2=0.96943 

kd=19.4563 mg/g⸱min0.5 

C=0 

R2=0.91559 

MOF: 30 mg 

MB: 30 mL, 10-5 M 

CP-139 

(Cu-based) 

k2=0.019 g/mg⸱min 

qe,Exp=30.30mg/g 

qe,Cal=29.73 mg/g 

R2=0.999 

k1=0.9384 min-1 

qe,Exp=5.195 mg/g 

qe,Cal=29.73 mg/g 

R2=0.985 

kd=1.54 mg/g⸱min0.5 

C=34.37 

R2=0.749 

MOF: 25 mg 

MB: 75 mL, 10 ppm 

SCNU-Z293 

(Co-based) 

k2=0.0017 g/mg⸱min 

qe,Exp=455.6mg/g 

qe,Cal=55.01 mg/g 

R2=0.9974  

k1=0.0319 min-1 

qe,Exp=455.6mg/g 

qe,Cal=34.57 mg/g 

R2=0.9759 

 
MOF: 10 mg 

MB: 30 mL, 20 ppm 

MIL-100(Fe)94 

k2=5.613⸱10-4 g/mg⸱h 

qe,Exp=662.3 mg/g 

qe,Cal=666.7  mg/g 

R2=0.995  

  
MOF: 10 mg 

MB: 50 mL, 400 ppm 

MIL-100(Cr)94 

k2=0.001028 g/mg⸱h 

qe,Exp=496.9 mg/g 

qe,Cal=499.6 mg/g 

R2=0.997  

  
MOF: 10 mg 

MB: 50 mL, 400 ppm 

5%GO/MIL-

100(Fe)95 

k2=0.0008 g/mg⸱h  

qe,Exp=1231 mg/g 

qe,calc=1000 mg/g 

R2=0.9949 

k1=0.1161 h-1 

qe,Exp=1231 mg/g 

qe,calc=243.1 mg/g 

R2=0.6143 

 
MOF: 5 mg 

MB: 10 mL, C0  N.A.  
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MOF PSO PFO IPD Conditions 

PCN-22296 

(Zr-based) 

k2=1.072⸱10-3 g/mg⸱min 

qe,Exp≈850 mg/g 

qe,Cal=241.5 mg/g 

R2=0.99996 

k1=0.1060 min-1 

qe,Exp≈850 mg/g 

qe,Cal=892.9 mg/g 

R2=0.94409 

 
MOF: 5 mg 

MB: 5 mL, 1000 ppm 

ZJU-7197 

(Cu-based) 

k2=0.00982 g/mg⸱min 

qe,Exp=9.52 mg/g 

qe,Cal=9.71 mg/g 

R2=0.999 

  
MOF: 5 mg 

MB: 10 mL, 5 ppm 

Zn-MOF98 

k2=1.288⸱10-2 g/mg⸱min 

qe,Exp=6.394 mg/g 

qe,Cal=6.420 mg/g 

R2=0.9998 

k1=4.864⸱10-3 min-1 

qe,Exp=6.394 mg/g 

qe,Cal=2.697 mg/g 

R2=0.6970 

 
MOF: 2.6 mg 

MB: 2 mL, 10 ppm 

. 

5.3 Results and discussion 

The adsorption of MB over Cu-YBDC was studied with a series of experiments described in 

chapter 2.5. All the experiments showed a similar trend in the variation of the absorbance (and 

therefore the concentration) over time, exemplified by the following graph (Fig. 5.2, experiment 

with 50 mg of Cu-YBDC in a starting solution of MB 40 ppm). 

 

Fig. 5.2: Absorbance vs time graph of a 40 ppm Methylene Blue solution put in contact with 50 mg of Cu-MOF. 

 

It is clearly visible that in the first minutes a fast decreasing in the absorbance occurs, followed 

by a small resurgence usually around 10 or 20 minutes. Finally, the absorbance settles down to 

a plateau, that fluctuates around the 90% of the starting value. 
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 The graphs in Fig. 5.3 show the variation of qt over time for the five experiments, 

obtained with the equation (1) (see chapter 1.5.6).  

𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑚
𝑉 (1) 

The trend seems to be the same seen for the Absorbance/Time graphs, with a fast 

adsorption in the first minutes, a small drop around the 10-20 minutes mark, and then a second 

increasing, which sometimes ends in a plateau (Fig. 3, panels A and C), and sometimes follows 

more irregular routes. Such unexpected results can be due to several reasons that are listed 

below. 
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Fig. 5.3: Trends of qt over time for the adsorption of MB in different conditions. 
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The first possibility is that the methodology employed for the experiments contains 

some biases. The use of equation (1) to calculate the values of qt could be the first issue. Seeing 

that the adsorption capacity of the material is low, the value of (C0-Ct) represents a small 

percentage of the initial C0 value (especially for short time intervals), therefore even if the 

uncertainties on the measures of Ct and C0 is small, the propagation of the uncertainties makes 

the value of (C0-Ct) susceptible of greater errors. This hypothesis could explain the peculiar 

data obtained, especially the drop in the adsorption capacity observed in the first 10-20 minutes. 

To verify this hypothesis, each experiment should be repeated numerous times, in order to 

ascertain if any significant changes are present in the average curve. Other biases in the 

methodology could reside in the sample collection step. Even if we overlook the fact that it is 

quite difficult to collect samples with a homogeneous composition, due to the heterogeneity of 

the system, there is still the need to centrifugate the samples before analysing them, which 

requires a non-negligible time consumption. Due to the fast nature of the phenomena involved 

in the adsorption process, this time lapse could alter the results of the measurements, which 

could be no more representative of the actual characteristics of the system at the time of the 

extraction of the sample. This issue could be avoided by employing a different set-up for the 

experiment, which should allow to measure the absorbance of the solution in situ, for example 

by using an optical fibre spectrometer.  

Another way to avoid the centrifugation step would be to separate the MOF from the 

solution through filtration. This method would be undeniably faster, but the drawback is that 

most of the commonly available filters tend to adsorb high quantities of MB, which leads to 

significant alteration of the measured absorbance values. Different recovery tests were 

performed with diverse types of filters (common filter paper, cellulose acetate filters with 0.45 

μm pore size, polyamides filters with 0.45 μm pore size, polypropylene filters with 0.45 μm 

pore size, PES filters with 0.45 μm pore size), but all of them retained high quantities of MB 

(from the 15% to the 78% of the starting concentration) (an example of a recovery test is 

reported in Fig. 5.4). Should we find a different filter with more suitable properties, it could be 

a valid alternative to the centrifugation. In alternative, the possibility to saturate the filters with 

MB before the filtering of the samples, in order to eliminate the recovery could be taken into 

account.  
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Fig. 5.4: A 4 ppm solution of MB (cuvette on the left) was filtered with (from left to right): PES filter (green), 

Nylon (polyamide) filter (blue) and Polypropylene filter (white). The recovery values are respectively 78%, 14% 

and 55%. 

 

Finally, the tests should be repeated with different stirring speeds, to verify if this 

parameter influences the adsorption performance.  

Should these experiments confirm that the trend observed is representative of the 

adsorption mechanism (second scenario), we have to explain the peculiar shape of the graphs. 

The most unsettling aspect is the drop in the adsorption capacity that occurs after the first 10-

20 minutes, and the following increasing that takes place after, that seems to indicate the 

presence of two or more subsequential adsorption phenomena. Considering that all the 

adsorption phenomena must take place on the external surface of the MOF, we can hypothesise 

the following sequence of events: 

• In the first minutes, MB is adsorbed on the active sites of the external surface, and the 

system rapidly gets to the equilibrium; 

• The adsorption causes some kind of modification of the nature of the active sites, 

therefore changing the equilibrium criteria, causing the temporary expulsion of part of 

the adsorbed MB; 

• The new active sites begin to adsorb MB with different mechanisms and/or kinetics. 

In this hypothetical model, the uncommon shape of the graphs could be explained by describing 

it as the combination of two or more curves, corresponding to the number of different adsorption 

mechanisms that take place. The changes in the equilibrium criteria that ideally happen during 

the switching from an adsorption mechanism to another, eventually causing the expulsion of 
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part of the adsorbed MB could explain the decreasing in the adsorption capacity that happens 

after 10-20. 

 To verify the validity of this model, the key point is to characterise the surface of the 

material after the various steps of the adsorption process (after the 10-20 minutes mark and after 

the final equilibrium) and check if there is any difference between them and the surface of the 

material before the adsorption. Considering the complexity of the surface of the MOF, it is not 

unlikely to imagine that the adsorption of MB could cause some structural changes on it. 

Different hypothesises have been proposed about the nature of those modifications, among 

which there are the conformational rearrangement of the propargyl-carbamate chain and a redox 

reaction between the carbamate group and the molecules of Methylene Blue.      

 

5.4 Comparison with the literature 

Due to the uncertainties concerning the experimental data, it is pointless to try any kind of 

curve-fitting with the kinetic models seen in chapter 1.5.7, therefore the only possible 

comparison with the literature data is the experimental adsorption capacity at equilibrium 

(qe,Exp). In fact, the values of qe,Exp are the most reliable data, because they are the ones which 

are less touched by the possible methodological biases. In conditions of equilibrium, the 

difference between C0 and Ct is larger, so the statistical error induced by the propagation of the 

uncertainties is less relevant compared to the measures taken at shorter time intervals. Also, in 

conditions of equilibrium the time lapse between the collection of the sample and the analysis 

should not significantly alter the results, because the adsorption process in the sample should 

not advance further compared to the bulk solution. In Table 5.2 we reported the values of qe,Exp 

obtained for the five experiments. 

 

Table 5.2: Values of qe,Exp obtained for the adsorption of MB over Cu-[YBDC] in different 

conditions. 

Experiment qe,Exp/mg⸱g-1 

A) 50 mg of Cu-MOF; 4 ppm MB solution 1.919 

B) 50 mg of Cu-MOF; 20 ppm MB solution 6.109 

C) 50 mg of Cu-MOF; 40 ppm MB solution 8.560 

D) 50 mg of Au/Cu-MOF; 40 ppm MB solution 11.759 

E) 100 mg of Cu-MOF; 40 ppm MB solution 7.538 
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The performances of [Cu(1,3-YBDC)]⸱xH2O in the adsorption of MB are  quite low, 

compared to the examples from the literature collected in Table 3.5. The best results in terms 

of qe,Exp were obtained in experiment C, where we had qe,Exp=8.560 mg/g. This value is 

surpassed by almost every MOF in Table 3.5 except for Zn-MOF.98  The qe,Exp increases a bit 

with the encapsulation of AuNPs (Experiment D). In this case we obtained qe,Exp=11.759 mg/g, 

surpassing also ZJU-71.97 This value is still not exceptional, considering that most of the other 

MOFs in the list possess qe,Exp values of two or three orders of magnitude higher. Those results 

are coherent with the starting observation that the pores of the material cannot participate in the 

adsorption process. Apparently, the functionalities that characterise the external surface of the 

MOF compensate only partially the lack of availability of the cavities of the material. 

Nevertheless, considering the problematics highlighted in the previous paragraph, further 

investigation is necessary. 
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Chapter 6 

6 Conclusions and future work 

6.1 Conclusions 

The main results described in this thesis are summarised below. 

✓ The new organic ligand 5'-(2-(((prop-2-yn-1-yloxy)carbonyl)amino)ethoxy)-[1,1':3',1''-

terphenyl]-4,4''-dicarboxylic acid, abbreviated as H2YL80 (Fig. 4.1), was designed, 

synthesised and fully characterised; 

 

Fig. 6.1: Structure of the new H2YL80 ligand. 

✓ The new ligand was reacted with Cu(NO3)2⸱2.5H2O, in order to obtain a new Cu-based 

MOF. Having verified that the ligand and the Cu-salt react effectively with each other, 

different reaction conditions have been studied in order to obtain the desired product in 

satisfying yield and crystallinity. Currently, the best result obtained was a 

polycrystalline solid with a 70% yield; 

✓ In parallel to those activities, the reactivity towards HAuCl4 of the MOF [Cu-(1,3-

YBDC)]⸱xH2O was tested. It was demonstrated that the thermal treatment in alcohol of 

Cu-(1,3-YBDC)]⸱xH2O impregnated with HAuCl4 leads to the reduction of Au(III) to 

Au(0) and to Au(I), with the latter oxidation state as the predominant oxidation state 

leaving the morphology of the starting Cu-MOF substantially unchanged; 

✓ Cu-(1,3-YBDC)]⸱xH2O was also tested as an adsorbent material for the adsorption of 

Methylene Blue (MB) in different conditions. The preliminary data suggest that the 

adsorption performances of the MOF are limited, most likely due to the low porosity 

and surface area of the material, but they also highlight numerous potential issues with 

the experimental procedure. 
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6.2 Future work 

Based on the results summarised in the previous paragraph, the future work will focus on the 

following issues: 

➢ Study of new reaction conditions to obtain a new MOF from the new ligand and 

Cu(NO3)2⸱2.5H2O in high yield and crystallinity, and fully characterise the new 

material; 

➢ Test the new material for possible applications, including the ones studied for Cu-(1,3-

YBDC)]⸱xH2O (support of AuNPs and adsorption of MB); 

➢ Improve the experimental procedure for the study of the adsorption of MB with Cu-

(1,3-YBDC)]⸱xH2O. 
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