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Abstract 

 

Taking a cue from the principles developed by the founding fathers of 

supramolecular chemistry, my Ph.D. program consists of four lines of research that 

develop in a multidisciplinary plan starting from alternative and more 

environmentally friendly synthesis methodologies. 

During the first year, a new synthetic strategy was developed to prepare 

cucurbit[7]uril through the use of molecular models to increase the yield of CB[7] 

compared to the classical syntheses reported so far. The conversion of the imidazole 

models into magnetic liquid facilitated the separation of CB[7], which, in general, is 

time-consuming and costly in terms of time and money. Subsequently, CB[7] was 

used as a supramolecular reactor for the stereocontrolled synthesis of substituted 

isoxazolidines by exploiting the 1,3-dipolar cycloaddition reaction. The reaction was 

carried out under “GREEN” conditions using water and microwaves. Remaining in 

the context of the use of water as a reaction solvent, in the second part of the first 

year and the beginning of the second year of the doctorate, a tetrahedral capsule was 

exploited as a nanoreactor for the realization of dehydration reactions in water, in 

particular for the synthesis of nitrones. A new supramolecular system was developed 

during the second year, capable of adsorbing a significant amount of carbon dioxide. 

This system was developed starting from the cucurbit[6]uril, which was 

functionalized with 12 chains of 1-(ethyl)-3-methyl-1H-imidazol-3-ium bromide. 

The presence of the positively charged imidazole groups made possible the 



 

 

 

formation of cation-dipole interactions between the positively charged side chain of 

a functionalized CB[6] and the carbonyl dipole of another functionalized CB[6]. This 

network of interactions led to the formation of further interstices, in addition to the 

cavities of the macrocycles, which transformed the system into a supramolecular 

nanosponge. Furthermore, the adsorbed CO2 was used to perform the carboxylation 

of phenylacetylene was easily and satisfactorily accomplished. 

Finally, following the current topic of environmental awareness in the development 

of new advanced materials that are both ecological and capable of exhibiting the 

properties targeted for the required application, was developed a straightforward and 

rapid synthetic methodology to synthesize a new hybrid, ecological and reusable 

material starting from cheap materials such as loofah and halloysite. 

The composite showed a significantly greater ability to absorb and retain carbon 

dioxide than non-contaminated materials. This underlines the synergistic effect of 

the two materials, which also possess a greater adsorption capacity than the BEA and 

MOR zeolites, which are currently used in the industrial field for gas adsorption and 

require more prolonged and more expensive synthetic processes. Moreover, the 

synergistic effect of the materials is evident in the greater carrying capacity of 

resveratrol compared to individual materials. This study opens another way towards 

developing hybrid, organic-inorganic materials, applicable in multiple fields and at 

the same time eco-sustainable and economical. 
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Chapter 1. Cucurbit[7]uril: synthesis and applications 
 

1.1 Introduction 
 

“Supramolecular chemistry is the chemistry of the intermolecular bond, covering 

the structures and functions of the entities formed by the association of two or more 

chemical species.”1 

This was the definition given by Jean-Marie Lehn, one of the founding fathers of 

supramolecular chemistry. 

Its development requires the use of all the theoretical and experimental resources of 

molecular chemistry combined with well-designed manipulations of non-covalent 

interactions to form entities called supramolecular with well-defined characteristics. 

The associations between the molecules have been identified and studied for a long 

time, and the term Übermolekül, which mean supramolecule, was introduced already 

in the mid-thirties of the twentieth century to describe entities endowed with a high 

degree of organization, which derived from the association of species saturated in a 

coordinated manner.2 The associated entities in a supramolecular species have been 

called molecular receptors and substrate. The latter, in general, is the smallest 

component with which an attempt is made to obtain a bond. Molecular interactions 

are the basis of a series of peculiar phenomena of recognition, reaction, transport, 

regulation, and more; of typical processes of biology, such as, for example, the link 

between a substrate and a receptor protein, enzymatic reactions, the establishment of 

biological structures, the immunological associations between antigens and 
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antibodies, intermolecular recognition, translation and transcription of the code 

genetic, signal transmission through neurotransmitters and cellular recognition.3 The 

design of artificial, abiotic receptor molecules, characterized by very high efficiency 

and selectivity, requires a correct manipulation of the energetic and stereochemical 

properties of non-covalent intermolecular forces, such as electrostatic interactions, 

hydrogen bonding, van der Waals forces.4 

The binding of a Guest substrate with its receptor Host leads to the formation of a 

supramolecular Host-Guest and implies a molecular recognition process (Figure 1).5 

 

Figure 1. 

 

If the receptor also has reactive functions in addition to the binding sites, it can cause 

a chemical transformation on the bound substrate, acting as a supramolecular reagent 

or catalyst. A lipophilic receptor, soluble in the membranes, can act as a substrate 

transporter. Therefore, molecular recognition, transformation, and relocation 

represent the essential functions of the supramolecular species. In association with 
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polymolecular organizations and phases (layers, membranes, vesicles, liquid 

crystals), supramolecules could form molecular devices. Another fundamental 

aspect of supramolecular chemistry is molecular recognition, whose bases were 

given by Emil Fischer in 1894.6 He postulated the Lock and Key concept to explain 

the specific action of an enzyme with a single substrate (Figure 2). 

 

Figure 2. 

 

Molecular recognition has been defined as a process involving the binding and 

selection of substrates by a receptor molecule and possibly a specific function. It 

implies a structurally well-defined network of intermolecular interactions. The 

interactions between Host and Guest create a supramolecule characterized by 

specific stability and a determined kinetic and thermodynamic selectivity, and 

therefore by the quantity of energy and information involved.7 

The chemistry of artificial receptor molecules could be considered as generalized 
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coordination chemistry, not limited only to the ions of transition metals but extended 

to all types of substrates, such as anionic, cationic, or neutral species of inorganic, 

organic, or biological nature. To obtain recognition with high efficiency, it would be 

convenient for the receptor and the substrate to have a wide interaction surface. This 

occurs when the Host can interact with the Guest creating a high number of non-

covalent ligand interactions and when the Host and Guest have a high degree of 

shape complementarity.8 This occurs with receptor molecules containing 

intramolecular cavities within which the substrate can sit, giving rise to an inclusion 

complex. 

In addition to molecular recognition, reactivity and catalysis are characteristics of 

great importance for supramolecular systems.5 The molecular receptors that possess 

appropriate reactive groups, in addition to the binding sites, can complex a substrate 

that possesses specific characteristics of stability, selectivity, and kinetics, and react 

with it with a given speed, selectivity, and a given turnover and subsequently release 

the products, thus regenerating the reagent for a new cycle.9 The supramolecular 

reactivity and catalysis, therefore, involve two main steps: the formation of the bond, 

which selects the substrate, and the transformation of the species bound into 

products. Both steps take part in the molecular recognition of the productive 

substrate and require the correct molecular information on the reactive receptor. The 

design of reagents and efficient and selective supramolecular catalysts could offer 

information on the mechanisms that intervene in the elementary stages of catalysis, 

provide new types of chemical reagents, and produce reactions capable of detecting 
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the factors that contribute to enzymatic catalysis. 

The supramolecular chemistry is based on molecular receptors organized in a more 

or less rigid way, obtained synthetically, able to perform molecular recognition, 

catalysis, and transport processes. The design of systems subject to self-organization, 

i.e., capable of spontaneously generating well-defined functional molecular 

architectures through the self-assembly of the components according to a series of 

conditions, is located at a more advanced stage compared to pre-organized systems.10 

Therefore, we can have designed assemblies of elements within well-defined discrete 

supramolecular species or spontaneous formations of molecular layers, films, 

membranes, and so on. The phenomena of self-assembly require the formation of 

bonds. Construction rules must be stored within the various components and operate 

through selective molecular interactions for a self-organizing process to take place.11 

Therefore, systems of this type could be called programmed molecular and 

supramolecular systems, capable of generating organized entities following a defined 

plan based on molecular recognition phenomena. Self-organizing phenomena can 

take place in solution, in the liquid crystalline phase or the solid-state, and use 

hydrogen bonds, electrostatic effects or of the acceptor-donor type, or coordination 

of metal ions, such as fundamental interactions between the components, or due 

effects to the medium in which they take place.12 

Numerous supramolecular biological structures can originate from the self-assembly 

processes, such as, for example, occurs in the spontaneous formation of the double 

helix of nucleic acids, the protein coating of viruses, and multiprotein complexes. 
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The development of supramolecular chemistry implies increasing the complete 

control of molecules, supramolecules, and materials. Although many studies deal 

with biological or biomimetic substances, the main interest is concentrated on 

abiotic, non-natural species produced by the chemist’s imagination and which 

possess determined and desired chemical, biological or physical properties.13 

 

1.2 Macrocycles and self-assembling capsules as a supramolecular 

catalyst 
 

There are different types of macrocycles used as supramolecular catalysts in 

literature because they have a cavity that can accommodate different substrates.14 

The macrocycles are systems made up of subunits, the so-called building blocks, 

joined by covalent bonds. The number and characteristics of the building blocks 

determine the macrocycle’s dimensions and chemical-physical characteristics.13 

Many of them have a hydrophobic cavity capable of accommodating one or more 

hydrophobic substrates; furthermore, some macrocycles have a hydrophilic surface 

useful for solubilizing hydrophobic molecules in aqueous environment. For this 

reason, when the subunits that constitute the macrocycle are synthesized, the chemist 

must think about what the chemical and physical characteristics of the final system 

must be.15 

Three of the most widely used supramolecular systems for their ability to transfer 

hydrophobic substrates to the aqueous environment are cucurbiturils, cyclodextrins, 
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and resorcinarenes (Figure 3). 

 

Figure 3. 

 

Such systems were used as supramolecular catalysts, often using water as a reaction 

solvent.16 In addition to macrocycles, there are other supramolecular systems whose 

building blocks are held together by non-covalent bonds. The interactions that are 

established between building blocks are generally hydrogen bonds and coordination 

bonds between a metal and a binder.17 Some of them are able to self-assemble by 

forming supramolecular complexes, even in water, by exploiting the interactions 

mentioned above.18 Below are reported two of these: a hexameric capsule consisting 

of resorcinarene units held together by hydrogen bonds; and a tetrahedral capsule 

whose ligands are capable of complexing the metals that make up the vertices of the 

capsule (Figure 4). 

 

Figure 4. 
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All the macrocycles and self-assembling capsules, so far cited, have been used as 

supramolecular catalysts.19 This has been possible by exploiting their hydrophobic 

cavity; furthermore, having a hydrophilic surface, it has been possible, in some cases, 

to use water as the reaction solvent.20 

The purpose of this project is to synthesize a macrocycle and a self-assembling 

capsule in order to be able to use them as supramolecular nanoreactors to catalyze 

some reactions using water as a solvent. 

I synthesized the cucurbit[7]uril macrocycle because it has a high solubility in water 

and a hydrophobic cavity large enough to accommodate the reaction substrates. 

Subsequently has been developed the synthesis of the building blocks for a capsule, 

already present in literature, capable of self-assembling in water. Also, in this case, 

the aim is to use it as a supramolecular nanoreactor. 

In the first part of the report, a new type of synthesis for cucurbit[7]uril will be shown 

and its subsequent application as a catalyst. In the second part, the synthesis of the 

ligand of the tetrahedral capsule, already present in literature, and its first 

applications as a nanoreactor will be presented. In both cases, the water will be used 

as a solvent. 

 

1.3 Cucurbiturils 
 

Among catalysts, cucurbiturils (CB[n]s), cyclic-oligomers compounds formed by n 

glycoluril units (where n is typically between 5 and 8 Figure 5) cyclically bounded 

via methylene bridges,21 have attracted in the last years the attention of many 
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researchers.22 The number of repeat units defines the size and cavity volume of this 

class of compounds. The dipolar nature of the carbonyl portion of the glycoluril that 

forms the portals of CB[n] imparts a cation binding affinity, whereas the inner cavity 

of CB[n] is remarkably hydrophobic as other classes of similar compounds.23 This 

class of macrocycles can shield organic molecules from aqueous environments while 

encapsulating them in a hydrophobic cavity. From the standpoint of organic 

chemistry, they can be a useful catalyst, similar to analogous macrocycle reactors.24 

 

Figure 5. Series of cucurbiturils from 5 to 8 units of glycoluril. 

 

The project’s first objective is to synthesize the CB[7] by developing a new method 

that had a higher yield than the reactions already present in the literature, making 

separation easier than other homologs. In the literature, there are different methods 

to synthesize the CB[7] that differ for the different types of acid used, for the 

temperature, the reaction times and the various separation methods. The reaction 

reported in Figure 6, present in the literature, is that which allows obtaining the best 

yield with respect to CB[7], about 21%.25 
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Figure 6. General procedure for the synthesis of cucurbiturils. 

 

Generally, the purification methods used to separate CB[7] from other homologs are 

based on the different solubility of these systems in different solvents, making the 

process tedious and also expensive in terms of time and money.25 

By exploiting the high capacity of the cucurbit[7]uril to form complexes with some 

systems, a new, efficient method was used, which uses templating molecules to 

synthesize the CB[7]. 

The templating molecules allow the monomeric units of glycoluril to pre-organize 

around them, thus facilitating the formation of the macrocycle with the exact 

dimensions. Furthermore, the use of these templants has facilitated the process of 

separating CB[7] from other homologs. 

After developing the synthesis of CB[7], it was used to create an ecological and 

efficient method for the synthesis of 3,5-diarylisoxazolidine in water. In particular, 

the reactions between different para-substituted nitrones such as the dipole and 

various styrenes or cinnamates such as dipolarophiles have been studied. 

 

1.4 Results and Discussion 
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In order to optimize the optimal reaction condition, we initially studied a model 

reaction between glycoluril and 3-ethyl-1-methyl-1H-imidazol-3-ium bromide 

(Figure 7), varying the templating equivalents and obtaining the best yield (Table 1). 

 

Figure 7. Synthesis of cucurbit[7]uril assisted by 3-ethyl-1-methyl-1H-imidazol-3-ium bromide. 

 
Table 1. Optimization of synthesis of CB [7] assisted by 3-ethyl-1-methyl-1H-imidazol-3-ium 

bromide. 

Entry Eq. Et-

Imid. 

log K 

5.48 

Eq. 

Glycoluril 

Eq. 

Formaldeh

yde 

HCl 

(M) 

Yield % 

CB[5] CB[6] CB[7] CB[8] 

1 0.14 1 2 5 4.0 70.0 24.0 2.0 

2 0.50 1 2 5 6.5 65.3 23.5 4.7 

 

Using the first mold molecule, Et-Imid., which has a complexation constant equal to 

log 5.48 with respect to CB[7], we can see how the synthesis yield is slightly higher 

than those present in the literature. 

Once the reaction conditions were established, the templating molecules were varied 

in order to find the molecule that gave us the highest yield (Table 2). 
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Table 2. Synthesis CB [7] using different templating molecules. 

Templating molecule Yield % 

CB[5] CB[6] CB[7] CB[8] 

Butyl-Imid. (log K 6.88) — 61.0 30.5 8.5 

1-adamantylamine (log K 14.32) — 54,6 45.4 — 

1-adamantanol (log K 10.36) 8.2 68.0 23.8 — 

 

In Table 2, it can be seen that the best yield is given by 1-adamantylamine, and 

therefore, it is possible to deduce how the reaction yield increases parallel to the 

complexation constants.26 Subsequently, for the separation of the CB[7] from the 

other cucurbiturils, two different methods have been used, adapted in function of the 

type of template used for the synthesis. The molecular molds with an imidazole 

structure have a rapid and straightforward separation of the cucurbi[7]uril from the 

mixture of reactions. They are ionic liquids capable of transforming into magnetic 

ionic liquids reacting with FeCl3, as shown in Figure 8. 

 

Figure 8. Separation of the complex imidazole@CB[7] using FeCl3. 

 

The reaction between the imidazole@CB[7] and FeCl3 allowed the template to exit 

from the macrocycle cavity by using a magnet. The synthesis yield of CB[7] was 

calculated from the integrals of the 13C NMR resonances for each homolog from the 
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reaction crude because 1H NMR resonances were not clearly distinguishable. This 

method, very often used in the literature for these macrocycles, uses correlation 

factors that are divided by the integral of the peak of each homolog.25 In any case, 

the yields were confirmed by weighing the quantity of product obtained after the 

separation. Instead, a small reversed-phase chromatography column was used to 

separate the complexes formed with 1-adamantylamine and 1-adamantanol. 

Developed the new and efficient method of synthesis for cucurbit[7]uril, this was 

used as a supramolecular catalyst for the synthesis of 3,5-diarylisoxazolidine in 

water. In order to optimize the optimal reaction condition, we initially studied a 

model reaction between nitrone 1a and styrene 2B, using water as a solvent, and 

varying the catalyst (Table 3). 

Table 3. Optimization of the reaction conditions between nitrone 1a and styrene 2B.a 

 

Entry Catalyst Eq. Time (h) Total yield (%) 

1 — — 48 — 

2 CB[5] 1.0 24 — 

3 CB[5] 2.0 24 — 

4 CB[6] 1.0 24 — 

5 CB[6] 2.0 24 — 

6 CB[7] 1.0 24 82 

7 CB[7] 1.5 24 55 

8 CB[7] 2.0 24 traces 

9 CB[7] 3.0 24 traces 

10 CB[7] 0.5 24 85 

11 CB[7] 0.2 24 94 

12 CB[7] 0.1 24 93 
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a Reactions conducted in a sealed tube with 1 eq. of 1a and 1 eq. of 2B at 100 °C. 

The screening was initiated by using three different cucurbiturils (CB[5], CB[6], and 

CB[7]) to determine their effective catalytic capabilities. No isoxazolidine formation 

was observed without the supramolecular catalyst in the water at 100 °C for 48 h or 

longer (Table 3, entry 1). The CB[5] and CB[6] did not show any catalytic activity 

in the dipolar cycloaddition (Table 3, entries 2–5), probably because they are not 

able to form inclusion complexes with the reactants due to their small cavity. On the 

contrary, the CB[7] efficiently catalyzed the reaction giving a good yield (Table 3, 

entry 6). Increasing the quantity of catalyst at 1.5 eq. reduced the yield (Table 3, 

entry 7), and, with two or three equivalents, only traces of products were observed 

(Table 3, entries 8 and 9). This behavior could be explained by the formation of 

individual nitrone and styrene complexes within the CB[7] cavity that avoids the two 

reactants coming in close contact and provide indirect proof that the CB[7] behaves 

as an effective nanoreactor in water. Lowering the amount of CB[7] from 1 to 0.5, 

0.2, and 0.1 equivalents increases the efficiency of the reaction bringing the yields 

to 93% and demonstrating that the CB[7] can be used in actually catalytic quantities 

(Table 1, entries 10–12). 

To further improve the reaction times, we conduct the reaction under microwave 

irradiations (Table 2). In this way, we maintained the high yields of the reaction but 

lowering the reaction time to 4 hours (Table 2, entry 7) using 1.2 eq. of nitrone, 1.0 

eq. of styrene, 0.1 eq. of CB[7], and performing the reaction at 120 °C and 80 W. 

The use of 1.2 eq. of nitrone was due to its enhanced hydrolysis at these conditions. 
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To overcome this problem, we proved to perform the reaction without solvent, 

grinding the two reagents and the catalyst in an agate mortar. Although the reaction 

proceeded with a high yield in only 1.5 h (Table 2, entry 8), the grinding of a mixture 

containing an oil and the successive workup of the solid aggregated mass obtained 

at the end of the reaction discourage the use of this methodology. 

Table 4. Optimization of the MW reaction condition between nitrone 1a and styrene 2B in watera. 

Entry 1a (eq.) 2B (eq.) CB[7] (eq.) Total yield (%) 

1 1.0 1.0 1.0 82 

3 1.0 1.0 0.1 75 

5 1.0 1.0 2.0 — 

6 1.2 1.0 0.2 94 

7b 1.2 1.0 0.1 93 

8c 1.0 1.0 0.1 93 
a Reaction performed for 6 h at 80 W (120 °C); b Reaction performed for 4 h at 80 W (120 °C); c 

Reaction performed for 1.5 h at 80 W (120 °C) without solvent. 

 

Then, under the optimized reaction conditions (Table 4, entry 7), we carried out the 

reaction between nitrones 1a,b, and styrenes 2A–C in both toluene and water (in the 

presence of CB[7]) solution to compare the classic with the new strategy (Scheme 1, 

Table 5). In all the cases, the reaction proceeds with complete regioselectivity and 

improvement of yield with respect to the one carried out in toluene; moreover, the 

supramolecular catalyst effectively controls the stereoselectivity outcomes 

improving the formation of the trans cycloadduct, except for the isoxazolidines 

3,4bC. 
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Scheme 1. Reactions of nitrones 1a,B with styrenes 2A–C, at the optimized conditions. 

 
Table 5. Reactions of nitrones 1a,B, and styrenes 2A–C in both optimized conditions in water and 

toluene. 

 Reactions in toluene without CB[7] Reactions in water with CB[7] 

Isoxazolidine cis/trans ratioa Total yield (%) cis/trans ratioa Total yield (%) 

3,4aA 3.0/1 79 1.3/1 92 

3,4aB 3.1/1 75 1.0/1 92 

3,4aC 2.8/1 77 1.7/1 76 

3,4bA 3.3/1 80 1.9/1 82 

3,4bB 3.1/1 79 2.5/1 85 

3,4bC 2.7/1 77 4.8/1 75 
a The proportion of the cycloadducts was determined by 1H NMR analysis of the crude product 

mixture. 

 

The catalytic ability of CB[7] can be elucidated by the formation of a host-guest 

complex between the reactants and the macrocycle. In this way, the reactants are first 

solubilized in the aqueous medium, where the CB[7] acts like a phase-transfer 

catalyst. 
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The formation of the inclusion complexes between the two reactants used in the 

model reaction (nitrone 1a and styrene 2B) and the molecular reactor CB[7] was 

studied by NMR and MS experiments. The 1H and DOSY NMR experiments were 

conducted in a 10% DMSO-d6/D2O solution.27 

To investigate the real inclusion and the geometries of the complexes, we analyzed 

the complexation-induced shift (CIS) changes of the protons of the guests (1a and 

2B) during their inclusion in the hydrophobic cavity of the host molecule (CB[7]). 

The 1H NMR spectra of the complexes obtained mixing 1 equivalent of 1a or 2B 

with 1 equivalent of the CB[7] were reported in Figure 9. 

 

Figure 9. Stacked 1H NMR spectra of 1a (dark blue), 2B (dark red), an equimolar mixture of 

1a/[CB7] (light blue), and an equimolar mixture of 2B/[CB7] (light red). 
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Upfield shifts ( < 0) are observed for guest protons located in the shielding region 

of the cavity, while guest protons located near the carbonyl oxygens of the portals 

experience a deshielding effect and then a downfield of the CIS values ( > 0). The 

values of  (Figure 9) clearly indicate that the aromatic ring of both 1a and 2B is 

located in the CB[7] cavity, while the polar end units are located outside of the cavity, 

near the carbonyl-lined portals. Moreover, the entity of CIS values for compound 2B 

indicates that this experience a deeper penetration. 

To further unequivocally demonstrate the capability of the CB[7] system to work as 

a macrocyclic reactor, monitoring of the reaction steps of CB[7] in the presence of 

1a and 2B was performed using ESI-MS technique. Figure 10 shows the ESI-MS 

spectra of the solutions containing: CB[7] (a); 2B and 0.2 eq of CB[7] called 

2B@CB[7] (b); 1a, 2B and 0.2 eq of CB[7], called 1a+2B@CB[7] (c); 3aB and 0.2 

eq of CB[7], called 3aB@CB[7] (d). It can be observed that the ESI-MS spectrum 

of the CB[7] is essentially constituted of a signal at m/z 582.25 (Figure 10a), 

attributable to the CB[7] molecular species, detected as double charged (CB[7]2H+) 

ions, whereas in Figure 10b, besides the peak of CB[7]2H+ free species, a peak at 

m/z 649.96, attributable to the double charged 2B@CB[7] inclusion complex species, 

is also observed. Then it can be concluded that the CB[7]’s cavity is able to inside 

accommodate, in a reversible way, 2B. 

The spectrum of the mixture 1a, 2B, and CB[7] (Figure 10c) shows a peak at m/z 

717.30, and the one relative to the 3aB and CB[7] mixture (Figure 10d) shows a peak 

at m/z 717.51. To confirm that the signal at m/z 717.30 (Figure 10c) is due to the 
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formation of the cycloadduct inside the cavity, and it is not a simple multi-molecular 

adduct/complex (1a+2B+CB[7]), the obtained product 3aB, recovered employing a 

liquid-liquid extraction from the solution containing 1a+2B@CB[7], was analyzed 

through ESI-MS. As expected, the resulting spectrum, reported in Figure 11, consists 

of a peak at 270.31, assigned to the 3aB cycloadduct species, detected as a protonated 

adduct. It can be noticed that the obtained results were almost the same using a higher 

2B/CB[7] molar ratio. 

 

Figure 10. Positive ESI-MS spectra of (a) CB[7], (b) 2B@CB[7], (c) 1a+2B@CB7, and (d) 

3aB@CB[7]. 
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Figure 11. Positive ESI-MS spectrum of 3aB. 
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to the classical syntheses reported so far. The conversion of imidazole models into 

magnetic liquid has facilitated the separation of CB[7], which, in general, is long and 

expensive for time and money. CB[7] has been used as a supramolecular reactor for 

the synthesis, in some cases, of stereocontrolled isoxazolidine substituted by 

exploiting the 1,3-dipolar cycloaddition reaction. 

The reaction was conducted under “GREEN” conditions using water and 

microwaves. Furthermore, the catalyst can be recovered and reused in further 

catalytic cycles. 

 

1.6 Experimental section 
 

General information. All the required chemicals were purchased from Merck and 

Aldrich Chemical Company. The microwave used was a CEM Discover Microwave 

Synthesis System. All the reactions conducted under microwave irradiation were 

performed in a sealed vessel. The reaction temperature was monitored by an external 

surface sensor. Pre-coated aluminum sheets (silica gel 60 F254, Merck) were used 

for thin-layer chromatography (TLC), visualizing spots under UV light. Silica gel 

column chromatography was performed using silica gel 60–120 mesh size. 1H NMR 

and 13C NMR spectra were recorded on Varian UNITY Inova or a Bruker Avance 

spectrometer using CDCl3 as a solvent and tetramethylsilane (TMS) as an internal 

standard, at 200 or 500 MHz for 1H NMR and 125 MHz for 13C NMR.13C spectra 

were 1H decoupled, and multiplicities were determined by the APT pulse sequence. 
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Chemical shift (δ) values are given in ppm. 

Positive ion ESI mass spectra were acquired using a Micromass ZQ mass 

spectrometer (Waters Corp., Milford, MA, USA). The ESI source potentials were 

ion-spray voltage 1.35 kV, cone voltage 13 V, source temperature 150 °C, and 

desolvation temperature 250 °C. The investigated samples, solubilized 

(concentration of about 10−4 M) with a CH3CN/H2O (50/50, added with 0.1% of 

formic acid) mixture, were introduced into the source at a flow rate of 20 L/min. 

The mass spectra were elaborated with the ‘‘MassLynx ver. 4.1’’ software (from 

Waters). 

 

Optimized general procedure for the synthesis of CB[7] assisted by 

imidazole templates 

A sealed tube equipped with a stirrer bar was charged with glycoluril (3.5 mmol, 1.0 

equiv), respective to imidazole templates (0.5 mmol, 0.14 equiv), and 3 mL of HCl 

5M was added. The mixture was stirred at room temperature for 30 minutes to favor 

the pre-organization of the glycoluril around the template. Then formaldehyde (7.0 

mmol, 2 equiv) was added, and the mixture was stirred for 24 h at 100 °C. After 

completion of the reaction, the mixture was cooled to room temperature, and the 

formed precipitate, consisting of CB[6], is filtered. The CB[5] and CB[7], left in 

solution, are precipitated by adding methanol. The precipitate, consisting of CB[5] 

and imidazole@CB[7], is solubilized in water, and 1.0 eq. of NaPF6 is added, and 
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the imidazole@CB[7] complex precipitates while the CB[5] remains in solution.28 

The precipitate consisting of imidazole@CB[7] and (PF6)
− is solubilized in 

methanol, and 1.0 eq. of NaCl is added and subsequently 1.0 eq. of FeCl3. The 

addition of FeCl3 allows the formation of the magnetic ionic liquid and the CB[7] 

precipitates. 

 

Optimized general procedure for the synthesis of CB[7] assisted by 

1-admantylamine templates 

A sealed tube equipped with a stirrer bar was charged with glycoluril (3.5 mmol, 1.0 

equiv), respective to templates (0.5 mmol, 0.14 equiv), and 3 ml of HCl 5M was 

added. The mixture was stirred at room temperature for 30 minutes to favor the pre-

organization of the glycoluril around the template. Then formaldehyde (7.0 mmol, 2 

equiv) was added, and the mixture was stirred for 24 h at 100 °C. After completion 

of the reaction, the mixture was cooled to room temperature, and the formed 

precipitate, consisting of CB[6], was filtered. The imidazole@CB[7] complex is 

separated using a small reversed-phase chromatography column using 

acetonitrile/water (1:1) as eluent. 

 

General procedure for the synthesis of nitrones 1a,b 

Nitrones 1a,b were synthesized from commercially available aldehydes 

(benzaldehyde or p-nitrobenzaldehyde) and N-methylhydroxylamine hydrochloride 
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in dichloromethane and using as a base sodium acetate, according to literature.29 The 

crude product was purified by silica gel column chromatography using 

dichloromethane/methanol (9:1) as eluent. The 1H NMR spectra are according to 

literature.29 

 

Optimized general procedure for the synthesis of isoxazolidines 3, 4, 

6, and 7 

A sealed tube equipped with a stirrer bar was charged with CB[7] (0.05 mmol, 0.10 

equiv), respective nitrone (0.5 mmol, 1.0 equiv) and dipolarophile (0.5 mmol, 1.0 

equiv). Then water (1 mL) was added, and the mixture was stirred for 4 h at 120 °C 

under microwave irradiations (80 W). After completion of the reaction, the mixture 

was cooled to room temperature and extracted with EtOAc (3 × 5 mL), and the 

catalyst was filtered off and washed with EtOAc (2 × 5 mL); the filtrate was dried 

over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by silica gel column chromatography using n-hexane/ethyl acetate 

(9.5:0.5) as an eluent. The cis/trans configuration was assigned according to the 

literature data.30 

(3RS,5SR)-2-Methyl-3,5-diphenyl-isoxazolidine (3aA). Light yellow oil; 1H NMR 

(500 MHz, Chloroform-d): 2.42 (1H, ddd, J = 12.4, 9.7, 7.7 Hz, H-4a), 2.70 (3H, s, 

N-Me), 3.09 (1H, ddd, J = 12.4, 7.7, 6.8 Hz, H-4b), 3.78 (1H, t, J = 8.4 Hz, H-3), 

5.26 (1H, t, J = 7.7 Hz, H-5), 7.19−7.33 (4H, m, Ar-H), 7.30−7.39 (4H, m, Ar-H), 
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7.43−7.50 (2H, m, Ar-H); 13C NMR (50 MHz, Chloroform-d): 43.8, 48.7, 73.9, 78.2, 

126.0, 127.3, 127.6, 127.7, 128.4, 128.6, 139.1, 143.0; HRMS: m/z [M + H]+ 

calculated for C16H18NO+ 240.1383, found 240.1380. 

(3RS,5RS)-2-Methyl-3,5-diphenyl-isoxazolidine (4aA). Light yellow oil; 1H NMR 

(500 MHz, Chloroform-d): 2.62 (1H, ddd, J = 12.5, 8.4, 6.8 Hz, H-4a), 2.71 (3H, s, 

N-Me), 2.70−2.78 (1H, m, H-4b), 3.72 (1H, s, H-3), 5.25 (1H, dd, J = 8.3, 6.8 Hz, 

H-5), 7.26−7.33 (2H, m, Ar-H), 7.36 (4H, qd, J = 6.7, 6.2, 3.9 Hz, Ar-H), 7.40−7.46 

(4H, m, Ar-H); 13C NMR (50 MHz, Chloroform-d): 43.3, 47.8, 73.4, 78.8, 126.6, 

127.7, 127.8, 127.9, 128.5, 128.6, 139.3, 140.8; HRMS: m/z [M + H] + calculated for 

C16H18NO+ 240.1383, found 240.1378.  

(3RS,5SR)-5-(4-Methoxyphenyl)-2-methyl-3-phenyl-isoxazolidine (3aB). Light 

yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.42 (1H, ddd, J = 12.5, 9.6, 7.6 Hz, 

H-4a), 2.70 (3H, s, N-Me), 3.06 (1H, dt, J = 12.5, 7.2 Hz, H-4b), 3.81 (4H, s, H-3, 

OMe), 5.23 (1H, t, J = 7.6 Hz, H-5), 6.86−6.92 (2H, m, Ar-H), 7.24−7.36 (4H, m, 

Ar-H), 7.36−7.42 (3H, m, Ar-H); 13C NMR (50 MHz, Chloroform-d): 43.3, 43.9, 

55.2, 73.0, 79.5, 113.8, 127.5, 127.7, 128.6, 129.1, 138.2, 139.2, 153.6; HRMS: m/z 

[M + H]+ calculated for C17H20NO2
+ 270.1489, found 270.1481. 

(3RS,5RS)-5-(4-Methoxyphenyl)-2-methyl-3-phenyl-isoxazolidine (4aB). Light 

yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.56− 2.63 (1H, m, H-4a), 2.63−2.72 

(4H, m, N-Me, H-4b), 3.71 (1H, s, H3), 3.81 (3H, s, OMe), 5.17−5.24 (1H, m, H-5), 

6.86−6.94 (2H, m, Ar-H), 7.24−7.46 (7H, m, Ar-H); 13C NMR (50 MHz, 

Chloroform-d): 42.6, 43.3, 55.3, 75.6, 78.6, 113.9, 127.5, 128.1, 128.6, 128.7, 
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138.3,139.4, 152.2; HRMS: m/z [M + H]+ calculated for C17H20NO2
+ 270.1489, 

found 270.1484. 

(3RS,5SR)-2-Methyl-5-(4-nitrophenyl)-3-phenyl-isoxazolidine (3aC). Light 

yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.34 (1H, ddd, J = 12.5, 9.6, 6.9 Hz, 

H-4a), 2.70 (3H, s, N-Me), 3.22 (1H, ddd, J = 12.5, 8.2, 7.2 Hz, H-4b), 3.71−3.78 

(1H, m, H-3), 5.32 (1H, dd, J = 8.2, 6.9 Hz, H-5), 7.24−7.35 (5H, m, Ar-H), 7.64 

(2H, d, J = 8.5 Hz, Ar-H), 8.18−8.25 (2H, m, Ar-H); 13C NMR (50 MHz, 

Chloroform-d): 43.3, 48.6, 73.9, 76.8, 123.8, 126.4, 127.5, 128.0, 128.7, 138.1, 

147.0, 151.7; HRMS: m/z [M + H]+ calculated for C16H17N2O3
+ 285.1234, found 

285.1228. 

(3RS,5RS)-2-Methyl-5-(4-nitrophenyl)-3-phenyl-isoxazolidine (4aC). Light 

yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.56 (1H, dq, J = 13.0, 7.7 Hz, H-

4a), 2.74 (3H, s, N-Me), 2.79−2.89 (1H, m, H-4b), 3.73 (1H, s, H-3), 5.32−5.39 (1H, 

m, H-5), 7.29−7.38 (2H, m, Ar-H), 7.41 (3H, dd, J = 19.2, 7.1 Hz, Ar-H), 7.59 (2H, 

d, J = 8.6 Hz, Ar-H), 8.20 −8.27 (2H, m, Ar-H); 13C NMR (50 MHz, Chloroform-d): 

42.9, 48.4, 74.1, 76.5, 124.5, 126.4, 127.6, 127.7, 128.3, 138.1, 147.3, 151.1; HRMS: 

m/z [M + H]+ calculated for C16H17N2O3
+ 285.1234, found 285.1225. 

(3RS,5SR)-2-Methyl-3-(4-nitrophenyl)-5-phenyl-isoxazolidine (3bA). Light 

yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.34 (1H, dt, J = 12.6, 8.0 Hz, H-

4a), 2.76 (3H, s, N-Me), 3.21 (1H, dt, J = 12.6, 7.6 Hz, H-4b), 3.98 (1H, t, J = 8.0 

Hz, H-3), 5.32 (1H, t, J = 7.6 Hz, H-5), 7.28 (1H, d, J = 7.2 Hz, Ar-H), 7.34 (2H, d, 

J = 7.8 Hz, ArH), 7.40 (2H, d, J = 7.4 Hz, Ar-H), 7.56 (2H, d, J = 8.7 Hz, Ar-H), 8.18 
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(2H, d, J = 8.7 Hz, Ar-H); 13C NMR (50 MHz, Chloroform-d): 44.0, 48.4, 72.5, 78.3, 

123.8, 125.9, 127.6, 128.1, 128.5, 141.7, 147.3, 147.8; HRMS: m/z [M + H]+ 

calculated for C16H17N2O3
+ 285.1234, found 285.1230. 

(3RS,5RS)-2-Methyl-3-(4-nitrophenyl)-5-phenyl-isoxazolidine (4bA). Light 

yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.62− 2.73 (2H, m, H-4a,b), 2.73 

(3H, s, N-Me), 3.86 (1H, t, J = 8.3 Hz, H3), 5.24 (1H, t, J = 7.6 Hz, H-5), 7.30−7.45 

(5H, m, Ar-H), 7.62 (2H, d, J = 8.7 Hz, Ar-H), 8.20−8.26 (2H, m, Ar-H); 13C NMR 

(50 MHz, Chloroform-d): 43.6, 47.8, 72.4, 79.0, 123.9, 126.5, 128.1, 128.4, 128.6, 

140.0, 147.4, 147.5; HRMS: m/z [M + H]+ calculated for C16H17N2O3
+ 285.1234, 

found 285.1232. 

(3RS,5SR)-5-(4-Methoxyphenyl)-2-methyl-3-(4-nitrophenyl)-isoxazolidine (3bB). 

Light yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.33 (1H, ddd, J = 12.6, 8.5, 

7.6 Hz, H-4a), 2.76 (3H, s, N-Me), 3.16 (1H, dt, J = 12.6, 7.6 Hz, H-4b), 3.80 (3H, 

s, OMe), 4.00 (1H, t, J = 8.0 Hz, H-3), 5.29 (1H, t, J = 7.6 Hz, H-5), 6.85−6.91 (2H, 

m, ArH), 7.31 (2H, d, J = 8.5 Hz, Ar-H), 7.55−7.61 (2H, m, Ar-H), 8.16− 8.22 (2H, 

m, Ar-H); 13C NMR (50 MHz, Chloroform-d): 44.2, 48.3, 55.3, 72.5, 78.2, 114.0, 

123.9, 127.5, 128.1, 133.3, 147.4, 148.1, 159.2; HRMS: m/z [M + H]+ calculated for 

C17H19N2O4
+ 315.1339, found 315.1333. 

(3RS,5RS)-5-(4-Methoxyphenyl)-2-methyl-3-(4-nitrophenyl)-isoxazolidine (4bB). 

Light yellow oil; 1H NMR (500 MHz, Chloroform-d): 2.55−2.72 (2H, m, H-4a,b), 

2.71 (3H, s, N-Me), 3.82 (3H, s, OMe), 3.85 (1H, t, J = 8.3 Hz, H-3), 5.19 (1H, t, J 

= 7.6 Hz, H-5), 6.91 (2H, d, J = 8.6 Hz, Ar-H), 7.35 (2H, d, J = 8.6 Hz, Ar-H), 7.62 
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(2H, d, J = 8.6 Hz, Ar-H), 8.23 (2H, d, J = 8.6 Hz, Ar-H); 13C NMR (50 MHz, 

Chloroform-d): 43.9, 47.3, 51.6, 71.6, 77.4, 112.0, 122.1, 126.9, 130.0, 133.2, 146.1, 

149.0, 161.2; HRMS: m/z [M + H]+ calculated C17H19N2O4
+ 315.1339, found 

315.1329. 

(3RS,5SR)-2-Methyl-3,5-bis(4-nitrophenyl)-isoxazolidine (3bC). Light yellow 

sticky oil; 1H NMR (500 MHz, Chloroform-d): 2.23− 2.33 (1H, m, H-4a), 2.74 (3H, 

s, N-Me), 3.27−3.37 (1H, m, H-4b), 3.88−3.96 (1H, m, H-3), 5.38 (1H, dd, J = 8.2, 

6.7 Hz, H-5), 7.47− 7.52 (2H, m, Ar-H), 7.57−7.64 (2H, m, Ar-H), 8.15−8.25 (4H, 

m, ArH); 13C NMR (50 MHz, Chloroform-d): 43.5, 48.5, 72.7, 76.9, 123.8, 123.9, 

126.4, 128.2, 146.4, 147.1, 147.5, 150.6; HRMS: m/z [M + H]+ calculated for 

C16H16N3O5
+ 330.1084, found 330.1077. 

(3RS,5RS)-2-Methyl-3,5-bis(4-nitrophenyl)-isoxazolidine (4bC). Light yellow 

sticky oil; 1H NMR (500 MHz, Chloroform-d): 2.63 (1H, ddd, J = 12.6, 8.5, 6.8 Hz, 

H-4a), 2.70−2.80 (1H, m, H-4b), 2.75 (3H, s, N-Me) 3.84−3.88 (1H, m, H-3), 

5.29−5.36 (1H, m, H-5), 7.56−7.64 (4H, m, Ar-H), 8.22−8.27 (4H, m, Ar-H); 13C 

NMR (50 MHz, Chloroform-d): 43.6, 47.7, 72.0, 75.4, 123.8, 124.1, 126.9, 128.4, 

146.6, 147.5, 147.7, 147.8; HRMS: m/z [M + H]+ calculated for C16H16N3O5
+ 

330.1084, found 330.1081. 

Ethyl (3RS,4SR,5SR)-2-Methyl-3,5-diphenyl-isoxazolidine-4carboxylate (6aA). 

Light yellow sticky foam; 1H NMR (500 MHz, Chloroform-d): 1.20 (3H, t, J = 7.1 

Hz), 2.73 (3H, s, N-Me), 3.50 (1H, dd, J = 8.6, 6.3 Hz, H-4), 4.05 (1H, d, J = 8.6 Hz, 

H-3), 4.17 (2H, q, J = 7.1 Hz), 5.42 (1H, d, J = 6.3 Hz, H-5), 7.27−7.38 (6H, m, 
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ArH), 7.38 (2H, d, J = 7.5 Hz, Ar-H), 7.52 (2H, d, J = 7.3 Hz, Ar-H); 13C NMR (50 

MHz, Chloroform-d): 14.1, 43.4, 61.2, 65.8, 76.8, 80.7, 125.9, 127.6, 127.8, 128.1, 

128.5, 128.7, 137.7, 171.4; HRMS: m/z [M + H]+ calculated for C19H22NO3
+ 

312.1594, found 312.1588.  

Ethyl (3RS,4SR,5SR)-5-(4-Methoxyphenyl)-2-methyl-3-phenyl-isoxazolidine-4-

carboxylate (6aB). Light yellow sticky foam; 1H NMR (500 MHz, Chloroform-d): 

1.19 (3H, t, J = 7.1 Hz), 2.72 (3H, s, NMe), 3.47 (1H, dd, J = 8.6, 6.6 Hz, H-4), 3.81 

(3H, s, OMe), 4.07 (1H, d, J = 8.6 Hz, H-3), 4.15 (2H, q, J = 7.1 Hz), 5.37 (1H, d, J 

= 6.6 Hz, H-5), 6.87−6.93 (2H, m, Ar-H), 7.24−7.46 (8H, m, Ar-H); 13C NMR (50 

MHz, Chloroform-d): 14.1, 43.5, 55.3, 61.2, 65.7, 80.7, 113.9, 

127.4, 127.7, 128.1, 128.7, 133.7, 137.9, 159.1, 171.4; HRMS: m/z [M + H]+ 

calculated for C20H24NO4
+ 342.1700, found 342.1687.  

Ethyl (3RS,4SR,5SR)-2-Methyl-5-(4-nitrophenyl)-3-phenyl-isoxazolidine-4-car-

boxylate (6aC). Light yellow sticky foam; 1H NMR (500 MHz, Chloroform-d): 1.25 

(3H, t, J = 7.1 Hz), 2.71 (3H, s, NMe), 3.42 (1H, dd, J = 8.8, 5.6 Hz, H-4), 4.00 (1H, 

d, J = 8.8 Hz, H-3), 4.21 (2H, q, J = 7.1 Hz), 5.48 (1H, d, J = 5.6 Hz, H-5), 7.24−7.33 

(5H, m, Ar-H), 7.72 (2H, d, J = 8.4 Hz, Ar-H), 8.21−8.27 (2H, m, ArH); 13C NMR 

(50 MHz, Chloroform-d): 14.1, 43.0, 61.6, 65.7, 76.7, 79.4, 123.9, 126.5, 127.8, 

128.4, 128.8, 131.0, 136.8, 150.4, 170.9; HRMS: m/z [M + H]+ calculated for 

C19H21N2O5
+ 357.1445, found 357.1436. 

Ethyl (3RS,4SR,5SR)-2-Methyl-3-(4-nitrophenyl)-5-phenyl-isoxazolidine-4-

carboxylate (6bA). Light yellow sticky foam; 1H NMR (500 MHz, Chloroform-d): 
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1.25 (3H, t, J = 7.1 Hz), 2.77 (3H, s, NMe), 3.42 (1H, dd, J = 8.0, 6.3 Hz, H-4), 4.22 

(3H, CH2, H-3), 5.48 (1H, d, J = 6.3 Hz, H-5), 7.28−7.41 (3H, m, Ar-H), 7.47 (2H, 

ddd, J = 8.2, 1.3, 0.6 Hz, Ar-H), 7.55−7.61 (2H, m, Ar-H), 8.16−8.22 (2H, m, Ar-

H); 13C NMR (50 MHz, Chloroform-d): 14.1, 43.6, 61.6, 65.9, 75.4, 80.8, 123.9, 

125.8, 127.9, 128.5, 128.6, 141.0, 146.1, 147.6, 170.8; HRMS: m/z [M + H]+ 

calculated for C19H21N2O5
+ 357.1445, found 357.1442. 

Ethyl (3RS,4SR,5SR)-5-(4-Methoxyphenyl)-2-methyl-3-(4-nitrophenyl)-isoxazo-

lidine-4-carboxylate (6bB). Light yellow sticky foam; 1H NMR (500 MHz, 

Chloroform-d): 1.24 (3H, t, J = 7.1 Hz), 2.78 (3H, s, N-Me), 3.39 (1H, dd, J = 7.9, 

6.6 Hz, H-4), 3.81 (3H, s, OMe), 4.20 (2H, d, J = 7.1 Hz), 4.26 (1H, d, J = 7.9 Hz, 

H-3), 5.44 (1H, d, J = 6.6 Hz, H-5), 6.87−6.93 (2H, m, Ar-H), 7.34−7.40 (2H, m, Ar-

H), 7.57−7.63 (2H, m, Ar-H), 8.17−8.23 (2H, m, Ar-H)); 13C NMR (126 MHz, 

Chloroform-d): 14.15, 43.8, 55.3, 61.6, 65.9, 75.3, 80.8, 114.0, 123.9, 127.4, 128.4, 

132.5, 146.5, 147.7, 159.4, 170.9; HRMS: m/z [M + H]+ calculated for C20H23N2O6
+ 

387.1551, found 387.1547. 

Ethyl (3RS,4SR,5SR)-2-Methyl-3,5-bis(4-nitrophenyl)-isoxazolidine-4-carboxy-

late (6bC). Light yellow sticky foam; 1H NMR (500 MHz, Chloroform-d): 1.29 (3H, 

t, J = 7.1 Hz), 2.75 (3H, s, N-Me), 3.37 (1H, dd, J = 8.5, 5.6 Hz, H-4), 4.17 (1H, d, J 

= 8.5 Hz, H-3), 4.26 (2H, q, J = 7.1 Hz), 5.54 (1H, d, J = 5.6 Hz, H-5), 7.52 (2H, d, 

J = 8.8 Hz, Ar-H), 7.70 (2H, dd, J = 8.9, 0.7 Hz, Ar-H), 8.18 (2H, d, J = 8.9 Hz, Ar-

H), 8.25 (2H, d, J = 8.9 Hz, Ar-H); 13C NMR (50 MHz, Chloroform-d): 14.1, 43.1, 

62.0, 65.7, 75.3, 79.4, 123.9, 124.0, 126.4, 128.6, 144.8, 147.3, 147.8, 149.5, 170.2; 
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HRMS: m/z [M + H]+ calculated for C19H20N3O7
+ 402.1296, found 402.1292. 
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Chapter 2. Tetrahedral capsule: synthesis and applications 

 

2.1 Introduction 
 

The purpose of a supramolecular chemist is to mimic biological systems, where 

reactions and complex reactions with high non-catalyzed energy barriers proceed 

effectively with excellent selectivity. Effective control of enzymes on substrates is 

achieved by isolating substrates in the active sites. Therefore, it is evident to make 

parallelisms between the active enzyme sites and the micro-environments of the 

supramolecular hosts since both are based on molecular recognition, substrate 

isolation, and conformational control. Now, in the literature, there is a wide range of 

supramolecular systems that try to mimic the work carried out by enzymes, and 

various types of building blocks are formed that go to determine a wide range of 

cavities that can be used for catalysis.31 

In fact, the purpose of this project is to mimic natural systems, using a tetrahedral 

capsule already present in the literature in order to use it as a catalyst in water. The 

supramolecular capsule in question was developed by Prof. Raymond et al. and, so 

far, it has been used to catalyze cyclization reactions, stabilize some substrates in 

water, and more.31 Hence, the idea of using it to catalyze 1,3-dipolar cycloadditions 

and reductive aminations, using in both cases water as a solvent, and subsequently 

developing a new capsule and comparing the obtained results. 

The supramolecular system is self-assembled by six bis-bidentate ligands and four 

metal ions to form a cage with metal atoms at the tetrahedron vertices. As 
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demonstrated by the crystallographically obtained geometric parameters and its T 

symmetry, the tetrahedron has ligands that cross the six edges. The ligand is N,N'-

(naphthalene-1,5-diyl)bis(2,3-dihydroxybenzamide), consisting of a naphthalene 

core and two catechols groups capable of complexing the Ga3+ that constitute the 

vertices of the tetrahedron (Figure 12).31 

 

Figure 12. Tetrahedral capsule. 

 

The stoichiometry of the capsule is [K12(Ga4L6)], and since each Ga(III)-

triscateculate has a formal trianionic charge, it is overall dodecanoic. The host is 

soluble in water and polar organic solvents by this high charge. In terms of size, the 

host is within the nanoscale regime, measuring about 13 Å from vertex to vertex.31 

This second part of the first year of the Ph.D. period focused on synthesizing the 

ligand, the assembly of the capsule, and its use to synthesize some nitrones in water, 

substrates that can subsequently be used for cycloadditions. 
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2.2 Results and Discussion 
 

For the ligand synthesis, the building blocks used were 2,3-dihydroxybenzoic acid 

and naphthalene-1,5-diamine. Initially, a direct coupling between acid and diamine 

was tried using different coupling agents, attempting to find a different method from 

the one present in the literature, but the reaction yield was low. Therefore, based on 

the literature, the hydroxyl groups of the acid were protected by methylation, also 

obtaining the acid ester. Subsequently, after hydrolyzing the methylated ester, 

methylated acid was transformed into 2,3-dimethoxybenzoyl chloride. 

The coupling with the diamine was carried out at this point, obtaining the ligand with 

the methylated hydroxyl groups, which were demethylated with BBr3. The diagram 

of the ligand synthesis is shown below (Scheme 2).32 
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Scheme 2. Ligand synthesis procedure. 

 

Once the synthesis of the ligand was finalized, the capsule (1) was assembled 

following the methodology described in the literature gallium(III) acetylacetonate as 

a precursor.32 

To verify that the assembly had taken place, an ammonium salt was used, as reported 

in the literature.33 This method is exploited because it has been demonstrated by 

NMR spectroscopy that these capsules have a high affinity for cations; in fact, when 

the capsule forms a complex with the ammonium salt a shift to high fields of the 
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signals related to protons occurs of salt. This is due to the interaction that occurs 

between host and guest, which is of the π-cation type, because inside the cavity there 

is a strong electronic cloud due to the aromatic systems that make up the ligands 

(Figure 13). 

 

Figure 13. Capsule assembly with the tetraethylammonium salt. 

 

To demonstrate the formation of the complex, we report a DOSY experiment, in 

which we see the signals of the ammonium salt at negative ppm values and that the 

signals of the capsule and the salt have the same diffusion coefficient, underlining 

the formation of the complex (Figure 14). 
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Figure 14. DOSY experiment of ammoniumsalt@capsule. 

 

It was possible to synthesize six different nitrones, starting from aldehydes and 

ketones, taking advantage of the capsule’s hydrophobic cavity. The advantage in 

using the capsule as a nanoreactor was the easy separation of the nitrones obtained 

by extraction with a green classified organic solvent.34,35 On the contrary, the 

traditional methodologies for synthesizing these substrates foresee the use of 

chromatographic separation.36 Furthermore, for some substrates, the yields were 

obtained with shorter reaction times and were higher than those reported in the 

literature.37 

To optimize the reaction conditions, the synthesis of N-methyl-1-

phenylmethanimine oxide (4a) was used as a model reaction (Table 6). The amounts 

of benzaldehyde (1) and N-methylhydroxylamine hydrochloride (2) have been varied 
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and, subsequently, the quantity of capsule from 1 eq. to 0.1 eq. Using a catalytic 

quantity of capsule (Entry 7) allowed us to obtain good reaction yields in shorter 

times.36 

Table 6. Optimization of the reaction conditions between aldehyde 1 and N-methylhydroxylamine 2.a 

 

Entry 2a (eq.) 3 (eq.) Capsule 1 (eq.) Yield (%) 

1 1 1 — Traces 

2 1 1 1.0 74 

3 2 1 1.0 73 

4 3 1 1.0 75 

5 1 3 1.0 73 

6 1 1 0.5 71 

7 1 1 0.2 70 

8 1 1 0.1 58 

aAll reactions were conducted with an equimolar amount of NaHCO3 with respect to 3. 

 

With the optimized reaction conditions, the catalytic capacity of the capsule was 

tested using five other substrates, including aldehydes and ketones. Table 7 shows 

the reaction times and the yields obtained with respect to those reported in the 

literature. In addition, a never-reported nitrone has been synthesized from 

acetaldehyde (Table 7, Entry 2). 

 



46 

 

 

Table 7. Reaction times and yields obtained with the capsule and reported in the literature.a 

Entry Substrate 

Reaction 

time (h) 

Product 

Yield 

(%) 

Reaction time 

Lit. (h) 

Yield (%) 

Lit. 

1 

 

12 

 

70 48 8036 

2 

 

1 

 

83 1 

85 (this 

work)b 

3 

 

3 

 

79 48 5636 

4 

 

12 

 

70 12 7538 

5 

 

6 

 

75 10 min 6839 

6 

 

12 

 

39 7 6540 

aAll the reactions were conducted in water at room temperature with 0.2 eq. of the capsule and 1.0 eq. 

of NaHCO3. bThe E/Z configuration was assigned via 1D NOESY (see experimental section). All 

products were characterized by 1H and 13C NMR (see experimental section). 

 

To examine the inclusion of the studied substrates (2a and 4a) inside the catalytic 

cavity and estimate the association constant Ka at the same time, we performed a 

series of DOSY experiments on free capsule 1, compounds 2a and 4a, and the 2a@1 
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and 4a@1complexes (Figure 15, and in experimental section Figures 16–21). 

Because the systems investigated in this study are under fast equilibrium between 

free and complexed states on the NMR time scale, the observed diffusion coefficient 

(Dobs) measured in the experiment is the weighted average of those of the free and 

complexed molecules:27,41 

Dobs = xHG Dbound + (1 − xHG) Dfree       (1) 

 

Dfree and Dbound are the diffusion coefficients of free and bound guest molecules, 

respectively, whereas the xHG refers to the molar fraction of the host-guest (HG) 

complex. 

 

Figure 15. Left) 2D DOSY-NMR measurements on the D2O solution of 2a (0.025 M) and capsule 1 

(0.005 M) mixture. Right) 2D DOSY-NMR measurements on the D2O solution of 4a 

(0.025 M) and capsule 1 (0.005 M) mixture. The horizontal axis represents the chemical 

shifts, whereas the vertical axis the diffusion coefficients; the black spots are the 

resonances of the water solution of the inclusion complex spread in the second dimension 

according to their measured diffusion coefficient. 

 

The solid lines green and purple in Figure 15 represent the diffusion observed for 2a 
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or 4a (Dobs
𝟐𝐚 or 𝟒𝐚) and capsule 1 (Dobs

capsule 𝟏
), respectively, while the dashed lines are 

the diffusion coefficients of free 2a or 4a (D𝑓𝑟𝑒𝑒
𝟐𝐚 or 𝟒𝐚) and free capsule 1 (D𝑓𝑟𝑒𝑒

capsule 𝟏
). 

The quantitative estimation of the complex formation constant is based on the degree 

to which the solid lines (complexed molecules) are displaced from their 

corresponding dashed (free molecules). 

The results demonstrate that the diffusion coefficients for both the molecules 2a and 

4a diminished from 7.42 to 6.82 × 10–10 m2/s and from 6.77 to 6.00 × 10–10 m2/s for 

molecules 2a and 4a, respectively (Table 8), and this is indicative of a complexation 

within the cavity of molecule 1. 

Table 8. Diffusion coefficients (D) of 1, 2a, 3, 4a, 1@2a and 1@4a, complex molar fraction, and 

1@2a/1@4a association constant (Ka). 

Compound D (10–10 m2s–1) Complex molar fraction (%) Ka (M–1) 

1 2.16 — — 

2a 7.42 — — 

3 9.80 — — 

4a 6.77 — — 

1@4a 6.00 16.70 243.00 

1@2a 6.86 10.64 50.88 

 

The association constant Ka can be calculated exploiting a single-point procedure on 

the assumption of known xHG (2a or 4a) (Equation 2).42,43 This procedure assumes 

that the diffusion coefficient of the host-guest complex (2a@1 and 4a@1 complexes) 

is the same as that of the host molecule (capsule 1). This is because the host molecule 
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is usually very much larger than the guest, so it seems reasonable to assume that the 

diffusion coefficient of the host-guest complex is the same as that of the host 

molecule (a measurable quantity). 

Ka = xHG/[(1 − xHG) ([H] − xHG [G])]       (2) 

 

In Equation 2, [H] and [G] are the total concentration of the host and guest, 

respectively. The diffusion coefficients (D) measured in D2O and the respective 

association constants are reported in Table 3. As pointed out by the DOSY 

experiments, both the molecules 2a and 4a can be included inside the hydrophobic 

cavity of capsule 1. Moreover, product 4a is able to achieve a stronger interaction 

with the host molecule; this agrees with the experimental result that the higher the 

amount of capsule, the higher the yield of the reaction. 

 

2.3 Conclusions 
 

In conclusion, we have reported the first example of nitrone synthesis using 

this tetrahedral capsule as a nanoreactor in water. We have also synthesized a 

new nitrone, starting from acetaldehyde, using the capsule in water. The 

synthesis in a nanoconfined space has allowed us to reduce the reaction times 

in some cases and easily separate the nitrones from the reaction mix, obtaining 

reaction yields equal or comparable to those obtained with classical 

methodologies. The environmentally friendly approach underlying this work 

can be extended, in a relatively simple way, to other reactions that use various 
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types of macrocyclic hosts, suitably designed and widely used in 

supramolecular chemistry. 

 

2.4 Experimental section 
 

General information. All the required chemicals were purchased from Merck. The 

synthesis of the capsule building blocks and assembly were carried out as reported 

in the literature and subsequently characterized by NMR.32 Pre-coated aluminum 

sheets (silica gel 60 F254, Merck) were used for thin-layer chromatography (TLC), 

and spots were visualized under UV light. Silica gel column chromatography was 

performed using silica gel 60–120 mesh size. 1H and 13C NMR spectra were 

recorded, at 300 K, on Varian UNITY Inova using CDCl3 and D2O as solvents, at 

500 MHz for 1H NMR and 125 MHz for 13C NMR. 13C spectra were 1H-decoupled, 

and the APT pulse sequence determined multiplicities. Chemical shift (δ) values are 

given in ppm. Diffusion ordered spectroscopy (DOSY) experiments were performed 

using the DgcsteSL_cc (DOSY gradient compensated stimulated echo with spin-lock 

and convection compensation) HR-DOSY sequence. The pulsed gradient range 

amplitudes were 0.1067–0.5334 T m−1, at a diffusion time of 0.06 s. The processing 

program (DOSY macro in the Varian instrument) was run with the data transformed 

using fn = 32 K and lb = 0.3. All the experiments were acquired at 300 K. 

 

General procedure for the synthesis of nitrones 4a–e with capsule 
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Nitrones were synthesized from commercially available aldehydes and ketones (1.0 

eq.), N-methylhydroxylamine hydrochloride (50.0 mg, 0.598 mmol, 1.0 eq.), 

NaHCO3 (50.3 mg, 0.598 mmol, 1.0 eq.), and capsule 1 (396.0 mg, 0.199 mmol, 0.2 

eq.) in water (5 mL) at room temperature. The products were extracted with EtOAc 

(3 × 10 mL). The E/Z configuration of nitrones 4a,c,d was assigned according to the 

literature data.36,38 All products were characterized by 1H and 13C NMR. 

(Z)-N-methyl-1-phenylmethanimine oxide (4a) 

White solid. 1H NMR (500 MHz, Chloroform-d): δ = 8.35 – 8.11 (m, 2H), 7.69–7.33 

(m, 4H), 3.87 (s, 3H); 13C NMR (126 MHz, Chloroform-d): δ = 134.42, 130.45, 

130.33, 129.64, 128.93, 128.43, 128.14, 54.24. 

(Z)-isomer of N-methylethanimine oxide (4b) 

Light brown oil. 1H NMR (500 MHz, D2O): δ = 7.36 (q, J = 5.5 Hz, 1H), 3.71 (s, 

3H), 2.04 (d, J = 5.8 Hz, 3H); 13C NMR (126 MHz, D2O): δ =145.56, 50.82, 12.55. 

(Z)-N-methylpropan-1-imine oxide (4c) 

Colourless oil. 1H NMR (500 MHz, D2O): δ = 7.26 (t, J = 5.9 Hz, 1H), 3.67 (s, 3H), 

2.48 – 2.41 (m, 2H), 1.12 (t, J = 7.7 Hz, 3H); 13C NMR (126 MHz, D2O): δ = 150.79, 

50.83, 20.28, 8.65. 

(E)-2-ethoxy-N-methyl-2-oxoethan-1-imine oxide (4d) 

Yellow oil. 1H NMR (500 MHz, Chloroform-d): δ = 7.24 (s, 1H), 4.26 (dt, J = 14.3, 

5.7 Hz, 3H), 4.18 (s, 3H), 1.32 (t, J = 7.1 Hz, 2H); 13C NMR (126 MHz, Chloroform-

d): δ = 161.11, 127.70, 61.43, 52.26, 14.17. 

N-methylcyclohexanimine oxide (4e) 



52 

 

 

Light brown oil. 1H NMR (500 MHz, Chloroform-d): δ = 3.70 (s, 3H), 2.76 (t, J = 

6.5 Hz, 1H), 2.71 (s, 1H), 2.64 (s, 1H), 2.47 (t, J = 6.4 Hz, 2H), 2.14 (d, J = 21.8 Hz, 

1H), 1.69 (dt, J = 12.7, 6.3 Hz, 2H), 1.58 (ddd, J = 11.4, 7.2, 4.6 Hz, 2H); 13C NMR 

(126 MHz, Chloroform-d): δ = 150.11, 47.22, 29.99, 26.72, 25.25, 24.50. 

N-methyl-1,1-diphenylmethanimine oxide (4f) 

Pale yellow solid. 1H NMR (500 MHz, Chloroform-d): δ = 7.84 – 7.76 (m, 3H), 7.63 

– 7.55 (m, 1H), 7.54 – 7.46 (m, 3H), 4.02 (s, 3H); 13C NMR (126 MHz, Chloroform-

d): δ = 137.85, 132.59, 130.46, 130.20, 128.42, 42.46. 

 

Classical method for the synthesis of nitrones 4a–e 

Into a 10 mL round flask containing dichloromethane (6 mL), at 0 °C under N2 

atmosphere, were added aldehyde or ketone (500 mg, 11.35 mmol, 5 eq.), N-

methylhydroxylamine hydrochloride (189.60 mg, 2.27 mmol, 1 eq), NaHCO3 

(190.68 mg, 2.27 mmol, 1 eq.) and Na2SO4 (322.43 mg, 2.27 mmol, 1 eq.), and the 

solution was stirred for 1 h. The crude product was purified by silica gel column 

chromatography using dichloromethane/methanol (9:1) as eluent to give the 

corresponding nitrones. 

 

DOSY spectra 



53 

 

 

 

Figure 16. DOSY spectrum of capsule 1. 

 

Figure 17. DOSY spectrum of 2a. 
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Figure 18. DOSY spectrum of 3. 

 

Figure 19. DOSY spectrum of 4a. 
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Figure 20. DOSY spectrum of 2a@1. 

 

Figure 21. DOSY spectrum of 4a@1. 
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Chapter 3. Nanosponges based on self-assembled starfish-

shaped cucurbit[6]urils functionalized with 

imidazolium arms 
 

3.1 Introduction 
 

Among the cucurbiturils, the most used is the cucurbit[6]uril (CB[6]), made up of 

six glycoluril units, due to the easiness in the synthesis and the functionalization 

procedures, compared to the other cucurbiturils.21 Already in 1999, Kim et al. 

demonstrated the ability of cucurbiturils to form the one-dimensional columnar 

coordination polymer with potassium ions, thanks to the presence of carbonyl groups 

that coordinate the potassium ions.44 Subsequently, the same group used CB[6] as a 

porous organic molecular material to store acetylene.45 Recently, Xie et al. 

immobilized CB[6] on graphene oxide modified with Fe3O4 using this material to 

coordinate uranium(VI).46 Furthermore, both CB[6] and CB[7] have been 

investigated for the application as sorbents of different gases, including CO2, 

showing a good selectivity towards the latter.47,48 Cucurbiturils have been widely 

used for the formation of complexes with different substrates such as ionic liquids, 

or nanoreactors.49,50 

Ionic liquids have also been widely exploited to functionalize different 

supramolecular systems, such as self-assembling capsules,51 or inorganic materials 

such as silica.52 They have also been applied to the CO2 capture.53 

Before discussing the results obtained during the second year of my Ph.D. program, 
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I would like to introduce nanosponges briefly. Nanosponges can be either of organic 

or inorganic origin, natural or synthetic.54 Nanosponges are three-dimensional 

networks with extensive nanometric porosity and remarkable adsorption properties. 

The list of materials classified in the broad family of nanosponges comprises carbon 

materials, zeolites, metal-organic frameworks (MOFs), and porous organic polymers 

(POPs). In other words, nanosponges can be counterintuitively classified as 

nanomaterials because of the presence of a network of nanometer-sized cavities in 

bulk, even though the dimensions of a given specimen, along three axes (x,y,z), can 

be larger than 100 nm. From this viewpoint, nanosponges are characterized by 

nanometric structural features, but they are generally not nanoparticles. The first 

example of nanosponges was based on cyclodextrins polymer (Figure 22). 

 

Figure 22. Nanosponges based on cyclodextrins. 

 

In the past 20 years, nanosponges have been mainly used for pharmaceutical 

applications; however, there are several fields where nanosponges find wide 

application. 
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Below is a list of non-pharmaceutical applications of nanosponges: 

1. Smart fabrics. 

2. Agricultural applications. 

3. Water purification. 

4. Applications of catalysis. 

5. Gas storage. 

6. Industrial applications: rubber and oils. 

7. Flame retardants. 

The ability of nanosponges to reversibly bind compounds, even in the gas phase, 

through physisorption mechanisms, might lead to the development of new 

technology for the efficient storage of significant amounts of gas in surprisingly 

small volumes, without the need for high pressure and low temperatures, thus 

avoiding the risks and energy loss associated with the current use of compressed or 

liquefied gases. Inspired by these materials’ remarkable capabilities, my research 

aims to exploit the functionalized CB[6] to form a supramolecular nanosponge to 

sequester CO2. 

 

3.2 Results and Discussion 
 

Therefore, this work aimed to combine the ability of CB[6] to form complexes with 

positively charged substrates, such as ionic liquids, to create a new porous material 

(CB[6]-Funct12) based on the functionalized CB[6] macrocycle. The synthesis of this 
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compound was accomplished by oxidizing the starting CB[6] to the 

dodecaoxydrilated intermediate CB[6]-(OH)12,
55 and functionalizing this last with 

twelve chains of 1-(2-bromoethyl)-3-methyl-1H-imidazol-3-ium bromide (Imid), as 

reported in Scheme 3. 

 

Scheme 3. Synthesis route to obtain CB[6]-Funct12. 

 

The CB[6]-Funct12 was characterized by 1H-, 13C-NMR, FTIR, ESI-MS, and TGA 

analyses (see experimental section). The 3D-molecular model of CB[6]-Funct12, 

minimized at PM6-D3H4 semiempirical level of theory, shows a high symmetry and 

resembles a 12-armed Crossaster papposus starfish (Figure 23). This high symmetry 
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is consistent with the signals observed by NMR spectroscopy, although in solution. 

 

Figure 23. 3D-model of CB[6]-Funct12; side, and top views. In the center of the top view is shown a 

12-armed Crossaster Papposus starfish. 

 

The presence of the positively charged imidazole groups made possible the 

formation of cation-dipole interactions between the cationic side chains of a CB[6]-

Funct12 and the carbonyl dipole of others CB[6]-Funct12. This network of interactions 

led to the formation of further interstices, in addition to the cavities of the 

macrocycles, which transformed the system into a supramolecular nanosponge 

(Figure 24). 
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Figure 24. Pictographic 2D-representation of the supramolecular self-assembly of CB[6]-Funct12. 

 

A confirmation of these interactions is shown in Figure 25, where the carbonyl 

groups’ vibration in CB[6]-Funct12 are slightly shifted to 1644 cm−1, compared to 

the 1639 cm−1 of CB[6]. 

 

Figure 25. Enlarged FTIR spectra of CB[6] (black line) and CB[6]-Funct12 (red line). 
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Besides the vibration frequency of the C=O in CB[6]-Funct12, there is a new peak at 

1564 cm−1 ascribed to the splitting of the carbonyl groups of CB[6]-Funct12. This 

point to that there exist two kinds of carbonyl groups with different environments in 

the CB[6]-Funct12 due to the interactions with imidazolium moiety.56,57 

To verify the formation of this permanently porous material, we performed CO2 

adsorption studies at room temperature and atmospheric pressure on the powder 

sample. The breakthrough curves of CO2 were determined by measuring the ratio 

between the concentration of CO2 after the achievement of saturation in the analyzed 

sample and the initial carbon dioxide concentration (i.e., without the sample).58 For 

comparison, we used a zeolite (BEA zeolite CP 811-300 SiO2/Al2O3 = 300, BET 

surface area 280 m2/g), and CB[6], CB[6]-(OH)12 and Imid. The latter constitute the 

building blocks of which the nanosponge is made; the BEA zeolite was chosen to 

compare the CO2 adsorption performance of an inorganic and an organic sorbent, 

considering that this zeolite was often reported in the literature,59-61 also for his high 

hydrophobicity (favored by a high SiO2/Al2O3 ratio) that seems to improve its 

absorption properties in the presence of gaseous mixture with water.62-64 

The CO2 adsorption breakthrough curves show as the CB[6]-Funct12 (black curve) 

exhibits superior adsorption capacities compared to both CB[6], CB[6]-(OH)12, Imid, 

and BEA zeolite (Figure 26). 
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Figure 26. Breakthrough curves of CO2 adsorbing abilities. 

 

The amount of CO2 adsorbed was calculated considering the formula q (mg/g) = [(Cin 

− Cf) × t × Q]/w, where w is the weight of the analyzed sample (g), Q is the CO2 flow 

rate (mL/min), t is the time (min) at which the saturation was achieved, and Cin and 

Cf are the initial and final (at the saturation) CO2 concentrations (mg/mL), 

respectively.58 The graph illustrated in Figure 27 indicates the amount of CO2 

adsorbed by all the samples, in which it is possible to note as the CB[6]-Funct12 owns 

an adsorption capacity eight times higher than the non-functionalized CB[6] 

samples. Notably, the quantity of adsorbed CO2 by CB[6]-Funct12 is slightly higher 

than that of the BEA zeolite, which is currently used in the industrial field to adsorb 

VOCs (volatile organic compounds) and nitrogen oxides.65  
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Figure 27. CO2 adsorption capacity on 150 mg of samples. 

 

From these data, it can be inferred that the functionalization with imidazolium 

moieties has allowed to significantly increased the ability of CB[6] to adsorb the 

carbon dioxide, leading to obtaining a nanosponge based on a supramolecular 

system. The good sorption capacity of the CB[6]-Funct12 is reasonably due to the 

porous structure of the sample and the interaction of the adsorbed CO2 with the 

negative-charged carbonyl oxygen atoms, as already reported in the literature.47,48 

Verification of the new macrocycle’s porous structure was made by the 

determination of the Brunauer-Emmett-Teller (BET) surface area and the Barrett-

Joyner-Halenda (BJH) pore size distribution. CB[6]-Funct12 showed a surface area 

value of 277 m2/g, whereas the CB[6] had a sensibly lower surface area (144 m2/g). 

From the comparison of the N2 isotherms (Figure 28a), it is possible to note 

substantial differences between the CB[6] and the CB[6]-Funct12 samples. This latter 
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compound showed a type IV curve typical of the mesoporous materials with a H2 

hysteresis loop commonly observed for “ink-bottle” pores with narrow necks and 

wider bodies.66,67 On the contrary, the CB[6] exhibited a type V physisorption 

isotherm, even associated with mesoporous structures, but with an H1 hysteresis loop 

typical of agglomerates in a fairly regular array, with a narrow distribution of pore 

size.66,67 Indeed, the BJH curve of CB[6] (Figure 28b) was characterized by a narrow 

distribution centered at 11 nm (mesopores) with a mean pore volume of 0.05 cm3/g. 

In contrast, the CB[6]-Funct12 exhibited a bimodal distribution (Figure 28b) with the 

mean pore diameter of 3 nm (mesopores) and 65 nm (macropores) and the mean pore 

volume of 0.12 cm3/g. These data point that the functionalization allowed to modify 

the textural properties of the CB[6], obtaining a higher pore volume and the 

formation of macropores. The presence of a macro-mesoporous structure in the 

functionalized sample favored, in accordance with the literature data,68,69 a higher 

adsorption of CO2 compared to the bare CB[6]. 

 

Figure 28. N2 adsorption-desorption isotherms (a), and BJH pore size distribution curves (b) of CB[6] 

and CB[6]-Funct12. 
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To further verify the carbon dioxide adsorption process, an infrared spectroscopy 

measurement was carried out to compare the CB[6]-Funct12 before and after the CO2 

adsorption (Figure 29). 

 

Figure 29. FTIR spectra of CB[6]-Funct12 before (blue curve) and after (red curve) the CO2 

adsorption. In the box, the enlargement of the peak at 2351 cm−1. 

 

The weak peak at 2351 cm−1 is the typical asymmetric stretching of the adsorbed 

CO2 with the functionalized macrocycle.48,70 In the box of Figure 29 is possible to 

note that in the FTIR spectra of the as-prepared CB[6]-Funct12 (blue curve, i.e., 

before of the CO2 adsorption measurements), the peak related to the CO2 is absent. 

Due to the low amount of CO2 adsorbed, this signal is also not present in the FTIR 

spectra of the CB[6] and CB[6]-OH12 samples performed after the adsorption tests 

(Figure 30). 
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Figure 30. FTIR spectra of CB[6] (black line), CB[6]-(OH)12 (red line) and CB[6]-Funct12 after the 

CO2 adsorption. 

 

Furthermore, the synthesized supramolecular nanosponge showed improved thermal 

stability (see experimental section) with respect to CB[6]. Indeed, the TGA curve of 

CB[6]-Funct12 shows an onset decomposition temperature at 746.2 °C and a 

maximum degradation rate at 815.5 °C, i.e., a much higher temperature than CB[6] 

(Tonset = 350.0 °C).45 This better thermal stability is reasonably due to the increase in 

the intermolecular forces established between the CB[6]-Funct12 following the 

insertion of the imidazolium arms.71-74 

Finally, to evaluate the possibility of using the CO2 adsorbed by the nanosponge for 

organic synthesis, we investigated the possibility of performing a carboxylation 

reaction of acetylides. To this aim, the phenylacetylene was reacted with a saturated 

CO2 sample of CB[6]-Funct12 in the presence of cesium carbonate (Scheme 4). 
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Scheme 4. Carboxylation of phenylacetylene catalyzed by CO2 saturated CB[6]-Funct12. 

 

In the optimized reaction conditions (Table 9, entry 5), phenylpropiolic acid was 

isolated with a yield of 89%. Typically, to achieve high yields, these reactions are 

performed in the presence of elaborate silver or copper-based catalysts.75,76 

The same reaction conducted in the same conditions of entry 5 of Table 6 but without 

the CB[6]-Funct12 or with the BEA instead of the CB[6]-Funct12 did not lead to the 

desired product (Table 6, entries 8 and 9, respectively). 

Table 9. Optimization of the reaction conditions for the carboxylation of phenylacetylenea. 

Entry Solvent CB[6]-Funct12 

(eq.) 

Adsorbed CO2 

(eq.)b 

Temp 

(°C) 

Isolated yield 

(%) 

1 DMF 0.2 1.30 80 23 

2 DMF 0.5 3.25 80 57 

3 DMF 0.8 5.20 80 76 

4 DMF 1.0 6.50 80 81 

5 DMF 1.0 6.50c 80 89 

6 DMF 1.0 6.50c 50 34 

7 DMF 1.0 6.50c 100 83 

8 DMF — 6.50c 80 — 

9 DMF Only 1.0 of BEA 6.50c 80 — 

10 DMSO 1.0 6.50c 80 81 

11 ACN 1.0 6.50c 80 79 

a In all the cases were used 1.0 eq. of phenylacetylene, 1.5 eq. of cesium carbonate, 2 mL of solvent, 
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and a reaction time of 12 h. b Based on the amount adsorbed by the 150 mg of CB[6]-Funct12 sample 

(Figure 24, 82.5 mg/g); the excess of CO2 was removed, except for entries 5–9. c Under CO2 

atmosphere. 

 

3.3 Conclusions 
 

In conclusion, a new supramolecular system was developed; it was capable of 

adsorbing a significant amount of carbon dioxide. The presence of the positively 

charged imidazole groups made possible the formation of intermolecular cation-

dipole interactions between the cationic arms and the carbonyl dipoles of many 

CB[6]-Funct12 structures. This network of interactions led to the formation of further 

interstices, in addition to the cavities of the macrocycles, which transformed the 

system into a supramolecular nanosponge, also improving the thermal stability of the 

compound. Finally, the adsorbed CO2 could be used to perform several chemical 

organic reactions efficiently; here, the carboxylation of phenylacetylene was easily 

and satisfactorily accomplished. 

 

3.4 Experimental section 
 

General information. All the required chemicals were purchased from Merck and 

Aldrich Chemical Company. The synthesis of CB[6],25 CB[6]-OH12,
55 and 1-(2-

bromoethyl)-3-methyl-1H-imidazol-3-ium bromide77 were carried out as reported in 

the literature and subsequently characterized by NMR and IR spectroscopy. 

Pre-coated aluminium sheets (silica gel 60 F254, Merck) were used for thin-layer 
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chromatography (TLC), and spots were visualized under UV light. Silica gel column 

chromatography was performed using silica gel 60–120 mesh size. 1H and 13C NMR 

spectra were recorded, at 300 K, on Varian UNITY Inova using CD3OD as a solvent, 

at 500 MHz for 1H NMR and 125 MHz for 13C NMR. 13C spectra were 1H-decoupled, 

and the APT pulse sequence determined multiplicities. Chemical shift (δ) values are 

given in ppm. 

The CO2 adsorption experiments were carried out in a quartz U-shape reactor, 

utilizing 150 mg of the investigated sample and a CO2 (99.999%) flow of 30 mL/min. 

The CO2 was detected by a quadrupole mass spectrometer (Sensorlab VG 

Quadrupoles) following the m/z = 44 signal. The breakthrough curves of CO2 were 

determined by measuring the ratio between the concentration of CO2 after the 

achievement of saturation in the sample and the initial carbon dioxide concentration 

(i.e., without the sample). Before the measurements, the materials were pretreated in 

He flow (50 mL/min) at 150 °C for 2 h to remove eventual impurities from the 

sample’s surface. 

FTIR analyses in the 4000–400 cm−1 region were attained using FTIR System 2000 

(Perkin-Elmer, Waltham, MA, USA) and KBr as media. 

The mass spectrometric analysis was performed on an ion trap mass spectrometer 

equipped with an electrospray ion source ESI (LCQ-DECA, Thermo Fischer 

Scientific, San Jose, CA, USA). The sample was dissolved in a mixture of 

CH3OH/H2O (50:50 v/v) at 1×10−5 M and infused at 5μL/min. Full scan mass 

spectrum was acquired in positive ion mode in the m/z range 200–2000. ESI ion 
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source operated with 220 °C capillary temperature, 25 a.u. sheath gas, +5 kV source 

voltage, and +26 V capillary voltage. Mass calibration was achieved with a standard 

mixture of caffeine (Mr 194.1 Da), MRFA peptide (Mr 524.6 Da), and Ultramark 

(Mr 1621 Da). Data analysis was performed with the Xcalibur v. 1.3 Software. 

TGA was performed employing Pyris TGA7 (Perkin Elmer, Waltham, US) in the 

temperature range between 50 and 950 °C, under air N2 (60 mL/min) and heating 

rate of 10 °C/min. 

The N2 adsorption-desorption measurements were performed utilizing a Sorptomatic 

series 1990 instrument. The samples were pretreated with an outgassing step at 150 

°C for 12 h. The surface area was calculated with the BET (Brunauer-Emmett-Teller) 

method, whereas the pore size distribution with the BJH (Barrett, Joyner, and 

Halenda) method. 

 

Synthesis of CB[6]-Funct12 

To a solution of NaH (306 mg, 7.657 mmol, 13 eq, 60% dispersion in mineral oil) in 

anhydrous DMSO (17 mL) was added CB[6]-(OH)12
55 (700 mg, 0.589 mmol, 1 eq) 

at 0 °C and stirred at r.t. for 1 h. 1-(2-bromoethyl)-3-methyl-1H-imidazol-3-ium 

bromide (2.23 g, 8.246 mmol, 14 eq.) was added to this reaction mixture and stirred 

for 12 h. The reaction mixture was poured into chloroform (150 mL), resulting in a 

pale-yellow solid precipitate that was collected by filtration, washed with 

chloroform, and finally dried in the oven at 60 °C to give the CB[6]-Funct12 (770 mg, 

38%). 1H NMR (500 MHz, Methanol-d):  = 3.88 (24 H, t, J = 5.9 Hz), 3.98 (36 H, 
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s, N-Me), 4.68 (24 H, t, J = 5.9 Hz), 4.73 (12 H, d, J = 15.3), 5.52 (12 H, d, J = 15.3), 

7.62 (12 H, d, J = 2.0 Hz), 7.67 (12 H, d, J = 2.0 Hz), 9.10 (12 H, s); 13C NMR (125 

MHz, Methanol-d):  = 36.95, 49.99, 52.08, 66.57, 109.90, 123.76, 125.59, 137.51, 

154.80. 

 

Synthesis of phenylpropiolic acid 

Into a pressure tube containing CB[6]-Funct12 (715 mg, 0.206 mmol, 1.0 eq), 

phenylacetylene (21.0 mg, 0.206 mmol, 1.0 eq), Cs2CO3 (100.7 mg, 0.309 mmol, 1.5 

eq), and DMF (2 mL), under CO2 atmosphere and the mixture was heated at 80 °C 

for 12 h. After this time, the mixture was processed as reported in the literature,75 

obtaining the phenylpropiolic acid in 89% yield, based on phenylacetylene. 

 

Characterizations: NMR, FTIR, ESI, and TGA 
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Figure 31. 1H NMR spectrum of CB[6]-Funct12. 

 

Figure 32. 13C NMR spectrum of CB[6]-Funct12. 
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Figure 33. FTIR spectra of CB[6] (left) and CB[6]-Funct12 (right). On the left, it is possible to see the 

typical vibrations of the carbonyl groups at 1733 cm−1, as previously reported in the 

literature.56 On the right, it is possible to see the presence of the characteristics C–O–C 

strecthing78 at 1109 cm−1 and 1129 cm−1, Me–N bending at 617 cm−1, and H–C=C bending 

at 640 cm−1.79 

 

 

Figure 34. Full scan ESI mass spectrum of a CB[6]-Funct12 solution. The spectrum shows a signal at 

m/z 496.2, with z = 6. This m/z value corresponds to the average molecular mass of the 

multi charged ion of CB[6]-Funct12 minus six bromides as originated during ESI ionization 

(calcd for [C108H144N48O24Br6]6+, 496.3). 
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Figure 35. TGA thermogram (red line, left axis) and DTG (blue line, right axis) of CB[6]-Funct12. 
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Chapter 4. Porous bio-hybrid material based on Loofah-

Halloysite for gas adsorption and drug delivery 
 

4.1 Introduction 

 

Currently, the environmental awareness of the global community boosted the interest 

of both academy and industry researchers in developing new advanced materials 

which are both eco-friend and able to exhibit the targeted properties for the required 

application. For this purpose, scientists often looked at nature, trying to mimic it to 

find eco-materials with high performance and low cost. Among these, the loofah 

sponge (L), a natural porous and light 3D structure material, obtained from the 

matured dried fruit of loofah cylindrica,80 has been used in many applications, such 

as cleaning products and insole materials,80,81 pharmaceuticals,82,83 environmental 

engineering,84,85 biotechnology.86 The highly porous structure provides excellent gas 

exchange and facilitates effective light transmission,87 allowing its use for gas 

adsorption and promising photocatalytic applications.88 Due to its high degree of 

lignification, loofah also has great potential for use in composite materials and 

fibers.89-93 However, L must be coupled with inorganic materials to provide better 

physical, chemical, and mechanical properties to expand its applicability.88 

In this work, we functionalized the L fibers with halloysite (H), a natural clay mineral 

of the kaolin group,94 to improve the loofah’s adsorption performance and 

mechanical resistance. This is the first attempt to prepare and apply this hybrid 

loofah-halloysite organic-inorganic bio-composite to the best of our knowledge. 
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H has a 1D tubular structure in the range of mesopores (2–50 nm) and macropores 

(>50 nm).95 This more significant porosity with respect to other known synthetic 

porous materials, such as carbon nanotubes (CNT), qualifies H for loading large 

molecules such as drugs and enzymes.96 Moreover, its peculiar tubular 

aluminosilicate structure enables H to be variously functionalized (external, internal, 

and interlayer surface), thus making it highly versatile.94 Finally, H has been proved 

to be highly biocompatible and low toxic.97 

Specifically, in this work, we used different crosslinkers for the loofah 

functionalization with halloysite. The new organic-inorganic composites were 

characterized by several techniques (Fourier-transform infrared spectroscopy, 

Thermogravimetric analysis, High-Resolution Transmission Electron Microscopy, 

and Tensile test). These composites were applied for the carbon dioxide capture, 

showing superior adsorption capacities than the single components, L and H, and to 

zeolites currently used in industry. Furthermore, they also proved to be candidates 

for the adsorption/delivery of resveratrol, a natural phenolic compound found in 

grape skin and other plants, with many beneficial effects on human health, as an 

antioxidant, antitumor, neuroprotective, and antiviral activities.98-100 

This study’s results underline that the L functionalization with H gives rise to a 

synergistic effect enhancing the adsorption properties compared to the starting 

materials, thus pointing to the possibility of using this new low-cost, eco-friend, and 

biocompatible composite in various fields such as gas adsorption and drug delivery. 
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4.2 Results and Discussion 
 

4.2.1 Materials preparation 

 

The polypores material was synthesized using loofah (L) and halloysite (H) by 

exploiting the surface hydroxyl groups to bind them via a crosslinker. The 

crosslinkers used were: 1,1'-carbonyldiimidazole (C) and 1,4,5,8-

naphthalenetetracarboxylic dianhydride (N), both of which have often been used for 

the synthesis of different materials such as cyclodextrin nanosponges101,102 (Figure 

36). 

 

Figure 36. Synthesis of the loofah-halloysite composite. 
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An L:H ratio of 1:5 w/w was used, and the molar ratios of the crosslinkers were 

varied with respect to H. In particular, ratios of 2, 10, and 20 equivalents were used 

for each crosslinker. Composites prepared with 1,1'-carbonyldiimidazole will be 

named with the acronym LHCx and composites prepared with 1,4,5,8-

Naphthalenetetracarboxylic dianhydride will be named with the acronym LHNx, 

where x indicates the crosslinker equivalents with respect to H (Table 10). 

Table 10. Reaction conditions for the synthesis of LHCx and LHNx composites.a 

L:H ratio 1:5 w/w 

Time h H:C ratio (eq.) Composite name H:N ratio (eq.) Composite name 

3 1:2 LHC2 1:2 LHN2 

12 1:10 LHC10 1:10 LHN10 

24 1:20 LHC20 1:20 LHN20 

aAll reactions were conducted in DMF at 80 °C. 

 

4.2.2 Pristine materials and composites characterization 

 

Pristine loofah (L), halloysite (H), and LH composites were characterized employing 

thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FT-

IR), Scanning Electron Microscopy (SEM), transmission electron microscopy 

(TEM), and high-resolution transmission electron microscopy (HR TEM). The 

amount of H in both LHCx and LHNx composites was checked through TGA. The 

thermographs of all samples are reported in the experimental section (Figures 48a,b). 

Mass losses (mass %) of composites and pristine materials are reported in Table 11. 
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Table 11. Mass losses (mass %) for pristine L, H, LHCx, and LHNx composites, from TGA 

analysis.a 

Sample Mass loss (%) Residue (%) 

 T < 150 °C 150 °C < T < 380 °C 380 °C < T < 700 °C T > 700 °C 

Halloysite 1.2 1.8 11.2 85.8 

Loofah 3.0 67.0 29.0 1.0 

LHC2 5.5 64.5 26.5 3.5 

LHC10 4.0 66.0 26.0 4.0 

LHC20 4.0 66.5 24.5 5.0 

LNH2 3.0 66.5 26.0 4.5 

LNH10 3.0 66.0 24.0 7.0 

LNH20 3.0 67.0 20.0 10.0 

aTests were conducted with a temperature ramp of 10 °C/min from 25 °C to 900 °C in an inert nitrogen 

atmosphere, followed by 15 min isotherm at 900 °C in air flux. 

 

The decomposition profile of L shows three main steps, at the following 

temperatures: below 150 °C, between 150 °C and 380 °C, and above 380 °C. The 

mass loss at T < 150 °C could be reasonably attributed to the release of water 

molecules on the surface. The mass loss from 150 °C to 380 °C is attributed to the 

polysaccharide component (hemicellulose and cellulose). The mass loss at T > 380 

°C is due to the decomposition of the lignin component.103 

The thermal profile of H is characterized by two main steps: below 540 °C and above 

540 °C. The mass loss at T < 540 °C is attributed to the release of water molecules 
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on the surface. The mass loss at T > 540 °C is due to the so-called bound water 

(structural water) loss and the dihydroxylation process.104 

Appreciable mass losses were found for the LHCx and LHNx composites in 

temperatures ranging from 150 °C to 700 °C. For all LH samples, the residual amount 

was also reported and used to indicate the actual amount of H, which was 

incorporated in the composites. 

Based on these residue values, the theoretical and experimental loading of H (%) 

were compared.105 The experimental H loading % of LHCx and LHNx composites 

are reported in Table 12. 

Table 12. Loading of H (%) in LHCx and LHNx composites calculated from TGA data. 

Sample H loading (%) Sample H loading (%) 

LHC2 2.5 LHN2 3.5 

LHC10 3.0 LHN10 6.0 

LHC20 4.0 LHN20 9.0 

 

Infrared spectroscopy was used to study the nature of functional chemicals groups. 

Pristine materials and LH composites were characterized employing attenuated total 

reflectance Fourier transform infrared spectroscopy (FT-ATR). Functional groups 

were detected by analyzing the samples on a zinc selenide crystal (ZnSe) (Figure 

37a,b). 



82 

 

 

 

Figure 37. FT-ATR spectra of H (orange line), L (black line) and LH composites: a) LHC2 (red line), 

LHC10 (green line) and LHC20 (blue line); b) LHN2 (red line), LHN10 (green line) and 

LHN20 (blue line). 

 

In the spectrum of L, the C–O–C symmetric stretching and the C–OH stretching 

vibrations were at 1100 cm−1 and around 1055–1060 cm−1, respectively. These two 

bands arise from its polysaccharide component. The band at 1430 cm−1 is attributed 

to the CH2 bending of cellulose. The two bands at 1370 cm−1 and 1320 cm−1 are due 

to the alcohol groups of the cellulose chains.106 

In the spectrum of H, bands related to water molecules are evident: the one at 3520 

cm−1 is related to the O–H stretching typical of coordination water. The peak at 910 

cm−1 can be assigned to the Al–O–OH vibration, while the bands at 3710 and 3630 

cm−1 are attributed to the stretching vibration of the inner-surface Al–OH groups. A 

strong O–Si–O peak is observed at around 1150 cm−1, and the peaks at 770 and 745 

cm−1 are assigned to the stretching mode of apical Si–O.107 

In the spectra of all LH composites (Figures 37a,b), bands related to the starting 
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materials are observed along with other features due to the chemicals used to 

generate the bond between H and L. In LHCx samples, a new weak signal appears 

at 1747 cm−1, related to the C=O stretching of the carbonate bridge group. This new 

band, along with other new features, demonstrates that the functionalization 

procedure with 1,1'-carbonyldiimidazole was successful. These new features, related 

to the chemical alteration of the lignin component, suggest that the chemical bond 

has been formed with this part: the band at 1695 cm−1 appears asymmetrical and 

usually originates from unconjugated carbonyl groups on the lignin structure. 

In LHNx samples, a new series of signals appear in the range between 1800–1598 

cm−1: the band at 1610 cm−1 is related to C=O stretching vibration of CO2H, whereas 

the band at 1790 cm−1 is related to the C=O stretching vibration of hydrogen-bonded 

esters. 

Morphological investigation of L, H, and LH composites was performed through 

transmission electron (TEM) and high-resolution transition electron microscopies 

(HR-TEM). In order to check if the morphology has been maintained after the 

functionalization procedure, the LHC10 sample was selected and analyzed. Acetone 

suspensions of L, H, and LH composites, with 1 mg/mL as the concentration, were 

sonicated for 5 minutes using an ultrasonic bath. The unstable suspensions had been 

then analyzed, and micrographs were taken at lower and higher magnification 

(Figure 38). 



84 

 

 

 

Figure 38. Micrographs of L (a, A), H (b, B), and LHC10 (c, C), after mild sonication for 5 min. 

Bright-field TEM micrographs at low magnification (a–c). HR-TEM micrographs (A–C). 

 

The micrograph at lower magnification in Figure 38a reveals that the morphology of 

loofah seems to be characterized by a highly disordered texture. The statistical 

analysis performed on many micrographs underlines the high purity of this 

lignocellulosic material. HR-TEM image (Figure 38A) suggests that the pristine 

loofah could have a light graphitized layer on the surface. 

Morphologies of halloysite nanotubes and LHC10 had been checked, and 

micrographs are in Figure 38. The micrographs at high magnification in Figures 

38B,C show a regular nanotube skeleton in both samples. The inspection of such 
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images allowed us to detect the lengths of halloysite tubules (0.5 to > 10 µm) and a 

diameter in the range of 50 to 110 nm. The micrographs at low magnification reveal 

a different degree of aggregation for the pristine (Figure 38b) and functionalized 

(Figure 38c) halloysite nanotubes: bundles of oriented and aligned nanotubes are 

clearly visible in the former figure, whereas the more disordered distribution and the 

presence of loofah on the nanotubes is appreciable in the latter one. It appears that 

the functionalization procedure can lead to an appreciable nanotubes-loofah 

interaction. Another important information that brings back from HR-TEM 

investigation is that the sonication and functionalization processes did not modify 

the nanotubes dimensions. 

Tensile tests were performed on starting material and LH composites. The samples 

have been pulled with the method reported in Table 13 (see experimental section). 

 

Figure 39. Effect of H content on tensile properties of HL composites. 
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As reported in Figure 39, the enhanced interfacial interaction, together with the 

covalent interaction between L and H, seem to significantly influence the mechanical 

properties of HL composites compared with the starting loofah. In fact, the presence 

of H in the composite material makes the loofah fibers stronger than the untreated 

ones. The large surface area of H leads to significant intermolecular interactions with 

the L fibers. An increase in stress and elongation at break with increasing H content 

in composites indicates that this interaction is stable. In fact, the intercalation of the 

nanotubes between the L fibers allows them to slip, making it possible to elongate 

the material before fracture. 

SEM images of L and LHNx composites are shown in Figure 40. From Figure 40a, 

it was observed that the surface of the fibers is tightly banded; the interior of the 

loofah fiber had a porous structure with the diameter of the macropores of 12–20 

microns. 

Figures 40b,c represent the SEM images of loofah/halloysite composites treated with 

dianhydride. A better distribution of the nanotubes on the loofah surface (red arrows) 

demonstrates an increase in the amount of halloysite. This behavior was visible when 

LHN2 and LHN20 composites were compared. 

The dimensions of the nanotubes are consistent with those detected by analyzing 

micrographs obtained from transition electron microscopy (0.5–2.0 m). The 

increased distribution of the nanotubes appears to agree with the results of the tensile 

tests. The LHC series show similar morphology. 
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Figure 40. SEM micrographs of Loofah (a), LHN2 (b), and LHN20 (c) composites. Red arrows 

indicate halloysite nanotubes on the loofah surface. 

 

4.2.3 CO2 adsorption and CO2-TPD measurements 

 

The CO2 adsorption capacity of the investigated materials is illustrated in Figure 41 

(the corresponding breakthrough curves are reported in the experimental section 

Figure 49). For comparison we used two zeolites a BEA zeolite (CP 811-300, 

SiO2/Al2O3 = 300, BET surface area 280 m2/g) and a MOR zeolite (CBV 21 

Ammonium form, SiO2/Al2O3 = 20, BET surface area 500 m2/g). These zeolites are 

widely used as CO2 and gases sorbents.59,61,108,109 Furthermore, in Figure 41 is 

displayed the amount of CO2 adsorbed on the grounded mixed sample of loofah and 

halloysite coded as LHM (i.e., without the addition of crosslinkers). The bare L 

showed the lowest CO2 adsorption capacity (q = 8.9), whereas the pure H (q = 143) 

performance is similar to the MOR zeolite. The addition of the crosslinkers to the 

halloysite and loofah allowed increasing the amount of adsorbed CO2 with the 

sample LHC10 that exhibited the highest value (q = 162.8). A lower amount of 

crosslinker C (LHC2) did not alter the sorption capacity of the composites, whereas 

a slight decrease was verified with the crosslinker N (LHN2, q = 157.9 and LHN10, 
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q = 161.8). A further increase of both C and N crosslinkers led to an additional 

decrease in CO2 adsorption, more relevant for the LHN20 (q = 131.5) than the 

LHC20 sample (q = 155.2). The increase in the number of naphthalene groups 

probably led to steric hindrance effects that did not favor the adsorption of CO2. The 

CO2 adsorption trend can be rationalized considering the loading of H reported in 

Table 12. Indeed, it seems that after a definite H loading, the synergistic effect 

between the H and L was progressively lower, following a “volcano” trend. In 

particular, for the crosslinker C the best loading is 2.5–3.0% of H, whereas, for the 

N crosslinker, the maximum is between 3.5 and 6.0% of H. 

 

Figure 41. The CO2 adsorption capacity of the investigated samples. 

 

The increase in the number of naphthalene groups probably led to steric hindrance 

effects that did not favor the adsorption of CO2. Interestingly, the combination of 

loofah and halloysite especially promoted by the crosslinker C with a definite 
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amount, allowed to exploit a holistic effect. Indeed, the bare L and H performance 

sum gave a q value of 151.9, lower than the best composite LHC10 (162.8), where 

the amount of halloysite loaded on loofah is only the 3.0% (Table 12), significantly 

lower than the pure H. This pointed to as only the strong interaction between the two 

components of the hybrid composite mediated by the crosslinker led to a synergistic 

effect that favored the CO2 adsorption. 

Five consecutive runs of CO2 adsorption-desorption measurements were carried out 

to determine the reusability properties of LHC2. Based on the CO2-TPD profile of 

LHC2 (Figure 50 experimental section), after the adsorption of CO2 and the surface 

saturation, the CO2 flow was stopped, and the sample was heated from room 

temperature to 180 °C (the CO2 desorption peak was at 171 °C). The composite was 

cooled under He flow, and the CO2 flow was turned on to favor its adsorption to 

perform the subsequent run. 

From Figure 42, it is possible to note that the adsorption capacity of the LHC2 

composite started to become lower from the third run, reaching in the fifth run a q 

value of 132.8. This behavior can be reasonably ascribed to the folding of the loofah 

favored to the consecutive run of heating and cooling.110 Although the degradation 

of composite started at 230 °C as stated by the TGA measurements (Figure 48a,b see 

experimental section), the heating at a temperature (180 °C, necessary for the 

desorption of CO2) near to the initial decomposition temperature of the composite 

can create loofah aggregates in the structure of the hybrid material that harmed the 

adsorption properties. However, comparing Figures 41 and 42, it is essential to 
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highlight that after the fifth run, the performance of the LHC2 material was better 

than BEA zeolite and LHM samples. 

 

Figure 42. The adsorption capacity of LHC2 composite after five consecutive runs of CO2 adsorption-

desorption. 

 

Further confirmation of the strong interaction between the new hybrid material and 

carbon dioxide was verified by FTIR investigation. In particular, it is possible to 

deduce from Figure 43 that after 24 hours from the adsorption of CO2, the samples 

LHC2 and LHN2 show the typical stretching of carbon dioxide at 2352 cm−1.48,111 

Interestingly, even after 48 hours, both samples show the same band (Figure 44). 
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Figure 43. FTIR spectra of LHN2 and LHC2 after 24 h of CO2 adsorption. 

 

 

Figure 44. FTIR spectra of LHN2 and LHC2 after 48 h of CO2 adsorption. 
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4.2.4 Drug loading 

 

Resveratrol charge on LHC2 composite was carried on at different weight ratio: 1:10, 

1:50, 1:100 and 1:1000 (drug: LHC2 w/w). Briefly, 30 mg/L resveratrol solution was 

prepared, and the correct amount of LHC2 was suspended and kept under stirring for 

1 h in the dark. Then, the suspension was centrifuged in order to separate the loofah 

materials from the uncharged drug. The Drug Loading Capacity (DLC) and 

Encapsulation Efficiency (EE) were evaluated using the spectrophotometric method 

at 303 nm, fitting with a previously obtained calibration curve.112,113 Every solution 

was diluted to 5.4 mg/L before each analysis to remain in the Lambert-Beer law 

regime. The DLC and the EE were evaluated following respectively these Equation 

3 and 4: 

DLC =
loaded drug amount

total loofah amount
        (3) 

EE =
loaded drug amount

total drug amount
        (4) 

 

From Figure 45, it is possible to note that the highest EE was obtained with the 

highest quantity of adsorbent, as expected. However, for our purpose, it is more 

suitable to evaluate the DLC that is optimized with a 1:10 drug-adsorbent ratio. The 

results obtained are in line with the data reported in the literature for the delivery of 

resveratrol.114 The resveratrol loading capacity measurements were also performed 

on the individual starting materials (Figure 51 see experimental section). The latter 

showed no-significant load capacity (around 2%), which underlines, as in the case 
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of CO2 adsorption, the synergistic effect of the functionalization of the loofah with 

the halloysite. 

 

Figure 45. Encapsulation Efficiency (EE) and Drug loading capacity (DLC) of resveratrol on LHC2 

composite. 

 

4.2.5 Biological studies 

 

To test the cytotoxicity of the new biomaterial, as it is and resveratrol loaded we 

performed an in vitro biological assay on HTC-116 colon cancer cells proliferation 

by the MTT method. Figure 46 shows the biological activity of resveratrol alone and 

in association with LHC2 (1:10 w/w ratio) against HTC-116 cells. Our data show a 

distinct inhibitory activity of cell viability of resveratrol alone and in association with 

LHC2. In particular, the activity of resveratrol alone is equal to a maximum 

percentage of reduction of 69.3% and strongly dependent on the type of control used 

for comparison (66.4–57.1% versus the control without ethanol and 69.3–60.8% 
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versus the control with ethanol). In fact, as previously demonstrated,115 ethanol, the 

solvent used for better solubilizing the resveratrol, has shown a positive effect on 

cell viability equal to 9.5% compared to the untreated control. 

The cytotoxic activity of LHC2 (27.1–7.9% versus the control without ethanol and 

33.4–15.9% versus the control with ethanol) is lower and inversely proportional to 

the dose used; this is probably due to a saturation effect rather than to a specific 

mechanism, given its non-solubility. In the association with resveratrol, this 

phenomenon is evidently canceled by its specific and powerful inhibitory action; 

however, there is a slight decrease in intrinsic activity compared to the data obtained 

from resveratrol alone (60.4–47.1% versus the control without ethanol and 63.8–

51.7% versus ethanol control). 

Based on these results, we can conclude that resveratrol confirmed its potent 

inhibitory activity. Interestingly, the association with the LHC2 vehicle did not 

significantly lose its intrinsic activity. 
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Figure 46. Biological activities of resveratrol alone and associated with LHC2 (1:10 w/w) against 

HTC 116 cell lines at 72 h. 
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4.3 Conclusion 
 

In summary, to tackle the current adsorption problems of greenhouse gases such as 

CO2 and the possibility of using eco-friendly materials for drug delivery, the 

development of new low-cost, easy-to-prepare, and environmentally sustainable 

materials could help solve these problems. We have developed a straightforward and 

rapid synthetic methodology to synthesize a new hybrid, ecological and reusable 

material starting from cheap materials such as loofah and halloysite. Considering the 

low amount of halloysite bound to loofah, the composites showed a significantly 

greater ability to absorb and retain carbon dioxide than non-contaminated materials. 

This underlines the synergistic effect of the two materials, which also possess a 

greater adsorption capacity than the BEA and MOR zeolites, which are currently 

used in the industrial field for gas adsorption and require more prolonged and more 

expensive synthetic processes. In addition, the presence of halloysite improves the 

mechanical properties of the loofah. 

Moreover, the synergistic effect of the materials is evident in the greater carrying 

capacity of resveratrol compared to individual materials. Finally, the association with 

the LHC2 vehicle did not significantly affect the inhibitory activity of resveratrol 

against HCT-116 tumor cell lines. This study opens another way towards developing 

hybrid, organic-inorganic materials, applicable in multiple fields and at the same 

time eco-sustainable and economical. 
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4.4 Experimental section 
 

General information. Loofah sponge was purchased from Ibérica de Esponjas 

Vegetales, SL. All the required chemicals were purchased from Merck and Aldrich 

Chemical Company. Pre-coated aluminium sheets (silica gel 60 F254, Merck) were 

used for thin-layer chromatography (TLC), visualizing spots under UV light. UV-

vis measures were carried out with a Jasco V-730 spectrophotometer using quartz 

cuvettes. 

 

Synthesis of LHCx and LHNx composites 

100 mg of loofah and 500 mg of halloysite (Al2Si2O5(OH)4 2 H2O, MW: 294.19) 

were suspended in 10 mL of DMF and sonicated for 10 minutes at room temperature. 

Subsequently, the quantity of cross-linker C (1,1'-carbonyldiimidazole) or N 

(1,4,5,8-naphthalenetetracarboxylic dianhydride) was added with respect to 

halloysite moles, depending on the composite to be obtained: for the composites 

LHC2 and LHN2, 2 eq. of cross-linker were added; for the composites LHC10 and 

LHN10, 10 eq. of cross-linker were added; for the composites LHC20 and LHN20, 

20 eq of cross-linker were added. In all cases, such a quantity of DMF was added to 

solubilize the added cross-linkers. The reaction mixture was stirred at 80 °C. Once 

the reaction was completed, the raw product was washed and sonicated with acetone 

several times until the solution was clear and dried under vacuum. 

https://specodistribution.com/en/9_iberica-de-esponjas-vegetales-sl
https://specodistribution.com/en/9_iberica-de-esponjas-vegetales-sl
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Figure 47. Loofah sponge (a) before of the functionalization and (b) after. 

 

Characterizations 

Infrared spectroscopy 

The FT-IR ATR spectra were recorded in absorbance mode (64 scans and 4 cm−1 

resolution) using a Varian 640-IR by Agilent Technologies, with a ZnSe crystal fixed 

at the incident angle of 45°. 10 mm fibers of each sample were mounted on top of 

ATR crystal and pressed gently by a pre-mounted sample clamp. 

 

Thermogravimetric analysis (TGA) 

Thermogravimetric analyses were conducted on a TA Instruments Q5000 IR. The 

tests were conducted with a temperature ramp of 10 °C/min from 25 °C to 900 °C 

under nitrogen flow of 25 cm3 min−1 atmosphere, followed by 15 min isotherm at 

900 °C in air flux. About 10 mg of each sample was collected from different points 

to analyze the sample homogeneously. 
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Figure 48. TGA traces of H (orange line), L (black line) and LH composites: a) LHC2 (red line), 

LHC10 (green line) and LHC20 (blue line); b) LHN2 (red line), LHN10 (green line) and 

LHN20 (blue line). 

 

High-resolution transmission electron microscopy (HRTEM) 

HRTEM micrographs on L, H, and LH samples, taken from the sonicated 

suspensions, were carried out with a Philips CM 200 field emission gun microscope 
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operating at an accelerating voltage of 200 kV. Few drops of the suspension were 

deposited on a 200-mesh lacey carbon-coated copper grid and air-dried for several 

hours before analysis. During the acquisition of HRTEM images, the samples did 

not undergo structural transformation. Low beam current densities and short 

acquisition times were adopted. The Gatan Digital Micrograph software was used to 

estimate the dimensions of the halloysite nanotubes. 

 

Scanning electron microscopy (SEM) 

The loofah and LHNx composites morphology was analyzed by scanning electron 

microscopy (SEM). The specimens, mounted onto aluminium stubs, were sputter-

coated with gold and examined with a StereoScan 360 Cambridge microscope at 10 

kV. Samples were observed at 2000× and 10000× magnification, respectively. 

 

Tensile Tests 

The tensile tests were performed on a TA Instruments Rheometric Series RSA III 

analyzer. A sample of 30 mm length was clamped into the two jaws of the machine. 

Each end of the jaws covered 4 mm of the sample. Reading the tensile strength test 

instrument for Newton’s force and extension was initially set to zero. Tensile stress 

was applied until the failure of the sample was obtained. Four (4) specimens of each 

sample have been used to measure the above mechanical properties at ambient 

laboratory environment, and average results are reported. 
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Table 13. Method adopted for the evaluation of tensile properties of Loofah and LH composites. 

Sample Stress at break (N) Elongation at break (%) 

Loofah 4.16 9.46 

LNH2 5.77 16.47 

LNH10 7.96 18.50 

LNH20 8.24 17.41 

LNC2 5.80 14.10 

LNC10 8.31 16.22 

LNC20 9.48 13.71 

 

CO2 adsorption and CO2-TPD measurements 

The carbon dioxide adsorption experiments were carried out in a quartz U-shape 

reactor, utilizing 150 mg of the investigated sample and a CO2 (99.999%) flow of 30 

mL/min. The CO2 was detected by a quadrupole mass spectrometer (Sensorlab VG 

Quadrupoles) following the m/z = 44 signal. The breakthrough curves of CO2 were 

determined by measuring the ratio between the concentration of CO2 after the 

achievement of saturation in the sample and the initial carbon dioxide concentration 

(i.e., without the sample). Before the measurements, the materials were pre-treated 

in He flow (50 mL/min) at 100 °C for 1 h to remove eventual impurities from the 

sample’s surface. The amount of CO2 adsorbed was calculated considering the 

following formula q (mg/g) = [(Cin − Cf) × t × Q]/w, where w is the weight of the 

examined sample (g), Q is the CO2 flow rate (mL/min), t is the time (min) at which 
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the saturation was achieved, and Cin and Cf are the initial and final (at the saturation) 

CO2 concentrations (mg/mL), respectively.58 

The CO2 TPD (Temperature Programmed Desorption) measurements were carried 

out in the same type of reactor utilizing 150 mg of sample. The CO2 flow (30 

mL/min) was stopped for these determinations after adsorption and surface 

saturation processes. Subsequently, the reactor was heated from 30 °C to 400 °C (10 

°C/min). After desorption, the products were analyzed with the mass spectrometer. 

Also, in this case, the samples were pre-treated with a He flow (50 mL/min) for 1 h 

at 100 °C. 

 

Figure 49. Breakthrough curves of CO2 for the investigated samples. 
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Figure 50. CO2-TPD profile of LHC2 composite. 

 

 

Figure 51. UV spectrum of the loading capacity of resveratrol on the individual starting materials. 
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Figure 52. UV spectrum of the loading capacity of resveratrol on the LHC2 composite with different 

ratios. 

 

Biological assay 

The HCT 116 cells were plated in a 24-well plate at a density of 5×104/well. Cell 

viability was measured through the colorimetric tetrazolium salts assay. This 

assumption assumes total cellular integrity and assesses the ability of cells to reduce, 

employing the mitochondrial succinate dehydrogenase, 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide (MTT). The tetrazolium salts enter the cells 

and are transformed into violet-colored formazan crystals. The level of formazan is 

used as an indirect index of cell density. After incubating the cells for 3 hours, in 5% 

CO2 at 37 °C, with 500 μL of the tetrazolium salt solution (5mg/mL), the supernatant 

was removed, and 500 μL of DMSO per well was added, for the elution of the 
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crystals allowing the measurement of the optical density (O.D.) at a wavelength of 

570 nm with the use of a spectrophotometer for microplates (Titertek Multiscan, 

Flow Laboratories). 

Briefly, HCT 116 cells were seeded in the 24-well plate at a density of 5 × 104 cells 

in RPMI 1640 (Gibco) medium supplemented with 10% FBS, 1% Pen/Strep 

antibiotics, and 2 mM glutamine. The treatments were carried out after 24 hours from 

when they were sown according to the protocol. Cell viability was determined by 

MTT testing, following the supplier’s instructions. Each test was conducted in 

triplicate, and the results were expressed as mean ± SD. 

All experiments were conducted in triplicate, and the results were expressed as mean 

± SD. The data was processed via one-way ANOVA (Tukey’s multiple comparisons 

test), using a p-value <0.05 as a threshold for statistical significance. 
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