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Abstract 

 

The technological advances over the last years are driving research towards alternative ways to produce 

materials with reduced cost and enhanced properties. These newly synthesised materials with various potential 

applications are referred to as functional materials. In particular, smart materials change their properties in 

response to a certain stimulus (e.g., chemical, physical or mechanical), thus enabling new potential 

applications. In literature, there is a wide variety of functional materials, such as carbon nanomaterials, soft 

materials (i.e. gels, liquid crystals, ionic liquids), and, generally, supramolecular materials. The possibility of 

fine-tuning the properties of different materials by combing them together is very attractive. This approach can 

lead to novel composites or even hybrids, which display new properties, thus extending the range of possible 

applications.  

This Ph.D. thesis focuses on the synthesis of innovative functional materials based on supramolecular peptide 

gels or carbon nanotubes (CNTs) combined with metal organic cages (MOCs). In particular, Chapter 2 

describes the synthesis on new MOCs having pendant peptides as peripherical ligands. The peptides chosen 

for this purpose were heterochiral tripeptides PABA-L-Phe-D-Xaa-L-Phe-NH2 (Xaa = Ala, Val, Leu, Ile) 

derivatised at the N-terminus with a p-amino benzoyl unit and amidated at the C-terminus. All four peptides 

were able to gel on their own. The peptides were self-assembled with different aldehydes and metal ions to 

obtain different MOCs. The gelling ability of the MOCs was studied and it was rationalized both from a 

theoretical (Molecular Dynamics) and experimental point of view (UV Resonance Raman Spectroscopy).  

Chapter 3 investigates the self-assembly of MOCs containing pendant peptides based on another type of 

interaction. In this case the tripeptides contain sulfur on their sidechains. The gelation of these MOCs was 

induced by the formation of coordinative bond between the sulfur unit and other metals ions (i.e., Ag+, Zn2+, 

Hg2+). This gelation in the presence of heavy metals holds promise for the removal of toxic metal ions from 

the environment. 

Chapter 4 describes the first example of functionalisation of CNTs with MOCs. The affinity of the MOC for 

different CNT types was studied through thermogravimetric analysis (TGA). The MOC employed in this study 

was able to transfer between aqueous and organic solvents by counter-anion exchange. The MOC binding onto 
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the CNTs enabled their phase transfer as well, upon ion exchange. This phenomenon was exploited to test CNT 

sorting by phase extraction depending on their diameter. 

In conclusion, this work identified new ways to combine supramolecular materials with nanostructures, 

offering new designs to hierarchically co-assemble tripeptides, aldehydes, and metal ions into gelling MOCs, 

as well as providing the first example of MOC binding onto CNTs to transfer them across phases for sorting. 

Further developments in these areas could enable advances in separation, sensing or catalysis. 
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Riassunto della tesi 

 

Lôenorme sviluppo tecnologico degli ultimi anni ha guidato la ricerca verso strade alternative per la produzione 

di materiali a basso costo e con propriet¨ sempre migliori. Questi nuovi materiali con diverse potenziali 

applicazioni sono comunemente denominati materiali funzionali. In particolare, questi materiali smart sono in 

grado di cambiare le loro propriet¨ in risposta a diversi stimoli (ad esempio chimici, fisici o meccanici). In 

letteratura ¯ riportata una grande variet¨ di questi materiali, come i materiali carboniosi, i materiali ñsoftò (ad 

esempio gel, cristalli liquidi, liquidi ionici), o in generale materiali supramoleculari. La possibilit¨ di regolare 

in modo fine le loro propriet¨, grazie alla combinazione di diversi materiali, ¯ estremamente attrattiva. Questo 

approccio pu¸ portare a nuove materiali compositi o ibridi, con nuove propriet¨ in modo da estendere la gamma 

delle diverse possibili applicazioni. 

In questo progetto di dottorato si sono sintetizzati diversi materiali funzionali a base di gel di peptidi 

supramolecolari o nanotubi di carbonio (CNTs), combinati con delle gabbie supramoleculari (MOCs). Nel 

Capitolo 2, in particolare, viene descritta la sintesi di nuove gabbie aventi dei peptidi come leganti periferici. 

I peptidi scelti per questo scopo sono tripeptidi eterochirali PABA-L-Phe-D-Xaa-L-Phe-NH2 (Xaa = Ala, Val, 

Leu, Ile) derivatizzati al N-terminale con un gruppo p-amino benzoico e amidati al C-terminale. Tutti i peptidi 

sono in grado di assemblare in acetonitrile a diverse concentrazioni. Lôassemblaggio dei peptidi, con diverse 

aldeidi e ioni metallici ha portato alla formazione di diverse gabbie supramoleculari. Lôabilit¨ di formare gel 

delle gabbie ¯ stata studiata e razionalizzata sia da un punto di vista teorico (Dinamica Molecolare) che 

sperimentale (Spettroscopia UV Raman Risonante). Il Capitolo 3 si focalizza sullo studio dellôauto-

assemblaggio di gabbie simili a quelle del precedente capitolo, ma il cui auto-assemblaggio si basa un altro 

tipo di interazione. I peptidi utilizzati contengono degli atomi di zolfo sulle catene laterali degli amino acidi. 

La capacit¨ delle gabbie di gelare ¯ indotta dalla formazione di un legame di coordinazione tra lo zolfo e altri 

ioni metallici (Ag+, Zn2+, Hg2+), aggiunti in soluzione. La capacit¨ di formare gel in presenza di metalli pesanti 

pu¸ essere estremamente promettente per la rimozione di metalli tossici dallôambiente. 

Nel Capitolo 4 viene riportato il primo esempio di funzionalizzazione di CNTs con le MOCs. Si ¯ inizialmente 

studiata lôaffinit¨ delle MOC verso diverse tipologie di CNTs mediante analisi termogravimetrica. La gabbia 
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utilizzata nello studio ha inoltre la capacit¨ di passare da un solvente acquoso ad uno organico grazie al cambio 

di contro ione. Questa abilit¨ ¯ stata utilizzata per testare la separazione di CNTs con diversi diametri mediante 

estrazione di fase. Ulteriori sviluppi in questôarea potrebbero portare ad enormi avanzamenti nel campo della 

separazione, della sensoristica e della catalisi. 
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1. Introduction 

 

1.1. Gels 

 

Materials play a key role in everyday life, so much that they define historical periods of human development.1 

Nowadays, soft materials are emerging as innovative materials for different applications from biology and 

medicine to soft robotics and electronics devises.1 Gels are intriguing type of soft materials, characterised by 

ña non-fluid colloidal network or polymer network that is expanded throughout its whole volume by a fluidò.2 

In 1974, Flory proposed a comprehensive definition, for which a gel must be characterised by the two 

properties.3 It must have a continuous structure, able to encapsulate solvents, with macroscopic dimensions 

that stay constant for the duration of the experimental measure. The second requirement is that a gel should 

behave like a solid.3 Gels can be grouped in various ways, for instance based on their source (natural or 

synthetic), the medium, and their constitution (Figure 1.1). In terms of the latter parameters, there are two 

types of gels, the macromolecular, the first to be discovered and studied, and the low-molecular-weight gelators 

(LMWG), which are formed thanks to the self-assembly of small molecules (i.e., bis(ureas), amide, 

nucleobases derivates, amino acid derivatives, fatty acids, steroids, porphyrins, etc.). LMWG have emerged in 

the last years as promising materials in different fields. The LMWG are physical gels because their particles 

or fibres are held together through weak, non-covalent interactions. On the other hand, the macromolecular 

matrix could be both physical and chemical, the latter one being the case for the gels networks that are 

covalently cross-linked. 

 



7 

 

Figure 1.1: Gel classification based on their source, medium, and constitution. 

 

1.1.1. Chemical gels 

 

Chemical gels are intriguing materials thanks to their great mechanical strength and irreversibility, deriving 

from the strong chemical bonds (250-500 kJ/mol). The first generation of hydrogels to have been developed 

belongs to this category. One of the most famous example is poly(2-hydroxyethylmethacrylate) (pHEMA) 

hydrogel, which arose from the free-radical copolymerization of HEMA with 2,3-

dihydroxypropylmethacrylate (DHPM), using ethylene dimethacrylate (DME) as crosslinking agent and 2,2ǋ-

azobisisobutyronitrile (AIBN) as redox initiator.4 pHEMA-base hydrogels have found widespread biomedical 

applications from controlled drug release5-7 to blood-based compatible materials.8, 9 Moreover, they have been 

used as bulk space fillers in reconstructive surgery,10, 11 but its main application still remains as raw materials 

for contact lenses.12, 13 In particular, contact lenses made by pHEMA can be loaded with several drugs for 

ocular drug delivery.14, 15 Figure 1.2 reports an example of contact lenses based on co-polymerization of 92% 

of HEMA and 8% of other monomers (i.e., EGD, GMA, and NVP).16 This work presented a way to increase 

drug loading thanks to the addition of lipophilic organic molecules, such as vitamin E or vitamin A.16 Apolar 

vitamins gave rise to hydrophobic aggregates within the hydrogel matrix. This hydrophobic environment 

enhanced the drug loading thanks to the interaction between drug and vitamin aggregates.16 
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Figure 1.2: Contact lenses based on HEMA copolymer. a) Chemical structures of pHEMA, vitamins and drugs used in the study; b) 
Schemes depicting the hydrogel matrix loaded with drug alone or with the vitamin too; c) White-light (top panels) and fluorescence 

(bottom panels) images of contact lenses, from left to right: without or with a drug amalog (Alexa Fluor 488), alone, or with either 

vitamin E or vitamin A. Reproduced with permission from Ref16, copyright É2016, Springer Nature. 

 

Furthermore, pHEMA is an excellent example to describe one of most popular approaches to form chemical 

gels, consisting of hydrophilic-monomer polymerization in the presence of a crosslinker. One of the main 

concerns for biomedical uses of this first approach is the possible presence of residual crosslinking agents that 

could yield adverse effects. 17 In this context, the possibility to induce the cross-linking by a high-energy 

radiation is an attractive option. For instance, since 1960, the ability of poly(vinyl acetate) (PVA) to gel water 

by irradiation with gamma or electron beam was known.18, 19 The irradiations generate free radicals due to 

homolytic scission of C-H bond. In addition, the radiolysis of water generates molecules and radicals with 

different levels of chemical reactivity (Figure 1.3). 

 

 

Figure 1.3: Products of waterôs radiolysis. 
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HÅ and HOÅ react with the macromolecular chain generating macroradicals, which produce the interconnected 

polymer networks through inter and intramolecular free radical recombination. Many hydrogels with common 

polymers (i.e. poly (ethylene glycol), poly (acrylic acid), poly (vinyl alcohol), etc.) were prepared with this 

methodology, which can also be performed in mild conditions, including physiological pH and room 

temperature under inert atmosphere. Generally, these polymer hydrogels showed poor mechanical properties,20 

which could be reinforced either by annealing and consequent introduction of crystallites in the polymeric 

network or by using a blend of natural polymers. In particular, the latter solution allows to optimize the blend 

performance, whilst not altering the individual polymer properties. The advantages of these systems include 

the absence of chemical contamination rendering them very suitable for biomedical use, as well as to sterilize 

biomedical devices 21 and remove water pollutants.22  

Another approach involves the use of polymers with complementary functional groups, offering a great 

tunability of the gel properties, including kinetic and mechanical stability. 23 Different types of chemistry were 

employed to this end, spanning from the classical reaction of aldehydes with alcohols, thiols, amines, and 

hydrazide, to Michael additions, Passerini and Ugi condensations, and even to click chemistry reactions, or to 

native chemical ligation (Figure 1.4). In particular, click chemistry reactions are very popular, thanks to the 

possibility of using physiological conditions with fast kinetics.  
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Figure 1.4: General chemical reaction used to cross-link polymers for gel formation. 

 

Different approaches can also be combined together. For instance, Caruso and co-workers, in 2012, described 

an example of a one-pot reaction, where a photo ñclickò copper(I)-catalysed azide-alkyne cycloaddition was 

combined with a radical polymerization to yield micropatterned PEG hydrogels.24 To this end, the surface of a 

silicon wafer that acted as solid support for the hydrogel, was firstly functionalised with azides thanks to 

plasma polymerization, and then the so-obtained ñclickableò surface was reacted with a 4-armed alkyne-

functionalised PEG. The formation of Cu(I), required to catalyse the ñclickò reaction, was achieved thanks to 

the photogeneration of radicals by Irgacure 2959 (4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone) 

that was used as photoinitiator under UV-light irradiation. At the same time, the photoinitiator radicals 

abstracted labile PEG Ŭ-hydrogen to generate radicals that induced PEG radical polymerisation. 

 

1.1.2. Physical gels 

 

Physical gels have been gaining a growing popularity during recent years, thanks to their ability to respond to 

changes in their local physical-chemical conditions, such as pH, temperature, mechanical stimulation, light 

irradiation, and also presence of other molecules. This type of gelation is determined by cooperative, yet 
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individually weak, forces, mainly H-bonding and hydrophobic interactions that can be easily broken and 

reformed (Table 1.1). 

 

Interaction Interaction strength (kJ mol-1) 

ion-ion > 190 

ion-dipole 40-120 

dipole-dipole 5-40 

hydrogen bonding 

15-40 (strong) 

5-15 (moderate) 

< 5 (weak) 

-́́  interactions 

10-15 (face to face) 

15-20 (edge to face) 

van der Waals forces < 5 

hydrophobic effects varied 5-40 

Table 1.1: Weak interactions and their strength in kJ mol-1. 

 

One of the environmentally responsive systems that are most studied include temperature-sensitive hydrogels. 

One of the main advantages is that they can be used so that they form in situ, for instance following a local 

injection in a non-invasive way. Thermoresponsive hydrogels can be categorised base on the temperature that 

induces gelation that can be considered lower critical solution temperature (LCST) and upper critical solution 

temperature (UCST).25 The first ones are generally based on polymers with both hydrophobic and hydrophilic 

groups, with the most common being the poly(N-isopropylalcrimide) (pNIPAAm).26  LCST hydrogels undergo 

shrinking at temperature values that are above the critical one, whilst they become highly viscous liquids at 

lower temperature values. In contrast, UCST gels are mainly composed of hydrophilic groups, such as 

poly(acrylic acid-co-acrylamide), and gel at temperature values that are below the critical one. 26 In 2017, Chen 

and co-workers developed a thermally responsive actuator based on bilayers composed of 1) PNIPAM and 

P(AA-co-Aam) as LCST gelator, and 2)  UCST hydrogels, respectively (Figure 1.5a).27 Upon heating, the 

PNIPAM-based gel swell, and  the P(AA-co-AAm) hydrogel shrunk generating a water flow from the former 

to the latter. This aqueous self-circulation enabled the hydrogel to bend, thus yielding a soft gripper that can 

grasp, transport, and release cargos in air (Figure 1.5b).27  



12 

Yamaguchi and Harada developed a fascinating hydrogel actuator that is based on host-guest interactions 

between an Ŭ-cyclodextrin (Ŭ-CD) and polyacrylamide functionalised with an azobenzene moiety (Figure 

1.5c).28 The photoisomerization of the azo moiety altered the cross-linking density and the macromolecular 

chainsô length, generating the reversible swell-shrink behaviour of the hydrogel. Figure 1.5d shows that after 

irradiation with UV-light (ɚ = 365 nm), the hydrogel bent in the opposite direction relative to that of light 

irradiation. Subsequent irradiation with visible light (ɚ = 430 nm) restored the hydrogel to its initial state. 

These stimuli-responsive expansion-contraction properties mimicked those of muscle fibrils.28  

In 2021, Stupp and co-workers reported an example of physical gel based on ionic interaction used as 3D-

printing ink.29 They synthetised a cation and anionic version of an amphiphilic peptide, that cross-linked in 

presence of anions (e.g. SO42-) or cations (Ca2+), respectively (Figure 1.5e). pH and salt concentration played a 

key role in ink viscosity. In particular, enhancing the hierarchical interactions among assemblies in highly 

viscous inks led to greater alignment of the filaments at the nanoscale, so that a higher printing speed was 

possible (Figure 1.5f).29 
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Figure 1.5: Examples of physical gels envisaged for various uses. a) Working mechanisms of a thermo-responsive actuator that 

consists of a bilayer composed of PNIPAM and of P(AA-co-AAm) hydrogels; b) Soft gripper with a bilayered structure that works in 

air; c) Working mechanisms of an optically responsive actuator that uses azo-functionalised polymers and Ŭ-CD; d) Hydrogel 

deformation by ultraviolet irradiation and restoration to its initial state by visible (Vis) light irradiation; e) Extrusion printing liquid 

crystalline supramolecular polymer hydrogels; f) 3D-printing multilayer hydrogel constructs from liquid crystalline supramolecular 

polymer inks. a)-d) Reproduced with permission from25, Copyright É 2020 The Authors. Published by Elsevier Ltd.; e)-f) Reproduced 

with permission from Ref29, Copyright É 2021, John Wiley and Sons. 

 

1.1.3. Low molecular weight gelators (LMWG) based on peptides 

 

Gels based on LMWG are emerging as an attractive group of materials. These gels arise from the self-assembly 

of small molecules into fibres, which can entangle into a matrix that immobilises a solvent. The self-assembly 

process of these gels is based on the formation of molecular aggregates that can entangle mainly towards one 

direction forming fibrils. Thus, LMWG are commonly compounds that form relatively strong interactions such 

as hydrogen bonds or -́stacks in one direction, while forming only weaker ones (e.g. van der Waals) in the 

other. 
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Among small molecules, peptides are gaining widespread popularity as building blocks for supramolecular 

nanostructures. Small peptides have a low cost and can be easily synthesised through different strategies, which 

range from liquid- and solid-phase synthesis, to biocatalysis and biotechnology. These benefits make peptides 

accessible not only to synthetic chemists, but also to biologists and materials scientists. Another key advantage 

of peptides is the wide range of functional groups that can be displayed on the amino acidic sidechains. The 

choice is not restricted only to 20 proteinogenic amino acids, but can include their D-enantiomers, and other 

non-canonical or non-natural amino acids.  

One of the key interactions for peptide self-assembly is the -́́ stacking between aromatic groups on the 

sidechain or at the N-terminus of the peptide sequence. The dipeptide Phe-Phe is a minimalistic and powerful 

motif towards the formation of nanoscopic fibers.30 However, the Phe-Phe motif alone is not able to yield 

stable gels, unless it is cyclized to the corresponding 2,5-piperazinedione. Another approach to induce gelation 

consists of adding an aromatic moiety at the N-terminus, such as naphthalene, anthracene or benzyloxy groups. 

The 9-fluorenylmethoxycarbonyl moiety (Fmoc) is one of the most commonly used, because of its wide 

commercial availability on amino acids, since it serves as protective group during peptide synthesis. Another 

way to prompt gelation is the alternation of hydrophobic L- and D-amino acids, to yield an amphiphilic ɓ 

conformation in  sequences as short as three residues.31 In this way,  the hydrophobic sidechains and  the 

hydrophilic backbone groups will be displayed on opposite sides of the peptide molecule in this way. 

Peptide LMWG have been used for a wide range of applications. One example is their use in organocatalysis 

to mimic the active site of enzymes, especially aldolase32 and hydrolase,33, 34 but also in photocatalysis (Figure 

1.6a).35 Furthermore, hydrogels made of short peptides can also template the controlled formation of gold 

nanoparticles (AuNPs) through a green redox process, whereby stereochemistry of the peptide sequence is 

important to yield a gel matrix that efficiently stabilises AuNPs that are embedded in the matrix and do not 

aggregate (Figure 1.6b).36 These hydrogels were also applied in the biomedical area, for example the eight 

stereoisomers of Pro-Phe-Phe were tested in vitro to hinder the Alzheimerôs disease-associated Aɓ(1ï42) 

peptide fibrillation thanks to Pro that acts as a breaker of ɓ-stacks, which are the key units forming the amyloid 

fibrils (Figure 1.6c).37 Another emerging application area is the development of the next-generation of 

antimicrobial peptides (AMPs). In this context, different hydrogels with antimicrobial activity were developed 

using tripeptides,38 or even simply a functionalised amino acid39 (Figure 1.6c) or cyclic dipeptides 
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(diketopiperazines).40 These supramolecular hydrogels offer also the possibility for co-assembly with drugs. 

Marchesan and co-workers reported a hydrogel based on the tripeptide D-Leu-L-Phe-L-Phe that co-assembled 

with antibiotics, such as ciprofloxacin,41 but also anti-inflammatory drugs, such as naproxen and ketoprofen 

(Figure 1.6c),42 or antineoplastics, such as 5-fluorouracil (5-FU).43  

 

 

Figure 1.6: Applications of LMWG peptideôs gels. a) organocatalysis32, 33 and photocatalysis35; b) template AuNPs formation;36 c) 

Biomedical applications as inhibitor for Alzheimer's disease,37 antimicrobial activity39 or drug release.42 
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1.2. Carbon nanomaterials (CNMs)* 

 

*Partly reproduced and adapted from Adorinni, S. et al., Appl. Sc. 2021, 11 (6), 2490. 44 

 

The family of carbon nanomaterials (CNMs) (Figure 1.7) comprises many different members that generally 

share the common feature of being composed of carbon atoms, covalently bound in a sp2 hexagonal lattice, 

although exceptions exist.45 The two-dimensional (2D)-sheet of graphene (G) can be considered as a universal 

building block, which, depending on how it is folded, can give rise to 0D fullerenes,46 1D single-wall47 or 

multi-wall48 carbon nanotubes (CNTs), or 2D-graphene-based materials (GBM).49 Other nanostructures 

comprise nano-onions (CNOs),50 nanohorns (CNHs),51 nanocones, and nanodiscs.52 Nanodiamonds (NDs) 

differ for they contain a large portion of sp3 carbon atoms.53 More recently, carbon dots have drawn increasing 

attention.54 Furthermore, CNMs can be assembled together in superstructures55 and 3D-materials.56  

 

 

Figure 1.7: Family of carbon nanomaterials (CNMs). CNO is reproduced with permission from Ref.44, copyright É1995, Elsevier. 

 

Each of these components has its own unique properties related to the specific morphology, size, and reactivity. 

They generally feature very interesting electronic conductivity, high mechanical strength, low density, as well 

as the ability to undergo chemical functionalization to further tune their properties as needed for the intended 

application. It is thus not surprising that many reviews already exist on their clinical applications57 in 

biomedicine58-60 and, above all, on their potential use in oncology,61 such as innovative components in cancer 

theranostic62 and cancer therapy,63 thanks to their ability to target the tumor micro-environment.64 Indeed, the 
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possibility to use them not only as vehicles for drug delivery,65 but also for innovative imaging66 and 

biosensing,67 makes them ideal candidates for innovative theranostics.68, 69 

 

1.2.1. Carbon nanotubes (CNTs) 

 

CNTs can be considered as sheets of graphene rolled up in a tube, and comprise mainly single-walled CNTs 

(SWCNTs) or multi-walled CNTs (MWCNTs), depending on the number of sheets that compose their walls. 

Similar to the other nanostructures, they have been noted as promising materials to innovate in the biochemical 

field. However, their morphological similarity to asbestos fibers has posed many barriers for their applications, 

despite the fact that functionalization can alleviate their toxicity, as recently reviewed.70 In 2019, CNTs have 

been added to the ChemSec SIN (Substitute It Now) list, in light of the studies on their toxicity and resistance 

to biodegradation.71 This prompted a strong response from the academic community active on CNT research 

that feared further obstacles to innovation, in which it was noted that toxicity was related to a specific type of 

CNT, and this class of nanomaterials is very diverse, as the biocompatibility profiles depend on a plethora of 

factors, which include functionalization and route of administration.71-73 

Indeed, CNTs have shown a unique ability to boost the activity of conductive cells,74 demonstrating an 

unmissable opportunity to regenerate the cardiac75 and nerve tissues.76 Furthermore, their high mechanical 

resilience and low mass density is promising for orthopaedic applications.77 CNT-coated surfaces effectively 

stimulated osteogenic differentiation of mesenchymal stem cells, which adhered and spread, with numerous 

visible focal adhesion and actin stress fibers.78 Besides tissue engineering,79 CNTs have also been proposed to 

attain antimicrobial and anti-adhesive surfaces for medical applications.80 Their bioconjugation can serve a 

variety of innovative applications that span from tissue engineering, to sensing and wearable electronics,81 and, 

in general, to prepare innovative biomedical electrodes.82 Their biodegradation is possible, depending also on 

experimental conditions, route of degradation, and CNT functionalization.83 
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1.2.2. Functionalisation of CNTs 

 

The functionalisation of CNTs is an excellent way to decrease the attractive van der Waals forces that keep 

them together, in favour of interactions between CNTs and the solvent, to increase their reactivity. There are 

different ways to functionalize CNTs (Figure 1.8) that can be classified mainly in two categories, i.e., 

exohedral, when the functionalisation occurs on the surface of the CNTs, or endohedral, if it occurs inside the 

walls.84 In this chapter the focus will be on the former type of functionalisation, which can be further 

subdivided in covalent and non-covalent functionalisation. 

The covalent functionalisation can be performed by directly attaching functional groups onto the CNT surface. 

One of the most common reactions was the fluorination of CNTs, performed by treatment with molecular 

fluorine at a temperature between 150 and 600 ÁC. The success of the reaction can be easily detectable by 

infrared (IR) spectroscopy, thanks to the diagnostic C-F valence vibration at 1220-1250 cm-1.85 Another 

advantage was the possibility to replace the fluorine atoms with alkyl groups, using Grignard or organolithium 

reagents.86 Another useful reaction is the hydrogenation, which allowed to obtain CNTs with a stoichiometry 

of C11H and stable up to 400 ÁC.87 Also, cycloadditions were very common reactions performed on CNTs.48 In 

particular, the 1,3-dipolar cycloaddition of azomethine ylides developed by Prato and co-workers led to 

SWCNTs and MWCNTs highly soluble in water as well as organic solvents such as chloroform, acetone, 

methanol.88 Moreover, the pyrrolidine rings can be substituted with different chemical functionalities in order 

to synthesise materials with a wide range of applications. Nowadays, the Tour reaction is possibly the most 

widely used to functionalise CNTs. J. M. Tour described the direct treatment of CNTs with aryl diazonium 

tetrafluoroborate salts and in situ generation of the diazonium with an alkyl nitrite.89, 90 Another common 

approach to achieve covalent functionalisation is the chemical oxidation of CNTs to introduce -COOH and -

OH groups on the surface. After that, these groups can be further derivatised, often by amidation or 

esterification. Carboxylic groups are generally activated using either SOCl2, obtaining the correspondent acyl 

chloride, or the most common coupling agents, such as EDC and NHS, which allowed to perform the reaction 

also in water. 

Alternatively, the non-covalent functionalisation offers the great opportunity to adsorb molecules with different 

functionalities onto the CNT surface, without perturbing their  ́system. The first practical example was the 
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surfactant functionalisation, which allowed to disperse the CNTs in water. Different types of surfactants, both 

ionic and non-ionic, have been used, and their action mechanism was because of the hydrophobic part was 

oriented towards the CNTsô surface, whereas the polar moiety interacted with the solvent.84 Generally, the non-

covalent functionalisation occurred through -́́ interactions, electrostatic interactions, and CH-́ interactions. 

Therefore, compounds with aromatic moieties were the preferred choice to functionalise CNTs. In literature, 

there are many extensive reviews on this topic with different applications of the functionalised material ranging 

from biosensing,91 tissue engineering,92 drug delivery93 to heterogeneous catalysis94, 95 and energy storage.96 

 

 

Figure 1.8: Functionalisation approaches for CNTs. Reproduced with permission from Ref84, copyright É2021, Royal Society of 

Chemistry. 

 

Clearly the non-covalent functionalisation is the easiest approach to derivatise CNTs, but suffers from limited 

stability, in the sense that, depending on the conditions, the molecules adsorbed onto the CNTs can also detach. 

Another approach was thus developed to derivatise CNTs without perturbing their  ́system and also providing 

higher stability of the final product. This new type of derivatisation is possible on SWCNTs and takes 

inspiration from mechanically interlocked molecules (MIMs).97 These new mechanically interlocked 

derivatives of carbon nanotubes (MINTs) can be described as rotaxane-like species where SWCNTs act as 
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threads (Figure 1.9).97 The main challenge relative to their synthesis regards the absence of directional 

supramolecular interactions, which generally drive the MIMsô synthesis, and as a consequence it was based on 

exploiting dispersion forces. In 2014, Per¯z and co-workers reported the synthesis of MINTs through a 

ñclipping reactionò that involved a ring-closing metathesis (RCM).98 They used a U-shaped molecule 

containing two -́extended tetrathiafulvene (exTTF) derivatives, which interacted with high affinity with the 

CNTs, and alkene-terminated alkyl chains, for the RCM. A similar approach was developed by von Delius and 

co-workers, in this case the ring closure was based on the formation of disulfide bonds between thiols groups 

at the termini of the macrocycles.99 Miki, Ohe, and co-workers100 and Gonzalez-Rodriguez and co-workers101 

reported a completely different strategy, where in first instance the macrocycle was synthesised, and then there 

was the fitting of the SWCNTs inside macrocycleôs cavity. Also metal-ligand102 and hydrogen bonding 

interactions101 can be used for this purpose. 

 

 

Figure 1.9: General structure of MINTs. Reproduced with permission from Ref97, Copyright É2022, Royal society of Chemistry. 

 

1.2.3. Composite CNTs and their applications 

 

Functionalised CNTs have been widely used additives for advanced nanocomposites. An interesting way to 

increase the processibility of CNTs is their incorporation inside gel matrices. Armaroli and co-workers reported 

an example of CNTôs influence on a gel nanostructure.103 The squaraine derivative assembled, after sonication, 

forming an entangled fibrous structure that led to gelation. The addition of small amounts of SWCNTs, at 

gelator concentrations lower than the minimum gelling concentration (mgc), resulted in the formation of 

nanotapes.103 CNTs were also employed to reinforce gels. Marchesan and co-workers studied the effects of 

three oxidized nanocarbons (CNTs, graphene, CNHs) on the self-assembly of a hydrogelator tripeptide (L-Leu-
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D-Phe-D-Phe) (Figure 1.10a).104 Supramolecular hydrogels were obtained for all the CNMs, although those 

with MWCNTs displayed the best properties. TEM images revealed an excellent coating of the CNTsô surface 

by the peptide, which acted as dispersant for CNTs in basic aqueous media (Figure 1.10b). Once the hydrogel 

was formed, TEM micrographs showed an excellent interaction between CNTs and peptide fibers, which had 

similar nanomorphology (Figure 1.10c-d). In terms of rheological properties, the hydrogel with CNTs resulted 

stiffer, and it also presented a self-healing behaviour, after an applied stress of 250 Pa (Figure 1.10e).104 The 

self-healing property was particularly interesting, but from that work it was unclear if it was due solely to the 

similar morphology of CNTs and peptide fibers, or also to the fact that the peptide coated very well the CNT 

surface, thus enabling a high level of interaction between CNTs and peptide fibers. To shed light on these 

aspects, the following steps of this work focussed on composite hydrogels containing the free L-Leu-D-Phe-D-

Phe tripeptide and either CNTs or CNHs that were previously functionalised with the same peptide grafted on 

their surface. In this way, CNHs could better interact with peptide fibers, but still did not lead to self-healable 

nanocomposites, demonstrating that the self-healing property was due to the anisotropic morphology of 

CNTs.105 

 

 

Figure 1.10: Nanocomposite based on ox-MWCNTs and gelator tripeptide L-Leu-D-Phe-D-Phe. a) ox-MWCNTs and L-Leu-D-Phe-D-

Phe structures; b) Peptide acts as dispersant for ox-CNTs in basic aqueous media; c) TEM images of ox-MWCNTs and L-Leu-D-Phe-

D-Phe in basic aqueous buffer, scalebar 20 nm; d) TEM images of hydrogel of ox-MWCNTs and L-Leu-D-Phe-D-Phe at neutral pH, 

scalebar 500 nm. Reproduced with permission from Ref104, Copyright É 2018 American Chemical Society. 
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CNTs were also extensively used to reinforce polymer nanocomposites.106 In particular, in the last years, the 

incorporation of CNTs in natural rubber has become popular. Nowadays, researchers are focussing on 

addressing some challenges on these hybrid systems, such as finding the best approaches to modify CNTs or 

improve their mixing in the rubber matrices.107 For example, Mensah and Gao developed a slurry blending 

method that stabilised thermal conductivity and improved tensile strength.106 

 

1.3 Metal organic cages (MOCs) 

 

The examples of self-assembling systems shown in the previous Section 1.1 are generally based on weak, non-

covalent interactions (i.e. hydrogen-bonding, -́́, van der Waals, electrostatic interactions). The limit of these 

interactions concerns the inability to completely control their directionality, a key aspect for the construction 

of more complex two- (2D) and three-dimensional architectures (3D). The use of highly directional and 

predictable metal-ligand coordination sphere represents the preferential route to synthesise molecules of 

desired dimensions and geometries with fine control. Metal-ligand bonds display intermediate energies (i.e., 

15-50 kcal/mol), relative to the strong, organic covalent bonds (60-120 kcal/mol) and the weak interactions 

(0.5-10 kcal/mol). They help the self-assembly process by introducing rigidity and reversibility. The latter 

property provides a way for the system to self-correct leading to a product that is thermodynamically more 

stable than the starting materials or the intermediates.108 

 

1.3.1. General design of MOCs 

 

Recently, we have witnessed an exponential growth of synthetic strategies based on metal-ligand coordination 

to achieve complex topologies (Figure 1.11).108 These strategies have produced various and diverse sets of 2D 

and 3D molecular architectures. From a mechanistic point of view, the first four approaches rely on 

thermodynamic control, since the desired product lies at the thermodynamic minimum. The weak link 

approach concerns both kinetic and thermodynamic control.108 
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Figure 1.11: Different approaches to design metal organic cages (MOCs). Reproduced with permission from Ref108, Copyright É 

2011 American Chemical Society. 

 

The directional bonding approach (Figure 11.1a) is a general strategy introduced by Fujita109, 110 and Stang111 

in the early 1990s that provides high yields. The transition metals, thanks to their coordination sites with 

specific geometries, serve as acceptor subunits. These can be bound together via donor building blocks, which 

constitute the rigid frame of the final assembly (Figure 1.11a). The first requirements regard the donor 

subunits, which must be rigid and multidentate, or at least bidentate, and with pre-defined bite angles. The 

acceptors must have at least two coordination sites not capped. The building blocks are also divided into two 

types: linear units (L) with two-fold symmetry that display reactive sites that are oriented at 180Á relative to 
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each other, and angular units (A) that contain reactive sites with other desirable angles and that may display 

either two-fold or higher symmetry axes. The second requirement is the appropriate stoichiometric ratio among 

the different subunits to achieve the desired geometry. 

The second method consists of the symmetry interaction approach (Figure 1.11b), and it has been rationalised 

by Raymond and collaborators. The cagesô design was explained based on the geometric relationship between 

the ligand and the metal taking symmetry into consideration. A coordinate vector directed towards the metal 

describes the interaction with the ligand (Figure 1.11b).  Chelating ligands are illustrated based on the chelate 

plane, which is an orthogonal plane to the major axis of symmetry of the complex. This approach is convenient, 

because the angle between chelate planes can effectively describe any coordination complex cluster. This 

approach is also advantageous, since it offers a direct measure to compare and relate any high-symmetry 

cluster.112, 113 

The panelling approach (Figure 1.11c), pioneered by Fujita and co-workers, is based on reducing the 

polyhedral to molecular components.114, 115 For examples, regular polygons (i.e., triangles, squares, etc.) make 

up Platonic solids when they are arranged in space matching edges and vertices to create the geometric solid.116 

Similarly shaped MOCs can thus be built using panels that display regular and polygonal morphology (i.e., 

triangles, squares, etc.), so that their assembly with cis-protected square-planar coordination metals can yield 

many 3D geometries, depending on how they are combined together (Figure 1.11c). The special attention to 

the geometry of square-planar metals highlights the observation that non-distorted 90Á bond angles cannot be 

obtained by the hybridization of exclusively organic building blocks.109 

The weak-link approach (WLA) (Figure 1.11d), pioneered by Mirkin is characterised by the metal centre being 

available for further reactions without causing the disassembly of the MOC.117 In this approach, hemilabile 

bidentate ligands coordinate the transition metals, so that one of the metal-ligand bonds is weaker than the 

other. The ligands are generally phosphinoalkyl ether, tioethers or amine groups that can incorporate several 

functionalities, such as fluorophores, redox-active or catalytic groups. The transition metals introduced a 

further source of tailorability, adding an additional control over the macrocyclic properties, such as the level 

of stability to air and water, the overall charge, the shape of the MOC cavity, and the reactivity towards small 

molecules. Finally, the choice of the ancillary ligands provides a way to modulate the size and morphology of 

the MOC inner cavity. 
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The last approach is based on dimetallic building blocks (Figure 1.11e), and it was extensively studied by 

Cotton. It requires the use of paddlewheel or lantern frameworks as basic structural units.118 The key choice in 

synthesis for large arrays with dimetal units is the type of nonlinking (protective) ligands, generally substituted, 

to give convenient solubility properties. For equatorial and axial linkers, the mostly used are polycarboxylate 

ions and polyamines or dinitriles, respectively. Depending on the dimetallic unit and the linkers used, it is 

possible to join the units in different ways, for example face-to-face using an axial linker, or end-to-end through 

an equatorial linker, or even a combination of both types of linkers can be possible. 

 

1.3.2. Biomolecular cages 

 

Since its discovery, supramolecular chemistry has been inspired by biological systems and processes, for the 

mimicry of their structures or functions.119 In particular, the works of Fischer120 on the ñlock and keyò model 

for enzymatic catalysis and of Ehrlich121-124 on antibodies introduced the idea of the selective receptor-substrate 

binding. These studies opened the way to the research on interactions that direct the assembly of natural 

molecules, enabling molecular sensing and recognition events, and eventually leading to the so-called host-

guest chemistry concept which marked the advent of supramolecular chemistry.  

From this point of view, the combination of biomolecules and synthetic supramolecular architectures is the 

next logical step to enable a finer mimicry of natural systems. One of the most intriguing research areas in this 

field regards the synthesis of biomolecular nanocages following a bottom-up approach based on self-assembly 

of biomolecules, such as proteins or DNA. The nanocages obtained with this approach are characterised by 

high solubility in water, and highly efficient cellular uptake with minimal toxicity. These key features make 

them excellent carriers for biomedical applications. 

DNA is an attractive template to generate supramolecular structures. The nucleobase pairing guarantees the 

possibility to create 1D, 2D and 3D DNA structures with high control and used for encapsulation and delivery. 

In this context, in the last years DNA nanotechnology has become an intriguing research area and metalated 

DNA three-dimensional cages are an attractive class of new materials, thanks to their good programmability 

and responsiveness. Since the discovery in 1991 of the first discrete 3D structure, different approaches have 

been developed.125 The first one is based on a set of single-strand and cyclic DNA building blocks decorated 
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with aromatic rigid units at their vertices (Figure 1.12a).126 Following this approach Sleiman and co-workers 

constructed a series of triangular, square, pentagonal and hexagonal prisms (Figure 1.12b).126 Polyhedra with 

higher complexity, such as tetrahedra, dodecahedra, icosahedra, and a buckyball was instead synthesised by a 

hierarchical approach (Figure 1.12c). This latter approach relies on the association of identical symmetrical 

DNA three-point-star or five-point star tiles. Other 3D was based on DNA origami, that can extend using 

several approaches. A general one constated of rolling sheets of DNA helices to create multi-layered structures 

with enough rigidity to have 3D discrete structures.127 The cross-section of these multi-layers can fall into two 

distinct lattices, i.e., honeycomb or a square lattice. The first one was used to obtain objects that are more rigid 

per unit mass. The second one enabled construction of flatter surfaces, finer grade cavities, and denser 

objects.127 The second approach was based on the wrapping of the scaffold strand around the entire structure, 

tetrahedral cages with inside closed by faces were designed following this synthetic strategy.128 A double-

helical DNA was bent to follow the rounded contours of a target object to make a DNA-urn (Figure 1.12d).129 

A third strategy, proposed by Kjems and co-workers, allowed to obtain a DNA box with a controllable lid. In 

this case, the strand was assembled into eight-connected origami square sheets describing the face of the cube 

(Figure 1.12e).130 This approach was based on using concentric rings of DNA. Finally, Hogberg and co-

workers in 2015 developed a method to create wireframed 3D structures. The approach based on reducing the 

structure into a triangulated 3D mesh and using an algorithm to trace the contour of the desired structure 

allowed to produce exotic and complex 3D structures (Figure 1.12f). 
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Figure 1.12: Three-dimensional structures from DNA. a) The left panel shows a DNA cube constructed from connected three-arm 

junctions. The middle panel shows an octahedron constructed from a long DNA strand and five connecting strands. The right panel 

shows a tetrahedron constructed from four DNA single strands; b) A face-centred approach to build prismatic cages; c) Cryo-

electron microscopy images of polyhedra assembled from DNA crossover tiles; d) Electron microscopy of a DNA óurnô assembled by 

stacked concentric circles in an origami design; e) DNA origami sheets connected into a cube; f) Wireframe DNA origami structures, 

scale bars are 50nm. Reproduced with permission from Ref131, Copyright É 2017, Macmillan Publishers Limited. 

 

The synthesis of coordination structures from biomolecules was extremely challenging. Fujita and co-workers 

in 2018 reported the first example of synthetic ɓ-barrel tertiary structures through metal directed self-assembly 

leading to folding of the peptide-based ligand.132 The octapeptide FVFVXPGP was functionalised with two 

pyridyl metal-binding sites, so as to be able to form both a ɓ-strand and a loop through self-assembly with 

different zinc (II) salts (ZnI2, ZnCl2 or ZnBr2). The association created a pore bearing barrel made of three 

Zn2L2 macrocycles (Figure 1.13). 
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Figure 1.13: a) Crystal structure of ɓ-barrel made from three macrocyclic ZnII
2L2 units; b) The cartoon representation with each 

ZnII2L2 unit in a different colour; c) Structure of the components used: octapeptide highlighting the barrel forming sequence (green 

arrow, F-V-F-V) and the loop forming sequence (blue string, P-G-P) and ZnII (purple sphere); d) Side view of Fujita structures with 

ɓ-strands highlighted in green. Reproduced with permission from Ref132, Copyright É 2018, American Chemical Society. 

 

The challenges in the synthesis of biomolecular cages were overcome by developing nanoarchitectures where 

the core framework of the cage was maintained, and it was tagged with some biomolecules. This strategy 

allowed to improve biocompatibility, whilst preserving the main properties of the cage. Fujita reported in a 

pioneering work a hollow Pd12L24 capsule with peptides through amide coupling.133 A similar strategy was 

used to functionalise the outside of a cage with different polysaccharides.134, 135 

 

1.3.3. Porous materials based on gels and cages* 

 

*Partly reproduced from Jahoviĺ, I., Zou, Y.-Q., Adorinni, S., et al. Matter 2021, 4 (7), 2123.136 

 

Soft materials have found use in many areas such as medicine, robotics, and battery research. These advances 

are the result of the properties of gels stemming from both their solid- and liquid-like features. However, fine-

tuning of these properties and an onset of new applications can be envisaged if gels are coupled to metal-

organic cages (MOCs), discrete three-dimensional structures containing well-defined cavities.  
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MOCs make good linkers within gels because the rules governing their formation are relatively well 

understood. These rules can be inferred from the coordination chemistry of their metal-ion vertices, together 

with the lengths and geometries of the multiply-binding, i.e. multitopic, organic ligands that link these metal 

ions together.137-139 The host-guest chemistry of these cages can then be probed and rationalized, particularly 

for compact, isotropic guests that fit well within relatively spherical cavities. 

Gels containing cages possess well-defined cavities stemming from the cages, in addition to the mesoscopic 

pores of the gel, which contain entrained solvent. However, embedding cages into porous materials might not 

only endow gels with features characteristic of the cages, but it could also lead to the development of new 

properties that have not been observed in soft materials before. Therefore, new functions could be programmed 

into the resulting materials. Research in this area has resulted in the design of self-healing porous polymers, as 

well as materials that show promise as systems for targeted drug delivery. However, further work is required 

to enable precise control and design of the structures of such systems so as to obtain hierarchical structures 

from a bottom-up approach. 

Smart gels containing MOCs have found broad applications. For instance, they can be used for selective guest 

encapsulation. A polymeric hydrogel was reported to encapsulate fluorobenzene efficiently, as determined 

during guest binding studies.140This gel featured two distinct internal phases ð the mesopores within the 

hydrogel and the inner cavities of the cages ð which show selective guest uptake properties and differential 

release profiles. 

As shown in Figure 1.14A, guest release experiments were conducted using gels loaded with two similar 

molecules, benzene and anisole. Due to the size difference between the two molecules, benzene was found to 

occupy both the cage cavities and gel pores, while anisole was located only in the gel pores. Because anisole 

was too large for the cage cavity, it was released more rapidly than benzene from the gel into an adjacent 

aqueous phase. Interestingly, furan could serve as a competing guest and therefore it induced the release of 

benzene from the gel into the aqueous phase. 

Some MOC-based gels also showed remarkable self-healing properties. A photoswitchable gels prepared by 

Johnson and coworkers exhibited self-healing behaviour. More specifically, the o-gel showed self-healing 

properties and the c-gel did not due to its slower exchange kinetics.141 The difference between these two gels 

opened a new avenue for using a single material in applications that require both strength and self-healing, 
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albeit not both at once. In another example, Haino and co-workers constructed a self-healing gel from a 

polymer-attached metal organic cage with encapsulated polyester guest (Figure 1.14B).142 At the concentration 

of 45 mM, the gel could heal itself within 10 minutes. The development of novel luminescent materials based 

on MOCs is an attractive area of research in materials science, as such materials can report, using light, upon 

their environment or the identity of a guest. For instance, Johnsonôs gel containing PdII
12L24 cage gave rise to 

blue fluorescence under the irradiation of long-wavelength UV light when replacing the crosslinker with its 

pyrene containing variant (Figure 1.14C). The gel based on PdII
2L4 cages and pillar[5]arenes fabricated by 

Huang and coworkers was found to be able to uptake and release certain drug molecules. The MOC gel could 

selectively encapsulate the drug molecule emodin and the dye methylene blue in its cage cavities and the pores 

of the gels, respectively. Upon heating and shaking, gel-sol transition took place, and methylene blue was first 

released from the gel into the aqueous phase (Figure 1.14D). Subsequently, treatment of the resulting mixture 

with excess acid led to the destruction of the MOC and the release of emodin. The property of gels to release 

different cargoes in a controlled manner may find applications in biology, including drug delivery. 
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Figure 1.14: Examples of MOC-gel applications. (A) Multiple-guest-selective capture (red ball, benzene; green cube, anisole; yellow 

tetrahedron, furan); (B) Supramolecular graft polymer and properties of self-healing;142 (C) Luminescence arising from cross-linker 

substitution by a pyrene-containing analog;143 (D) Selective cargo delivery. 

 

Besides guest encapsulation, self-healing, liquid crystals, luminescent materials and drug release, MOC-based 

gels were also used in catalysis. Recently, Johnson and co-workers synthesized an elegant CuII
24L24-crosslinked 

polyMOC c-gel and successfully applied it to the copper-catalyzed alkyne-azide cycloaddition (CuAAC) 

https://www.sciencedirect.com/topics/materials-science/graft-copolymer


32 

ñclickò reaction.144 PolyMOC c-gel was fabricated from a 4-arm PEG star polymer functionalized with m-BDC 

(BDC = benzenedicarboxylate), an m-BDC derivatized coumarin-based ligand, benzophenone, CuII(OAc)2, 

and ethyl-4ï(dimethylamino)benzoate (EDMAB) (Figure 1.15A). The authors found this polyMOC c-gel 

could be reversibly switched between CuII, CuI and Cu0 states through photoreduction or air oxidation (Figure 

1.15B). Upon irradiation with UV light, the c-gel disassembled into a green transparent liquid within 2 hours, 

and the photoexcited coumarin moiety reduced CuII to CuI. Further irradiation led to a brown liquid resulting 

from the formation of Cu0 nanoparticles. Interestingly, the polyMOC c-gel could be regenerated either from 

the CuI or Cu0 solution upon exposure to ambient air. To demonstrate the potential utility of the polyMOC c-

gel, the authors showed that the ñclickò reaction between benzyl azide and tetrakis(prop-2-ynyloxymethyl)-

methane proceeded smoothly in the presence of a catalytic amount of polyMOC c-gel upon UV irradiation, 

and the desired triazole product was isolated in 85% yield (Figure 1.15C). 

 

 

Figure 1.15: (A) Synthesis of Cu24L24-cross-linked polyMOC c-gels from m-BDC-functionalized PEG star polymers (PL) and 

coumarin functionalized m-BDC (CL). DMF, dimethylformamide; EDMAB, ethyl-4-(dimethylamino)benzoate; (B) Images of c-gels 

(synthesized from 2 kDa a,w-azide-terminated PEG and tetrakis-alkyne) after annealing (i), after irradiation with UV light to induce 

the copper catalyzed alkyne-azide cycloaddition reaction (ii), and after reoxidation (iii); (C) PolyMOC c-gels catalyzed the alkyne-

azide cycloaddition ñclickò reaction. 

 

 

 

 

https://www.sciencedirect.com/topics/materials-science/star-polymer
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1.4 Conclusion and outlook 

 

*Partly reproduced from Jahoviĺ, I., Zou, Y.-Q., Adorinni, S., et al. Matter 2021, 4 (7), 2123.136 

 

Given the above discussion, further investigation and development of novel and already-existing applications 

of MOC-based gels are warranted. There is great potential for building upon the current applications, but also 

for devising new ones that could not previously be imagined. The field has already resulted in the fabrication 

of gels with tuneable mechanical properties. As a next step, we envisage systems consisting of arrays of cages 

which could change their architectural frameworks within the soft matter matrix. This would enable further 

fine-tuning of properties of both the cage micropores and gel mesopores, which could lead to the advent of 

attractive applications such as catalytic cascades or chemical separations. Finally, we suspect the future will 

bring further development of characterization methods for MOC-based gels, which will guide rational design 

and fabrication of these materials. 

 

1.5 Outline and general aims of the thesis 

 

As described in the sections above, there is a growing interest in the incorporation of MOCs into macroscopic 

gels to attain soft matter with addressable dual porosities that could yield smart materials with wide potential 

for applications. Furthermore, the interaction between MOCs and CNTs has not been explored thus far, and 

could lead to potentially interesting new ways to functionalise them. In general, the combination of 

nanotechnology with supramolecular chemistry, as well as the use of orthogonal supramolecular chemistries, 

are fertile areas for innovation and will be explored in this thesis. 

In particular, Chapter 2 describes the combination of minimalistic peptide self-assembly with MOCs to enable 

the hierarchical assembly of gelling MOCs with pendant peptides, so that, starting from very simple building 

blocks, macroscopic yet nanostructured gels with dual porosity can be attained. 

Chapter 3 focusses on a similar approach, whereby self-assembling peptides decorate MOCs as peripheral 

ligands, but gelation is triggered by the addition of a second metal that coordinates the peptidesô functional 

groups. This type of approach could be interesting to entrap heavy metals, which are used to trigger gelation. 
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Chapter 4 investigates the combination of MOCs with CNTs. In particular, the binding of different MOCs to 

CNTs is studied, as well their ability to transport CNTs across phases by changing their counterion. Finally, 

this strategy is tested for the phase-separation of CNTs based on their differing diameter. 

Finally, Chapter 5 will summarise the key findings of the thesis and identify further opportunities to bring 

forward the research in this exciting area.  
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2.1. Introduction 

 

The design of novel materials having dual porosity is an intriguing research field, as discussed in Section 1.3.3, 

thanks to the novel properties and the different possible applications of these systems.1 In this context, the 

combination of two different orthogonal supramolecular systems is a very exciting area. The first study in this 

direction was published by the groups of Prof. Marchesan and Prof. Nitschke.2 A self-assembling tripeptide 

PABA-FaF-NH2, able to gel acetonitrile (CH3CN), was combined with two distinct (MOCs), each one 

displaying the selective binding of different guests in CH3CN (Figure 2.1). The immobilization of the cages 

enabled the formation of different gel layers, each one with a different MOC. In this manner, when a mixture 

of guests diffused through the gel, they were selectively captured in the corresponding host layer, thus the 

guests were separated. Furthermore, the gels increased the MOCsô stability against acid-mediated hydrolysis. 

 

 

Figure 2.1: Physical gel based on a self-assembling tripeptide that embeds two MOCs soluble in the same solvent (acetonitrile) and 

allows for their physical separation in different layers (i.e., top and bottom of the gel) (FA: fluoroadamantane).2 Reproduced with 

permission from Ref.1, Copyright © 2021 Elsevier Inc. 

 

2.2. Self-assembling peptide-based iron cage 

 

The following step of the previous work is the bioconjugation of peptides onto coordination cages in order to 

study their self-assembly. The Ph.D. thesis of Dr. Marion Kieffer reported the first example of a cage having 
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a low-molecular weight peptide as peripherical ligand able to gel CH3CN.3 The iron tetrahedral cage obtained 

by the condensation of picolinaldehyde and the previously reported peptide, PABA-FaF-NH2, (Figure 2.2A) 

was able to gel at 5 mM in CH3CN after 1 hour as confirmed by the tube inversion test (Figure 2.2B).3 The 

1H-NMR spectrum showed the presence of two sets of signals, assigned to the two possible diastereomers 

(Figure 2.2C). This difference in intensity of these signals was attributed to chiral induction exerted on the 

cage by chiral peptide as confirmed by circular dichroism (Figure 2.2D).3 

Furthermore, the possible reversibility of the sol-gel transition was studied using an external trigger as a 

photoacid generator (PAG), the (E)-3-(2-(2-Hydroxystyryl)-3,3-dimethyl-3H-indol-1-ium-1-yl)propane-1-

sulfonate, MEH . In the thesis work, it has been studied, for the first time, the conversion from merocyanine 

form (MEH ) to spiropyran one (SP) in CH3CN, through NMR and UV-Vis spectroscopies analysis. This study 

showed the conversion of MEH to SP after irradiation for 5 min with a blue LED (ɚ ~ 470 nm) and a drop of 

pHCH3CN/H2O of 3.2 units, which was sufficient to impact the gelation (Figure 2.2E).  

The gel of the iron cage, assembled in presence of PAG, was destroyed after irradiation with blue light for 10 

min and it was recovered after being placed in the dark for 1 h (Figure 2.2F). Four total cycles were performed, 

giving the same outcome each time and confirming the reversibility of the self-assembly process in the 

presence of an external trigger. Interestingly, the cage was not disassembled during the cycles, thus giving the 

opportunity to selectively open the pores of the gel whilst preserving those of the MOCs.3 
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Figure 2.2: A) Synthesis of the iron cage [Fe4(1a)4](NTf2)8; B) Tube inversion test of the gel; C) 1H-NMR of cage [Fe4(1a)4](NTf2)8; 

D) Circular dichroism of cage [Fe4(1a)4](NTf2)8; E) two forms of the PAG, the open ring form in darkness (MEH ) and the closed 

ring form one exposed to visible light (SP); F) Gel-sol-gel transition of a solution of (5 mM) and the PAG (0.056 mM) in CH3CN in 

the absence of light , after irradiation with blue light for 3 min and after being placed in the dark again for 1 h. Reproduced with 

permission from Ref3. 

 

2.3. Aim of the work 

 

The aim of this project is the synthesis and the self-assembly studies of new cages based on different peptides, 

aldehydes and metal ions, to study the generality of the approach described above. The rational design of the 

peptidesô library is inspired by a recent work published by Marchesan and co-workers in which a series of L-

Phe-D-Xaa-L-Phe tripeptides, where D-Xaa is an aliphatic D-amino acid, have shown their ability to self-

assembly to form hydrogels (Figure 2.3).4 In this case the peptide scaffold was preserved, but all the peptides 

have been derivatised to amides at the C-terminus to avoid the coordination with the metal centre, and to p-

amino benzoyl amides at the N-terminus to form the imine bond necessary for the cage synthesis. 
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Figure 2.3: Peptidesô library. 

 

The aldehydes chosen are all previously reported by the Nitschke group (Figure 2.4). Aldehyde a is the one 

used for the synthesis of the parent cage, and it guarantees a good rigidity in comparison to b where the ether 

bond increases the flexibility of the resulting cage. The bisaldehyde c on the other side keeps the tetrahedral 

geometry changing the position of the ligands on the edges of the tetrahedra instead of the faces. Triazatruxene-

based aldehyde d can be oriented either clockwise (C) or anticlockwise (A), these two possible 

diastereoisomeric configurations are added to the two possible optical isomers deriving from the octahedral 

coordination geometry, ȹ4 and ȿ4.5 The use of this aldehyde contributes to increase the complexity of the 

structures and to study more in detail the effects of the use of enantiopure peripherical ligand. Finally, aldehyde 

e guarantees the possibility to study a new geometry, forming a cubic cage. The two divalent metal salts chosen 

for this study are Fe(Ntf2)2 and Zn(Ntf2)2. 
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Figure 2.4: Aldehydesô library. 

 

2.4. Result and discussion 

 

2.4.1. Synthesis and molecular characterisation of 4-amino benzoic acid (PABA)-derivatised 

peptide 

 

The peptides were synthesised by Fmoc-based Solid-Phase Peptide Synthesis (SPPS) using 2-chlorotrityl 

chloride resin as solid support. The resin consisted of polystyrene beads crosslinked with 1% divinylbenzene 

(DVB) that guarantees the solvation and the sweeling in aprotic solvents as dimethylformamide (DMF) and 

dichloromethane (DCM). The 1% of cross-linking with DVB allows a resin swelling of 4 to 6 times its original 

volume in DCM. The mesh size of 100-200 mesh size (75 to 150 microns) offers a good balance of reaction 

kinetics versus reliability. The peptide synthesis occurs by coupling the carboxyl group of the incoming amino 

acid to the N-terminus of the growing peptide chain. This synthetic pathway reduces the racemization related 

to the formation of 5(4H)-oxazolone. The first step of the SPPS is the swelling of the resin to increase the 

volume of resin which corresponds to a good accessibility to the coupling sites and its activation with SOCl2. 

The second step is the loading of the C-terminus amino acid, followed by the coupling reaction and Fmoc-

deprotection, alternatingly. The final step is the peptide cleavage from the support with a mixture of 



50 

trifluoroacetic acid (TFA)-DCM with triisopropylsilane (TIPS) and water as scavenger. This approach was 

successfully used to achieve the desired compounds as described in Figure 2.5. The crude product was then 

purified by reverse-phase HPLC. 

 

Figure 2.5: Generical SPPS scheme. 

 

All the peptides were fully characterised by LC-MS and NMR spectroscopy. Here it was reported the 

characterisation of 1, as example, all the other spectra are reported in Experimental part 2.6.1.  
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The 1H NMR (Figure 2.6) spectrum confirmed the purity of the compound and showed typical signals of 

peptides in DMSO-d6, at chemical shifts higher than 8 ppm the amide protons, the Ŭ-protons in the range 

between 4.0 and 4.8 ppm, and the aliphatic protons in the range between 0 and 3 ppm. 1H-1H-COSY NMR 

(Figure 2.7) showed the correlation between the doublet, integrating for six protons, at 0.49 ppm relative to 

valine methyl protons (Ho) and the valine methine proton signal (Hn) at 1.72-1.76 ppm. The correlation peak 

between this last signal and the doublet of doublet at 4.09 ppm allowed to assign it to the Ŭ-proton of the valine 

(Hr). The valine amide signal was finally assigned to the doublet at 7.97 ppm (Hl). The 1H-1H-COSY NMR 

(Figure 2.7) showed also the cross-peaks among the amide, Ŭ- and ɓ-protons signals of the two phenylalanine 

and the correlation peak of the protons of the p-aminobenzoic unit. The correct assignment of these signals has 

been made using heteronuclear 2D-NMR analysis, 1H,13C-HSQC (Figure 2.9) and 1H,13C-HMBC NMR 

(Figure 2.10). 

The cross peak in 1H,13C-HMBC NMR (Figure 2.10) between the signal at 7.55 ppm and the carbonyl 

quaternary carbon at 166.3 ppm indicated that the doublet was relative to the PABA-moiety protons Hd. The 

doublet at 6.58 was consequently assigned to protons Hc. The peak at 166.3 ppm (Cf) also displayed a cross 

peak with the amide signal at 8.14 ppm assigned to Hh. This allowed to fully assign all the remaining signals. 

The signal at 173.1 ppm was relative to the carboxylic carbon of C-terminus phenylalanine as confirmed by 

the cross-peak with the proton signal of the C-terminus amide at 7.39 (Hv). At the end, the two cross-peaks 

between the amide signal at Hq and the carbon signal at 170.6 ppm and the cross-peak between the amide 

signal Hl and the carbon one at 171.9 ppm, allowed to assign them to Cp and Ck, respectively. 
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Figure 2.6: 1H-NMR spectrum (DMSO-d6, T = 298 K) of peptide 2. 

 

 

Figure 2.7: 1H,1H-COSY spectrum (DMSO-d6, T = 298 K) of peptide 2. 
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Figure 2.8: 13C-NMR spectrum (DMSO-d6, T = 298 K) of peptide 2. 

 

 

Figure 2.9: 1H, 13C-HSQC spectrum (DMSO-d6, T = 298 K) of peptide 2. 
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Figure 2.10: 1H,13C-HMBC spectrum (DMSO-d6, T = 298 K) of peptide 2. 

 

2.4.2. Self-assembly behaviour of PABA-based peptides 

 

The supramolecular behaviour of these peptides was studied following the same protocol, previously reported 

in literature for parent peptide 1.2 This procedure consisted in dissolving the peptide in acetonitrile by heating 

at 50 °C, followed by cooling down the solution to room temperature. It was, also, observed that sonication 

induced a faster gelation, thanks to the cleaving of locked weak intramolecular interactions and forming 3D 

networks based on intermolecular interactions.6, 7 The gelation process, typically, start with nucleation of the 

molecule, followed by self-assembling into one dimensional structure and by anisotropic growing that lead to 

fiber formation. Their entanglement gives rise to a 3D network able to entrap the solvent.  

All the peptides in this work rapidly formed supramolecular organogels and their minimum gelling 

concentration (mgc) is reported in Table 2.1. The mgc depends not only on the peptide hydrophobicity (as 

measured by logP and HPLC retention times reported in Table 2.1), but also by the stereoconfiguration and 

the branching of the alkyl sidechain. This is particularly evident for the peptides 3 and 4, having similar logP 

values and retention time (Table 2.1), while they differ for the constitutional isomer of the aliphatic sidechain, 

the iso-butyl and the sec-butyl group for the leucine and the isoleucine, respectively. The mgc for the first one 
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is way higher (40 mM) than the mgc for the second one (10 mM), suggesting a positive effect of ɓ-branching 

in inducing the gelation.  

 

Compound tr logP mgc 

p-aminobenzoyl-L-Phe-D-Ala-L-Phe-NH2 

(1)a 

16.0 1.52 30 mM 

p-aminobenzoyl-L-Phe-D-Val-L-Phe-NH2 

(2) 

17.8 2.40 30 mM 

p-aminobenzoyl-L-Phe-D-Leu-L-Phe-NH2 

(3) 

18.6 2.75 40 mM 

p-aminobenzoyl-L-Phe-D-Ile-L-Phe-NH2 

(4) 

18.7 2.82 15 mM 

Table 2.1: HPLC tr, logP and minimum gelling concentration (m.g.c.) of peptides.                                                                                                      

a) self-assembly studies yet reported in literature.2 

 

The gelation was assessed using a qualitative method called tube inversion test, that is based on the capacity 

of a gel to resist to gravity (Figure 2.11). This test, although not accurate, gives the opportunity to rapidly 

screen the possible gelation conditions of a peptide. 
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Figure 2.11: Tube inversion tests of peptides gels studied at different concentrations. 

 

The organogel nature of all the peptides have been confirmed by oscillatory rheology. Oscillatory rheology is 

a technique to study the flow and the deformation of matter. The world rheology, in fact, derives from the 

combination of two Greek words, ɏɤ- (rhéǾ-) ñflowò and -ɚoɔǭŬ (logia) ñstudy ofò. The materials can be 

divided into three main categories related to the value of the Deborah number, De. De is defined as the ratio 

between the relaxation time (Ű) and the observation time (t). Ű could be defined as the time needed for a 

deformation to occur under an applied stress. Materials with values of De >> 1 are defined as solid-like, liquid-

like materials are the ones with De << 1 and finally materials with a value ~ 1 are defined as viscoelastic, and 

the gels belong to latter category. The properties of viscoelastic materials can be studied through oscillations 

tests. These analyses are based on deformation with intensity that changes sinusoidally during the time. The 

oscillatory deformation applied, and the material response can be described using two different equations (2.1) 

and (2.2), respectively: 
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 ‐ ‐ÓÉÎ‫ὸ Ȣ  

 „  „ÓÉÎ‫ὸ ‏ Ȣ  

 

Equation 2.1 describes the applied stimuli, the deformation Ů, while equation 2.2 the strain, ů. The difference 

between the two curves, the phase angle (d), is the parameter measured. It is a value that is characteristic of 

the type of material studied (Figure 2.12). 

 

 

Figure 2.12: Material responses. d = 0° elastic response; d = 90° viscous response; 0° < d  < 90° viscoelastic response. 

 

The complex shear modulus measured for the viscoelastic material can be described as combination of a 

material with d = 0°, elastic component, and a material with d = 90°, viscous component (Equation 2.3).  

 

 „  ‐ὋÓÉÎ‫ὸ  ‐Ὃͼὧέί‫ὸ Ȣ  

 

The Gô is the component in phase and it is called storage or elastic modulus, white Gôô is the out of phase 

component, called loss or viscous modulus. A material can be defined a gel when Gô is higher than Gôô, when 

Gô > 10 Gôô the gel is defined strong.  

The classic rheological analyses are oscillation tests where the intensity and the phase angle of the response to 

certain stimuli are measured. The two main stimuli that can be applied to characterise the material are the stress 

or the strain and the frequency. In the stress sweep test, stimuli with increasing intensity are applied to the 

material to determine the linear viscoelastic regime, wherein performed the other analyses, and the strength of 
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the gel. In the frequency sweep test, a frequency, varying over the time, is applied and information about the 

viscoelasticity of the material and the stability of the material are obtained. 

Regarding the mechanical properties, peptide 2 showed a good stability in all the concentrations range, as 

confirmed by the fact that the elastic modulus (Gô) was ten time higher than the viscous one (Gôô) (Figure 

2.13, Table 2.2). On contrary, peptide 3, at the same concentrations, displayed lower stability in comparison 

with 2 (Figure 2.14). This mechanical behaviour can be explained in terms of morphology of the samples. 

Peptide 2 formed entangled thin nanoscopic fibrils (Figure 2.16-18), while 3 bigger fibers (Figure 2.19), that 

prevent the formation of a stable 3D-network able to keep the solvent inside the gel mesh. 

Finally, peptide 4, formed gel at lower concentrations than the previous two peptides. This is related to the 

higher hydrophobicity of the sequence and the different branching of the sidechain. In this case, as for peptide 

2, it was observed the positive effect of ɓ-branching on the resistance against an applied stress (Figure 2.15, 

Table 2.2). 

 

 

Figure 2.13: Frequency and stress sweep tests of 2 at different concentrations. a), c), e) frequency sweep tests at 30, 40 and 50 mM, 

respectively. b), d), f) stress sweep tests at 30, 40 and 50 mM, respectively. 
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Figure 2.14: Frequency and stress sweep tests of 3 at different concentrations. a), c), frequency sweep test at 40 and 50 mM, 

respectively. b), d) frequency sweep test at 40 and 50 mM, respectively. 

 

 

Figure 2.15: Frequency and stress sweep tests of 4 at different concentrations. a), c), frequency sweep test at 15 and 20 mM, 

respectively. b), d) frequency sweep test at 15 and 20 mM, respectively. 
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Peptide Concentration 

(mM) 

Elastic modulus (Gô) 

(kPa) 

Viscous modulus 

(Gôô) (kPa) 

Breaking point (kPa) 

2 30 18.6 ± 2.5 1.8 ± 1.7 0.22 

2 40 63.8 ± 8.1 8.3 ± 4.3 0.68 

2 50 106.4 ± 7.4 14.1 ± 3.0 1.00 

3 40 19.5 ± 8.4 6.4 ±1.0 0.10 

3 50 73.9 ± 30.3 22.8 ±4.5 0.15 

4 15 9.1 ± 0.6 1.3 ± 0.4 0.22 

4 20 27.4 ± 0.6 3.4 ± 2.0 0.22 

Table 2.2: Elastic modulus (Gô), viscous modulus (Gôô) and breaking points in kPa for all the organogels studied. aData previously 

reported in literature.2 

 

In terms of nanomorphology, TEM images revealed that all peptides assembled into fibrils, with different 

behaviour in terms of rigidity, and level of bundling or branching. In particular, peptide 2 and 4 formed thin 

fibrils of an average diameter of ~ 16 nm (Figure 2.16-18) and ~ 20 nm (Figure 2.21-22), respectively, for all 

the concentrations tested. On the contrary, peptide 3 formed rigid, bundled fibrils with a diameter of 115.0 ± 

38.9 nm (Figure 2.19), suggesting the influence of the branching of the side chain on the nano morphological 

behaviour. We inferred that the presence of side-chain branching closer to peptide backbone, as for 2 (peptide 

containing the D-Val) and 4 (peptide containing the D-Ile), promoted branching as opposed to bundling.4 

 

Figure 2.16: Size distribution (nm) and TEM image of gel of peptide 2 at 30 mM. 
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Figure 2.17: Size distribution (nm) and TEM image of gel of peptide 2 at 40 mM. 

 

 

Figure 2.18: Size distribution (nm) and TEM image of gel of peptide 2 at 50 mM. 

 

 

Figure 2.19: Size distribution (nm) and TEM image of gel of peptide 3 at 50 mM. 
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Figure 2.20: Size distribution (nm) and TEM image of gel of peptide 3 at 40 mM. 

 

 

Figure 2.21: Size distribution (nm) and TEM image of gel of peptide 4 at 15 mM. 

 

 

Figure 2.22: Size distribution (nm) and TEM image of gel of peptide 4 at 20 mM. 

 

2.4.3. Synthesis of aldehydes 

 

The 5,5',5''-(benzene-1,3,5-triyl)tripicolinaldehyde was synthesized in a two-step reaction, according to the 

literature.8 The first steps involved the synthesis of the boronic ester, 1,3,5-tris(4, 4, 5, 5-tetramethyl-1,3,2-

dioxaborolan-2-yl) benzene (135TrBB) through a Miyaura-borylation reaction. The main advantage of these 
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reaction is related to the possibility to easily synthesised a coupling partner for a Suzuki-Miyaura cross 

coupling in good yield for different aryl halide. The base chosen for this reaction is KOAc, a weak base that 

does not accelerate the reaction, but guarantees good yields and it is selective. Among the different palladium 

catalyst, the Pd(dppf)Cl2 was chosen in this case, thanks to its air stability and its ease to handling. The 

bis(diphenylphosphino)ferrocene (dppf) ligand enhanced the stability of the complex, thanks to the chelating 

effect, facilitating the reductive elimination step over the ɓ-hydrogen elimination. The reaction was performed 

at 90 °C in a polar solvent that was anhydrous DMF (Figure 2.23). The purity of the compound was confirmed 

by 1H-NMR spectroscopy (Figure 2.61).  

 

 

Figure 2.23: Synthesis of 1,3,5-tris(4, 4, 5, 5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzene (135TrBB). 

 

The second step concerned the synthesis of 5,5',5''-(benzene-1,3,5-triyl)tripicolinaldehyde, aldehyde a, through 

a Suzuki-Miyaura cross-coupling between 135TrBB previously synthesised and the commercially available 5-

bromopicolinaldehyde (Figure 2.24). The chosen catalyst in this case is the classical Pd(PPh3)4 together with 

the weak base K2CO3 as reported in the literature procedure.8 The successful reaction was confirmed by 1H-

NMR spectroscopy (Figure 2.62). 

 

 

Figure 2.24: Synthesis of 5,5',5''-(benzene-1,3,5-triyl)tripicolinaldehyde, aldehyde a. 
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The porphyrin aldehyde has been synthesised using a procedure reported in the literature by the group of Prof. 

Nitschke.8 In this case, the first step involved the synthesis of the meso-substituted porphyrin, tetrakis(4-

bromomethylphenyl)porphyrin (T4BrP), using a synthetical approach developed in 1980s by Lindesy and co-

workers (Figure 2.25). This approach entailed acid-catalysed condensation of an aldehyde and pyrrole to form 

a porphyrinogen, that will undergo to 6e-/6H+ oxidative dehydrogenation mediated by an oxidant, as 2,3-

dichloro-5,6-dicyanobenzoquinone (DDQ). The two main advantages of this procedure are the mild reaction 

conditions, the reaction was performed in anhydrous DCM at room temperature for 5 hours, and the good yield 

(>30%). 

 

 

Figure 2.25: Synthesis of tetrakis(4-bromomethylphenyl)porphyrin (T4BrP). 

 

The second step concerned the metalation of the porphyrin, for simple stirring of Zn(OAc)2 in DCM at r.t. 

(Figure 2.26).9 The mechanism of Zn2+ involves a weakly binding of Zn2+ ions forming a deformed ñsitting-

atopò (SAT) complex. SAT complex is then attached from to the back by another zinc (II) ion (Figure 2.27). 

Kinetic studies suggest the formation of bimetallic intermediate in which the r.d.s. is the incorporation of the 

zinc inside the porphyrin.9 
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Figure 2.26: Synthesis of Zn-T4BrP. 

 

 

Figure 2.27: Reaction mechanism of zincation of porphyrin.9 

 

The final step regards the synthesis of the porphyrin aldehyde, zinc(II) tetrakis(4-(((6-formylpyridin-3-

yl)oxy)methyl)-phenyl)porphyrin e, through a Williamson ether reaction using K2CO3 as base and the 

commercially available (Figure 2.28). 
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Figure 2.28: Synthesis of zinc(II) tetrakis(4-(((6-formylpyridin-3-yl)oxy)methyl)-phenyl)porphyrin, aldehyde e. 

 

The intermediates and the final product have been characterised by 1H-NMR spectroscopy (Figure 2.63-65) 

and the analytical data are in agreement with those previously published.10  

Finally, aldehydes b, c and d have been synthesised by Dr. Andrew Heard at the University of Cambridge. 

 

2.4.4. Cages synthesis and characterisation 

 

The cages have been synthesised through a subcomponent self-assembly approach. This approach, originally 

investigated by Busch11 and further developed by Hannon12 and Nitschke13, relies on the formation of both 

covalent bonds and metal-organic dative bonds through a metal-templation process. One of the main 

advantages of this approach is to avoid the synthesis of synthetically polydentate ligands, because of the 

organic subcomponents react separately around the template metal centre. This guarantees two benefits both 

for ligands thanks to stabilisation of the covalent bond led to the coordination, and for the metal, preventing 

its reduction or oxidation once coordinated. The second advantage is the use of dynamic covalent bond, as the 

imine bond. This bond is, generally, reversible through hydrolysis, however, once coordinated to a metal via 

nitrogen donor atoms, the complex formed renders the imine bond stable, even in water in selected cases.14 
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The peptides containing the aniline unit (1-4) were investigated to use them as subcomponents in self-assembly 

with aldehydes (a-e) and the metal salts. Figure 2.29 showed the general reaction for the synthesis of a 

tetrahedral cage with aldehyde a.  

 

 

Figure 2.29: General reaction scheme for cage synthesis using aldehyde a. 

 

The reaction of the peptide (12 eq) with 4 eq of piconiltrisaldehyde and M(NTf2)2 (4 eq) in CH3CN at 50 °C 

for 18 h led to the formation of M4L4 assembly. The formation of all assemblies was confirmed by NMR and 

ESI-MS spectroscopy (Figure 2.30-33). The characterisation of the other cages [M4(Xa)4](NTf 2)8 (X = 1-4) 

was reported in Experimental part 2.6.3 (Figure 2.66-103). 

 

 

Figure 2.30: 1H-NMR spectrum (CD3CN, 500 MHz, T = 298 K) of cage [Fe4(2a)4](NTf2)8. 
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Diffusion ordered spectroscopy (DOSY) NMR is a key analytic tool for the general characterisation of the 

cages. DOSY NMR, in this context, gives useful information about the number of species in solution and can 

be used to glean information on the effective shape of the cage.15 In the DOSY NMR spectrum of 

[Fe4(2a)4](NTf 2)8 is possible observed that signals assigned to the cage have the same diffusion coefficient and 

therefore, most likely belong to the same species (Figure 2.31).15  

The other information that can be obtained regards the translational diffusion coefficient (D), describing the 

movement of molecules due to either concentration gradient or Brownian motion, in absence of any chemical 

gradient. The correlation between D and the hydrodynamic radius (R) is described by the Einstein-

Smoluchwski equation (Equation 2.4):15 

 

 Ὀ  
ὯὝ
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 Ȣ  

 

This equation connects the diffusion coefficient and the so-called hydrodynamic friction factor (f) for infinitely 

diluted solutions. For f equal to 6ˊɖR it was obtained the Stokes-Einstein equation (Equation 2.5) from which 

R is calculated.15 
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Equation 2.5 has been used to calculate the hydrodynamic radius of all the cages. 
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Figure 2.31: 1H-DOSY NMR spectrum (CD3CN, 400 MHz, T = 298 K) of cage [Fe4(2a)4](NTf2)8. The diffusion coefficient for 

[Fe4(3a)4](NTf2)8 in CD3CN was measured to be 3.86 x 10-10 m2 s-1 and the solvodynamic radius was calculated to be 16.9 Å. 

 

The synthesis of the desired tetrahedral cages has been confirmed by mass spectroscopy. Figure 2.32 displayed 

a series of ion peaks at different for the different charged states of the cages.16 In particular, all the synthesised 

cages, are obtained as host-guest complexes with TFA counterion that derives from SPPS. Table 2.3 showed 

the m/z values for the cage [Fe4(2a)4](NTf 2)8 chosen as examples. 

 

 

Figure 2.32: ESI-MS of cage [Fe4(2a)4](NTf2)8. 
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Species Calculated m/z Experimental m/z 

[Fe4(C114H114N18O12)4(CF3CO2)]7+ 1149.9094 1149.8977 

[Fe4(C114H114N18O12)4(N(SO2CF3)2)]7+ 1173.7855 1173.9239 

[Fe4(C114H114N18O12)4(N(SO2CF3)2)(CF3CO2)]6+ 1388.2525 1388.2010 

[Fe4(C114H114N18O12)4(N(SO2CF3)2)2(CF3CO2)]5+ 1721.9327 1721.8253 

[Fe4(C114H114N18O12)4(N(SO2CF3)2)3]5+ 1755.3593 1755.4611 

[Fe4(C114H114N18O12)4(N(SO2CF3)2)3(CF3CO2)]4+ 2222.4532 2222.5129 

Table 2.3: m/z values for [Fe4(2a)4](NTf2)8. 

 

The isotope pattern of a particular ion peak gives the information about the ratio of metal to ligand and of 

consequence about the geometry. The charge value was calculated from the reciprocal of the signals between 

signals in the peak series. From charge and the m/z it is possible to know exactly what the ratio of ligands to 

metal is, and after that take a guess at the geometry.16 

In particular, from isotopic pattern distribution of the different ion peaks of [Fe4(2a)4](NTf 2)8 (Figure 2.32) it 

is possible to have the definitive confirmation of the tetrahedral geometry. 

 

 

Figure 2.33: Isotopic pattern distribution of [Fe4(2a)4](NTf2)8. 

 

Circular dichroism (CD) is an elite technique for the study of chiral molecules. The electromagnetic wave is 

composed of an orthogonal magnetic and electric field oscillating in a plane over the time. When these two 
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vibrations are confined to a single plane, light is defined as linearly polarized. Conversely, if the vibration 

plane rotates the light propagation, then the light is circularly polarized, and it consists of two components, 

left- and right-handed circularly polarized. The chiral molecules, interacting with light, absorb these two 

components differently, ŮL Í ŮR, and the difference is measured in form of ellipticity. 

Among its different possible applications, CD can be used to distinguish enantiomers. For this purpose, CD 

has been used to identify the major diastereomer of two possible for this type cages, the ȿ4 and the ȹ4, through 

comparison with reported literature. The positive Cotton effect at ~ 356 nm, followed by the negative one at 

300 nm, due to ˊ-ˊ* transition localised on the imino pyridine chromophore, suggests that the ȿ4 is the major 

diastereoisomer for all the cages (Figure 2.34).17  

The CD spectra of iron cages display also a first negative Cotton effect around 610 nm, followed by a second 

one at ~ 540 nm and a third one, less intense, just below 490 nm. The first one could be associated to a 3d-3d 

transition mixed with charge-transfer ones. While the second and third ones are probably due to two d-ˊ* 

MLCT transitions (Figure 2.34).17 

 

Figure 2.34: CD spectrum of [Fe4(2a)4](NTf2)8, with zoom in region between 450-700 nm. 

 

The other tetrahedral cages with the other aldehydes, b-d, were synthesised using the same protocol reported 

in Figure 2.29. No cage formation was observed for any aldehydes. In particular, using aldehydes b or c, it 

was observed the formation of a mixture of different supramolecular architectures as demonstrated by the 

integration of the aromatic signals in the NMR spectrum. In order to move the equilibrium toward the most 

thermodynamically stable species, an annealing reaction, consisting in heating the reaction mixture at 70°C 

for 1 day, was performed for the cage with aldehyde c, because of its similarity to a and generally higher 
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stability of cages with ligands on the faces. This attempt brought to the break of the cage, demonstrate by the 

appearance of the aldehyde proton signal in the 1H-NMR spectrum (Figure 2.35). 

 

 

Figure 2.35: a) 1H-NMR spectrum (CD3CN, 500 MHz, T = 298 K) of cage [Fe4(1b)4](NTf2)8; b) ) 1H-NMR spectrum (CD3CN, 500 

MHz, T = 298 K) of cage [Fe4(1b)4](NTf2)8 after annealing. 

 

Regarding aldehyde d, no cage formation was observed as confirmed by the value of the hydrodynamic radius 

similar to the one of a small molecule, 1.31 Å, (Figure 2.105). 

The cubic cage, using aldehyde e, was synthetised using a literature procedure reported by group of Prof. 

Nitschke (Figure 2.36).10 Two attempts with different solvents were performed. The first one using a mixture 

of DMF and CH3CN and second one only in CH3CN, where the aldehyde was partially insoluble and the cage, 

soluble in acetonitrile, formation should guide the reaction. Both attempts failed to yield the cage, despite the 

reactions were monitored for 15 days (Figure 2.37). Two reasons could explain these unsuccessful attempts, 

the first one is the high steric hindrance on the vertex of the cages and the second one is the tendency of the 

central zinc to coordinate peptides. The latter hypothesis derives by the fact that a similar cage, the difference 

is the type of amine used as peripherical ligand, was used to selectively encapsulate a protein through the zinc 

coordination.10 
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Figure 2.36: Reaction scheme for synthesis of cage [Fe8(1e)6](OTf)16. 

 

 

Figure 2.37: a) 1H-NMR spectrum (DMF-d7, 500 MHz, T = 298 K) of cage [Fe8(1e)6](OTf)16 over time; b) ) 1H-NMR spectrum 

(CD3CN, 500 MHz, T = 298 K) of cage [Fe8(1e)6](OTf)16 over time. 

 

2.4.5. Self-assembly of peptide-based cages 

 

The self-assembly behaviour of the cages has been tested using the methodology previously reported in the 

Ph.D. thesis of Dr. Marion Kieffer.3 The cages at concentration 5 mM were dissolved in CH3CN heating at 50 

°C and then sonicated for 1 h. Among all the cages [M4(Xa)4](NTf 2)8 (M = Fe2+, Zn2+, and X = 1-4), it was 

observed that only [Fe4(2a)](NTf 2)8 and [Zn4(1a)](NTf 2)8 are able to assemble in 18 hours and 3 weeks, 

respectively (Figure 2.38). 
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Figure 2.38: Gels in CH3CN of [Fe4(2a)](NTf2)8 and [Zn4(1a)](NTf2)8 at concentration 5 mM. 

 

All -atom Molecular dynamics (MD) analysis in explicit solvent of the gel of cage [Fe4(1a)4](NTf 2)8 was carried 

out by Prof. A. V. Vargiu of the University of Cagliari and it showed that cages interacted with each other 

forming a 3D network (Figure 2.39) that encapsulated the solvent. 

 

 

Figure 2.39: All-atom molecular dynamics (MD) revealing the formation of stacks of cages forming fibrils that created the 3D 

lattice, responsible for the gel formation. Blue residues correspond to peripheral peptides; violet residues correspond to central 

aldehyde; black residues correspond to counter ions. 

 

A more detailed look of the MD study revealed the main interactions driving the self-assembly of the cage. 

The thickness of the bonds is correlated to the strength of the interactions, i.e., the thicker they are, the stronger 
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is the interaction. In particular, the stronger intermolecular interaction was the aromatic interaction between 

the C-terminus Phe of a pendant peptide with the aromatic scaffold of the core aldehyde of a near cage (Figure 

2.40). This is very interesting because it is a new type of interaction that is distinctive of this gel and obviously 

cannot be present in the gels formed solely by the peptides. 

 

 

Figure 2.40: Detailed of full-atom molecular dynamics (MD) revealing the strength of the interaction involved in the self-assembly. 

The thicker bonds are proportional to stronger interactions. The detailed look revealed the stronger aromatic interaction between C-

terminus Phe of a pendant peptide with the aromatic scaffold of the aldehyde of a near cage. 

 

It is generally difficult find experimental evidence of aromatic interactions with common spectroscopic 

techniques. Ultraviolet Resonance Raman (UVRR) spectroscopy is a very valuable tool for collecting 

chemically specific information about a large variety of systems.18 This technique was very useful especially 

for aromatic organic molecules exhibiting strong absorption in the UV range. It guarantees a selective strong 

enhancement in the UVRR spectra of solutions of the Raman cross-section of vibrations assigned to specific 

chromophores, making it an elite technique to study aromatic interactions.18 UVRR spectra were acquired 

using synchrotron irradiation at Elettra synchrotron, IUVS beamline, with the assistance of Dr. Fatima 

Mahroudi. 

In the first instance, the behaviour in solution of [Fe4(1a)4](NTf 2)8 and the two subcomponents aldehyde a and 

peptide 1 were studied in solution. The spectrum of the cage in solution displayed two main features, a shoulder 
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at 1576 cm-1, associated to ring vibrations of a, and a band at ~ 1608 cm-1, derived from vibrational modes of 

1 (Figure 2.41). The higher signal/noise ratio did not allow to identify some minor components showed in the 

spectrum. 

The UVRR analysis of the peptide gel revealed that its spectrum was identical to the one of the peptide in 

solution (Figure 2.41, cyan and blue traces, respectively). The two main bands, at 1576 cm-1 1608 cm-1, were 

not influenced by the gelation. 
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Figure 2.41: UV Raman spectrum, in region 1000-2000 cm-1, of solution state of cage [Fe4(1a)4](NTf2)8 compared with spectra of 

cage subcomponents peptide 1, aldehyde a. Comparison between UV Raman spectrum of peptide 1 solution (T = 323.15 K) and gel 

(T = 298.15 K) at 30 mM. 

 

Despite the noise, it was possible to observe that the gelation decreased the intensity of the main features, at 

1576 cm-1 and 1608 cm-1, of the cage spectrum (Figure 2.42). This effect was consistent with the formation of 

aromatic interactions between the MOCs in the gel state, as confirmed by examples in literature regarding 

aromatic interactions in DNA native structure.19 The similarity of the spectra of peptide 1 in solution and in 

gel state (Figure 2.41), suggested that these interactions were peculiar of the cage. 
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Figure 2.42: UV Raman spectrum, in region 1000-2000 cm-1, of solution state (T = 323.15 K) and gel (T = 298.15 K) of cage 

[Fe4(1a)4](NTf2)8. 

 

2.5. Conclusion and Future work 

 

In this chapter, the gelation ability of different cages was investigated in CH3CN, as a green solvent. Firstly, 

four different peptides were synthesized, purified, and thoroughly characterised both from a molecular and 

supramolecular point of view. All the peptides were capable to self-assemble in acetonitrile at different 

concentrations into gels with different mechanical properties and nanomorphology. In particular, it was 

observed the positive effect of the ɓ-branching on the entanglement of nano-sized, thin fibrils, disfavouring 

their bundling into microscopic fibers, which leads to undesirable material properties, including opacity.  

The four peptides were combined with the different aldehydes a-e. Only aldehyde a yielded the desired cages 

and their self-assembly behaviour were tested. Only [Fe4(2a)](NTf 2)8 and [Zn4(1a)](NTf 2)8 were able to form 

gels. This is probably related both to steric reasons related to the branching of the aliphatic sidechain of the 

amino-acids and to the higher dimension of zinc ions that could disfavour the aromatic interactions between 

the phenylalanine residues and the aromatic scaffold of the piconiltrisaldehyde. Full-atom molecular dynamics 

revealed that MOCs interact with each other forming the gel matrix. The main interaction that ruled the 

assembly was an aromatic interaction between the C-terminal Phe of one cage and the aromatic core of the 

aldehyde of another cage. This interaction was confirmed by UV Resonance Raman analysis. The intensity of 
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the main two signals relative to the cage decreased during the gel formation. This behaviour was generally 

related to the formation of aromatic interactions. 

This project lays the foundation for the development of new soft materials with dual porosity for different 

applications from selective guest release to catalysis. One advantage of using very simple and minimalistic 

building blocks (such as tripeptides) is the low-cost and easy preparation on a large scale too. Minimalism is 

an elegant approach that includes only the essential, functional elements to attain the desired outcome. 

However, this approach is very challenging because the design has to be very accurate to enable the hierarchical 

assembly into gelling cages, and each fine detail of the supramolecular design has to be taken into account. 

More attempts will be also made to generalise this approach, testing new aldehydes and new metal salts. Given 

the importance of the aromatic interaction between pendant peptides and the aromatic core of the cage panel, 

aldehydes with flat aromatic panels will be preferred in the future.  

 

2.6. Experimental part 

 

2.6.1. Peptides characterisation 

 

Peptide p-aminobenzoyl-L-Phe-D-Ala-L-Phe-NH2 (1) 
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Figure 2.43: LC-MS chromatogram at 254 nm of peptide 1. 

 

Figure 2.44: ESI-MS of peptide 1. a) positive spectrum, b) negative spectrum. 

 

Peptide p-aminobenzoyl-L-Phe-D-Val-L-Phe-NH2 (2) 
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1H NMR (500 MHz, DMSO-d6) ŭ 8.26 (d, J = 8.7 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 8.6 Hz, 1H), 

7.55 (d, J = 8.7 Hz, 2H), 7.39 (s, 1H), 7.34 ï 7.30 (m, 2H), 7.26 ï 7.10 (m, 9H), 6.58 (d, J = 8.6 Hz, 2H), 4.76 

ï 4.68 (m, 1H), 4.44 (ddd, J = 10.8, 8.8, 4.1 Hz, 1H), 4.09 (dd, J = 8.6, 6.0 Hz, 2H), 3.11 ï 2.92 (m, 3H), 2.74 

(dd, J = 13.7, 10.8 Hz, 1H), 1.79 ï 1.76 (m, 1H), 0.49 (d, J = 6.8 Hz, 6H). 

13C NMR (126 MHz, DMSO-d6) ŭ 173.12 (s), 171.95 (s), 170.58 (s), 166.25 (s), 138.19 (d, J = 3.8 Hz), 129.27 

ï 128.83 (m), 127.98 (d, J = 9.0 Hz), 126.13 (d, J = 8.0 Hz), 113.36 (s), 57.54 (s), 55.03 (s), 54.11 (s), 37.46 

(s), 30.09 (s), 18.96 (s), 17.41 (s). 

ESI-MS: m/z calculated for M = 529.64, observed positive mode [M + H]+ = 530.2 and negative mode [M-H]- 

= 528.0 
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Figure 2.45: LC-MS chromatogram at 254 nm of peptide 2. 
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Figure 2.46: ESI-MS of peptide 2. a) positive spectrum, b) negative spectrum. 

 

Peptide p-aminobenzoyl-L-Phe-D-Leu-L-Phe-NH2 (3) 

 

 

 

1H NMR (500 MHz, DMSO-d6) ŭ 8.21 (dd, J = 13.9, 8.1 Hz, 2H), 8.15 (d, J = 8.1 Hz, 1H), 7.58 (d, J = 8.7 Hz, 

2H), 7.34 (s, 1H), 7.31 ï 7.22 (m, 4H), 7.20 ï 7.11 (m, 7H), 6.58 (d, J = 8.6 Hz, 2H), 4.59 (dd, J = 15.1, 7.5 

Hz, 1H), 4.36 (ddd, J = 10.9, 8.9, 4.0 Hz, 1H), 4.11 (ddd, J = 9.5, 8.3, 5.4 Hz, 1H), 3.09 (dd, J = 13.6, 3.9 Hz, 

1H), 3.01 (t, J = 7.0 Hz, 2H), 2.77 (dd, J = 13.6, 10.9 Hz, 1H), 1.25 ï 1.10 (m, 2H), 1.04 ï 0.94 (m, 1H), 0.67 

(dd, J = 22.4, 6.5 Hz, 6H). 

13C NMR (126 MHz, DMSO-d6) ŭ 173.12, 171.65, 166.49, 150.33, 138.29, 137.95, 129.33 ï 128.87, 127.97, 

126.12, 121.46, 113.35, 55.46, 54.24, 50.98, 40.36, 37.27, 23.62, 22.95, 21.53. 

ESI-MS: m/z calculated for M = 543.67, observed positive mode [M + H]+ = 544.2 and negative mode [M-H]- 

= 542.0 
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Figure 2.47: LC-MS chromatogram at 254 nm of peptide 3. 

 

 

Figure 2.48: ESI-MS of peptide 3. a) positive spectrum, b) negative spectrum. 
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Figure 2.49: 1H-NMR spectrum (DMSO-d6, T = 298 K) of peptide 3. 

 

 

Figure 2.50: 1H,1H-COSY spectrum (DMSO-d6, T = 298 K) of peptide 3. 

 


