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Abstract 

This PhD project aimed at developing new heterogeneous systems, investigating 

unconventional technologies, such as ultrasound (US) and microwave (MW) irradiation for 

materials preparation and application. Different suppo rting materials were chosen to prepare a 

series of heterogeneous systems, that were investigated for their potential as well -defined 

supports, catalysts or nanoparticles. The importance of the structure design was investigated 

with a view to gaining insight into their structure-property relationships. Also flow chemistry, as 

non-classical synthetic method, was exploited to study its efficacy towards sustainable synthetic 

processes.  

Organic-inorganic hybrid catalysts, composed of silica-cyclodextrin-Cu(II) derivatives, were 

synthesized to study the influence of flexible amino spacers, interposed between the ligands 

and the inorganic surface, on the catalytic activity and efficiency. In order to obtain a highly 

reproducible and efficient synthetic protocol, a deep investigation into the influence of US and 

MW irradiation on the reaction rate of silica derivatisation, to obtain cyclodextrin-grafted silica, 

was performed. Their catalytic activity was tested on click azido -alkyne cycloadditions and 

detailed information on the surface functionalization, as well as on the oxidation state, local 

coordination environment and aggregation of the encapsulated/anchored Cu(II) species was 

obtained by complementary characterization techniques.  

A deep investigation into carbon-based materials preparation and derivatization was carried 

out. Graphene and nanodiamonds were finely and covalently functionalized by 1,3-dipolar 

cycloadditions. To extend the scope of this type of functionalization, a comparative study of 

azomethine ylides, nitrile oxides and nitrones cycloaddition was performed. The influence of 

dipolarophile alkyl or aryl substituents on carbon -material derivatization was investigated. The 

introduction of various substituents gave us the possibility to study their i nfluence on 

derivatization degree and on material structural modification. The beneficial effect of MW 

irradiation on reaction rate and derivatization degree was demonstrated. Aware of these results, 

carboxylate-functionalized graphene composites were developed as Ru(II) supporting systems.  

A further study on carbon-based materials focused on the development of cobalt supported on 

activated carbon derived from pinecones. Variation of the preparation technique (conventional, 

US, MW and combined MU-US irradiation), introduction of N-doping and polyphenol as 

stabilizers and ligands of cobalt, provided the achievement of differently active electrocatalytic 

systems for the oxygen evolution reaction. The influence of the synthetic procedure 

demonstrated that both MW and US techniques provided a greater number of active sites than 

conventional heating procedures, with US being the most effective one; the importance of 

doping with nitrogen, as well as the good cobalt stabilization through polyphenol coating were 

proven by the electrocatalytic tests and confirmed by a deep structural characterization.  
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The sonochemical technique was also exploited as innovative method in offering a better  

control of particle size distribution, morphology and structure of nanoparticles . Thus, 

multifunctional amino-citrate-cyclodextrin coated iron oxide magnetic nanoparticles were 

prepared as promising nanosystems for magnetic resonance imaging. Careful studies in 

synthesizing coated nanoparticles were conducted and a fine choice of coat ing agents was 

evaluated to enhance stability, hydrophilicity and biocompatibility.  

The last study focused on the use of flow reactors to study their efficacy on continuous synthetic 

processes. The research began from the optimization of two liquid -phase multicomponent 

reactions, for the synthesis of Praziquantel and Camptothecin analogues. Reduced  reaction 

time, enhanced chemical selectivity and improved yields were observed due to the efficient 

mixing and the accurate control of the reaction parameters. Then, the successful reduction 

reaction of an aromatic nitro compound, as Itraconazole intermediate, was studied using 

continuous flow solid supported catalysis. Celite-supported copper nanoparticles were 

prepared and used for the controlled and selective transfer hydrogenation of the nitro derivative, 

using glycerol as hydrogen source. The results were compared to continuous flow reduction on 

packed activated-carbon-supported palladium.  

Overall, this study provided insight into the preparation and application of heterogeneous 

systems. The use of non-conventional technologies for aiming at sustainable synthetic 

processes shows excellent promises, and it remains open for exploration.   
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Chapter 1 

Catalysis and sustainable approaches 

 

1.1. Green chemistry 

The concept of green chemistry was first formulated at the beginning of the 1990s and it is 

aiming to address chemical industries towards eco-sustainable processes. Chemistry, in fact, 

is the field of science more involved in environmental problems. The transformation of 

conventional technologies in new clean processes, the design of new products and synthetic 

pathways, as well as the reduction of consumption of non -renewable resources, represent a 

big challenge towards the sustainability. Green chemistry is defined as the “design of chemical 

products and processes to reduce or eliminate the use and generation of hazardous 

substances”.1 In 1998, Paul Anastas and John Warner published a set of principles to guide 

the practice of green chemistry. The twelve principles, listed in Table 1, suggest different ways 

to reduce the environmental and health impacts of chemical production and indicate research 

priorities for the development of green chemistry technologies .  

Table 1. Green Chemistry’s principles (early 1990s by Anastas and colleagues).  

Prevention It is better to prevent waste, than to treat it or clean up after it is formed 

Atom Economy 
Synthetic methods should be designed to maximize the incorporation of all materials 
into the final product  

Less Hazardous Chemical 
Syntheses 

Synthetic methods should be designed to use and generate substances that possess 
little or no toxicity to human health and the environment  

Designing Safer Chemicals 
Chemical products should be designed to preserve efficacy of the function while 
reducing toxicity  

Safer Solvents and 
Auxiliaries 

The use of auxiliary substances should be made unnecessary wherever possible 
and, when used, innocuous 

Design for Energy 
Efficiency 

Energy requirements of chemical processes should be recognized for their 
environmental and economic impacts and should be minimized.  

Use of Renewable 
Feedstocks 

Raw material or feedstock should be renewable rather than depleting whenever 
technically and economically practicable  

Reduce Derivatives 
Unnecessary derivatization should be minimized or avoided if possible, because such 
steps require additional reagents and can generate waste  

Catalysis Catalytic reagents (as selective as possible) are superior to stoichiometric reagents  

Design for Degradation 
Chemical products should be designed so that at the end of their function they break 
down into innocuous degradation products and do not persist in the environment  

Real-time analysis for 
Pollution Prevention 

Analytical methodologies need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances  

Inherently Safer Chemistry 
for Accident Prevention 

Substances used in a chemical process should be chosen to minimize the potential 
for chemical accidents, including releases, explosions, and fires  
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Later, in 2003, Anastas and Zimmerman proposed a set of twelve principles of green 

engineering.2 This was since the twelve principles of green chemistry do not include several 

important concepts, highly relevant to environmental impact. Green engineering focuses on 

how to achieve sustainability through science and technology , considering environmental, 

economic, and social factors.  

Recently, these principles have been summarized in the acronyms PRODUCTIVELY3 and 

IMPROVEMENTS,4 for green chemistry and green engineering, respectively (Table 2). 

Table 2. The condensed twelve Principles of Green Chemistry (left) and twelve Principles of Green Engineering 
(right). 

P Prevent waste   I Inherently non-hazardous and safe 

R Renewable materials   M Minimize material diversity  

O Omit derivatization steps   P Prevention instead of treatment  

D Degradable chemical products   R Renewable material and energy inputs  

U Use safe synthetic methods   O Output-led design  

C Catalytic reagents   V Very simple  

T Temperature, pressure ambient   E Efficient use of mass, energy, space and time  

I In-process monitoring   M Meet the need  

V Very few auxiliary substances   E Easy to separate by design  

E E-factor, maximize feed in product   N Networks for exchange of local mass and energy  

L Low toxicity of chemical products   T Test the life cycle of the design  

Y Yes, it is safe   S Sustainability throughout product life cycle 

 

Two parameters, E-factor (environmental impact factor) and atom economy, were introduced 

since the early 1990s to focus the attention of the chemical industry world-wide on the problem 

of waste generation in chemicals manufacture. E-factor is defined as the mass ratio of waste 

to desired product. The atom efficiency or atom economy is measured as the ratio of the 

molecular weight of the desired product over the molecular weights of all reactants used in the 

reaction. They represent valid tools to quantify the amount of waste generated by alternative 

processes per kilogram of product, assessing the ‘‘environmental acceptability’’ of a 

manufacturing process. They provide the impetus for developing cleaner and more sustainable 

processes.5   
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1.2. Catalysis 

The role of catalysis as a primary tool in the design, development and implementation of green 

chemistry has been extensively demonstrated, since it is recognized as accomplishing a wide 

range of green chemistry goals and it is a system able to increase reaction efficiency, yield, and 

selectivity.6 The catalysis involves the acceleration of chemical reactions, that occurs by 

substances not consumed in the reactions themselves , known as catalysts. The catalysts act 

providing a different reaction mechanism, with lower activation energy, thanks to a specific 

interaction between the catalyst and the reaction components, allowing the system to reach the 

equilibrium more quickly, without influencing the equilibrium constant. They accelerate both the 

forward and the reverse reactions rate and are regenerated in the process. The catalytic activity 

is expressed as turnover number (TON), that is a measure of the catalyst stability, and it is 

calculated as the average number of catalytic cycles a site can undergo until it deactivates; or 

calculating the number of molecules converted per active site per unit time (turnover frequency, 

TOF).  

The catalyst development began during the end of the nineteenth century, when the growth of 

academic knowledge was translated into industrial applications. Firstly, the demand for bulk 

chemicals and minimization of by-products was aimed on explosives based upon nitric acid; 

successively, the industrial production shifted towards the manufacturing of synthetic fuels and 

new innovative processes such as Fisher-Tropsch, petrochemical industry and various catalytic 

processes for the manufacturing of synthetic polymers.  

At the early 70s the catalysis was subjected to a new trend of applications, and it was applied 

to almost every process, including the production of fine chemicals for pharmaceutical 

applications, the production of bulk chemicals and exhaust gas catalyst systems, to the use of 

enzymatic bio-catalysis.  

The search for optimization and good quality products forced the chemical companies and the 

academia to improve catalyst chemo- and enanctioselectivity, productivity, activity and 

sensitivity. The separation of the catalyst from the final product, represents one of the most 

important step to remove trace metal contamination, in particular from pharmaceutical 

compounds, especially when developing homogeneous catalytic processes.7 Distillation, 

product crystallization and extraction were the separation procedures most frequently applied; 

however, metal scavengers and heterogeneous systems are more accurate technique to 

remove residual metals.  

Heterogeneous catalysts are in a different phase than the reactants, are generally solids and, 

for this reason, can be easily removed by filtration .8, 9 Heterogeneous catalysts are most 

commonly made of metals and/or metal oxides, adsorbed on solid surfaces, and for this reason  

called supported catalysts. They are composed of a inert support upon which an active phase 

is finely distributed. The exposed active surface is fundamental to establish interactions 
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between the solid catalyst with the reactant molecules. The interaction can occur by 

chemisorption or physisorption, depending on the created bonds: chemical bonds for the 

former, and weak van der Waals interactions for the latter. The interactions of the reactant 

molecules with the surface of the catalyst influence the catalytic efficiency, because the 

transformation of the reactants to products occurs through processes of diffusion toward and 

adsorption on the surface-active sites, activation, modification and desorption, leaving the 

active centers available for new incoming reactants . Thus, the adsorption and the subsequent 

conversion reactions critically depend on the properties of the catalysts, where the performance 

of catalytic active sites depends on both structural and electronic effects.10 

Significant industrial processes that involve the use o f heterogeneous catalysts include the 

preparation of sulfuric acid, the preparation of ammonia, the oxidation of ammonia to nitric acid, 

the synthesis of methanol and the hydrogenation of polyunsaturated to saturated fats and oils 

using nickel as catalyst. Heterogeneous catalysts are widely employed in many aspects of 

national economy, including petroleum refining, synthesis of fertilizers and other chemicals, and 

pollution control. Indeed, heterogeneous catalysts also find application in environmental 

catalysis, as innovative technologies for reducing emissions of environmentally unacceptable 

compounds. An example is the development of preheated catalytic converters to reduce the 

amount of toxic emissions produced by burning gasoline in internal combustion engines. 

Selected catalytically active metals, generally platinum-rhodium catalyst, are used to affect the 

combustion of all carbon-containing compounds to carbon dioxide while also reducing the 

output of nitrogen oxides. They catalyze the conversion of ni tric oxide into dinitrogen and 

oxygen as well as the conversion of carbon monoxide and hydrocarbons such as octane into 

carbon dioxide and water vapor, as follows:  

2NO2(g) → N2(g) + 2O2(g) 

2CO(g) + O2(g) → 2CO2(g) 

2C8H18(g) + 25O2(g) → 16CO2(g) + 18H2O(g) 

 

1.2.1. Organic-inorganic hybrid catalytic systems 

The concept of heterogeneous catalysts was born to satisfy the request of higher stability and 

robustness provided by inorganic materials. The creation of inorganic or hybrid organic-

inorganic catalytic systems that maintain high activity and selectivity, with enhanced stability 

under temperature, pressure, and solvents, represent a big challenge. The key feature of this 

type of system is that its characteristics arise not only from the individual contributions of the 

phases, but also from the properties of the inner interface, which can also be predominant. The 

unique active behavior of these hybrid systems is therefore not observed when the single 
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components are used alone.11 Organic-inorganic hybrid systems have emerged as winning 

combinations in the general field of catalysis due to their enhanced heterogeneous properties. 

In fact, the immobilization and stabilization of organic active sites over inorganic solids has 

strongly improved recovery and recyclability characteristics.12, 13 Moreover, the interposition of 

an organic flexible spacer between the ligand and the inorganic support allows to increase the 

accessibility and the stability of metallic sites.14 Multidentate N-donor ligands have been largely 

employed in the preparation of organic–inorganic hybrid catalysts due to their versatile 

coordination modes.15, 16  

In order to prepare organic–inorganic hybrid systems, an efficient surface modification of the 

inorganic part is required17 and different synthetic strategies can be followed. According to the 

nature of the organic-inorganic interface this type of material can be divided into two classes.18 

Class I materials possess organic and inorganic components bonded together via weak  

interactions, such as van der Waals forces, electrostatic and hydrogen bond interactions. 

However, several problems, such as inhomogeneous dispersions of the organic layer, can be 

observed when weak physical interactions are present between the organic and the inorganic 

portions.19 Class II compounds are made up of stronger covalent or ion-covalent interactions.20 

This latter class has attracted much more interest from the field of catalysis  due to the higher 

stability of its hybrid systems, where the structure, the morphology and the porosity of the 

supporting material are preserved.21 Covalent bonds generate atomic scale connections with a 

good control of functional groups density on the material surface.22 Indeed, class II materials 

can be used under harsher reaction conditions, whereas class I systems are more sensitive 

and may be irreversibly damaged. For example, mesoporous silica, such as SBA-15 and MCM-

41, has been functionalized with numerous organic ligands for several catalytic applications.23-

26 The evolution of Class II hybrid components has led to the growth of materials in which 

catalytically active coordination -metal complexes are covalently anchored to inorganic 

substrates.27-31  

Among organic-inorganic hybrid systems a wide range of hybrid networks were designed by 

following different chemical pathways. Sol -gel chemistry, hydrolysis of organically modified 

metal alkoxides, formation of bridged precursors (such as silsesquioxanes) and hydrothermal 

synthesis for the synthesis of Metal Organic Frameworks represent simple, low-cost ad effective 

strategies to obtain amorphous nanocomposite hybrid materials.32 On the other hand, assembly 

procedures were proven to be a suitable method to reach a better definition of the inorganic 

component, where the hybrid interfaces can be tuned and controlled. Recent strategies consist 

of the use of organic surfactants, specific bridged and polyfunctional precursors, where the 

organic spacers have been improved by using  two terminal functional groups.33 Ordered 

dispersions of organic-inorganic matrices, mesoporous hybrid systems with organic 

functionality within the walls, as well as highly-ordered nanoporous materials available for 

further organic functionalisation through surface grafting reactions have been obtained.34 



6 
 

Especially for heterogeneous catalysis, the nature of the material surface plays a key role in 

determining the chemical and physical properties of the system. Talking about supported 

metallic catalysts, the surface properties of the support influence the catalytic behavior by 

affecting the formation of metal nanoparticles, interacting with reactants and active metallic 

species by stabilizing the metal particles, changing the chemical oxidation state of the active 

sites or affording the formation of unique active species. This is particularly evident when the 

inorganic surface is modified with active moieties, obtained by inorganic surface chemical 

modification. The grafting of the surface with specific ligands can tune the catalytic activity of 

supported metal sites, acting on leaching and catalytic efficiency. This is due to the fact that the 

metal complex structure is strictly correlated to the catalytic activity, the choice of the metal and 

its coordination sphere. Consequently, the choice of ancillary ligands and inorganic surface 

structure represent fundamental factors that must be considered in order to generate well -

defined systems, that can directly enter into the catalytic cycle or as immediate precursor.35, 36 

The key role of the ligand is well recognized since it can impose stereo electronic effects, modify 

the electronic structure of metal, and interfere with the metal/solvent boundaries .37 The vast 

majority of these approaches relied on the use of innocent ligands, not responsible of any redox-

activity, but they can impart improvements to the desired catalytic transformation. For instance, 

n-alkanethiol coated Pd catalysts greatly improved selectivity thanks to the metal -sulphur 

interactions,38 hexadecyl(2-hydroxyethyl)dimethylammonium dihydrogen phosphate was used 

as suitable ligand for the synthesis of ruthenium nanoparticles, in order to act as a pH buffer, 

controlling the local acidity and the interactions between the ligand and the metal were deeply 

demonstrated.39 Pd/polyaniline/Pd sandwich-structured nanotube arrays were designed as 

electrocatalysts for ethanol electrooxidation for direct alcohol fuel cells. They showed high 

electrocatalytic activity and long-term durability thanks to the strong synergistic coupling 

between the inorganic Pd and the organic polyaniline support, with high electron delocalization 

between Pd d orbitals and polyaniline π-conjugated ligands and electron transfer from Pd to 

polyaniline.40 However, while the use of innocent ligands is extensively reported, literature 

research in organic–inorganic hybrid systems revealed that, only recently, non-innocent ligands 

are achieving growing importance, especially in catalytic applications.41 Non-innocent ligands 

are able to import novel reactivity to the adjacent metal complexes, and multifunctional redox-

active ligands have been demonstrated to act on proton or electron transfer and are directly 

involved in the catalytic cycle.42, 43 However, the active interaction between the ligand 

framework and metal complexes is not well documented, especially in heterogeneous catalysis, 

where a discussion of the possible ligand-metal participation is in general not reported. 

Moreover, most studies have focused on the interaction between redox-active ligands and 

precious metals. Thus, a major effort in the investigation of ligand-metal coordination chemistry 

and heterogeneous catalysis is indispensable. 
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1.2.2. Importance of catalyst structure design 

In the case of supported metal catalysts, several approaches have been developed for the 

immobilization of the metal on suitable supports, achieved through covalent or non-covalent 

interactions,44, 45 including impregnation, ion exchange, and precipitation techniques. Ionic and 

hydrogen interactions, physisorption, entrapment in porous supports, immobilization via π–π 

interactions and charge-transfer complex interactions are the most used strategies to obtain 

non-covalent immobilized catalysts.46 The properties of heterogeneous catalysts supported via 

non-covalent immobilization are dependent on reaction conditions, such as temperature, 

substrates, support, solvents, as well as leaching and reuse.47 Furthermore, as-prepared 

supported-metal systems result in a mixture of undetermined and numerous active species, 

characterized by particle size and composition inhomogeneity.48 The non-uniformity of sites 

negatively affect the balance between activity, selectivity, and stability. This limit can be 

overcome designing well-prepared systems, through an excellent control of the preparation 

procedures or a deep knowledge of the structure of the metal active sites at the molecular 

level,44 where the interaction between the molecular complex and the surface is carefully 

evaluated and uniform “single-site” heterogeneous catalysts can be generated.49 The selection 

of specific preparation procedures allows to obtain high reactive heterogeneous supported 

systems by the modulation of the catalyst structure (i.e. defects, electronic and geometric 

states) and the subsequent modification of the surface properties (i.e. size, morphology, 

specific surface area, composition and electron transfer), exploiting the material design and the 

structure-property correlation.50 The metal electronic and structural properties can be tuned and 

optimized designing the catalyst structure, by complexing the metal with specific ligands.51 In 

fact, the reactivity of the metal center can be influenced by the ligands characteristic properties 

originating, for example, from their Lewis acidity or basicity, aromatic chelating structure and 

redox activity.52, 53 The cooperativity between the metal and the ligands, as well as the capability 

of the ligands to stabilize metal oxidation states and coordination geometries can improve the 

activity and selectivity of the system.36 This is evident illustrating the properties of cis- and trans-

dichlororuthenium benzylidenes complexes (Figure 1). Cis-ruthenium-based systems are latent 

metathesis catalysts, which means that remain inactive until they undergo a specific external 

stimulus, responsible of the ligand dissociation, necessary for the catalyst activation. The 

latency can be modulated by exchanging the ligand shell around the metal center, acting on 

the strength of the ligand-metal bond to lower the initiation rate, generally reached by forming 

a bidentate chelate, which hinders dissociation. Cis-isomers are more stable than the trans- 

counterpart, so their latency is improved.54 The chelation given by tethered, carbene, alkylidene 

and anionic ligands decelerates both initiation and propagation. The steric effects on the 

benzylidene or on the N-heterocyclic carbene (NHC) positions tune the latency in ruthenium 

precatalysts.55 Interestingly, the simple substitution of an oxygen atom with a sulfur atom 

represents an efficient strategy to impose higher latency in  ruthenium-based catalysts. Sulfur-
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based ruthenium complexes have been isolated in a cis-dichloro geometry, this is due to the 

sulfur atom inability to coordinate to the strongly σ-electron-donating NHC ligand, which would 

give trans-isomers. Therefore, the trans influence is reduced, and the complex remains inactive 

at ambient temperatures. The sulfur−ruthenium bond could be dissociated by applying UV 

irradiation or when exposed to thermo treatments.56-59 

 
 

 

a b c 

Figure 1. Ru(II) complexes: (a), (c) cis-isomers; (b) trans isomer. 

A common way to efficiently control heterogeneous supported metal chemical composition and 

atomic coordination and obtain well-defined systems is via the surface organometallic chemistry 

(SOMC).60, 61 SOMC is a methodology through which organometallic complexes can be directly 

attached to inorganic carriers: organometallic fragments (i.e. alkyl, alkoxide, or halogen groups) 

interact with reactive functionalities of the inorganic support, whose surface plays a crucial role 

as support and ligand, and it is directly involved in the coordination sphere of the metal, 

establishing covalent or ionic bonds or acid -base Lewis interactions.62 Otherwise, well-defined 

active sites (i.e. Lewis acids, redox sites) can be introduced in the framework of zeo -types and 

mesoporous materials, generating pore-selective functionalities toward different potential 

transition states and metal ions or clusters.63 Another way to control the synthesis of catalytic 

materials on the atomic scale, is, for instance, the atomic layer deposition . It allows to control 

metal and metal oxides sites, as well as the size, shape, morphology, facets and composition 

of dispersed nanoparticles, and an enhancement of the catalytic activity, selectivity and 

durability is explained by the atomic precise growth effect.64 Moreover, a good control of the 

chemical composition, the atomic coordination and the surface layers s tructure of nanocatalysts 

determines their performance in catalysis and it can be achieved by monitoring the nucleation 

and growth rates, by modulating the synthesis parameters, like temperature, precursors, pH, 

concentration and protective agents. A number of synthetic procedures including wet chemical 

synthesis, solid-state and physical chemical reaction can be employed to synthesize well -

defined nanostructures, with a high selective display of catalytic facets, composition tuning 

surface engineering via heteroatom doping, and dimension/structure engineering and interface 

engineering with selected supporting material.65 The most applied techniques for the controlled 

synthesis, result in the use of non -conventional technologies, such as microwave and 

ultrasound irradiation, that will be discussed later. 
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1.2.3. Nanomaterials and nanocatalysts 

Nanomaterials have gained importance in technological developments due to their tunable 

physical, chemical and biological properties with enhanced performance over their bulk 

counterparts. They can be classified depending on the size, shape, and origin, but the main 

categorization divides the nanomaterials basing on their composition: 

• carbon-based nanomaterials, such as fullerenes, carbon nanotubes, graphene, black 

carbon, etc., 

• inorganic-base nanomaterials, such as metal and metal oxide nanoparticles , 

• organic-based nanomaterials, made of organic matter and transformed into 

dendrimers, micelles, liposomes and polymers, 

• composite-based nanomaterials, such as hybrid organic-inorganic nanoparticles, or 

combined nanoparticles and bulk-materials or more complicated structures, such as 

metal organic framework.66 

The chemistry of nanomaterials mainly depends on the synthesis of nanoparticles, controlling 

size, shape and morphology, and on the molecular approach to find o ut ever more selective 

applications. During the years, well -controlled synthesis of nanomaterials has been achieved 

by using stabilizing or capping agents, surfactants, polymers, etc. It has been demonstrated 

that the appropriate choice of the stabilizing agents is fundamental to control the surface 

properties of the nanomaterials, since they can modify the active sites, the chemical 

environment, as well as the selectivity and reactivity, due to steric and electronic effects.67, 68 

Moreover, an accurate control of the reaction parameters for the nanoparticle formation is 

essential to obtain highly organized nano systems. Some long-established approaches may 

successfully produce pure, well -defined nanoparticles, but the relative high cost of production 

and the elevated environmental impact are asking for  more cost-effective and environmentally 

benign alternatives.69 This can be achieved by the use of innovative preparation methodologies, 

such as the application of ultrasound or microwave irrad iation (Figure 2), or by the choice of 

renewable resources as capping agents, such as plant extracts (like polyphenol anti-oxidants 

from tea and coffee), biodegradable polymers, reducing sugars (such as vitamins) and 

agricultural residual waste. Moreover, recently, with the aim at pursuing eco -friendly 

alternatives, the attention on magnetic nanoparticles is rapidly growing. Magnetic nanosystems 

have been recognized as promising materials in different field of application, from the catalysis, 

electrochemistry, biomedicine, to the pollutant removal, toxicity mitigation or water treatments,70 

thanks to their ease surface chemical modification, coating and recoverability.71 
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Figure 2. Metal oxides with well-defined morphologies, obtained by microwave-controlled nanoparticle 
preparation. Figure obtained from the paper of Varma.72 

Nanomaterials have gained importance in catalysis due to their excellent physicochemical 

properties. They combine the rapid and selective chemical transformations with excellent 

product yield and ease of separation and recovery. Nanocatalysts have been studied during 

the years to improve the performance of supported metal catalysts by downsizing the metal 

particles and combine advantages of both the homogeneous and heterogeneous catalytic 

systems.73 Nanocatalysts are composed of metal components finely dispersed on a high-

surface-area support. The size of metal particles becomes one of the most  critical factors 

determining the reactivity and specificity of supported metal catalysts. Nano dimensions and 

high exposed surface areas are responsible of enhanced coordination environment of metal 

centers, improved metal-support interactions and charge transfer, as well as quantum size 

effects, where confinement of electrons leads to a discrete energy level distribution. Thus, the 

amount of active surface species and the electron transfer between the catalyst surface and 

the reactive species increase dramatically, while the insolubility into the reaction mixture makes 

the recoverability easy.74 The heterogeneity of nanosystems can be achieved by the fixation of 

single atoms, metal cluster or metal nanoparticles onto suitable supports (such as silica, 

alumina, other oxides or carbon nanomaterials).75 More recent approaches consists of the use 

of magnetic supports, such as iron oxide magnetic nanoparticles, to immobilize the metal 

center, that could be easily recovered from the catalytic media by simply applying a magnet.76 

 

1.2.3.1. Single atoms, nanoclusters or nanoparticles? 

The interaction between single atoms, nanoclusters or nanoparticles and the supports and the 

reactants has been extensively investigated.  

The electronic structure of mononuclear metal complexes is strongly related to the coordination 

environment, including ligands and solvent. They are stabilized by the cooperation between the 

metal and the support, that occurs through chemical bonding, via direct interaction or through 

functional groups. In the first case their geometric structures are partially restricted by the 

support, while, when single atoms are supported with functional groups, they may adapt their 

coordination environment. Moreover, a strong metal -support interaction is important to prevent 

aggregation of single atoms on the surface. Thus, the choice of the surface anchoring sites, 

has an essential role in stabilizing single-atom metal species.77 The utilization of supported 
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single-atom catalysts in heterogeneous catalysis provides wide application s, but their limit rely 

on the request of multi-metal active sites. 

Metal clusters and nanoparticles show the orbital overlapping between metal atoms. Metal 

clusters are composed of less than 20 atoms and the geometric structures of such nanoparticles 

are quite flexible and can be strongly affected by the environment. When supported on solid 

supports, different geometric configurations can be observed even in the same local 

environment, making the catalytic efficiency more variable and difficult. The study of the 

influence of geometric structure on the catalytic properties of metal clusters is rarely reported 

and the controlled preparation of metal clusters is still a challenge. Indeed, a lot of factors 

influence the preparation of supported metal cluster with well -defined structures, where size, 

shape and the electronic properties are strictly under control, such as the nature of the support, 

metal−support interaction, the presence of other metals  and impurities. However, it has been 

demonstrated that the introduction of organic ligands allows to obtain well-defined metal 

clusters. Moreover, the development of more robust synthetic methodologies is necessary to 

understand and improve the catalysis based on supported metal clusters.78 

Metal nanoparticles are usually composed of more than 40 atoms and show a diameter size 

more than 1 nm. Their geometric structures are stable and less sensitive. Since the electronic 

properties depend on the particle size, the electron transfer between the support and the metal 

species, that affect the catalytic properties, is also strongly dependent on it. The electron 

transfer is also influenced by the geometric location of the metal species on the support, where 

metal nanoparticles can be located at crystal edges, corners, and facets during different 

catalytic reactions. When catalytic nanoparticles are located into a specific environment, the 

local space applies a physical restriction on them and provides a unique electronic 

microenvironment that modulates electron transfer processes. For these reasons, the ch oice of 

the correct solid support is fundamental to design highly active nanocatalytic systems. In 

addition, the nanoparticles selectivity can also be modulated by controlling its intrinsic 

composition. For instance, bimetallic nanocatalysts are emerging as new field of nanocatalysis, 

because they do not only combine single properties, but they show new properties and abilities 

due to a synergistic effect between the metals.79 

Figure 3 shows a schematic representation of the surface free energy and the specific activity 

per metal atom with metal particle size and the support effects on stabilizing single atoms. The 

bulk material can be turned into nanoparticles, subnanoclusters, and single metal atoms. An 

increase of unsaturated coordination environment of the metal species is proportional to the 

size. Accordingly, the surface free energy of the metal components increases, and the metal 

sites become more and more active for chemical interactions with the support and adsorbates.  
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Figure 3. Surface free energy and specific activity per metal atom related to metal particle size. Figure obtained 
from the paper of Singh.77 

 

1.3. Non-conventional technologies 

1.3.1. Microwave 

The concept of green chemistry is aiming to address chemical industries towards eco -

sustainable processes. The development of innovative energy-saving, economically viable and 

environmentally safe technologies is gaining great attention. In the last two decades, the use 

of microwave (MW) irradiation in organic synthesis attracted increasingly interest, as indicated 

by the number of publications in this field that is increasing from year to year, starting from the 

1986, when the first studies on MW activation in organic chemistry have been published by 

Gedye and co-workers.80 It is surprising that even now, when MW irradiation is a well-

established methodology, the number of publications is still increasing, indicating the high 

interest of academia and chemical industries in its application and development (Graph 1). 
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Graph 1. Number of publications in Microwave-Assisted Organic Synthesis (MAOS). Number of references 
resulted from a SciFinder research. 

In the electromagnetic spectrum (Figure 4), the MW radiation region is located between infrared 

radiation and radio waves (wavelengths of 1 mm-1 m and frequencies between 0.3 and 300 
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GHz), but industrial and domestic MW apparatus operates at a frequency of 2.450 GHz. Within 

this region of electromagnetic energy, only molecular rotation s are affected. MW photons 

energy (0.037 kcal/mole) is not enough to affect the structure of organic molecules: the effect 

of MW adsorption is purely kinetic. Electromagnetic radiation combines both electric and 

magnetic field, propagating through the space and carrying out the energy. Material heating 

occurs through molecular interaction with the MW electric field, through two different 

mechanisms: dipolar polarization and ionic conduction. Dipolar polarization refers to the effect 

of the alternated electromagnetic field on polar molecules, causing the antiparallel orientation 

of the molecule dipole moments to the force field lines, rotation and conversion of MW energy 

into kinetic energy. The second method of energy transfer is the ionic conduction, that originates 

from the presence of ionic species or free ions in the material. Vibrational motion of ions and 

resistance of the medium to ion flux are generated under the alternated electri c field and the 

electromagnetic energy is converted into thermal energy. Indeed, as seen, MW heating involves 

a process of energy conversion instead of heat transfer as in conventional heating.81 It results 

in instantaneous localized superheated centers , high temperature homogeneity and the 

possibility to heat selectively within a composite material .82, 83  

 

Figure 4. The electromagnetic spectrum. 

MW-assisted chemical reactions strongly depend on the ability of the react ion mixture to 

efficiently absorb MW energy, that often depends on the choice of the solvent. The ability of a 

specific material or solvent to absorb and convert MW energy into heat, at a given frequency 

and temperature, is determined by the three main dielectric parameters: tangent delta, dielectric 

constant, and dielectric loss. These parameters are correlated in the equation:  

𝛿 =  
𝜀 ΄΄

𝜀 ΄  

where δ is the so-called loss tangent, ε΄΄ is the dielectric loss (that represents the conversion 

efficiency of the electromagnetic radiation into heat), and ε΄ is the dielectric constant (that 

describes the polarizability of molecules in the electric field). The dielectric parameters strongly 

affect the MW penetration depth, which is the point where 37% of the initially irradiated MW 

power is still present. The MW penetration depth is inversely proportional to the loss tangent. 
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Some of the penetration depths of the microwaves in common solvents at room temperature 

are listed in Graph 2. Particularly significant is that the penetration depth of the 2.45 GHz 

microwaves into almost all non-polar solvents tends to be rather extensive compared to the one 

in polar solvents.84 Generally, the loss tangent and consequently the absorption of MW 

irradiation decreases with temperature and is proportional to the wavelength of applied MW. It 

means that MW absorption may become somewhat difficult at high temperatures and a solvent 

can be penetrated at different depths by varying frequencies. The higher the δ value, the better 

the solvent is for MW absorption and the more efficient the solvent converts MW energy into 

thermal energy. The solvents employed for MW-assisted chemistry are classified as high (tan 

δ > 0.5), medium (0.1 < tan δ < 0.5), and low MW absorbing (tan δ < 0.1), as gathered in the 

Table 1.85 The use of a very low absorbing solvent (i.e. hexane, benzene, toluene) can help to 

selectively heat the other absorbing molecules in the media, allowing a selective and efficient 

heating process. 

 

Graph 2. Penetration depths of the 2.45 GHz microwaves for some common solvents. Figure obtained from the 
paper of Serpone et al.84 
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Table 1. Dielectric constant (ε), tan δ, and dielectric loss (εʺ) for some common solvents (measured at room 
temperature and 2450 MHz). Table obtained from the website https://cem.com/it/microwave-chemistry/solvent-choice.86 

 

It has been demonstrated that under MW irradiation, faster and more selective organic reactions 

can be obtained, by choosing appropriate MW parameters.87 Based on Arrhenius reaction rate 

equation (𝑘 = 𝐴𝑒
−𝐸𝑎

𝑅𝑇 ), the reaction rate constant (k) increases proportionally with the increase 

of the absolute temperature (T) and the frequency factor (A) and decreases proportionally with 

the increase of transition state energy (energy activation, Ea). Thus, the increase in the pre-

exponential factor A, which is representative of the probability of molecular impacts, could 

enhance reaction rates. This collision efficiency can be effectively influenced by mutual  

orientation of polar molecules involved in the reaction. However, it should be underlined that 

MWs do not influence orientation molecule collisions or the reaction activation energy but act 

on temperature control. Increasing the temperature, the molecules movement becomes more 

rapid, and a greater number of more energetic collisions is generated. The temperature 

increase happens much faster under MW irradiation than under conventional heating, due to 

the high immediate heating of the reaction mixture above the normal bulk temperature. 

Furthermore, the MW energy affects the level of instantaneous heating: the higher the MW 

https://cem.com/it/microwave-chemistry/solvent-choice
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energy, the higher is the reached temperature. Thus, a simultaneous cooling during the MW 

irradiation is a powerful method to remove latent heat and provide a higher level of MW power. 

Thanks to the elevated molecular energy generated by the transfer of MW energy, reaction 

times shorten from several h or even days to a few min.88 

In recent years, the attention is also moving to the use of MW on the synthesis of heterogeneous 

systems and nanostructured materials, as a potential alternate heating for material processing, 

as well as on their application. It is well-known that the growth of nanomaterials, metal  

nanoparticles and nanostructures is highly dependent on the reaction c onditions and a 

controlled and efficient synthesis can be achieved by MW irradiation, whose rapid temperature 

profile is unique.89 Indeed, it has been demonstrated that the dispersity, the morphology and 

the size of nanosystems are dependent on heating method, uniformity  and rapidity of the heat.90 

Moreover, given the usually excellent MW absorption capability of most solid catalysts, it is 

beyond doubt that the combination of MW activation with heterogeneous catalysis carries 

almost unlimited opportunities in synthesis design for environmentally benign processes.  

 

1.3.2. Ultrasound 

Ultrasound (US) covers the frequency range between 20 KHz and 5 MHz (Figure 5), that is the 

sound beyond which the human ear can respond. It does not affect chemical species at 

molecular level, being the molecular dimension too small compared to the acoustic wavelength. 

It consists of alternate compression and decompression cycles and sound waves propagate 

longitudinally into liquid media. Under the effect of sonic waves , the generation of micro bubbles 

or cavities into the liquid is observed , with subsequent growth to a maximum size and a final 

violent implosion, that leads to a local strong energy dissipation, with the creation of local hot 

spots, characterized by rather extreme temperatures and pressures of around 5000 K and 1000 

atm. Furthermore, in addition to the chemical cavitation effects, also physical effects are 

observed as the generation of high liquid movement, responsible of elevate mass transfer rates. 

Thus, homogeneous reactions take advantage of the local hot spots generation, radical 

mechanisms can be accelerated because the better ability of radical species formation under 

ultrasonic waves, while heterogeneous reactions benefit from the intense liquid agitation and 

the implosion of cavities in the proximity of a solid surface that produces micro -jets of liquid that 

act on the outer solid layers, renewing the exposed area and prolonging the solid activity (i.e. 

in heterogeneous catalysis).  
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Figure 5. The frequency range of the sound. Figure obtained from the chapter 10 of the book of Konieczka et 
al.91 

The choice of the solvent is fundamental in sonochemistry because when it is combined to US 

irradiation can dramatically affect reactivity and product yield. Each solvent can dissipate 

ultrasonic power (Up) differently and the higher is Up, the higher is the cavitation effect. Viscous 

solvents show elevates cohesive forces that oppose to the negative pressure required for the 

cavitation; however, if the onset of cavitation is longer, the dissipated power is higher. Then, 

high solvent surface tension is correlated to high dissipation power, while volatility and 

dissipated power are inversely correlated.92 

 

Table 2. Average ultrasonic dissipated pressure (Up) and physical properties of several solvents. Figure obtained 
from the paper of Colacino et al.92 

Many factors influence the effect of sonochemistry efficacy. It is reported that, generally, an 

increase in the ultrasonic power results in greater generation of cavitation bubbles, that is higher 

cavitational intensity, leading to faster reaction rates. However, this effect must be evaluated 

on a case-by-case basis. Indeed, it has been demonstrated that the conversion of organic and 

enzymatic reactions can increase until an optimum value increasing the US power, beyond 

which uninteresting or even worst results can be obtained. This is for example the case of the 

Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate, where a decrease 

of the conversion is registered when using more than 30% of power intensity.93 The size of the 

cavities, the implosion time and the physical or chemical effects ratio are correlated to the 

ultrasonic frequency. Higher frequencies generate smaller bubbles, reduce the time required 

for collapsing and increase the number of free radicals that move from the cavitation site to the 

bulk mixture, reducing the degree of the physical effects in favour of the chemical effects. 
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Moreover, US efficacy is negatively affected by the temperature: the formation of vapour 

cavities resulting from higher temperatures would alleviate the bubble collapse due to the 

cushioning effect. However, a good relationship between the ultrasonic and the kinetic effect, 

given by the temperature increase, was demonstrated to be helpful for reactions outcome.94 95 

Two different methods for the introduction of US into a system can be principally describe, the 

ultrasonic cleaning bath and the ultrasonic prob. Both systems rely upon the piezoelectric 

transducer as an US source. One of the main disadvantages is the fact of having an optimum 

performance when a fixed frequency (that depends on the transducer) is applied. In most cases, 

the optimum frequency for commercial baths is around 40 kHz and for commercial probes is 

around 20 kHz. Although the ultrasonic bath is the cheapest and widely used source of 

ultrasounds, some disadvantages can be named if comparing with the probes. Like any other 

sound wave, US is propagated via a series of compression and rarefaction waves induced in 

the molecules of the medium through which it passes. This fact supposes that the amount of 

energy that reaches the reaction while working with the sonic -bath is very low (normally 

between 1 and 5 W cm-2). 

The nature of sonochemical reactions has been widely studied and a set of empirical rules h as 

been established in order to provide some clues and better understand the effects of this 

irradiation: 

• in homogeneous reaction, the chemical effects can be explained by assuming that 

sequential electron transfers are favored by ultrasonic irradiation, 

• in heterogeneous liquid-liquid or solid-liquid reactions, bubbles cavitation near the 

interface will cause disruption and mixing, resulting in the formation of fine emulsions, 

and therefore being particularly beneficial in the enhancement of phase-transfer 

catalysis, 

• in heterogeneous reactions, the biphasic system will also be subjected to the 

mechanical component of shock waves, in addition to the chemical activation.  

US has seen widespread use in the promotion of organic and polymeric synthesis, 96, 97 

heterogeneous phase reactions,98, 99 and in the preparation of inorganic nanostructures and 

catalysts.100-102 Moreover, significant effort has been devoted to organic synthesis with 

supported catalysts and reagents on the surfaces of cheap and recyclable mineral supports, 

such as clay, silica, alumina.103 However, if sonochemistry has become one of the most 

powerful heating and stirring methods for laboratory scale operations, as demonstrated by the 

rapid increase of the number of scientific publications during the last decades  (Graph 3), the 

replace of conventional methodologies in commercial scale processing is slowly happening.  
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Graph 3. Number of publications in Ultrasound-Assisted Organic Synthesis. Number of references resulted from 
a SciFinder research. 

 

1.3.3. Flow chemistry 

Continuous flow processes are defined as a type of chemistry performed in continuous flowing 

streams, where the reactions take place in narrow channels with inner diameters ranging from 

several μm to mm. The tremendous advantages it presents are attributed to the small channel 

dimensions, to the ease with which hazardous reagents can be handle. In addition, the 

continuous flow properties eliminate the need of isolation of intermediates, sometimes toxic and 

hazardous. The large surface area to volume ratio  of flow reactors, as a result of the small 

dimensions, provides efficient mass and heat transfer rates. The rapid heat transfer is easily 

achieved in microstructured flow devices, where energy exchange can be controlled in a very 

different way in flow devices compared to classical batch reactors. Moreover, several external 

energy input can be applied, combining the continuous flow synthetic methodologies to other 

enabling technologies leading to an improved efficiency. Typical combinations with flow 

chemistry are MW irradiation, photochemistry, supported reagents or catalysts, inductive 

heating, electrochemistry. 104, 105 Continuous flow processes show also many other advantages, 

including precise controlling of reaction parameters, reaction time and temperature, thanks to 

the ease and safe pressurization of the system, efficient mixing and automation and efficient 

set-up of multistep reactions, where reagents can be introduced into the stream of reactants 

anywhere in the flow system.106-108 Compared to the batch alternative, continuous flow 

processing specifically address the scale-up needs and exhibit several benefits that make it 

particularly attractive for the industrial synthesis, in terms of efficacy, cost, equipment size, 

energy consumption, safety and waste generation, among other things. Three different 

approaches can be exploited to produce large amount of compounds  via continuous flow 

systems: running the process longer, performing the reaction in multi -reactors in parallel, or 

using larger continuous reactors. Moreover, it has been demonstrated that the reaction scale-
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up in continuous flow reactors is easier than in batch, because the possible inefficient mixing 

or by-product formation are easily avoided.109, 110 

The continuous flow systems can be designed into three types, as schematically shown in 

Figure 6: 

• the reagents are dissolved into suitable solvents, poured into syringes and flowed 

through the reactor. At the end, the product is collected. Homogeneous catalysts are 

allowed, 

• one of the reagents is supported onto a solid and confined into the reactor; the 

substrate is passed through. The collected solution contains the product, 

• the heterogeneous catalyst is confined into the reactor, the reagents are passed 

through. In principle, no separation of the product from the catalyst is needed; and the 

catalyst could be easily recycled.111 

 

Figure 6. Types of continuous flow systems. Figure obtained from the paper of Kobayashi et al.111 

Since catalytic methodologies are nowadays essential for the development of sustainable and 

efficient processes, continuous flow systems involving the use of a heterogeneous catalysts 

are grown rapidly.112 Moreover, they are acquiring increasing importance for the preparation of 

Active Pharmaceutical Ingredients (APIs). For instance, the synthesis of Aliskiren hemifumarate 

in continuous flow systems was reported by Novartis-MIT Center.113 It involves continuous flow 

reactions and additional operations (quench, work up, isolation, and purification), where all the 

steps are integrated in a fully automated continuous process. In this way, 100 g / hour of 

Aliskiren can be produced. Moreover, while the batch reactions need refluxing conditions for 48 

h, the continuous process is done in 1 h, and it operates in solvent free conditions. Many other 

examples of API production, such as the synthesis of Olanzapine (Figure 7), Amytriptyline, 

Tamoxifen, Rufinamide, etc are reported in literature.114 However, pharmaceutical industries 
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still rely on batch reactors, but the growing interest toward continuous flow manufacturing of 

APIs is evident. 

 

Figure 7. Continuous flow synthesis of Olanzapine. Figure obtained from the paper of Puglisi et al.113 
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Chapter 2 

Sonochemically-promoted preparation of β-cyclodextrin-silica 

hybrid systems for efficient copper catalysis 

 

2.1. Introduction 

As explained in Chapter 1.2.1, organic-inorganic hybrid materials have achieved great attention 

in recent years and numerous innovative studies have enriched the literature on these types of 

compounds.115-118 The design of novel organic-inorganic hybrid systems provided considerable 

success in several fields, including catalysis, photochemistry, biochemistry and 

optoelectronics.12 Hybrid nanostructures for catalytic applications have been studied and 

synthesized since the 1990s and still represent a big challenge for the scientific community, 

merging the heterogeneous and homogeneous worlds.119 The modification of the composition 

on the molecular scale of hybrid catalysts makes them suitable for the design of smart and 

efficient systems,120, 121 where the inorganic surface modification via the ligand grafting can 

enhance and tune the catalytic activity of supported metal sites.122 Good control of the organic 

functional groups on the inorganic surface and well-defined supporting materials are obtained 

by the selective covalent grafting between the organic and the inorganic portions ,47 where 

atomic scale connections are generated and a good control of functional groups density on the 

material surface is obtained.  

Most explored inorganic supports are mesoporous materials ,123-126 polymers,127, 128 

nanostructured supports,129, 130 metal organic frameworks (MOF).131, 132 Surface exposed 

nucleophilic or electrophilic functions, vacant coordination sites and  unsaturated functional 

groups can be used as active sites for specific derivatizations.21, 133 Among the inorganic 

materials, porous silicas particles achieved great attention as strong support matrix, useful in 

several technological applications. The outstanding chemical and physical properties, as well 

as the ease of functionalization of both internal and external surfaces of the pores with various 

organic functional groups, made silica an excellent catalyst support material.134 The surface 

properties of silica depend on the concentration and the distribution of different types of OH 

groups (single, geminal or vicinal silanols, Figure 8), on the presence of siloxane bridges and 

on the porous structure of the silica. The silanols are considered strong adsorption sites, can 

interact with H-bond interactions, and are responsible of the silica hydrophilic properties. The 

distribution and the density of the surface hydroxyls, that is dependent on the type of silica 

material (crystalline or amorphous), determine the number of H-bonds and their contacts. On 

the other hand, siloxane sites are usually considered hydrophobic and can interact with other 

molecules by means of dispersion forces. Their concentration at the surface is increased by 
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heating the silica material at high temperature, and by the condensation of two H-bonded Si-

OH groups with the loss of a H2O molecule.135 The chemical modification of the silica surface 

allows to modify and modulate adsorption properties and technological features of composite 

materials.136 Moreover, the modification of the functional groups, by the addition of ligands and 

spacers on the silica surface represents a possibility to control the morphology and the local 

coordination environment at the catalytic sites to generate selectivity and to change 

hydrophilic/hydrophobic properties. Thus, the possibility to manage the silica surface 

modification and to exploit the adsorption properties, as well as the excellent chemical and 

thermal stability, the uniform pore size and distribution, high surface area, that affect the 

possibility to incorporate various nanomaterials (such as catalysts), made porous silica 

materials great potentials as strong support matrix in catalytic applications.137 

    

Geminal Vicinal Isolated Interacting 

Figure 8. Different types of surface silanols commonly found at the silica surfaces.  Figure obtained from the 
paper of Sodupe et al.135 

The nature and the properties of a material surface, understood in its organic-inorganic entirety, 

play a key role in determining the physical and chemical properties of the materials, especially 

talking about heterogeneous catalysts.138 The surface properties of a support can influence the 

metallic catalytic behavior by interacting with active metal sites, changing the chemical 

oxidation state, or affecting the formation of metal nanoparticles. This is particularly evident 

looking at metal ligands interactions, since they can impose stereo electronic effects, modify 

the electronic structure of the metal, and interfere with the metal/solvent boundaries.37 On the 

other hand, the interposition of an organic flexible spacer between the ligan d and the inorganic 

support represents an important strategy to increase the accessibility and the stability of metallic 

sites.14  

Due to the impractical nature of infinitely recycling the metals, research is being directed to the 

utilization of more abundant and inexpensive metals, such as iron, cobalt, copper and nickel, in 

the place of precious metals.139-144 Specifically, copper catalysis has received a great deal of 

attention in recent years.145-149 In fact, copper has undergone thorough investigations in its role 

as a homogeneous catalyst and remarkable results have been achieved in many reactions, 

including oxidations, additions, C-C bond cleavage and Michael addition reactions.150-154 

Therefore, the development of stable Cu catalysts that can be used in heterogeneous 

conditions has recently attracted considerable interest. For example, copper nanoparticles that 

are supported over silica have been studied as efficient catalysts for the hydrogenation of 
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alkynes.155 Furthermore, Cu that is supported over manganese oxide octahedral molecular 

sieves has been demonstrated to be an efficient catalyst for the synthesis of imidazoles.156 

The purpose of Cu organic-inorganic hybrid systems resides in the possibility of synthesizing 

heterogeneous catalysts with the lowest possible metal dimensions in order to increase active 

surface area. The ambitious major objective in this field is therefore that of producing atomic-

scale particles. This can be achieved via the selection of stable ligands for Cu that can be 

strongly anchored over the various solid supports. β -cyclodextrin (β-CD) has been 

demonstrated to be an attractive macromolecule for this purpose. β -CD is a cyclic 

oligosaccharide composed of seven linked D-glucopyranose units and that can be represented 

as a toroid structure with narrow and wide openings corresponding to the primary and 

secondary hydroxyl groups, respectively (Figure 9).157 This peculiar structure means that β-CD 

can easily encapsulate copper and numerous other compounds.158-160 They can be used as 

carriers and stabilizers and, when grafted on the external surface of inorganic supports,161 can 

be exploited for the preparation of heterogeneous catalysts.129, 162-165 They can be employed 

for the spatial control of the catalyst as a result of a chemical confinement of the metallorganic 

species.166 β-CDs can be directly bound on the external surface of the inorganic support,167 or 

they can be bound to the inorganic surface with the interposition of organic spacers.14, 168, 169 

Interestingly, β-CDs have been efficiently employed for coordinating Cu(II) in a sandwich -type 

coordinative inclusion complex170 and the Cu(II)-CD complex has been already employed to 

perform click azide-alkyne cycloadditions,171 C-C coupling of aryl boronic acids 172 and 

synthesis of oxazolidinones.173 Interestingly, the click azide-alkyne cycloaddition is known to be 

catalyzed by Cu(I), which should be produced in situ from the CD-Cu(II) complexes.174, 175 

Moreover, several studies have proposed ingenious strategies for supporting Cu/β -CD 

complexes. For example, Moradi et al., have recently stabilized Cu(II)/ β-CD complexes over 

fibrous nanosilica and have successfully employed the material as a catalyst in the synthesis 

of oxazolidinones.176 Xia and co-workers have prepared a magnetically recoverable catalyst 

made of Cu(II)/β-CD complexes anchored over ferric oxide and covered by silica.177 Shafiee 

and co-workers, have reported the preparation of functionalized PEGylated mesoporous silica 

nanoparticle-graphene oxide as a catalyst for the synthesis of imidazoles.163  

 
Figure 9. General structure of β-CD. 

Herein, a detailed investigation into the influence of US irradiation on the reaction rate of silica 

derivatization to obtain β-CD-grafted silica is described. A number of routes were explored and 

compared with the aim of obtaining this class of peculiar organic -inorganic hybrid material using 

a highly reproducible, efficient synthetic protocol. Commonly employed silica-grafting 
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procedures entail long reaction times at high temperatures and the capability of US to shorten 

reaction times and operate at lower temperatures was demonstrated. Different covalently 

grafted silica-β-CD hybrid catalysts were prepared to study the influence of different flexible 

amino-bearing spacers on the catalytic activity and efficiency in catalytic applications. By 

supporting Cu(II) on the CD grafted silica, green and sustainable single-atom catalysts for click 

azido-alkyne cycloadditions were synthesized. The click 1,3-dipolar cycloaddition was 

optimized without the addition of a reducing agent because of the presence of CD. 

Complementary characterization techniques (infrared, X-ray absorption spectroscopy, TEM, 

UV-Vis in diffuse reflectance) were used to obtain detailed information on the surface 

functionalization of the silica support, on the oxidation state, local environment, and aggregation 

of the encapsulated/anchored Cu species, focusing on the stability and recyclability of the 

prepared materials. 

 

2.2. Results and discussion 

2.2.1 Preparation of silica-β-CD derivatives 

The silica surface modification was studied to investigate the importance of obtaining organic-

inorganic hybrid systems via the grafting of silica material with organic compounds, that can 

lead to improve catalytic activity and may increase sorption capacity. The strategy focused on 

the use of β-CDs as stable ligands for Cu species, strongly anchored to the porous silica surface 

via flexible amino spacers to prepare silica-β-CD-Cu(II) derivatives, where the organic linker 

can contribute to Cu binding strength, influencing the catalytic activity and efficiency of organic-

inorganic silica-based Cu(II) catalysts. Furthermore, the influence of US irradiation on the 

reaction rate of silica derivatization was investigated. Indeed, commonly employed silica-

grafting procedures entail long reaction times at high temperatures and the capability of US to 

shorten reaction times and operate at lower temperatures was demonstrated. US irradiation is 

a non-conventional means to achieve efficient heating, dispersion, deagglomeration of solids 

and improvements in mass transfer. It offers a facile, versatile synthetic tool for the preparation 

of nano/microstructured materials that are often unavailable via conventional methods.  

With the aim of offering highly reproducible and efficient synthetic protocol  and in order to study 

the effect of amino-bearing spacers on metal stabilization , different hybrid systems were 

prepared by comparing three alternative synthetic routes:  

(I) amino-β-CD was directly bound to the silica surface (procedure a, d, Scheme 1),  

(II) β-CD was anchored to silica via a diethylentriamino spacer (procedure a, b, c, Scheme 1),  

(III) or the silica was grafted with monoalkyl-trialkoxysilane derivatives by a condensation 

reaction (procedures e, f or e, g, Scheme 1).  
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In detail, procedure a follows the preliminary conversion of the silanol groups on the silica 

surface to silica chloride (Si-Cl) in the presence of thionyl chloride, as described in literature,178, 

179 and the resulting chloride ions were titrated with a silver nitrate solution in the presence of a 

potassium chromate solution, used as an indicator. 6I-Amino-6I-deoxy-β-CD was then reacted 

to obtain the Si-NH-CD derivative (procedure d). In the second route (procedure b), chlorinate 

silica was reacted with diethylenetriamine (DETA) and a nucleophilic substitution with 6 I-tosyl-

β-CD was performed to obtain the Si-DETA-CD (procedure c). Alternatively, the preparation of 

Si-MonoAm-CD, Si-DiAm-CD and Si-TriAm-CD derivatives proceeds through the condensation 

reaction between the surface silanol groups and the monoamino, diamino and triamino 

alkoxysilanes (procedure e), followed by nucleophilic substitution with 6I-tosyl-β-CD, 

respectively (procedure f). In a similar way Si-Gly was obtained reacting silica with an epoxy 

alkoxysilanes (procedure e), followed by the addition of 6I amino-6I-deoxy-β-CD (procedure g) 

to obtain Si-Gly-CD derivative. The structure of the above-mentioned and obtained organic-

inorganic hybrid systems are clearly reported in Figure 10.  

 

Scheme 1. Synthetic scheme for the preparation of silica-β-CD derivatives. Reaction conditions of procedure (a): 
silica was functionalized with SOCl2; (b) Si-Cl was grafted with diethylenetriamine; (c) Si-DETA was reacted with 6I-tosyl 
β-CD; (d) Si-CL was reacted with 6I amino-6I-deoxy-β-CD; (e) silica was grafted with alkyl alkoxysilanes; (f) Si-MonoAm, 
Si-DiAm, Si-TriAm were reacted with 6I-tosyl β-CD; (g) Si-Gly was reacted with 6I amino-6I-deoxy-β-CD. 
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Si-NH-CD Si-DETA-CD Si-MonoAm-CD Si-DiAm-CD Si-Gly-CD Si-TriAm-CD 

Figure 10. Structures of prepared silica-β-CD derivatives. 

The loading and the identity of the synthesized silica derivatives were confirmed by 

thermogravimetric analysis (TGA) and UV-Vis spectroscopy. Complementary characterization 

techniques (infrared (FT-IR), X-ray absorption spectroscopy (XAS), TEM, UV-Vis in diffuse 

reflectance) were used to obtain detailed information about the surface functionalization of the 

silica support, the oxidation state, the local coordination environment and the aggregation of 

the encapsulated/anchored Cu species, focusing on the stability and recyclability of the 

prepared materials. TGA allows the grafting efficacy to be quantified by calculating the 

percentage weight loss in the TGA curve, assuming that water is the only compound removed 

from the starting silica by surface dehydroxylation. To circumvent any possible solvent influence 

on yield calculations, the curves are all normalized to 150 °C. In combination with TGA, the 

amount of β-CD was measured via titration with phenolphthalein (Php) in the buffer solution 

(pH = 10.5) at 0.008 mM.180 The amount of grafted β-CD was measured on the basis of the 

loss of UV absorbance of Php when included in the β-CD cavity, via interpolation from the 

standard curve (Scheme 2). The change in Php absorbance was recorded on a UV 

spectrophotometer at 553 nm. The interaction between β -CD and Php was used to achieve the 

dual aims of measuring the amount of β-CD that maintains its inclusive properties when grafted 

onto the silica, and of investigating the inclusion cap acity of the grafted β-CD. 

 

Scheme 2. Php and cyclodextrin inclusion complex.  
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More in detail, SIPERNAT 320 was used as amorphous silica, with a medium particle size and 

moderate absorption capacity. In order to optimize the reaction parameters for the silica 

derivatization, the preparation of Si-DETA-CD and Si-NHCD was first performed under different 

reaction conditions, as depicted in  Table 4. When DETA was reacted with silica chloride, a 

number of solvents were compared under conventional conditions and a suspension of Si-Cl in 

toluene (entry 3, Table 4), chloroform (entry entry 1, Table 4) and DMF (entry 2, Table 4) was 

treated with the triamine derivative at 60 °C for 12 h . As represented in Figure 11, the TGA 

analyses of Si-DETA showed a higher degree of derivatization when toluene was used as the 

solvent. The first derivative peak temperature (315 °C) indicates the point of greatest rate of 

change on the weight loss curve, and the profile was consistent in all three samples. The 

synthetic process was also performed under US irradiation in order to reduce the reaction time 

and improve functionalization. Several different US irradiation frequencies (40 – 80 – 120 kHz) 

were used and compared. The reaction was irradiated for 2 (entries 4-6, Table 4) and 4 h 

(entries 10-12, Table 4), using toluene as solvent. For the sake o f comparison, the results 

obtained in toluene, were compared to neat reactions (entries 7-9, 13-15, Table 4), where 

diethylenetriamine was used as solvent and reagent as well. As depicted in Table 4, the same 

degree of substitution, that was measured by TGA after 2 h of US irradiation (entry 5, Table 4), 

was achieved after 12 h at 60 °C (entry 2, Table 4), while after 4 h of US irradiation (entry 11, 

Table 4) the degree of substitution was maintained without improvement. Figure 12 shows the 

TGA profiles of Si-DETA batches obtained at different US frequencies, both in toluene and neat 

in 2 h. An increase in weight loss was observed when the reactions were subjected to 80 kHz 

irradiation. 40 kHz and 120 kHz fail to give the maximum degree of substitution under both sets 

of reaction conditions.  
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Table 3. Synthesis of grafted silica 

Entry Product Reaction condition Time 
Loading 
(w/w %) 

Loading 
(μmol/g) 

1 Si-DETA Si-Cl, DETA, CHCl3, reflux 12 h 14.1(a) 1.37˖103 (b) 

2 Si-DETA Si-Cl, DETA, DMF, 60 °C 12 h 10.0(a) 0.96 ̟ 103 (b) 

3 Si-DETA Si-Cl, DETA, toluene, 60 °C 12 h 15.7(a) 1.49 ̟ 103 (b) 

4 Si-DETA Si-Cl, DETA, toluene, US, 40 kHz 2 h 9.5(a) 0.87 ̟ 103 (b) 

5 Si-DETA Si-Cl, DETA, toluene, US, 80 kHz 2 h 14.8(a) 1.35 ̟ 103 (b) 

6 Si-DETA Si-Cl, DETA, toluene, US, 120 kHz 2 h 11.5(a) 1.12 ̟ 103 (b) 

7 Si-DETA Si-Cl, DETA, neat, US, 40 kHz 2 h 7.1(a) 0.69 ̟ 103 (b) 

8 Si-DETA Si-Cl, DETA, neat, US, 80 kHz 2 h 13.9(a) 1.26 ˖103 (b) 

9 Si-DETA Si-Cl, DETA, neat, US, 120 kHz 2 h 8.2(a) 0.79 ˖103 (b) 

10 Si-DETA Si-Cl, DETA, toluene, US, 40 kHz 4 h 10.3(a) 0.97 ˖103 (b) 

11 Si-DETA Si-Cl, DETA, toluene, US, 80 kHz 4 h 14.3(a) 1.12 ˖103 (b) 

12 Si-DETA Si-Cl, DETA, toluene, US, 120 kHz 4 h 10.9(a) 0.97 ˖103 (b) 

13 Si-DETA Si-Cl, DETA, neat, US, 40 kHz 4 h 8.2(a) 0.77 ˖103 (b) 

14 Si-DETA Si-Cl, DETA, neat, US, 80 kHz 4 h 13.5(a) 1.26 ˖103 (b) 

15 Si-DETA Si-Cl, DETA, neat, US, 120 kHz 4 h 9.1(a) 0.88 ˖103 (b) 

Preparation of Si-DETA: Si-Cl (0.100 g), solvent (0.500 mL) and diethylenetriamine (0.500 mL). a) the w/w % grafting was 
measured on the basis of TGA; b) mmol/g values were measured on the basis of TGA considering the organic moiety 
anchored to the silica surface. 
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Figure 11. TGA profiles of starting silica and Si-DETA prepared using three different solvents. 
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Figure 12. TGA profiles of silica and Si-DETA obtained using US irradiation at different frequencies (40 – 80 – 
120 kHz), in neat conditions and in toluene.  

When β-CD was grafted onto Si-DETA via the nucleophilic replacement of 6I-tosyl β-CD, the 

reaction was performed conventionally in DMF at 70 °C for 24 h. Looking at TGA (Figure 13), 

an instability of the system was observed, due to the detachment of DETA from the silica 

surface, as the organic moiety was reduced in weight after the reaction , when compared to the 

starting material. When the grafting of β-CD was performed under conventional heating, by UV 

absorbance of the Php solution the presence of solid supported β -CD was detected and 

measured a w/w % of grafting of 1.3 mg/100 mg (entry 1, Table 4). The same sample analyzed 

by TGA showed a decrease in total weight loss in the range 150 °C - 800 °C when compared 

to the starting Si-DETA derivative. Based on this fact, the instability of the precursor under the 

reaction conditions was assumed, as furthermore confirmed by infrared analysis described 

below. Under US irradiation at 80 kHz, the grafting percentage increased to 3.3% w/w, and PhP 

titration confirmed the derivatization data (entry 2, Table 4). Unfortunately, it was observed that 

the preparation of Si-DETA-CD was not reproducible, and so a direct grafting of 6I amino β-CD 

to Si-Cl was performed (procedure d, Scheme 1). 

As described in Table 4, when 6I-amino-6I-deoxy-β-CD was reacted with Si-Cl for 12 h at 60 °C 

in DMF, a w/w % degree of derivatization of 4% was detected by TGA (entry 3, Table 4), while 

PhP titration detected only 1.0% of β-CD, providing an inconclusive answer to the preservations 

of its inclusive properties. When the reaction was tested under US irradiation at 80 kHz, 

comparing DMF and H2O as solvents, a higher percent of grafting was observed when water 

was used (entries 6, 8, Table 4). When the reaction was repeated to compare longer reaction 

times, the reaction reached the same degree of derivatization in 2 h (entries 5-6, Table 4). After 

4 h no improvement was observed (entries 7-8). 
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Table 4. Synthesis of β-CD grafted silica 

Entry Product Reaction condition Time 
Loading 
(w/w %) 

Loading 
(μmol/g) 

1 Si-DETA-CD Si-DETA, 6-tosyl β-CD, DMF, 70 °C 24 h 1.3(b) 11(d) 

2 Si-DETA-CD Si-DETA, 6-tosyl β-CD, DMF, US, 80 kHz 4 h 3.3(a)-3.4(b) 30(c) 

3 Si-NHCD Si-Cl, 6-amino β-CD, DMF, 60 °C 12 h 4.0(a)-1.0(b) 35(c) 

4 Si-NHCD Si-Cl, 6-amino β-CD, H2O, 60 °C 12 h 2.6(a)-0.8(b) 20 (c) 

5 Si-NHCD Si-Cl, 6-amino β-CD, DMF, US, 80 kHz, 2 h 3.8(a)-0.7(b) 30(c) 

6 Si-NHCD Si-Cl, 6-amino β-CD, H2O, US, 80 kHz, 2 h 7.1(a)-0.6(b) 60(c) 

7 Si-NHCD Si-Cl, 6-amino β-CD, DMF, US, 80 kHz, 4 h 3.5(a)-0.7(b) 30(c) 

8 Si-NHCD Si-Cl, 6-amino β-CD, H2O, US, 80 kHz, 4 h 6.8(a)-0.7(b) 60(c) 

Preparation of Si-DETA-CD: Si-DETA (0.100 g), DMF (1.7 mL), 6I-tosyl-β-CD (0.100 g). Preparation of Si-NHCD: Si-Cl 
(0.100 g), solvent (2 mL), 6-amino β-CD (0.163 g). a) the w/w % grafting was measured on the basis of TGA; b) the w/w 
% grafting was based on PhP titration; c) mmol/g values were measured on the basis of TGA considering the organic 
moiety anchored to the silica surface; d) mmol/g of β-CD based on PhP titration.  

 

Figure 13. TGA profile of starting silica, Si-DETA, Si-NHCD and Si-DETA-CD prepared conventionally or under 
US irradiation.  

 

2.2.2. Preparation of copper supported on Si-NH-CD and Si-DETA-CD 

Based on the fact that copper(II) forms a complex with CD in alkaline solution , Si-DETA-CD 

and Si-NH-CD were loaded with Cu(II). CuSO4 was chosen as Cu(II) ion source. The 

complexation reaction was performed reacting CuSO4 with silica-CD derivatives in a NaOH 

water solution and a blue colored catalyst was obtained (Figure 14). The CD-Cu(II) complexes 

with α- and β-CDs have already been isolated and characterised.181, 182 The efficacy of β-CD to 

direct and bind Cu when CD is bonded to silica has been already studied and its catalytic activity 

as a Lewis acid has been demonstrated.173 As the literature has focused mainly on the n on-
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covalent bonding of β-CD onto the silica surface,164, 165, 183 the efficacy of covalently grafted β-

CD onto silica was explored and its ability to chelate Cu(II) was investigated. These systems 

were exploited as catalyst for alkyne-azide cycloaddition (CuAAC).  

 

Figure 14. Illustration of Si-DETA-CD and Si-DETA-CD-Cu(II). 

 

2.2.3. Characterization of Si-NH-CD, Si-DETA-CD and related copper-
supported derivatives 

Si-DETA, Si-DETA-CD and Si-NHCD were characterized by IR to prove the identity of the 

grafted silica. The same was done for Si-DETA-CD-Cu and Si-NHCD-Cu. As shown in Figure 

15, the presence of the diethylentriamino spacer on Si-DETA can be observed in spectrum a. 

This is characterized by a broad absorption band centred around 3000 cm-1, which can be 

ascribed to hydrogen-bonded Si-OH and N-H groups.184 The expected NH bands can be only 

seen as a modulation of the intense absorption, between 3400 and 3200 cm-1. The 

corresponding weak NH2 mode is vibrating at similar frequency as physisorbed water (around 

1600 cm-1), while the band at 1510 cm-1 can be ascribed to the NH vibrations of the secondary 

amines. Important changes can be observed in the spectrum (curve b) after the reaction with 

6I-tosyl--CD (and subsequent Cu inclusion). Namely, the high frequency region is dominated 

by an intense band centred at 3360 cm-1 (OH), with clear CH/CH2 bands at 2930 cm-1 

(shoulder at 2860 cm-1). The low frequency region shows the typical bending mode of 

physisorbed water H2O centred at 1603 cm-1 (shoulder at 1662 cm-1), and a complex group of 

bands with between 1500 and 1250 cm-1 (CH and OH). These features can be safely ascribed 

to the presence of -CD, even if the assignment of the shoulder at 1662 cm-1 to physisorbed 

water alone is not straightforward. Similar results were obtained with the sample prepared with 

direct Si-NH-CD (curve e). The main difference is in the relative in tensity of the bands assigned 

to H2O modes. A comparison of the spectra of -CD and Cu-CD has led us to propose that 

this vibrational mode is sensitive to the presence of the Cu(II) ions included in the cavity and at 

the rim of the CD cavity. These results thus confirm the presence of -CD on the silica in the 

various preparations. However, the changes in the high frequency region passing from Si -DETA 

to Si-DETA-CD (curves a and b), suggest a decrease in the amount of the diethylentriamino 

spacer, confirming the instability of Si-DETA when submitted to reaction with 6I-tosyl--CD. 

Hydroxyl group of CD may act as nucleophile, as well as DETA cannot be efficiently and 
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reproducibly washed from the silica surface because of strong interactions with surface silanol/ 

silanolate groups.185 
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Figure 15. Infrared spectra of a) Si-DETA; b) Si-DETA-CD-Cu, c) Si-NHCD. All samples were degassed at 80 °C 
before measurements. 

The presence of Cu on the catalysts was monitored by Diffuse Reflectance UV-Vis-NIR 

spectroscopy (Figure 16). For example, the spectrum of Si-NHCD-Cu (blue curve) is compared 

to the spectra of the reference materials (-CD, SiO2 and Si-NHCD). The spectra can be divided 

into three regions: i) UV (200-400 nm), corresponding to O2- → Cu(II) Charge Transfer (CT) 

transitions; ii) Visible (400-800 nm), corresponding to the ligand-field d-d transitions of Cu(II) 

ions; and iii) NIR (800-2500 nm), where the overtone and combination modes of infrared modes 

can be observed. The NIR region analysis allows us to further confirm the presence of the CDs 

that are linked to the silica support, and to confirm the involvement of OH groups in the 

coordination of the Cu ions. Indeed, all the hybrid -material spectra show signals, in this region, 

that are a mixture of the vibrational modes of SiO2 (Si-OH overtone 0-2 OH, +H2O/+OH 

combination modes of physisorbed water and of Si -OH groups) and those of CD (0-2 OH, +H2O, 

0-2 CH, OH+CO). On the other hand, the UV-Vis region of Si-NHCD-Cu clearly shows the typical 

fingerprint of hexacoordinated Cu(II) ions, with a CT component at 260 nm and an intense and 

broad d-d band at 700 nm.186 These results are in agreement with the structures proposed in 

Ref 187, which involve hexacoordinated Cu(II) ions in the cavity and at the rim of the CD cavity, 

coordinated by H2O molecules, OH/O- CD groups and/or extra ligands. 

ICP analyses of Si-NHCD-Cu and Si-DETA-CD-Cu quantified the Cu content on the Silica: at 

10.1 mg/g and 7.2 mg/g of Cu, respectively.  
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Figure 16. DR UV-Vis-NIR spectra of: SiO2 (grey); -CD (black); Si-NHCD (pink) and Si-NHCD-Cu (blue). 

 

2.2.4. Preparation of silica-polyamino-β-CD derivatives 

In order to obtain a stable silica-supported β-CD derivative with a polyamino spacer, the 

synthetic approach was changed, moving from the direct functionalization of silica surface with 

amino function, to the condensation reaction between  the silanol group of the silica surface and 

alkoxysilane derivatives, to interpose an alkylic portion between silica atoms and the amino 

functionalities. The external surface of the inorganic material was grafted with a thin organic 

layer thanks to the beneficial effects of US irradiation that maximize the grafting loading. 

Preliminary, Si-diAm-CD was synthesized: silica was derivatized with 3-(2-

aminoethylamino)propyltrimethoxysilane (AEPS) to obtain Si -diAm. As described in Table 5, 

US irradiation reduced the reaction time to 2 h  (entries 3-5, Table 5), whereas the same degree 

of substitution was achieved after 36 h at 80 °C under conventional heating and magnetic 

stirring entry 2, Table 5). No differences in activation  were observed comparing the use of 40 

and 80 kHz and both were very efficient (entries 3-4, Table 5). In order to obtain the efficient 

grafting of β-CD, 6-O-tosyl β-CD was reacted at 60 °C for 60 h and 4.7% w/w derivatization 

was observed by TGA, while 2.15% was measured by Php titration  (entry 6, Table 5). US 

irradiation at 80 kHz in a US bath was insufficient to obtain a satisfactory grafting percent, 

because of the low reaction temperature (45 - 50 °C) (entry 8, Table 5). An increase in grafting 

percentage was observed when the reaction was prolonged to 6 days  (entry 7, Table 5). The 

synergic effect of combined MW and US irradiation was also exploited. Enhancing the silica 

dispersion, increasing the active surface and allowing a selective MW irradiation , the combined 

system permit to obtain high efficacy of grafting in short time, 4 h, and 6.1% w/w derivatization 

was afforded (entry 9, Table 5). As depicted in Figure 17, the first derivative TGA profile of Si-

diAm indicated that the degradation peak was approximately at 314 °C, when CD was grafted 

two degradation steps were visible, the peaks were at 298 °C and at 413 °C. 
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Table 5. Synthesis of Si-diAm-CD 

Entry Product Reaction conditions Time 
Loading 

(w/w%) 

Loading 

(μmol/g) 

1 Si-diAm Silica, AEPS, toluene, 80 °C 6 h 6.5(a) 290(c) 

2 Si-diAm Silica, AEPS, toluene, 80 °C 36 h 13.6(a) 610(c) 

3 Si-diAm Silica, AEPS, toluene, US, 40 kHz 2 h 14.0(a) 640(c) 

4 Si-diAm Silica, AEPS, toluene, US, 80 kHz 2 h 12.1(a) 540(c) 

5 Si-diAm Silica, AEPS, toluene, US, 80 kHz 4 h 13.3(a) 600(c) 

6 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, 60 °C 60 h 4.7(a)-2.15(b) 42(c) 

7 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, 60 °C 6 days 6.1(a)-2.8(b) 54(c) 

8 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, US, 80 kHz 4 h 1.7(a)-1.18(b) 15(c) 

9 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, MW/US, 100 °C 4 h 6.1(a)-2.09(b) 54(c) 

Preparation of Si-diAm: silica powder (0.100 g), toluene (1 mL), AEPS (0.040 mL). Preparation of Si-diAm-CD: Si-diAm 
(0.100 g), DMF (1.5 mL), 6I-tosyl-β-CD (0.100 g). a) measured by TGA, the weight loss was calculated on the basis of the 
starting material; b) the w/w % grafting was based on PhP titration; c) mmol/g of organic moiety grafted on silica surface.  
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Figure 17. TGA profile of Si-DiAm obtained in US at 80 kHz, 2 h, toluene and Si-DiAm-CD obtained in MW-US 

combined irradiation at 100 °C, 4 h, DMF. 

The same preparation procedure was followed to prepare Si -monoAm-CD and Si-TriAm-CD. 

Efficient grafting of β-CD was achieved in 4 h at 100 °C in a combined MW–US reactor 

(procedure f, Scheme 1). In the same way, 6I amino-6I-deoxy-β-CD was reacted with Si-Gly to 

obtain Si-Gly-CD (procedure g, Scheme 1).  

The loading and the identity of the synthesized silica derivatives were confirmed by TGA and 

infrared spectroscopy. As shown in Figure 18, TGA analyses of Si-Gly, Si-MonoAm, Si-DiAm 

and Si-TriAm showed a high degree of derivatization, from 6 to 12 w/w %, as reported in Table 

6. The first derivative peak temperature was detected at 406 °C in Si -TriAm, 486 °C in Si-Gly, 

495 °C in Si-MonoAm and 314 °C in Si-DiAm, and profiles were consistent in all samples. When 
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Si-MonoAm-CD, Si-DiAm-CD and Si-TriAm-CD were analyzed, 3.8% w/w, 7.6% w/w and 7.7% 

w/w of β-CD derivatization were observed by TGA (34; 67, 68 μmol/g, respectively). The Php 

titration showed that from 1.3% to 3.6% w/w of CD was available for making inclusion 

complexes (11 to 32 μmol/g). In Si-Gly-CD, 6.1% w/w (54 μmol/g) of derivatization was afforded 

by TGA and 1.0% w/w (9 μmol/g) was registered by Php titration. As shown in Figure 18, the 

TGA profile of Si-MonoAm-CD indicated that two degradation peaks, approximately at 360 °C 

and 519 °C, were visible, as well as in Si-Gly-CD (347 °C and 572 °C). When CD was grafted 

to Si-DiAm, two degradation steps were visible and were at 298 °C and 413 °C, as well as in 

Si-TriAm (339 °C and 584 °C). Moreover, from TGA it was confirmed that the use of 

condensation reaction between silanol groups of the silica surface and alkoxy silane generated 

more stable amine-bearing silica materials then the Si-DETA derivative, which showed a lower 

thermal stability. Finally, Si-Gly-CD, Si-MonoAm-CD, Si-DiAm-CD and Si-TriAm-CD were 

loaded with Cu(II) in basic conditions, as previously described for Si -NHCD and Si-DETA-CD, 

and characterized by IR and DR UV-Vis-NIR.  

Table 6. Synthesis of grafted silica. 

Entry Product Linker Loading (w/w%) 
Loading 

(μmol/g) 

1 Si-MonoAm -(CH2)3NH2 9.2(a) 513(a) 

2 Si-TriAm -(CH2)3NH(CH2)2NH(CH2)2NH2 10.4(a) 390(a) 

3 Si-Gly -(CH2)3OCH2CHOCH2 6.1(a) 259(a) 

4 Si-MonoAm-CD -(CH2)3NH-β-CD 3.8(b)–1.3(c) 34(b)–11(c) 

5 Si-TriAm-CD -(CH2)3NH(CH2)2NH(CH2)2NH-β-CD 7.7(b)–3.6(c) 68(b)–32(c) 

6 Si-Gly-CD -(CH2)3OCH2CHOHCH2-β-CD 6.1(b)–1.0(c) 54(b)–9.2(c) 

Preparation of Si-Gly, Si-MonoAm, Si-DiAm, Si-TriAm: silica powder (0.100 g), toluene (1 mL), epoxy, mono or poly amino 
alkoxy silane derivatives (0.040 mL), US (80 kHz, 2 h). Preparation of Si-MonoAm-CD, Si-DiAm-CD, Si-TriAm-CD: Si-
MonoAm, Si-DiAm or Si-TriAm (1 g), DMF (15 mL), 6I-tosyl-β-CD (1 g), MW/US (100 °C, 4 h). Preparation of Si-Gly-CD: 
Si-Gly (1 g), DMF (15 mL), 6I amino-6I-deoxy-β-CD (1 g), MW/US (100 °C, 4 h) (a) measured by TGA; (b) β-CD grafting 
measured by TGA; (c) β-CD grafting measured by PhP titration. 
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Figure 18. TGA profiles of organic inorganic silica derivatives.  

 

2.2.5. Characterization of silica-polyamino-β-CD derivatives 

The prepared materials were characterized by infrared and diffuse reflectance (DR) UV-Vis 

spectroscopies, to assess the molecular structure of the final products. The infrared spectra of 

the four samples (Figure 19a) showed the fingerprint modes of CD between 1500 and 1250 

cm−1 (δCH and δOH bending modes) with variable intensity and shape. The intense peak at 

1664 cm−1, labeled with a star, can be ascribed  to the presence of residual DMF solvent. The 

effective bonding of the functional groups was furthermore proven by the intense CH/CH2 

stretching modes (νCH/CH2) at 2928 and 2856 cm−1. These are superimposed to the broad 

absorption related to hydrogen bonded -OH and -NH groups, including OH groups from the CD 

rings and Si-OH groups from the silica surface.175, 184 Both Si-DiAm-CD-Cu and Si-TriAm-CD 

showed a component around 1596 cm−1, typical of the bending mode of primary amines (δNH2), 

which would indicate an incomplete reaction of the amino groups with CDs. 

Weak overtone modes of the νCH and νNH vibrations (ν0–2) can be also appreciated in the low 

energy region of the corresponding DR UV-Vis spectra (Figure 19b), which are reported in 

reflectance mode (negative peaks), to avoid artefacts related to the Kubelka–Munk conversion. 

Apart from sample Si-Gly-CD-Cu, which showed relatively weak peaks in the whole spectral 

range, the three samples functionalized with amino groups very clearly showed the typical d-d 

transition of Cu(II) ions around 700 nm, though with some difference in the band width and 

position. In agreement with previous reports, this can be used as a fingerprint of Cu(II) ions 

stabilized in the cavity. These could be hexacoordinated, as a result of coordination by H 2O, 

OH/O− CD groups or extra-ligands,188 or have lower coordination, in square planar geometry .189 

ICP analysis of Si-DiAm-CD-Cu(II) and Si-TriAm-CD-Cu(II) showed a loading of 15.5 and 14.9 

mg/g of copper, respectively. 
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Figure 19. (a) Infrared and (b) diffuse reflectance UV-Vis spectra of (spectrum a) Si-Gly-CD-Cu; (spectrum b) Si-
MonoAm-CD-Cu; (spectrum c) Si-DiAm-CD-Cu; (spectrum d) Si-TriAm-CD-Cu. Before infrared measurements samples 
were outgassed at 80 °C to remove adsorbed water and impurities. The peak labeled with * can be related to DMF residual 
solvent. 

 

2.2.6. Catalytic activity of organic-inorganic silica-supported β-CD-Cu(II) 

The catalysts were tested in CuAAC reaction  without the addition of a reducing agent, because 

of the presence of β-CD.190 The cyclisation of benzyl azide and phenylacetylene was chosen 

as model reaction (Scheme 3). It was repeated under a number of reaction conditions and 

different copper sources were compared. The reaction was performed under conventional 

heating or MW irradiation, and similar results were obtained reducing the reaction time from 1 

h in batch to 20 min in the MW reactor. Cu(OAc)2 and CuSO4 were tested as Cu(II) salts, and 

the reaction was compared to a click reaction that was catalyzed by a previously prepared 

Cu(II)-β-CD complex, and a reaction using a physical mixture of CuSO4 and β-CD. Only the 

Cu(II)-β-CD complex gave satisfactory results and a 55% yield was obtained, confirming the 

importance of the Cu(II)-β-CD complex to exploit the reductive ability of the β -CD. Si-NHCD-Cu 

and Si-DETA-CD-Cu showed different catalytic activities. In fact, only the second acted as an 

efficient catalyst for CuAAC (Table 7). As already observed in the Php titrations, it shows a 

higher inclusion capability when CD is bound to the silica with a spacer, furthermore, the 

triamino spacer can stabilize Cu(II) species. Si-DETA-CD-Cu shows high efficiency even when 

used in very small amounts. However, a reduction of activity was observed when the catalyst 

amount was decreased to 0.5 mol%. In order to understand the influence of silica and the amino 

spacer on the reaction outcome, Si-Cu and Si-DETA-Cu were tested to further confirm that the 

complex between the copper ions and β-CD plays a key role in the performance of the reaction, 

in which β-CD acts as ligand for copper and reducing agent. The interaction between β -CD and 

Cu ions could implicate the reduction of Cu(II) to Cu(I), as proven afterwards by XAS.  
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Scheme 3. Model reaction for CuAAC test of Si-Linker-CD-Cu. 

Table 7. Panel test of CuAAC reaction. 

Entry Catalyst, Cu mol% Cu mol%  Yield (%)(a) 

1 Cu(OAc)2 5 14 

2 CuSO4 5 0 

3 β-CD-CuSO4 (physical mixture) 5 0 

4 β-CD-Cu (complex) 5 55 

5 Si-NHCD-Cu 4 5 

6 Si-DETA-CD-Cu 4 >99 

7 Si-DETA-CD-Cu 2 >99 

8 Si-DETA-CD-Cu 1 >99 

9 Si-DETA-CD-Cu 0.5 80 

12 Silica-Cu  5 4 

13 Si-DETA-Cu 5 0 

Reaction conditions: benzyl azide (0,0676 mmol, 1 eq), phenylacetylene (1 eq), H 2O:tBuOH (1:1; 500 µL), 85 °C, 1 h or 
85 °C, 20 min. (a) Determined by GC-MS. 

Based on the catalytic activity of silica-supported β-CD-Cu(II) previously reported, the silica-

polyamino-CD-Cu(II) derivatives, obtained via the condensation reaction, were tested in alkyne-

azide cycloaddition, as well. CuAAC were conducted in the absence of reducing agents 

because of the interaction between β-CD and Cu ions, that could implicate the reduction of 

Cu(II) to Cu(I), as already mentioned and proven afterwards by XAS. Again, the model reaction 

between benzyl azide and phenyl acetylene was chosen to compare the catalytic activity of the 

silica-polyamino-CD-Cu(II) derivatives. Among them, the most active silica catalysts towards 

the CuAAC model reaction in absence of reducing agents, were proven to be Si -DiAm-CD-CU 

and Si-TriAm-CD-Cu, assuming that the amino-bearing spacer can stabilize Cu(II) species and 

it allows Cu ions to be more accessible (Table 8). When the catalytic activity was tested using 

a different combination of alkylic and arylic azido  and alkynes derivatives, a slightly higher 

amount of catalyst was employed in order to obtain full conversion, as well as when more 

demanding synthesis of dimers, in the presence of diazide or dialkyny l derivatives, were tested. 
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These reactions were fully converted in the presence of 4 or 8.7 mol% of catalyst, and the 

products were isolated without further purification. Thus, the reaction applicability on different 

types of reagents, the efficacy and the versatility of the systems were proven.  

Table 8. Panel test of CuAAC reaction. 

Entry Catalyst Cu mol% Yield (%)(a) 

1 Si-DiAm-CD-Cu 4 >99 

2 Si-DiAm-CD-Cu 2 65 

3 Si-Gly-CD-Cu 4 45 

4 Si-MonoAm-CD-Cu 4 4 

5 Si-TriAm-CD-Cu 4 >99 

6 Si-TriAm-CD-Cu 2 >99 

7 Si-TriAm-CD-Cu 1 85 

Reaction conditions: benzyl azide (0.0676 mmol, 1 eq), phenylacetylene (1 eq), H2O:tBuOH (1:1; 500 µL), 85 °C, 1 h. (a) 
Yields determined by GC-MS. 

Table 9. Synthetic results of CuAAC, using Si-DiAm-CD-Cu. 

Entry Alkyne Azide Product Yield (%)(a) 

1 

 
 

 

99 

2 

  

 

95 

3 

  

 

92 

4 

 
 

 

89 

Reaction conditions: azide (0,0676 mmol, 1 eq), terminal alkyne (1 eq), H 2O (250 µL), tBuOH (250 µL), 11 mg of catalyst 
(4 mol %), 85 °C, 1 h or MW, 85 °C, 20 min. a) Yields determined by GC-MS. 
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Table 10. Synthetic results of CuAAC, using Si-TriAm-CD-Cu. 

Entry Alkyne Azide Product Yield (%)(a) 

1 

  

 

99 

2 
 

 

 

99(b) 

3 
  

 

99(b) 

4 

 
 

 

99(b) 

5 

 
 

 

99(c) 

6 
 

 

 

99(d) 

(a) Yields determined by GC-MS. Reaction conditions: azide (0.0676 mmol, 1 eq), terminal alkyne (1 eq), H 2O (250 µL), 
tBuOH (250 µL), catalyst (4 mol%), 85 °C, 1 h; (b) catalyst (8.7 mol%), reaction time 5 h; (c) terminal alkyne (2 eq), catalyst 
(8.7 mol%), reaction time 5 h; (d) azide (2 eq), catalyst (8.7 mol%), reaction time 5 h.  

A study on the recoverability and recyclability of Si-DiAm-CD-Cu and Si-TriAm-CD-Cu catalysts 

was performed on a CuAAC model reaction. The following reaction conditions were used: 

reaction temperature of 85 °C; H2O/tBuOH ratio of 1:1; reaction time of 1 h; amount of catalyst 

4 mol%. The catalysts were recovered by filtering the reaction mixture and washing with water, 

methanol and chloroform. After drying, they were reused in the reaction. Graph 4 displays the 

performance of the reused catalysts. After four cycles, the reaction yield using Si -TriAm-CD-Cu 

was 44%. The recovery of the catalyst indicates its good structural stability and high reactive 

activity. If compared to Si-DiAm-CD-Cu catalyst, it shows higher stability. The reaction yield of 

Si-DiAm-CD-Cu was 78% in the second reuse, and 30% in the third cycle.  
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Graph 4. Recyclability of Si-TriAm-CD-Cu, compared to Si-DiAm-CD-Cu, in the CuAAC model reaction. 

 

2.2.7. Characterization of aged Si-TriAm-CD-Cu catalyst 

Sample Si-TriAm-CD-Cu was further characterized after the catalytic tests by infrared, DR UV-

Vis and X-ray absorption (XAS) spectroscopies. The infrared spectrum measured on the 

sample recovered after catalytic tests was indistinguishable from that of the as-prepared 

material, indicating the stability of the grafted groups (Figure 20a). Some differences instead 

were observed in the DR UV-Vis spectra (Figure 20b), particularly in the intensity of the Cu(II) 

band. The comparison is not quantitative, since the exhaust sample ( five-time reused catalyst) 

was measured after dilution in Teflon, due to the small amount recovered from the catalytic 

tests. The reported spectrum was indeed roughly normalized with respect to the 

overtone/combination modes in the NIR region (ν + δ of H2O and OH). Notwithstanding these 

limitations, the results were in agreement with a decrease in the amount of Cu(II) in the catalyst, 

which can be tentatively related to a partial reduction to Cu(I), which was silent in the UV-Vis d-

d region being a closed shell d 10 ion. This hypothesis was further investigated by XAS (see 

below). 

4000 3600 3200 2800 1650 1500 1350 1200
0

1

CH/CH
2

NH

 

 

A
d
s
o

rb
a

n
c
e

 (
a

.u
.)

Wavenumbers (cm
-1
)

a)

b)

OHNH
2

OH

*

1596

1450

1360CH

 

500 1000 1500 2000 2500
0

25

50

75

100

 

 

R
e
fl
e
c
ta

n
c
e
 (

%
)

Wavelenght (nm)

a)

b)

+
 
OH

+
 
H

2
O


0-2

CH


0-2

NH

Cu
II

d-d


0-2

OH

 

a b 

Figure 20. (a) Infrared and (b) diffuse reflectance UV-Vis spectra of (spectrum a) Si-TriAm-CD-Cu; (spectrum b) 
Si-TriAm-CD-Cu-exhausted. Before infrared measurements samples were degassed at 80 °C to remove adsorbed water 
and impurities. Sample Si-TriAm-CD-Cu-exhausted was diluted in Teflon for Diffuse-Reflectance (DR) UV-Vis 
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measurement. The corresponding curve was arbitrarily normalized to the intensity of the overtone/combination modes of 
the support (X 2.5). 

To obtain more insight on the oxidation state and local coordination environment of the Cu 

centers in Si-TriAm-CD-Cu, the as-prepared vs. exhaust catalyst by Cu K-edge XAS were 

characterized. The technique, combining element-selective response with simultaneous 

sensitivity to local electronic and structural properties of Cu-species,191, 192 is complementary to 

the IR and UV-Vis results discussed before. 

Figure 21 reports the obtained results for Si-TriAm-CD-Cu, in both the X-ray absorption near 

edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS) regions 

(Figure 21-a,b, respectively). The XAS spectra of the as-prepared and exhaust catalyst were 

compared to the ones obtained for selected model compounds, including Cu(II) and Cu(I) 

oxides. A Cu(II) complex with mixed N/O ligation was also considered, characterized as 

[CuII(NH3)3(NO3)]+ in a previous study,193 where Cu(II) was coordinated in a pseudo-square 

planar fashion to three N(NH3) and to one O(NO3) atom. 

 
Figure 21. Cu K-edge (a) X-ray absorption near edge structure (XANES) and (b) extended X-ray absorption fine 

structure (EXAFS) spectra of Si-TriAm-CD-Cu and Si-TriAm-CD-Cu five times reused reported as thick solid lines. The 
spectra of the sample are compared to the ones of selected model compounds, namely Cu IIO, CuI

2O, and 

[CuII(NH3)3(NO3)]
+, reported as thin dashed lines. 

XAS revealed that as-prepared Si-TriAm-CD-Cu exclusively contains Cu(II) species, based on 

the absorption edge position, as well as on the presence of a characteristic rising-edge peak at 

ca. 8986 eV. Indeed, this XANES feature, observed for both Cu IIO and [CuII(NH3)3(NO3)]+ model 

compounds was assigned to three/four-fold coordinated CuII metal centers.192 The XANES line 

shape observed for Si-TriAm-CD-Cu in correspondence of the intense resonance at ca. 8995 

eV (“white-line” peak region) resembled the one observed in the [CuII(NH3)3(NO3)]+, pointing to 

a possible mixed ligation to both O (e.g., from OH groups), and N atoms (most likely from the 

N1-(3-trimethoxysilylpropyl) diethylenetriamine spacer) of Cu-species in the as-prepared 

catalyst. EXAFS spectra also indicated for Si-TriAm-CD-Cu a ligand environment similar to the 

one in CuII(NH3)3(NO3)]+, resulting in almost overlapped first-shell peaks. Notably, the first-shell 

intensity was, in these cases, intermediate between the one detected for Cu I
2O (two O 

neighbors) and CuIIO (four O neighbors in ideal square planar coordination). This observation 

was consistent with the presence in Si-TriAm-CD-Cu of four-fold-coordinated Cu(II) sites with 
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both N- and O-containing ligands. Comparing the EXAFS of Si -TriAm-CD-Cu with the ones of 

bulk Cu-oxides at higher R-values, it clearly emerged that no trace of high-intensity Cu-Cu 

scattering contributions compatible with large oxidic or metallic aggregates was detected, while 

a well-defined second-shell peak was observed. This was consistent with the presence of highly 

dispersed Cu-species, in the form of monomers or very small clusters. 

In line with the UV-Vis results, XAS analysis of exhausted Si-TriAm-CD-Cu unambiguously 

indicated the formation of a small fraction of Cu(I). Indeed, the appearance of an additional 

rising-edge peak at ca. 8982 eV was observed, occurring at the same energy position as seen 

in CuI
2O and representing a fingerprint of Cu(I) species.192, 194 On the other hand, the EXAFS 

signals of the two samples were very similar, apart from small differences in correspondence 

of the second shell peak around 2.5 Å, which were not compatible with the formation of large 

metal or oxidic aggregates (compare with grey and red dashed lines in Figure 21b). This 

indicated that, besides the change in the oxidation state of a fraction of the copper, the average 

local environment and agglomeration of the metal centers was not sensibly affected by 

catalysis. This was an important observation, confirming on one hand the stabilizing effect of 

the amino spacer and CD on the copper catalytic centers, and on the other hand the formation 

of catalytically active Cu(I) ions during the reaction.  

The high dispersion of Cu on the silica functionalized material was further confirmed by 

Transmission Electron Microscopy (TEM). The sample was characterized by aggregates of 

silica nanoparticles with sizes of around 10–15 nm, which were not affected in size, morphology, 

and aggregation by the catalytic tests (Figure 22a, referring to the two times reused catalyst). 

Higher magnification images of Si-TriAm-CD-Cu (as prepared and two times reused catalyst, 

Figure 22-c,b, respectively) suggested the presence of very small (a few nanometers) Cu 

nanoparticles, which could be seen as dark spots in both materials. The particle size was too 

small to give electron diffraction, which would give more detailed information on their structure. 

No diffraction spots could be observed by selected area electron diffraction (SAED) on differ ent 

portions of the samples. Putting together this piece of information with EXAFS data, which 

exclude the presence of a significant fraction (≥10%) of large aggregates, a high dispersion of 

the Cu species was established. Obviously, this was only a qualitative observation, and more 

specific measurement (such as N2O chemisorption) would be necessary for a quantitative 

analysis of copper dispersion, which was outside the scope of this work. 

ICP analysis was performed on the freshly prepared and exhaust catal yst. The data 

demonstrated a copper quantity of 14.9 mg/g and 14.1 mg/g, respectively, showing 5% 

leaching. What was relevant, was that copper species (β-CD-Cu and Cu NPs) were highly 

dispersed on the support and hardly affected by the catalytic tests, con firming the stabilizing 

effect of β-CD, and likely of the N1-(3-trimethoxysilylpropyl) diethylenetriamine spacer, as 

suggested by XAS data.  
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Figure 22. TEM images of Si-TriAm-CD-Cu-two times reused (a,b) Si-TriAm-CD-Cu (c). 

 

2.3. Conclusions 

In conclusion, the ability of sonication to speed up the synthetic procedures for silica grafting 

was demonstrated. New β-CD grafted silicas were synthesized and fully characterized. The 

influence of US at different frequencies (40–80 and 120 KHz) was studied and compared to 

conventional conditions. MW combined with US was also employed in grafting β-CD to 

functionalized silica. β-CDs supported on silica were used as non -innocent ligands for copper 

species, resulting in the production o f atomic-scale catalysts. The influence that β-CD had on 

directing and activating Cu(II) on the silica surface for CuAAC reactions, in absence of a 

reducing agent, was studied and confirmed. The study provided evidence for the synergistic 

activity of silica, β-CD and of a polyamino spacer in obtaining spatially isolated and well -

characterized active catalytic sites. The Cu(II)/β-CD complex was proven to act as an efficient 

source of Cu(I) species and multidentate N-donor ligands were able to activate and stabilize 

the catalytic species. A deep level of understanding was achieved by the combination of IR, DR 

UV-Vis, XAS and TEM analysis on the fresh and the post-reaction catalyst. The applied 

characterization methods consistently demonstrated: (i) the successful incorporation and 

stability of the grafted functionalities; (ii) the exclusive presence of Cu(II) in the fresh catalysts, 

most likely occurring in a O/N mixed-ligand environment; (iii) the formation of few Cu(I) species 

in the catalyst after usage without substantial perturbations in the Cu local coordination 

environment and aggregation state. Complementary insights by TEM, in agreement with 

EXAFS results, confirmed that Cu remains highly dispersed on the support after the catalytic 

tests. The novel Cu-supported hybrid heterogeneous catalysts showed excellent performances 

in click reactions for the synthesis of small molecules and dimers, without the addition of a 

reducing agent.  
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Chapter 3 

Surface modification of carbon-based nanomaterials: the efficacy 

and versatility of dipolar cycloaddition in the derivatization of rGO and 

nanodiamonds 

 

3.1. Introduction 

Carbon based nanomaterials have been intensively investigated in the past two decades and 

nowadays their production is highly dedicated to technological applications.195 Drug delivery, 

hydrogen storage, fuel and solar cells, batteries, electromagnetic shields, conductive paints and 

reinforcement for polymer are part of the wide range of studied applications.196, 197 The general 

classification scheme for carbon nanomaterials comes from their allotropic structure or their 

valence orbital hybridization.198 Distinct archetypical allotropic forms are determined by their 

specific valence orbital hybridization state and are characterized by their own polymeric 

connectivity. sp3-, sp2-, sp-type of hybridization corresponds to a spatial (3D-), planar (2D-), 

linear (1D-) polymer of carbon, such as diamond, graphite, carbyne, respectivel y.199 They are 

characterized by a fully conjugated structure with unusual molecular symmetries, with good 

mechanical strength, high electrical conductivity and ion diffusivity.200 Electronic, mechanical, 

thermal and optical properties of the different allotrope forms are correlated to the hybridization 

state of carbon and to their structure, therefore a wide range of applications can be foreseen.201 

Graphene is the elusive two-dimensional form of carbon. It is the planar, hexagonal 

arrangement of carbon atoms in a 2D crystal with mono -atomic layer, where carbon atoms have 

a trigonal planar structure with sp 2 hybridization. It can be wrapped up into 0D fullerenes, rolled 

into 1D nanotubes or stacked into 3D graphite202 (Figure 23). 

 

Figure 23. Crystal structure of the different allotropes of carbon. (Left to right) Three-dimensional diamond and 
graphite (3D); two-dimensional graphene (2D); one-dimensional nanotubes (1D); and zero-dimensional buckyballs (0D). 

Figure obtained from the paper of Katsnelson.203 

The length of the σ bond between carbon atoms is 1.42 Å. The σ band is responsible for the 

robustness of the lattice structure in all allotropes. According to the Pauli principle, these bands 

have a filled shell and, hence, form a deep valence band. The unaffected p orbital, which is 

perpendicular to the planar structure, can bind covalently with neighboring carbon atoms, 

leading to the formation of a π band. Since each p orbital has one extra electron, the π band is 
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half filled.200, Graphene has a unique 2D crystal structure, where its charge carriers behave as 

massless relativistic particles or Dirac fermions, and under ambient conditions they can move 

with little scattering. This specific behavior offers many excellent properties in graphene. First, 

graphene is a zero-bandgap 2D semiconductor with a tiny overlap between valence and 

conduction bands. Second, it exhibits a strong ambipolar electric field effect along with ballistic 

conduction of charge carriers. Third, a quantum Hall effect (QHE) at room temperature has 

been observed. In addition, graphene shows great specific surface area (2630 m2 g -1),204 high 

electron mobility (200 000 cm2 (V s)-1), high thermal conductivity (5000 W (m K) -1),205 high 

optical transmittance (97.7%)206 and capability to carry high current densities.207 Furthermore, 

it is highly transparent, with an absorption of ∼ 2.3% towards visible light, it possesses excellent 

mechanical strength and high elasticity.206 

The crystal structure of graphene can contain a certain number of defects and disorders, that 

can affect the mechanical properties as well as the thermal and electrical conductivities of 

graphene and graphene-based nanocomposites.208 The topology, the curvature and the 

structure of graphene can be changed depending o n the types of defects. Defects can be 

produced during the preparation process. Therefore, a good understanding of defects and 

impurities is useful for the improvement of graphene-based nano-engineering.209 In general, 

defects in graphene can be categorized into two different groups: intrinsic defects, which are 

composed of non-sp2 orbital hybrid carbon atoms in graphene. These defects are usually 

caused by the existence of non-hexagonal rings surrounded by hexagonal rings, and extrinsic 

defects, where the crystalline order is perturbed with non -carbon atoms in graphene.210 

Moreover, a structural and/or chemical modification of the graphene structure can be achieved 

through deposition of molecules on top or through intercalation, using different substrates that 

modify the final electronic structure. The modification of the electronic structure and the 

electrical conductivity of graphene is correlated to the electronic properties of the added 

molecules: electron-donor molecules decrease the conductivity of graphene while electron-

acceptor molecules increase it.211 

The existence of defects, on one side, destroys the symmetry and integrity of graphene crystals 

and influence the electronic transmission, on the other, it opens the possibility of ion tran sport 

path and enhances interaction between atoms and graphene. Furthermore, the bond length of 

the interatomic valence bond and the type of the hybrid trajectories of the partial carbon atoms 

change when defects are present. Generally, a decrease of conductivity is registered when 

intrinsic defects are present, because they form an electron scattering centre on the surface of 

graphene, that affects electron transfer. Compared with intrinsic defects, the effect of the foreign 

atom defects on the electrical properties of graphene is more complicated and interesting. In 

literature some speculative studies report a decrease of conductivity when oxygen atoms and 

oxygen containing functional groups are present. However, theoretical studies suggest that 

conductivity is maintained if the position of oxygen atoms is reasonable. Instead, a large number 

of studies have pointed out that in -plane foreign atom defects formed by nitrogen and boron 
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atoms can improve the conductivity of graphene. Heteroatoms cause resonance scattering on 

graphene, which affects the electrical properties of graphene. Furthermore, the adsorption of 

molecules influence the electronic properties of graphene.209, 210  

In order to obtain large amounts of graphene and to control its particle size, several methods 

have been developed by using graphite as starting material. Indeed, graphene is composed of 

isolated sheets of graphite and it is produced by graphite exfoliation. The exfoliation can be 

achieved through mechanical or thermal processes, generally supported by sonication. 

However, these methods are expensive and juts few amounts of graphene are obtained and 

particle size is not under control. Therefore, derivatives of graphene are used to replace pure 

graphene. The most commonly used are graphene oxide, in their oxidized and reduced form, 

synthesized by chemical exfoliation. The chemical exfoliation of graphite gives rise to graphene 

oxide (GO) by inserting functional groups between its layers,212 improving also the 

processability of graphene-based materials, by overcoming the problems of low solubility, poor 

reactivity and the limited accessibility.213 In fact, GO consists of graphene-like sheets, 

chemically functionalized with oxygen functionalities, such as hydroxyl, carbonyl, epoxy and 

carboxyl functional groups, which stabilize the sheets in water an d provides a remarkable GO 

hydrophilic character.214 This functionalization results in randomly distributed aromatic regions 

(sp2 carbon atoms) and oxygenated aliphatic regions (sp 3 carbon atoms), which causes the 

disruption of the electronic structure of graphene.215 In fact GO becomes an insulator rather 

than a semi-metal as graphene. While the functionalities can be removed by reduction, large 

defect populations, which continue to disrupt the electronic properties, remain. The epoxy and 

hydroxyl groups are the major components and are located above and below each graphene 

layer; carbonyl and carboxyl groups are minor an d are usually distributed at the edges of the 

layers.216 Structure and properties of GO depend on the synthesis method and degree of 

oxidation, while rapid heating of GO results in expansion and delamination, due to evaporation 

of the intercalated water and evolution of gases from pyrolysis of the oxygen containing 

functional groups.215 Today, the Hummers method is the most commonly used. However, 

despite the presence of oxygen functionalities, GO forms unstable dispersions in water and 

polar organic solvents, since the exfoliated GO sheets tend to ag gregate through π-π 

interactions and form large particles of graphite oxide. The addition of protective agents, such 

as octadecylamine, 1-octyl-3-methyl-imidazolium, large aromatic molecules, 

didodecyldimethyl-ammonium bromide, polystyrene, and poly(sodium 4-styrenesulfonate) and 

also elastomeric silicon foams and DNA, can be added to stabilize GO nanoplatelets in solution. 

Thanks to the rich chemistry of hydroxyl, carboxyl, and epoxy groups, GO has been selected 

very often as the starting material for the formation of graphene derivatives through the covalent 

attachment of organic groups on its surface, where the added groups are linked through the 

oxygen atoms of GO.217  

The reduction of graphene oxide removes the oxygen groups and rehybridizes the effected sp3 

carbon atoms to sp2, to give reduced graphene oxide (rGO). rGO resembles graphene 
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structurally and can partially restore the conductive features of pristine graphene. However, it 

has been demonstrated experimentally, that after reductive treatment of GO a critical number 

of oxygen groups and defects remain. These defects affect the properties of rGO, mainly it 

exhibits lower electron mobility than graphene.218 The reduction of GO can be performed under 

various conditions and, among them, chemical reduction and thermal annealing routes have 

been widely explored. The chemical reduction is performed at low temperature by using a wide 

range of reducing agents. Among them, hydrazine is extensively used for its high reduction 

efficiency. However, it presents some disadvantages such as its chemical toxicity and the 

introduction of nitrogen impurities, likely in the form of hydrazone, aziridine, or amine, covalently 

bonded to the reduced GO surface. Different mechanisms (Figure 25, route 1 to 3) were 

identified for reducing epoxy groups of GO using  hydrazine treatment. Route 1 is the exclusive 

mechanism for epoxides protruding from GO; routes 2, 2’ and 3 are dominant for epoxides 

attached to the aromatic domain of GO. In these mechanisms, epoxy rings are opened by 

hydrazine to form hydrazino alcohols, which react further via the formation of an aminoaziridine 

moiety with the loss of an H2O molecule, and finally undergo thermal elimination of diimide to 

form a double bond. No reaction path has been determined for the reduction of hydroxyl, 

carbonyl, or carboxyl groups with hydrazine as a reducing agent, and they must be eliminated 

through thermal treatment. The hydroxyl, carbonyl and carboxyl thermal reduction mechanisms 

are represented in routes 4-5, 6 and 7, Figure 25, respectively. The hydrazine de-epoxidation 

and thermal dehydroxylation of GO have opposite dependencies on the reaction temperature. 

For this reason, it is possible to improve the red uction efficiency through a combined route with 

low temperature hydrazine reduction and high-temperature thermal reduction.219  
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Figure 24. GO reduction mechanisms. Routes 1 to 3 represent the mechanisms for the hydrazine de-epoxidation 
of GO. Figure obtained from the paper of Chen et al.219 

 

 

Figure 25. GO reduction mechanisms. Routes 4 and 5 refer to the mechanism for the thermal de-hydroxylation 

of GO. Routes 6 and 7 respectively show the mechanisms for thermal de-carbonylation and thermal de-carboxylation of 
GO. Figure obtained from the paper of Chen et al.219 

The thermal treatment is typically achieved under a rapid heating of GO in inert or reducing 

environments (up to 1050 °C in an oven under argon gas or up to 800 °C under hydrogen gas) 

or under mild conditions by using MW techniques. These conditions cause the decomposition 

of oxygen-containing groups in GO, and the instability of carbon monoxide (CO), carbon dioxide 

(CO2) and water cause the deoxygenation of the material (Figure 25, route 4 to 7).212, 216 
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In order to improve the processability of graphene-based materials, their chemical derivatization 

has been extensively studied. The functionalization with organic functional groups can be 

achieved through covalen t functionalization and non-covalent functionalization and 

interactions. Covalent functionalization is based on the binding of organic functionalities, like 

free radicals and dienophiles, to C=C bonds on graphene surface. It causes the disruption of 

the extended π-conjugation on the graphene surface and aromatic character perturbation, 

unlike non-covalent functionalization. Moreover, the organic covalent functionalization can be 

achieved through the formation of covalent bonds between organic functional groups and the 

oxygen groups of graphene derivatives. Furthermore, the covalent attachment of hydrogen and 

halogens allows to obtain graphane and fluorographene. Finally, the deposition of 

nanostructures on graphene surface, such as nanoparticles like noble metals, metal oxides, 

quantum dots, polymers, has been extensively studied.217, 220-222 Thanks to the 

functionalization, the dispersibility of graphene in organic solvents is increased, and organic 

functional groups offer new properties that could be combined with the properties of graphene. 

During the covalent functionalization, sp 2 carbon atoms are rehybridized into sp 3 configuration 

accompanied by simultaneous loss of electronic conjugation. The degree of oxidation or a 

covalent functionalization reaction can be measured by the ratio between carbon atoms with 

sp2 and sp3 hybridization in the graphitic lattice, using Raman spectroscopy. ID/IG ratio is 

measured, where ID and IG are the intensities of the peaks at 1350 and 1580 cm−1, which 

correspond to the number of sp3 and sp2 C atoms, respectively.219, 223 On the other hand, non-

covalent functionalization offers the possibility of attaching functional groups to graphene 

without disturbing the electronic network.224, 225 Graphene has a large binding affinity for 

aromatic compounds, because non -covalent functionalization generally involves π−π 

interactions, that are important driving forces for supramolecular self-assembly. 

Graphene powder, thanks to its large surface-to-volume ratio, high conductivity, and unusual 

electronic properties is a promising candidate for electronic applications. Graphene shows 

possible uses in touch screens, capacitors, spintronic devices, fuel cel ls, batteries, sensors, 

transparent conductive films, high -frequency circuits, toxic material removal, and flexible 

electronics.226 Otherwise, graphene powder can be used as field emitters and solid -state gas 

sensor.227 The electronic properties of graphene are strongly affected by the adsorption of 

molecules, which makes this material very attractive for gas sensing applications. In this case, 

graphene is widely used in gas sensors for detecting gas concentration, by monitoring changes 

in resistivity.228 It can be used as hydrogen storage211 and, if biofunctionalized with 

biomolecules (proteins, peptides, etc.), graphene-based nanostructures may open a gateway 

to new fields in biotechnology. Graphene itself possesses zero band gap as well as inertness 

to reaction, which weakens the competitive strength of graphene in the field of semiconductors 

and sensors, moving the researchers to investigate the graphene functionalization with organic 

and inorganic molecules. Band gap opening of graphene by doping, intercalation, and striping 

would be useful for functional nano electronic devices.217 Recently, thanks to the excellent 
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electrical and mechanical properties of graphene, as well as the large active surface area per 

mass unit, the immobilization of metallic and other nanoparticles on graphene sheets has been 

extensively studied. In addition, it is characterized by high conductivity and mechanical 

strength, and it is free of metallic or carbon impurities since the preparative methods are not 

catalytic. The composite materials, obtained from the dispersion of metallic nanoparticles or 

oxides on graphene surface, are applied in catalytic or optoelectronic applications, 

supercapacitors, fuel cells, batteries.217 Furthermore, thanks to its electronic properties, it acts 

as electron acceptor and transporter, and it is able to enhance photoinduced charge transfer 

for improving catalytic activity.229 The properties of graphene (and hence the pool of 

applications where it can be used) depend very much on the quality of the material, type of 

defects, substrate, which are strongly affected by the production method.230  

Nanodiamonds (NDs) are composed of a sp 3
 carbon core surrounded by a middle sp2+x core 

and a graphitized sp2 outer layer, that often shows partial oxidation. They are characterized by 

a variety of sizes, shapes and surface chemistry, that can be modulated by varying the synthetic 

approach.231 NDs surface functional groups determine the chemical state of the carbon material 

and their modification, resulting in the tune of both macroscopic and microscopic properties, 

makes the well-prepared NDs suitable for the desired application.232 NDs are resistant to 

chemical attack and their functionalization is necessary for their processing. Functionalization 

can be achieved by exploiting the physical properties of the diamond core or, more commonly, 

the chemical properties of the graphitic surface or of the surface functional groups.233 Due to 

the high surface-to-volume ratio, the surface properties of NDs play an important role and 

different strategies were pursued to obtain homogeneous and reactive surface species 

distribution. Well-defined and well-distributed functional groups on NDs surface have been 

commonly obtained by convenient methodologies, such as hydrogenation or oxidation of raw 

NDs, annealing under reducing atmosphere, under oxygen or in air ,234 and further chemical 

functionalization by mechanical bundle disruption, non-covalent or covalent techniques.235 The 

graphitic sp2 surface provides NDs with the most important properties of graphene. 

Thanks to the sp2 graphitic structure of rGO and NDs surface, NDs and  rGO are considered as 

carbon-based MW absorbing materials. The absorbing properties depend on the dielectric 

losses, that come from conductivity loss and polarization loss (ionic, electronic, dipole 

orientation and interfacial polarization) arising from defects and functional groups, and 

conductive dissipation, that involve the motion of conductive electrons, as well as on the high 

specific surface area, low density, low thickness, wide bandwidth, high conductivity, and unique 

geometry structure. They can absorb and dissipate incident electromagnetic waves and 

transform their energy into thermal energy.236, 237 Their ability in absorbing MW electromagnetic 

waves depends on the relative complex permittivity and the relative complex permeability, that 

are expressed in the reflection loss (RL) parameter, that represents the electromagnetic 

absorption ability. An efficient synergism between the relative permittivity and permeability 

determines excellent MW absorption properties. In graphene materials, the permeability is very 
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low due to the weak magnetic characteristic in the MW band, the permittivity must be low for 

good impedance matching, so abundant defects and functional groups, such as hydroxyl, 

epoxy, and carboxyl groups of rGO result in low permittivity, which is beneficial for the MW 

absorption, introducing defects polarization relaxation and groups’ electronic dipole 

relaxation.238 Moreover, the RL parameter is also dependent on the absorber thickness. Figure 

26 shows the calculated theoretical RL curves for a composite with 1 wt% of rGO at different 

thicknesses in the frequency range of 3-18 GHz. The thickness of the absorber influences the 

MW absorbing property, that is also dependent on the electromagnetic wave frequency. 

Usually, the RL is improved shifting the resonance to a higher -loss frequency.239 

 

Figure 26. Calculated RL vs. frequency for the composite with 1 wt% of rGO (GE) at different thicknesses. Figure 
obtained from the paper of Zhou et al.239 

Chemistry can play an important role in the development of new carbon -based nanomaterials, 

not only in promoting new technological ways for large-scale production, but also acting on 

structure control, improving their dispersibility in water, aimed at increased concentration and 

stability, and synthesizing new stable carbon systems by functionalization. Chemical treatments 

can dramatically alter carbon-based nanomaterial properties, by add ing defects and impurities, 

changing the structure and the topology, affecting the mechanical properties and the thermal 

and the electrical conductivities.240 However, some imperfections may increase the local 

reactivity and be exploited for some applications, to create defined properties and to achieve 

new functionalities.210 As a result, new studies have been dedicated to functionalize the 

carbonaceous network with the aim to modulate properties, improve limits or to approach new 

applications. Despite the high chemical inertness of the carbon -based nanomaterial, some 

relevant examples of organic functionalization have been successfully addressed.241 Direct 

covalent modification of graphitic surface, without oxidation or any other pre-treatment, has 

attracted large interest and 1,3-dipolar cycloadditions (1,3-DCA) represent a special class of 

organic reactions whose applicability is reported in experimental reports 242-245 and several 

theoretical studies.246-248 The cycloaddition of azomethine ylides onto single-walled (SW) 

carbon nanotubes (CNTs), graphene and NDs represents a powerful tool for producing 

derivatized and highly dispersed systems,249-251 also applied to carbon encapsulated 

nanoparticles.252 Nevertheless other dipoles have emerged with the aim to integrate new 
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functions on the carbonaceous network. Several attempts to fullerene, SWCNT and multi -

walled CNT derivatization with nitrile oxide, nitrile imine, nitrile ylide, pyrazolium ylides have 

been proposed,253-256 while just few publications refer to the use of nitrone for SWCNT257 and 

graphene quantum dots (GQDs),258 as well as carbonyl ylides functionalization.259 Recently 

also a mechanochemical activation was exploited to make oxazol -5-(4H)-one reactive as 

dipoles to limit its reactivity respect to Diels Alder cycloaddition.244 

Based on our knowledge, 1,3-dipolar cycloaddition (1,3-DCA) represents a versatile and 

efficient methodology for carbon-based nanomaterial stable functionalization nevertheless 

synthetic protocol are often limited because of the harsh reaction conditions, high temperature 

for long time. The aim of this study is to  optimize mild and efficient synthetic protocols based 

on 1,3-DCA, starting from the well-known azomethine ylide derivatization, moving to the use of 

nitrile oxide and giving origin to nitrone derivatives for stable covalent functionalization of  

carbon-based materials. Initially the covalent derivatizations were investigated on rGO surface, 

in order to validate the different derivatization strategies, to be extended to the use of variable 

dipoles; to fine-tune an accurate and non-destructive quantification method, and, as final goal, 

to translate their use to hard-to-change, promising and highly interesting NDs. The beneficial 

effect of MW irradiation on this type of functionalization was investigated and a comparative 

study of cycloaddition reactions using classical heating and MW activation is presented with the 

aim to reduce reaction time and improve efficacy. In order to carefully measure the degree of 

functionalization, the reaction products were characterized by several spectroscopic  and 

analytical techniques and an indirect evaluation of the reaction outcome by Fmoc deprotection 

and quantification has been performed. The structural, chemical and physical properties of the 

functionalized systems were investigated through TGA, FT-IR/DRIFT and Raman  

spectroscopy.  

 

3.2. Results and discussion 

3.2.1. Study of a new derivatization degree quantification method: 1,3-DCAs 
of azomethine ylides 

In order to study an environmentally friendly derivatization of graphene-based materials, three 

different approaches based on 1,3-DCAs of azomethine ylides, nitrile oxide, and nitrones were 

compared. The first step was based on the preparation of rGO. Naturally abundant graphite 

underwent to a chemical oxidation method, following the commonly used modified Hummers 

method.260 The graphite was oxidized to GO by treatmen t with KMnO4 and NaNO3 in 

concentrated H2SO4, followed by suspension in water and hydrogen peroxide (H2O2). The 

chemical exfoliation of graphite gives rise to GO by inserting functional groups (such as 

hydroxyl, carbonyl, epoxy and carboxyl) between its layers and a highly oxidized GO was 

obtained, as shown by TGA. The major weight loss was registered at 200 °C, which 
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corresponds to CO, CO2, and steam release from the most labile functional groups  such as 

hydroxyl, epoxy, and carbonyl groups. Between 400 and 800 °C, a slower mass loss was 

observed and was attributed to the removal of more stable oxygen functionalities.261 

Successively, GO underwent to hydrazine reduction, to partially remove the oxygen groups and 

rehybridize the effected sp3 carbon atoms to sp2, to give rGO (the final graphitic structure is 

shown in Figure 27). As demonstrated by TGA, rGO exhibited higher thermal stability than GO, 

indicating the removal of labile oxygen functional groups during the hydrazine reduction step  

(Figure 28). The reductive step was carried out using both conventional and MW heating, 

resulting, in the last case, in shorter reaction times (2 h versus 10 min). The graphitic structure 

was restored and the thermal stability was confirmed by TGA, comparing the thermal trend with 

the one of the commercial rGO and conventionally-prepared rGO. The use of MW to accelerate 

carbon-based material preparation and derivatization was driven by the intense MW-material 

interactions. MW heating occurs via conduction mechanism, superheated centers are 

generated, and the reactivity is promoted.  

 

Figure 27. Representation of rGO structure and stylised model used to represent graphitic layer in the present 
work. 
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Figure 28. TGA spectra of commercial rGO, conventionally-prepared rGO, MW-prepared rGO and GO.  

The first derivatization strategy was based on the 1,3-DCAs of in situ generated azomethine 

ylides which include both an amino acid and an aldehyde moiety. The influence of MW 

irradiation on rGO derivatization was also studied. Preliminarily, a model reaction was chosen 

and alanine and hexanal were reacted with rGO under conventional heating or MW irradiation  

(Scheme 4). On the basis of our research group ’s experience on SWCNT,262 the optimized 

reaction conditions were 130°C for 2 h under MW irradiation and the same procedure was 

repeated under conventional heating. The reaction was performed in a constant temperature 
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mode. The power was automatically adjusted to reach the set temperature as quickly as 

possible and then to maintain it using a dynamic feedback power loop. The temperature and 

power profile in the MW instrument was registered and is reported in Graph 5. TGA analysis 

was performed on functionalized rGO, and a higher degree of substitution was observed when 

MW irradiation was employed (Figure 29). For sake of comparison, a blank experiment was 

performed by heating rGO in MW at 130°C for 2 h  and a recorded TGA profile confirmed its 

thermal stability. 

 

Scheme 4. rGO functionalization by azomethine ylide cycloaddition under conventional heating and MW 
irradiation 
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Graph 5. Temperature and power profile curves registered by MW instrument Anton Paar Monowave 300, 
Program: Pmax = 100% heated as quickly as possible to reach 130 °C, then T = 130 °C.  
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Figure 29. TGA spectra of pristine rGO, conventional grafted rGO, MW grafted rGO. 

Table 11. Degree of substitution of rGO functionalization by azomethine ylide cycloaddition under conventional 
heating and MW irradiation. 
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Sample Reaction condition % w/w µmol/g 
Derivatisation/ 

C atoms 

rGO-AMY-

conventional 
Alanine, hexanal, 130 °C, 2h 1.0 80 1033 

rGO-AMY-MW Alanine, hexanal, MW, 130 °C, 2h 3.3 260 312 

 

In view of the low reactivity of rGO, the measure of derivatization degree still represents a big 

challenge. TGA is commonly used for measuring the degree of substitution, but its low 

selectivity prompted chemists to perform different analyses such as TGA, IR, TGA/MS, SEM, 

TEM, etc., to prove the identity and efficacy of the grafting reaction and to measure the degr ee 

of functionalization.263, 264 With the aim to selectively quantify the grafted derivatives, a new 

methodology for the quantification of the derivatization degree was studied. It was decided to 

apply the Fmoc derivatization methodology as successfully demonstrated in peptide solid 

phase synthesis and to compare it to TGA analysis.265 As reported, the substitution 

determination can be performed indirectly by deprotecting a small amount of Fmoc-protected 

rGO derivative (3-5 mg) in a solution of piperidine (20% v/v in DMF) : MeOH (1:1) to generate 

the dibenzofulvene–piperidine adduct that was quantified by UV-Vis spectroscopy at 301 nm (ε 

= 7800), the maximum absorption wavelength of the dibenzofulvene–piperidine adduct 

(Scheme 7).266  

To prove the concept and to confirm the efficacy of MW-promoted 1,3-DCA with in situ 

generated azomethine ylides three Fmoc-protected alkylic aldehydes were synthesized  from 

their amino alcohol precursor (Scheme 5). 3-Amino propanol, 5-amino pentanol and 6-amino 

hexanol were protected with Fmoc and the alcoholic moiety oxi dized to its corresponding 

aldehyde. Unfortunately, the aldehyde obtained from 5-Fmoc-amino pentanol (1b) proceed with 

a cyclization of the aldehyde to the protected amino group, forming the cyclic enecarbamates 

(2c).267 

 

Scheme 5. Synthesis of Fmoc-aldehydes. 
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Azomethine ylide 1,3-DCA 

 

Scheme 6. Derivatization of rGO with azomethine ylides generated in situ from Fmoc-6-aminohexanal and 
alanine or serine. 

 

 

Scheme 7. Schematic representation of Fmoc deprotection to obtain the fulvene – piperidine adduct in solution. 

 

The derivatization of rGO was performed by reacting the carbon -based material with the 

obtained aldehydes in presence of alanine (Ala) or serine (Ser), resulting in the corresponding 

azomethine ylide derivatized systems, named rGO-AMY-Ala-n1, rGO-AMY-Ala-n4, rGO-AMY-

Ser-n1, rGO-AMY-Ser-n4. (Scheme 6). Dimethylformamide (DMF) was selected as solvent of 

choice to minimize the interfacial tension between solvent and graphene; initial sonication was 

used to promote exfoliation of the bulk material through acoustic cavitation; the reaction was 

carried out at 130°C for 2 h. The same procedure was repeated under conventional heating 

and MW irradiation. Following the latter synthetic conditions, higher derivatization degree was 

obtained, as confirmed by comparing the results with literature studies. In order to deny the 

possible π-π interactions between the Fmoc portion and the rGO electronic cloud and to confirm 

the covalent functionalization with azomethine ylide, the same reaction was performed by using 

hexanal, a Fmoc-lacking aldehyde, and alanine as azomethine ylide precursors. Thus, the 

effective covalent derivatization was demonstrated. The efficiency of rGO functionalization was 
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measured by TGA and compared with UV-Vis measurements (Table 12). The TGA curves were 

performed under inert atmosphere and were all normalized at 150 °C to circumvent any possible 

solvent influence on yield calculations. As described in  Table 12, TGA and UV-Vis data were in 

accordance and a range of 10-15 % (w/w) of functionalization was measured. Because of the 

higher selectivity a slightly lower percentage of grafting was measured by UV-Vis indirect 

analysis. When the reactivities of 3-Fmoc amino propanal and of 6-Fmoc amino hexanal were 

compared, the latter resulted in higher functionalization degree. This is explained by the 

importance of the Fmoc level of freedom on the derivatizatio n efficiency, that is influenced by 

the alkyl chain length through which the Fmoc portion is grafted on the sp 2 surface, 

demonstrating that the higher the distance between the Fmoc and the material surface, the 

higher is the grafting degree. The TGA curves showed that rGO under inert atmosphere shows 

a constant loss of weight, when grafted three degradation steps were observed at 241 °C, 325 

°C and 408 °C, ascribed to azomethine ylides degradation. Here, a representative comparison 

of TGA curves of rGO-AMY-Ala-n1 and rGO-AMY-Ala-n4 is shown (Figure 30). 
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Figure 30. TGA spectra of pristine rGO, rGO-AMY-Ala-n1, rGO-AMY-Ala-n4.  

 

Table 12. Functionalization degree of rGO and NDs by 1,3-DCA with azomethine ylides. 

Sample Aldehyde aa 

% UV % TGA Derivatisation/ 

C atoms 
% w/w µmol/g % w/w µmol/g 

rGO-AMY-
Ala-n1 

Fmoc-3-
aminopropanal 

Ala 10.3 320 12.1 375 196 

rGO-AMY-

Ala-n4 

Fmoc-6-

aminohexanal 
Ala 12.4 340 14.5 398 187 

rGO-AMY-

Ser-n1 

Fmoc-3-

aminopropanal 
Ser 6.9 204 8.5 251 305 

rGO-AMY-
Ser-n4 

Fmoc-6-
aminohexanal 

Ser 10.1 265 11.8 310 247 

Reaction conditions: 1.6 mmol aldehyde, 1.9 mmol amino acid, 50 mg rGO, DMF (13.3 mL), 2 h, 130 °C, MW. 
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The effectiveness of the derivatization reaction was also investigated by FT -IR (Fourier 

Transform Infrared Spectroscopy), while Raman spectroscopy was used to evaluate the 

chemical and physical properties of the synthesized nanomaterials. First of all, FT-IR profile of 

rGO was recorded at different concentration of rGO in KBr. Increasing the rGO/KBr ratio, an 

enhancement of peak intensity is achieved. The broad bands at 3433 and 3235 cm-1 correspond 

to the alcoholic and carboxylic acid O-H stretching, the peaks at 1648, 1557, 1317 and 1120 

cm-1 correspond to the carbonyl and carboxyl C=O stretching, to the aromatic C=C stretching, 

to the phenolic and alkoxylic C-O, respectively, demonstrating the aromatic structure of the rGO 

layer and the partial presence of hydroxylic functions, that were not totally removed from the 

GO by the reductive step (Figure 31a). From Raman spectroscopy the sp3-sp2 content was 

evaluated. The pristine rGO sample shows the D-band (ca. 1350 cm-1), also known as disorder 

band, is associated with the defects or vacancies present in the carbon structure and with the 

presence of sp3 carbons, and the G-band (ca. 1580 cm-1), related to the in-phase vibration of 

the graphite lattice, of sp2-bonded carbon atoms. There are also three minor bands due to the 

Raman-active defects from the ideal structure of graphite: the 2D, (D + G) and 2D' band. The 

2D peak, overtone of D peak, is attributed to double resonance transiti ons resulting in 

production of two phonons with opposite momentum, that confirms the low number of layers. 

Furthermore, unlike the D peak, which is only Raman active in the presence of defects, the 2D 

peak is active even in the absence of any defects. Its shift and shape have been correlated with 

the number of graphene layers. The 2D and 2D’ overtones and the D + G combination modes 

produce a large, convoluted band at higher frequencies in the 2500-3500 cm-1 region. An 

increase in the relative Raman intensi ty of the D and D’ bands, as compared to the G band, is 

generally observed when the disorder of graphite layers increases. The significantly high defect 

content, which is indicated by the high relative intensity of the D band with respect to the G 

band, is consistent with a high number of sp 3 carbon atoms introduced during the oxidative 

preparation of the material and only partially reconverted to sp 2 during the reduction step 

(Figure 31b). 
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Figure 31. (a) FT-IR spectra, acquired in transmission mode, of rGO at different concentrations in KBr. The peak 
intensity increases by increasing the rGO concentration. (b) Raman spectrum of pristine rGO. 
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The first evidence of the successful covalent functionalization of rGO was obtained by FT -IR, 

by comparing the spectra of the functionalized materials with that of the starting rGO. A 

representative FT-IR spectrum of azomethine ylides derivatized rGO, rGO-AMY-Ala-n4, is 

shown (Figure 32). C-H, stretching and bending modes of aromatic system are observed (at 

3090 cm-1 and 950-850 cm-1 respectively), the absorption bands around 2930 and 1350 cm-1 

show the existence of a stretching vibration of C−H of the alkyl portion. The peaks centered at 

1298, 1350, 1015 and 1125 cm-1 are attributed to the stretching vibrations of C-N, indicating 

the existence of the pyrrolidine ring. The absorptions of 1630−1580 cm-1 can be appointed to 

the stretching vibration of the amide group , indicating that azomethine ylide moiety had been 

successfully grafted on the surface of rGO. 

 

Figure 32. FT-IR spectrum of rGO-AMY-Ala-n4, acquired in transmission mode. 

The formation of the pyrrolidine ring onto the rGO surface was also verified by Raman  

spectroscopy. The Raman spectra recorded for products rGO-AMY-Ala-n1 and rGO-AMY-Ala-

n4 are similar to that of pristine rGO, but some differences elucidate the successful covalent 

functionalization by 1,3-DCA of azomethine ylides (Figure 35a). The average ID/IG ratio, a 

convenient parameter to estimate the overall defectiveness of graphitic materials, was 1.19 ± 

0.04 and 1.20 ± 0.04 and 1.42 ± 0.06 for pristine rGO and product rGO-AMY-Ala-n1 and rGO-

AMY-Ala-n4, respectively. This indicates that the functionalization by 1,3-DCA of azomethine 

ylides slightly altered the rGO defect content. The high ID/IG ratio (>1) measured for pristine rGO 

may be explained by a large number of polyaromatic domains with smaller overall size and the 

occurrence of patches with a highly defective carbon lattice that were induced by the oxidative 

processing of graphene. The increase in ID/IG ratio observed for the functionalized sample 

clearly indicates that the adopted synthetic approach followed during the synthesis slightly 

modify the hybridization of carbon , confirming the functionalization. 

In order to finally prove the success of the cycloaddition reaction , attempts were made to 

deconvolute the Raman spectra into their possible constituent peaks , by following an 

established procedure, where an appropriate deconvolution model was developed to quantify 



62 
 

the observed spectral broadening and find relations with the chemical functionalization 

degree.268, 269 Indeed, Raman spectroscopy is a useful technique for the characterization of 

carbon materials, not only for the crystal structure, but also for observing structural changes 

occurring at the molecular level. It is complementary to electron microscopy and X-ray 

diffraction to better understand morphological modifications at the lon g-range order. An 

accurate measurement of the chemical functionalization degree (CFD) could be obtained by 

the analysis of the deconvoluted Raman bands, by the ratio of bands assigned to sp2 domains 

(which are the satellite bands S, Sr, Dl, Dr, Gl, Gr), and of the graphitic-type domains (the D and 

G bands) (Figure 33), which are associated with the initial graphitic-type structure of the carbon 

nanostructure. 

𝐶𝐹𝐷 =  
𝑆 + 𝑆𝑟 +  𝐷𝑙 + 𝐷𝑟 + 𝐺𝑣 +  𝐺𝑙 + 𝐺𝑟

𝐷 + 𝐺
 

 

Figure 33. Representative Raman Peak fitting of multiwalled carbon nanotubes (MWCNTs) and representation 
of bands assigned to sp2 domains ( S, Sr, Dl, Dr, Gl, Gr). Figure obtained from the paper of Pereira et al.268 

Figure 34-a,b shows a representative deconvoluted spectrum (rGO-AMY-Ala-n4), where 

multiple Lorentzians peak fit for the D and G bands. A total of four peaks could be fit as shown. 

The peaks centered at 1345 and 1587 cm-1 correspond to the conventional D and G bands. 

The broadening in the G band at the higher wavenumber side is due to the presenc e of the Gr 

band at 1620 cm−1, this is due to the highly defective structure. In addition, one more peak could 

be fit at 1530 cm−1, it is named Gv and is generally attributed to sp 3 rich phase of disordered 

carbons. Differently, the deconvoluted peak position of the 2D region corresponds to 2680, 

2930, 3185 cm−1. Based on the literature, the first signal can be assigned to the G* Raman 

modes. The band at 2930 cm−1 has been assigned to the D+Gr or the D+G mode. Similarly, the 

peak at 3185 cm−1 has been identified with the 2D’ and G+Gr modes. Finally, the success of the 

cycloaddition reaction was further supported by the shift of the Raman G-band observed after 

the functionalization process (Figure 35). The G band was shifted to higher frequencies, 

confirming the doping of graphene.  
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Figure 34. (a) Deconvolution of the observed D and G bands into D, Gv, G, and Gr bands of rGO-AMY-Ala-n4; 
(b) multiple peak-fit for 2D region of rGO-AMY-Ala-n4. 
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Figure 35. G band region of rGO-AMY-Ala-n4 in comparison with rGO. 

Based on the excellent quantification strategy and derivatization efficiency, the same 

methodology was used to study the feasibility of NDs surface functionalization through 1,3-

DCAs. The NDs used for this study were acquired by Adamas Nanotechnologies and were 

synthesized by exploiting high pressure and temperature reached during the detonation of 

explosive carbon-based compounds, TNT and RDX, (obtaining pristine NDs), followed by a 

thermal treatment at 800°C under vacuum pressure (10-1-10-2 Pa) for 6 h to graphitize the 

amorphous carbon phases, while preserving the diamond core (annealed NDs).270-272 This 

reductive step allows to increase the sp 2 phases, essential for the functionalization. On the 

other hand, it offers a better purification on the nanocrystal surface when the NDs are subjected 

to a further etching process, at 475 °C in O2 atmosphere for 12 h, resulting in etched NDs. 

These oxidative conditions are responsible of the partial remotion of the surface graphitic layers. 

Qualitatively, annealed NDs present a darker color than the pristine ones, while the etching 

process give them a whitish aspect, probably due to the oxygenated surface, as showed in 

Figure 36.  
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Figure 36. Qualitatively aspect of (A) Commercial pristine NDs, (B) annealed NDs and (C) etched NDs, 

To evaluate the effect of the described processing steps on th e sp3/sp2 content and on the 

surface chemistry, both Raman spectroscopy and DRIFT (Diffuse Reflectance Infrared Fourier 

Transform) spectroscopy were performed, respectively. However, from the analysis of Raman 

measurements, conducted on the different samples and assessed with a conventional micro-

spectrometer (Horiba JobinYvon HR800), with optical excitation given by a continuous 532 nm 

laser focused with a 100× air objective, no significant differences were appreciable. No diamond 

peak at 1332 cm-1 was observed, while the main features at 1350 cm-1 and 1580 cm-1, 

associated to the D and G, respectively, which are commonly attributed to amorphous sp2 

carbon-based system and to the stretching of the C-C bonds of graphitic carbon respectively, 

were not appreciably visible. Thus, Raman analysis was not exploited as characterization 

technique for functionalized NDs.  

To explore the surface chemical terminations of these three samples of NDs, DRIFT analysis 

was carried out. As visible in Figure 37, all NDs show a broad and intense band in the 3750-

2800 cm-1 spectral region associated to the ν(OH) stretching vibration of hydrogen bonded 

water molecules. The adsorbed H2O molecules give rise also to the bending vibration around 

1630 cm-1. In the NDs thermally treated, new signals could appear between 3000 and 2850 cm-

1, ascribed to ν(CH) stretching modes, typical of aromatic portions, but they result overlapped 

to the ν(OH) stretching vibration of adsorbed H2O molecules. Moreover, during the annealing 

process, the reductive atmosphere induces a decrease of the oxygenated surface groups and 

the rehybridization of sp3 carbon atom to sp2. Conversely, a more intense band of the ν(C=O) 

stretching (1790-1750 cm-1) is present in the etched NDs: the etching process, in fact, 

introduces carbonyl groups on the surface.  

NDs were also analyzed by TGA. Annealed NDs revealed a more constant and reduced loss 

compared to the commercial-pristine and etched ones. This is due to the annealing phenomena 

occurred in the NDs thermally treated that makes this material more stable and less subject of 

losing surface portions. The oxidative cleaning treatment, not only remove the graphitic 

amorphous component, but also make the NDs’ surface more thermally unstable. 
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Figure 37. DRIFT spectra of pristine (spectrum c), annealed (spectrum b) and etched (spectrum a) NDs.  

Based on our previous functionalization of rGO, the surface of NDs was decorated performing 

the azomethine ylides 1,3-DCA. The model reaction between hexanal and α-alanine was first 

studied with the different kinds of available NDs (pristine, annealed and etched NDs). The best 

functionalization degree was obtained with the thermally treated NDs (annealed NDs), this can 

be ascribed to the higher content of sp 2 surface of this sample that make it more reactive to the 

dipole. The etching process makes NDs more instable and less reactive to the azomethine ylide 

derivatization, due to the higher amount of impurities and sp3 C atoms. Based on these reasons, 

the 1,3-DCA study proceed with the functionalization of the annealed NDs. Moreover, accurate 

and standard synthetic procedure for NDs preparation revealed to be fundamental to obtain 

reproducible and high-quality carbon-based product.  

 

Figure 38. Model reaction of NDs through the 1,3-DCA reaction of azomethine ylides. 

The reaction between the Fmoc protected hexanal and alanine or serine was carried out under 

MW irradiation at 130 °C for 2 h, obtaining a 3.3% and 4.7% (w/w) of derivatization degree of 

derivatized NDs, respectively, confirmed by UV-Vis Fmoc determination. A representative TGA 

curve is reported in  Figure 39, showing a regular thermic degradation, with a slightly higher 

weight loss at 325 °C, typical of azomethine ylide portion. The successful derivatization of 

azomethine ylides onto NDs surface was also confirmed by infrared spectroscopy. A 

representative DRIFT spectrum corresponding to NDs-AMY-Ala-n4 is shown in Figure 40. The 

band at 3290 cm-1 is ascribed to the ν(OH) stretching vibration of adsorbed H2O molecules, 

where also the sp2 C-H stretching could be present. The signals at 1080-735 cm-1 could be 
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attributed to the sp2 C-H stretching and the aromatic sp2 C-H bending. The aromatic portion is 

also visible by the peak centered at 1597 (C=C aromatic stretching), where also the N-H 

bending, associated to the pyrrolidine ring formation, is present. The peaks centered at 1444 

and 2935-2871 cm-1 are attributed to the sp3 C-H stretching and bending, respectively, while 

the peak at 1655 cm-1 is ascribed to the amide peak.  

Azomethine ylide 1,3-DCA 

 

Scheme 8. Derivatization of NDs with azomethine ylides generated in situ from Fmoc-6-aminohexanal and 
alanine or serine. 

Table 13. Functionalization degree of rGO and NDs by 1,3-DCA with azomethine ylides. 

Sample Aldehyde aa 

% UV % TGA Derivatisation/ 

C atoms % w/w µmol/g % w/w µmol/g 

NDs-AMY-
Ala-n4 

Fmoc-6-aminohexanal Ala 2.7 74 3.3 179 923 

NDs-AMY-
Ser-n4 

Fmoc-6-aminohexanal Ser 4.2 124 4.7 255 669 

Reaction conditions: 1.6 mmol aldehyde, 1.9 mmol amino acid, 50 mg NDs, DMF (13.3 mL), 2 h, 130 °C, MW.  
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Figure 39. TGA of NDs-AMY-Ala-n4. 

 

 

Figure 40. FT-IR spectrum of NDs-AMY-Ala-n4, acquired in transmission mode. 

 

3.2.2. rGO and NDs functionalization by 1,3-DCA of nitrile oxides 

In order to suggest a new and broader derivatization strategy of carbon materials, to  optimize 

a synthetic protocol at lower temperature and to reduce the excess of reagent utilized, nitrile 

oxides were tested as different dipoles. They have been already employed for the derivatization 

of fullerene and good results were obtained under US irradiation or by mechanochemical 

activation starting from the oxime in presence of (diacetoxyiodo)benzene.273 Here, the 

synthesis of aromatic and aliphatic chloroxime (Scheme 9 and Scheme 10) was attempted, 

followed by the 1,3-DCA on the sp2 graphitic surface of rGO and NDs, through the nitrile oxide 

in situ generation (Scheme 11). Aliphatic and aromatic derivatives were synthesized starting 

from Fmoc-amino protected aldehydes, followed by the formation of the corresponding 

hydroxylamines and finally treated with N-chlorosuccinimmide for 3 h at room temperature in 

DMF, to obtain the final chloroxime derivatives (5) and (11). 
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Scheme 9. Synthesis of aliphatic Fmoc-chloroxime. 

 

 

Scheme 10. Synthesis of aromatic Fmoc-chloroxime. 

 

As described in Table 14, the reaction optimization was obtained by performing the 1,3-DCA 

under different reaction conditions. A good derivatization degree was observed for both rGO 

(15.4% and 16% w/w by TGA, considering aromatic (rGO-NO-2) and aliphatic substrates (rGO-

NO-1), respectively) and NDs (10.6% for NDs-NO-2 and 13.2% w/w for NDs-NO-1), even by 

reducing the amount of chloroxime to ¼. It was observed that the best functionalization degree 

was obtained performing the reaction under mild conditions, oil bath at 30 °C for 2 h, where the 

use of MW irradiation was not necessary, due to the low reaction temperature. When 

chloroximes were used as dipoles, the deep chemical modification on the sp 2 graphitic surface, 

fact that occurred after the chemical functionalization, has been clearly confirmed by the great 

difference in the profiles of TGA curves of the rGO cycloadducts from pristine rGO, where the 

first order derivative accurately defines the degradation temperature of the aromatic and 

aliphatic substituted 4,5-dihydroisoxazoles, at 190°C and 220°C, respectively, confirming the 

correct covalent functionalization and the influence of the Fmoc degree of freedom on 

derivatization degree (Figure 41a). The same was observed when NDs were grafted with 

aliphatic and aromatic chloroximes. From TGA two degradation steps were observed, due to 

the degradation of the isoxazole structure and its aliphatic or aromatic substituents (Figure 41b). 

Moreover, the same degradation trend between rGO-NO-1 and NDs-NO-1, as well as rGO-NO-
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2 and NDs-NO-2, was visible looking at the highest point of degradation. Aliphatic nitrile oxides 

derivatized systems showed a slightly higher degradation temperature (ca 220 °C) than the 

aromatic ones, where the most evident degradation occured before 200 °C.  

Nitrile oxides 1,3-DCA 

Aliphatic Aromatic 

  

Scheme 11. Derivatization of rGO and NDs with nitrile oxides generated in situ from Fmoc-chloroxime derivatives. 

 

Table 14. Functionalization degree and reaction conditions for 1,3-DCA of nitrile oxides onto rGO and NDs 
surface. 

Sample Chloroxime 
Reaction 

conditions 

% UV % TGA Derivatis/ 

C atoms 
% w/w µmol/g % w/w µmol/g 

rGO-NO-1 Aliphatica MW, 60 °C, 1 h 10.2 285 15.3 453 169 

rGO-NO-1 Aliphaticb MW, 60 °C, 1 h 11.6 330 16.3 464 157 

rGO-NO-1 Aliphaticb MW, 45 °C, 1 h 12.0 342 15.8 450 163 

rGO-NO-1 Aliphaticc 
conventional, 30 

°C, 2 h 
17.0 484 22.8 649 103 

rGO-NO-2 Aromaticc 
conventional, 30 

°C, 2 h 
15.4 429 19.6 546 122 

NDs-NO-1 Aliphaticc 
conventional, 30 

°C, 2 h 
7.3 204 9.8 376 281 

NDs-NO-2 Aromaticc 
conventional, 30 

°C, 2 h 
8.9 247 10.6 294 253 

Reaction conditions: rGO or NDs (50 mg), chloroxime (a) 1.6 mmol, (b) 0.8 mmol, (c) 0.42 mmol, KHCO3 (0.417 mmol), 
dioxane (6.67 mL). 
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The successful covalent modification on rGO and NDs surface was also revealed by FT -IR and 

DRIFT spectroscopy. The broad band between 3100 and 3450 cm-1 is due to the presence of 

H2O molecules adsorbed on carbon-based surface (O-H stretching), that can cover up the 

signal of the secondary amide and the sp2 C-H stretching. The bands between 2600 and 2950 

cm-1 are ascribed to the presence of alkyl portion, corresponding to the C-H stretching 

vibrations, that also generates the signal at around 1400 cm-1, due to the sp3 C-H bending. The 

split peak at around 1600 cm-1 can be ascribed to the presence of C=O and th e C=N stretching. 

The sp2 acyl C-O stretching is visible at 1370 and 1000-1100 cm-1, indicating the existence of 

the 4,5-dihydroisoxazole ring, while the peak at 850 cm-1 could be ascribed to the sp2 C-H 

bending for aromatic groups or the N-O stretching in the five-terms ring. (Figure 41-c,d. See 

Figure 77 and Figure 79, Appendix for rGO-NO-1 and NDs-NO-1 spectra).  
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200 300 400 500 600 700 800

40

50

60

70

80

90

100

 rGO

 rGO-NO-1

 rGO-NO-2

W
e

ig
h

t 
lo

s
s
 (

%
)

Temperature (°C)
 

200 300 400 500 600 700 800

70

75

80

85

90

95

100

W
e

ig
h

t 
lo

s
s
 (

%
)

Temperature

 NDs

 NDs-NO-1

 NDs-NO-2

 

a b 

4000 3500 3000 2500 2000 1500 1000

0,0

0,2

0,4

0,6

0,8

1,0

3
4
2
1

3
1
6
9

2
9
4
9

2
6
2
7

2
7
2
5

1
8
5
0

1
6
5
6

1
6
2
7 1
4
1
4

1
3
7
0

1
0
0
0

9
7
8

8
3
9

 rGO-NO-2

A
b

s
o

rb
a

n
c
e

Wavenumber (cm
-1
)

  

c d 

Figure 41. (a) TGA profiles of rGO and nitrile oxides derivatized rGO; (b) TGA profiles of NDs and nitrile oxides 
derivatized NDs; (c) FT-IR spectrum of rGO-NO-2; (d) FT-IR spectrum of NDs-NO-2. 

Looking at Raman spectroscopy, apart from the prominent G band (∼1600 cm−1) and D band 

(∼1350 cm−1), significant band broadening and higher spectral intensity in the valley between 

the G and D bands are observed. The latter is in part the result of the increase in satellite bands 
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attributed to limit-sized sp2 domains resulting from the covalent functionalization. The detailed 

Raman peak deconvolution was performed. The Gr, S and Gv bands are a demonstration of the 

high defective structure, and sp 3 content increment, caused by the surface functionalization. 

The Gv shoulder (1510 cm-1) is related to amorphous phases, because it has been  

demonstrated, by previously studies, that its intensity decreases when the crystallinity 

increases. The S band (1125 cm-1) is related to the disordered graphitic lattices provided by 

sp2-sp3 bonds. In addition, the G r and D+Gr bands are related to defect features.274 An 

illustrative example is provided in Figure 42 and corresponds to rGO-NO-2, but a similar 

spectrum was recorder for the aliphatic derivatized rGO (rGO-NO-1) (see Figure 78, Appendix).  
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Figure 42. Deconvoluted Raman spectrum of rGO-NO-1. 

 

3.2.3. Investigation of different nitrone’s 1,3-DCAs for rGO and NDs 
functionalization 

The acquired experience on the sp2 graphitic surface functionalization through 1,3-DCA and 

the proven quantification method, through Fmoc-amino protected derivative as derivatizing 

agents, were exploited to directly functionalize rGO and NDs using a new and versatile 

cycloaddition reaction, pursuing eco-friendly and mild parameter conditions: the use of nitrones. 

Nitrones were chosen for their high known reactivity towards dipolarophiles and to allow for the 

introduction of new sites for further functionalization processes, thank s to their versatile 

structure. Nitrones are defined as allyl anions and enolates and their reactivity depends on their 

electronic structure, their high nucleophilicity and low electrophilicity . According to computation 

models, nitrones can be considered as strong/moderate nucleophiles with a uniform charge 

distribution along the conjugated C-N-O system, with a delocalized system of 4 e- on three 

atoms (Figure 43). 
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Figure 43. Electronic representations for a typical nitrone. (A) and (B) electron localization function, (C) total 
charge density, (D) electrostatic potential. Figure obtained from the paper of Matute et al.275 

The reactivity of nitrones as dipoles in 1,3-DCA makes them important systems to obtain 

isoxazolidines, which are important structures for the synthesis of a large number of biologically 

active molecules. Several studies have been focused on the nitrone [3+2] cycloaddition 

mechanism. It has been demonstrated that the reactivity is controlled by the energy to distort 

the 1,3-dipole to the correct geometry for the interaction with the d ipolarophile, instead of 

molecular orbital interactions or reaction thermodynamics. Moreover, a one-step mechanism 

where two new single bonds, C-O and C-C are formed, has been demonstrated. From the 

investigation of the reaction mechanism of the cycloaddition of C-phenyl-N-methyl nitrone with 

acrolein it has been shown that two regioisomeric channels are possible. When the reaction 

follows the meta channel, the C-C bond is formed after the C-O one, where the C-O bond 

formation begins at 1.58 Å, whereas the formation of the C-C bond begins at 2.02 Å. In the ortho 

channel the formation is opposite, where C-C and C-O bond formations occur at 2.02 and 1.63 

Å, respectively and the C-C formation happens before the C-O one. However, in both cases the 

formation of the bonds occurs after the transition structure formation. Thus, this reaction was 

defined as one-step two-stages and asynchronous, where the processes take place in two 

different time even though they occur in one kinetic step and reactants are directly transformed 

into products, without being transformed into any intermediates. However, it has been 

demonstrated that, sometimes, a stepwise mechanism is possible and is predominant in polar 

solvents, while apolar ones encourage the concerted reaction pathway. Moreover, the reaction 

between nitrones and dipolarophiles also depends on the possible interactions between the 

reactants, where additional stabilization comes from π-π-interactions, H-bond formation, 

attractive electrostatic interactions and favored orbital overlapping.275-277 Adequate substitution 

are important to perform the reaction under mild conditions, conjugated unsaturated systems 

react considerably faster than unconjugated alkenes and intramolecular addition of the in-situ 

generated nitrone group is often reported.278  

Moreover, basing on the quantum chemical topology of electron density, formulated by 

Domingo in 2014, the global flux of electron density from the nucleophile to the electrophile at 

the transition state, is essential to determine the polarity of the reaction, as well as the activation 

energy. A strong correlation between the polar character of the reactions, measured by the 

global electron density transfer (GEDT) at the transition states and their feasibility was 

determined. Higher nucleophilic and electrophilic characters are correlated to hi gher GEDT and 

lower activation energy, where the GEDT at the transition states is computed and obtained from 
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the atomic charges, and the electron density transfer that takes place between the nucleophile 

and the electrophile is not a local process, but a concerted one. Non-polar processes require 

high activation energises, but adequate substitution can increase the nucleophilicity and 

electrophilicity of the reagents, favouring the reactions through polar processes.279-282 Thus, the 

modulation and distribution of the electron density is crucial for the reactivity of nitrones.  

The preparation of nitrones can be carried out by following different synthetic procedures, from 

oxidation of N,N-disubstituted hydroxylamines, oximes, oxaziranes, aromatic nitroso 

compounds etc.283 Here, the synthetic procedure for the synthesis of nitrones followed the 

reaction between hydroxylamines and aldehydes compounds. Hydroxylamines were prepared 

starting from their aldehyde precursor, followed by the reaction with NH2OH to obtain the 

corresponding oxime, reduced to the hydrogenated compound with NaBH3CN. Fmoc protected 

aldehydes were used, to exploit the Fmoc deprotection procedure to quantify the grafting 

degree and were synthesized starting from their amino alcohol precursor (see Appendix for the 

detailed description of nitrones syntheses). In order to study the influence of alkyl or aryl 

substituents on nitrone derivatization, differently substituted hydroxylamines and Fmoc -amino 

protected carbonyl compounds were used. Corresponding nitrones utilized in this study are 

shown in Scheme 14. 

 

Scheme 12. Synthesis of N-benzylhydroxylamine. 

 

 

Scheme 13. Synthesis of N-octylhydroxylamine 
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Scheme 14. General synthesis of nitrones used in this study. 

The 1,3-DCA on the rGO surface was tested at 60 °C, for 12 h, using an excess of 

hydroxylamines and aldehydes (ca. 3 times more (w/w) than the carbon-based material). 1,4-

dioxane, THF and toluene were tested as solvents  (Scheme 15). It has been demonstrated that 

rGO is not stable when THF is used, while toluene revealed to be the optimal solvent of choice. 

Due to the low MW adsorption capacity of toluene, the 1,3-DCA of nitrones was carried out 

under conventional heating instead of MW irradiation and an optimization of the temperature 

conditions revealed that the best derivatization degree could be obtained at 100 °C in 12 h. The 

idea of introducing various substituents at the 4 and 5 positions of the dihydroisoxazole was 

done to study their influence on derivatization degree and on material structural modification. 
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Nitrone 1,3-DCA 

 

  

  

Scheme 15. Derivatization of rGO and NDs with nitrones. 

From TGA curves and confirmed by UV-Vis measurements (Figure 44), it is possible to notice 

how rGO-Nitrone-16 and rGO-Nitrone-18, as well as NDs-Nitrone-16 and NDs-Nitrone-18, 

showed lower derivatization degrees. This can be ascribed to the position of the Fmoc portion, 

that, when it is directly bound to a benzene ring, does not allow a correct orientation of the 

dipole towards the graphitic surface. On the other hand, when the Fmoc portion is connected 

to the aliphatic portion (rGO-Nitrone-17, rGO-Nitrone-19, NDs-Nitrone-17, NDs-Nitrone-19), 

higher levels of derivatization were achieved. This is probably due to the possible more favored 

interaction between the Fmoc orbitals and the conjugated π -graphitic surface, where 

preferential stabilization comes from π-π-interactions and favored orbital overlapping. 
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However, the best functionalization occurred when two aliphatic substituents at the nitrone 

structure were present (rGO-Nitrone-17, NDs-Nitrone-17) (Table 15). This can be ascribed to 

the higher polar character of the systems, that influences the global electron density transfer 

(GEDT), the nucleophilicity of the reagents and the activation energy. 

In general, excellent derivatization degrees were obtained and no deep modification of the 

graphite structure was observed, confirming a good structural conservation, as also confirmed 

by Raman spectroscopy, as reported below. All TGA curves showed a linear thermic 

decomposition, with a maximum weight loss between 300 and 400 °C, as observed for 

azomethine ylide and nitrile oxide derivatized rGO and NDs, confirming that the 

functionalization took place (Figure 44-a,b). 

Table 15. Functionalization degree for 1,3-DCA of nitrone onto rGO and NDs surface. 

Sample Nitrone 

% UV % TGA Derivatization/ 

C atoms 
% w/w µmol/g % w/w µmol/g 

rGO-Nitrone-16 16 5.8 113 6.3 135 580 

rGO-Nitrone-17 17 14.5 309 24.0 535 130 

rGO-Nitrone-18 18 3.7 79 5.3 114 669 

rGO-Nitrone-19 19 9.6 213 12.5 283 266 

NDs-Nitrone-16 16 17.9 400 3.9 82 977 

NDs-Nitrone-17 17 8.3 177 2.9 65 1360 

NDs-Nitrone-18 18 2.8 38 3.4 390 1078 

NDs-Nitrone-19 19 2.6 57 4.6 99 785 

 

DRIFT analysis of nitrone-derivatized NDs reflected the extent of the covalent functionalization. 

Figure 44c compares the obtained spectra of the different functionalized NDs. All of them show 

the typical band at around 1650 cm-1 ascribed to the sp2 C=O and the broad band at 3200-3500 

cm-1 related to the O-H stretching due to the physisorbed water and to the secondary amide. 

The alkanes sp3 C-H stretching at 2875-2944 cm-1 is also always present, as well as the sp 3 C-

H bending at 1460 cm-1. The C=C stretching of the aromatic bond is visible at 1593 cm-1, and 

its intensity increases from NDs-Nitrone17, NDs-Nitrone-19, NDs-Nitrone16 to NDs-Nitrone18, 

because of the increasing number of aromatic portions in the structure. The sp 2 acyl C-O 

stretching at 1100-1350 cm-1 is overlapped to the sp2 C-N stretching at 1235 cm-1, as well as 

to the stretching of alkoxy C-O, generally at 1050-1150 cm-1. These bands are not clearly visible 

in the sample NDs-Nitrone17, composed of two alkylic portions, where the broad band between 

1100 and 1400 cm-1, can covered up the most typical other signals. Finally, the sp2 C-H bending 
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for aromatics is present at 757 cm-1 and the peak at 850 cm-1 can be ascribed to the N-O 

stretching. 
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Figure 44. (a) TGA curves of rGO and nitrone divatized rGO; (b) TGA curves of NDs and nitrone derivatized 
NDs; (c) DRIFT spectra of nitrone derivatized NDs. 

Raman spectroscopy was used to evaluate the chemical and physical properties of the 

synthesized nanomaterials. The average ID/IG ratio was measured to estimate the overall 

defectiveness of graphitic materials. It was 1.19 ± 0.04 for pristine rGO, 1.19 ± 0.02, 1.25 ± 

0.03, 1.21 ± 0.05 and 1.52 ± 0.06 for product rGO-Nitrone16, rGO-Nitrone17, rGO-Nitrone18 

and rGO-Nitrone19, respectively, as shown in Fgure 45, confirming an increment of the defect 

content, due to the derivatization and conversion of sp 2 to sp3 C atoms. Moreover, a more 

similar ID/IG ratio of rGO-Nitrone16 and rGO-Nitrone18 to the one of pristine rGO reflects the 

lower derivatization degree of these systems, confirmed by TGA and UV-Vis analysis. This is 

due to a conservation of the graphitic surface and a small increase of the disorders. In Figure 

45-a,b a representative Raman spectrum of nitrone derivatized rGO is shown (see Figure 80, 

Figure 81, Figure 82, Appendix for rGO-Nitrone16-17-19, respectively). The explanation of the 
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deconvoluted peaks follows the same of rGO-AMY and rGO-NO, where S and Gv are ascribed 

to the defect content and sp3 carbon atom presence, also G r and D+Gr bands are related to 

defect features. Moreover, a higher spectral intensity in the valley between the G and D bands 

is observed, due to the increase of satellite bands attributed to limit-sized sp2 domains resulting 

from the covalent functionalization. Moreover, from a deep evaluation of the Raman G -band it 

is possible to observe how the electronic and steric effects applied on the nitrogen function of 

the isoxazolidine ring determine a change of the G-band position. A shift to higher frequencies 

(+11 and +13 cm-1) of the Raman G-band is registered in rGO-Nitrone-18 and rGO-Nitrone-19 

spectra, respectively, while no appreciable shift is visible for rGO-Nitrone-16 and rGO-Nitrone-

17, showing how the presence of the benzyl function, instead of the aliphatic one, on the 

nitrogen function of the isoxazolidine ring could be responsible of the registered shifts.  
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Figure 45. (d) and (e) deconvoluted Raman spectrum of rGO-nitrone18; (f) comparison of the G-band region of 
rGO-Nitrone-16-19. 

As explained above, a possible measurement of the CFD could be obtained by the analysis of 

the deconvoluted Raman bands, by calculating the ratio of bands assigned to sp2 domains and 

of the graphitic-type domains (the D and G bands). The CFD measurements for all the 

derivatized samples were object of a preliminary study; however, additional investigation on the 

Raman spectroscopy as quantification technique for graphene and related materials revealed 
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that such evaluation could be wrong because of the presence of overlapping effects. Indeed, 

the disorder-related D band, that document the covalent attack on the graphene surface, 

appears in the spectra, but additional peaks could be masked at exactly the same positions as 

the graphene bands. Moreover, looking at rGO Raman spectrum it is possible to notice how the 

disorder-related D band is also present, due to the partial derivatization with hydroxyl, carbonyl, 

carboxylic and epoxy groups. For these reasons, it was not possible to obtain reasonable 

results calculating the CFD through this technique.  

 

3.3. Conclusions 

In conclusion, three different dipolar cycloaddition reactions were successfully studied to 

demonstrate the versatility and the efficiency of this approach to derivatize carbon -based 

nanomaterials, such as rGO and NDs. To carefully prove the derivatization eff iciency, different 

approaches were compared: the TGA analysis, Raman Deconvolution and indirect Fmoc 

deprotection. FT-IR and DRIFT demonstrated the identity of the grafted derivatives. MW 

irradiation was successfully exploited for the preparation of pristine rGO and derivatized rGO 

and NDs with azomethine ylides while nitrile oxide cycloaddition was efficiently performed at 

room temperature. A detailed evaluation of the influence of dipole substructure was performed 

and interestingly, the derivatization degree of nitrones varied in dependence of the aryl/alkyl 

balance in the dipole structure. High degrees of derivatization were always obtained under the 

optimized conditions.   
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Chapter 4 

Study of heterogeneous catalyst design and applications for 

metathesis reactions 

 

4.1. Introduction 

Thanks to a collaboration with Professor Gabriel Lemcoff, working at Ben -Gurion University of 

the Negev (Israel), specialist in ruthenium catalysts for olefin metathesis, an investigation on 

innovative heterogeneous supporting system for Ru(II) species, active in olefin metathesis, was 

performed. With this aim, an in-depth study of the design, the immobilization, and the 

applications of heterogeneous metathesis catalysts, by focusing on metal complexes, 

supporting material and metathesis type reaction s, was carried out and gave rise to the 

composition of a broad review, that is still under final revision. Here, a short explanation of the 

main heterogeneous catalysts used in olefin, alkane and alkyne metathesis, whose activity and 

stereoselectivity is strongly dependent on the ligand structure, as descr ibed in Chapter 1.2.2., 

is reported.  

During recent decades, metathesis-like reactions have gained considerable importance in the 

transformation of a wide range of compounds.284-286 Olefin metathesis is the most extensively 

studied, but the related metathesis of alkynes and alkanes have been recently more 

investigated. Olefin and alkyne metathesis are organic reactions involving the transmutation of 

carbon carbon bonds, where the redistribution of substituents between the substrates takes 

place.287 In the alkane metathesis, the saturated substrate is rearranged to give its lower and 

higher homologue.288 Several strategies have been studied for the immobilization of metal 

complexes on suitable supports, such as supported homogeneous catalysis, supported metal 

oxides and surface organometallic chemistry (SOMC). In supported homogeneous catalysts a 

linker is used as intermediate spacer between the metal centre and the support,44 while SOMC 

is a methodology through which organometallic complexes can be directly attached to inorganic 

carriers and the inorganic surface plays a crucial role as support and ligand, and it is directly 

involved in the coordination sphere of the metal. Following the latter immobilization procedure, 

uniform “single-site”, well-defined heterogeneous catalysts can be generated through an 

excellent knowledge of the structure of the metal active sites at the molecular level.44  
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4.1.1. Olefin metathesis 

The main metals used for the olefin metathesis appear in groups 6 and 7 of the periodic table, 

especially molybdenum, tungsten and rhenium in their higher oxidation state, whose complexes 

are generally known as Schrock-type catalysts.289 Ruthenium complexes, also called Grubbs 

or Hoveyda-Grubbs complexes, also provide important systems for promoting alkene 

metathesis-like reactions.290 A classification based on the immobilization strategy (supported 

metal oxides and SOMC) is here reported. 

4.1.1.1.Supported metal oxides 

Supported metal oxide catalysts consist of an active metal oxide species, rhenium, tungsten 

and molybdenum, immobilized on an inactive oxide support. They are characterized by lower 

activity than well-defined active sites catalysts. This is due to the incomplete knowledge of the 

active site structures and the presence o f a mixture of surface species, among which only a 

very small fraction is active. The metal oxide, in fact, can be present as isolated mono -oxo and 

di-oxo or oligomeric surface species, essential for providing high metathesis activities, and 

inactive clusters or crystalline nanoparticles (Scheme 16). To avoid crystalline nanoparticles 

phase formation and to increase the dispersion and accessibility of the active species attention 

has to be paid on the choice of the metal oxide precursor, as well as its loading amount, pre-

activation, synthetic methods and the support material.291 The formation of inactive crystalline 

nanoparticles is promoted by conventional impregnation method and new synthetic procedures, 

such as one-step precipitation method,292 ion exchange procedures,293 framework trapping,294 

and thermolysis treatments,295 have been studied to increase the number of the active sites. 

Pre-activation also influences catalyst activity and it is generally obtained by high temperature, 

inert gas purging and reduction treatments.296, 297 Novel pre-treatment methods afford to 

prepare good quality catalysts using olefin -containing atmosphere and regeneration by inert 

gas purging at elevated temperatures.45, 298 The choice of the solid supporting material can 

determine metathesis activity and lately, mesoporous supports exhibited higher catalytic activity 

due to their uniform and large pore volume, and higher BET surface area. The acidity of the 

support (silica or alumina-silica) was found to be beneficial for the olefin metathesis,299, 300 as 

well as the addition of a binder agent, such as magnesium and/or zinc oxide.301 Al2O3, SiO2– 

Al2O3 and aluminium nitrate are commonly used as supports for rhenium oxides catalysts, while 

silica-based materials represent the first choice for tungsten and molybdenum oxide catalysts. 
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Scheme 16. Schematic representation of Re, W and Mo oxide catalysts, when supported on a solid material.  

 

4.1.1.2.SOMC 

Schrock-type catalysts 

In the last decades, SOMC has been developed as efficient strategy to overcome heterogeneity 

of group VI metal oxides supported on inorganic  materials. Supported metal oxo alkyl 

complexes, supported oxo- or imido-alkylidene metal complexes and homoleptic systems have 

gained considerable attention due to their high catalytic efficiency and resilience to the 

deactivation. Their general structure is represented in Figure 46. 

When anchored on inorganic supports, the influence of supported metal oxo alkyl complexes 

podality was studied. Monopodal and bipodal metal oxo catalysts  show different catalytic 

performance, and several studies, carried out since 2016, suggested the impact of the podality 

on the electrophilicity and flexibil ity around the metal center, and consequently, on the catalytic 

activity.302 Monopodal species are demonstrated to be less active than the correspondent 

bipodal species, whose activation is faster. The lesser is the steric hindrance due to the ligands, 

the higher is the olefin coordination to the metal center. The podality is dependent on the silanol 

concentration and can be controlled by the temperature. Generally, monopodal species c an be 

obtained at room temperature, however, heat treatment is necessary to initiate the formation of 

bipodal species. Furthermore, symmetric bipodal precatalysts are demonstrated to be more 

active and stable than unsymmetrical metal complexes.303 Simultaneously, investigation of the 

structure-reactivity relationship in oxo-alkyl metal complexes have been carried out comparing 

different spectator ligands in propene metathesis.304 The presence of bulky and coordinating 

ligands allows to isolate more stable oxo -alkyl metal complexes and it has been demonstrated 

that electron withdrawing groups increase the electrophilicity of the metal center and thereby 

the catalytic activity.305  

The same was demonstrated when oxo -alkylidene metal complexes were grafted upon silica. 

They showed high activity and stability thanks to the imido ligands that act as stabilizing agents, 

preventing bimolecular decomposition. Moreover, the electron withdrawing property of ancillary 

ligands (X) positively affects the catalytic performance. Interestingly, in the case of imido-
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alkylidene W complexes, the presence of electron donating groups, such as 2,5 -

dimethylpyrrole, N-heterocyclic carbenes,306 imidazolin-2-iminato ligand62 has a positive effect 

on the catalytic performance, due to a partial destabilization of the intermediates. Since electron 

donating ligands can prevent alkylidene protonation by th e surface silanol groups, their 

presence can be crucial for the preparation of highly active catalysts.  

 

Figure 46. General structural motif of (1) supported metal oxo alkyl complexes, (2) supported oxo- or imido-

alkylidene metal complexes and (3) homoleptic systems. M indicates W, Mo, Re; X the neutral or anionic ligand; E oxo or 
imido ligand. 

 

Ruthenium-based catalysts 

Grubbs and Hoveyda-Grubbs catalysts are stable ruthenium alkylidene complexes. They 

represent important systems for metathesis catalysis ; however, the modification of the metal 

coordination sphere provided different designed Ru catalysts, characterized by high Z-

selectivity. In heterogeneous metathesis, the selectivity of the catalyst can be achieved through 

the modification of the ligand environment of the metal centre, the alteration of the solid support 

properties, as well as the interactions between the complex and the support. However, not 

spectacular results were frequently obtained and a big effort is aimed for the preparation of 

selective Ru-supported catalysts for olefin metathesis. Covalent immobilization takes into 

account different parts of the catalyst: alkylidene ligand, neutral ligand and the halogen ligand 

and can be achieved through the replacement of one of them.  

Alkylidene ligands can be successfully replaced exploiting alkylidene exchange reactions and, 

when the alkylidene portion is supported on solid materials, supported -ruthenium complexes 

can be obtained.307 However, when modified alkylidene ligands are used as anchoring groups, 

the metathesis reaction is catalysed homogeneously. In fact, it is well demonstrated that the 

first step involved in the olefin metathesis reaction is the dissociation of the alkylidene ligand 

and the release of the 14e- active species into the reaction mixture. After the metathesis 

reaction, the (pre)catalyst regenerates by the uptake of the active catalyst forms (the unstable 

14 e- ruthenium species) by the supported alkylidene ligand (boomerang reaction mechanism,  

Scheme 17). The heterogeneous boomerang effect was recently probed by supporting 

bis(quaternary ammonium)-tagged ruthenium complexes on solid supports  (Figure 47a). In 

these cases, the supporting materials were doped with ammonium-tagged alkylidene 



84 
 

derivatives, as precursor of the benzylidene ligand to enhance the (pre)catalyst regeneration 

via the boomerang mechanism.308, 309 

 

Scheme 17. Schematic representation of boomerang reaction mechanism. 

When a neutral ligand is used as linker connection with the solid support, the boomerang effect 

is avoided. Recyclable single-site well-defined catalysts were obtained exploiting specific 

functional groups, such as phenolic hydroxyl or mercapto, as immobilization sites on suitable 

supports. It was demonstrated that the immobilization site influences the catalytic activity, due 

to the freedom of the catalytic center (Figure 47b).310  

The replacement of chloride happens via anionic exchange. It generally involves the 

employment of carboxylate anions, however, lately, several homogeneous Ru-olefin metathesis 

catalysts containing thiolate ligands have been used for anchoring on suitable supports. The 

investigation of the difference between flexible mercaptopropyl linker and a more rigid and 

bulkier mercaptophenyl group revealed that the flexibility of the organic tether influences the 

catalytic properties of the resulting supported complex. The modification of the anionic ligands 

can result in different reactivity and selectivity of the catalysts  (Figure 47c).311  

 

  

a b c 

Figure 47. Examples of supported Ru(II) complexes, immobilized on suitable support exploiting (a) the alkylidene 
ligand (the support could be SiO2, SBA-15, graphene-carboxylate), (b) the neutral ligand, (c) the anionic ligand. 
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4.1.2. Alkyne metathesis 

The most commonly used catalysts in alkyne metathesis-like reactions are well-defined 

Schrock-type alkylidyne complexes,312 where, differently from olefin metathesis catalysts, bis-

alkoxide alkylidyne species are present, highlighting the importance of the metal coordination 

sphere.313 The preparation of selective and robust alkyne metathesis catalysts, that do not 

undergo deactivation and do not promote undesired side reaction, such as alkyne 

polymerization, is a big  challenge, especially for the metathesis of terminal and aryl alkynes. 

One strategy to increase the selectivity of molecular catalysts and to avoid deactivation 

mechanisms, is the grafting of metal complexes on isolated surface species, as well as the 

study of ancillary ligands. Recently, the catalyst investigation and the variations of the structure 

and the metal coordination environment led to the preparation of solid supported complexes 

differently stable and active, where the modification of the metal coordination sphere can modify 

the catalytic activity of the system through the modulation of the steric and electronic 

parameters.314 Tuning the electronic properties of alkoxide ligands by introducing electron 

withdrawing atoms, the catalytic activity is dramatically influenced and higher efficiency is 

observed, due to the increased electrophilicity of the metal sites.315 The steric and electronic 

properties of these types o f catalysts can also be changed to avoid the deactivation, that occurs 

through bimolecular dimerization pathway316, 317 or via α-hydrogen elimination. 314 The 

importance of the coordination sphere on the catalytic activity and selectivity of metal supported 

complexes was further proven by different research group s, confirming that the alkyne 

metathesis is favored when bulky alkoxide groups are present in the coordination sphere of the 

supported metal.318, 319 

 

Figure 48. Examples of Schrock-type alkylidyne complexes. 

 

4.1.3. Alkane metathesis 

The activation of alkanes represents a challenge in chemistry due to the inertness of C-H and 

C-C bonds and alkane metathesis is a promising strategy for their transformation. It was for the 

first time discovered in 1997 by Basset and co -workers and involves the transformation of 

alkanes into their lower and higher homologues at moderate temperatures.320 The catalyst 

investigation started with a single site Ta hydride catalyst supported on silica [(≡SiO)2TaH] up 
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to well-defined supported metal alkyl catalysts (d 0 alkyl alkylidene complexes of Ta, Mo, Re, W, 

polyalkyl complexes of Ta, W carbynes and Ir pincer complexes).288 The reactivity of metal 

hydrides and metal alkyl complexes has been recently described, and it was established that 

single site metal hydride carbenes (M-H(=CHR)) or metal alkyl carbenes (M-R(=CHR) 

represent the active intermediate species, respectively. The activation procedures consist of 

thermolysis for the formation of active metal alkyl carbene species, and hydrogenolysis for 

supported metal hydride, starting from supported metal alkyl complexes. The activation can be 

controlled varying the temperature, leading to different surface co mplexes, in term of structure 

and reactivity.321 The variation of the activation reaction conditions, in fact, allows to obtain 

different single site alkylidyne, carbene or hydride species, that are actively involved in the 

reaction mechanism. Figure 49 describes the different alkylidyne, carbene or hydride species 

that can be formed upon hydrogenolysis and thermal activation. However, it is important to 

underline that, among them, mixtures o f active species are formed and only the 50% of the 

active sites participates to the catalytic mechanism and undergo deactivation during the alkane 

metathesis reaction Moreover, to the best of our knowledge, no fine correlation between 

reaction activation conditions and catalyst structure modification is visible, when comparing 

same reaction conditions. Furthermore, the investigation of the catalytic role of the support as 

well as the nuclearity and coordination of the metal with the support is still object  of study.322 

Despite the unknown influence of the catalyst structure and preparation, it has been 

demonstrated that metal hydride catalysts are more active than supported metal alkyl catalysts, 

due to their stronger ability to react with C-H bond of alkane by σ-bond metathesis or oxidative 

addition, followed by hydrogen and metal alkyl production. 

 

Figure 49. Activation of silica-supported tungsten pentamethyl complexes to different single site alkylidyne, 
carbene or hydride species achieved through hydrogenolysis and thermal treatments. 
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4.2. Design of a heterogeneous catalyst based on Ru(II) 

immobilized on carboxylate functionalized graphene for metathesis 

reactions 

As reported above, heterogeneous Ru(II) systems can be covalently anchored on suitable 

supports via neutral, the anionic or the alkylidene ligand. Mesoporous materials, silica, 

aluminum silicate, resins and polymers are the most used supporting systems. Only a small 

portion of studies exploit the immobilization of ruthenium on graphene structures, by 

complexing it with covalently or non -covalently bonded ligands onto the graphene surface. 

Looking at graphene structure, as described in  Chapter 3.1., the most used procedures for the 

preparation of nanohybrid ruthenium complex composites exploit the covalent functionalization 

of carboxylic functions by their activation and modification to amidinic por tions,323-325 or non-

covalent functionalization through π-π interactions, thanks to the graphitic delocalized π-

electronic system that allows immobilization of polyaromatic rings by π-stacking interactions, 

followed by ruthenium anchorage.326 However, only a few number of these studies deeply 

consider the influence of the ligand on the catalytic efficiency. Especially talking about 

ruthenium catalysis, it is important to evaluate the impact of the ligands on the metal activity. 

Ligands confer high activity, selectivity, and stability to the catalyst by modifying the electronic 

and steric properties of the metal centre and a good cooperativity between the metal an d the 

ligands, as well as the capability of the ligands to stabilize metal oxidation states and 

coordination geometries can improve the catalytic efficacy of the system. One of the platforms 

for the modification of catalyst properties are anionic ligands. If generally the anionic positions 

in ruthenium complexes are occupied by chloride ligands, the introduction of different halides, 

carboxylic, sulfonic and phosphonic groups have been extensively investigated. Some of these 

modifications can be used to immobilize catalysts, but the fine-tuning of the anionic ligands can 

result in different reactivity and selectivity of the catalysts.56, 327, 328  

Here, a preliminary investigation of new carboxylate-functionalized rGO, designed as 

heterogeneous catalytic systems for the coordination and stabilization of Ru(II) species, was 

begun. As explained in Chapter 3.1., the GO surface is characterized by the presence of 

hydroxyl, epoxy and carboxylic acids groups. These reactive functional groups can efficiently 

bind metal ions or can be easily used as platforms for further covalent functionalization, as 

demonstrated by a conspicuous number of publications that declare the use of GO as support 

for catalytic systems.264, 329, 330 However, GO nanosheets show some disadvantages, such as 

low dispersion stability and high defects content.260, 331 Thus, in order to restore the honeycomb 

two-dimensional lattice structure and consequently the unique physicochemical properties of 

graphitic materials, including excellent conductivity, high surface area, high mechanical 

strength and ease of functionalization, rGO was used as starting material.  Due to its superior 

properties it represents a promising candidate in the field of nanotechnology as s uitable support 

for photocatalytic applications, thanks to its ability to improve charge transfer and separation.332, 



88 
 

333 For this reason it has been selected to be tested as potential support for Ru(II) species, 

suitable for metathesis reactions, induced by photocatalysis. In order to compare the 

complexing effect of anionic ligands, monocarboxylate or dicarboxylate derivatives were 

designed. The derivatization of rGO was performed by following the well-studied azomethine 

ylide (AMY) 1,3-DCA. Two different synthetic strategies were followed and the obtained 

derivatized systems were preliminary characterized by TGA. The first approach involved the 

reaction between rGO and formaldehyde in the presence of glutamic or aspartic acid , following 

by the optimized reaction parameters of the AMY 1,3-DCA (MW, 130°C, 2 h) and rGO-Glutamic 

and rGO-Aspartic were obtained, respectively (Scheme 18). The samples were analyzed by 

TGA and, as shown in Figure 50, the reaction occurring between rGO, formaldehyde and 

glutamic acid proceeded with a 6% (w/w) of derivatization degree, very differently from the 31% 

(w/w) obtained using aspartic acid. This can be explained by the possible ring closure reaction 

of glutamic acid to the corresponding amide, that does not happen using aspartic acid due to 

the higher tension forces and instability of the smaller cycle.  

However, in order to satisfy the request for more flexible spacers, that could enhance the 

catalytic properties of the resulting supported complexes,334 a second approach was studied: 

rGO was firstly reacted with formaldehyde in presence of lysine (rGO-Lys) and the final amine 

group was successively used as suitable reactive portion for acyl nucleophilic substitution of 

different anhydrides: succinic anhydride, citric acid anhydride and phthalic anhydride, obtaining 

rGO-Succinic, rGO-Citric and rGO-Phthalic, respectively. Thus, three different flexible portions 

were covalently anchored on rGO surface, and their structure allowed the comparison of the 

influence of aliphatic or aromatic spacers and the dicarboxylate chelating effect on metal 

species coordination, immobilization, and stabilization. The first reaction step was carried out 

in a MW reactor at 130 °C for 2 h, the second one involves the stirring of the reagents in dry 

DMF and pyridine at 40 °C for 24 h. Due to the low reaction temperature the reaction mixture 

was not irradiated under electromagnetic waves, but conventional heating was performed. Due 

to the low derivatization degree (in a range between 3-5%), observed through TGA, the samples 

were subjected to a second derivatization reaction. The same reaction conditions were 

followed, and a bit higher functionalization was obtained (up to 8%).  

First approach 

 

Scheme 18. rGO derivatization via AMY 1,3-DCA, to obtain monocarboxylate functionalized derivatives. 
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Second approach 

 

Scheme 19. rGO derivatization via AMY 1,3-DCA, to obtain more flexible mono- or bi-carboxylate functionalized 
derivatives. 
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Figure 50. (a) TGA curves of rGO derivatized following the first approach; (b) TGA curves of rGO derivatized 
following the second approach. Dashed lines represent rGO reacted two times.  

As previously mentioned, these supports were designed as innovative systems for 

heterogeneous catalysis. More precisely, the idea came from the investigation of the Prof. 

Lemcoff’s research group on S-chelated ruthenium pre-catalysts for olefin metathesis, that 

need activation to the active form by means of either heat or UV irradiation. The latency property 

gives the opportunity to guide selectively catalytic sequences by UV light  in chromatic-

orthogonal processes and stereolithographic 3D printing,57 and higher precision and ease of 

handling are some advantages.335 The design of highly active metal supported heterogenous 
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systems represents a big challenge to evolve the framework of ruthenium-based complexes 

and to exploit all the benefits coming from the heterogeneous catalysis . The versatility of the 

ruthenium framework is easily suited to modification strategies. However, both neutral and 

anionic ligands have a significant impact on the stability and reactivity of such type of catalysts. 

Thus, the anionic exchange between the designed carboxylate-functionalized rGO and 

Hoveyda−Grubbs analogues, should be carefully investigated to afford highly stable and active 

complexes, where the combination between the excellent properties of graphitic structures and 

Ru(II) catalytic activity, could give an highly active, recyclable, innovative and versatile catalytic 

system. Figure 51 shows an hypothetical complexation and immobilization structure of Ru(II) 

supported on prepared rGO. This study still remains under investigation. 

 

Figure 51. Hypothetical complexation and immobilization of a Hoveyda−Grubbs analogue onto carboxylate 
derivatized rGO. 

 

4.3. Conclusions 

Olefin metathesis is one of the new fundamental novel organic reactions discovered and 

improved in the last 60 years. It opened up new industrial routes to important petrochemicals, 

polymers, oleochemicals and chemicals.336 In the academic field, many successful results were 

achieved through olefin metathesis, especially in polymer ch emistry,285, 337, 338 peptides and 

peptidomimetics synthesis,339 protein modifications,340 six-membered O-heterocycles 

synthesis,341 steroid synthesis,342 synthesis of biologically important alkaloids and other 

secondary metabolites,343, 344 synthesis of bioactive agents,345, 346 drug synthesis347, 348 and 

natural products synthesis.284 Relevant applications with alkyne and alkane metathesis are less 

present in literature, but the entire field is still in development, and progress are being made, 

such as synthesis of natural products via enyne metathesis.349 However, most industrial 

processes and literature are focusing on homogeneous metathesis reactions with non-

supported catalysts, while heterogenous metathesis reactions with supported catalysts are only 
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considered at the academic level. A well -defined, efficient, relatively inexpensive process which 

uses a supported metathesis catalyst might achieve the already menti oned applications, while 

retaining the typical advantages of the heterogenous reactions, such as easy catalyst 

separation and simple recycling. On the other hand, heterogenous systems could present 

critical issues, such as low selectivity and poorly -defined active sites. Thus, here a deep study 

on the main heterogeneous catalysts used in olefin, alkane and alkyne metathesis was 

performed. The focus of this investigation was to define the structure and the influence of the 

ligands on the catalytic activity and stereoselectivity, taking into account the metal coordination 

sphere, the type of immobilization, the type of catalyst and the support strategy. The final goal 

was to design a well-defined and efficient supported metathesis catalyst and a new carboxylate-

functionalized rGO suitable for the coordination and stabilization of Ru(II) species  through the 

anionic ligand was prepared. Two different derivatization approach were studied exploiting the 

azomethine ylide 1,3-DCA and the interposition of a flexible spacer between the rGO surface 

and the carboxylate functional groups was essential to prepare bi -carboxylate functionalized 

derivatives, that can be used as chelating ligands. Additional studies are needed in order to 

select the type of catalyst, according to the metal coordination sphere and the type of support, 

to study the immobilization degree and the catalytic activity.   
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Chapter 5 

Improving the electrocatalytic performance of sustainable 

Co/carbon materials for the oxygen evolution reaction by ultrasound- 

and microwave-assisted synthesis 

 

5.1. Introduction 

The ambitious challenge of developing cheap and efficient fuel cells, and metal –air batteries as 

well as systems for energy conversion or storage necessarily passes through the design of low-

cost and highly active electrocatalyst materials .350-355 For example, considering the case of 

water-splitting, i.e. “the electrolysis of water to hydrogen and oxygen”,356 the H2 evolution 

reaction (HER) occurs at the cathode, while the oxygen evolution reaction (OER) takes place 

at the anode.357 The design of cheap and stable active electrocatalyst materials for the OER is 

particularly attractive due to the elevated overpotential needed for the oxidation of water.358 In 

fact, while the HER is a two- electron transfer reaction, the OER is a four-electron oxidation, 

having a higher kinetic barrier.359 

Some precious metals, such as Pt, Ir and Ru, and their oxides, have been reported to develop 

the most active electrocatalysts for the OER.360 However, high costs and, in some cases, low 

stability, make their commercial application impractical.361 

The substitution of noble metals has focused on relatively inexpensive and Earth's crust 

abundant metals such as Mn, Fe, Cu, Ni and Co. Cobalt, whose market dramatically slumped 

in 2019 making the metal much more affordable, has been studied as an efficient OER catalyst 

since 1980s. Within that time, the literature has reported numerous successful novel Co -based 

OER catalysts, which can be divided into five different categories: nitrogen-doped (N-doped) 

carbon composites, oxides/hydroxides, chalcogenides, phosphides, and phosphates.362 Based 

on the principles of green chemistry, cobalt-N- doped carbon composites have particularly  

emerged since they can be produced from biowaste-derived carbon, resulting  in materials 

having a sensibly low carbon footprint.363 For example, some commonly employed carbon bio-

sources include inexpensive and abundant algae, chitin o r eggshells.364, 365 In addition, the 

porous nature of some of these biowaste can enhance the electrocatalytic properties of the final 

electrocatalysts.366 It must also be highlighted that in cobalt-N-doped carbon composites, a 

synergism effect could be observed as apart from metal active sites the carbon itself can slightly 

catalyse the OER. 

However, despite the ideal aim of creating sustainable catalysts, the preparation of N-doped 

carbon composites normally entails some environmental and ethical drawbacks. These 
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important limits are attributable to the massive use of cobalt or to the low efficiency of the 

synthetic methodologies. In fact, conventional technologies (i.e. conventional heating) are still 

the major techniques used for the preparation of electrocatalysts with remarkable energy-

consumption disadvantages. In addition, and more importantly, a high content of cobalt is 

normally employed, ideally forcing the already intense and alarming mining of Co. Indeed, two-

thirds of Co mines are present in the Democratic Republic of the Congo (DRC), where the 

population is suffering from toxic pollution (due to artisanal mining) and child exploitation.367 As 

a result, if on one side Co remains economically convenient and catalytically efficient, its 

utilization should be diminished as much as possible.  

The purpose of this work, that was carried out in collaboration with the PhD student Alessio 

Zuliani, working at Cordoba University under the supervision of Professor Rafael Luque, was 

to demonstrate the possibility of preparing active Co -based materials for the OER, having a low 

metal content, and employing low toxicity and biomass -derived reagents through 

environmentally friendly and energetically efficient synthetic techniques, such as MW -, US-

assisted or both in combination (MW/US).368, 369 Remarkably, US- and MW-assisted techniques 

are increasingly widely used in synthesis and catalysis.370 Some of the most important 

advantages of the latter heating approaches are: (i) direct transfer of energy to the reactants 

instead of transferring heat, (ii) independence of heat convection, (iii) rapid heating rates, and 

(iv) the possibility of obtaining volumetric, local and material -selective heating, as explained in 

Chapter 1.3.371-373 Carbon- based materials are, in general, very good MW and US absorbers. 

According to the literature, a synthetic strategy that takes into consideration all these aspects 

simultaneously has not been reported yet. 

A sequence of electrocatalysts based on Co has been prep ared using carbon derived from 

pinecones and employing US, MW and combined MW/US techniques. A low metal loading of 

~4% (wt) was selected, alternatively to the 25–50%wt metal loading normally reported in the 

literature for this type of material.374, 375 Carbon derived from pinecones has been selected due 

to large availability, the interesting composition in terms of cellulose and lignin contents, and 

the low cost.376 In addition, it has been demonstrated that activated carbon from pinecones 

exhibits enhanced properties for the adsorption of metals at basic pH values.377, 378 The N-

doping of carbon have been performed using a low-toxicity nitrogen source, i.e. urea. 

Polyphenols extracted from green tea has also been used as stabilizers and ligands of cobalt, 

having similar phenolic functional groups of Co -ligands reported in the literature.379, 380 With all 

of these considerations, a sequence of seven different samples was prepared and exhaustively 

characterized by powder X-ray diffraction (XRD), N2 physisorption (Langmuir model), scanning 

electron microscopy (SEM) plus energy-dispersive X-ray spectroscopy (SEM-EDX) , 

transmission electron microscopy (TEM), inductively coupled plasma mass spectrometry (ICP-

MS) and X-ray photoelectronic spectroscopy (XPS). All the materials were tested as 

electrocatalysts for the OER, studying the influence of the use of carbon derived from pinecones 

(using commercially available activated carbon as the counterpart), doping with nitrogen, 
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stabilization with polyphenols and the influence of the different synthetic procedures (i.e. 

conventional heating vs. MW and US procedures) on the final electrocatalytic activities. The 

most active materials were also tested operating at 60 and 80 °C. According to the literature, 

the best sample was found to be classifiable as an “excellent” electrocatalyst for the OER.381 

 

5.2. Results and discussion 

5.2.1. Synthesis of Co-polyphenols supported on activated carbon 

A series of electrocatalysts based on ~4% (wt) cobalt supported over activated carbon (AC) 

was developed using AC derived from pinecones, polyphenols and employing different 

synthetic techniques (US, MW and combined MW-US irradiation). The study aimed at 

investigating the difference between commercially available carbon and carbon derived from 

pinecones, the effect of doping with nitrogen, the influence of the synthetic procedure for the 

adsorption of the metal (conventional vs. MW vs. US vs. combined MW-US heating) and the 

impact of the utilization of polyphenols extracted from green tea as metal stabilizers. The 

synthetic procedure for the preparation of the samples involved a sequence of steps aimed to 

maximize the electrocatalytic activity of the materials for the OER, as summarized in Figure 52. 

First of all, the washed pinecones were carbonized  exploiting their peculiar porous structure in 

order to enhance the metal adsorption properties.382 As illustrated in TGA curve reported in 

Figure 53, around 70% of the total weight was lost during this procedure. Just like most of the 

thermal degradation of wood materials, the thermal degradation of pinecone biomass also 

occurred in three phases: (i) mo isture evaporation at 30–150 °C, (ii) hemicellulose and cellulose 

decomposition at 200–350 °C, and (iii) lignin decomposition at 160–700 °C. Remarkably, the 

larger loss of weight was observed in the temperature range of 200–375 °C, corresponding to 

hemicellulose and cellulose decomposition. Before the second step, the carbonization step, the 

carbon was doped with nitrogen. The doping with nitrogen was performed using low-toxic and 

cheap urea.383 Indeed, it can be also derived from waste, making it a promising N-source in the 

circular economy, in good accordance with the scope of the work to make environmentally 

friendly electrocatalysts.384 Pinecones were ground together with urea using a blender (in order 

to obtain 10% (wt) of nitrogen in the final product). According to the literature, this procedure 

enhances the electrocatalytic-activity of the carbon by transforming the charge density and spin 

density of the carbon atoms.385, 386 In addition, transition metals such as Co, Ni and Cu, showed 

a synergistic effect with the N-doped carbon for both the ORR and OER.387 Sequentially, 

according to Chatha and co-workers,388 the so-produced carbon was activated through a mild 

KOH washing (KOH : carbon = 2 : 1) in an US bath, in order to further increase its metal 

adsorption properties.389 The milder KOH activation procedure allowed complete cleaning of 

the surface from remaining impurities without totally destroying the peculiar structure of  the 

pinecone-based material. Finally, the carbon was filtered and again carbonized at 900 °C in an 



95 
 

Ethos MW, followed by the adsorption of the metals in an ethanol solution, for 24 h, at room 

temperature. Co(OAc)2 was used as Cobalt ions source. Parallelly, a solution of pol yphenols 

was prepared by extracting them from green Malaysian tea in ethanol through combined MW-

US irradiation at 50 °C. Finally, the polyphenol solution was added to the mixture of 

metal/carbon aiming at chelating and stabilizing the cobalt ions over the carbon structure.390 As 

reported in Table 16, the samples were denoted using the following abbreviations: “CC” stands 

for commercial charcoal, “PC” for pinecone charcoal, “p p” for polyphenols and “C”, “M”, “U” and 

“MU” respectively stand for “conventional -heating”, “microwave-assisted”, “ultrasound-

assisted” and “combined microwave-ultrasound assisted” addition of polyphenols. 

Table 16. List and description of the different prepared electrocatalysts. 

Sample Type of carbon N-doping Polyphenols 

Co/CC Commercial charcoal No No 

Co/PC Pinecone charcoal No No 

Co/N-PC Pinecone charcoal Yes No 

Co/N-PC-pp-C Pinecone charcoal Yes Yes 

Co/N-PC-pp-M Pinecone charcoal Yes Yes 

Co/N-PC-pp-U Pinecone charcoal Yes Yes 

Co/N-PC-pp-MU Pinecone charcoal Yes Yes 

 

 

Figure 52. Schematic diagram for the preparation of the cobalt N-doped carbon materials. 

 



96 
 

 

Figure 53. Thermogravimetric analysis (TGA) of washed pinecones. 

 

5.2.2. Co-polyphenol material characterization 

In order to evaluate the influence of the studied parameters (preparation technique, N-doping 

and polyphenol presence), the structural and physical properties of the prepared samples were 

analyzed. As shown in SEM images (Figure 54a), prior to the activation and to the adsorption 

of the metals and polyphenols, the carbonized pinecones exhibited pores in the micrometer 

range (i.e. around 20 mm in diameter). However, during th e sequential steps of chemical 

activation, adsorption of metals and stabilization with polyphenols, the structure partially 

collapsed, as illustrated in the SEM images of the final samples, in Figure 54b. EDX-mapping 

micrographs allowed the examination of the surface distribution of Co, C, O and N. Remarkably, 

all the samples showed a homogeneous distribution of cobalt. Figure 54c presents the C, Co, 

N and O EDX-mapping of Co/N-PC-pp-U, the most active sample in the tests for the OER, as 

later described. In order to further analyze the state of the cobalt loading, TEM images have 

been obtained from Co/CC, N-PC, Co/N-PC-pp-M, Co/N-PC-pp-U and Co/N-PC-pp-MU 

samples (Figure 151, Appendix). As can be observed the size of the resulting cobalt-based 

particles drastically changed depending on the approach employed to synthesize the 

cobalt/carbon materials. More in detail, the Co/CC sample showed a larger particle size 

(diameters around 50 nm with a spherical and rod-like shape) than the cobalt N-doped carbon 

materials obtained by ultrasound (U), microwave (M) and MU assisted -methods, which showed 

smaller cobalt particle size in the nanocluster dimension. In addition, the material resulting from 

the ultrasound-assisted synthetic method (Co/N-PC-pp-U) showed a more homogeneous 

distribution and a monodispersed cobalt nanocluster loading, something that could also provide 

a better electrocatalytic performance for the OER.391 XRD analysis was performed to 

investigate the phase purity and crystallinity of the synthesized samples . All the samples 

generally showed the amorphous carbon structure, as indicated by the wide peak ranging from 

a 2θ of around 10° to 30° in their XRD diffraction pattern ; however, due to the low crystallinity 

of Co and the low content of the metal, no relevant peaks could be observed.392 In order to 

determine the specific surface areas and the pore volumes (micro and meso) of the composite 
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materials, nitrogen physisorption was carried out (Table 17), (Figure 152, Appendix for the 

isotherms). Nevertheless, no significant correlations between surface areas and catalytic 

activities were observed. The metal loading of the samples was investigated through ICP-MS 

analysis. According to the results reported in Table 18 the average cobalt loading was found to 

be around 3.4%, with a standard deviation of 0.4. Remarkably, as explained in the 

electrocatalytic tests, a (slightly) higher metal loading did not directly imply a higher activity.  

   

a b c 

Figure 54. (a) SEM images of carbonized pinecones; (b) SEM images of finally prepared samples made from 
pinecone carbon. (A) Co/ PC; (B) Co/N-PC; (C) Co/N-PC-pp-C; (D) Co/N-PC-pp-M; (E) Co/N-PC-pp-U and (F) Co/N-PC-
pp-MU; (c) SEM-EDX images with mapping analysis of the (A) Co/N-PC- pp-U carbon hybrid structure: (B) carbon; (C) 
cobalt; (D) nitrogen and (E) oxygen.  

Table 17. Surface areas and pores volumes of the samples 

Sample SSA (m2 g-1) Pores (cm3 g-1) (micro; meso) 

Co/CC 1493 0.20; 0.54 

Co/PC 456 0.12; 0.04 

Co/N-PC 272 0.03; 0.09 

Co/N-PC-pp-C 298 0.08; 0.03 

Co/N-PC-pp-M <60 Not detectable 

Co/N-PC-pp-U 147 0.01; 0.08 

Co/N-PC-pp-MU 147 0.02; 0.07 

 

XPS measurements were performed in order to examine and study the chemical composition 

of the external surface of the solids as well as the chemical state of their different elements. 

More in detail, XPS analysis allowed the evaluation of the surface chemical composition (atomic 

concentration %) of C, O, N, K and Co. As reported in Table 18, K was not found in sample 

Co/CC, whereas P (3.26%) was observed in the form of phosphate (P 2p at 134.1 eV). In 

contrast, K derived from the addition of KOH was found in all the other samples, despite the 

intense sequential washing procedure, with Co/N-PC-pp-U and Co/NPC-pp-MU being the 
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samples with the lowest and highest K content at the surface, respectively. The surface-N 

content of the samples prepared by conventional-heating was lower than those using 

“unconventional-heating” (i.e. M, U and MU). Furthermore, it is remarkable that the Co content 

at the surface was found to be much higher than in the bulk (i.e. measured through ICP-MS) in 

all samples, being very wide for Co/PC and Co/N-PC samples but very close for Co/N-PC-pp-

M and Co/N-PCpp-U. This fact was attributed to a more homogeneous distribution of cobalt in 

the latter case. Also, a higher content of O was observed in the case of Co/PC and Co/N-PC, 

as well as a lower C content. These variations of composition were attributed to the addition 

plus the subsequent treatment of polyphenols, which provokes a rearrangement of the Co 

distribution on the whole sample. Concerning the chemical s tate of the different constituent 

elements, Table 19 shows the binding energy in eV. In all cases, the C 1s signal can be 

decomposed into four contributions with different percentages at 284.8 eV assigned to 

adventitious carbon and –C–C– and –C=C– bonds, 286.0–286.4 eV to C–OH or C–O–C and 

C–N bonds, at about 288.0–288.5 eV assigned to urea and carboxylic or carboxylate groups, 

and finally at >289 eV due to carbonate. The percentage of the contribution assigned to C–OH 

or C–O–C and C–N bonds increased upon the addition of urea. All samples contained N, but N 

from urea was firstly detected in the case of sample Co/N-PC with a N 1s maximum at 395.8 

eV.89 In the case of the samples obtained by treating with MW or US, the N 1s signal can be 

decomposed into two contributions at 398.2 and 400.4 eV, which are attributed to pyridinic-N 

and pyrrolic-N, respectively. The latter results not only confirm the successful formation of N-

doped active carbon species but also that the pyrrolic -N peak is higher than the pyridinic-N one, 

demonstrating that the electron pair on the pyrrolic nitrogen is involved in aromatic stabilization 

of cobalt ions (for the complete C 1s and N 1s spectra please see Figure 153 and Figure 154, 

Appendix).393 Potassium, with a K 2p3/2 binding energy value of about 293.4 eV was, as 

expected, always as K+. As illustrated in Figure 55, Co 2p core level spectra showed a 

maximum at high binding energy values (781.4–781.8 eV). According to the literature, these 

values correspond to Co(II) species having strong interactions with oxygen. Co 2p3/2 signals 

can be fitted into four contributions as observed in Figure 155 and Table 28 in the Appendix. 

The values of the maxima of these four contributions and the shape of the spectra are similar 

to Co(II) species such as Co(OH)2 and CoO. The values of the observed doublet Co 2p 1/2–Co 

2p3/2 energy separation were in a range of 15.8–16.2 eV, values observed for CoAl2O3, and 

Co(OH)2. However, the presence of Co(III) species cannot be ruled out. The satellites of the Co 

2p3/2 signals for samples Co/PC, Co/N-PC and Co/N-PC-pp-C appeared in a range of 784.4–

790.0 eV (peaks 2, 3 and 4 of Table 28, Appendix), more frequent for Co(II) species. These 

satellites were broader for samples Co/N-PC-pp-U, Co/N-PC-pp-M and Co/N-PC-pp-MU, 

probably due to the enhanced coordination of Co with polyphenols.  
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Table 18. Cobalt content % (wt), determined by ICP-MS (1st column) and XPS (2nd–6th columns) analysis 
(atomic concentration %) of the metal loading on the samples 

Sample Co % (wt) C O N K Co 

Co/CC 3.72 65.85 23.93 0.55 a 6.41 

Co/PC 3.92 45.22 40.29 0.37 1.22 12.90 

Co/N-PC 2.93 43.62 40.82 0.98 1.26 13.32 

Co/N-PC-pp-C 2.94 59.01 32.96 0.68 1.47 5.88 

Co/N-PC-pp-M 3.54 63.46 29.21 1.23 0.69 5.41 

Co/N-PC-pp-U 3.51 62.68 30.37 1.19 0.26 5.50 

Co/N-PC-pp-MU 3.58 56.64 32.19 1.04 2.84 7.29 

a) K was not observed, but 3.26% of P. 

 

  

Figure 55. (A) Co 2p core level spectra for samples Co/CC, Co/PC, Co/N-PC and Co/N-PC-pp-C; (B) Co 2p core 
level spectra for samples Co/N- PC-pp-U, Co/N-PC-pp-M and Co/N-PC-pp-MU. 
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Table 19. Binding energy values, in eV, of the different constituent elements and percentages of each 
deconvoluted contribution, in brackets, of the studied samples 

Sample C 1s O 1s N 1s Co 2p3/2 K 2p3/2 

Co/CC 284.8 (76) 532.7 400.0 781.8 

 

 286.4 (16)    

 287.7 (5)    

 289.2 (3)    

Co/PC 284.8 (64) 532.1 (92) 400.2 781.7 293.4 

 286.0 (18) 533.6 (8)    

 288.6 (4)     

 289.9 (14)     

Co/N-PC 284.8 (57) 532.1 (89) 399.5 781.9 293.6 

 286.0 (26) 533.6 (11)    

 288.5 (3)     

 290.0 (14)     

Co/N-PC-pp-C 284.8 (56) 531.9 (68) 400.0 781.7 293.5 

 286.4 (29) 533.3 (32)    

 288.1 (9)     

 289.5 (6)     

Co/N-PC-pp-M 288.4 (59) 531.9 398.2 (37) 781.6 293.0 

 286.4 (25)  400.3 (62)   

 288.2 (9)     

 289.5 (7)     

Co/N-PC-pp-U 284.8 (53) 532.1 (63) 398.2 (38) 781.9 293.5 

 286.4 (30) 533.5 (37) 400.4 (62)   

 288.0 (10)     

 289.5 (7)     

Co/N-PC-pp-MU 284.8 (53) 532.3 398.4 (42) 781.7 293.3 

 286.4 (28)  400.7 (58)   

 287.7 (119)     

 289.4 (8)     
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5.2.3. Electrochemical oxygen evolution 

Electrochemical oxygen evolution (OER) electrocatalytic activities of the different Co–carbon 

samples were initially measured at room temperature. Figure 56 displays the resulting OER 

polarization curves of the Co functionalized carbonaceous materials obtained in 0.5 M KOH 

electrolyte at 2 mV s-1. Remarkably, the electrocatalytic performance of the samples containing 

pinecone-derived carbon outperformed the electrocatalytic performances of commercially 

available carbons (Co/CC). As shown in Figure 56a and Table 20 the onset potentials values 

at jgeo = 10 mA cm-2 were significantly lower for the catalysts composed of pinecone derived 

carbon materials. These results most likely derived from the chemical activation of biomass 

waste with KOH, favoring the formation of a greater number of active sites that leads to 

considerable improvement in electrocatalytic performance. Interestingly, a remarkable 

enhancement of the electrocatalytic response was observed after the addition of polyphenols 

to the nitrogen-doped carbon materials. This behavior could be attributed to the lower difference 

of the Co content between the bulk (ICP) and surface composition (XPS) of these samples, 

indicating a better distribution of cobalt ions in these Co/carbon composites, which facilitates 

both accessibility to OH molecules and electronic connectivity within the whole system, 

shortening the ion-diffusion pathways. More in detail, the onset potential values at j geo = 10 mA 

cm-2 decreased from 620 mV to 530 mV. In this sense, the polyphenolic networks (i.e. all 

samples named “Co/N-PC-pp-”) had a dual function in the hybrid inorganic-organic 

architectures: (i) the stabilization of the Co 2+ cations through highly stable metal -phenol 

complexes and (ii) the increasing of the surface density of the catalytically active sites providing 

enrichment in Co–OH (metal oxides) and Co–O–Co functional groups as evidenced by XPS, 

which notably boosts the catalytic activity by favoring the adsorption of OER intermediate 

species. Additionally, the hybrid organic-inorganic Co-based heterostructures were synthesized 

following different procedures for the adsorption of the metal (i.e. different heating methods): 

conventional heating, microwave-assisted heating, ultrasound heating and combined US-MW 

heating.  
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Figure 56. (A) LSV curves of GC modified with the different Co–carbon hybrid structures, and RuO2 NPs as a 
reference material; (B) Tafel polarization plot obtained from (A); (C) plots of the difference of anodic and cathodic current  
densities against the scan rate for all samples; (D) effect of the temperature increase on the LSV curves of Co/N-PC-pp-
M and Co/N-PC-pp-U samples, respectively; (E) Tafel polarization plot obtained from the latter samples at 80 ◦C; (F) 
chronopotentiometric curve obtained at current densities of 10 and 20 mA cm -2 for Co/N-PC-pp-U. 

The OER measurements demonstrated that the synthetic route displayed an important 

influence on the surface chemical composition and, therefore, on the resulting electrocatalytic 

properties of the samples. In fact, according to the OER curves, all the catalysts prepared 

through ultrasound, microwave and US-MW-assisted heating procedures (Co/N-PC-pp-U, 

Co/N-PC-pp-MW, and Co/N-PC-pp-MU) showed better electrocatalytic performances than the 

catalyst prepared by the conventional heating procedure (Co/N-PC-pp-C). Indeed, US assisted 

techniques can lead to a uniform and homogeneous distribution of the treated compounds (i.e. 

the polyphenols), sensibly enhancing the electrocatalytic activity. On the other hand, also MW 

assisted techniques have been  reported as efficient methods to boost the electrocatalytic 

activity of catalysts, due to rapid and uniform heating, which avoids the formation of thermal 

gradients (and consequent inhomogeneous particle distribution) . This thesis was enforced by 

the strong interaction Co-polyphenols observed in XPS measurements. The comparison of the 

activity between these “unconventionally” (MW, US and MW -US) synthesized catalysts 

demonstrated that sample Co/N-PC-pp-U was the most active one. In order to investigate this  

behavior, the differences of anodic and cathodic current densities were plotted against the scan 

rates, obtaining slopes (areal capacitances) proportional to the number of active sites as well 

as to the electrochemical surface area of each sample (Figure 56c). The findings demonstrated 
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that Co/N-PC-pp-U provided the highest areal capacitance of 17.80 mF cm-2, which was 

significantly higher than those of the other samples. As a result, the compositional and structural 

features of the Co/N-PC-pp-U sample provided the highest number of active sites with the most 

favorable material for charge transfer reactions and electronic connectivity within the whole 

system. Co/N-PC-pp-U provides the better electrocatalytic performance for the OER. According 

to the literature, the conventional electrochemical mechanism for OER processes in an alkaline 

medium is called the Adsorbate Evolution Mechanism (AEM)394 which consists of 5 steps with 

multiple adsorbed intermediates: 

(1) M + OH- ↔ M–OH* + e- 

(2) M–OH* + OH- ↔ M–O* + H2O + e- 

(3) M–O* + OH- ↔ M–OOH* + e- 

(4) M–OOH* + OH- ↔ M–OO* + H2O + e- 

(5) M–OO* ↔ M + O2 

Based on the study reported by Nurlaela et al.,395 the OER electrocatalytic performance of the 

two bests samples (i.e. Co/NPC-pp-U and Co/N-PC-pp-M), was sequentially evaluated at 

higher temperatures (Figure 56d). As reported in the Tafel polarization plots in Figure 56e, a 

higher temperature significantly improved the OER electrocatalytic response of both samples, 

providing a cathodic shift of the onset potential and increasing the maximum current density 

(Table 30 and Table 31 in the Appendix for the complete list of the obtained electrocatalytic 

parameters). More in detail, Figure 57a and Figure 57c display the Tafel plot trends of the OER 

curves obtained for the Co/N-PC-pp-M and Co/N-PC-pp-U samples at room temperature, 60 

°C and 80 °C in 0.5 M KOH. Notably, the slopes of both materials slightly decrease at higher 

temperatures, which are related to the improvement of the OER efficiency of the samples from 

room temperature to 80 °C. According to the best results, the Co/N-PC-pp-U sample can be 

considered as an “excellent” OER catalyst in comparison with the literature,381 requiring an 

overpotential of 365 mV to deliver a current density of 10 mA cm-2, with a Tafel slope of 58 mV 

dec-1. This performance was validated through durability tests performed by 

chronopotentiometry at current densities of 10 and 20 mA cm-2 (Figure 56f). As the potentials 

remained almost constant for 24 h at each current density, sample Co/N-PC-pp-U was 

demonstrated to have a good electrochemical stability and the best performance was 

confirmed. Finally, using the experimental Tafel curves, the values of currents at zero -

overpotentials i0 (E = 1.23 V vs. RHE) were obtained. The i0 values were plotted versus the 

temperature following an Arrhenius representation (eqn (i), Figure 56b and Figure 56d), 

allowing the calculations of the activation  energies.  

(dln(i0))/(d(T-1)) = -Ea/R  (i) 
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where Ea, R and T are the apparent activation energy, the typical gas constant and the 

temperature.  

The values obtained for Co/N-PC-pp-M and Co/N-PC-pp-U were 9.70 ± 0.06 kJ mol-1 and 9.97 

± 0.04 kJ mol-1, respectively, which are smaller than the activation energies of almost all the 

metal transition-based OER electrocatalysts reported up to now in the l iterature.396 These 

results strongly support the signi ficant enhancement observed in the OER electrocatalytic 

behavior at higher temperatures for the Co-synthesized electrocatalysts, which may be linked 

with the increasing number of OER actives sites driven by some temperature-dependent 

structural changes at the polyphenolic networks. In order to verify the robustness of the best 

sample, a durability test was performed on the Co/N-PC-pp-U sample by performing 10 000 

cyclic voltammetry cycles (CV). Figure 156 shows the polarization curves recorded before and 

after performing the cycles. As can be observed, the electrocatalytic performance for the OER 

remained almost identical after the CV cycling test, demonstrating its excellent long-term 

stability. Also, post characterization through SEM images and EDX analysis sample Co/N-PC-

pp-U showed no relevant changes in the morphological structure. 

Table 20. OER electrocatalytic parameters obtained from Figure 53A and B at room temperature 

Onset potential (V) 
Overpotential (mV) at 

10 mA∙cm-2 
Maximum current 
density (mA∙cm-2) 

Tafel slope (mV∙dec-

1) 

Bare GC 1.70 - 1.0 - 

RuO2 NPs 1.54 460 25.5 92 

Co/CC 1.60 - 1.9 - 

Co/PC 1.59 610 14.1 - 

Co/N-PC 1.58 605 13.2 - 

Co/N-PC-pp-C 1.57 540 25.2 101 

Co/N-PC-pp-M 1.57 526 27.1 78 

Co/N-PC-pp-U 1.56 497 32.0 94 

Co/N-PC-pp-MU 1.57 520 26.3 92 
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Figure 57. Tafel plots for OER polarization curves at RT, 60 ◦C and 80 ◦C of (A) Co/N-PC-pp-M and (B) Co/N-
PC-pp-U, respectively. Arrhenius plots of (C) Co/N-PC-pp-M and (D) Co/N-PC-pp-U, respectively. 

 

5.3. Conclusions 

A novel approach for the preparation of active and stable low metal content cobalt-based 

carbonaceous electrocatalysts for the OER was demonstrated. Materials were prepared 

exploiting the metal adsorbing properties of carbon derived from pinecones, and nitrogen 

doping with eco-friendly urea, as well as the metal chelating and stabilization characteristics of 

polyphenols extracted from green tea. Moreover, the approach allowed the investigation of 

different unconventional heating methodologies, including US, MW and combined US-MW  

techniques. The electrocatalytic tests demonstrated the co-activity and synergism of the carbon 

derived from pinecones, and the importance of doping with nitrogen , as well as the good 

stabilization and enhancement of the activity of cobalt thanks to the presence of polyphenols. 

Importantly, the influence of the synthetic procedure also demonstrated that both MW and US 

techniques provided a greater number of active sites than conventional heating procedures, 

with US being the most effective one.  
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Chapter 6 

Multifunctional amino-citrate-β-CD coated iron oxide 

nanoparticles: an efficient nanosystem for Magnetic Resonance 

Imaging (MRI) 

 

6.1. Introduction 

As explained in Chapter 1.2.3., the use of magnetic nanosystem is recently growing due to their 

promising activity in different field of application. In particular, over the last few years, iron oxide 

magnetic nanoparticles (IONPs) are undergoing intensive studies for biomedical purposes.397 

This is due to their versatility in drug targeting,398 gene delivery,399 and in several technological 

applications, such as magnetic resonance imaging (MRI),400 magnetic hyperthermia,401 tissue 

engineering, cell tracking and bioseparation.402 In order to be used in biomedical applications, 

IONPs need to be water compatible.403, 404 Hydrophilicity can be induced by adding coating 

agents, with hydrophilic portion, capable to bind the particle surface and to make hydrophilic 

particles.405 Moreover, size, size distribution, shape, crystallinity, surface area and magnetic 

characteristics influence biological performances, and the search for innovative preparation 

methodologies is essential to provide pure and well-defined nanoparticles.406, 407  

Among IONPs, magnetite (Fe3O4) is achieving great interest, thanks to its superior magnetic 

properties and higher biocompatibility. It shows a cubic inverse spinel structure with a 

ferrimagnetic behavior. Its structure is composed of oxygen atoms situated to form a face 

centered cubic configuration where Fe3+ ions occupy tetrahedral and octahedral sites, while all 

the Fe2+ ions occupy half of the octahedral sites. A ferromagnetic spin coupling between Fe3+ 

and Fe2+ ions takes place in the octahedral sites, but an antiparallel spin coupling occurs 

between moments in octahedral and tetrahedral sites and it is responsible of the ferrimagnetic 

behavior. The response to an external magnetic field determines different orientation of the 

magnetic moments in a particle, depending on the domain structure and on the dependence of 

the magnetic induction (M) on the magnetic field (H).403 When a ferrimagnet is undergone to an 

external magnetic field the domains align themselves with it and the substance becomes 

magnetized. It can be driven to saturation by applying increasing magnetic field inten sity. Once 

the material has been driven to saturation, the external magnetic field can be dropped to zero. 

However, even when the field is removed, part of the alignment is retained and the amount of 

magnetization it retains at zero driving filed is called remanence. The magnetizing field must be 

driven back to zero by a field in the opposite direction and the amount of reverse driving field is 

called coercivity. If an alternating magnetic field is applied to the material, its magnetization will 

trace out a loop called hysteresis loop. From the hysteresis loop a number of magnetic 
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properties of IONPs, such as the saturation magnetization, the remanence magnetization and 

coercivity, can be obtained.408 When IONPs are superparamagnetic, no residual magnetic 

forces exist between the particles after the removal of the external magnetic field. This is due 

to their small dimension (below 15 nm) and the presence of only one domain, where the 

cooperative phenomenon of ferrimagnetism is no longer observed and no permanent 

magnetization remains after the removal of the external magnetic field. Thus, the M-H curve 

does not show hysteresis (Figure 58b).409 Such superparamagnetic iron oxide nanoparticles 

were also approved by the US Food and Drug Administration (FDA) for in -vivo applications. 

 
 

a b 

Figure 58. (a) Crystal structure and crystallographic data of magnetite (the black ball is Fe2+, the green ball is 
Fe3+ and the red ball is O2−); (b) representation of the hysteresis loop. Figure obtained from the paper of Kim et al.408 

The request of new synthetic procedures that provide control over size, morphology, and 

nano/microstructure of particles represents a big challenge in magnetic NPs (MNPs) 

preparation.410, 411 Lately, the sonochemical technique is representing a promising and 

innovative method in offering better control of particle size distribution, that is often unavailable 

by conventional approaches.411-415  

Due to the high adsorption capacity of MNPs, careful studies in synthesizing IONPs as 

adsorbent materials have been recently conducted.416, 417 Bare or functionalized Fe3O4 MNPs 

were used to adsorb metal ions, such as Ni(II), Cu(II), Cd(II) and Cr(VI), for wastewater 

treating.418 Adsorbent performances, combined to magnetic separation tech nique make IONPs 

efficient, cost-effective, simple to use and environmental friendly compared to other 

adsorbents.419 For these reasons, several examples of functionalized MNPs as nano-carriers 

are reported.420, 421 The importance of coating agents in enhancing the loading and controlling 

the release of organic molecules has been demonstrated. For example, polymer -coated Fe3O4 

NPs showed effective adsorption and desorption capacity for Enalapril loading and release.422 

Besides, the addition of cyclodextrins (CDs) as capping agents increases the active sites on 

MNPs surface for entrapping organic molecules by forming host-guest inclusion complexes.423 

Organic linkers can be used to indirectly coat the surfaces of IONPs with CDs.424 Generally, 

silanes are used as organic linkers: they are chemically stable and versatile.425-427 However, an 

accurate control of the layer quality, in term of monolayer or multilayer formation, is a difficult 

task.428 Furthermore, this synthetic process requi res several procedural steps.429 Carboxylate 

anchoring groups have been proven to work well for ligand exchange processes and are 
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available for chemical functionalization.430 Dextran-coated IONPs are the most widely used 

systems for medical purposes431 and the transformation of dextran to carboxy-dextran was 

proven to enhance NPs physico-chemical properties.432-436 

In addition, an important factor that must be considered in IONPs formulation is the surface 

charge. It is essential to prevent NPs aggregation through electrostatic repulsion and it 

influences the interaction of nanomaterials with cells and tissues. In g eneral, cationic NPs enter 

cells with higher efficacy, due to the interaction with negative membrane cells. However, they 

tend to form large aggregates in the presence of plasma and have faster blood clearance than 

neutral particles. Negatively charged NPs are also massively incorporated by cells, show higher 

stability in plasma and consequently, their biocompatibility is improved and clearance is 

prevented.437, 438  

Therefore, the combination of hydrophilic and negatively charged organic molecules and CDs, 

as adsorbent systems, on NPs surface becomes an important tool for obtaining 

biotechnological nanosystems. Just few examples, reported in literature, show the preparation 

and the application of similar systems. Jayaprabha and Joy reported the preparation of citrate 

modified β-CD functionalized magnetite NPs for targeting and delivery of curcumin to specific 

site through an external magnetic field.169 Monteiro et al., demonstrated the importance of 

combining sodium citrate with CDs to obtain coated MNPs with high Irinotecan loading.439  

Among the various applications, IONPs assume an important role as contrast enhancers in 

magnetic resonance imaging (MRI). Colloidal suspensions of IONPs are capable of providing 

both T1- and T2-weighted images,440 and represent the most important class of T2 contrast 

agents. Several studies show that NPs size influences MR relaxivity, as well as pharmacological 

features.441, 442 For this reason, size-controlled synthesis of uniform NPs dispersions is essential 

for the fine control of MR relaxivity.443 Furthermore, coating nature and thickness have important 

effects on R1 and R2 relaxivities. Coating materials influence the diffusion of protons and the 

chemical exchange processes. As coating thickness and hydrophobicity increase, R2 and R1 

dramatically decrease.444  

To develop versatile adsorbent nanomaterials for biomedical use in MRI, herein, negatively 

charged hydrophilic β-CDs grafted IONPs are prepared and characterized. Amino citrate 

modified β-CDs were chosen as coating agent to mimic and replace the widely used carboxy-

dextran and to improve adsorbent performances. The combination of citric acid and amino 

citrate modified β-CDs, used as more flexible adsorbing device, is studied for the first time and 

an US-assisted IONPs preparation method is reported. Adsorption capacity, stability, 

cytotoxicity and relaxometric properties have been investigated in detail, in view of their 

potential. 
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6.2. Results and discussion 

6.2.1. Preparation of carboxymethyl dextran and citric acid coated MNPs 

With the aim of obtaining a novel, innovative and readily synthesized hydrophilic and 

biocompatible material, Fe3O4 MNPs were prepared as a core-shell nanostructured system. In 

order to circumvent common difficulties in controlling size, morphology and structure of NPs, 

MW and US irradiation, as alternative heating forces, were used as a non-conventional strategy 

to achieve efficient heating, dispersion and deagglomeration of solids, as well as mass transfer. 

Following well-known procedures,47,48 Fe3O4 MNPs were synthesized by a co-precipitation 

technique and nanoparticles growth was facilitated by the addition of ammonium hydroxide in 

an iron salts solution (Scheme 20). The solution was heated up at 80 °C comparing 

conventional heating and MW-US irradiation. When MW-US irradiation was employed, typical 

problems of homogeneity and reproducibility were avoided and the reaction time was reduced 

from 90 to 45 min. 

Fe2+ + 2Fe3+ + 8OH- → Fe(OH)2 + 2Fe(OH)3 → Fe3O4↓ + 4H2O 

Scheme 20. Reaction scheme for the preparation of Fe3O4 nanoparticles by co-precipitation method. 

To address water instability, oxidation and nanoparticle aggregation, iron oxide core was coated 

with hydrophilic organic ligands. As first attempt, in order to study the preparation technique 

and to validate non-conventional procedures, citric acid (CA) and carboxymethyl dextran 

(CMDx) were used to coat and stabilize the MNPs in solution, enhancing electrostatic stability 

and particles disaggregation. As described in literature,445-447 the MNPs stabilization via these 

coating agents occurs by the coordination via the carboxylate functionalities. The free and 

exposed carboxyl groups can be used for other purposes, as anchoring functions for covalent 

bonding of additional molecules. CMDx is the most widely used coating agent: it offers 

biocompatibility, biodegradability and stability, to the extent that some CMDx coated NPs have 

been approved for human usage.448 However, despite the preparation of coated IONPs has 

been known for a long time, the control of their properties still remains a challenge.  

Here, core-shell nanostructured systems were prepared either via ligand exchange approach 

or via physical assembly, by means of conventional and non -conventional techniques. The 

choice of comparing different synthetic strategies wanted to investigate their impact on 

morphology, stability, dispersibility and degree of functionalization. The impact of the 

preparation technique on MNPs features was investigated by monitoring the hydrodynamic 

diameters and the dispersibil ity, through the Dynamic Light Scattering technique (DLS), that 

allows to determine the size distribution profile of MNPs and their stability in water suspension; 

the morphology through Trasmission Electon Microscopy (TEM), that revealed nanoparticle 

shape, core size and coating thickness; the degree of functionalization, through 

thermogravimetric analysis (TGA) and the field-dependent magnetization. Fourier Transform 



110 
 

Infrared (FT-IR) spectroscopy was used to prove the formation of coated MNPs and the 

measure of the Zeta potential allowed to investigate the surface charge.  

Physical assembly was performed as first derivatization strategy (Scheme 21, approach A). 

Bare MNPs, obtained by MW-US-assisted co-precipitation technique, as previously described, 

were grafted with CA or CMDx, comparing conventional procedures or US irradiation, obtaining 

MNPs@CA and MNPs@CMDx, respectively. The reaction was performed in water and the 

reaction mixture was heated up at 80 °C, when conventional heating was used, or at 65 °C 

under US irradiation. It was operated at lower temperature when US irradiation was performed 

because, as reported in Chapter 1.3., the US efficacy is lower at higher temperature, where the 

formation of vapor cavities, resulting from higher temperatures, would alleviate the bubble 

collapse due to the cushioning effect. The reaction mixtures were stirred at the mentioned 

temperature for 1 h, as generally reported in literature. Comparable functionalization degrees 

(coating w/w %) were obtained comparing conventional heating and sonochemistry. However, 

more stable suspensions were obtained when US irradiation was employed, as visi ble 

comparing the polydispersion indexes (PDI) of the differently prepared nanosystems. This can 

be due to the formation of smaller MNPs, confirmed by the hydrodynamic diameter size, 

resulting in the absence of aggregated MNPs and dishomogeneous samples (  

Table 21).  

Later, ligand exchange approach was chosen as comparative grafting procedure (Scheme 21, 

approach B). MNPs were synthesized and simultaneously coated with stearic acid 

(MNPs@StA) using a conventional or an US-promoted synthetic protocol. Following a known 

synthetic procedure, to a solution of FeCl3, FeCl2 and stearic acid in water, ammonium 

hydroxide was added dropwise, allowing the nanoparticles formation. A period of 24 h under 

conventional stirring was necessary to obtain the same degree of derivatization that was 

obtained after 30 min of sonication at 65 °C. Moreover, better suspensions of MNPs@StA in 

organic solvents (PDI 0.147 vs 0.240) and smaller nanoparticles (hydrodynamic diameter 23 

nm vs 114 nm) were obtained when US irradiation was employed. For these reasons, US 

irradiation was decided as procedure of choice for MNPs@StA preparation. Subsequently, 

stearic acid was replaced with CA or CMDx and hydrophilic MNPs@CA and MNPs@CMDx 

were obtained. The ligand exchange occurred in a biphasic solution, where MNPs@StA were 

dissolved in toluene and were kept in touch with a water solution where the hydrophilic coating 

agents were previously dissolved. The combined solutions were refluxed for 24 h. Due to the 

high temperature requested, the solvent and the long reaction time, this syn thetic step was 

carried out only under batch conditions. The happening of the ligand exchange was clearly 

visible by the movement of the MNPs from the organic to the water phase, indicated by the 

brown colored solutions. The as-synthetized MNPs@CA and MNPs@CMDx are water-

dispersible and stable nanoparticle suspensions were obtained.  
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When the MNPs obtained by the two different synthetic strategies (physical assembly and 

ligand exchange) were compared, it was noticed that ligand exchange approach enhances the 

homogeneity of the suspensions, despite the slightly higher hydrodynamic diameter size, that 

can also be ascribed of a better coordination with the water molecules in the solution. Also the 

relaxometric properties (reported below) are enhanced, thanks to the higher stability of the 

suspensions. Thus, ligand exchange was chosen as preferential hydrophilic MNPs preparation 

method and as-prepared coated MNPs were further characterized.  

 

Scheme 21. Reaction scheme for MNPs@CMDx and MNPs@CA preparation using (A) physical assembly, (B) 

ligand exchange approach. 

 

Table 21. Dispersibility, size and degree of functionalization. 

Sample Synthetic approach Reaction conditions PDI 
Size 

(nm) 

Coating 

(w/w%) 

Bare MNPs Co-precipitation 

Conventional (80 °C), 1.5 h - 6-17[a] - 

MW-US (80 °C), 45 min - 7-18[a] - 

MNPs@StA.5  Co-precipitation 

Conventional (r.t.), 24 h 0.240[c] 114[d] 28.0 

US (65 °C), 30 min 0.147[c] 23[d] 29.2 

MNPs@CMDx 

Physical assembly 

Conventional (80 °C), 1 h 0.200[b] 115[d] 23.2 

US (65 °C), 1 h 0.108[b] 69[d] 17.9 

Ligand exchange Conventional (90 °C), 24 h 0.284[b] 73[d] 6.5 

MNPs@CA 

Physical assembly 

Conventional (80 °C), 1 h 0.368[b 40[d] 8.7 

US (65 °C), 1 h 0.340[b] 33[d] 10.5 

Ligand exchange Conventional (90 °C), 24 h 0.187[b] 75[d] 14.6 

[a] Diameter size acquired by TEM analysis. [b] Polydispersion index of water suspension of coated MNPs acquired by 
DLS analysis. [c] Polydispersion index of hexane suspension of coated MNPs acquired by DLS analysis. [d] hydrodynamic 
diameter size acquired by DLS analysis. 



112 
 

The effectiveness of the derivatization reaction was investigated by FT-IR (Fourier Transform 

Infrared Spectroscopy) and thermogravimetric analysis (TGA). The FT-IR bands characteristic 

of the iron oxide magnetic core are found at 620 cm-1 (ascribed to the torsional and stretching 

vibration of the Fe-O bond) and 3320-3240 cm-1 (assigned to O–H stretching vibration of 

hydroxyl group exposed on MNPs surface or to water residual).449 In the spectrum of 

MNPs@StA the surfactant characteristic peaks are clearly visible. Peaks at 2920 and 2850 cm -

1 are ascribed to CH2 symmetric and asymmetric stretching. Typical peaks attributed to C-O 

symmetric and asymmetric vibrational modes are visible at 1555 and 1390 cm -1. After exchange 

with CMDx and CA new absorbent peaks appear at 1140, 1010 cm -1 (due to the -

glucopyranose ring deformation modes)448, 450, 451 and at 1080 cm-1 (assigned to C-H vibration), 

respectively. The peaks at 1590 and 1390 cm-1 are ascribed to the –COO– symmetric and 

antisymmetric stretching (Figure 59a).452 

TGA allowed to measure the grafting and to confirm the identity of the synthesized MNPs 

systems. TGA curves are normalized to 100 °C to prevent any possible solvent influence on 

yield calculations and the small weight loss between 100 and 150 °C can be ascribed to the 

evaporation of adsorbed water molecules. TGA curves of bare and coated MNPs in the 

temperature range of 100 - 800 °C under nitrogen atmosphere are shown in Figure 59b (TGA 

curves of bare and coated MNPs obtained by physical assembly are reported in Figure 157, 

Appendix). TGA curve of MNPs@CMDx shows a degradation phase at 290 °C. This is lower 

than the temperature value registered in pure CMDx degradation profile (300 °C), due to the 

iron catalytic effect, as reported in literature.409 TGA curves of MNPs@CA displays two 

degradation steps: at 270 °C and 610 °C. They are ascribed to the decomposition of citrate 

groups, chemically bounded to magnetite surface. The percentage of coating molecules 

attached to the surface of MNPs can be easily calculated via measuring the difference in 

residual weight between bare and coated MNPs and it is reported in   

Table 21.  
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Figure 59. (a) FT-IR spectra and (b) TGA profiles of bare and coated MNPs, prepared by the ligand exchange 
approach. 
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6.2.2. Preparation of β-CD-coated MNPs 

In order to meet the demand for biocompatible adsorbent nanomaterials, multifunctional 

nanocomposite IONPs, β-cyclodextrin (β-CD) and citric acid systems were prepared. β-CD is a 

cyclic oligosaccharide composed of seven linked D-glucopyranose units and that can be 

represented as a toroid structure with narrow and wide openings  corresponding to the primary 

and secondary hydroxyl groups, respectively (Scheme 22). This peculiar structure means that 

β-CD can be exploited as adsorbing agents. β-CDs were chosen to replace the generally used 

dextran and their addition was fundamental to increase adsorption properties , thanks to their 

ability to act as vectors, by forming host-guest inclusion complexes. The addition of citric acid 

was essential to prevent NPs aggregation through electrostatic repulsion and its carboxylate 

functions can improve the ligand exchange process, as already demonstrated.  Thus, the 

combination of MNPs, β-CD and citric acid represented an important tool for obtaining 

promising biotechnological nanosystems.  

 
  

Scheme 22. Three representations of the general structure of β-CD. The numbers show the composition of the 
β-CD, made of seven linked D-glucopyranose units. When a hydroxyl function is replaced by a new functional group (R) 
the structure is represented as the figure on the right, where the new functionality is shown and just more six (VI) hydroxyl 
function on that position are present.  

Here, two different multifunctional nanocomposite systems were prepared exploiting the 

acquired knowledge on MNPs covering through ligand exchange strategy , starting from 

MNPs@StA. A combination of citric acid and β-CD or citric acid and amino citrate β-CD 

(Citramide) were used to prepare versatile hydrophilic MNPs (MNPs@CA-β-CD and 

MNPs@CA-Citramide, respectively) (Scheme 24). Citramide was used to study the influence 

of an amino citrate spacer, between IONPs core and β-CD, with the aim to enhance the ability 

of inclusion complex formation, improve the cell incorporation and the biocompatibility. In fact, 

Citramide is able to chemisorb to the IONPs by forming a carboxylate function with Fe-OH 

groups present on NPs surface, exposing β-CD cavity, that can be used for inclusion complex 

formation and as adsorbent material. Moreover, the presence of aminic functions could promote 

the cell permeability. The preparation of Citramide was carried out starting from the reaction 

between 6I-O-p-Toluenesulfonyl-β-CD and diethylentriamine, followed by the reaction of 6I-

diethylentriamine-6I-monodeoxy-CD with citric acid anhydride, via the formation of a stable 

amide bond (Scheme 23). 
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Scheme 23. Reaction scheme for the synthesis of Citramide. (a) diethylentriamine, 100 °C, 7 h; (b) citric acid 
anhydride, DMF, pyridine, 40 °C, 24 h.  

 

 

Scheme 24. Reaction scheme for MNPs@CA-β-CD, MNPs@CA-Citramide. Ligand exchange approach was 

used. 

As visible from TGA profiles (Figure 60), highly coated systems were obtained. A w/w % grafting 

of MNPs@CA-β-CD and MNPs@CA-Citramide was calculated to be 66.4 and 27.2%, 

respectively. The hydrophilic coatings were important to produce water dispersible systems, 

that showed very high stability in aqueous solvents, as demonstrated by the measure of the 

PDI and stability assays, as reported below. In order to better understand the physical stability 

of these nanosuspensions, the surface charge was estimated by zeta potential measurement. 

The significance of zeta potential is that its value can be related to the short- and long-term 

stability of suspensions. Suspensions with high zeta potential (negative or positive, other than 

-30 mV to +30 mV) are electrically stabilized , while suspensions with low zeta potentials tend 

to aggregate or flocculate, due to the van der Waals attractive forces that act upon them, leading 

to poor physical stability. In general, when the zeta potential of an emulsion is high, the repulsive 

forces exceed the attractive forces, resulting in a relatively stable system. MNPs@CA-

Citramide exhibited similar zeta potential to MNPs@CMDx. They resulted more positive than 

MNPs@CA-β-CD and MNPs@CA zeta potentials. This is due to absence of citrate functional 
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groups in the case of MNPs@CMDx and the presence of amino functional groups in 

MNPs@CA-Citramide, deriving from the amino citrate derivatized β-CD. Zeta potential values 

are reflected in the hydrodynamic size: as the negative zeta potential increases, MNPs  

aggregation decreases, improving the repulsion among them, as observed for MNPs@CA-β-

CD, that exhibited smaller hydrodynamic diameter (47 nm) (Table 22).  

Table 22. Dispersibility, size, degree of functionalization and zeta potential of coated MNPs. 

Sample PDI Size (nm)[c] Coating % (ww)[d] Zeta potential (mV) 

MNPs@StA 0.147[a] 23 ± 0.71 29.2 - 

MNPs@CMDx 0.284[b] 73 ± 1.34 6.5 -30.3 ± 1.41 

MNPs@CA 0.187[b] 75 ± 1.78 14.6 -35.7 ± 0.93 

MNPs@CA-β-CD 0.446[b] 47 ± 1.98 66.4 - 10.17[e] -33.4 ± 2.14 

MNPs@CA-Citramide 0.335[b] 149 ± 2.05 27.2 - 9.89[e] -30.6 ± 1.75 

[a] Polydispersion index of hexane suspension of coated MNPs acquired by DLS analysis. [b] Polydispersion index of 
water suspension of coated MNPs acquired by DLS analysis. [c] hydrodynamic diameter size acquired by DLS analysis. 
[d] Coating w/w % measured by TGA. [e] β-CD w/w % grafting measured by php titration. 

The evidence for the formation of MNPs coating was confirmed by FT-IR studies. The FT-IR 

spectra of MNPs@CA-β-CD and MNPs@CA-Citramide resemble the spectrum of CDs. The 

major bands at 3310, 2920, 1150, 1030 cm-1 correspond to the β-CD stretching vibrations of –

OH, –CH2, –C–C and β-CD bending vibration of –OH groups, respectively. The band at 1700 

cm-1 is due to the vibration of the C=O group of the carboxylic acid. The band at 1630 cm -1 

corresponds to the H–O–H deformation band of water present in the cavity of β-CD. It indicates 

that β-CD cavity is not occupied and it is available for host-guest inclusion complex formation. 

The stretching C-N (not very useful) and N-H, ascribable to the amino citrate portion, at 1000-

1350 and 3100-3500 cm-1 are covered up by other signals. A typical FT-IR spectrum is reported 

in Figure 60. 
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Figure 60. (a) TGA profiles and (b) FT-IR spectrum of multifunctional nanocomposite IONPs, β-CD and citric acid 
systems.  
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Adsorption performances were studied using phenolphthalein and adamantane amine. The 

interaction between β-CD and phenolphthalein (Php) is selective and allows to measure the 

amount of β-CD that maintains inclusive properties when grafted onto MNPs surface. The 

amount of β-CD was measured via titration with Php in the buffer solution (pH = 10.5) 0.008 

mM and was measured on the basis of UV absorbance, via interpolation from the standard 

curve.453 The change in Php absorbance was recorded on a UV spectrophotometer at 553 nm. 

By UV absorbance of the Php solution it was possible to detect the presence of solid supported 

β-CDs and measure a w/w % of grafting (ca 10 mg/100 mg, reported in Table 22). Despite the 

higher derivatization degree registered by TGA for the sample MNPs@CA-β-CD (66.7%), a 

lower w/w % grafting (10.17%) was recorded by UV analysis. This could be ascribed to the 

inability of all the β-CDs to act as inclusion vectors, due to the po ssible inappropriate 

conformation when used as coating of MNPs. When the amino spacer is interposed between 

the β-CD and the MNPs surface similar inclusion ability is obtained (9.89%), despite the 22% 

w/w registered by TGA. This means that, proportionally, more β-CDs maintain inclusion 

complex capability, probably due to the better exposure of the β-CD cavity.  

On the other hand, the adsorption of adamantane amine was used to know the MNPs sorption 

capacity and to give addition information about the surface properties of the material. 

MNPs@CA-β-CD (2 mg) were added in 1 mL of adsorbate solutions of increasing 

concentrations and stirred in an US bath for 1 h. After the elimination of the NPs via magnetic 

recovery, the concentration of the solutions was analyzed using GC-FID and determined using 

a calibration curve. It has been observed that the adsorbed amount increased increasing the 

concentration of the adsorbate, till reaching a value of 2,50 mmol/g, confirming the interactions 

of adamantane amine with the surface MNPs functional groups and β-CDs.  

 

 

a b 

Figure 61. Adsorbed molecules (a) phenolphthalein, (b) adamantane amine, used for the study of MNPs@CA-
β-CD sorption capacity. 

 

6.2.3. Stability assays 

For application of MNPs as delivery vectors for drug targeting and similar biomedical 

applications important features must be considered. Size, charge, surface chemistry and 

functionalization of the particles are particularly important since they strongly affect blood 
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circulation time, aggregation, mobility and bioavailability of the particles within the body. The 

study of stability and level of MNPs aggregation in physiological conditions is also very 

important in view of biomedical applications. Thus, the stability of MNPs@CA, MNPs@CMDx, 

MNPs@CA-CD and MNPs@CA-Citramide in three different media (bidistilled water, human 

serum and HEPES buffer added with 1.2 mM albumin) was inves tigated. The stability of these 

systems was evaluated by tracking the relaxivity for seven days. All the preparations displayed 

good stability in the tested media, thus laying the basis for potential future in vivo applications. 

Results for MNPs@CMDx, MNPs@CA, MNPs@CA-β-CD and MNPs@CA-Citramide are 

presented in the Appendix, Figure 160.  

 

6.2.4. Structural characterization 

The size and morphology of bare and coated MNPs were studied by HR-TEM analysis. The 

aggregation state and the size of the resulting iron oxide nanoparticles changed depending on 

the approach employed to synthesize the nanosystems. More in detail, when bare MNPs were 

prepared following the co-precipitation method under conventional heating, larger particle size 

(diameter around 14 nm) and more aggregated species than the bare MNPs obtained by 

combined MW and US irradiation were obtained. In addition, the resulting material obtained by 

the MW and US-assisted synthesis method showed a more homogeneous distribution and 

uniformity of size and morphology, with predominance of sphere-like shape particles in the nano 

dimension. The same can be observed analyzing the size and the shape of MNPs@CA, 

MNPs@CMDx, MNPs@β-CD-CA. Diameters around 6-14 nm are observed, as well as sphere-

like morphology nanoparticles. In addition, the well -defined lattice fringes of crystallographic 

planes of iron oxide species are visible in all the samples, helping the nanoparticle identification 

and suggesting the sample crystalline structure typology. The small average size of the 

synthesized MNPs suggested the superparamagnetic behaviour of obtained nanoparticles. 

According to the literature, below some critical size, the number of magnetic domains decreases 

until one, characterized by a group of spins all pointing in the same direction and acting 

cooperatively.454 Here, a representative image of MNPs coated with β-CD and citric acid is 

shown. The HR-TEM images of all of the samples can be found in the Appendix, Figure 164. 

Sphere-like morphology nanoparticles are visible, as well as the well -defined lattice fringes. The 

interplanar distances were calculated and the obtained values correspond to interplanar 

distances of (227) planes. These crystallographic planes are of Fe3O4 crystalline structure.  
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a b 

Figure 62. (a) representative HR-TEM image of MNPs@β-CD-CA, with schematic representation of nanoparticle 
morphology and alignment of the spacings between the observed diffraction fringes, directly visible in HR -TEM image (b); 
(c) particle size distributions. 

The magnetic behaviour of MNPs@StA, MNPs@β-CD-CA and MNPs@Citramide-CA was 

studied by magnetization measurements. Measured magnetization, M, in an applied field, H, is 

a cumulative response of a large number of particles. The measured M(H) curve is therefore a 

statistical sum of the magnetization response of individual IONPs with different domains and 

different phases composition , depending also by density, size and dipolar interactions.455 Figure 

63 shows the magnetization curves at room temperature. Generally, the saturation 

magnetization increases with increasing MNPs size, due to a decrease of the cohesive energy, 

but it is also dependent on the different chemical composition of the surface and the surface 

effects on the magnetic field. The saturation magnetization values corroborate the 

superparamagnetic behavior of these systems, because of the absence of the hysteresis loop. 

The MS values are consistent with generally reported MS measurements for similar MNPs, 

normally between 60 and 30 emu/g. 

 

Figure 63. Magnetization measurement analysis of MNPs@CA-β-CD and MNPs@CA-Citramide. 
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6.2.5. Relaxometric properties 

In view of potential applications of these MNPs for MRI purposes, the relaxometric properties 

of MNPs@CA, MNPs@CMDx, MNPs@CA-β-CD and MNPs@CA-Citramide were investigated. 

More in details, transverse and longitudinal relaxivities were measured and nuclear magnetic 

relaxation dispersion (NMRD) profiles were acquired. NMRD profiles, that report the 

dependence of the proton longitudinal relaxation rate (R1) on the external magnetic field (B0), 

are considered essential tools to estimate the efficiency and study magnetic properties of MNPs 

used as contrast agents for MRI. The experimental NMRD profiles of acquired MNPs  

suspensions have been fitted using the Roch’s theory.456 The fitting allows the determination of 

several MNPs physical parameters, such as size (A), Néel relaxation time (N) and P/Q. This 

model can be applied to small nanosystems (metallic core less than 20 nm), supposing that the 

metallic core acts as a single magnetic domain. It considers that the relaxation is subject to two 

contributions: first, diffusion of solvent protons into the inhomogeneous nonfluctuating magnetic 

field created by the large magnetic moments of the superparamagnetic nanoparticles , aligned 

onto Bo (Curie relaxation, predominant in the high field part of the NMRD profiles), and second, 

the fluctuations of the electronic magnetic moment or the Néel relaxation , dominating at low 

frequencies. The fluctuation of the nanoparticle magnetic moment is characterized by a 

relaxation time, N, that is the inverse function of the magnetization flip rate from one direction 

along the axis to the opposite one. At low frequencies the magnetic moment of the particles is 

locked onto the anisotropy axis, due to the high crystal anisotropy, and the relaxation occurs 

both via Néel relaxation and water diffusion. At high frequencies, the magnetic moment is 

locked onto the magnetic field direction, thus, Néel relaxation does not happen, and the 

relaxation occurs only via water diffusion.  

Figure 64 displays the R1 magnetic field dependence (NMRD) of MNPs@CA, MNPs@CMDx, 

MNPs@CA-β-CD and MNPs@CA-Citramide. The shape of the curves is typical of the 

relaxation induced by superparamagnetic particles and some d ifferences in shapes of NMRD 

profiles, especially at low magnetic fields, depend on particle properties, such as size, 

clustering, Néel relaxation time and saturation magnetization. The different profile of 

MNPs@CA-β-CD can be explained by the presence of more instable suspensions (as visible 

from PDI measurement: 0.446) characterized by higher aggregation. Table 23 reports the 

parameters obtained by the fitting of NMRD profiles for the different coated MNPs. The 

calculated diameter size (A) is similar to that registered by TEM, while P and Q factors are 

related to the magnetic anisotropy energy (EA). P should decrease with increasing energy 

barrier, while Q should increase. N is also reported.406, 457 



120 
 

0,01 0,1 1 10 100

0

20

40

60

80

100

120

 MNPs@CA-Citramide

 MNPs@CA-ßCD

 MNPs@CA

 MNPs@CMDx

L
o

n
g

it
u

d
in

a
l 
R

e
la

x
a

ti
o

n
 R

a
te

 (
s

-1
 m

M
-1
)

Proton Larmor Frequency (MHz)
 

Figure 64. NMRD profiles of MNPs@CMDx, MNPs@CA, MNPs@CA-β-CD, MNPs@CA-Citramide. 

 

Table 23. Interpolated parameters from NMRD profiles by the Roch’s model fitting.  

Sample 
rDLS 

(nm) 

rTEM 

(nm) 

Ms 

(emu/g) 

A 

(nm) 

τN 

(ns) 
P Q P/Q 

MNPs@CA 37.5 8.9 30-60(a) 9.5 1.25E-07 0.01 0.64 0.016 

MNPs@CMDx 36.5 10.7 30-60(a) 10.7 1.00E-06 0.07 0.37 0.190 

MNPs@CA-β-CD 23.5 6.5 37 11 4.0E-07 0.61 0.39 1.572 

MNPs@CA-
Citramide 

74.5 9.0 43 9.0 2.6E-07 0.02 0.59 0.037 

(a) The Ms value of MNPs@CA and MNPs@CMDx has not been measured. For this reason, a variable Ms parameter 
was set during the fitting procedure. 

From the calculation of the ratio between transverse relaxivity (r2) and longitudinal relaxivity (r1) 

it was possible to evaluate the efficiency of coated MNPs as T2 contrast agents for MRI 

applications. The higher is the r2/r1 ratio, the higher is the predicted T2 effect. The MR relaxivities 

of coated MNPs were measured, noticing an increase on their spin-spin (r2) to spin-lattice (r1) 

relaxation ratio (r2/r1) from 10 to 100, originating, therefore, a better negative contrast. While 

the calculated r2/r1 ratio at 20 MHz is comparable for all the preparations, increasing the 

magnetic fields the r2/r1 ratios change. MNPs@CA, MNPs@CA-β-CD and MNPs@CMDx show 

comparable r2/r1 ratios among them and with those reported in literature. MNPs@CA-Citramide 

shows higher r2/r1 ratio. Looking at the hydrodynamic diameter size of such system (149 nm), 

the higher r2/r1 values could conflict with the theory, that affirms that increasing the coating 

thickness the r2/r1 ratio should decrease.458 However, it should be underlined that the effect of 

the coating size on r2 and r1 relaxivities is determined by two competing factors: the physical 

exclusion of protons from the magnetic field and the residence time for protons within the 

coating zone. So, probably, the higher hydrodynamic diameter size is only a reflection of a 
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better coordination between the coating and the water molecules , as confirmed by TEM images, 

where a small dimension of iron oxide core, as well as coating thickness is observed.  

Additionally, MRI tests have demonstrated an effective contrast, providing clear images, as 

shown in Figure 162. 

 

6.2.6. Cytotoxicity  

To study the biocompatibility of MNPs@CA-β-CD and MNPs@CA-Citramide, the MTT assay 

was performed following incubation of J774A.1 cells with different concentrations of MNPs for 

different time points (4 and 24 h) (Graph 6). Obtained results showed that cell metabolism was 

affected in a concentration-dependent manner. MNPs cytotoxicity increased with increasing 

iron concentration for both the preparations. Moreover, the cell viability slightly varied with the 

MNPs coating, demonstrating higher cytocompatibility when the cells are incubated with 

MNPs@CA-Citramide. A good cytocompatibility of the samples even at 10 µg/mL was 

demonstrated after 4 h of incubation and cell viability following 24 h of incubation was more 

than 70% at iron concentrations of 0.05 mM for both MNPs@CA-β-CD and MNPs@CA-

Citramide, taking into account that 0.05 mM of iron nanoparticle concentration is considered to 

be far higher than the normal use and as far as the viability is higher than 70%, the carriers can 

be considered non-cytotoxic in accordance with ISO 10993-5:2009.459 
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Graph 6. MTT assay results for concentration of 0.5, 2, 5, 10, 20 mg/mL of MNPs differently coated: [a] 
MNPs@CA-β-CD, [b] MNPs@CA-Citramide. 
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6.3. Conclusions 

A simple, effective, efficient and highly reproducible US-assisted IONPs preparation method is 

reported to obtain negatively charged β-CD-grafted IONPs. US technology provided control 

over size, morphology and nanostructure of particles. A ligand exchange approach was proven 

to be the most convenient synthetic procedure. High -quality coated MNPs were synthesized 

and versatile β-CDs coated MNPs combined with citric acid were successfully prepared and 

characterized. The introduction of an amino citrate spacer between the IONPs cores and the β-

CDs was studied and it was demonstrated that a better inclusion complex capability, as well as 

higher biocompatibility was obtained . The addition of β-CDs as capping agents is fundamental 

for obtaining hydrophilic MNPs and stable water suspensions with good relaxometric properties, 

stability, cytocompatibility and adsorption capacity.  
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Chapter 7 

Flow chemistry for the synthesis of drugs 

 

7.1. Introduction 

A six-month period, spent in South Africa thanks to an Erasmus+ project and the collaboration 

with Professor Willem van Otterlo (Stellenbosch University, Stellenbosch) and Professor Paul 

Watts (Nelson Mandela University, Gqeberha), gave me the possibility to investigate the flow 

chemistry as innovative technology for the synthesis of drugs. Flow chemistry was chosen 

because of its well-known ability to overcome some of the challenges intrinsic of batch reaction  

conditions, and it represents a typical enabling technology aimed at the realization of green 

production processes of pharmaceuticals. Flow chemistry technology is an innovative 

methodology where reactions are carried out in continuous flowing streams. The application of 

this technology in the academia and in the industrial production of complex compounds has 

rapidly increased over the last few years, due to its several well documented advantages over 

the conventional batch processes, such us efficiency, reduced reaction time, enhanced 

chemical selectivity and improved yields, accurate control of the reaction parameters, efficient 

mixing, scale-up, enhanced safety and reproducibility.108 A way to exploit the advantages of 

continuous flow reactors is the combination of sequential chemical reactions within one 

process. A multistep synthetic sequence in the flow mode imposes the transfer of the reaction 

mixture into several reactors in line with the benefit that the intermediates are not isolated but 

are directly transferred into the next flow reactor. However, the decomposition of the multistep 

flow synthesis could be required to the simple switch of solvents. Moreover, if the temperature, 

the homogeneity, the concentrations, and the choice of reagents are parameters that can be 

optimized for every single step, the back pressures, the solvents, the flow rates and the 

residence times are influenced by the first reactor conditions. Thus, every additional reaction 

step leads to an even more complex system.460 Moreover, solid phase substances, such as 

heterogeneous reagents or catalysts, represent a problem, due to the blockage of the flowing 

system. However, packed-bed materials have been designed. They are composed of a 

chamber that contains catalyst particles, solid reagents, or they can be used for purification by 

the means of solid-phase scavengers or chromatographic separation.461 

Multicomponent reactions (MCRs) provide a powerful tool for drug discovery and development. 

Combined with the power of flow chemistry they provide effic ient tools for the modern medicinal 

chemistry. MCRs are defined as one-pot processes that combine three or more starting 

materials to selectively give a single product that contains all of the atoms of the reactants, thus 

satisfying the second principle of green chemistry, namely atom economy. MCRs offer the 
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ability to rapidly create molecular diversity and complexity, becoming essential in medicinal 

chemistry for the sustainable production of pharmaceuticals.462 Some notable applications of 

MCRs in pharmaceutical industry for the synthesis of commercial drugs rely on the synthesis 

of lidocaine, that is produced by a three-component version of the Ugi reaction, as well as the 

antiplatelet agent clopidogrel.463 The calcium channel blocker Nifedipine can be synthesized by 

the Hantzsch MCR,464 the piperazine moiety of the HIV drug Indinavir by the Ugi 4CR,465 the 

antiandrogen Bicalutamide using a Passerini-type reaction466 and a two multi-step MCR for the 

synthesis of the anti-schistosomiasis Praziquantel follows the Ugi/Pictet-Spengler 

mechanisms.467 However, despite this large number of examples the application of flow 

chemistry in manufacturing active pharmaceutical ingredients (API) is still not confirmed.  

Thus, it was envisaged that an anticancer camptothecin analogue and the anti-schistosomiasis 

Praziquantel could be efficiently and cost-effectively synthesized in a continuous flow system 

to demonstrate the feasibility of MCRs in the production of drugs by the means of flow 

chemistry. Moreover, the multistep continuous flow synthesis of the Itraconazole substructure 

was supposed starting from the 4-[4-(4-methoxyphenyl)piperazin-1-yl]-aniline whose reduction 

from the 1-(4-methoxyphenyl)-4-(4-nitrophenyl)piperazine was studied in flow chemistry by 

using a packed-bed reactor. 

 

7.2. Results and discussion 

This project began by preparing the starting materials for the MCRs and the synthesis of the 1-

(4-methoxyphenyl)-4-(4-nitrophenyl)piperazine in batch conditions, following well -known 

procedures. Later, the MCRs for the synthesis of a Camptothecin analogue and Praziquantel, 

as well as the investigation of the reduction of the 1-(4-methoxyphenyl)-4-(4-

nitrophenyl)piperazine to its corresponding aniline were firstly investigated following 

conventional approaches and successively studied in flow reactors.  

7.2.1. Continuous flow synthesis investigation of 6-aminouracil 
Camptothecin analogue 

The 3-MCR for the synthesis of camptothecin analogues proceeds via the formation of a 

Knoevenagel adduct between benzaldehyde (2) and the activated 1,3-indanedione (1a) to 

afford intermediate (4e), that interacts with 6-aminouracil (3) and afford intermediate (5) via 

Michael addition. The intermediate (5) undergoes intramolecular cyclization with participation 

of the amino function and one of the 1,3-indandione carbonyl groups to form (6), that is finally 

oxidized to give the product (7) (Scheme 25).468 
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Scheme 25. Reaction mechanism of the MCR for the synthesis of a camptothecin analogue. 

MCRs of camptothecin analogues have already been reported in literature. Deep eutectic 

solvents were used to develop a eco-friendly procedure468 and libraries of differently substituted 

heterocycles were proposed by optimizing the reaction conditions, comparing solvents and 

additives.469 The optimization of the reaction conditions suggested the use of DMF or a mixture 

of AcOH and glycol (2:1) at 120 °C as better solvent and temperature conditions, while the 

discovery of the beneficial effect of oxygenation of the reaction mixtures has led to an efficient 

multicomponent process to prepare various oxidized substrates, avoiding the final oxidative 

step, generally carried out using chloranil. Finally, it is reported that the isolation of the product 

was simply carried out by filtering the formed precipitate.470  

However, the biggest challenge correlated to the use of continuous flow processing in chemical 

synthesis is the formation of and use of solids. The channel diameters of continuous flow 

reactors range from micrometers to millimetres and can hardly tolerate the presence of solids. 

Channel blockage is a common phenomenon and a serious drawback that must be alleviated. 

To circumvent this problem, the use of very dilute reactant solutions was employed.  

As a starting point of this investigation, the batch synthesis of a 6-aminouracil Camptothecin 

analogue with a series of solvents at different concentrations was explored. From the 

comparison of DMF, glycol and THF, it was observed that the use of ethylene glycol or THF 

require very diluted solutions, not feasible for industrial production, due to the high 

wastefulness. For this reason, DMF was selected as solvent of choice and the maximum 

acceptable concentration was proven to be 0.5 M. Looking at the Knoevenagel mechanism, the 

first synthetic step is concluded by a dehydration reaction, resulting in the unsaturated 

intermediate (4e). The dehydration step can occur spontaneously or by the means of 

dehydrating agents. Molecular sieves or dry MgSO4 are generally used as dehydrating 

additives; they were thus tested, and good yields were obtained. However, in order to get rid of 

the presence of solid reactants into the reaction mixture, not tolerable in continuous flow 
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reactors, the use of acetic anhydride was investigated as complementary dehydrating element. 

As reported in literature,471 it was used in combination with acetic acid, also necessary as 

catalyst for the Knoevenagel product formation.472 The proposed mechanism for the 

dehydration reaction, supported by acetic acid and acetic an hydride is outlined in Scheme 26. 

Following Path A, the reaction starts with the activation of the acetic anhydride by the acetic 

acid. The obtained complex delivers an acyl group to the hydroxyl group of the intermediate 

(4a), deriving from the Knoevenagel reaction between benzaldehyde and 1,3-indanedione, to 

yield the intermediate (4d) along with equimolar amounts of acetic acid and acetate. Abstraction 

of the proton in the intermediate (4d) by the acetate promotes deacetylation with the 

subsequent formation of the unsaturated function in the final intermediate (4e). Alternatively, 

following Path B, the hydroxy group might attack the carbonyl group of the acetic anhydride 

without the involvement of the acetic acid to provide the intermediate (4f), which, upon 

abstraction of the proton, leads to the formation of the desired intermediate (4e).  

 

Scheme 26. Proposed mechanism of the dehydration reaction. 

 

Subsequently, a Michael-type addition/cyclization process takes place (Scheme 27). First, a 

Friedel-Crafts alkylation between intermediate (4e) and 6-aminouracil (3) occurs to deliver the 

imine intermediate (4g). Next, an isomerization takes place with the formation of enamine 

intermediate (5). This intermediate undergoes intramolecular cyclization to give intermediate 

(5a), followed by dehydration and rearrangement to the product (6).473-475 Product (6) is finally 

oxidized to give the final product (7). 

Path A 

Path B 
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Scheme 27. Sequential steps for the synthesis of product (7) starting from intermediate (4e) and 6aminouracil 
(3). 

 

Thus, the combination of DMF, acetic acid, acetic anhydride, at reflux conditions, was proven 

to be the best reaction set-up to carry out the reaction in batch reactors. However, a mixture of 

the final tetracyclic system (7) and the dihydropyridine intermediate (6) was always obtained. It 

was observed that when the reaction flask was opened to the atmosphere, only the tetracy cle 

product was obtained after 16 h. As already demonstrated in other studies, the atmospheric 

oxygen might have a role in this improvement and the conduction of the reaction with saturated 

oxygen atmosphere resulted in the achievement of uniform formation  of the product (7) after 4 

h (99% yield). Another way that was explored to obtain the desired product (7) was based on 

the addition of CuCl2 into the reaction mixture. The oxidative abilities of CuCl 2 have been 

already demonstrated,476 and its influence on dihydropyridine intermediate (6) oxidation was 

here observed. It was fully converted into final product (7) after 4 h (94% yield). Moreover, the 

oxidative step was also conducted in the presence of a strong oxidizing agent, chloranil. While 

the yields remained the same (>99%), as well as the product isolation, through its precipitation 

by the addition of water, the supplementary step of chloranil oxidation was added. The final 

oxidative step was carried out after 5 h, at reflux conditions and it was 4 min long. Finally, the 

same MCR was studied under MW irradiation. MW conditions were set as follows: DMF, acetic 

acid, acetic anhydride, CuCl2 at 160 °C. Fully conversion to the tetracycle product (7) was 

obtained in 1 hour (93% yield). In Table 24 all the tested reaction conditions are reported. 
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Table 24. Study of reaction parameters for the synthesis of product (7) in batch and MW conditions. 

Entry Reaction conditions 
Concentration 

(M) 
(6) : (7) ratio (a) 

1 DMF, AcOH, Ac2O, Reflux, 16 h 0.5 M 0 : 100 

2 DMF, AcOH, Ac2O, Reflux, 5 h 0.5 M 40 : 60 

3 DMF, AcOH, Ac2O, Reflux, O2, 4 h 0.5 M 0 : 100 

4 DMF, AcOH, Ac2O, Reflux, CuCl2 (0,10 eq), 4 h 0.5 M 0 : 100 

5 DMF, AcOH, Ac2O, MW, 160°C, CuCl2 (0,10 eq), 1 h 0.5 M 0 : 100 

Reaction conditions: 1,3-indanedione (0.4 mmol), 4-nitrobenzaldehyde (0.4 mmol), 6-aminouracil (0.4 mmol), DMF (0.8 
mL), acetic acid (0.8 mmol), acetic anhydride (0.8 mmol). (a) Measured by NMR analysis.  

In our preliminary studies on continuous flow synthesis, the division of the reagents into two 

pumped syringes forced us to change the solvent, from DMF to DMSO, due to the insolubility 

of the 6-aminouracil into DMF. Consequently, the utilization of CuCl2, as promising oxidative 

agent, had to be discarded, due to the ability of DMSO to reduce Cu(II) species to Cu(0) 

nanoparticles, that, generated during the continuous flow process could led to pressure buildup, 

equipment failure and disruption of the flow process. Moreover, the combination of DMSO and 

acetic anhydride with the presence of a β-diketone, may give a number of by-products.477 Thus, 

also the use of acetic anhydride was discarded.  

The reaction was carried out in continuous flow reactor, using a mixture of DMSO and acetic 

acid as solvent. Syringe pumps were used to deliver reagents, which were added in 

stochiometric amount and were premixed in DMSO and acetic acid , as shown in Scheme 28. 

The 1.7 mL glass reactor was kept in an oil bath at 160 °C and the internal pressure was 

regulated by a back pressure regulator. Despite the possibility to use higher temperature 

conditions, thanks to the ease and safely pressurized system, temperatures higher than 160 °C 

were not used because of the possible dangerous degradation of DMSO, especially in the 

presence of acid ic substances.478 A conversion of the reagents into a mixture of the 

dihydropyridine intermediate (6) and the final product (7) was determined by following the 

product peaks on HPLC at 254 nm. The conversion to the tetracycle final product (7) increased 

by increasing the residence time, reaching 38% after 1 hour (Table 25 and Graph 7). However, 

due to the impossibility to pump molecular oxygen into the continuous flow reactor, and to avoid 

longer reaction times, the achievement of the fully conversion to the final product (7) was 

obtained via a multistep continuous flow reaction, by co-pumping chloranil dissolved in DMSO.  

The first synthetic step for the synthesis of the intermediate (6) was optimized comparing 

different concentrations and reaction rates (Table 25). The faster conversion was achieved 
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using 0.5 M reagent solutions at 45 min residence time. After determining the optimum 

conditions for the synthesis of intermediate (6), the study was extended to the combined 

oxidative step (step 2, for the synthesis of product (7)). Flow unit 2 involved the oxidation of (6) 

with the presence of chloranil in DMSO at 160 °C for 5 seconds residence time (Table 26). 

Addition of water to the collected reaction mixture caused the precipitation of th e final product 

(7), that was filtered and characterized without further purification. Our procedure demonstrated 

time economy in the total synthesis of 6-aminouracil camptothecin analogue.  

 

Scheme 28. Continuous flow synthesis of 6-aminouracil camptothecin analogue. 

 

 

Graph 7. Graphical representation of selectivity to intermediate (6) or product (7), in continuous flow synthesis. 
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Table 25. Study of reaction parameters for the flow unit 1. 

Entry Reaction conditions Molarity(a) Time (min) 
Conversion % to 

(6)(b) 
Conversion % to 

(7)(b) 

1 

DMSO, AcOH, 160°C 0,5 M 

15 11 20 

2 30 61 31 

3 45 67 34 

4 60 56 38 

5 

DMSO, AcOH, 160°C 0,2 M 

15 36 3 

6 30 42 17 

7 45 67 23 

8 60 45 38 

9 

DMSO, AcOH, 160°C 0,1 M 

15 27 1 

10 30 24 1 

11 45 21 1 

12 60 37 11 

(a) Molarity of the starting solutions; (b) measured by HPLC (H2O : CH3CN, 30 : 70, isocratic, 8 min) at 254 nm. 

 

Table 26. Reaction parameters for the flow unit 2. 

Entry Reaction conditions Molarity(a) Molarity(b) Time (sec) 
Conversion % to 

(6)(c) 

1 DMSO, 160°C 0,25 M 0,125 5 100 

(a) molarity of (6) in DMSO at the end of flow step 1; (b) molarity of chloranil solution in DMSO; (c) measured by HPLC 
(H2O : CH3CN, 30 : 70, isocratic, 8 min) at 254 nm. 

 

7.2.2. Continuous flow synthesis investigation of Praziquantel 

The synthesis of Praziquantel, an anti -schistosomiasis drug, was prepared following a short 

MCR strategy, employing an Ugi reaction followed by Pictet–Spengler cyclization. The Ugi 

reaction is more efficient than the industrially employed 5-step synthesis. Praziquantel is 

administered as a racemate so stereoselectivity issues with the Ugi reaction (i.e., lack of a 

catalytic asymmetric version) do not represent a problem.479 The reagents for the Ugi reaction 

are cheap, excluding phenethyl isocyanide, which can be synthesized from phenylethylamine. 

Here, a two-step procedure was followed  for the synthesis of phenethyl isocyanide: 
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phenylethylamine was firstly reacted with fo rmamide, to give the formylated product,480 which 

was successively dehydrated by the use of POCl3 in CH2Cl2 and Et3N as base. It has been 

demonstrated that the latter step must be carried out under basic conditions, to avoid reduced 

yields of the product.481 The work-up involved the direct purification of the product through 

chromatographic column and phenethyl isocyanide was obtained in high yield (83%) and purity.  

The synthesis of Praziquantel was firstly studied under batch conditions, following well -known 

procedures.482 The first step, the Ugi-four-component reaction, occurs between formaldehyde 

(8), amino acetaldehyde dimethyl acetal (9), cyclohexane carboxylic acid (10) and phenethyl 

isocyanide (11), to give the intermediate (12) (Scheme 29). It is interesting to notice how 

cyclohexane carboxylic acid acts both as acid and reagent. An equimolar ratio of reagents was 

dissolved into a mixture of MeOH and CH3CN and was heated up at 80 °C for 1 hour, obtaining 

full conversion of the reagents to the intermediate (12), which was collected after liquid/liquid 

extraction and successively underwent to the Pictet–Spengler cyclization, via acetal 

deprotection by the use of methansulfonic acid (MsOH) and final intramolecular cyclization (6 

h, 70 °C). The same synthetic steps were investigated under MW and continuous flow 

processes.  

MW irradiation allowed a decrease in the reaction rates from 1 hour to 15 min, talking about the 

Ugi 4-MCR, and from 6 h to 30 min, when the second step was studied. MW-heating contributes 

to the efficacy of the Ugi reaction because of the high polarity of the intermediates.  

 

Scheme 29. Reaction mechanism for the Ugi four-component reaction. 

The flow process for the synthesis of Praziquantel is shown in Scheme 30. The formation of 

intermediate (12) in continuous flow system was accomplished by the heating at 100 °C in a 

1.7 mL mixing reactor for the reagents, that were pumped into the system by the means of two 

separate full glass syringes. Full conversion of the reagents to intermediate (12) was achieved 

after 15 min residence time. The intermediate (12) was subsequently treated with MsOH at 100 

°C for 30 min residence time in the second reactor with full conversion to product (13), 

demonstrating the feasibility of the multistep synthesis of Praziquantel. Overall, this short two-

step process affords Praziquantel from inexpensive and available starting materials in ~70% 
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yield. The importance to suggest an efficient, cost-effective, and alternative synthetic procedure 

for the preparation of Praziquantel is correlated to the annual mortality rate due to 

schistosomiasis (more than 280.000 people, only in the sub-Saharan Africa), also correlated to 

an increased susceptibility to HIV/Aids. 

 

Scheme 30. Continuous flow synthesis of Praziquantel. 

 

7.2.3. Continuous flow synthesis investigation of 4-[4-(4-

Methoxyphenyl)piperazin-1-yl]-aniline 

An investigation of the nitro reduction of 1-(4-methoxyphenyl)-4-(4-nitrophenyl)piperazine to  4-

[4-(4-methoxyphenyl)piperazin-1-yl]-aniline was prepared adopting the strategies described in 

Scheme 31. An efficient procedure to prepare the N-aryl piperazine (16) was adopted reacting 

4-methoxyaniline with bis(2-chloroethyl)amine hydrochloride (15), previously prepared from 

diethanolamine (14) and SOCl2 in CHCl3,483 in the presence of nBuOH as described in the 

literature,484 followed by the reaction with 1-chloro-4-nitrobenzene, to obtain the desired product 

(17).485 

 

Scheme 31. Synthetic scheme for the synthesis of 1-(4-methoxyphenyl)-4-(4-nitrophenyl)piperazine. Reagents 
and conditions: (a) SOCl2, CHCl3, 5 h, 50 °C; (b) 4-methoxyaniline, nBuOH, reflux, 24 h; (c) DMSO, K2CO3, 1-chloro-4-
nitrobenzene, 160 °C, 15 h.  
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As reported in literature, the hydrogenation reaction  that reduces nitro to amino groups, is 

generally carried out in batch reactors, operated by Pd/C and ammonium formate in methanol, 

at reflux conditions for 3 h. Here, the nitro reduction was investigated to study the use of 

continuous flow system and to suggest an innovative and green reducing procedure, that 

involves the use of more environmentally friendly methodologies. This idea came from intensive 

studies, carried out in the laboratory of Professor Katia Martina, about the selective and 

exhaustive reductions of nitrobenzenes in the presence of glycerol, used as a sacrificial 

hydrogen source.486, 487 Indeed, despite its main disadvantage, i.e. its high viscosity at room 

temperature, glycerol is an optimal solvent for catalysis purposes because of its high polarity 

and capacity to remain in the liquid phase over a large temperature range (from 17.8 to 290 

°C). Moreover, it has low vapor pressure, a long relaxation time and high acoustic impedance, 

meaning that it can be used under MW and US irradiation conditions. Similarly to other polyols 

(e.g., ethylene glycol and polyethylene glycol), glycerol can act as both a solvent and reducing 

agent of metal precursors, and several applications have been developed in the field of metal-

nanoparticle synthesis. Furthermore, glycerol can act as a stabilizer of nanometric species, 

leading to the straightforward recycling of the catalytic phase.332  

Here, Cu(0)NPs were used as efficient catalytic system and a polyol (glycerol or ethylene glycol) 

as hydrogen source. Cu(0)NPs were thus efficiently prepared according to the “bottom-up” 

approach, using glycerol as protecting agent, stabilizer and solvent and supported Cu(0)NPs 

were prepared using celite as inert matrix.  

The catalytic activity of Cu(0)NPs was investigated for the nitro reduction of 1-(4-

methoxyphenyl)-4-(4-nitrophenyl)piperazine (17) to 4-[4-(4-methoxyphenyl)piperazin-1-yl]-

aniline (18). Firstly, it was investigated under batch conditions, followed by its examination 

under continuous-flow process in a packed-bed reactor, thereby allowing the reaction mixture 

to pass through the catalyst without the need of subsequent removal by filtration  (Scheme 32). 

An advantage to the application of the packed bed reactor approach is the presence of 

superstoichiometric amounts of catalyst, resulting in a significant reduction in the required 

residence time. Despite this superstoichiometric amount of Cu experienced by the limiting 

substrate, at any given time, in the reactor the overall flow system will become c atalytic upon 

prolonged operation. 

 

 

Scheme 32. Nitro reduction reaction under continuous flow process, using Cu(0)NPs/celite and ethylene glycol. 
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When batch reactors where used, the quantity of catalyst was set as 10 mol %. Freshly 

prepared Cu(0)NPs were sonicated for 10 min in an US bath until a perfectly dispersed black 

solution was obtained. Then, reagent (17), previously dispersed in a basic (KOH) solution of 

glycerol at the concentration of 0.08 M, was added and the reaction mixture was heated up at 

130 °C and stirred for 5 h, to reach fully conversion of the reagent. The same result could be 

obtained after 8 h when supported Cu(0)NPs were tested.  

Later, the 1-(4-methoxyphenyl)-4-(4-nitrophenyl)piperazine reduction  was performed in a 

heated Cu(0)NPs/Celite packed column reactor (Omnifit EZ column 6.6 mm/100 mm, 0.1 g 

Cu(0)NPs/Celite mixture = 0.575 mL bed volume). As all reactants were mixed prior to entering 

the packed bed reactor, a one-pump set-up could be designed and the reaction mixture was 

loaded by a glass syringe pumped in the packed bed reactor. An oil bath was employed as the 

heating source and the packed bed reactor was immersed, allowing the system to reach the 

desired reaction temperature (130 °C). Finally, the outcome of the reactor was collected into a 

flask and a small amount of the reaction mixture was analyzed by HPLC to determine the 

conversion. The void volume of the packed bed reactor was determined by the weight difference 

of the dry and ethanol-loaded column at room temperature correlated to the density of the liquid 

(bed reactor). A freshly packed column was used for each experiment. The reductive step of 

compound (17) to product (18) was performed using ethylene glycol and KOH in continuous 

flow. In this case, ethylene glycol replaced the glycerol as solvent and hydrogen source in order 

to better allow the flow through the tubes and small bed packed reactor. Due to the poor 

solubility of (17) in ethylene glycol, a very diluted concentration was used (0.01 M). Pumping 

compound (17) through the packed column reactor held at 130 °C for 3.42 min residence time 

87% of conversion to product (18) was afforded.  

After the successful synthesis of compound (17) and its subsequent conversion to (18) using 

Cu(0)NPs and ethylene glycol as hydrogen source, the (18) synthesis from compound (17) was 

attempted via classical Pd/C reduction. Since a rapid reduction of compound (17) (5 h) with 

hydrazine was observed in batch reactors, it was found reasonable to use a Pd/C packed 

column reactor held at 100 °C for this study (Omnifit EZ column 6.6 mm/100 mm, 0.114 g Pd/C 

= 0.669 mL bed volume) (Scheme 33). Different flow rates were investigated (Graph 9). Each 

experiment was performed with a fresh catalyst cartridge. Operating the system at a flow rate 

of 0.620 mL/min, corresponding to a residence time of 1.08 min, resulted in full conversion to 

aniline with 90% of yield. When variations in the flow rate were applied , 0.465 and 0.387 

mL/min, an increase in compound (17) reduction was observed, till to reach a 100% of 

conversion when a 0.310 mL/min, corresponding to 2.16 min residence time, was  applied.  
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Scheme 33. Nitro reduction reaction under continuous flow process, using Pd/C and hydrazine. 

Thus, increasing the residence time improved the conversion. The influence of the temperature 

on nitro reduction was also studied. An increase in temperature (from 80 °C to 100 °C) afforded 

better conversion to (18) (Graph 8 and Graph 9); when 120 °C is the set temperature a slightly 

lower conversion was obtained (Graph 10). Optimum conditions were found to be 100 °C and 

2.16 min residence time to afford (18) in 100% conversion and 79% isolated yield. 

 

Graph 8. Conversion studies for the continuous reduction of (17) to (18), increasing the residence time, using 
Pd/C and hydrazine at 80 °C. 

 

Graph 9. Conversion studies for the continuous reduction of (17) to (18), increasing the residence time, using 
Pd/C and hydrazine at 100 °C. 
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Graph 10. Conversion studies for the continuous reduction of (17) to (18), increasing the residence time, using 
Pd/C and hydrazine at 120 °C. 

Guided by the above studies, it was decided to place special emphasis on monitoring the Pd/C-

catalyzed reduction of 1-(4-methoxyphenyl)-4-(4-nitrophenyl)piperazine over a prolonged time 

period. Indeed, one of the most important features of immobilized catalysts in continuous 

applications derives, apart from the activity of the catalyst, from the ability to be used over 

several h. From the data seen in  Graph 11, full conversion was retained for the first 2 h of 

operation. The batch begins to show traces of unconverted starting material  after 130 min, and 

at 150 min the conversion dropped to 68%. Oversaturation of the catalytically active species or 

a deactivating mechanism could be a possible explanation for the observed decrease in 

conversion. In order to obtain again the fully reduction , catalyst reactivation was performed via 

fresh solvent flowing through the bed packed reactor. In this way, a new batch of reagent (17) 

and base was flowed through and full conversion to aniline was once again achieved for 20 

min, after which the conversion dropped to 74%. The reactivation of the catalyst can occur 

through the cleaning of the catalyst surface from some reaction reagents or products that could 

act on the proper catalyst activity.  

 

Graph 11. Prolonged studies of conversion for the continuous reduction of (17) to (18), using Pd/C and hydrazine 

at 100 °C. 
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Comparing the as-prepared catalytic systems and mentioned reaction conditions with 

commonly used procedures, similar yields were obtained  (Table 27). A special mention goes 

to flow systems, where high conversion and yields were registered, while preserving green 

chemistry goals by the use of Cu(0) supported NPs and long recyclable Pd/C systems.  

Table 27. Reaction conditions and yields for the synthesis of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline. 
Comparison between published procedures and present investigation conditions under conventional ways and flow 
reactors.  

Entry Reaction conditions Isolated yield Ref 

1 Pd/C 10%, MeOH, HCOONH4, 3 h, reflux 60% 485 

2 Pd/C 10%, NH2NH2∙H2O, 3.5 h, reflux 71% 488 

4 Sn/HCl, CHCl3, 3.5 h, reflux 68% 489 

5 Pd/C 10%, DMF, NH2NH2∙H2O, 15 h, reflux 89% This work 

6 Cu(0) NPs, glycerol, 5 h, 130 °C 53% This work 

7 Cu(0) supported NPs 10%, glycerol, 8 h, 130 °C 62% This work 

8 
Supported Cu(0) NPs, ethylene glycol, flow reactor, res. 

time 3.42 min, 130 °C 87%(a) This work 

9 
Pd/C, DMF, NH2NH2∙H2O, flow reactor, res. time 2.16 min, 

100 °C 
79% This work 

(a) Conversion, measured by HPLC. 

 

As shown in Scheme 34, the 4-[4-(4-methoxyphenyl)piperazin-1-yl]-aniline scaffold could be 

used as starting point for the multistep continuous flow synthesis of the Itraconazole 

substructure, where the steps must be optimized, in terms of the choice of solvents, 

concentrations, time and reagents. Indeed, the preparation of the triazolone derivative (23) 

requires several steps. Starting from the 4-[4-(4-methoxyphenyl)piperazin-1-yl]-aniline (18), the 

phenylcarbamate (20) could be obtained by the reaction with phenyl chloroformate (19) at 5 °C, 

followed by the treatment with hydrazine hydrate to give semicarbazide (21). The 

semicarbazide could be reacted with formamidine acetate at 130 °C to give the triazolone 

derivative (23). If the preparation of the intermediate (20) is generally performed in 

dichlorometane, while the second step requires 1,4-dioxane and the third one DMF; a unique 

solvent of choice has to be selected for a continuous flow system. Here, it has been 

hypothesized the use of DMF as solvent, demonstrated to be good in the reduction of the nitro 

compound to 4-[4-(4-methoxyphenyl)piperazin-1-yl]-aniline. Sequential additions of starting 

materials have been designed and the possibility to move the flow systems could give the 

opportunity to control the temperature of the reactors. The isolation of the intermediates would 
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be not required because they would be directly transferred into the next flow reactors; however, 

the flow rates and the residence times would be influenced by the first reactor conditions.  

 

Scheme 34. Hypothetical representation of multistep continuous flow synthesis of compound (23), substructure 
of Itraconazole. 

 

7.3. Conclusions 

The MCRs for the synthesis of 6-aminouracil camptothecin analogue and Praziquantel were 

studied and optimized under batch, MW and continuous flow process conditions. Their 

preparation was proven to be more efficient, safer and faster when continuous flow chemistry 

was employed. Good conversion and isolated yields of the products were obtained, suggesting 

an innovative, green and cost-effective methodology for the application of MCRs for the 

synthesis of drugs. Two efficient methodologies for the reduction of 1-(4-methoxyphenyl)-4-(4-

nitrophenyl)piperazine to 4-[4-(4-methoxyphenyl)piperazin-1-yl]-aniline were studied. The 

efficiency of ethylene glycol as hydrogen source and Cu(0)NPs/Celite, as non -noble metal 

catalyst, were proven in batch and continuous flow process. The same was done exploiting 

Pd/C and hydrazine, where deeper studies on temperature, efficiency and reusability  confirmed 

their good activity at 100 °C, with short residence time and long activity and recyclability. The 

investigation of the multistep continuous flow synthesis of the Itraconazole substructure still 

remains open.  
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Chapter 8 

Experimental details 

 

The PhD Thesis herein described has been elaborated personally, but some external 

professional figures have been essential to carry on specific experimental procedures.  

The characterization of β-cyclodextrin-silica hybrid systems, in terms of infrared spectroscopy, 

UV-Vis-NIR spectroscopy, XAS, XANES and EXAFS was performed by Prof. Gloria Berlier, Dr. 

Elisa Borfecchia and Dr. Fernando Chávez-Rivas (Department of Chemistry, Torino). 

The preparation of NDs through Adamas technology as well as the UV-Vis, the infrared and the 

Raman measurements of derivatized -rGO and NDs were performed by Dr. Federico Picollo  

(Department of Physics, Torino), Dr. Lorenzo Mino and Dr. Francesco Turci (Department of 

Chemistry, Torino). 

The XRD, ICP-MS, SEM, TEM, XPS and SSA characterization of Co/carbon materials were 

performed by Prof. Gloria Berlier (Department of Chemistry, Torino), Dr. Alessio Zuliani, Dr. 

Alain Rafael Puente Santiago, Dr. Juan J. Giner-Casares and Dr. Enrique Rodríguez-Castellón 

(Department of Organic Chemistry, Cordoba). 

The characterization of amino-citrate-β-CD coated MNPs, in terms of TEM measurements was 

performed by Dr. Maria Carmen Valsania and Prof. Giuliana Magnacca (Department of 

Chemistry, Torino). The characterization through DLS, NMRD profiles, cytotoxicity and stability 

was done in collaboration with Prof. Enzo Terreno, Dr. Francesca Garello and Dr. Eleonora 

Cavallari (Department of Molecular Biotechnology and Health Sciences , Torino).  

The continuous flow synthesis of APIs was feasible thanks to a collaboration project with Prof. 

Willem van Otterlo (Department of Chemistry and Polymer Science, Stellenbo sch) and Prof. 

Paul Watts (Department of InnoVenton and The Downstream Chemicals Technology Station, 

Port Elizabeth). 

 

8.1. Sonochemically-promoted preparation of β-cyclodextrin-

silica hybrid systems for efficient copper catalysis 

8.1.1. General working conditions 

All commercially available reagents and solvents were purchased from Sigma-Aldrich (Milan, 

Italy) and used without further purification. SIPERNAT 320 amorphous silica was supplied by 

Evonik Degussa. β-CD was provided by Wacker Chemie (München, Germany). The synthesis 
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of 6I-amino-6I-deoxy-β-CD and 6I-O-p-Toluenesulfonyl-β-CD was performed following 

published synthetic procedure.490 US irradiation at 40-80-120 kHz was performed in a 

ultrasound bath supplied by Weber ULTRASONICS GMBH. When reactions were carried out 

in a combined system MW/US the device has been designed in our laboratory by inserting a 

sonic horn made of pirex inside a RotoShynth (Milestone) microwave chamber (Figure 65).  

Thermogravimetric analyses were performed using a thermogravimetric analyzer TGA 4000 

(PerkinElmer) at 10 °C min−1 operating with alumina crucibles that contained 10−20 mg of 

sample. The analyses were performed under an argon atmosphere at a starting temperature of 

50 °C and an end temperature of 800 °C. Total mass loss was attributed to the functional groups 

that were covalently attached to the sidewalls. UV−vis absorption spectra were measured on a 

dual-beam spectrophotometer (Agilent Technologies Cary 60, G6860AA) equipped with a 1 cm 

path length quartz cuvette. Elemental analyses were performed on an EA 1108 (Fison 

Instruments). Reactions were carried out in professional MW reactor (Monowave 400/200, 

Anton Paar GmbH) using reaction vial G10. Reactions were monitored by TLC on Merck 60 

F254 (0.25 mm) plates (Milan, Italy), which were visualized by UV inspection. TLC Merck 60 

F254 (0.25 mm) plates (Milan, Italy) were used to monitor CuAAC reactions. For GC-MS 

analyses a 30 m capillary column, i.d. of 0.25 mm and film thickness 0.25 μm was used. GC-

MS analyses were performed in a GC Agilent 6890 (Agilent Technologies, Santa Clara, CA, 

USA) that was fitted with a mass detector Agilent Network 5973, using a 30 m capillary column, 

i.d. of 0.25 mm and film thickness 0.25 μm. GC conditions were: injection split 1:10, injector 

temperature 250 °C, detector temperature 280 °C. Gas carrier: helium (1.2 mL/min), 

temperature program: from 50 °C (5 min) to 100 °C (1 min) at 10 °C/min, to 230 °C (1 min) at 

20 °C/min, to 300 °C (5 min) at 20 °C/min. HRMS was determined using a MALDI-TOF mass 

spectra (Bruker Ultraflex TOF mass spectrometer, Milan, Italy). The cations were determined 

with a Perkin Elmer Optima 7000 (Perkin Elmer, Norwalk, Connecticut, USA) inductively 

coupled plasma-optical emission spectrometer (ICP-OES). Jeol ECZ-R at 25 °C, 600 MHz and 

75 MHz for 1H and 13C, respectively, was used to record NMR spectra. Chemical shifts of NMR 

spectra were calibrated to the residual proton and carbon resonances of the solvent; CDCl 3 (δH 

= 7.26, δC = 77.16). Chemical shifts (δ) are given in ppm and coupling constants (J) in Hz.  
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Figure 65. Combined MW/US device. 

Infrared spectra were recorded on a BRUKER FTIR-66 spectrophotometer with a resolution of 

2 cm-1, using a DTGS detector. Measurements were carried out using a home-made cell 

allowing in situ thermal treatment and room temperature measurement. Thin self-supporting 

pellets for transmission measurements (around 10 mg/cm2) were prepared with a hydraulic 

press. Before the measurements the samples were outgassed at 80 °C for 2 h in the same cell 

used for the measurements. -CD and Cu-CD were measured after dilution in KBr, without 

thermal treatment (spectra not reported).  

UV-Vis-NIR spectra were recorded in the 2500-200 nm range at 1 nm resolution on Cary 5000 

UV-Vis-NIR spectrophotometer (Agilent) equipped with a Diffuse Reflectance attac hment with 

integrating sphere coated by BaSO4. Prior to each measurement, a baseline spectrum was 

collected by using Teflon as a reference. Spectra are reported as relative reflectance (R%), 

defined as: 

R% = Rsample / Rreference ∙ 100  

Cu K-edge XAS data were collected at the B18 beamline491 of the Diamond Light Source (UK). 

XAS spectra were acquired in transmission mode, using a fixed -exit double crystal water-cooled 

Si(111) monochromator and Pt-coated mirrors. Ionization chambers filled with different mixtures 

of He and Ar were employed to collect the incident (I0) and transmitted (I1,2) X-ray intensities. 

The third ionization chamber (I2) was used for the simultaneous collection of the XANES 

spectrum of a Cu metal foil, for energy calibration purposes.191 Si-TriAm-CD-Cu, in its as-

prepared and exhausted state was measured at RT in air, in the form of self-supporting pellet, 

with optimized weight for transmission-mode XAS. The CuIIO and CuI
2O model compounds 

were also measured in the form of self-supporting pellets, with optimized weights. Reported 

XAS spectra for [CuII(NH3)3(NO3)]+ are instead reproduced from ref.,193 to which the reader is 

referred for additional details on data acquisition and interpretation. On B18, XAS spectra were 

acquired in Quick-EXAFS mode in the 8800 – 9783 eV range, with a constant energy step of 

0.3 eV in the whole energy range. Each scan required 3 min. To characterize each pelletized 
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sample, five consecutive scans were collected, and averaged the corresponding µx(E) curves 

after checking for signal reproducibility. All the XAS spectra were normalized to unity edge jump 

and aligned in energy using the Athena software from the Demeter package.492 The (k) EXAFS 

functions were also extracted by using the Athena program. Fourier -transform (FT) EXAFS 

spectra were obtained by transforming the k2(k) functions in the (2.4 – 12.0) Å-1 range. 

 

8.1.2. Experimental procedures 

Preparation of chlorinate silica (Si-Cl) 

10.5 mL of SOCl2 were added dropwise to 1 g of silica SIPERNAT 320. The mixture was left 

stirring under reflux, o.n. The suspension was filtered and the powder was washed with 

chloroform and dried under vacuum.493 

Si-Cl titration. 

The amount of chloride present in the sample was determined via argentometric titration. The 

Mohr method was followed. The sample solution was titrated against a solution of silver nitrate 

of known concentration. Chloride ions react with silver(I) ions to give insoluble silver chloride 

(1): 

Ag+ (aq) + Cl- → AgCl (s) (1) 

1 g of Si-Cl was dispersed in 100 mL of a NaHCO3 solution (0.005 M). The solution was stirred 

for 1 h at room temperature. Potassium chromate was used as an indicator, giving red silver 

chromate after all the chloride ions have reacted: 

2 Ag+ (aq) + CrO4 
2- (aq) → Ag2CrO4 (s) (2) 

398 µL of K2CrO4 0.25 M were added and the solution was titrated with AgNO3 0.1 M (2) to 

obtain the amount of chlorosilyl groups on silica surface (~0.9 mmol g -1). 

Preparation of Si-DETA 

Diethylenetriamine (0.500 mL) was dissolved in 0.500 mL of solvent and Si -Cl was added 

(0.100 g). The suspension was heated under stirring in an oil bath (60 °C for 12 h). When the 

reaction was performed in a US bath (40, 80 or 120 kHz, power 200 W), the suspension was 

irradiated for 2-4 h in toluene or in diethylenetriamine. The modified silica was then fil tered, 

washed with water, methanol and chloroform and dried under vacuum at room temperature for 

12 h. 
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Preparation of Si-DETA-CD 

6I-tosyl-β-CD (0.100 g, 0.077 mmol) was dissolved in DMF (1.7 mL) and Si -DETA (0.100 g) 

was added. The suspension was heated to  70 °C under magnetic stirring for 24 h. When the 

reaction was performed under US irradiation, the suspension reacted 4 h (power 200 W, 

frequency 80 kHz). Silica was filtered, washed with water, methanol and chloroform, and dried 

under vacuum at room temperature for 12 h. 

Preparation of Si-NHCD 

6I-amino-6I-deoxy-β-CD (0.163 g, 0.14 mmol) was dissolved in DMF (2 mL) or water and then 

chlorinate silica (0.100 g) and pyridine (0.332 mL) were added. The suspension was either 

conventionally stirred at 60 °C for 12 h or was irradiated in an US bath at 80 kHz for 2-4 h. 

Modified silica was filtered, washed with water, methanol and chloroform, and dried under 

vacuum at room temperature for 12 h. 

Preparation of Si-Gly 

(3-Glycidyloxypropyl)trimethoxysilane (0.040 mL) was dissolved in toluene (1 mL) and silica 

(0.100 g) was added. The mixture was sonicated 2 h in US bath (Power 200 W, Frequency 80 

kHz). The product was filtered and washed with toluene and chloroform. Finally, it was dried 

under vacuum at room temperature for 12 h. 

Preparation of Si-MonoAm 

3-(Trimethoxysilyl)-propylamine (0.040 mL) was dissolved in toluene (1 mL) and silica (0.100 

g) was added. The mixture was sonicated 2 h in US bath (Power 200 W, Frequency 80 kHz). 

The product was filtered and washed wi th toluene and chloroform. Finally, it was dried under 

vacuum at room temperature for 12 h. 

Preparation of Si-DiAm 

3-(2-Aminoethylamino)propyltrimethoxysilane (0.040 mL) was dissolved in toluene (1 mL) and 

silica SIPERNAT 320 (0.100 g) was added. The suspension was either heated under stirring in 

an oil bath (80 °C for 36 h) or the reaction was performed in a US bath (power 200 W, comparing 

40 and 80 kHz as frequencies). Silica was filtered, washed with toluene and chloroform, and 

dried under vacuum at room temperature for 12 h. 
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Preparation of Si-TriAm 

N1-(3-Trimethoxysilylpropyl)diethylenetriamine (0.040 mL) was dissolved in toluene (1 mL) and 

silica (0.100 g) was added. The mixture was sonicated 2 h in US bath (Power 200 W, Frequency 

80 kHz). The product was filtered and washed with toluene and chloroform. Finally, it was dried 

under vacuum at room temperature for 12 h. 

Preparation of Si-Gly-CD 

6I amino-6I-deoxy-β-CD (1 g, 0.88 mmol) was dissolved in DMF (15 mL). Si -Gly (1 g) was 

added. The suspension was irradiated under MW and US combined irradiation at 100 °C for 4 

h (MW power 20 W, US power 35 W). The product was filtered and washed with water, 

methanol and chloroform. Finally, it was dried under vacuum at room temperature for 12 h.  

Preparation of Si-MonoAm-CD 

6I-O-p-Toluenesulfonyl-β-CD (1 g, 0.77 mmol) was dissolved in DMF (15 mL). Si -MonoAm (1 

g) was added. The suspension was irradiated under MW and US combined irradiation at 100 

°C for 4 h (MW power 20 W, US power 35 W). The product was filtered and washed with water, 

methanol and chloroform. Finally, it was dried under vacuum at room temperature for 12 h.  

Preparation of Si-DiAm-CD 

6I-O-p-Toluenesulfonyl-β-CD (0.100 g, 0.077 mmol) was dissolved in DMF (1.5 mL) and Si -

DiAm (0.100 g) was added. The suspension was either heated to 60 °C and stirred for 60 h, or 

was irradiated by US (4 h, power 200 W, frequency 80 kHz). The same procedure was repeated 

under MW and US combined irradiation: 1 g of Ts-CD was dissolved in 15 mL of DMF and 1 g 

of Si-DiAm was added. The suspension was heated at 100 °C for 4 h (average MW power 20 

W, average US power 35 W). After cooling to room temperature, the modified silica was filtered, 

washed with water, methanol and chloroform, and dried under vacuum at room temperature for 

12 h. 

Preparation of Si-TriAm-CD 

6I-O-p-Toluenesulfonyl-β-CD (1 g, 0.77 mmol) was dissolved in DMF (15 mL). Si -TriAm (1 g) 

was added. The suspension was irradiated under MW and US combined irradiation at 100 °C 

for 4 h (MW power 20 W, US power 35 W). The product was filtered and washed with water, 

methanol and chloroform. Finally, it was dried under vacuum at room temperature for 12 h.  
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Synthesis of 6I-O-p-Toluenesulfonyl-β-CD 

The synthesis of 6I-O-p-Toluenesulfonyl-β-CD was performed following published synthetic 

procedure.494 Briefly, β-CD (1.30 g, 1.14 mmol) was dissolved in water (30 mL) and the solution 

was transferred to the cavitating -tube reactor. 1-(p-toluenesulfonyl)imidazole (1.01 g, 4.58 

mmol) was added and the mixture was sonicated for 10 min (19.2 kHz, 20W). 2 mL of aqueous 

NaOH (0.560 g, 14 mmol) were added dropwise and after 30 min the suspension was 

transferred to a flask and NH4Cl (1.67 g, 31.5 mmol) was added. After one night the mixture 

was filtered and washed with ice-cold water (5 mL) and acetone (5 mL). Finally, the solid was 

dried under vacuum. 

1H NMR (600 MHz, DMSO-d6): δ 7.71 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.2 Hz, 2H), 5.72 (dt, J 

= 24.0 Hz, 14H), 4.79 (d, J = 7.5 Hz, 5H), 4.73 (d, J = 3.2 Hz, 2H), 4.51 – 4.39 (m, 5H), 4.37 – 

4.25 (m, 1H), 3.69 – 3.38 (m, 28H), 2.39 (s, 3H). 

β-CD-Cu(II) Complexation 

The silica-β-CD hybrid system (0.100 g) was dispersed in NaOH 0.5 M (0.675 mL). CuSO 4 0.08 

M (0.719 mL) was added dropwise, during US sonication. The suspension was immediately 

filtered and washed with water and methanol. Finally, the solid was dried under vacuum for 12 

h. 

Click chemistry reaction 

Azide (0.0676 mmol, 1 eq) and terminal alkyne (1 eq) were dissolved in 0.500 µL of H2O : 

tBuOH (1:1). Solid supported catalyst was added. The reaction was heated up at 85 °C, for 1 h 

or 5 h or under MW irradiation (85 °C) for 20 min. The resulting mixture was filtered, washed 

with methanol and chloroform. The solvent was removed under vacuum to afford the triazole. 

All products were confirmed by 1H NMR and GC-MS. 

1,5-bis(1-benzyl-1H-1,2,3-triazol-4-yl)pentane (white powder). 1H NMR (600 MHz, CDCl3): δ 

7.39 – 7.31 (m, 6H), 7.24 (d, J = 6.4 Hz, 4H), 7.19 (s, 2H), 5.47 (s, 4H), 2.66 (s, 4H), 1.66 (s, 

4H), 1.38 (s, 2H). 

13C NMR (151 MHz, CDCl3): δ 135.26, 129.38, 128.95, 128.31, 54.40, 29.29, 28.96, 25.85. 

1,6-bis(5-phenyl-1H-1,2,3-triazol-1-yl)hexane (white powder). 1H NMR (600 MHz, CDCl3): δ 

7.84 (d, J = 7.1 Hz, 2H), 7.76 (s, 1H), 7.42 (t, J = 7.6 Hz, 2H), 7.34 (t, J = 8.0 Hz, 1H), 4.40 (t, 

J = 7.0 Hz, 2H), 2.02 – 1.93 (m, 2H), 1.45 – 1.35 (m, 2H). 

13C NMR (151 MHz, CDCl3): δ 130.51, 128.95, 128.27, 125.74, 120.23, 49.82, 29.84, 26.09. 
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2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethan-1-ol (white powder). 1H NMR (600 MHz, CDCl3): δ 7.39 

– 7.32 (m, 4H), 7.26 (d, J = 1.6 Hz, 1H), 7.24 (d, J = 1.0 Hz, 1H), 5.48 (s, 2H), 4.10 (brs, 1H), 

2.85 (s, 2H), 2.19 (s, 2H). 

13C NMR (151 MHz, CDCl3): δ 145.73, 134.91, 129.45, 129.13, 128.47, 121.48, 61.72, 54.07, 

29.62. 

2-(1-undecyl-1H-1,2,3-triazol-4-yl)ethan-1-ol (white powder). 1H NMR (600 MHz, CDCl3): δ 4.32 

(t, J = 6.8 Hz, 1H), 4.11 (q, J = 7.1 Hz, 2H), 2.95 – 2.79 (m, 2H), 1.91 – 1.85 (m, 2H), 1.29 (d, 

J = 11.7 Hz, 4H), 1.27 – 1.26 (m, 2H), 1.25 – 1.23 (m, 10H), 0.87 (t, J = 7.1 Hz, 3H). 

13C NMR (151 MHz, CDCl3): δ 142.20, 132.09, 60.73, 32.20, 30.55, 29.85, 29.65, 29.32, 26.88, 

22.99, 21.37, 14.47. 

4-phenyl-1-undecyl-1H-1,2,3-triazole (white powder). 1H NMR (600 MHz, CDCl3): δ 7.82 (dd, J 

= 8.3, 2H), 7.73 (s, 1H), 7.42 (t, J = 7.7 Hz, 2H), 7.33 (dt, J = 9.1, 1H), 4.38 (t, J = 7.3 Hz, 2H), 

1.96 – 1.90 (m, 2H), 1.38 – 1.30 (m, 4H), 1.29 – 1.15 (m, 12H), 0.86 (t, J = 7.1 Hz, 3H). 

13C NMR (151 MHz, CDCl3): δ 130.92, 129.19, 128.51, 126.08, 119.79, 50.87, 32.22, 30.68, 

29.77, 29.35, 26.84, 23.01, 14.44.  
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8.2. Surface modification of carbon-based nanomaterials: the 

efficacy and versatility of dipolar cycloaddition in the derivatization of 

rGO and nanodiamonds 

8.2.1. General working conditions 

All the reagents were purchased by Sigma Aldrich and used without further purification. TLC 

were carried out on Merck® Kieselgel  60 F254 precoated plates (0.25 mm) and visualized by 

UV inspection. HPLC-MS studies were carried out on a Waters Fraction Link autopurification 

system (flow rate of 1 mL/min) equipped with pump 525EF, PDA 2996 and MS (ESCI-ZQ) 

detectors and/or HPLC Waters Flexinject, pump 1525, PDA 2998, ELSD 2424 (Empower Pro 

software). Low-resolution mass spectra were recorded on a Finnigan -MT TSQ70 in electron 

impact (EI) or chemical ionization (CI) mode, using isobutane as reactant gas. NMR spectra 

were performed on Bruker 300 or 600 and 75 or 125 MHz Advance spectrometer (for 1H and 

13C, respectively). Chemical shifts were calibrated to the residual proton and carbon 

resonances of the solvent; DMSO-d6 (δH = 2.54, δC = 39.5), CDCl3 (δH = 7.26, δC = 77.16). 

Chemical shifts (δ) are given in ppm and coupling constants (J) in Hz. GC-MS analyses were 

performed in a GC Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA), which was fitted 

with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. of 0.25 mm and 

film thickness 0.25 μm. GC conditions were: injection split 1:10, injector temperature 250 °C, 

detector temperature 280 °C. Gas carrier: helium (1.2 mL/min). Temperature program: from 50 

°C (5min) to 100 °C (1min) at 10 °C/min, to 230 °C (1min) at 20 °C/min, to 300 °C (5 min) at 20 

°C/min. The cations were determined with a Perkin Elmer Optima 7000 (Perkin Elmer, Waltham, 

MA, USA) inductively coupled plasma-optical emission spectrometer (ICP-OES). rGO synthesis 

was carried out in a professional MW reactor (Monowave 400/200, Anton Paar GmbH, Graz, 

AT) using reaction vial G10. Thermogravimetric analyses were performed using a 

thermogravimetric analyzer TGA 4000 (Perkin Elmer) at 10 °C min -1 operating under argon (80 

ml min-1) with alumina crucibles containing 6-8 mg of rGO derivatives. Samples were previously 

overnight stove dried at 80 °C, then the samples were heated up to 800 °C (starting 

temperature: 50 °C; temperature increase rate: 10 °C/min; argon flow: 80 ml/min). Total mass 

loss was attributed to functional groups which were covalently attached to the sidewalls. The 

number of functional groups was calculated considering a fixed thermogram temperature. 

Functionalization amounts were expressed in mmol of adducts per 100 mg of rGO or NDs. rGO 

or NDs carbon atoms were excluded in the calculation of the molecular weight of cycloaddition 

adducts. Centrifuge Microfuge 18 (Beckmann Coulter) and Centrikon T -42K (Kontron 

Instruments). UV absorption measurements were performed on a UV-Vis dual-beam 

spectrophotometer (Agilent Technologies Cary 60, G6860AA) equipped with a 1 cm path length 

quartz cuvette. Raman measurements were assessed with a conventional micro-spectrometer 

(Horiba JobinYvon HR800), with optical excitation given by a continuous 532 nm laser focused 

with a 100× air objective or a Renishaw Raman spectrometer (blue laser at 442 nm).  
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8.2.2. Experimental procedures 

General procedure for the synthesis of Fmoc protected amino aldehydes 

 

Scheme 35. Synthesis of Fmoc-aldehydes 1a-c. 

General procedure for the FMOC protection of amino alcohol to products (1a-
1c) 

Amino alcohol (6 mmol) was dissolved in 25 mL of CH2Cl2 and 9-fluoromethyl succinimidyl 

carbonate (2 g, 5.9 mmol) and DIPEA (2.1 ml, 12 mmol) were added. After being stirred at room 

temperature for 24 h, the mixture was diluted with acidulated water (25 mL) and extracted with 

CH2Cl2. The organic layer was washed with water and Brine, dried o ver Na2SO4 and 

concentrated under vacuum to provide white solids 1a-1c in 84%, 91%,74% yield respectively. 

(9H-fluoren-9-yl)methyl(3-hydroxypropyl)carbamate (1a)495 White solid (1.5 g, 84% yield). Rf 

0.51 (CH2Cl2/CH3OH 9:1). 

1H NMR (300 MHz, CDCl3) δ 7.79-7-77 (d, J = 7.5 Hz, 2H, H-6, H-7), 7.62-7.59 (d, J = 7.2 Hz, 

2H, H-3, H-10), 7.44-7.42 (t, J = 7.2 Hz, 2H, H-5, H-8), 7.33-7.31 (t, J = 7.9 Hz, 2H, H-4, H-9), 

5.08-4.88 (brs, 1H, H-11), 4.47-4.45 (d, J = 6.8 Hz, 2H, H-1), 4.26-4.20 (t, J= 6.8Hz, 1H, H-2), 

3.68-3.64 (t, J = 5.7 Hz, 2H, H-14), 3.36 (m, 2H, H-12), 1.65 (m, overlayed, water 2H, H-13) 

ppm. 

13C NMR (75 MHz, CDCl3) δ 157.8, 144.28, 141.75, 128.11, 127.47, 125.39, 120.40, 67.08, 

59.88, 47.70, 38.02, 32.97 ppm. 

ESI-MS+: m/z calc for C18H19NO3 298.14; [M+H]+ found 298.59; [M+Na]+ found 320.64.  

(9H-fluoren-9-yl)methyl(6-hydroxyhexyl)carbamate (1b)496 White solid (1.85 g, 91% yield). Rf 

0.54 (CH2Cl2/CH3OH 9:1). 

1H NMR (600 MHz, CDCl3): δ 7.77 (d, J = 7.8 Hz, 2H, H-6, H-7), 7.60 (d, J = 7.8 Hz, 2H, H-3, 

H-10), 7.40 (t, J = 7.2 Hz, 2H, H-5, H-8), 7.31 (t, J = 7.2 Hz, 2H, H-4, H-9), 4.76 (s, 1H, H-11), 

4.41 (d, J = 7.2 Hz, 2H, H-1), 4.21 (t, J = 7.2 Hz, 1H, H-2), 3.64 (t, J = 6.6 Hz, 2H, H-17), 3.19 

(m, 2H, H-12), 1.59-1.51 (m, 4H, H-13, H-16), 1.41-1.33 (m, 4H, H-14, H-15) ppm. 

13C NMR (151 MHz, CDCl3): δ 144.32, 141.38, 127.80, 127.13, 125.16, 120.07, 66.63, 62.88, 

47.47, 41.04, 32.70, 30.10, 26.51, 25.39 ppm.  
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ESI-MS+: m/z calc for C21H25NO3 339.18; [M+H]+ 340.19, found 340.15; [M+Na]+ 362.17, found 

362.17. 

(9H-fluoren-9-yl)methyl(5-hydroxypentyl) carbamate (1c)497 Yellow solid (1.78 g, 74% yield). Rf 

0.57 (CH2Cl2/ CH3OH: 9:1). 

1H NMR (300 MHz, CDCl3) δ 7.79-7.77 (d, J = 7.4 Hz, 2H, H-6, H-7), 7.59 (d, J = 7.4 Hz, 2H, 

H-3, H-10), 7.42 (t, J = 7.0 Hz, 2H, H-5, H-8), 7.32-7.30 (t, J = 7.0 Hz, 2H, H-4, H-9), 4.8 (brs, 

1H, H-11), 4.43-4.41 (d, J = 6.6 Hz, 2H, H-1), 4.25-4.21 (t, J = 6.6. 1H, H-2), 3.69-3.64 (t, J = 

6.4 Hz, 2H, H-16), 3.22 (m, 2H, H-12), 1.55-1.41 (m, 6H, H-13, H-14, H-15) ppm.  

13C NMR (75 MHz, CDCl3) δ 155.63, 142.97, 140.29, 126.66, 126.02, 124.00, 118.96, 65.50, 

61.43, 46.26, 39.90, 31.15, 28.68, 21.88 ppm. 

ESI-MS+: m/z calc for C20H23NO3 325.17; [M+H]+ found 326.63; [M+Na]+ found 348.54. 

General procedure for the oxidation of N-Fmoc ammino alcohols to N-Fmoc 
ammino aldehydes (2a), (2b) and to product (3)  

 

Scheme 36. Synthesis of products 2a,2b and 3. 

N-Fmoc ammino alcohol 1a-1c (1.68 mmol) were dissolved in 5 mL of CH2Cl2 and Dess-Martin 

periodinane (785 mg, 1.85 mmol) was added. After being stirred r.t. for 90 min, under nitrogen, 

the mixture was diluted with NaHCO3 saturated solution (20 mL) and extracted with CH2Cl2. 

The organic layer was washed with water and brine, dried over Na2SO4 and concentrated under 

vacuum. The crude product was purified over silica (PE/EtOAc 5:5)  

(9H-fluoren-9-yl)methyl(3-oxopropyl)carbamate (2a)498 Yellow solid (476 mg, 86% yield). Rf 

0.74 (PE/EtOAc 5:5). 

1H NMR (300 MHz, CDCl3) δ 9.80 (s, 1H, H-14), 7.79-7.76 (d, J = 7.5 Hz, 2H, H-6, H-7), 7.58 

(d, J = 7.4 Hz, 2H, H-3, H-10), 7.42 (q, J = 7.5 Hz, 2H, H-5, H-8), 7.33-7.28 (q, J = 7.4 Hz, 2H, 

H-4, H-9), 5.30 (brs, 1H, H-11), 4.42-4.40 (d, J = 6.8 Hz, 2H, H-1), 4.21 (m, 1H, H-2), 3.50-3.49 

(q, J = 11.4, 5.6 Hz, 2H, H-13), 2.75-2.71 (m, 2H, H-12) ppm.  
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13C NMR (75 MHz, CDCl3) δ 201.75, 156.80, 144.28, 141.73, 128.12, 127.46, 125.44, 120.40, 

67.09, 47.64, 44.42, 34.87 ppm.  

ESI-MS+: m/z calc for C18H17NO3 295.33; [M+H]+ found 296.  

(9H-fluoren-9-yl)methyl (5-oxohexyl)carbamate (2b) White solid (367 mg, 71% yield). Rf 0.84 

(PE/EtOAc 5:5). 

1H NMR (600 MHz, CDCl3): δ 9.77 (s, 1H, H-17), 7.77 (d, J = 7.8 Hz, 2H, H-6, H-7), 7.60 (d, J 

= 7.8 Hz, 2H, H-3, H-10), 7.40 (t, J = 7.2 Hz, 2H, H-5, H-8), 7.32 (t, J = 7.2 Hz, 2H, H-4, H-9), 

4.79 (s, 1H, H-11), 4.41 (d, J = 7.2 Hz, 2H, H-1), 4.21 (t, J = 7.2 Hz, 1H, H-2), 3.21 (m, 2H, H-

12), 1.66 (t, J = 7.2 Hz, 2H, H-16), 1.53 (m, 2H, H-13), 1.36 (m, 2H, H-15), 1.26 (m, 2H, H-14) 

ppm.  

13C NMR (150 MHz, CDCl3): δ 202.81, 156.76, 144.29, 141.66, 128.00, 127.36, 125.36, 120.31, 

66.83, 47.62, 44.07, 41.09, 30.11, 26.54, 21.95 

ESI-MS+: m/z calc for C21H23NO3 337.41; [M+H]+ found 338.1; [M+Na]+ found 360.18; [M+K]+  

found 376.16.  

(9H-fluoren-9-yl)methyl 3,4-dihydroxypiyridine-1(2H)carboxylate (3) Yellow-white solid (1.78 g, 

74% yield). Rf 0.79 (PE/EtOAc 8:2).  

1H NMR (300 MHz, CDCl3) δ 7.81-7.79 (d, J = 7.6 Hz, 2H, H-6, H-7), 7.63-7.61 (d, J = 7.4 Hz, 

2H, H-3, H-10), 7.46-7.44 (q, J = 7.0 Hz, 2H, H-5, H-8), 7.35 (q, 2H, H-4, H-9), 6.93-6.84 (dd, J 

= 18.4, 8.2 Hz, 1H, H-11), 4.99-4.96 (m, 1H, H-12), 4.45 (d, J = 13.8, 8.9 Hz, 2H, H-1), 4.30 (t, 

J = 15.2, 8.2 Hz, 1H, H-2), 3.67 (m, J = 11.4, 7.6 Hz, 2H, H-15), 2.10 (t, 2H, H-13), 1.89 (m, J 

= 17.0, 11.4 Hz, 2H, H-14) ppm.  

13C NMR (75 MHz, CDCl3) δ 138.09, 135.75, 123.35, 122.75, 120.91, 120.53, 116.29, 104.27, 

68.60, 49.70, 45.33, 26.37, 26.25 ppm.  

ESI-MS+: m/z calc for C20H19NO2 305.37; [M+H]+ found 306.36; [M+Na]+ found 328.53.  

Synthesis of Fmoc-chloroxime (5) 
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Scheme 37. Synthesis of aliphatic Fmoc-chloroxime 4. 

Synthesis of Fmoc protected oxime (4) 

To a stirred solution of aldehyde 5 (500 mg, 1.48 mmol) in EtOH (3.5 mL) was added 

hydroxylamine hydrochloride (113 mg, 1.63 mmol) previously solubilized in H2O (0.62 mL). A 

solution of Na2CO3 (86.4 mg, 0.815 mmol) in H2O (0.48 mL) was added dropwise. After being 

stirred at r.t. for 2 h, EtOH was dried and the mixture was extracted with DCM. The organic 

layer was washed with water, dried over Na2SO4 and concentrated under vacuum. 

(9H-fluoren-9-yl)methyl(6-(hydroxyimino)hexyl)carbamate (4) White solid (469 mg, yield 90%). 

Rf 0.74 (PE/EtOAc 5:5). Rf 0.74 (PE/EtOAc 5:5).  

1H NMR (600 MHz, CDCl3) δ 7.77 (d, J = 7.8 Hz, 2H, H-6, H-7), 7.60 (d, J = 7.8 Hz, 2H, H-3, 

H-10), 7.40 (t, J = 7.2 Hz, 2H, H-5, H-8), 7.31 (t, J = 7.2 Hz, 2H, H-4, H-9), 6.71 (s, 1H, H-17), 

4.40 (d, J = 7.2 Hz, 2H, H-1), 4.21 (t, J = 7.2 Hz, 1H, H-2), 3.19 (m, 2H, H-12), 1.52 (m, 2H, H-

16), 1.39-1.35 (m, 4H, H-13, H-15), 1.25 (m, 2H, H-14) ppm.  

13C NMR (600 MHz, CDCl3) δ 157.16, 152.44, 144.13, 141.40, 127.84, 127.16, 125.15, 120.05, 

66.56, 47.39, 41.12, 29.78, 29.24, 26.14, 24.92 ppm 

ESI-MS+: m/z calc for C21H24N2O3 352.43; [M+H]+ found 353.26; [M+Na]+ found 375.15.  

Synthesis of Fmoc protected alkyl chloroxime (5)499 

To a stirred solution of 5 (500 mg, 1.42 mmol) in DMF (1.6 mL) was added N-

chlorosuccinimmide (227 mg, 1.7 mmol). After being stirred at r.t. for 3 h 30 min, H2O and diethyl 

ether were added. The organic layer was washed with water and saturated NaCl solution, dried 

over Na2SO4 and concentrated under vacuum to give 8. 

(9H-fluoren-9-yl)methyl (6-chloro-6-(hydroxyimino)hexyl)carbamate (5) Yellow oil (511 mg, 

93% yield).  

1H NMR (600 MHz, CDCl3) δ 7.74 (d, J = 7.8 Hz, 2H, H-6,H-7), 7.57 (d, J = 7.8 Hz, 2H, H-3, H-

10), 7.37 (t, J = 7.2 Hz, 2H, H-5, H-8), 7.28 (t, J = 7.2 Hz, 2H, H-4, H-9), 4.99 (s, 1H, H-1), 4.36 

(d, J = 7.2 Hz, 2H, H-11), 4.18 (t, J = 7.2 Hz, 1H, H-2), 3.16 (m, 2H, H-12), 2.47 (t, J = 7.2 Hz, 

2H, H-16), 1.64 (m, 2H, H-13, H15), 1.50 (m, 2H, H-14), 1.33 (m, 2H, H-10) ppm.  

13C NMR (600 MHz, CDCl3) δ 147.10, 144.10, 141.45, 127.75, 127.05, 125.02, 120.05, 66.57, 

47.24, 29.71, 29.59, 18.16 ppm. 
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Synthesis of Fmoc-protected p-amino benzaldehyde (9) 

 

Scheme 38. Synthesis of Fmoc-protected p-amino benzaldehyde 9. 

Protection of p-nitro benzaldehyde to product (6)500 

4-Nitrobenzaldehyde (15 g, 99.2 mmol) and p -toluenesulfonic acid monohydrate (377.6 mg, 

1.98 mmol) were dissolved in toluene (180 mL). Ethylene glycol (12.43 mL, 222 mmol) was 

added, and the solution was refluxed for 3 h with a Dean -Stark trap, to remove the water. After 

that, the solution was allowed to cool, and 240 mL of EtOAc were added. The organic layer was 

washed with saturated NaHCO3 solution (2 x 120 mL) and then washed with saturated NaCl 

solution (120 mL). The organic layer was dried with Na2SO4 and the solvent was removed under 

reduced pressure to give the desired protected aldehyde 6. 

2-(4-nitrophenyl)-1,3-dioxolane (6) Light yellow powder (18.62 g, 96% yield).  

1H NMR (300 MHz, CDCl3): δ 8.26-8.23 (d, J = 8.5Hz, 2H, H-1, H-4), 7.67-7.64 (d, J= 8.5 Hz, 

2H, H-2, H-3), 5.90 (s, 1H, H-5), 4.13-4.07 (m, 4H, H-6, H-7) ppm.  

13C NMR (75 MHz, CDCl3) δ 148.80, 145.35, 127.84, 124.00, 102.65, 65.90 ppm. (See Fig S28) 

 ESI-MS+: m/z calcd for C9H9NO4 195.05, [M+H]+ found 195.99; [M+Na]+ found 217.97; [M+K]+  

235.98.  
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Reduction of nitrobenzene derivative to obtain product (7)501 

Compound 6 (1 g) was dissolved in a mixture of EtOH:THF anhydrous 1: 1 (11 mL). PtO2 (20 

mg) was added. After being stirred at r.t. for 5 h with 4 bar of H2 pressure, the reaction mixture 

was filtered through celite, washed with anhydrous EtOH, dried with Na2SO4 and the solvent 

was removed under reduced pressure to give the desired product 7 

4-(1,3-dioxolan-2-yl)aniline (7) Light yellow oil (735.2 mg, 89% yield). 

1H NMR (600 MHz, CDCl3): δ 7.25 (d, J = 8.3 Hz, 2H, H-1, H-4), 6.66 (d, J = 8.5 Hz, 2H, H-2, 

H-3), 5.69 (s, 1H, H-5), 4.13 – 4.09 (m, 2H, H-6), 4.00 – 3.97 (m, 2H, H-7), 3.77 – 3.65 (brs, 

2H) ppm.  

13C NMR (151 MHz, CDCl3): δ 147.48, 127.89, 127.65, 114.83, 104.15, 65.26 ppm. 

MALDI-TOF: m/z calcd for C9H11NO2 165.08, found 165. 

Fmoc protection of aniline (7) to obtain product (8) 

To a stirred solution of compound 7 (729 mg, 4.42 mmol) and dry pyridine (0.427 mL, 5.3 mmol) 

in dry DCM (1.5 mL), at 0 °C was added a Fmoc-Cl solution (1.26 g, 4.86 mmol) in dry DCM 

(2.5 mL). After being stirred at r.t. for 3 h 30 min, the solution was extracted with DCM and a 

saturated solution of NH4Cl, dried with Na2SO4 and the crude product was purified on silica 

column chromatography (hexane, EtOAc). Product 11 was recovered.  

(9H-fluoren-9-yl)methyl(4-(1,3-dioxolan-2-yl)phenyl)carbamate (8) White powder (1.2 g, 75% 

yield). The product, after purification shows 10% deprotected benzaldehyde derivative  

1H NMR (600 MHz, CDCl3): δ 7.78 (d, J = 7.4 Hz, 2H, H-6, H-7), 7.62 (d, J = 7.1 Hz, 2H, H-3, 

H-10), 7.42 (dd, J = 14.6, 7.2 Hz, 6H, H-5, H-8, H-12, H-13, H-14, H-15), 7.34 (q, J = 6.9 Hz, 

2H,H-4, H-9), 6.71 (s, 1H, H-11), 5.76 (s, 1H, H16), 4.55 (d, J = 6.4 Hz, 2H, H-1), 4.28 (t, J = 

6.5 Hz, 1H, H-2), 4.12 (t, J = 6.9 Hz, 2H, H-17), 4.02 (t, J = 6.9 Hz, 2H, H-18) ppm. 

13C NMR (151 MHz, CDCl3) δ 191.26, 144.02, 141.70, 131.60, 128.20, 127.74, 127.50, 125.20, 

120.43, 103.78, 65.60, 47.43 ppm. 

ESI-MS+: m/z calcd for C24H21NO4, 387,43; [M+H]+ found 388.22. 

Deprotection of acetal 8 to obtain benzaldehyde (9)  

Compound 8 (500 mg, 1.30 mmol) and p-toluenesulfonic acid monohydrate (98.2 mg, 0.516 

mmol) were dissolved in acetone (40 mL) and H2O was added (2 mL). After being stirred at r.t. 
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for 3 h, EtOAc was added and the solution was extracted, dried with Na2SO4 and the solvent 

was removed under reduced pressure to give product 12. 

 

(9H-fluoren-9-yl)methyl(4-formylphenyl)carbamate (9) Light yellow powder (445 mg, 99% 

yield). 

1H NMR (600 MHz, CDCl3): δ 9.90 (s, 1H, H-16), 7.82 (d, J = 8.5 Hz, 2H, H-13, H-14), 7.79 (d, 

J = 7.6 Hz, 2H, H-6, H-7), 7.61 (dd, J = 7.5, 2H, H-3, H-10), 7.53 (d, 2H, H-12, H-15), 7.42 (dd, 

J = 10.8, 2H, H-5, H-8), 7.33 (td, J = 7.5, 2H, H-4, H-9), 7.03 (s, 1H, H-11), 4.60 (d, J = 6.3 Hz, 

2H, H-1), 4.28 (t, J = 6.4 Hz, 1H, H-2) ppm. 

13C NMR (151 MHz, CDCl3) δ 191.32, 153.15, 143.79, 143.74, 141.72, 132.05, 131.61, 128.24, 

127.52, 125.14, 120.46, 118.40, 67.47, 47.32 ppm. 

ESI-MS+: m/z calcd for C22H17NO3, 343.38; found 344.05 [M+H]+.  

Synthesis of Fmoc-protected p-amino benzene chloroxime 

 

Scheme 39. Synthesis of chloroxyme derivative (11). 

Compound 9 (100 mg, 0.291 mmol) was dissolved in a dry mixture of EtOH:THF 3:1 (9 mL) and 

hydroxylamine hydrochloride (202 mg, 2.91 mmol) and anhydrous sodium acetate (716 mg, 

8.73 mmol) were added. After being stirred at r.t. for 3 h 30 min, the reaction mixture was 

extracted with EtOAc, dried with Na2SO4 and the solvent was removed under reduced pressure 

to give product 10.  

(9H-fluoren-9-yl)methyl (4-((hydroxyimino)methyl)phenyl)carbamate (10) Light yellow powder 

(103 mg, 99% yield). 
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1H NMR (600 MHz, DMSO-d6): δ 11.01 (s, 1H, H-16), 9.83 (s, 1H, H-17), 8.00 (d, 2H, H-13, H-

14), 7.87 (d, J = 7.5 Hz, 2H, H-6, H-7), 7.71 (d, J = 7.4 Hz, 2H, H-3, H-10), 7.44 (d, 2H, H-12, 

H-15), 7.39 (t, J = 7.4 Hz, 2H, H-5, H-8), 7.31 (td, J = 7.4, 2H, H-4, H-9), 4.46 (d, J = 5.0 Hz, 

2H, H-1), 4.28 (t, J = 6.5 Hz, 1H H-2) ppm.  

13C NMR (151 MHz, DMSO-d6): δ 182.30, 153.84, 148.19, 144.27, 141.34, 128.24, 127.66, 

125.64, 120.73, 118.71, 66.21, 47.11 ppm. 

ESI-MS+: m/z calcd for C22H18N2O3, 358.39; calc for [M+Na]+ 381,38 found 381,27. 

Synthesis of Chloroxime (11) 

To a stirred solution of 10 (100 mg, 0.279 mmol) in DMF (2.5 mL) was added N-

chlorosuccinimmide (44.7 mg, 0.335 mmol). After being stirred at r.t. for 3 h, H2O and diethyl 

ether were added. The organic layer was washed with water and saturated NaCl solutio n, dried 

over Na2SO4 and concentrated under vacuum to give 11 that was reacted without further 

purification 

(9H-fluoren-9-yl)methyl (4-(chloro(hydroxyimino)methyl)phenyl)carbamate)  (11) Yellow oil (80 

mg, 73% yield). 

Synthesis of hydroxylamine precursors (13) and (15)  

Synthesis of aromatic hydroxylamine (13) 

 

Scheme 40. Synthesis of N-benzylhydroxylamine. 

Synthesis of benzaldehyde oxime (12)501 

To a solution of benzaldehyde (500 mg, 4.71 mmol) and hydroxylamine hydrochloride (1.09 g, 

15.7 mmol) in EtOH (15.7 mL), NaOH (1.69 g, 42.4 mmol) was added powdered in small 

portions. The mixture was stirred at r.t. for 30 min and then refluxed for another  30 min. The 

reaction mixture was then cooled to r.t., poured into a mixture of concentrated HCl (1.88 mL) 

and water (7.23 mL), carefully concentrated to one third of the original volume and finally 

extracted with CH2Cl2. The organic layer was washed with brine, dried with Na2SO4 and 

concentrated under vacuum. Benzaldehyde oxime 12 was obtained.  
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Benzaldehyde oxime (12) Colorless oil (535 mg, 94% yield). 

1H NMR (600 MHz, CDCl3): δ 8.16 (s, 1H, H-6), 7.58 (m, 2H, H-3, H-4), 7.40-7.39 (m, 3H, H-1, 

H-2, H-5) ppm. 

13C NMR (600 MHz, CDCl3) δ 150.52, 132.05, 130.22, 128.94, 127.15 ppm.(. 

ESI-MS+: m/z calc for C7H7NO 121.14; found 121.87. 

Synthesis of N-benzylhydroxylamine (13) 

To a solution of benzaldehyde oxime 12 (204 mg, 1.68 mmol) in MeOH (2.5 mL), NaBH3CN 

(211.6 mg, 3.37 mmol) and a trace of methyl orange were added. At 0 °C, 12 N HCl was added 

dropwise until the color remained pink. The reaction mixture was allowed to stir at r.t. for 3.5 h. 

The reaction mixture was concentrated under vacuum and 6 N NaOH was added until pH~10. 

The product was extracted with CH2Cl2, washed with water and saturated NaCl solution, dried 

over Na2SO4 and concentrated under vacuum to give the N-benzyl-hydroxylamine 17. 

N-benzylhydroxylamine (13) White solid (180 mg, 87% yield).  

1H NMR (600 MHz, CDCl3): δ 7.36-7.33 (m, 5H, H-1, H-2, H-3, H-4, H-5), 5.92 (s, 1H, H-7), 

4.02 (s, 2H, H-6) ppm. 

13C NMR (600 MHz, CDCl3) δ 135.77, 129.42, 128.78, 128.15, 57.86 ppm. 

ESI-MS+: m/z calc for C7H9NO 123.14; [M+H]+ found 123.90. 

Synthesis of aliphatic hydroxylamine (15) 

 

Scheme 41. Synthesis of N-octylhydroxylamine 15. 

Synthesis of octanal oxime (14)  

A solution of octanal (1.30 g, 9.44 mmol) in 15 mL of ethanol is added to a solution of 

hydroxylamine hydrochloride (720 mg, 10.4 mmol) in 3.8 mL of water, then 3.2 mL of an 

aqueous solution of sodium carbonate (548 mg, 5.19 mmol) are added dropwise. The mixture 

was stirred at r.t. overnight. The reaction mixture was then concentrated under vacuum and 

washed three times with dichloromethane. The organic layer was washed with brine, dried with 

Na2SO4 and concentrated under vacuum. Octanal oxime 14 was obtained. 
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Octanal oxime (14) Colorless oil (1.30 g, 96% yield).  

1H NMR (600 MHz, CDCl3): δ 7.42/6.73 (s, 1H, H-8), 2.38/2.19 (m, 2H, H-7), 1.48 (m, 2H, H-

6), 1.32-1.26 (m, 8H, H-5, H-4, H-3, H-2), 0.87 (t, J = 6.6 Hz, 3H, H-1) ppm. 

13C NMR (600 MHz, CDCl3) δ 153.14/152.56, 31.81, 29.60, 29.03, 26.68, 26.16, 22.74, 14.27 

ppm. 

ESI-MS+: m/z calc for C8H17NO 143.23; [M+H]+ found 144.10. 

Synthesis of N-octylhydroxylamine (15) 

To a solution of octanal oxime 14 (240 mg, 1.40 mmol) in MeOH (6.5 mL), NaBH3CN (105 mg, 

1.81 mmol) and a trace of methyl orange were added. At 0 °C, 12 N HCl was added dropwise 

until the color remained pink. The reaction mixture was allowed to stir at r.t. for 3.5 h. The 

reaction mixture was concentrated under vacuum and 6 N NaOH was added until pH~10. The 

product was extracted with CH2Cl2, washed with water and saturated NaCl solution, dried over 

Na2SO4 and concentrated under vacuum to give the N-octyl-hydroxylamine 15. 

N-octylhydroxylamine (15) White solid (136 mg, 67% yield). 

1H NMR (600 MHz, CDCl3): δ 5.08 (s, 1H, H-9), 2.93 (t, J = 7.2 Hz, 2H, H-8), 1.53 (m, 2H, H-

7), 1.31-1.25 (m, 10H, H-6, H-5, H-4, H-3, H-2), 0.87 (t, J = 6.6 Hz, 3H, H-1) ppm. 

13C NMR (600 MHz, CDCl3) δ 53.95, 31.95, 29.63, 29.33, 27.26, 26.98, 22.79, 14.22 ppm. 

ESI-MS+: m/z calc for C8H19NO 145.23; [M+H]+ found 146.17. 

Synthesis of Fmoc protected nitrone derivatives (16-19) 

 

Scheme 42. General synthesis of nitrones. 
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General procedure for nitrones synthesis 

Hydroxylamine derivative (0.35 mmol), aldehyde (0.35 mmol), Na2SO4 (50 mg, 0.35 mmol) and 

a trace of NaHCO3 in DCM (4 mL) were stirred at 0 °C, under nitrogen atmosphere, overnight. 

The mixture was filtered and the filtrate was removed under reduced pressure to give desired 

products 16-19. 

N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzylidene)octan-1-amine oxide (16) Pale 

yellow oil (137 mg, 84% yield).  

1H NMR (600 MHz, CDCl3): δ 8.21-7.83 (s, 1H, H-16), 7.78 (d, J = 7.2 Hz, 2H, H-6, H-7), 7.61 

(d, J = 7.2 Hz, 2H, H-3, H-10), 7.54 (m, 2H, H-13, H-14), 7.46 (d, J = 8.4 Hz, 2H, H-12, H-15), 

7.42 (m, 2H, H-5, H-8), 7.33 (m, 2H, H-4, H-9), 4.57 (d, J= 7.2 Hz, 2H, H-1), 4.28 (t, J = 7.2 Hz, 

1H, H-2), 3.92 (t, J = 6.6 Hz, 2H, H-17), 1.99 (m, 2H, H-18), 1.38-1.25 (m, 10H, H-19, H-20, H-

21, H-22, H-23), 0.87 (m, 3H, H-24) ppm. 

13C NMR (600 MHz, CDCl3) δ 190.85, 143.67, 143.36, 141.57, 131.78, 131.57, 130.08, 127.95, 

127.31, 124.96, 120.22, 66.99, 52.20, 47.15, 31.81, 29.33, 27.95, 27.26, 26.66, 22.68, 14.24 

ppm. 

ESI-MS+: m/z calc for C30H34N2O3 470.60; [M+H]+ found 471.33; [M+Na]+ found 493.35. 

N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzylidene)octan-1-amine oxide (17) Pale 

yellow oil (114 mg, 70% yield). 

1H NMR (600 MHz, CDCl3): 7.76 (d, J = 7.6 Hz, 2H, H-6, H-7), 7.58 (d, J = 7.5 Hz, 2H, H-3, H-

10), 7.38 (t, J = 7.5 Hz, 2H, H-5, H-8), 7.31 (t, J = 8.0 Hz, 2H H-4, H-9), 6,67 (m, 1H, H-11), 

4.38 (d, J= 7.2 Hz, 2H, H-1), 4.20 (t, J = 7.2 Hz, 1H, H-2), 3.92 (t, J = 6.6 Hz, 2H, H-18), 3.17 

(d, J = 6.5 Hz, 2H, H-16), 2.49 (d, J = 6.6 Hz, 2H, H-12), 1.84 (m, 2H, H-19), 1.62 – 1.4 (m, 

14H, H-13, H-14, H-15, H20-H24), 0.87 (m, 3H, H-25) ppm. 

13C NMR (600 MHz, CDCl3) δ 156.58, 144.08, 141,39, 127,81, 127.11, 125.03, 120.05, 66.58, 

65.52, 53.48, 47.38, 43.81, 40.83, 31.82, 29.15, 27.53, 26.53, 25,30, 22,68, 14.15 ppm 

ESI-MS+: m/z calc for C29H40N2O3 464,30; [M+H]+ found 465,4; [M+Na]+ found 487.43. 

N,N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzylidene)-1-pheny lmethanamine oxide  

(18) colourless oil (140 mg, 91% yield). 

1H NMR (600 MHz, CDCl3): δ 8.16 (t, 1H, H-16), 7.79 (d, J = 7.2 Hz, 2H, H-6, H-7), 7.61 (d, J = 

7.2 Hz, 2H, H-3, H-10), 7.53 (m, 2H, H-13, H-14), 7.47 (d, J = 8.4 Hz, 2H, H-12, H-15), 7.41 (m, 

6H, H-5, H-8, H-18, H-19, H-21, H-22), 7.38 (m, 1H, H-20), 7.32 (m, 2H, H-4, H-9), 5.07 (s, 2H, 

H-17), 4.58 (d, J= 7.2 Hz, 2H, H-1), 4.27 (t, J = 7.2 Hz, 1H, H-2) ppm. 

13C NMR (600 MHz, CDCl3) δ 191.53, 158.59, 143.72, 143.54, 141.06, 131.42, 129.55, 129.32, 

129.21, 128.05, 127.34, 125.31, 125.25, 125.02, 124.98, 120.26, 67.33, 53.22, 47.22 ppm. 
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ESI-MS+: m/z calc for C29H24N2O3 448.51; [M+H]+ found 449.31; [M+Na]+ found 471.33. 

N-(6-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)hexylidene)-1-phenylmethanamine oxide  

(19) a pale yellow oil (122 mg, 79% yield).  

1H NMR (600 MHz, CDCl3): δ 7.76 (t, J = 7.6 Hz, 2H, H-6, H-7), 7.59 (d, J = 7.5 Hz, 2H, H-3, 

H-10), 7.39 (d, J = 7.6 Hz, 7H, H-5, H-8, H-19, H-20, H-21, H-22, H-23), 7.31 (t, J = 8.0 Hz, 2H 

H-4, H-9), 6.63 (t, J = 5.8 Hz, 1H, H-17), 4.87 (s, 2H, H-18), 4.40 (d, J = 6.9 Hz, 2H, H-1), 4.21 

(t, J = 6.8 Hz, 1H, H-2), 3.17 (d, J = 6.5 Hz, 2H, H-16), 2.49 (d, J = 6.6 Hz, 2H, H-12), 1.60 – 

1.28 (m, 6H, H-13, H-14, H-15). 

13C NMR (151 MHz, CDCl3): δ 156.80, 144.33, 141.64, 133.18, 129.67, 129.30, 128.00, 127.36, 

125.38, 120.31, 69.55, 66.80, 47.62, 44.07, 41.06, 29.76, 26.75, 25.47. 

ESI-MS+: m/z calc for C28H30N2O3 442.56; [M+H]+ found 443.14. 

Procedure for rGO and Nanodiamonds functionalization 

Synthesis of GO 

GO was prepared by a modified Hummers method 502: graphite powder (0.5 g) was added to a 

cold (0 °C) solution of concentrated H2SO4 containing 0.25 g of NaNO3. KMnO4 (1.5 g) was 

gradually added, while stirring and keeping the reaction temperature below 20 °C. The mixture 

was stirred at 35 °C for 30 min. Then, distilled water (25 mL) was added and the temperature 

was kept at 98 °C for 45 min. Finally, 70 mL of distilled water were added, followed by 2 mL of 

30% H2O2. The mixture was filtered and washed three times with water and 10% HCl. At the 

end, it was dried in the oven at 80 °C for 12 h.  

Synthesis of rGO503, 504 under conventional heating 

GO was dispersed in water (1 mg/mL). The dispersion was sonicated in an ultrasound bath until 

no particles are visible. A brown/yellow solution was formed. Hydrazine monohydrate was 

subsequently added to the suspension (32.1 mmol for 100 mg of GO), and the mixture was 

stirred at 100 °C for 24 h, yielding a black precipitation of rGO powder. After cooling at room 

temperature, the mixture was filtered, washed with water and dried in the oven at 80 °C for 12 

h. 

Synthesis of rGO under MW irradiation 

GO was dispersed in water (1 mg/mL). The dispersion was sonicated in an ultrasound bath until 

no particles are visible. A brown/yellow solution was formed. Hydrazine monohydrate was 

subsequently added to the suspension (32.1 mmol for 100 mg of GO), and the mixture was 

irradiated in a MW reactor at 120 °C for 10 min, yielding a black precipitation of rGO powder. 
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After cooling at room temperature, the mixture was filtered, washed with water and dried in the 

oven at 80 °C for 12 h. 

 

General procedure for rGO and NDs functionalization with azomethine ylides 
(rGO/NDs-AMY-Ala-n1, rGO/NDs-AMY-Ala-n4, rGO-AMY-Ser-n1, rGO-AMY-Ser-
n4) 

In a typical experiment, 15 mg of rGO or NDs were suspended in DFM (4 mL) with 0.48 mmol 

of the corresponding aldehyde 2a (141 mg) or 2b (162 mg), and alanine (50,73 mg, 0,57 mmol) 

or serine (60 mg, 0.57 mmol) in a MW glass tube. The tube was closed and the mixture was 

irradiated for 2 h at 130 °C. The dispersion was filtered and washed with water, methanol and 

DCM and dried overnight in an oven (80 °C). The products were further characterized by TGA, 

Raman, FT-IR or DRIFT. 

The MW irradiation was applied at fixed temperature. Anton Paar Monowave 300 and CEM 

Discover SP was used. 2 min were required to reach the reaction temperature (130 °C) using 

the program: “heat as quickly as possible” (Maximum power 400 W). When performing the 

reaction at fixed temperature, the program “hold” was selected in order to main the temperature 

constant (130 °C) during the reaction. In this mode, the MW-reactor automatically adjusts the 

power to reach the indicated temperature. Reaction time: 2 h. 

General procedure for rGO and NDs functionalization with nitrile oxides 
(rGO/NDs-NO-1-2) 

15 mg of rGO or NDs were suspended in dioxane (2 mL) with KHCO 3 (12.5 mg, 0.125 mmol). 

A solution of chloro oxime 5 or 11 (0.125 mmol) in dioxane (2 mL) was added dropwise. After 

being stirred at 30 °C for 2 h, the collected solid was washed several times with H 2O and 

dioxane and dried overnight in an oven (80 °C), affording functionalized rGO/NDs-NO-1-2. 

General procedure for rGO and NDs functionalization with nitrones 16-19 
(rGO/NDs-Nitrone-16-19) 

15 mg of rGO or NDs were suspended in toluene (2 mL) and nitrone 16-19 (0.125 mmol) was 

added. The reaction mixture was heated up at 100 °C for 12 h. After that, the reaction was 

allowed to cool down at room temperature, the solid was collected by filtration and washed 

several times with CHCl3, dried overnight in an oven (80 °C), affording functionalized rGO/NDs-

Nitrone-16-19. 

UV analysis 
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The indirect UV determination of functionalized rGO and NDs was measured after Fmoc 

deprotection of a weighted amount of derivatized rGO or NDs. 3-5 mg of samples were 

suspended in 5 mL of piperidine solution (20% in DMF) and stirred at r.t. for 30 min. 5 mL of 

MeOH were added and the solution was filtered through syringe filters. The solution was diluted 

1:1 with MeOH. The absorbance at 301 nm was measured on a spectrophotometer Cary 60 

UV-Vis (Agilent), using quartz cells. The results are shown in the main text and are consistent 

with the TGA ones.  
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8.3. Study of heterogeneous catalyst design and applications 

for metathesis reactions 

8.3.1. General working conditions 

All the reagents were purchased by Sigma Aldrich and used without further p urification. rGO 

synthesis and derivatization were carried out in a professional MW reactor (Monowave 400/200, 

Anton Paar GmbH, Graz, AT) using reaction vial G10. Thermogravimetric analyses were 

performed using a thermogravimetric analyzer TGA 4000 (Perkin  Elmer) at 10 °C min -1 

operating under argon (80 mL min-1) with alumina crucibles containing 6-8 mg of rGO 

derivatives. Samples were previously overnight stove dried at 80 °C, then the samples were 

heated up to 800 °C (starting temperature: 50 °C; temperature increase rate: 10 °C/min; argon 

flow: 80mL/min). Total mass loss was attributed to functional groups which were covalently 

attached to the sidewalls. The number of functional groups was calculated considering a fixed 

thermogram temperature. Functionalization amounts were expressed in mmol of adducts per 

100 mg of rGO. rGO carbon atoms were excluded in the calculation of the molecular weight of 

cycloaddition adducts. 

 

8.3.2. Experimental procedures 

Synthesis of GO 

GO was prepared by a modified Hummers method502: graphite powder (0.5 g) was added to a 

cold (0°C) solution of concentrated H2SO4 containing 0.25 g of NaNO3. KMnO4 (1.5 g) was 

gradually added, while stirring and keeping the reaction temperature below 20°C. The mixture 

was stirred at 35°C for 30 min. Then, distilled water (25 mL) was added and the temperature 

was kept at 98°C for 45 min. Finally, 70 mL of distilled water were added, followed by 2 mL of 

30% H2O2. The mixture was filtered and washed three times with water and 10% HCl. At the 

end, it was dried in the oven at 80°C for 12 h.  

Synthesis of rGO under MW irradiation 

GO was dispersed in water (1 mg/mL). The dispersion was sonicated in an ultrasound bath until 

no particles are visible. A brown/yellow solution was formed. Hydrazine monohydrate was 

subsequently added to the suspension (32.1 mmol for 100 mg of GO), and the mixture was 

irradiated in a MW reactor at 120°C for 10 min, yielding a black precipitation of rGO powder. 

After cooling at room temperature, the mixture was filtered, washed with water and dried in the 

oven at 80°C for 12 h. 



163 
 

Procedure for rGO functionalization to obtain rGO-Glutamic 

Paraformaldehyde (PFA, 0.333 mmol, 1 equiv), glutamic acid (1.2 equiv ) and rGO (20 mg) were 

mixed in 3 mL of anhydrous DMF. The dispersion was irradiated in a MW reactor at 130°C for 

2 h. After cooling at room temperature, the dispersion was filtered and washed with water, 

methanol and DCM and dried overnight in an oven (80 °C). 

Procedure for rGO functionalization to obtain rGO-Aspartic 

Paraformaldehyde (PFA, 0.333 mmol, 1 equiv), aspartic acid (1.2 equiv) and rGO (20 mg) were 

mixed in 3 mL of anhydrous DMF. The dispersion was irradiated in a MW reactor at 130°C for 

2 h. After cooling at room temperature, the dispersion was filtered and washed with water, 

methanol and DCM and dried overnight in an oven (80 °C). 

Procedure for rGO functionalization to obtain rGO-Lys 

Paraformaldehyde (PFA, 0.333 mmol, 1 equiv), lysine (1.2 equiv ) and rGO (20 mg) were mixed 

in 3 mL of anhydrous DMF. The dispersion was irradiated in a MW reactor at 130°C for 2 h. 

After cooling at room temperature, the dispersion was filtered and washed with water, methanol 

and DCM and dried overnight in an oven (80 °C). 

Procedure for rGO-Lys modification to obtain rGO-Succinic, rGO-Citric, rGO-
Phthalic 

rGO-Lys (15 mg) was suspended in 0,900 mL of anhydrous DMF. Citric anhydride (16 mg), 

succinic anhydride (34 mg) or phthalic anhydride (24 mg) and pyridine (0.013 mL) were added 

and the mixture was stirred at 40 °C for 24 h. The dispersion was filtered and washed with 

water, methanol and DCM and dried overnight in an oven (80 °C).  



164 
 

8.4. Improving the electrocatalytic performance of sustainable 

Co/carbon materials for the oxygen evolution reaction by ultrasound and 

microwave assisted synthesis 

8.4.1. General working conditions 

All the reagents employed in the synthesis and in the reactions were of analytical grade purity 

and were used without any further purification. Th ey were purchased from Sigma-Aldrich Inc. 

(St. Louis, MO, USA). Green Malaysian tea was bought from a local market in Turin (Italy). 

Pinecones were collected from “Parco Valentino” nearby the University of Turin (Italy). US bath 

irradiation at was performed in a ultrasound bath supplied by Weber ULTRASONICS GMBH. 

When reactions were carried out in a combined system MW/US the device has been designed 

in our laboratory by inserting a sonic horn made of pirex inside a RotoShynth (Milestone) 

microwave chamber. Ethos microwave (Milestones Srl, Bergamo, Italy) equipped with an 

infrared sensor combined with an in situ temperature sensor was used. Thermogravimetric 

analyses (TGA) were carried out with a Mettler Toledo TGA/SDTA 851 analyser  operating with 

alumina crucibles. The samples were heated from 25 °C up to 900 °C at 5 °C min -1 in a nitrogen 

atmosphere (50 mL min -1). Prior to analysis, the materials were conditioned at 25 °C under a 

nitrogen flux (50 mL min -1) for 20 min. XRD patterns were recorded using a Bruker D8 

DISCOVER A25 diffractometer (PanAnalytic/Philips, Lelyweg, Almelo, Netherlands) using 

CuKa (λ = 1.5418 A) radiation. Wide angle scanning patterns ̊  were collected over a 2q range 

from 10° to 80° with a step size of 0.018° and a counting time of 5” per step. Inductively coupled 

plasma mass spectrometry (ICP-MS) analysis was carried out at the Research Support Service 

(SCAI) by digesting the samples in a solution HNO3 : HCl = 3 : 1. SEM images were recorded 

in a JEOL JSM-6300 scanning microscope (JEOL Ltd., Peabody, MA, USA) equipped with an 

Energy-dispersive X-ray spectrometer (SEM-EDX) at 15 kV at the Research Support Service 

Centre (SCAI) of the University of Cordoba. Transmission electron microscopy (TEM) images 

were obtained using a JEOL JEM 1400 TEM microscope (JEOL Ltd., Peabody, MA, USA), 

operating at an accelerating voltage of 80 kV at the Research Support Service Centre (SCAI) 

of the University of Cordoba. The specific surface area (SSA), and micro- and mesopore volume 

were calculated by gas-volumetric analysis measuring N2 adsorption–desorption isotherms at 

the liquid nitrogen temperature using an ASAP 2020 physisorption analyser (Micromeritics). 

The SSA was calculated by the Langmuir method. The mesopore volume was determined by 

means of the Barrett–Joyner–Halenda (BJH) method, on the adsorption branch of nitrogen 

isotherms. The micropore volume was calculated by the t-plot method. Before the 

measurements, the samples were outgassed at 100 °C overnight. ICP-MS analysis was 

performed after microwave-assisted acidic digestion of the samples and using a Perkin Elmer 

NexionX Spectrometer to measure the total amount of cobalt (%wt) contained. XPS studies 

were performed on a Physical Electronics spectrometer (PHI Versa Probe II Scanning XPS 

Microprobe) with monochromatic X-ray Al Ka radiation (100 mm, 100 W, 20 kV, 1486.6 eV) and 
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a dual-beam charge neutralizer. The spectrometer was calibrated with Au 4f7/2, Ag 3d5/2 and Cu 

2p3/2 photoelectron lines at 84.0, 368.2 and 932.7 eV, respectively. The Au 4f7/2 line was 

recorded with 0.73 eV FWHM at a binding energy (BE) of 84.0 eV, under a constant pass 

energy mode at 23.5 eV condition. XPS spectra were analyzed using PHI SmartSo ft software 

and processed using the MultiPak 9.3 package. The binding energy values were referenced to 

the adventitious C 1s signal at 284.8 eV. The recorded spectra were fitted using Gauss–Lorentz 

curves. The atomic concentration percentages of the constituent elements of the surfaces were 

determined considering the corresponding area sensitivity factor for the different measured 

spectral regions. 

8.4.2. Experimental procedures 

Preparation of cobalt/pinecone catalyst 

Prior to the utilization, pinecones were washed in an US bath for 30΄ with a 1:1:1 mixture of 

water, acetone and acetonitrile, and sequentially dried in a 100 °C oven, in order to remove 

resins and organic traces. Washed pinecones were carbonized at 600 °C (30 min at 1500 W) 

in an Ethos microwave equipped with an infrared sensor combin ed with an  in situ temperature 

sensor. Where necessary, before carbonization, pinecones were smashed together with urea 

using a blender (in order to obtain 10% (wt) of nitrogen in the final product). Sequentially, the 

carbonaceous materials were activated through KOH impregnation: carbon material was 

washed with an aqueous solution of KOH (KOH:carbon = 2:1) in an US bath, and directly 

filtered, avoiding the evaporation of water. The derived activated pinecone carbon was fi ltered, 

washed several times with d istilled water in an US bath and carbonized at 900 °C (30 min at 

1500 W) in an Ethos microwave.  

Adsorption of Co on pinecone carbon  

A metal/ carbon mixture was prepared by mixing 300 mg of pinecone carbon (or commercially 

available activated carbon), 3 mL of ethanol solution and 81 mmol of Co(OAc)2 (43 mg). The 

mixture was stirred for 24 h at room temperature.  

Preparation of polyphenol solution 

6 g of green Malaysian tea were mixed with 150 mL of ethanol and sequentially irradiated with 

combined MW-US at 50 °C for 15 min (100 W MW + 40 W US).  

Preparation of cobalt N-doped carbon materials 

9 mL of polyphenol solution (or ethanol, for samples not containing polyphenols) were added 

to the mixture of metal/carbon. The resulting solution was heated at 45 °C for 1 h in an oil bath 
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or in a MW-oven or in a US bath or in a combined MW-US apparatus. The resulting powders 

were filtered, washed several times with ethanol and dried at 80 °C for 24 h prior to determine 

the final weight.  

Preparation of the electrocatalyst materials 

Each sample was firstly dispersed (5 mg mL-1, 15 min in an US bath) in a mixture made of 15 

mL 30% vol isopropanol in water and 5 mL of a Naflon 117 solution (~5%). 2D working 

electrodes were prepared by drop-casting the different solutions over glassy carbon (GC) discs 

of 5 mm diameters (Pine Instruments Company, Grove City, USA). Before each usage, the GC 

electrodes were washed and cleaned. Specifically, the discs were firstly sonicated for 15 min 

in pure isopropanol in order to remove any residual Naflon. Sequentially, the electrodes were 

polished using two distinct alumina (Al2O3) powders with different particle sizes (0.2 and 0.05 

mm), which were previously mixed with water on the polishing pad, making a paste. After  

polishing, the electrodes were sonicated again at least three times (15΄ each one) in ultrapure 

water. Finally, the discs were electrochemically cleaned by performing 100 cyclic voltammetric 

(CV) scans in an aqueous electrolyte composed of nitrogen-saturated 0.5 M H2SO4 plus 0.5 M 

NaCl, at a scan rate of 50 mV s -1. RuO2 NPs were used as a reference electrocatalyst material 

and were synthesized according to the precipitation method reported in the literature.505 

Electrochemical measurements 

Linear-sweep voltammetric (LSV) measurements were con- ducted using a three-electrode 

electrochemical cell connected to a potentiostat/galvanostat tool (AUTOLAB PGSTAT30). Ag/ 

AgCl and Pt foil were used as reference and counter electrodes. The experiments were 

performed in an alkaline aqueous solution of KOH 0.5 M. Electrochemical measurements were 

performed operating in the potential range 0.00–0.90 V vs. Ag/ AgCl, using a scan rate of 2 mV 

s-1 and a rotation rate of 1600 rpm. Current densities were obtained considering the geometric 

surface area, whilst all potentials were referenced to the RHE according to the Nernst equation. 

The number of active sites was determined according to the work by Stevens et al. More in 

detail, a sequence of cyclic voltammetry (CVs) measurements were performed in a narrow 

potential window of -0.717 V to -0.817 V vs. RHE (i.e. where no faradaic reactions occurred) at 

different scan rates (12–48 mV s-1 at an interval of 4 mV s-1). Sequentially, the slope of the lines 

of the scan rate vs. Janodic - Jcathodic graph (at -0.767 V vs. RHE) was used to determine the 

number of active sites as well as the electrochemical surface area.  
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8.5. Multifunctional amino-citrate-β-CD coated iron oxide 

nanoparticles: an efficient nanosystem for Magnetic Resonance Imaging 

(MRI) 

8.5.1. General working conditions 

All commercially available reagents and solvents were purchased from Sigma-Aldrich (Milan, 

Italy) and used without further purification. β-CD was provided by Wacker Chemie (München, 

Germany). US irradiation at 20.2 kHz was performed with a titanium immersion horn made by 

Danacamerini s.a.s. (Italy). When reactions were carried out in a combined system MW/US the 

device has been designed in our laboratory by inserting a sonic horn made of pirex inside a 

RotoShynth (Milestone) microwave chamber. Thermogravimetric analyses were performed 

using a thermogravimetric analyzer TGA 4000 (PerkinElmer) at 10 °C min −1 operating with 

alumina crucibles that contained 10−20 mg of sample. The analyses were performed under an 

argon atmosphere at a starting temperature of 50 °C and an end temperature of 800 °C. Total 

mass loss was attributed to the functional groups that were covalently attached to the sidewalls. 

UV−vis absorption spectra were measured on a dual -beam spectrophotometer (Agilent 

Technologies Cary 60, G6860AA) equipped with a 1 cm path length quartz cuvette. FT -IR 

analyses were recorder on Shimadzu FT-IR 8001 spectrophotometer. MCT detector was used 

with a resolution of 4 cm-2 and 32 scans. NMR spectra were performed on Bruker Advance (600 

MHz and 75 or 125 MHz for 1H and 13C respectively). Chemical shifts were calibrated to the 

residual proton and carbon resonances of the solvent: DMSO-d6 (δH = 2.54, δC = 39.5), D2O 

(δH = 4.79), acetone (δH = 2.09, δC = 205.87). Chemical shifts  (δ) are given in ppm and 

coupling constants (J) in Hz. Hydrodynamic particle diameter, polidispersity index (PDI), zeta 

potential and electrical stability of the colloidal iron oxide suspensions were measured by 

Dynamic Light Scattering (DLS) (Malvern Instrument, Zetasizer nanoseries). To this purpose 

the suspensions were diluted 1:10 in bidistilled water. Measurements were performed in 

triplicate. MNPs size and morphology were analysed by transmission electron microscopy 

(TEM JEOL JEM-3010, 300 kV, 0.17 nm of resolution, with Gatan camera US1000 CCD and 

OXFORD detector. INCA softwer was used). 

The 1/T1 nuclear magnetic relaxation dispersion profiles (NMRD) of all the preparations were 

measured over a continuum of magnetic field strength from 0.00024 to 0.5 T (corresponding to 

0.01–20 MHz proton Larmor frequency), on the fast field cycling (Stelar Spinmaster FFC 2000 

relaxometer) equipped with a resistive low inductance air cored solenoid, made in silver and 

used in Fast Field Cycling NMR relaxometers The relaxometer operates under complete 

computer control with an absolute uncertainty in the 1/T1 values of ±1%. The observation field 

was set at 16 MHz. T1 was determined by the saturation recovery method. 16 values of delay 

between pulses have been used. The number of averaged experiments was 2. Water proton 

T1 measurements at fixed frequency were carried out on a Stelar Spin Master Spectrometer 

[Stelar S.n.c., Mede (PV), Italy] operating in the range from 20 to 80 MHz, by means of the 
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inversion recovery method (16 delays values, two averages). Water proton T1 and T2, and 

respective R1 and R2, at 21.5 MHz were recovered using Spin Master 21.5 MHz, Stelar PC-

NMR. Analysis were carried out at 25 °C.  

To check the stability of the prepared suspensions both in bidistilled water and in physiological 

media, longitudinal relaxivity measurements (21.5 MHz, 25°C) was carried out at different time 

points for seven days. The preparations were diluted 1:1 in bidistilled water, 1:1 in human serum 

(Seronorm TM) or 1:1 in HEPES/NaCl buffer (300 mOsm, pH 7.3) added with 2.4 mM human 

serum albumin (final concentration 1.2 mM). For relaxometric measurements resulting samples 

(80 µL total volume) were transferred in sealed NMR tubes and kept at 37°C into a Thermomixer 

(EchoTherm™ SC20 Orbital Mixing Chilling/Heating Dry Bath,Torrey Pines Scientific) under 

gentle vortexing (level 2) from day 0 to day 7. Before each measurement samples were kept 5 

min at room temperature to reach 25°C.  

J774A.1 cells (from American Type Culture Collection, ATCC,) were used for in vitro cell viability 

studies in presence of MNPs@CA-β-CD and MNPs@CA-Citramide. Cells were cultured at 

37°C and 5% CO2 with Dulbecco's Modified Eagle Medium (DMEM) supplemented with 1% 

pen/strep, 10% foetal bovine serum (FBS) and 4 mM L-glutamine. When cells reached 

confluence, they were detached by scraping, counted and seeded into 96 well plates at a 

density of 10x103 cells/cm2. 24 h later synthesized MNPs diluted at different concentrations 

(0.2, 0.5, 2, 5, 10 20 μg/mL, 100 µL total volume) in complete culture medium were added into 

each well and incubation  was carried out for 1, 4 and 24 h. Cells incubated with complete 

medium were used as control. Then the MNPs were removed, cells were extensively washed, 

MTT (methyl thiazolyl tetrazolium) was added in each well and incubated for 4 h (37°C, 5% 

CO2). Then, MTT solution was removed, 150 μl of DMSO were added to each well and the well 

plates were gently shaken for 15 min at room temperature. At the end, the absorbance was 

measured using iMarkTM Microplate Absorbance Reader (λ range =400 - 750 nm) and the 

percentage cell viability was calculated as follows: 

% 𝐶𝑒𝑙𝑙  𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑏𝑠 𝑆𝑎𝑚𝑝𝑙𝑒  𝑥

𝐴𝑏𝑠 𝐶𝑜𝑛𝑡𝑟𝑜𝑙  𝑆𝑎𝑚𝑝𝑙𝑒
 𝑥  100  

 Where Abs Sample x is the absorbance of each incubated sample, while Abs Control Sample  

is the absorbance of non incubated cells. Each measurement was performend in triplicate.  
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8.5.2. Experimental procedures 

Synthesis of bare MNPs via coprecipitation method 

Conventional technique 

FeCl3  6 H2O (8.64 mmol, 2.34 g) and FeCl2  4 H2O (4.32 mmol) were dissolved in 40 mL of 

deionized water. The solution was degassed with nitrogen and heated up to 80 °C for 1 h, 

followed by the addition of 5 mL of 30% ammonia aqua. The heating was continued for 30 min. 

The mixture was cooled at room temperature and the magnetic nanoparticles were collected 

by an external magnet, rinsed with deionized water and dried under vacuum.  

MW-US irradiation 

FeCl3  6 H2O (8.64 mmol, 2.34 g) and FeCl2  4 H2O (4.32 mmol) were dissolved in 40 mL of 

deionized water. The solution was degassed with nitrogen and irradiated by combined MW and 

US irradiation at 80 °C for 30 min (ultrasound power: 40 W, microwave power :70 W). 5 mL of 

30% ammonia aqua where added. The suspension was further irradiated at 80 °C for 15 min. 

The mixture was cooled at room temperature and the magnetic nanoparticles were collected 

by an external magnet, rinsed with deionized water and dried under vacuum. 

Synthesis of MNPs@CMDx via chemical assembly 

Conventional technique  

CMDx (0.1 g) was dissolved in 20 mL of water. Bare MNPs (0.1 g) were added. The suspension 

was stirred for 1 h at 80 °C. After cooling at room temperature, MNPs were collected using an 

external magnet, rinsed with water and dried under vacuum. 

US irradiation 

CMDx (0.1 g) was dissolved in 20 mL of water. Bare MNPs (0.1 g) were added. The suspension 

was irradiated by US irradiation for 1 h at 65 °C. After cooling at room temperature, MNPs were 

collected using an external magnet, rinsed with water and dried under vacuum. 
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Synthesis of MNPs@CA via chemical assembly 

Conventional technique 

Bare MNPs (1 g) were dispersed in 20 mL of a citric acid solution (2.4 M). The suspension was 

stirred for 1 h at 80 °C. After cooling at room temperature, MNPs were collected using an 

external magnet, rinsed with ethanol and dried under vacuum. 

US irradiation 

Bare MNPs (1 g) were dispersed in 20 mL of a citric acid solution (2.4 M). The suspension was 

irradiated by US irradiation for 1 h at 65 °C. After cooling at room temperature, MNPs were 

collected using an external magnet, rinsed with ethanol and dried under vacuum. 

Synthesis of MNPs@StA 

Conventional technique 

FeCl3  6 H2O (0.31 mmol, 83 mg), FeCl2  4 H2O (0.15 mmol) and stearic acid (0.15 mmol) 

were added in 20 mL of deionized water. 0.30 mL of 30% ammonia aqua was added dropwise. 

The solution was stirred at room temperature for 24 h. The magnetic NPs were collected by an 

external magnet, rinsed with deionized water and d ried under vacuum. 

US irradiation 

FeCl3  6 H2O (0.31 mmol, 83 mg), FeCl2  4 H2O (0.15 mmol) and stearic acid (0.15 mmol) 

were added in 20 mL of deionized water. The mixture was irradiated by US irradiation and 0.30 

mL of 30% ammonia aqua was added dropwise. The solution was irradiated at 65 °C for 30 

min. The suspension was cooled at room temperature and the magnetic NPs were collected by 

an external magnet, rinsed with deionized water and dried under vacuum. 

Synthesis of MNPs@CMDx via ligand exchange 

MNPs@StA (25 mg) were finely dispersed in 15 mL of toluene. Carboxymethyl dextran (25 mg) 

was dissolved in 30 mL of basic deionized water (0.50 mL of KOH 1 N). The solutions were 

combined, and the mixture was refluxed 24 h. The organic layer was removed, MNPs  were 

collected from the aqueous phase by an external magnet, rinsed with deionized water and 

acetone and dried under vacuum.  
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Synthesis of MNPs@CA via ligand exchange 

MNPs@StA (25 mg) were finely dispersed in 15 mL of toluene. Citric acid (25 mg) was 

dissolved in 30 mL of basic deionized water (0.50 mL of KOH 1 N). The solutions were 

combined, and the mixture was refluxed 24 h. The organic layer was removed, MNPs were 

collected from the aqueous phase by an external magnet, rinsed with deionized water and 

acetone and dried under vacuum.  

Synthesis of MNPs@CA-β-CD via ligand exchange 

MNPs@StA (25 mg) were finely dispersed in 50 mL of petroleum ether. Citric acid (25 mg) and 

β-CD (50 mg) were dissolved in 50 mL of deionized water. The solutions were combined, and 

the mixture was vigorously stirred at room temperature 24 h. The organic layer was removed, 

MNPs were collected from the aqueous phase by an external magnet, rinsed with deionized 

water and acetone and dried under vacuum. 

Synthesis of MNPs@CA-Citramide via ligand exchange 

MNPs@StA (25 mg) were finely dispersed in 50 mL of petroleum ether. Citric acid (25 mg) and 

β-CD citrate (citramide) (61 mg) were dissolved in 50 mL of d eionized water. The solutions were 

combined, and the mixture was vigorously stirred at room temperature 24 h. The organic layer 

was removed, MNPs were collected from the aqueous phase by an external magnet, rinsed 

with deionized water and acetone and dried  under vacuum. 

Synthesis of citric acid anhydride 

Citric acid (2.61 mmol, 0.50 mg) was added to a mixture of glacial acetic acid (0.232 mL) and 

acetic anhydride (0.486 mL). The solution was stirred at 38 °C for 24 h and finally dried under 

vacuum to obtain the product. White powder (MW: 174.11 g/mol. 0.354 g. 78% yield). 

(iPrOH/H2O/EtOAc/NH4OH 5:3:1:1).  

1H NMR (600 MHz, Acetone) δ 3.45 (d, 1H, H-a), 3.19 (d, 1H, H-c), 3.14 (d, 1H, H-d), 3.06 (d, 

1H, H-b) ppm (five terms citric acid anhydride). δ 3.34 (d, 1H, H-e), 3.24 (d, 1H, H-f) ppm (six 

terms citric acid anhydride). δ 3.51 (d, 1H, H-g), 3.41 (d, 1H, H-i), 2.12 (s, 3H, H-j) ppm (six 

terms acetylated citric acid anhydride). 

Synthesis of 6I-O-p-Toluenesulfonyl-β-CD 

CD (2.80 mmol, 3.17 g) was dissolved in 90 mL of deionized water. The solution was heated 

up to 55 °C, 1-(p-toluenesulfonyl)imidazole (1.12 mmol) was added and the solution was stirred 

at room temperature for 2 h. A water solution of NaOH (1.66 g in 6.60 mL) was added dropwise 

and a precipitate was formed. The suspension was filtered and the filtered was further stirred 
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for 30 min. NH4Cl (3.97 g) was added and a precipitated was obtained. It was recovered by 

filtration under vacuum, washed with acetone and dried. White powder (MW: 1289.17 g/mol. 

0.830 g. 23% yield). Rf 0.44 (iPrOH/H2O/EtOAc/NH4OH 5:1:3:1).  

1H NMR (600 MHz, DMSO-d6): δ 7.71 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.2 Hz, 2H), 5.72 (dt, J 

= 24.0, 14H), 4.79 (d, J = 7.5 Hz, 5H), 4.73 (d, J = 3.2 Hz, 2H), 4.51 – 4.39 (m, 5H), 4.37 – 4.25 

(m, 1H), 3.69 – 3.38 (m, 28H), 2.39 (s, 3H). 

Synthesis of 6I-diethylentriamine-6I-monodeoxy-CD 

6I-O-p-Toluenesulfonyl-β-CD (0.31 mmol, 0.40 mg) was added to 0.80 mL of diethylentriamine. 

After complete solubilization the mixture was stirred at 100 °C for 7 h. The product was 

precipitated by adding 2-propanol. The precipitated was filtered under vacuum, washed several 

times with 2-propanol and dried. White powder (MW: 1220.14 g/mol. 0.366 g. 96% yield). 

(iPrOH/H2O/EtOAc/NH4OH 5:3:1:1).  

1H NMR (600 MHz, D2O): δ 4.91 (s, 7H, H-1), 3.84 – 3.65 (m, 27H, 7×H-3, 7×H-5, 12×H-6, 1×H-

4), 3.51 – 3.39 (m, 13H, 7×H-2, 6×H-4), 3.03 (d, J = 6.1 Hz, 1H, H-4), 2.96-2.92 (m, 1H, H-6a), 

2.72 (t, J = 6.4 Hz, 4H, 2×H-1’, 2×H-2’), 2.61 (dd, J = 16.4 Hz, 5H, 2×H-3’, 2×H-4’, 1xH-6b,) 

ppm. 

Synthesis of -CD citrate (citramide) 

Citric acid anhydride (71 mg) was dissolved in 6 mL of dry dimethylformamide (DMF). 100 mg 

of 6I-diethylentriamine-6I-monodeoxy-CD and 1 mL of pyridine were added and the solution 

was heated up at 40 °C for 24 h. The product was precipitated by adding acetone. The 

precipitated was filtered under vacuum, washed several times with acetone and dried. White 

powder (MW: 1394.26 g/mol. 0.082 g. 71% yield). (H2O/1,4-dioxane/NH4OH 1:1:0.1).  

ESI-MS+: m/z calc for C52H87N3O40 1394.26; [M+H]+ found 1395.25. 

Synthesis of carboxymethyl dextran 

Dextran (6000 g/mol, 0.50 g, 3.09 mmol) were dissolved in 10.62 mL of tert -butanol. 

Subsequently, 1.8 mL of sodium hydroxide at concentrations of 3.8 M were added dropwise to 

the dextran solution. Then, the solution was stirred at room temperature for 1 h. 

Monobromoacetic acid (7.71 mmol) was added. The reaction mixture was stirred at 60 °C for 

90 min. Afterward the mixture was cooled to room temperature and then neutralized with glacial 

acetic acid. Finally, the product was precipitated and washed twice with methanol, filtered under 

vacuum and dried. This process was repeated three times. After the carboxymethylation 

reaction, the modified dextrans are in the form of a carboxylate sodium salt (–CH2COONa). An 

acid wash was used to obtain the free acid form (–CH2COOH). For this, 1 g of CMDx was 
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washed 10 min with 14 mL of a solution of methanol and chloridric acid 37%v/v (20:1). The acid 

liquor was removed by vacuum filtration and the solid product was subsequently washed 

several times with ethanol to remove all traces of the acid reagent and dried under vacuum. 

Afterward, the amount of carboxylic (–COOH) groups per CMDx chain were determined by 

acidimetric titration. For the acidimetric titration, a solution at 1% w/v of CMDx in a mixture of 

distilled water/acetone (1:1) was prepared. NaOH 0.012 N was added dropwise and then the 

solution was titrated with hydrochloric acid 0.012 N, using phenolphthalei n as indicator. From 

the titration data, the equivalents of –COOH groups per gram of CMDx were calculated and 

30% of degree of substitution was obtained. White powder (MW: 179.84 g/mol, 75% yield).  

FT-IR max (KBr, cm-1): 3318, 2938, 1737, 1635, 1384, 1231, 1157, 1020, 917.  

Sorption experiments 

Phenolphthalein – A buffer solution was prepared from 13.2 g of Na2CO3 and 2.1 g of NaHCO3 

dissolved in 250 mL of ultrapure water (pH 10.5). Php  powder was dissolved in ethanol to obtain 

a 5 mM Php stock solution, and β-CD powder was dissolved in ultrapure water to obtain a 0.88 

mM β-CD stock solution. The Php stock solution was diluted in the buffer solution (pH 10.5) to 

achieve a constant Php concentration of 0.008 mM and was mixed with the β-CD stock solution 

to achieve β-CD concentrations of 0, 7.9, 9.6, 11.3, 13, 14.7, 16.4, and 18.1 mmol L−1. The 

absorbance of the CD calibration solutions was measured at a wavelength of 553 nm at room 

temperature. The MNPs samples (5 mg) were dispersed in a Php solution in buffer (0.008 mM, 

5 mL). The mixture was stirred for 15 min in an US bath and the MNPs were collected 

magnetically. UV absorbance was recorded at 553 nm. 

Adamantane amine – A solution of adamantane amine dissolved in methanol (2 mL) (1, 2, 4, 

8, 10 mg/mL) and MNPs (2 mg) were added to a test tube and stirred for 2 h in an US batch. 

After the elimination of the solid via magnetic attraction, the solution was analyzed by GC-FID. 

Concentration was determined using a calibration curve, and the adsorption capacity was 

calculated. 

Relaxometric analysis 

The proton longitudinal relaxation rate (R1) and the proton transverse relaxation rate (R2) were 

calculated from the relaxation time T1 and T2, respectively: 

𝑅𝑖 =  
1

𝑇𝑖
 = [𝑠−1] 

where i = 1 or 2.  

The relaxivity was calculated:  
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𝑟𝑖𝑝  =  
𝑅𝑖  − 0.38

[𝐹𝑒3+]
 =  𝑚𝑀−1 𝑠−1 

where i = 1 or 2, and 0.38 is the water contribution. 

The iron concentration (Fe3+) was determined via relaxometric measurements: a suspension of 

coated MNPs was diluted with HNO3 (1 : 10 v/v) and the mixture was allowed to stay at 120 °C 

for 12 h, in order to oxidize all the metallic ions to Fe3+. Finally, the proton longitudinal relaxation 

rate (R1) was measured and the amount of Fe3+ was calculated as follows:  

𝑅1𝑜𝑏𝑠 = [𝐹𝑒3+] ∙ 𝑟1𝑝  + 𝑅1𝑑𝑖𝑎 

where, at 21.5 MHz and at 298 K, 𝑅1𝑑𝑖𝑎 =  0.481  e 𝑟1𝑝 = 18.47 𝑠−1𝑚𝑀−1 , thus: 

[𝐹𝑒3+] = 
𝑅1𝑜𝑏𝑠 − 0.481

18.47
 = 𝑚𝑀 

The efficiency of the contrast was calculated as follo ws:  

𝑟2

𝑟1
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8.6. Continuous flow chemistry for the synthesis of drugs 

8.6.1. General working conditions 

Reagents used in the following experimental procedures were purchased from Sigma Aldrich 

or Merck and were used without further purification. Reactions were monitored with thin -layer 

chromatography on aluminium-backed Merck silica gel 60 F254 plates or pre-coated TLC sheets 

ALUGRAM Xtra SIL G/UV. Synthesised compounds were visualised on TLC under UV light 

(254 nm). Purification of compounds was carried out with column chromatography on Merck 

silica gel 60 (particle size 0.063-0.2 mm) using appropriate combinations of solvent mixtures. 

Analytical techniques were used to fully characterize isolated compounds. Nuclear Magnetic 

Resonance spectra were recorded using a 300 MHz Varian VNMRS (75 MHz for 13C), a 400 

MHz Varian Unity Inova (100 MHz for 13C) or a Bruker Avance-400 (400 MHz) spectrometers. 

Chemical shifts (δ) are reported in ppm and J-values are given in Hz. Chemical shifts were 

recorded relative to a reference compound – residual CDCl3 or d6-DMSO. All NMR spectra were 

obtained at 25 °C. Infrared spectra were recorded from 4000 to 500 cm−1 using a Bruker 

spectrometer, and peaks (υmax) are reported in wavenumbers (cm−1). High-performance liquid 

chromatography (HPLC) data was obtained using Agilent 1100 with a UV detector. HPLC 

analysis was performed on ACE Generix 5 C18(2) column (150 mm × 4.6 mm i.d) at ambient 

temperature using an isocratic system. The mobile phase consisted of 35% water and 65% 

MeCN or 35% H2O and 65% MeOH or 100% MeCN, depending on the analyzed molecules. A 

Bruker Alpha FT-IR spectrophotometer was used to acquire FT-IR spectra, through OPUS 7.5 

Software. The sample injection volume was 1 μL, eluted at a flow rate of 1 mL/min, and detected 

at 254 nm. A pump system Chemyx Inc. Fusion 101 was used to perform continuous flow 

processes and reagents were purged onto Trajan Supelco SGE Syringes, 10 mL, Luer Loch. A 

flow reactor system LTF – Mr-Lab-Ms 115 x 60 x 6.4 mm coupled with a LTF – Mr-Lab-V 115 

x 60 x 6.4 mm was used. All units were connected using PTFE tubing (0.2 mm internal 

diameter). A Zaiput back pressure regulator was used. 

Set-up for the packed bed reactor unit 

The experimental setup consisted of a syringe pump (Chemyx Inc. Fusion 101), a packed bed 

reactor (PBR) ((Omnifit EZ column 6.6 mm/100 mm) and an oil bath. All units were connected 

using PTFE tubing (0.2 mm internal diameter). The PBR was heated by immersing the reactor 

inside the oil bath. 

The bed volume was calculated as follow: o nce the packed bed reactor was filled with the 

catalyst, the internal volume was determined by weighing the freshly PBR (Mass 1) and then 

pumping a solvent through the reactor to fill the void with it. The packed bed reactor was then 

weighed again (Mass 2). The reactor volume was determined by Rv = (Mass 2 – Mass 1)/ 

solvent density. 
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𝑅𝑣 =  
𝑀𝑎𝑠𝑠2 −  𝑀𝑎𝑠𝑠1

𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

 

8.6.2. Experimental procedures 

General procedure for the synthesis of 6-aminouracil camptothecin analogue 

Synthesis of 6-aminouracil camptothecin analogue (7) via conventional heating 
and O2 atmosphere 

4-Nitrobenzaldehyde (0.4 mmol, 60 mg), 6-aminouracile (0.4 mmol, 51 mg) and 1,3-

indanedione (0.4 mmol, 58 mg) are suspended in DMF (0.8 mL, 0.5 M). Acetic acid (0.8 mmol, 

0.046 mL) and acetic anhydride (0.8 mmol, 0.076 mL) are added. The reaction mixture is heated 

for 4 h at 160 °C under O2 atmosphere and then allowed to cool to room temperature. Water is 

added (4.90 mL) and the formed precipitate is isolated by filtration, washed with ethanol and 

diethyl ether and dried under vacuum overnight.  

Orange powder (154 mg, 99% yield). Rf 0.65 (DCM/MeOH, 9:1).  

Synthesis of 6-aminouracil camptothecin analogue (7) via conventional heating 

and CuCl2 oxidation 

4-Nitrobenzaldehyde (0.4 mmol, 60 mg), 6-aminouracile (0.4 mmol, 51 mg) and 1,3-

indanedione (0.4 mmol, 58 mg) are suspended in DMF (0.8 mL, 0.5 M). Acetic acid (0.8 mmol, 

0.046 mL), acetic anhydride (0.8 mmol, 0.076 mL) and CuCl 2 (0.04 mmol, 5.4 mg) are added. 

The reaction mixture is heated for 4 h at 160 °C and then allowed to cool to room temperature. 

Water is added (4.90 mL) and the formed precipitate is isolated by filtration, washed with 

ethanol and diethyl ether and dried under vacuum overnight.  

Orange powder (146 mg, 94% yield). Rf 0.65 (DCM/MeOH, 9:1).  

Synthesis of 6-aminouracil camptothecin analogue (7) via MW heating and 

CuCl2 oxidation 

4-Nitrobenzaldehyde (0.4 mmol, 60 mg), 6-aminouracile (0.4 mmol, 51 mg) and 1,3-

indanedione (0.4 mmol, 58 mg) are suspended in DMF (0.8 mL, 0.5 M). Acetic acid (0.8 mmol, 

0.046 mL), acetic anhydride (0.8 mmol, 0.076 mL) and CuCl 2 (0.04 mmol, 5.4 mg) are added. 

The reaction mixture is heated for 1 h at 160 °C under MW irradiation and then allowed to cool 

to room temperature. Water is added (4.90 mL) and the formed precipitate is isolated by 

filtration, washed with ethanol and diethyl ether and dried under vacuum overnight.  

Orange powder (98 mg, 93% yield). Rf 0.65 (DCM/MeOH, 9:1).  
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Synthesis of 6-aminouracil camptothecin analogue (6) and (7) via flow 
chemistry 

A solution of 4-Nitrobenzaldehyde (5 mmol) in DMSO (10 mL) premixed with an acid catalyst 

(10 mmol) and a solution of 1,3-indanedione (5 mmol) and 6-aminouracile (5 mmol) in DMSO 

(10 mL) are pumped using two separate full 10 mL glass syringes into a 0.2 mL glass mixer, 

followed by a 1.7 mL glass reactor, held at 160 °C for 45 min residence time to afford 

intermediate (6). Subsequently, chloranil (10 mmol) in DMSO (8 mL) was pumped using a full 

10 mL glass syringe into a 0.2 mL glass reactor, at 160 °C for 5 seconds residence time, to give 

product (7). Water is added to the collected reaction mixture and the formed precipitate is 

filtered off, washed with water and dried under vacuum.  

Product (6): orange powder (63% yield – measured by HPLC, MeOH : H2O / 65 : 35, isocratic, 

8 min).  

1H NMR (400 MHz, DMSO-d6) δ 11.01 (s, 1H), 10.49 (s, 2H), 8.15 (d, J = 8.7 Hz, 2H), 7.60 (d, 

J = 8.7 Hz, 2H), 7.55 – 7.48 (m, 2H), 7.42 (td, J = 7.0, 1H), 7.33 (d, J = 7.1 Hz, 1H), 4.88 (s, 

1H). 

13C NMR (151 MHz, DMSO-d6) δ 190.93, 163.78, 154.45, 153.13, 153.13, 146.19, 145.58, 

136.46, 131.23, 130.38, 129.92, 128.21, 122.35, 119.33, 108.47, 107.06, 104.68, 90.49. 

Product (7): orange/brown powder (99% yield). 

1H NMR (300 MHz, DMSO-d6) δ 12.33 (s, 1H), 11.41 (s, 1H), 8.26 (d, J = 8.8 Hz, 2H), 7.83 (d, 

J = 7.4 Hz, 1H), 7.76 (t, J = 7.9 Hz, 1H), 7.66 – 7.54 (m, 4H). 

13C NMR (151 MHz, DMSO-d6) δ 188.64, 168.81, 161.75, 157.93, 150.32, 149.24, 147.55, 

142.71, 140.71, 136.43, 136.15, 133.63, 129.70, 122.87, 122.21, 120.84, 107.06. 

General procedure for the synthesis of Praziquantel 

Synthesis of N-Phenylethylformamide 

2-Phenylethylamine (0.4 mmol, 51 µL) is added to formamide (2 mL). The reaction mixture is 

stirred and heated up to 120 °C. After 15 h the reaction is cooled down to room temperature, 

extracted with ethyl acetate and water. Sequentially, the organic layer is washed with a 

saturated ammonium chloride solution, then with a saturated sodium chloride solution, dried 

over sodium sulphate and finally dried under reduced pressure. The isolated product is stored 

at -4 °C.  

Yellow oil (51.6 mg, 86% yield). Rf 0.71 (DCM/MeOH, 9:1).  

1H NMR (300 MHz, CDCl3) δ 8.09 (s, 1H), 7.31 (dd, J = 8.0 Hz, 2H), 7.26 – 7.16 (m, 3H), 5.84 

(s, 1H), 3.55 (dd, J = 13.1 Hz, 2H), 2.83 (t, J = 7.0 Hz, 2H). 
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13C NMR (75 MHz, CDCl3) δ 161.57, 136.66, 128.80, 128.68, 127.27, 39.63, 34.47. 

Synthesis of N-phenylethylisocyanide (11) 

To a solution of N-phenylethylformamide (3.35 mmol, 500 mg) in CH2Cl2 (1.67 mL), Et3N (16.7 

mmol) and POCl3 (3.35 mmol, 514 mg) are added keeping the solution at 0 °C. The reaction 

mixture is stirred at 0 °C for 10 min. After that, the reaction mixture is directly poured onto a 

column loaded with silica in diethylether, that is used as mobile phase. The desired isocyanide 

is obtained.  

Yellow oil (374 mg, 83% yield). Rf 0.71 (DCM).  

1H NMR (300 MHz, CDCl3) δ 7.38 – 7.28 (m, 3H), 7.25 – 7.21 (m, 2H), 3.64 – 3.58 (m, 2H), 

3.04 – 2.95 (m, 2H). 

13C NMR (75 MHz, CDCl3) δ 156.49, 136.66, 128.80, 128.68, 127.27, 42.90, 35.69. 

Synthesis of N-(2,2-dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)-
ethyl)cyclohexane carboxamide (Ugi reaction) (12) under conventional heating 

To a solution of formaldehyde (37% in MeOH, 1 mmol), cyclohexancarboxylic acid (1 mmol, 

128 mg) and amino acetaldehyde dimethylacetal (1 mmol, 106 mg) in MeOH/CH3CN (1:1, 2 

mL), isocyanide (1 mmol, 132 mg) is added dropwise at 0 °C. The resulting solution is stirred 

at 80 °C for 1 h. The reaction mixture is extracted with diethyl ether and water, dried over 

anhydrous sodium sulphate and finally the solvent is removed under reduced pressure. 

Yellow oil (250 mg, 66% yield). Rf 0.34 (Hexane/EtOAC, 1:2).  

Synthesis of N-(2,2-dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)-

ethyl)cyclohexane carboxamide (Ugi reaction) (12) under MW irradiation 

To a solution of formaldehyde (37% in MeOH, 1 mmol), cyclohexancarboxylic acid (1 mmol, 

128 mg) and amino acetaldehyde dimethylacetal (1 mmol, 106 mg) in MeOH/CH3CN (1:1, 2 

mL), isocyanide (1 mmol, 132 mg) is added dropwise at 0 °C. The resulting solution is heated 

up to at 80 °C under MW irradiation and stirred for 15 min. The reaction mixture is extracted 

with diethyl ether and water, dried over anhydrous sodium sulphate and finally the solvent is 

removed under reduced pressure. 

Yellow oil (198 mg, 53% yield). Rf 0.34 (Hexane/EtOAC, 1:2).  
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Synthesis of N-(2,2-dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)-
ethyl)cyclohexane carboxamide (Ugi reaction) (12) via continuous flow 

chemistry  

Isocyanide (10 mmol, 1.32 g) and amino acetaldehyde dimethylacetal (1o mmol, 1.06 g) are 

premixed in MeOH/CH3CN (1:1, 10 mL, 1 M) and poured onto a 10 mL glass syringe. 

Formaldehyde (37% in MeOH, 10 mmol) and cyclohexancarboxylic acid (10 mmol, 1.28 g) are 

premixed in MeOH/CH3CN (1:1, 10 mL, 1 M) and poured onto a 10 mL glass syringe. The 

solutions are pumped into a 0.2 mL glass mixer, followed by a 1.7 mL glass reactor, held at 100 

°C for 15 min residence time to afford intermediate (13) (flow rate 0.0633 mL/min).  

Yellow oil (291 mg, 78% yield). Rf 0.34 (Hexane/EtOAC, 1:2). HPCL conditions: H2O : CH3CN 

/ 35 : 65, isocratic, 9 min. 

1H NMR (400 MHz, CDCl3) δ 7.33 – 7.26 (m, 2H), 7.24 – 7.13 (m, 3H), 7.00 (t, J = 5.2 Hz, 1H), 

6.49 (t, J = 5.1 Hz, 1H), 4.57 (t, J = 5.1 Hz, 1H), 4.39 (t, J = 5.2 Hz, 1H), 3.98 (d, J = 7.2 Hz, 

2H), 3.55 (dd, J = 13.1 Hz, 1H), 3.48 (dd, J = 13.0 Hz, 1H), 3.41 (t, J = 5.7 Hz, 2H), 3.37 (s, 

3H), 3.33 (s, 3H), 2.84 – 2.75 (m, 2H), 2.57 (t, J = 11.6 Hz, 1H), 2.25 (dd, J = 23.9, 11.4 Hz, 

1H), 1.80 – 1.69 (m, 2H), 1.62 (dd, J = 19.1, 10.0 Hz, 2H), 1.50 – 1.37 (m, 2H), 1.33 – 1.16 (m, 

4H). 

13C NMR (101 MHz, CDCl3) δ 177.85, 169.55, 128.85 – 128.40, 126.51, 103.44, 102.66, 55.45, 

55.05, 54.05, 52.13, 51.49, 50.32, 41.04, 40.55, 40.26, 35.56, 29.30, 25.60. 

Synthesis of 2-(cyclohexanecarbonyl)-2,3,6,7,11b-hexahydro-pyrazino[2,1-
a]isoquinolin-4-one (Praziquantel) (Pictet–Spengler reaction) (13) under 

conventional heating 

N-(2,2-Dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)ethyl)cyclohexanecarboxamide (12) 

(0.266 mmol, 100 mg) is added portionwise to methanesulfonic acid (5.31 mmol, 510 mg) at 0 

°C. After heating up to 70 °C for 6 h, the reaction mixture is poured into an ice/water mixture 

and adjusted to pH 8 with an aqueous solution of NaOH (20%). The solution is extracted with 

diethyl ether, the organic layer is dried over anhydrous sodium sulphate and concentrated under 

reduced pressure.  

Yellow oil (55 mg, 66% yield). Rf 0.62 (Hexane/EtOAC, 1:2).  

Synthesis of 2-(cyclohexanecarbonyl)-2,3,6,7,11b-hexahydro-pyrazino[2,1-

a]isoquinolin-4-one (Praziquantel) (Pictet–Spengler reaction) (13) via 
continuous flow chemistry 

A solution of N-(2,2-Dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)ethyl)cyclohexane 

carboxamide (12) in MeOH/CH3CN (1:1, 0.5 M) is poured onto a 10 mL glass syringe and 

pumped into a 0.2 mL glass mixer, followed by a 1.7 mL glass reactor, contemporary at a 
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solution of MsOH (1 equiv, MeOH/CH3CN (1:1, 1 M)), held at 100 °C for 30 min residence time 

to afford intermediate (13). 

Yellow oil (73 mg, 88% yield). Rf 0.62 (Hexane/EtOAC, 1:2). HPCL conditions: H2O : CH3CN / 

35 : 65, isocratic, 9 min. 

1H NMR (400 MHz, CDCl3) δ 7.27 – 7.13 (m, 4H), 5.14 (d, J = 10.5 Hz, 1H), 4.79 (d, J = 10.9 

Hz, 2H), 4.46 (d, J = 17.7 Hz, 1H), 4.07 (d, J = 17.4 Hz, 1H), 2.95 – 2.73 (m, 4H), 2.49 – 2.40 

(m, 1H), 1.87 – 1.67 (m, 5H), 1.59 – 1.47 (m, 2H), 1.26 (d, J = 10.2 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 174.68, 164.33, 134.60, 132.58, 129.28, 127.32, 126.85, 125.11, 

54.97, 48.84, 45.09, 40.23, 39.13, 29.42, 28.55, 28.08, 25.62.  

General procedure for the synthesis of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-
aniline 

Synthesis of copper nanoparticles 

A Copper (II) sulfate solution (1.5 mL of a 0.01 M solution in water/glycerol 5:1) was stirred and 

was followed dropwise by addition of 2 M NaOH aqueous solution to adjust the solution pH up 

to 11. After stirring for 10 min, 0.5 M NaBH4 in water (0.092 mL) was added into the flask, 

keeping the solution in an US bath. Firstly, the deep blue solution gradually became colourless, 

and then it turned burgundy, which shows the formation of copper colloid. The copper 

nanoparticles were filtered on a Büchner funnel with a sintered glass disc using water and 

methanol to wash the catalyst.  

Synthesis of supported copper nanoparticles 

A Copper (II) sulfate solution (1.5 mL of a 0.01 M solution in water/glycerol 5:1) was stirred and 

was followed dropwise by addition of 2 M NaOH aqueous solution to adjust the solution pH up 

to 11. After stirring for 10 min, celite powder (50 mg) is added, followed by the addition of 0.5 

M NaBH4 in water (0.092 mL), keeping the solution in an US bath. After the addition of NaBH4, 

the supported copper nanoparticles were filtered on a Büchner funnel with a sintered glass disc 

using water and methanol to wash the catalyst. 

Synthesis of Bis-(2-chloroethyl)-amine hydrochloride (15) 

Diethanolamine (4.7 mmol, 500 mg) is dissolved in CHCl 3 (2 mL). A second mixed solution is 

prepared by mixing SOCl2 (10.9 mmol, 1.30 g) in CHCl3 (1.5 mL). The first mixed solution is 

dropped to the second mixed solution while stirring at 0 °C. Thereafter, the resulting mixture is 

stirred for 5 h at 50 °C. After the reaction a white precipitate is formed, 500 µL of CH3OH are 
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added to the reaction mixture and after being cooled at room temperature, the solvents are 

removed under reduced pressure to obtain a white powder.  

White powder (819 mg, 97% yield).  

1H NMR (400 MHz, DMSO-d6) δ 9.72 (s, 1H), 3.93 (t, J = 6.4 Hz, 4H), 3.33 (t, J = 6.4 Hz, 4H). 

13C NMR (101 MHz, DMSO-d6) δ 48.35 

Synthesis of 1-(4-methoxyphenyl)piperazine (16) 

To a stirred mixture of bis-(2-chloroethyl)-amine hydrochloride (4.2 mmol, 750 mg) and nBuOH 

(3.25 mL) is added slowly a solution of 4-methoxyaniline (3.8 mmol, 470 mg) in nBuOH (0.5 

mL). The resulting reaction mixture is heated up at reflux conditions for 24 h. The hot mixture 

is filtered and the precipitate is washed with cold nBuOH and dried under vacuum.  

White powder (67% yield). Rf 0.73 (DCM/MeOH, 8:2).  

1H NMR (300 MHz, DMSO-d6) δ 6.89 (dd, J = 26.7 Hz, 4H), 3.69 (s, 3H), 3.36 (brs, 1H), 3.20 

(d, J = 4.6 Hz, 8H). 

13C NMR (75 MHz, DMSO-d6) δ 154.08, 144.79, 118.56, 114.82, 55.66, 47.28, 43.20. 

Synthesis of 1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine (17)  

1-(4-methoxyphenyl)piperazine (0.78 mmol, 150 mg) is dissolved in DMSO (1.5 mL), K2CO3 

(0.82 mmol, 113 mg) and 1-chloro-4-nitrobenzene (0.75 mmol, 118 mg) are added. The reaction 

mixture is stirred at 160 °C for 15 h. The reaction is allowed to cool down at room temperature, 

the generated solid precipitate is filtered, washed with ethanol and dried under vacuum.  

Yellow powder (230 mg, 98% yield). Rf 0.52 (PE/EtOAc, 5:5).  

1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 9.4 Hz, 2H), 6.95 (d, J = 9.2 Hz, 2H), 6.88 (d, J = 7.8 

Hz, 4H), 3.78 (s, 3H), 3.61 – 3.55 (m, 4H), 3.26 – 3.19 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 154.77, 154.41, 145.06, 138.65, 125.95, 118.70, 114.57, 112.82, 

55.56, 50.52, 47.27. 

Synthesis of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline (18) under 
conventional heating and Pd/C as catalyst 

To a solution of 1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine (0.319 mmol, 100 mg) in 

EtOH or DMF (12 mL, 0.025 M), hydrazine monohydrate (3.19 mmol, 160 mg) and Pd/C (5% 

loaded, 0.0319 mmol, 68 mg) are added. The reaction mixture is stirred and heated at reflux 

conditions for 15 h. Then, the catalyst is filtered off and the solution is extracted with water and 
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ethyl acetate. The organic layer is dried over sodium sulphate and finally dried under reduced 

pressure. 

Yellow powder (81 mg, 89% yield). Rf 0.16 (PE/EtOAc, 5:5).  

Synthesis of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline (18) under 

conventional heating and Cu(0) NPs as catalyst (0.08 M)  

Cu(0) NPs (10 mol%, 2 mg) are finely dispersed in glycerol (4 mL) by US irradiation. KOH 

(0.638 mmol, 36 mg) and 1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine (0.319 mmol, 100 

mg) are added. The resulting reaction mixture is heated up to 130 °C and stirred for 5 h. The 

reaction is allowed to cool down at room temperature, the Cu(0) NPs are filtered off and the 

solution is extracted with water and ethyl acetate. The organic layer is dried over sodium 

sulphate and finally dried under reduced pressure. 

Yellow powder (48 mg, 53% yield). Rf 0.16 (PE/EtOAc, 5:5).  

Synthesis of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline (18) under 
conventional heating and supported Cu(0) NPs as catalyst (0.08 M)  

Celite supported Cu(0) NPs (5% loaded, 10 mol%, 40 mg) are finely dispersed in glycerol (4 

mL) by US irradiation. KOH (0.638 mmol, 36 mg) and 1-(4-Methoxyphenyl)-4-(4-

nitrophenyl)piperazine (0.319 mmol, 100 mg) are added. The resulting reaction mixture is 

heated up to 130 °C and stirred for 8 h. The reaction is allowed to cool down at room 

temperature, the supported Cu(0) NPs are filtered off and the solution is extracted with water 

and ethyl acetate. The organic layer is dried over sodium sulphate and finally dried under 

reduced pressure. 

Yellow powder (56 mg, 62% yield). Rf 0.16 (PE/EtOAc, 5:5).  

Synthesis of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline (18) via continuous 

flow chemistry and supported Cu(0) NPs as catalyst (0.005 M) 

1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine (0.5 mmol, 160 mg) and KOH (1 mmol, 56 

mg) in ethylene glycol (100 mL, 0.005 M) are passed through celite supported Cu(0) NPs (5% 

loaded) packed into a bed reactor and kept at 130 °C, residence time 3.42 min. The collected 

solution is extracted with water and ethyl acetate. The organic layer is dried over sodium 

sulphate and finally dried under reduced pressure. 

Brown powder (87% conversion, measured by HPLC (HPLC conditions: CH3CN 100%, 

isocratic, 5 min). Rf 0.16 (PE/EtOAc, 5:5). 

1H NMR (300 MHz, CDCl3) δ 6.98 (d, J = 9.0 Hz, 4H), 6.89 (d, J = 6.9 Hz, 6H), 6.70 (d, J = 8.6 

Hz, 3H), 3.80 (s, 5H), 3.23 (d, J = 2.4 Hz, 16H). 
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13C NMR (101 MHz, CDCl3) δ 153.92, 145.69, 144.44, 140.31, 118.79, 118.38, 116.20, 114.45, 

55.56, 51.23, 50.98. 

Synthesis of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline (18) via continuous 

flow chemistry and Pd/C as catalyst (0.025 M) 

1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine (0.25 mmol, 78 mg) and hydrazine 

monohydrate (2.5 mmol, 125 mg) in DMF (10 mL, 0.025 M) are passed through Pd/C (5% 

loaded) packed into a bed reactor and kept at 100 °C, residence time 2.16 min. The collected 

solution is extracted with water and ethyl acetate. The organic layer is dried over sodium 

sulphate and finally dried under reduced pressure. 

Brown powder (79% yield). Rf 0.16 (PE/EtOAc, 5:5). 
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Chapter 9 

Appendix 

 

9.1. Sonochemically-promoted preparation of β-cyclodextrin-
silica hybrid systems for efficient copper catalysis 

6I-O-p-Toluenesulfonyl-β-CD 

 

Figure 66. 1H NMR of 6I-O-p-Toluenesulfonyl-β-CD. 
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1,5-bis(1-benzyl-1H-1,2,3-triazol-4-yl)pentane 

 

Figure 67. 1H NMR of 1,5-bis(1-benzyl-1H-1,2,3-triazol-4-yl)pentane. 

 

 

Figure 68. 13C NMR of 1,5-bis(1-benzyl-1H-1,2,3-triazol-4-yl)pentane. 
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1,6-bis(5-phenyl-1H-1,2,3-triazol-1-yl)hexane 

 

Figure 69.1H NMR of 1,6-bis(5-phenyl-1H-1,2,3-triazol-1-yl)hexane. 

 

 

Figure 70.13C NMR of 1,6-bis(5-phenyl-1H-1,2,3-triazol-1-yl)hexane. 



187 
 

2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethan-1-ol 

 

Figure 71. 1H NMR of 2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethan-1-ol. 

 

 

Figure 72. 13C NMR of 2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethan-1-ol. 
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2-(1-undecyl-1H-1,2,3-triazol-4-yl)ethan-1-ol 

 

Figure 73. 1H NMR of 2-(1-undecyl-1H-1,2,3-triazol-4-yl)ethan-1-ol. 

 

 

Figure 74. 13C NMR of 2-(1-undecyl-1H-1,2,3-triazol-4-yl)ethan-1-ol. 
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4-phenyl-1-undecyl-1H-1,2,3-triazole 

 

Figure 75. 1H NMR of 4-phenyl-1-undecyl-1H-1,2,3-triazole. 

 

 

Figure 76. 13C NMR of 4-phenyl-1-undecyl-1H-1,2,3-triazole.  
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9.2. Surface modification of carbon-based nanomaterials: a 

study to obtain high degree of functionalization with different dipols  

Structural characterization of functionalized rGO and NDs 

 

Figure 77. FT-IR spectrum of rGO-NO-1. 

1000 1250 1500 1750 2000

0,0

0,2

0,4

0,6

0,8

1,0
 Experimental Data (rGO-NO-2)

 Cumulative Fit

R
a

m
a

n
 i
n

te
n

s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

S
r

G
v

G
r

D

G

D
l

 

1750 2000 2250 2500 2750 3000 3250 3500 3750

2

3

4

5

6

7

R
a

m
a

n
 I
n

te
n

s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

 Experimental Data (rGO-NO-2)

 Cumulative Fit

G*

2D

D+G
r

2G
r

 

a b 

Figure 78. Deconvoluted Raman spectrum of rGO-NO-2. 

 

Figure 79. DRIFT spectrum of NDs-NO-1. 
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Figure 80. Deconvoluted Raman spectrum of rGO-Nitrone16. 
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Figure 81. Deconvoluted Raman spectrum of rGO-Nitrone17. 
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Figure 82. Deconvoluted Raman spectrum of rGO-Nitrone19. 
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NMR characterization 

(9H-fluoren-9-yl)methyl(3-hydroxypropyl)carbamate 

 

Figure 83. 1H NMR of 1a. 

 

 

Figure 84. 13C NMR of 1a. 

 



193 
 

 

Figure 85. ESI-MS of 1a. 

 

(9H-fluoren-9-yl)methyl(6-hydroxyhexyl)carbamate 

 

Figure 86. 1H NMR of 1b. 
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Figure 87. 13C NMR of 1b. 

 

 

Figure 88. ESI-MS of 1b. 
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(9H-fluoren-9-yl)methyl(5-hydroxypentyl) carbamate 

 

Figure 89. 1H NMR of 1c. 

 

 

Figure 90. 13C NMR of 1c. 
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Figure 91. ESI-MS of 1c. 

 

(9H-fluoren-9-yl)methyl(3-oxopropyl)carbamate 

 

Figure 92. 1H NMR of 2a. 
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Figure 93. 13C NMR of 2a. 

 

 

Figure 94. CI-MS spectrum of 2a. 
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(9H-fluoren-9-yl)methyl (5-oxohexyl)carbamate (5) 

 

Figure 95. 1H NMR of 2b. 

 

 

Figure 96. 13C NMR of 2b. 
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Figure 97. COSY NMR of 2b. 

 

9 

 

Figure 98. ESI-MS of 2b. 
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(9H-fluoren-9-yl)methyl 3,4-dihydroxypiyridine-1(2H)carboxylate 

 

Figure 99. 1H NMR of 3. 

 

 

 

Figure 100. 13C NMR of 3. 
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Figure 101. COSY NMR of 3. 

 

 

Figure 102. ESI-MS of 3. 
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(9H-fluoren-9-yl)methyl(6-(hydroxyimino)hexyl)carbamate 

 

Figure 103. 1H NMR of 4.  

 

 

Figure 104. 13C NMR of 4. 
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Figure 105. ESI-MS of 4. 

 

(9H-fluoren-9-yl)methyl (6-chloro-6-(hydroxyimino)hexyl)carbamate 

 
Figure 106. 1H NMR of 5. 
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Figure 107. 13C NMR of 5. 

 
Figure 108. HMQC (1H, 13C) NMR of 5. 
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2-(4-nitrophenyl)-1,3-dioxolane 

 

Figure 109. 1H NMR of 6. 

 

 

Figure 110. 13C NMR of 6. 
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Figure 111. ESI-MS of 6. 

 

4-(1,3-dioxolan-2-yl)aniline 

 

Figure 112. 1H NMR of 7. 
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Figure 113. 13C NMR of 7. 

 

 

Figure 114. EI-MS of 7. 
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(9H-fluoren-9-yl)methyl(4-(1,3-dioxolan-2-yl)phenyl)carbamate  

 

Figure 115. 1H NMR of 8. 

 

 

Figure 116. 13C NMR of 8. 
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Figure 117. COSY NMR of 8. 

 

 

Figure 118. ESI-MS of 8. 
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(9H-fluoren-9-yl)methyl(4-formylphenyl)carbamate 

 

Figure 119. 1H NMR of 9. 

 

 

Figure 120. 13C NMR of 9. 
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Figure 121. COSY NMR of 9. 

 

 

Figure 122. ESI-MS of 9. 
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(9H-fluoren-9-yl)methyl (4-((hydroxyimino)methyl)phenyl)carbamate  

 

Figure 123. 1H NMR of 10. 

 

 

Figure 124. 13C NMR of 10. 
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Figure 125. COSY NMR of 10. 

 

 

Figure 126. ESI-MS of 10. 
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Benzaldehyde oxime 

 

Figure 127. 1H NMR of 12. 

 

 

Figure 128. 13C NMR of 12. 
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Figure 129. ESI-MS of 12. 

 

N-benzylhydroxylamine 

 

Figure 130. 1H NMR of 13. 
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Figure 131. 13C NMR of 13. 

 

 

Figure 132. ESI-MS of 13. 
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Octanal oxime 

 

Figure 133. 1H NMR of 14. 

 

 

Figure 134. 13C NMR of 14. 
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Figure 135. ESI-MS of 14. 

 

N-octylhydroxylamine 

 

Figure 136. 1H NMR of 15. 
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Figure 137. 13C NMR of 15. 

 

 

Figure 138. ESI-MS of 15. 
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N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzylidene)octan-1-amine 
oxide  

 

Figure 139. 1H NMR of 16. 

 

 

Figure 140. 13C NMR of 16. 
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Figure 141. ESI-MS of 16. 

 

N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzylidene)octan-1-amine 
oxide 

 

Figure 142. 1H NMR of 17. 
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Figure 143. 13C NMR of 17. 

 

 
Figure 144. ESI-MS of 17. 
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N,N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)benzylidene)-1-
phenylmethanamine oxide  

 

Figure 145. 1H NMR of 18. 

 

 

Figure 146. 13C NMR of 18. 
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Figure 147. ESI-MS of 18. 

 

N-(6-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)hexylidene)-1-
phenylmethanamine oxide 

 

Figure 148. 1H NMR of 19. 
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Figure 149. 13C NMR of 19. 

 

Figure 150. ESI-MS of 19.  
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9.3. Improving the electrocatalytic performance of sustainable 

Co/carbon materials for the oxygen evolution reaction by ultrasound and 

microwave assisted synthesis 

Co-Polyphenol materials characterization 

 

Figure 151. Representative TEM images of Co/CC (A), N-PC (B), Co/N-PC-pp-M (C), Co/N-PC-pp-U (D) and 

Co/N-PC-pp-MU € samples.  

 

 

Figure 152. N2 adsorption-desorption isotherms of the Co/ PC, Co/N-PC, Co/N-PC-pp-C, Co/N-PC-pp-M, Co/N-
PC-pp-U and Co/N-PC-pp-MU. 
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Figure 153. HR-XPS C 1s core level spectra for Co/CC, Co/PC, Co/N-PC and Co/N-PC-pp-C, Co/N-PC-pp-U, 
Co/N-PC-pp-M and Co/N-PC-pp-MU samples. 

 

 

Figure 154. HR-XPS N 1s core level spectra for Co/CC, Co/PC, Co/N-PC and Co/N-PC-pp-C, Co/N-PC-pp-U, 
Co/N-PC-pp-M and Co/N-PC-pp-MU samples. 
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Figure 155. Deconvoluted XPS spectra of the Co 2p3/2 region for the different samples. 

 

 

Figure 156. LSV curves of Co/N-PC-pp-U sample before and after performing 10000 cycles of cyclic voltammetry 
at the same OER conditions. 

 

Table 28. Co 2p3/2 spectral fitting parameters and (Co 2p3/2-Co 2p1/2) (in eV). 

Sample Peak 1 Peak 2 Peak 3 Peak 4 Δ (Co 2p3/2-Co 2p1/2) 

Co/CC 781.8 (39%) 784.1 (30%) 787.1 (21%) 789.9 (10%) - 

Co/PC 781.7 (44%) 784.4 (31%) 787.4 (18%) 790.1 (7%) 16.0 

Co/N-PC 781.8 (44%) 784.4 (30%) 787.5 (18%) 790.1 (8%) 16.1 

Co/N-PC-pp-C 781.6 (44%) 784.4 (30%) 787.4 (19%) 790.0 (7%) 16.1 

Co/N-PC-pp-M 781.4 (41%) 783.7 (29%) 786.9 (23%) 789.7 (7%) 16.0 

Co/N-PC-pp-U 781.5 (35%) 783.7 (31%) 787.0 (24%) 789.9 (10%) 16.1 

Co/N-PC-pp-MU 781.6 (35%) 783.7 (32%) 787.1 (25%) 790.2 (8%) 16.3 
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Table 29. Comparison of the OER electrocatalytic parameters of the Co/N-PC with the state-of-the-art Co-based 
carbon catalysts. 

Sample Peak 1 Peak 2 Peak 3 Peak 4 Δ (Co 2p3/2-Co 2p1/2) 

Co/CC 781.8 (39%) 784.1 (30%) 787.1 (21%) 789.9 (10%) - 

Co/PC 781.7 (44%) 784.4 (31%) 787.4 (18%) 790.1 (7%) 16.0 

Co/N-PC 781.8 (44%) 784.4 (30%) 787.5 (18%) 790.1 (8%) 16.1 

Co/N-PC-pp-C 781.6 (44%) 784.4 (30%) 787.4 (19%) 790.0 (7%) 16.1 

Co/N-PC-pp-M 781.4 (41%) 783.7 (29%) 786.9 (23%) 789.7 (7%) 16.0 

Co/N-PC-pp-U 781.5 (35%) 783.7 (31%) 787.0 (24%) 789.9 (10%) 16.1 

Co/N-PC-pp-MU 781.6 (35%) 783.7 (32%) 787.1 (25%) 790.2 (8%) 16.3 

 

Table 30. OER electrocatalytic parameters obtained for Co/N-PC-pp-M at different temperatures. 

Co/N-PC-pp-M 

Working temperature 
(°C) Onset potential (V) 

Overpotential (mV) at 
10 mA∙cm-2 

Maximum current 
density (mA∙cm-2) 

Tafel slope 
(mV∙dec-1) 

r.t. 1.57 526 27.1 78 

60 1.55 440 70.0 74 

80 1.52 380 106.1 69 

 

Table 31. OER electrocatalytic parameters obtained for Co/N-PC-pp-U at different temperatures. 

Co/N-PC-pp-U 

Working temperature 
(°C) Onset potential (V) 

Overpotential (mV) at 
10 mA∙cm-2 

Maximum current 
density (mA∙cm-2) 

Tafel slope 
(mV∙dec-1) 

r.t. 1.56 497 32.0 94 

60 1.54 428 76.6 61 

80 1.51 365 126.2 58 
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9.4. Multifunctional amino-citrate-β-CD coated iron oxide 

nanoparticles: an efficient nanosystem for Magnetic Resonance Imaging 

(MRI) 
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Figure 157. TGA profiles of bare MNPs obtained by co-precipitation method via conventional and MW/US heating 

and coated MNPs prepared via physical assembly. 

 

Sorption experiments 
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Figure 158. Calibration curve of Php-CD inclusion complex at 553 nm wavelength. 
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Adamantane amine 

Equation y = a + b*x

Adj. R-Squa 0,99191
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Area Intercept 10

Area Slope 1079,428
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Figure 159. Calibration curve of adamantane amine measured using GC-FID. 

 

Stability assays 
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Figure 160. Graphic representation of r1p (mM-1 s-1) stability in function of time (h) of MNPs@CA (black line), 
MNPs@CMDx (pink line), MNPs@CA-Citramide (red line), MNPs@CA-β-CD (blue line). 
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R2/R1 ratio 
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Figure 161. R2/R1 ratio of MNPs@CMDx, MNPs@CA, MNPs@CA-β-CD and MNPs@CA-Citramide. 

 

MRI 

 

Figure 162. Magnetic resonance imaging of MNPs@CMDx, MNPs@CA, MNPs@CA-β-CD and MNPs@CA-

Citramide. 

 

TEM analysis 

  
Bare MNPs-Conventional technique Bare MNPs-MW/US technique 
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MNPs@CMDx – ligand exchange MNPs@CA – ligand exchange 

MNPs@β-CD-CA – ligand 
exchange 

Figure 163. TEM images of bare MNPs, prepared through co-precipitation method (conventional heating and 
MW/US combined irradiation), MNPs@CMDx, MNPs@CA, MNPs@β-CD-CA prepared following ligand exchange 
technique. 

 

Structural characterization 

Citric acid anhydride 

 

Figure 164. 1H NMR of citric acid anhydride. 
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6I-O-p-Toluenesulfonyl-β-CD 

 

Figure 165. 1H NMR of 6I-O-p-Toluenesulfonyl-β-CD. 

of 6I-diethylentriamine-6I-monodeoxy-CD  

 

Figure 166. 1H NMR of 6I-diethylentriamine-6I-monodeoxy-CD. 
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Figure 167. COSY NMR of 6I-diethylentriamine-6I-monodeoxy-CD. 

 

CD citrate (citramide) 

 

Figure 168. ESI-MS+ of amino citrate-CD (citramide). 
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Carboxymethyl dextran 

 

Figure 169. FT-IR of carboxymethyl dextran.  
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9.5. Flow chemistry for the synthesis of drugs 

NMR characterization 

Camptothecin analogue 

 

Figure 170. 1H NMR of 6-aminouracil camptothecin analogue (6). 
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Figure 171. 13C NMR of 6-aminouracil camptothecin analogue (6). 

 

 

Figure 172. 1H NMR of 6-aminouracil camptothecin analogue (7). 
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Figure 173. 13C NMR of 6-aminouracil camptothecin analogue (7). 

 

N-Phenylethylformamide 

 

Figure 174. 1H NMR of N-Phenylethylformamide. 
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Figure 175. 13C NMR of N-Phenylethylformamide. 

 

N-phenylethylisocyanide 

 

Figure 176. 1H NMR of N-phenylethylisocyanide (11). 
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Figure 177. 13C NMR of N-phenylethylisocyanide (11). 
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N-(2,2-dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)-ethyl)cyclohexane 
carboxamide 

 

Figure 178. 1H NMR of N-(2,2-dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)-ethyl)cyclohexane carboxamide 
(Ugi reaction) (12). 

 

 

Figure 179. 13C NMR of N-(2,2-dimethoxyethyl)-N-(2-oxo-2-(2-phenethylamino)-ethyl)cyclohexane carboxamide 
(Ugi reaction) (12). 
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2-(cyclohexanecarbonyl)-2,3,6,7,11b-hexahydro-pyrazino[2,1-a]isoquinolin-4-
one (Praziquantel) 

 

Figure 180. 1H NMR of 2-(cyclohexanecarbonyl)-2,3,6,7,11b-hexahydro-pyrazino[2,1-a]isoquinolin-4-one 
(Praziquantel) (Pictet–Spengler reaction) (13). 

 

 

Figure 181. 13C NMR of 2-(cyclohexanecarbonyl)-2,3,6,7,11b-hexahydro-pyrazino[2,1-a]isoquinolin-4-one 
(Praziquantel) (Pictet–Spengler reaction) (13). 
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Bis-(2-chloroethyl)-amine hydrochloride 

 

Figure 182. 1H NMR of Bis-(2-chloroethyl)-amine hydrochloride (15). 

 

 

Figure 183. 13C NMR of Bis-(2-chloroethyl)-amine hydrochloride (15). 
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1-(4-methoxyphenyl)piperazine 

 

Figure 184. 1H NMR of 1-(4-methoxyphenyl)piperazine (16). 

 

 

Figure 185. 13C NMR of 1-(4-methoxyphenyl)piperazine (16). 
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1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine 

 

Figure 186. 1H NMR of 1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine (17). 

 

 

Figure 187. 13C NMR of 1-(4-Methoxyphenyl)-4-(4-nitrophenyl)piperazine (17). 
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4-(4-(4-Methoxyphenyl)piperazin-1-yl)-aniline 

 

Figure 188. 1H NMR of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline (18).  

 

 

Figure 189. 13C NMR of 4-[4-(4-Methoxyphenyl)piperazin-1-yl]-aniline (18).   
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Final remarks 

The present work was focused on the development of new eco -friendly chemical procedures 

for the preparation and application of heterogeneous catalysts, aiming at saving energy and 

increasing process efficiency, following the Green Chemistry’s principles. In particular the 

attention was focused on: 1) the comparison of classic methods with non-conventional energy 

sources and techniques, 2) the development of mild, simple and inexpensive heterogeneous 

catalytic systems, and 3) application of such catalysts for sustainable syn thetic processes.  

In this contest, the use of the so -called enabling technologies, such as MW, US and flow 

chemistry, generated high-energy microenvironments that were exploited in different fields: 

from the preparation of solid supports, material functionalization and metal immobilization, to 

the synthesis of fine chemicals and active pharmaceutical intermediates.  

Effective preparation and specific derivatization have been performed on silica, carbon -based 

materials and iron oxide nanoparticles. Different functionalization strategies were specifically 

chosen on the basis of the selected material and specific organic portions were added to study 

their influence on support stabilization and/or metal complexation. 

More specifically, Cu(II) supported on polyamino and β-CD derivatized silica materials were 

prepared by a condensation reaction between the silanol group of the silica surface and 

alkoxysilane derivatives. The interposition of an organic flexible polyamino spacer was proven 

to influence the catalytic activity of these systems.  

Secondly, mild and efficient synthetic protocols based on 1,3-DCA were studied and exploited 

for the derivatization of graphitic layers (rGO and NDs). A new accurate and non -destructive 

quantification method, based on the Fmoc deprotection, was validated. The selective 

derivatization of these systems could offer the opportunity to prepare specific supporting 

materials for metal immobilization.  

Then, a sustainable procedure for the preparation of Co(II) supported and stabilized on carbon-

based nanoparticles was investigated. Carbon derived from pinecones was used as support for 

the immobilization and stabilization of cobalt nanocluster, ensured by the presence of 

polyphenols. This system could be classified as as an “excellent” electrocatalyst for the OER.  

Finally, negatively charged hydrophilic β-CDs grafted IONPs were prepared to study the 

combination of citric acid and amino citrate modified β -CDs into their adsorption capacity, 

stability, cytotoxicity and relaxometric properties.  

The efficacy of MW, US or combined MW/US systems in the preparation of the above-

mentioned well-defined solid materials was deeply demonstrated, supported by the comparison 

with conventional technologies. Moreover, the catalytic efficiency of prepared catalysts was 

tested under non-conventional energy sources. They offered more energy efficiency in 
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promoting catalytic organic reactions than classical synthetic methods, because of their 

excellent heat and mass transfer, resulting in promising technologies, also exploitable in 

industrial processes.  

Finally, flow chemistry was exploited as innovative reaction set-up for continuous realization of 

green production processes of pharmaceuticals. The possibility to improve react ion 

parameters, enhance safety, reduce reaction time and preserve yields was tested on the 

synthesis of 6-aminouracil Camptothecin analogue, Praziquantel and Itraconazole. Good 

conversion and isolated yields of the products were obtained, suggesting an inn ovative, green 

and cost-effective methodology for the application of flow chemistry for the synthesis of APIs. 

Based on these good results and on the versatility of such systems, usable for instance in the 

field of regenerative medicine, where graphene scaffold could have an impact on stem cell 

differentiation, or in drug carrier applications, using derivatized NDs or magnetic IONPs, that 

can also be driven to a specific area thanks to an external magnet, or, simply as catalytic 

systems, thanks to the availability, environmental acceptability, corrosion resistance, and 

unique surface properties of selected supporting systems, I hope this work will be a starting 

point for other investigations and applications. 
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