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Abstract: 

Composites of carbon nanostructures (CNSs) and biocompatible polymers are 

promising materials for a series of advanced technological applications, ranging from 

biomedicine and bioelectronics to smart packaging and soft robotics. In this thesis, we 

present three types of organic-functionalized CNSs, namely 4-methoxyphenyl 

functionalized multi-walled carbon nanotubes, carbon nanohorns and reduced 

graphene oxide, used as nanofillers for the preparation of homogeneous and well-

dispersed composites of poly(l-lactic acid), a biocompatible and biodegradable 

FDA-approved polymer. A thorough characterization of the composites is given in terms 

of calorimetric response, electrical and mechanical properties. Significant differences 

are observed among the different types of CNS nanofillers, underlying the key role 

played by the nanoscale shape, and distribution of the components in driving the 

macroscopic behavior of the composite material. Surface properties are probed 

through advanced atomic force microscopy techniques, on both flat substrates (films) 

and confined systems (nanofibers). All these composites are found to be fully 

biocompatible when tested as scaffolds for supporting the proliferation, and 

differentiations of human neuronal precursor cell line SH-SY5Y, and of human 

Circulating Multipotent stem Cells (hCMCs). Prototypes of Nerve Guide Conduits (NGCs) 

for in vivo tests were also designed, and obtained using the material based on 

functionalized Multi Walled Carbon Nanotubes (MWCNTs), and tested on mice, finding 

promising results. We also propose the functionalization of MWCNTs with άŦǳƴŎǘƛƻƴŀƭέ 

organic groups (4-benzoic acids and styrene), and performed an additional 

derivatization on them respectively through an amidation reaction, ŀƴŘ ŀ άƎǊŀŦǘƛƴƎ 

ŦǊƻƳέ ǇƻƭȅƳŜǊƛȊŀǘƛƻƴΦ ¢ƘŜ ǎƻ ƻōǘŀƛƴŜŘ /b{ǎ ŀǊŜ ǇǊƻƳƛǎƛƴƎ ŦƻǊ ǘƘŜ ǇǊŜǇŀǊŀǘƛƻƴ ƻŦ ƳƻǊŜ 

complex composite materials.  Finally, we analyzed the reaction pathway of the Tour 

functionalization of CNSs, and we hypothesized that the real reaction scheme could be 

a balance between two different pathways.  
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Riassunto: 

Le nanostrutture di carbonio (CNS) e i polimeri biocompatibili sono materiali molto 

promettenti in un grande numero di applicazioni tecnologicamente avanzate, che 

vanno dalla biomedicina e bioelettronica, allo smart packaging e alla robotica soft. In 

questa tesi presentiamo la funzionalizzazione organica tramite addizione della p-

metossianilina di 3 diverse CNS: i nanotubi di carbonio a parete multipla, i nanoconi di 

carbonio e il grafene ossido risotto. Questi materiali sono impiegati come additivi per 

la preparazione di materiali compositi nanostrutturati a base di acido polilattico (PLLA). 

In questa tesi è riportata una completa caratterizzazione in termini di proprietà 

termiche, elettriche e meccaniche. Sono evidenti differenze significative tra le tre 

nanostrutture e sul loro effetto sulle proprietà dei compositi; ciò sottolinea il ruolo 

ŎƘƛŀǾŜ ƎƛƻŎŀǘƻ Řŀƭƭŀ ƳƻǊŦƻƭƻƎƛŀ Ŝ ŦƻǊƳŀ ŀ ƭƛǾŜƭƭƻ ƴŀƴƻƳŜǘǊƛŎƻ ƴŜƭƭΩƛƴǘŜǊŀȊƛƻƴŜ 

nanostruttura-polimero e quindi nella determinazione delle caratteristiche finali del 

composito. La superfice dei materiali è stata caratterizzata tramite AFM e CAFM sia 

nella forma di film piatti sia nella forma di nanofibre ottenute tramite eletrospinning. 

Sono state quindi testate le proprietà di biocompatibilità e induzione/controllo della 

differenziazione sia su cellule umane neuronali (SH-SY5Y), sia su cellule staminali umane 

(hCMCs). I materiali a base di nanotubi di carbonio a parete multipla (MWCNT) ottenuti 

sono stati utilizzati per la preparazione di prototipi di nerve guide conduits (NGC) per 

operazioni in-vivo su topi, ottenendo risultati molto promettenti. Presentiamo anche la 

ŦǳƴȊƛƻƴŀƭƛȊȊŀȊƛƻƴŜ ŘŜƛ a²/b¢ Ŏƻƴ н ƎǊǳǇǇƛ ƻǊƎŀƴƛŎƛ άŦǳƴȊƛƻƴŀƭƛέ όƭΩŀŎƛŘƻ Ǉ-benzoico e 

lo stirene) sui quali è stata effettuata una derivatizzazione aggiuntiva sfruttando 

rispettivamente una reazione di ammidazione e una reazione di polimerizzazione 

άgrafting fromέΦ LƴŦƛƴŜ ŀōōƛŀƳƻ ŀƴŀƭƛȊȊŀǘƻ ƭƻ ǎŎƘŜƳŀ Řƛ ǊŜŀȊƛƻƴŜ ŘŜƭƭŀ 

funzionalizzazione di Tour delle CNS a abbiamo ipotizzato che la reale via sintetica sia 

costituita da due differenti vie in equilibrio tra di loro.
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CHAPTER 1- INTRODUCTION 

1 Introduction 

1.1 Carbon nanostructures 

 

Among graphite, and diamond, that are the most common allotropes found in nature, 

carbon hasmany other allotropes. Among them, there are the so-called carbon 

nanostructures (CNSs): materials that are obtaining a particular interest in these last 

years in many research worldwide. Typical example of CNSs are fullerenes, carbon 

nanotubes, and graphene, but it should be noted that a wider variety of structures is 

available, like carbon nanohorns, nano diamonds, and nano onions.  

 

Figure 1-1: Structure of the most common CNSs. 

1.1.1 Structure of CNSs 

All the different CNSs are characterized by their unique shape and morphology but 

share the same basic structure based on a sp2 lattice. 

Fullerene 

Fullerenes are the CNSs with the closest behavior to a molecule. The most common and 

studied fullerene consist of 60 sp2-hybridized carbon atoms organized in hexagons and 

pentagons to give a spherical shape to the molecule, which is sometimes referred to as 

buckyball. 
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Figure 1-2: Molecular structure of fullerene. 

Higher order fullerenes are possible, with combinations of 70 or more atoms. 

Fullerenes are the most reactive CNSs because the spherical shape gives the highest 

strain to the ̄  orbitals, that are responsible for the chemical behavior of the molecule 

(see below for more details). Given the optoelectronic properties of C60, it can be used 

as an optical limiter because of the multi photon absorption, and non linear behavior 

with high intensity lasers. Fullerenes have been studied also as photosensitizers, and 

used as electron acceptors for solar cells, and light harvesting systems. 

Graphene 

Graphene is an ideal infinite single sheet of graphite, with all the carbon atoms in the 

sp2-hybridized state, creating a planar hexagon lattice confined in two dimensions. This 

unique structure has the interesting property that at the K point of the reciprocal lattice 

the conduction, and the valence band intersect each other, thus making graphene a 

zero band gap semiconductor. In principle, this would allow ballistic conduction inside 

the sheet, so this single layer of carbon atoms candidates itself for electronic 

applications. 

 

Figure 1-3: Structure of graphene. 

By means of a bottom up approach, the production of graphene sheets through 

chemical vapor deposition (CVD) is the best technique to obtain a material close to the 

model, although with some limitations. Of course it is impossible to obtain an infinite 

sheet of carbon atoms, so the biggest defect of real graphene is the external border of 
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the structure; in order to keep the model reliable, the study of real graphene must be 

confined to a sufficiently small area of the sheet, so that the borders are enough far 

away, hence negligible. For this reason, true graphene is yet hardly implemented in 

technological devices, as it is limited to very controlled conditions, and quite small 

amounts, suitable for fundamental scientific studies only. 

Given the promising properties, but also the compromising limitations of graphene, 

new approaches to its production, and handling were studied. Most of them are based 

on a top down approach, where graphite is used as starting material. 

During this thesis work, studies were performed on reduced graphene oxide (rGO), so 

its production is described in detail in this section. Alternative methods like mechanical 

or chemical exfoliation should be mentioned, where viscous friction or small molecules 

able to produce gas are exploited to separate the layers of graphite. 

 

Figure 1-4: Schematic representation of a single player of RGO. 

The production of rGO starts with the oxidation of graphite using strongly oxidant 

solutions, usually a combination of phosphoric acid, sulphuric acid and potassium 

permanganate. This process oxidizes the layers of graphite, and induces an increased 

spacing between the layers that enables the intercalation of water between the planes. 

A further step is required to turn graphite oxide into graphene oxide where, by means 

of mechanical stirring or sonication, the expanded multilayer structure is separated into 

single sheets or few layers graphene oxide. It must be noted that all the 

aforementioned procedures can be quite destructive for the starting material, that is 

not only exfoliated, but also fractioned into small flakes. It is then necessary to restore 

the sp2 network to regain the electrical properties of graphene, as graphene oxide (GO) 

is an insulator, due to the lack of the shared ʌ orbital network. The most common 

method found in literature is the chemical reduction of GO by means of hydrazine, but 

many other strategies are possible, including thermal, plasma or high intensity light 

pulses reduction. It is important to understand that the process is never completely 

reversible: there is always a residual component of defects and oxides that lowers the 

quality of the structure. Furthermore, the final material is hardly a single layer of 



 

Page | 12 
 

CHAPTER 1- INTRODUCTION 

graphene, but rather a stack of few layers with residual defects. As the percentage of 

oxygen and the number of layers decreases, the cost of the material gets higher. 

Trading quality for quantity of available material, it is possible to work with milligrams 

or even grams of rGO, thus opening the road to study chemical reactions, and surface 

modification of graphene for technological applications. 

Carbon nanotubes 

 

Figure 1-5: Structure of SWCNTs and MWCNTs. 

Carbon nanotubes (CNTs) can be thought as hollow cylinders of graphene sheets. There 

are many ways to roll a sheet into a cylinder, and the properties of the CNT vary greatly 

with the diameter, and the microscopic structure of the tube. CNTs are usually 

separated in two categories depending on the number of sidewalls: single walled 

carbon nanotubes (SWCNTs), whose electronic properties are related to the nanotubes 

construction, and multi walled carbon nanotubes (MWCNTs), that are a conductive and 

robust nanostructure with averaged properties compared to the variety of SWCNTs. It 

is convenient to describe SWCNTs in terms of the chiral vector around which the 

nanotube is rolled. 

 

Figure 1-6: Chiral vector construction.[1] 
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The chiral vector is defined as: 

C = na1 + ma2 

where a1 , and a2 are the basis vectors of the unit cell separated by an angle of 60  due 

to the hexagonal honeycomb lattice of graphene. 

The pair of integers (n,m) defines the nanotube structure. The so-called armchair 

structure hasindex n = m, and is denoted (n,n), while the zig-zag structure hasindex 

(n,0). Those two kinds of CNT are the only achiral tubes, while all the other combination 

defined by (n,m) indexes are chiral tubes with chiral angle given by: 

 

By these two indexes that define the chiral vector, it is possible to determine the 

diameter, the unit cell, the number of carbon atoms, as well as the size and shape of 

the Brillouin zone. 

 

Figure 1-7: Examples of SWCNTs with different chirality. 

SWCNTs can be either metallic, if they have an armchair structure, or semiconducting 

if nҍm is a multiple of 3.[2] CNTs are produced at high temperatures using metals as 

catalyst for the nucleation and growth of the tube. Many processes have been 

developed exploiting different precursors: arc discharge, and laser ablation use an 

elemental carbon target, while HiPco, CoMoCAT, and CVD growth have molecular 

precursors like carbon monoxide, or hydrocarbon gases as methane or acetylene. The 

most used processes nowadays are HiPco, and CoMoCAT because they afford high 

yields and quality nanotubes, while laser ablation, and arc discharge are almost 
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dismissed, due to the heterogeneous products, and demanding process parameters, 

with temperatures up to 1200C, and 4000C respectively. 

SWCNTs production, and properties were described so far, as they are the highest 

quality CNTs, but also the most difficult to handle. In order to fully make use of the 

electrical properties of SWCNTs it is necessary to purify the mixture of CNTs to remove 

the metallic catalyst. Furthermore, an extraction procedure is required to separate the 

metallic and semiconducting fractions. The purification process usually requires the 

oxidation of metal particles, in order to remove them as metal oxides, and of 

carbonaceous fragments. This procedure can be quite harsh, and introduces 

oxygenated defects on the side walls, such as hydroxyl, carboxylic or carbonyl groups. 

Given the high cost of purified SWCNTs, when applications do not require a semi-

conducting behavior, MWCNTs are a good alternative. 

MWCNTs are conductive, and have an extraordinary high Young modulus, up to the TPa 

range. The overall conductivity of MWCNTs is lower than SWCNTs, as the amount of sp2 

carbon is lower, due to a higher density of defects. Nevertheless, ǘƘŜȅΩǊŜ ǎǘƛƭƭ ŜȄŎŜƭƭŜƴǘ 

nanoparticles for composite materials, as they can still be considered an almost one 

dimensional particle, given the radius-lenght ratio. Furthermore, MWCNTs are cheaper, 

and can be handled more easily than SWCNTs for a medium-large scale production. 

One of the main problems related to the implementation of CNSs into new technologies 

is the difficulty to handle these materials, especially in solution, where they go towards 

aggregation due to Wan Der Walls forces, and high surface-volume ratios. The chemical 

modification of CNTs can be an efficient route towards the implementation in new 

functional materials. 

1.2 CNSs functionalization 

 

The chemical modification of CNSs can greatly affect the solution stability of a CNS. The 

grafting of small molecules with proper affinity with the solvent or medium where the 

CNSs are dispersed can prevent the aggregation, and allow homogeneous dispersion of 

the CNSs. The reactivity of CNSs is generally similar to that of electron-poor olefins. So, 

the principal reactions are additions of nucleophiles or radicals, cycloaddition reactions, 

hydrogenations, and halogenations. The chemical modification of the CNSs can be 

performed through several reactions: figure shows some synthetic routes to introduce 

functional groups on the CNSs. 
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Figure 1-8:CNSs chemical modification synthetic routes. 

The oxidative method (reaction 1 in figure) is the most common way to introduce 

carboxylic acids on the surface of CNTs by a two-step treatment. Many variations of this 

method are found in literature, based on the extent of oxidation desired; the common 

principle is that the first step provides the purification from metal residue by oxidation 

with nitric acid at reflux for several hours. This step is followed by filtration, and washing 

of the product in order to remove the smaller carbonaceous fragments and metal 

oxides. The second step provides the reduction of the heterogeneous oxygen defects 

to charboxylic acids through piranha solution.[3] The resulting CNTs are highly damaged, 

since very aggressive solutions are used to induce the oxidation. The control over the 

final product is obtained by the timing of each step, even though it is only a qualitative 

control.[4] The oxidation of the CNSs is widely used because it affords a reproducible 

chemical behavior of the CNSs, even though some of their properties are lost during 

the process. 

Except for graphene, /b{ǎ ƘŀǾŜ ŀƴ ŜȄǘŜƴǎƛǾŜ ŎƻƴƧǳƎŀǘŜŘ ˉ ǎȅǎǘŜƳ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀ 

non-planar conformation. This curvature of the structure determines pyramidalization, 

ŀƴŘ ƳƛǎŀƭƛƎƴƳŜƴǘ ōŜǘǿŜŜƴ ǘƘŜ ˉ ƻǊōƛǘŀƭǎΣ ǿƛǘƘ ǎǘrong effects on the reactivity of CNSs. 

The pyramidalization of carbon atoms is quantified by the —p angle defined as: 

 

—  — ωπЈ 

 

So, for a sp2 carbon atom —p is 0°, but for a sp3 is 19.47°. 
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Figure 1-9: Pyramidalization and misalignment of CNSs[5]. 

This is the phenomenon that gives to CNSs their typical reactivity of electron-poor 

olefins, as this distortion of the ̄ system brings to a reduction of the electron density 

on the convex surface of the bended structure. 

aƛǎŀƭƛƎƴƳŜƴǘ ƻŦ Ǉ ƻǊōƛǘŀƭǎ ƛǎ ǉǳŀƴǘƛŦƛŜŘ ōȅ ǘƘŜ ˒ ŀƴƎƭŜ ōŜǘǿŜŜƴ ǘƘŜ ŀǘƻƳƛŎ Ǉz orbitals 

ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ˉ ōƻƴŘ ŦƻǊƳŀǘƛƻƴΦ 

These distortions induced by curvature generate local tensions in the sp2 lattice, so 

reactions that convert sp2 carbon atom into less strained sp3 atoms are favored thanks 

to tension release. 

 

Figure 1-10: Orbital strain. 

General approaches to the functionalization of CNSs can be grouped into two 

categories: (a) covalent attachment of chemical groups onto the p-conjugated 

backbone, and at defect sites located either onto the graphitic surface or at the edges, 

and (b) non-covalent adsorption or wrapping of various functional molecules onto the 

external surface.[6] The attachment of proper residues to the surface of CNSs can bring 

solubility, and induce the disentanglement of aggregates, thus also favoring 

homogeneous mixing with polymeric matrices.[7] Moreover, a solubilizing 

functionalization can allow the removal of impurities trapped inside bundles.[8] On the 
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other hand, chemical modification of CNSs can modify their native features, thus 

bringing to the loss of certain properties, but also providing new ones, which may cause 

their better integration into inorganic, organic, and biological systems. 

1.2.1 Covalent functionalization 

Covalent functionalization is based on the intrinsic reactivity of CNS sp2 carbon 

networks, and on the possible presence of different kinds of defects on the external 

surface of CNSs. The degree of aggregation of the starting material is a crucial point too, 

since it determines the exposure of the surface to reagents. Pristine sp2 structure of 

CNTs, and fullerenes is generally more reactive than that of graphene, due to the 

curvature-induced strain.[9] Among the most common reactions used for the 

functionalization of CNSs, Prato reaction, namely the 1,3-dipolar cycloaddition of 

azomethine ylides (AmYs), provides a convenient mean to get soluble, and functional 

derivatives.[10] The resulting pyrrolidine rings introduced on the CNS surface can carry 

a wide variety of functional groups, and allow the simultaneous attachment of different 

moieties. Usually, 1,3-dipolar cycloaddition reactions on CNSs are carried out on a small 

scale, owing to long reaction times, and big amounts of solvents required to 

disentangle, and disperse the starting materials. To mitigate this problem, our group 

reported on the alternative use of flow chemistry,[11] since continuous processes are 

intrinsically easier to scale up than their flask counterparts, besides offering a safer 

processing, and the opportunity to rapid reaction screening and optimization using 

relatively small amounts of reagents.[12]  

Aryl diazonium derivatives (either pre-formed as diazonium salts, or generated in situ) 

are also a valuable family of reactive species for the functionalization of CNSs.[13] The 

reaction is fast, and effective, resulting in C-C bond formation at the graphitic surface 

and consequent generation of single-site sp3 defects. Nevertheless, the involvement of 

diazonium salts hampers full exploitation of this process, due to the risks associated 

with the manipulation of these potentially explosive derivatives.  

The flow methodology was also extended to the addition of diazonium salts to 

SWCNTs.[14] Besides reducing processing times, the flow approach allows controlling 

the degree of CNT functionalization, leading to products with enhanced solubility that 

retain the electronic properties of the pristine tubes. Such features make these 

derivatives ideal candidates for applications related to organic electronics or 

photovoltaics. 

Defects on CNSs can be already present or deliberately created, as reactive sites for the 

subsequent functionalization, through an assortment of oxidation reactions.[4] Typical 

defects are carboxylic groups at the edges of CNTs, and GO or RGO, which can be used 

to graft molecules through the formation of amide or ester bonds, and hydroxyl or 
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epoxide groups available respectively for esterification, and epoxide ring-opening 

reactions.[15] Oxygenated groups resulting from CNT oxidation, and naturally found in 

GO also provide solubility in water and polar solvents (GO is undoubtedly a water 

soluble CNS).  

Attachment of proper chains, such as poly(ethylene glycol) (PEG), can effectively help 

to disentangle CNTs in order to achieve solubility and to improve the dispersion in a 

polymeric matrix.[16] 

Microwave irradiation has also been proposed as a fast, and scalable protocol for the 

covalent functionalization of CNSs. Microwave irradiation may allow to perform 

reactions in solvent-free conditions, and, compared to conventional thermal methods, 

reduces reaction times, and gives rise to higher degrees of functionalization. For more 

details, we address the reader to more specific contributions.[17] 

1.2.1.1 Tour reaction: diazotization of CNSs 

Tour et al. proposed a functionalization based on the addition of aryl derivatives to 

CNTs starting from primary aryl amines (anilines) through diazotization reaction.[13b] 

The corresponding diazonium salt is first isolated as a tetrafluoroborate salt, and then 

added to a CNTs dispersion at room or slightly higher temperature. This procedure is 

inconvenient because it requires the isolation of an unstable and light-sensitive aryl 

diazonium salt. It has been demonstrated that an equivalent functionalization is 

obtained, in the presence of SWCNTs, by treating in situ aniline derivatives with 

isopentylnitrite[13b] or nitrous acid[13c], whether the reaction is carried in organic solvent 

or aqueous solution. 

 

Figure 1-11: Tour reaction mechanism. 

Although the actual mechanism is still under investigation, it was proposed that the first 

step of the reaction involves the reductive dissociation of the diazonium salt, with loss 

of N2, and formation of an aryl radical.[18] This in turn may react with carbonςcarbon 

double bonds along the nanotube walls according to the so-called Meerwein 

arylation.[19] 
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Moreover, recent investigations have been pointing out that the chemistry involved 

may not be as straightforward as initially suggested. Indeed, the removal of physisorbed 

byproducts may be difficult[20], and the high reactivity of the species involved in the 

process may cause degradation of the functional groups.[13d] In this context, the 

functionalization of MWCNTs with aryl diazonium derivatives generated in situ by 

treatment of 4-methoxyaniline (1) with isopentylnitrite (2) was studied.[21]  

 

Figure 1-12: The addition of the diazonium salt generated in situ from 4-methoxyaniline (1) and isopentylnitrite 
(2) to MWCNTs affords a range of different products, including functionalized (f-MWCNTs) and 
superfunctionalized (sf-MWCNTs) nanotubes, depending on the amount of reactants 1 and 2 relative to that of 
MWCNTs. [22]. 

Following a thorough purification, and characterization protocol (UV/Vis/NIR, TGA, 

ATR-IR, cyclic voltammetry and AFM), the formation was observed of both 

functionalized CNTs (f-MWCNTs), where the amount of functional groups anchored to 

the carbon surface is less than a monolayer, and superfunctionalized CNTs (sf-

MWCNTs), where the aromatic groups already grafted to the CNT have been further 

functionalized. The molar ratio between reactants, and nanotube carbon atoms 

resulted to be the key parameter, granting access to either f-MWCNTs (lower ratios) or 

sf-MWCNTs (higher ratios) starting from the same pristine material. 

1.2.2 Non-covalent functionalization 

An alternative strategy to tailor the interfacial interactions of CNSs with matrices, yet 

preserving the integrity of their electronic properties, is the non-covalent 

functionalization based on van der Walls forces or p-p stacking interactions. Surface 

coating or wrapping with low molecular weight amphiphilic surfactants[23] or with 

various types of polymers[24] ensures the effective solubilization of CNSs in water and 

organic solvents.  
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The strong interaction between the p-network of CNS surfaces, and a p-conjugated 

system like naphthalene[25] or pyrene[26] has allowed the attachment of many functional 

groups to CNSs. These nanohybrids could find use in many plasmonic applications 

related to photovoltaics, photocatalysis, photodetectors, and sensing, to cite a few.  

This approach is currently under extension for the design of soft functional materials to 

be used in organic electronic applications. Such a supramolecular strategy is indeed a 

promising tool to control the morphology of bulk-heterojunction solar cells, and 

construct supramolecular light-harvesting antennae with well-defined disposition of 

the chromophores. 

1.3 Composite materials 

 

Composite materials are multi component materials composed of a polymeric matrix 

filled with a proper reinforcing phase that can be in the form of fibers or particulates. 

The use of composite materials is continuously growing in the present days for a large 

number of applications, ranging from transportations to constructions, and consumer 

products, as more manufacturers discover their benefits, and versatility. Composites 

are obtained by combining two or more materials that have different physico-chemical 

properties: by merging, they confer the composite its unique character while retaining 

their own peculiarities. In a composite, one or more phases (the fillers) are dispersed in 

a continuous phase (the matrix). Composite materials can be divided into polymeric, 

ceramic, and metallic, according to the nature of the matrix phase. Polymers offer many 

advantages over other materials, and they are widely used in various technical 

applications thanks to their ease of production, light-weight, and ductility, even if they 

offer lower mechanical strength compared to metals, and ceramics.  

A nanocomposite is defined as a composite material with at least one of the filler 

components having a size in the nanometer scale (< 100 nm). In polymer 

nanocomposites (PNCs), ǘƘŜ ŦƛƭƭŜǊǎΩ ƴŀƴƻ-scale dispersion within the polymer matrix 

leads to extremely large interfacial contacts between the components, thus resulting 

in superior properties with respect to bulk polymer phases.[27] PNCs show a number of 

interesting phenomena related to the fact that a consistent fraction of polymer is close 

to a solid interface. The peculiar role of interfaces in modifying polymer properties 

within their proximity is recognized since the discovery of semicrystalline polymers, and 

the proliferation of PNCs has largely widen this awareness. Advanced technologies can 

be developed for light-weight applications, aerospace structural components, 

actuators, adaptive, and smart materials using multifunctional PNCs. Clays are, for 

example, a group of inorganic nano-fillers which have been widely used for the 

preparation of PNCs. Clay-PNCs[28] are appealing materials for a wide range of 
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applications in engineering, and manufacturing thanks to their durability, and strength, 

coupled to low density, but their potential has been so far only partially realized. CNSs 

are particularly interesting for this field thanks to their high elastic modulus, and 

electrical conductivity; they could not only bring a mechanical reinforcement, but also 

allow electrical conductivity on otherwise insulating materials. 

1.3.1 CNSs-based composite materials 

Due to their unique structures, composed of sp2 carbon networks, characterized by high 

aspect ratios, electrical, and thermal conductivitiesΣ ƘƛƎƘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ, and tensile 

strength, CNSs are considered ideal filler phases to improve electrical, thermal, and 

mechanical properties of polymers.[7, 29] The first example of CNS-PNCs was obtained 

through mechanical mixing of purified MWCNTs and an epoxy resin.[30] Since then, 

attention has been addressed mainly to composite materials with uniform, and high 

nanostructure loading, focusing on their mechanical properties. 

Nevertheless, the combination of CNSs with polymers offers an attractive route not 

only to reinforce polymer phases, but also to introduce new properties deriving from 

morphological modifications or interactions between the two components.  

Industrially produced composite materials usually involve a simple blending of the two 

components, where the filler is frozen inside the polymer network. The aim of this work 

is to explore the effects of a better dispersion of the filler, and a stronger interaction 

between the polymer, and the CNSs by covalently bonding the two components. A 

better interface could lead to better load transfer under stress, hence better 

mechanical properties.  

1.3.2 Electrospinning 

Electrospinning is a polymer transformation technique that allows to obtain huge 

amount of nanofibers starting from the melt or dissolved polymer by applying a strong 

electric potential during the spinning.  

The electrospinner consists in an extruder (A), that controls the polymer flow through 

a metallic needle (B), and a generator that can apply an electric potential in the order 

tens of kV between the needle, and the collecting plate (E). During the extrusion, on 

the tip of the needle, the polymeric material form a Taylor cone from which starts a 

continuous nanometric jet of polymer (D).  
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Figure 1-13: Schematic representation of an electrospinner. 

This technique is of great scientific interest because it is almost the only method to 

obtain big quantity of polymeric fibers with a sub-micrometer diameter. The first 

studies on electrospinning date back to the first half of the last century, when many 

physicists begin to analyze the dynamic of fluids under strong electric fields. For more 

than 50 years, however, these studies have not had the possibility to deepen. Only in 

the second half of the last century it has been possible to study all the basic principle 

of electrospinning, and the properties of the electrospun fibers, thanks to the develop 

of microscopies (SEM, TEM, AFM), diffractions (WAXD, SAXS), and many other 

characterizations techniques. It has also been possible to study its operation with a 

large number of polymer not available in the past. From these studies, it has emerged 

that almost all thermoplastic polymers that are soluble in a volatile solvent can been 

spun through electrospinning. This is not true for melt polymers, which can be really 

hard to spin due to their higher viscosity. 

Electrospun nanofibers are characterized by an extremely high surface/volume ratio, 

and this makes them of considerable interest in the science of composite materials, in 

which a filler interaction with the external environment is important.  

Researchers used elettrospinning for the preparation of polymeric nanofibers 

functionalized on their surface with silver nanoparticles for catalytic purpose.[31] In the 

last years, many researchers have demonstrated that electrospinning can enhance the 

biocompatibility, and bioactivity of the polymer used with respect to the bulk 

material.[32] Nanofibers obtained through electrospinning of Polylactic acid (PLA) are 

really gaining lots of interest in many researches in the field of biomedical engineering, 

drug delivery, and biotechnologies in general.[33] It is clear that the high surface/volume 

ratio, and ease of preparation are the main strengths of the electrospinning in this kind 

of applications. 
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1.3.3 Polylactic acid 

Polylactic acid, or polylactide is an aliphatic thermoplastic polyester with molecular 

formula (C3H4O2)n. 

 

Figure 1-14: Molecular structure of PLA. 

It is clear from its structure that it is an homopolymer that can exist in two different 

configurations, namely PLLA, and PDLA, due to the chiral nature of lactic acid. 

Its synthesis can be performed by step-growth polycondensation of lactic acid, or by 

ring opening polymerization (ROP) of the lactide. (see figure) 

 

Figure 1-15: Reaction scheme for the synthesis of PLA. 

Lactic acid needed for the polymerization can be obtained through fermentation of 

renewable biomass, mainly accomplished by the bacteria belonging to the genus 

Lactobacillus. Of course, from this production method it can be obtain only the L-lactic 

acid. So, for the synthesis of PDLA it is necessary to chemically synthetize the D-lactic 

acid. From an industrial point of view, the synthesis of PLA (in any configurations) is 

however preferable performing the ring opening polymerization that allows to obtain 

higher molecular weight. Moreover, ROP can be catalyzed to obtain a polymer with a 

much higher quality.[34] PLA can crystalize with 3 different conformation, ʰΣ ʲ ƻǊ ʴ, 

ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎƻƴŘƛǘƛƻƴǎΦ ¢ƘŜ ʰ ŦƻǊƳ ƛǎ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ƻƴŜ; it is obtained by 

melting or solution crystallization in normal conditions. The crystalline structure 

consists in two antiparallel chain in a 103 levorotary helix conformation forming an 

orthorhombic unit cell.[35] 

Usually PLA can be electrospun from solutions from 5% to 20% in polar solvent like 

acetone or chloroform, applying an electric potential of 15-30 kV, and a needle/plate 
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distance of 10-20 cm. For example, S. Wang et al. electrospun PLA from a 

chloroform/acetone (2:1) solution at 5% w/w, with an electric potential of 25 kV, a 

needle/plate distance of 15 cm, and an extrusion flow of 0.1 mL/h.[36] 

1.3.4 Application fields 

Advanced polymer-based nanocomposites are appealing materials for many different 

biomedical applications, ranging from scaffolds for tissue engineering[37] to releasing 

matrices for drug delivery,[38] biosensors[39], or artificial muscles, tendons, and other 

bioactuators.[40] Being their uses addressed towards living organisms or in vivo testing, 

naturally occurring polymers are preferred over traditional petro-polymers as 

nanocomposite matrices. These polymers can either derive directly from natural 

sources, like polysaccharides such as starch, alginate, chitin, chitosan, and cellulose, or 

be synthesized from naturally occurring monomers, like poly(lactide), or be the 

products of microbial fermentation, like poly(hydroxybutyrate)[41]. CNSs are considered 

ideal polymer nano-fillers also for these materials, allowing the preparation of 

functional nanocomposites with improved mechanical, electrical, and thermal 

properties, but also able to perform more complex functions, the choice of which is 

related to the final goal for which the material is envisaged. In this case again, chemical 

functionalization of CNSs can be significantly helpful in achieving better dispersion 

within polymeric matrices, but also in introducing tailored moieties aimed to gaining 

the specific functions.[42] Carbon nanostructures, including carbon nanotubes, and 

graphene-based materials, are largely employed fillers for polymer phases, being able 

to confer novel properties to the latters. [43] 

CNSs are promising scaffolds for neuronal, bone, and cardiac tissue engineering.[44] 

Nevertheless, CNSs suffer from biocompatibility issues depending on the type, and 

doses employed, and on the tested cell populations.[45] For this reason, incorporation 

into a polymeric, bio-compatible matrix emerges as a key requirement to further 

extend these potentials. Furthermore, the dispersion of CNSs into such a matrix can 

help generating a freestanding, and implantable device.[46] 
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1.4 Characterizations 

 

In order to describe the properties of the CNS before and after the functionalization, it 

is mandatory to have a protocol for the characterization of the material. Many of the 

conventional characterization techniques used for molecular species have limited 

applicability to CNSs, due to the size of the particles, and the number of atoms they are 

comprised of. Optical spectroscopies have to face problems related to the low solubility 

of CNSs in common solvents, and their strong absorption, and scattering properties. 

NMR measurements can hardly give any information, given the number of atoms, and 

the heterogeneous nature of the particles. Those are just a few of the problems that 

needs to be faced when characterizing CNSs. 

For these reasons, it is necessary a synergic work between different techniques to 

obtain a univocal information about the properties of a CNS. The techniques used in 

the characterization workflow are described below. 

1.4.1 Thermal characterizations 

Thermogravimetric analysis (TGA) are a class of characterization extremely important 

in many field like material science, and nanotechnology. In a TGA, the sample is heated 

slowly while measuring the weight loss resulting from combustion, decomposition or 

evaporation process. 

This technique is very useful for the characterization of CNSs because they present a 

really high thermal stability strictly influenced by their structure or by any chemical 

modification performed. In case of functionalized CNSs, it is possible to analyze the 

difference in decomposition temperature of the CNSs itself (usually at a temperature 

higher than 500 °C), and the decomposition of the functionalized moieties (usually 

between 100 °C and 400 °C). In this way, it is possible to estimate the degree of 

functionalization of the CNSs, expressed as the ratio between the moles of the 

functional groups, and the moles of carbon in the CNSs.[11a] 

If WCNT,500 is the residual weight of CNSs at 500 °C, and MWc is the molecular weight of 

carbon, the moles of carbon atoms in the CNSs (molc) results: 

 

άέὰ  
ὡ ȟ

ὓὡ
 

 

The moles of the functional groups (molFG) can be obtained from the weight loss at 500 

°C divided by the molecular weight of the functional group (MWFG): 
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The degree of functionalization (FD) can be defined as the ratio between the moles of 

the functional group (molFG), and the moles of carbon atom of the CNSs structure (molc) 
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Figure 1-16: TGA of a sample of functionalized MWCNTs. 

TGA is extremely useful also for the characterization of composite materials, in which 

the matrix, and the filler have a remarkable difference in their degradation 

temperature. 
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1.4.2 Optical characterizations 

Uv-Vis-NIR spectroscopy 

Uv-Vis-NIR absorption spectroscopy is a very important technique for the 

characterization of CNSs, both from a qualitative, and a quantitative point of view.[47] 

The absorption spectrum of CNSs is due to the electronic transitions in the range 400-

2500 nm, and it is characterized by a plasmon plateau relative to the absorption of the 

big delocalized sp2 structure.  

For SWCNTs, it is possible to see specific absorption bands due to the confinement of 

the density state, resulting in the so-called Van Hove singularities in the band structure. 

These transitions are partially superimposed on the aforementioned plasmonic 

contribution, and are specific of a single family of CNT. 

Uv-Vis-NIR absorption spectroscopy is very versatile, and, in combination with Raman 

spectroscopy, can provide information on the chiral distribution of a sample of SWCNTs. 

In condition of good dispersion in solution, it is also possible to correlate the 

absorbance of the sample to its concentration through the Lambert-Beer law:[47b] 

 

ὃὦίὧ ὰ ‐ 

 

Where Abs is the absorbance of the sample, ʁ (mL mg-1 cm-1 for CNSs) is the molar 

extinction coefficient, c is the concentration (mg mL-1), and l is the pathlength. 

 

Figure 1-17: Uv-Vis-NIR absorption spectra of a sample of SWCNTs (black curve), the plasmonico contribution to the 
absorption (dashed curve) and the difference between them (red curve). 
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The analysis of the SWCNTs diameter population distribution allows correlating the 

transitions with higher energy to the Van Hove bands of metallic CNTs (M11 in figure), 

and the transitions with a lower energy to the bands of the semiconducting ones (S11, 

S22 in figure).  

 

Figure 1-18: Density state representation and electronic transitions for metallic and semiconducting SWCNTs.[48] 

 

Raman spectroscopy 

Raman spectroscopy is a fundamental tool for the characterization of CNSs. Into the 

spectra of all the different carbon nanostructures, the three following important bands 

are evident: 

¶ G band (graphite): centered in the interval between 1550, and 1605 cm-1, this 

band corresponds to the vibrations of sp2 carbon atom in the CNSs structure. 

For samples of purified semiconducting CNTs this band can be split in two 

different bands in a range of 6-15 cm-1: G- (at lower energies) associated to the 

vibrations along the circumference of the tube, and G+ (at higher energies) 

associated to the vibrations oriented longitudinally to the main axes of the CNT.  

¶ D band (diamond): centered in the interval between 1250 and 1450 cm-1, this 

band is due to the defects in the sp2 lattice. In particular, it comes from the 

vibrations associated to sp3 carbon atoms. Due to its nature, this band increases 

in intensity as the CNSs become more covalently functionalized. From this fact, 

and from the definition of the G band, comes that the ratio between these two 

bands gives a quantitative analysis of the density of defects present in the 

sample. This value, namely D/G ratio, is correlated with the degree of 

functionalization of the CNS.  

¶ DΩ band: between 2500 and 2900 cm-1, this spectral band is due to all the non-

longitudinal vibrations mode. 
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¶ RBM (radial breathing mode): detectable only in for SWCNTs, it represent the 

radial vibrations in the region at lower frequency, usually below 400 cm-1. The 

frequency of the bands in this spectral region is inversely proportional to the 

diameter of the SWCNTs as follow:[48-49]  

‫ ὅὨϳ  

 

 

Figure 1-19: Example of a Raman spectrum of a sample of SWCNTs. 

1.5 Aim of the thesis work 

 

Moving from the experience of the research group where I am carrying out my PhD 

studies, and from results obtained during my previous master thesis work, the 

objectives of this project are focused on the chemical functionalization of carbon 

nanostructures, and their compatibilization into polymer matrices to generate 

functional polymer-based nanocomposites.  

At first stage, the main aim of the research is the optimization of the functionalization 

with 4-methoxyaniline of three different CNSs: multiwalled carbon nanotubes 

(MWCNTs), carbon nanohorns (CNHs), and reduced graphene oxide (RGO) as 

άƎǊŀǇƘŜƴŜ ƭƛƪŜέ ƳŀǘŜǊƛŀƭ. The aim of the functionalization is to enhance the solubility 

of the CNSs in organic solvents like DMF or chloroform. Indeed, the optimization of the 

reaction parameters is performed in order to maximize the gain in solubility of the 

product. After that, we want to prepare and characterize polymer-based 

nanocomposite (PNC) materials based on the 4-methoxyphenyl functionalized carbon 

nanostructures (namely CNS-PhOMe) dispersed in a poly(L-lactic acid) (PLLA) matrix 
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(namely CNS-PhOMe@PLLA). These materials are obtained both in the form of 

freestanding films, and in the form of nanofibrous substrates (the latter obtained by 

electrospinning, and defined as eCNS-PhOMe@PLLA). With these materials, we want 

to study the effect of the incorporation in the PLLA matrix of different CNSs, and at 

different loadings, on the mechanical, thermal, electrical and biological properties. The 

main aspect that we want to analyze is the difference in properties of the final 

composite material due to the particular morphology, and shape of the CNSs used. 

Thanks to these studies, it will be possible to establish the best fields of application 

suitable for the different CNSs, based on their particular effects on the electrical 

mechanical and thermal properties when used as fillers. 

Therefore, we want to perform in vitro tests using human neuroblastoma cells (SH-

SY5Y), and human peripheral blood stem cell (hCMCs), in collaboration with the 

research group of Prof. F. Filippini from the department of Biology. These last cells have 

the advantage of not being embryonal, and therefore not subjected to ethical 

restrictions. With these tests, we want to study the biocompatibility, and the 

neuritogenic properties of our new composite materials. In particular, we want to 

analyze if the well known biological properties of CNTs are preserved in the composite 

materials, and moreover, if these properties can be combined with the biocompatibility 

of the full-biocompatible, FDA approved, PLLA matrix. 

After that, we want to study in vivo the possibility to integrate our PNCs scaffolds 

containing CNSs in implants for peripheral nerve surgery on living organisms, in 

collaboration with the group of Prof. Bassetto from the Clinic of plastic and 

reconstructive surgery at the department of neuroscience,  

After this first part, we want to analyze the use of the Tour reaction for the introduction 

of different, and more useful moieties, like carboxylic acid, and styrene groups. 

Carboxylic groups are used to perform an amidation reaction onto the CNSs in order to 

obtain a more complex functionalization. In particular, our aim is to study the 

conjugation of bio-mimetics peptides onto CNSs in order to further enhance their 

biocompatibility, and bioactivity. On the other hand, styrene functionalizations are 

used to study ŀ άƎǊŀŦǘƛƴƎ ŦǊƻƳέ ǇƻƭȅƳŜǊƛȊŀǘƛƻƴ ƻŦ ǇƻƭȅǎǘȅǊŜƴŜ ƻƴ ǘƘŜ /b{ǎΦ In this way, 

thanks to the covalent link between the nanofiller and the polymer matrix, it should be 

possible to enhance the mechanical interaction between them, determining a 

modification of the properties of the final material. 

Finally, we want to study the reaction scheme of the Tour functionalization analyzing 

the importance of triazenes species in the generation of the aryl radicals. In particular, 

we want to study the effects of different acidic, and basic conditions onto the overall 

reaction pathway and the consequent reaction efficiency.
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2 Results and discussions 

This chapter is composed of three sections, corresponding to three main tasks of my 

research activity. 

The first section reports on the optimization of the functionalization of CNSs aimed to 

maximize their solubility in organic solvents, and then describes their use as filler inside 

a PLLA matrix with the purpose of obtaining good quality biocompatible composite 

materials. 

In the second section, it is presented the use of the Tour reaction to introduce reactive 

functional groups onto the outer surface of CNSs that can be useful for a second 

derivatization of the nanostructures. 

Finally, it is presented a study on the reaction pathway of the Tour functionalization 

that analyzes the importance of triazenes species in the process providing a hypothesis 

of reaction scheme characterized by two different pathways. 

2.1 PLA-Based composite materials 

 

This section is focused on the preparation of PLLA based composite materials 

containing well-dispersed functionalized CNSs. The functionalization with 4-

methoxyaniline through Tour reaction provides an enhancement in the solubility of the 

CNSs, decreasing their strong interaction, and thus the consequent tendency to 

aggregation. The so-obtained functionalized CNSs can be used as filler inside a 

polymeric matrix, easily obtaining an extremely good dispersion. CNSs have unique, and 

interesting electrical, thermal, mechanical, and biological properties, therefore the 

possibility to obtain good quality composite materials based on them can provide useful 

compound for many application fields. Indeed, understanding the different effects of 

the different CNSs when used as filler is extremely important. 

2.1.1 Functionalization of CNSs 

The functionalization of CNSs consists in the addition of a functional group on the outer 

layer of the nanostructure, with the main aim of limiting the wan der Waals 

interactions, and so prevent their aggregation in solution. The best solvents for this 

reaction are of course those that can better disperd the pristine CNSs: in particular, NCP 

(N-cyclohexyl-2-pyrrolidone), NMP(N-methyl-2-pyrrolidinone), and DMF are in this 

order the best. NCP, that is the solvent that will be used in all the functionalization 

performed in this thesis, has however a big drawback: it has an extremely high boiling 

point that can be a problem in the purification steps, and in a scale up process. Though, 



 

Page | 32 
 

CHAPTER 2- RESULTS AND DISCUSSIONS 

in the lab scale, and with an appropriate reaction protocol,this solvent can provide the 

best results. . 

The functionalization reaction that will be used in this work is the so-called Tour 

reaction. It consists in the addition of a diazonium salt to the double bonds present in 

the sp2 lattice of the CNSs. We decided to use this particular reaction because of its high 

efficiency in the functionalization of CNSs with a good variety of different functional 

groups. We also already reported that controlling the parameter of the reaction, in 

terms of temperature, time, and stoichiometry, it is possible to obtain a good control 

on the modification of the material. [22] the main parameter used here for the 

optimization of the functionalization of the 3 different CNSs is the relative amount of 

reactants with respect to the carbon nanostructure. All the other parameters will be 

fixed respectively to 80° C, and 15 minutes, as it was found during the optimization of 

the reaction on MWCNTs. 

The three types of CNSs considered in this work, namely MWCNTs, CNHs, and RGO, 

were first subjected to the functionalization process to obtain the corresponding 4-

methoxyphenyl derivatives. The functionalization was carried out in NCP in the 

presence of 4-methoxyaniline, and isoamyl nitrite. The reaction between these two 

species leads to the formation in situ of the reactive intermediate that actually 

functionalizes the CNS. (see experimental details in chapter 3)  
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Figure 2-1: Covalent functionalization of MWCNTs (top), CNHs (center) and RGO (bottom) with 4-methoxyphenyl 
substituents via diazotization reactions. 

Reactant amounts were screened in order to determine the best condition for the 

highest dispersion of the functionalized CNSs in chloroform (the solvent of choice for 

PLLA). As already reported by our research group, in order to express the relative 

amount of reactants, we defined the ratio between the moles of aniline, and the moles 

of carbon atoms of the CNS as the number of equivalents used for the reaction.[22, 50] It 

is important to note that in this calculation it is considered the whole amount of carbon 

atoms of the CNS, and not only those available for the reaction (e.g. the outer wall of 

MWCNTs). Therefore, the number of equivalents is a convenient way to express the 

reaction conditions for the functionalization, but it gives only qualitative information 

and not a real stoichiometry of the reaction. Moreover, since different CNSs are 

characterized by unique shape and morphology, the amount of carbon atoms available 

for the reaction is different for each of them. For this reason, the number of equivalents 

of aniline used for the functionalization of one particular CNS is not easily comparable 

with those used for other nanostructures. In our case, the maximum dispersion of 

MWCNTs, and RGO in chloroform was obtained when the reaction was carried out with 

0.5 equivalents of 4-methoxyaniline, whereas for CNHs this happened when one 

equivalent of reactants was used. For every CNS, at least five different conditions were 
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tested (0.1, 0.25, 0.5, 1 and 5 equivalent). The need of different reaction conditions to 

gain the best solubility appears reasonable when considering the differences in 

morphology existing among the three CNSs, which lead to different reactivity, and 

tendency to aggregate. The resulting functionalized CNSs, namely MWCNT-PhOMe, 

CNH-PhOMe, and RGO-PhOMe, were characterized in terms of functionalization degree 

(FD),[22, 51] determined with a good precision through thermogravimetric analysis (TGA, 

the corresponding thermograms are reported in chapter 3). Particularly, FD values of 

91, 47 and 44 were found for MWCNT-PhOMe, RGO-PhOMe, and CNH-PhOMe 

respectively, indicating that one 4-methoxyphenyl substituent is present every 91, 47 

and 44 carbon atoms of the CNS. As before, it is important to note that also the FD 

calculation takes into account the whole amount of carbon atoms of the CNS, including 

those not exposed to the reaction. Indeed the highest number obtained for MWCNT-

PhOMe is consistent when considering that only carbons of the outer walls are reactive. 

The FD provides useful information on the total amount of functionalization, but gives 

only qualitative information onto the real surface coverage of the functionalized CNS. 

Nevertheless, it can be used as a relative parameter to compare different derivatives of 

the same CNS. CNS-PhOMe were also characterized by RAMAN spectroscopy, Uv-Vis-

NIR absorption spectroscopy, and DLS analysis. The characterizations agree with a good 

grade of functionalization able to enhance the solubility of the CNSs, and decrease the 

dimension of aggregates in solution while maintaining the main sp2 structure of the 

material. 
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2.1.2 Preparation of the composite materials 

The obtained CNS derivatives were effectively dispersed in chloroform, and then mixed 

with PLLA in different weight percentages (wt%) with respect to the polymer. In this 

way, films of MWCNT-PhOMe@PLLA, RGO-PhOMe@PLLA, and CNH-PhOMe@PLLA 

containing different concentrations of functionalized CNSs in PLLA were prepared. The 

resulting films were all free-standing, and characterized by a glossy texture. 

CNS-PhOMe@PLLA blend solutions in CHCl3 were prepared by adding a dispersion in 

chloroform of MWCNT-PhOMe or CNH-PhOMe or RGO-PhOMe obtained through 

sonication to a chloroform solution of PLLA (final concentration of PLLA: 6 wt%). The 

amount of CNS-PhOMe within the various blends was varied among 0.1, 0.25, 0.5, 1, 

and 5 wt% with respect to the polymer content. Films of the various composite 

materials were obtained through solvent evaporation into a petri dish at 50 °C, each of 

them having a diameter of about 6 cm except the film of RGO-PhOMe@PLLA 5 wt%, 

which had a diameter of 2.75 cm 

 

Figure 2-2: Photographic images of the functionalized-CNS@PLLA films considered in this work. 
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The thickness of each sample was measured at different points using a Mitutoyo 

Digimatic micrometer with a precision of 10-4 cm. Resulting thicknesses were found 

uniform among the films, and all included in the range between 300 and 350 µm (see 

chapter 3 for the exact values).  

The 0.25% and 5 wt% functionalized-CNS@PLLA composites were also produced in the 

form of nanofibers by electrospinning. This process has been performed in the 

laboratories of Prof. C. Marega. Solutions of CNS-PhOMe@PLLA blends (0.25, 5 wt%) to 

be used for electrospinning were prepared following an analogous procedure to that 

described for the preparation of the films, but using a CHCl3:DMF 9:1 (v/v) mixture as 

solvent. The small DMF portion in the solvent was introduced in order to increase the 

boiling point of the solution, and optimize conditions for electrospinning. 

Electrospinning was performed by means of a home-made apparatus with an applied 

voltage of 18 kV. Transmission electron microscopy (TEM) images were recorded with 

a Tecnai G2 microscope (FEI) operating at 100 kV. Samples were spun directly onto TEM 

copper grids for 60 seconds. AFM images were recorded on samples spun onto 

Graphene Supermarket silicon prime wafers (oxide thickness: 285 nm) for 60 seconds 

(see AFM details later in the text). In this work, the electrospun material analogous to 

CNS@PLLA will be named eCNS@PLLA. (this is also applied to bare PLLA fibers that will 

be named ePLLA). 

 

Figure 2-3: TEM images of the electrospun fibers of eCNS-PhOMe@PLLA 5%. 
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2.1.3 Characterizations of the composite materials 

2.1.3.1 Optical analysis 

The good dispersion of the functionalized CNSs within the polymer matrix was 

qualitatively evident after backlight inspection of the films with the lower 

concentrations of CNSs (0.1 wt%, see Figure 2-4a), in which the presence of 

macroscopic aggregates was not evident, while at higher concentrations transparency 

was lost, and backlight inspection was not feasible. 

 

Figure 2-4: a) Backlight photos of sample films (~6 cm diameter) of 0.1 wt% functionalized-CNS@PLLA films and 
of a pure PLLA. b) Absorbance at 1000 nm of nanocomposite films as a function of filler wt% (high filler 

concentrations giving signal saturation are omitted).. 

Absorbance values at 1000 nm were measured with a Varian Cary 5000 

spectrophotometer equipped with a solid sample holder. For the case of MWCNT-

PhOMe@PLLA films, an almost linear trend in the optical absorption at 1000 nm (a 

wavelength where only CNSs absorb) can be observed for the first three wt% examined, 

as reported in Fig. 2-4b, while at higher concentration saturation of the signal was 

achieved, not allowing to extend the extrapolation. For the other two functionalized-

CNS@PLLA films only two points were extracted due to saturated absorption at lower 

wt% compared to MWCNT-PhOMe@PLLA films (see Fig. 2-4b).  

2.1.3.2 Thermal analysis 

DSC measurements were carried out with a DSC Q20 (TA Instruments) under nitrogen 

by heating the samples at 1 °C min-1 over a temperature range from 40 to 200 °C.  

A further proof for the good dispersion of the functionalized CNSs within the PLLA phase 

was obtained by considering the crystallization temperature (Tc) extrapolated from 
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calorimetric data resulting from differential scanning calorimetry (DSC) analysis (see 

chapter 3 for the DSC traces of the three types of functionalized-CNS@PLLA composites 

at all the studied concentrations, and a complete resume of calorimetric data). 

Actually, Tc values are significantly influenced by the presence of well-dispersed 

nanofillers, which can act as nucleating agents, allowing crystallization to happen at 

lower temperatures (PLLA usually crystallizes on heating in a cold crystallization 

process) [50]. This was particularly evident in MWCNT-PhOMe@PLLA composites [52], for 

which an almost linear decrease of Tc was observed when increasing the quantity of 

nanofillers up to the 1 wt% limit (see Fig. 2-5b. Fig. 2-5a reports the detail of DSC traces 

in the region where polymer crystallization takes place).  

A decrease in Tc was also recorded for the RGO-PhOMe@PLLA composites as a function 

of CNS concentration, but it did not follow an almost linear regime as for MWCNTs. For 

CNH-PhOMe@PLLA composites, an apparent opposite behavior was observed, since at 

lower CNH-PhOMe concentrations (up to 1 wt%) an increase in Tc was detected, 

followed by a decrease at the highest concentration examined (5 wt%). This apparent 

mismatch in crystallization trends is significantly related to the particular size, and 

shape of each different nanofiller, which in turn influence dramatically the 

crystallization behavior of the resulting PLLA composites.  

 

Figure 2-5: a) Zoom of DSC traces of MWCNT-PhOMe@PLLA composites with five different filler concentrations 
and of pure PLLA in the zone where polymer crystallization takes place. b) Variation of Tc (taken at maximum of 

the curves in a) as a function of MWCNT-PhOMe in the composite.. 

Also the thermal behavior of the electrospun samples have been evaluated by menas 

of DSC analysis as previously described for films. The first difference between these 

fibrous samples, and the corresponding films is the presence of a crystallization peak in 

the first heating ramp. This is due to the fact that, during the super-fast evaporation of 

the solvent in the electrospinning process, the PLLA matrix is not able to completely 

crystallize, as happens in the slow solvent evaporation process used in the preparation 
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of the films. This crystallization, that occurs inside the fibers, is visible at a lower 

temperature with respect to the one that normally happens in the bulk film samples; 

this is certainly due to the peculiar morphology of the electrospun fibers.  

For the fibrous samples of CNH@PLLA, and RGO@PLLA, all the other parts of the 

thermograms are completely analogous to the corresponding one obtained for the bulk 

material. On the other hand, for the fibers of MWCNT@PLLA, it is possible to see a 

complete shift of the cold crystallization peak from the second heating ramp to the 

cooling ramp. This big enhancement of the melt crystallization due to the presence of 

MWCNTs in PLLA has already been reported, but in our sample it is visible only in the 

fibrous substrate probably because of the extremely good dispersion obtained in the 

electrospinning process. Furthermore, cycling the DSC with the same temperature 

program, this melt crystallization peak gradually moves at lower temperature, and 

disappears, leaving place to the normal cold crystallization process. 
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Figure 2-6: DSC of the fibers of MWCNT@PLLA at 5% of CNSs content. 

Since this effect is present only with the MWCNT@PLLA fibers, it is possible to suppose 

that it can be due to a partial retain after the melting process of the local alignment, 

and good dispersion of MWCNTs that characterize these fibers. This is probably due to 

fact that, the viscosity of the melt PLLA is high enough to prevent MWCNTs from 

completely reorienting randomly. Of course, cycling the melting process will give to the 

CNSs the opportunity to gradually reorganize in a complete isotropic way. 

Performing the DSC with different temperature programs affect the rate at which the 

melt crystallization process tends to disappear. A comparison between the already 

described DSC, performed with a temperature program that reaches 200°C (Prog200), 
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and a second analysis that reaches as maximum temperature 180°C (Prog180) is shown 

in figure 2-7.  
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Figure 2-7: DSC of the MWCNT@PLLA fibers performed with different temperature program. 

As it is possible to see also from the melt crystallization enthalpies shown in figure, 

there is a strong dependence on the decreasing rate of the peak due to the temperature 

program used. In particular, the rate is lower if the temperature program reaches 180 

°C instead of reaching 200 °C.  
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Figure 2-8: Enthalpy of crystallization as a function of the number of cooling ramp. 
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Indeed, the program Prog180 maintains the sample in the melt state for a shorter time 

in each cycle, and, since reaching a lower temperature, the viscosity of the polymer is 

higher. Both these two aspects will surely hinder the diffusion of the MWCNTs inside 

the melt polymer, thus letting a slower loss of their retained local alignment, and 

anisotropic dispersion. 

2.1.3.3 Mechanical analysis 

Tensile mechanical properties of rectangular-shaped specimens were measured using 

an Instron model 3300 mechanical tester at room temperature. The strain rate was 10 

mm min-1. At least five measurements were performed for each sample.  

The mechanical behavior of the functionalized-CNS@PLLA composites was investigated 

to determine the effect of the three nanofiller types at their different relative 

concentrations. The tensile strength was measured for all the examined materials on 

samples of the same size, and thickness, except for the 5 wt% RGO-PhOMe@PLLA 

composite, which was too brittle to undergo mechanical testing (too brittle even for 

handling, as it can be somehow inferred from its picture in Fig. 2-2). The variation in 

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ όCƛƎΦ н-9a), and the variation in the percentage of film deformation at 

the fracture point (Fig. 2-9b) as a function of the nanofiller concentration are shown in 

figure. 

Figure 2-9Υ ŀύ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ōύ ǎǘǊŀƛƴ ŀǘ ōǊŜŀƪ Ŧƻr functionalized-CNS@PLLA composites as a function of 
nanofiller concentration. 

The elastic modulus changes significantly when functionalized-CNSs are dispersed in 

PLLA: the pure polymer has a modulus of 871 MPa, whereas the inclusion of small 

amount of fillers (0.1 wt%) surprisingly drops it down to 745, 458, and 538 MPa for 

MWCNT-PhOMe, CNH-PhOMe, and RGO-PhOMe, respectively. In general, loading 

polymers with stiffer fillers (normally in the pristine form and thus lacking 

functionalization and good disperǎƛƻƴύ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ [53]. In 

the present case, small amount of functionalized-CNSs in PLLA behaves more as 

plasticizers, rather than as reinforcing agents. This has been observed before for 
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poly(lactic-acid) phases plasticized with palm oil, and filled with small amount (up to 

1wt%) of graphene nanoplatelets [54]. Since in our case no plasticizers have been added 

to PLLA, the effect must be likely driven by the presence of the 4-methoxyphenyl 

substituents covalently bound to the CNSs, that allow their homogeneous dispersion 

within the polymeric phase, and act as plasticizer. After the initial decrease at low CNSs 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ¸ƻǳƴƎΩǎ modulus undergoes a slight increase only at higher 

concentrations of the fillers for the case of MWCNT-PhOMe (at 5wt%), and CNH-

PhOMe (at 0.5 wt%), but remains still lower than that of bare PLLA. However, the trend 

in elongations at the fracture point for the three types of composites (Fig. 2-9b) is 

noteworthy: the increase in ductility with increasing filler content, up to 0.5 wt% for 

both MWCNT-PhOMe, and RGO-PhOMe, and up to 1 wt% for CNH-PhOMe, brings to 

final lengths at break 3-4 times longer than that of PLLA. Unfortunately, in the RGO, and 

MWCNTs based composites, this effect drops down for higher concentrations, 

eventually leading to materials which are more fragile than bare PLLA at 1 wt% for RGO-

PhOMe, and 5 wt% for MWCNT-PhOMe. For the RGO-based composite at 5 wt% 

concentration, it was not even possible to measure any tensile strength because of the 

brittleness of the material, as already mentioned. Such a drop in ductility was not 

observed with CNH-PhOMe as a filler up to 5 wt%. While at lower concentrations CNS 

fillers are more homogeneously dispersed, it is reasonable to assume that at higher 

loadings they start to form larger aggregates, which affect the macroscopic ductility of 

the resulting composite. The overall mechanical response of the three types of 

composites is significantly influenced by the type of contained nanofiller, as it was 

observed for the calorimetric behavior. Different behaviors among CNSs can be due to 

their different size, and shape, and to their different tendency to aggregate, even if 

strongly mitigated by the covalent functionalization. 

2.1.3.4 Electrical analysis 

The surface resistance of the films was measured with two different instruments 

depending on resistance. For films with resistance lower than 106 ʍ, a digital 

multimeter, Keithley 2000 provided with 4 probes positioned at a distance of 1 cm with 

respect to each other was used. Each film sample was measured in different points, and 

average values are given. For films with resistance higher than 106 ʍ, a Keithley 

electrometers for Ultra-High Resistance 6517B, coupled to a resistivity text fixture 

(Model 8009) for measuring surface resistivity was used. Measurements were 

performed alternating the polarity between 100 V and -100 V, and acquiring each point 

for 60 s. Average values over 10 repetitions are reported. 
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Figure 2-10: Electrical resistance in a logarithmic scale for functionalized-CNS@PLLA composites as a function of 
nanofiller concentration (left) and image of a led powered by a 9V battery and a speciment of MWCNT-
PhOMe@PLLA at 5 wt% as resistance. 

The bulk electrical properties of the functionalized-CNS@PLLA films were measured, 

showing again a behavior deeply influenced by the type of CNS used as nanofiller. In 

Fig. 2-10 the electrical resistance is shown as a function of the concentration of CNS in 

PLLA. A percolation threshold at very low filler content is observed for the composites 

based on MWCNTs, with a significant variation in resistance when moving from 0.1 to 

0.25 wt%, this correspond to the formation of conductive networks. Indeed, it is known 

that CNTs are more effective than other fillers, such as carbon black, in conferring 

conductive properties to insulating polymers [55]. The fact that this happens at a low 

concentration of MWCNT-PhOMe deserves special attention,[56] it confirmes that the 

CNSs dispersion is optimized, and the occurrence of aggregates is negligible, which is 

possible thanks to the organic functionalization that drives the homogeneous 

distribution of nanotubes among PLLA chains. Also the extremely low value of 

ǊŜǎƛǎǘŀƴŎŜ όмнл ʍύ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ ƻƴƭȅ р ǿǘ҈ ƻŦ a²/b¢ǎ ƛǎ ŎƭŜŀǊly a result of the 

efficient dispersion of the CNSs inside the polymer matrix. The recorded low resistance 

also evidences that our functionalization approach avoided excessive modification of 

the CNTs structure, which could result in the loss of the electronic properties of pristine 

nanotubes.[57] For the RGO-PhOMe@PLLA composites, a percolation threshold was 

found between 0.5, and 1 wt% nanofiller concentration. These fillers appeared to be 

less effective in increasing electrical conductivity in PLLA, with electrical resistance 

being 2 orders of magnitude higher than that reached with CNTs at the maximum 

concentration (5 wt%). On the other hand, with the CNH-PhOMe fillers, no percolation 

threshold was observed at the considered CNS concentrations, demonstrating again 

that the differences in nanomorphology among the components largely determine the 

macroscopic behavior. 
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2.1.3.5 AFM analysis 

In order to electrically characterize the composites at the single filler size resolution, 

the materials were also investigated by means of AFM techniques. Only composites 

with the highest filler concentration (5 wt%) were considered. All the AFM analysis were 

performed in collaboration with Dr. Marco Salerno from the Materials Characterization 

Facility, at the Istituto Italiano di Tecnologia of Genova.  

For AFM analysis of the film samples, small specimens (~5 × 5 mm) were cut and 

ƳƻǳƴǘŜŘ ŜŀŎƘ ƻƴ ŀ ŘƛŦŦŜǊŜƴǘ ƻǇǘƛŎŀƭ ƳƛŎǊƻǎŎƻǇŜ Ǝƭŀǎǎ ǎƭƛŘŜ όмέ Ҏ оέύ ōȅ ƳŜŀƴǎ ƻŦ 

double-sided sticky tape. In case of topographic-only measurements, a standard tape 

was used, while for the CAFM measurements a conductive carbon tape (normally used 

for scanning electron microscopy as a drain layer for the injected electron beam 

current) was employed. The goal was to obtain a measurement of local transversal (i.e. 

out of plane) conductivity, perpendicularly to the film, and through that. For the fiber 

samples, few fibers were directly deposited by electrospinning on an insulating 

substrate of oxidized silicon wafer. The fibers were sparse enough to allow us to 

address, and image them independently. The fibers crossed the whole silicon substrate 

diameter, and touched the substrate edges on both opposite sides. There, a contact 

was provided all around the substrate edges by means of silver paste. The goal was to 

obtain a measurement of local longitudinal (i.e. in plane) conductivity, axial to the 

fibers, and provide a value of single fiber conductivity. Because the fibers were 

contacted on both opposite side ends, and in order to minimize the possible voltage 

drop along the fiber, the measurements were always carried out on fiber regions close 

to one edge of the silicon substrate, in the range of 100-300 µm distance from that. In 

both cases of CAFM samples (films on carbon pad or fibers with silver paint), the contact 

was taken away to the AFM head by means of adhesive copper tape stuck to the glass 

slide, and, later on, at a magnetic contact pad, to the head through a thin compliant 

wire. 

The conductance was addressed by means of conductive AFM (CAFM) measurements. 

The film of bare PLLA did not show any measurable current, as expected, and the same 

occurred also for the CNH-PhOMe@PLLA composite film, even when probed at several 

different positions on its surface and with different contact forces. This confirms the 

data obtained through the macroscopic electrical characterization. The samples of 

MWCNT-PhOMe@PLLA, and RGO-PhOMe@PLLA exhibited instead measurable 

currents. Representative current images for the MWCNT-PhOMe@PLLA, and for the 

RGO-PhOMe@PLLA samples are presented in Fig. 2-11b and 2-11d, respectively (Fig. 2-

11a, and 2-11c report the corresponding topography).  

When considering for example the MWCNT-PhOMe@PLLA composite film (Fig. 2-11b), 

one can see that the current image is partly correlated with the surface topography, as 
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few high regions show no current (see filled arrows). However, these are real effects 

associated with the feature contents, and not topographical artifacts. The different 

compositional contents in the aforementioned tall features is also apparent in other 

surrounding regions with similar low current level (black areas), yet without 

outstanding heights (see void arrows). Obviously, independently on their height, areas 

of the films exist which are locally devoid of the CNS fillers imparting conductance to 

the composite. Conversely, the conducting regions emerging in Fig. 2-11b show a finer 

structure (down to the single pixel size i.e. ~40 nm) than in Fig. 2-11d. Indeed, in the 

former case, they are likely associated with smaller sizes of the carbon-based fillers 

(single MWCNTs or bundles of few of them), whereas in Fig. 2-11d the bright regions 

include several adjacent pixels up to ~2 µm linear size (see the arrowed zone) which 

are likely associated with sparse RGO flakes.  

Fig. 2-11 further shows that, under the same conditions of vertical force (~18 nN), and 

bias (+1 V), the current levels observed on the MWCNT-PhOMe@PLLA film surface are 

higher than those for the RGO-PhOMe@PLLA one (see the vertical scale bar of the color 

palettes). Additionally, the total conductive area is higher for the MWCNT-

PhOMe@PLLA composite, (17±5 % versus 7±4 % of the RGO containing composite film). 

When considering the means of the current levels on the different images of the 

samples, and averaging them, from the applied sample voltage (+1 V) resistance values 

ƻŦ нΦс ҕ мΦн aʍ ŀƴŘ рол ҕ нол aʍ ŀǊŜ ƻōǘŀƛƴŜŘ ŦƻǊ ǘƘŜ a²/b¢-PhOMe@PLLA, and 

the RGO-PhOMe@PLLA sample, respectively, which can be considered representative 

of the whole films. These values are in a similar ratio (about 200×) to that of film 

resistances measured macroscopically (see Fig. 2-10), yet are both shifted to 

approximately 4 orders of magnitude higher values. This likely depends on the very 

small contact area of the AFM tip, for the considered technique, at the limited vertical 

force used (see details in appendix). The agreement between electrical measurements 

made at the macro, and nanoscale is a proof of the good homogeneity achieved in 

dispersing the functionalized-CNS within the polymer matrix. 

In Fig. 2-11e also single I-V curves typical of points in which conduction occurred (i.e. 

within bright regions in Fig.s 2-11a and b) have been plotted. One can see that the 

composite film with CNT fillers exhibits ŀƴ ŀƭƳƻǎǘ ΨƳŜǘŀƭƭƛŎΩ ōŜƘŀǾƛƻǊ όǎǘǊŀƛƎƘǘ hƘƳƛŎ 

I-V profile), while the RGO film shows a passive region close to zero bias (sigmoidal 

profile), more similar to a semiconductor. An analogous difference in current values 

(about two orders of magnitude) between the two different samples is observed as 

described above, in favor of the MWCNT-PhOMe@PLLA film. 
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Figure 2-11: a-d) Representative CAFM images of films of a,b) MWCNT-PhOMe@PLLA and c,d) RGO-
PhOMe@PLLA; a,c) topography, b,d) current images (at +1 V). d) I-V characteristic curves obtained at conductive 
points on the two samples of composite films. Black curve: MWCNT-PhOMe@PLLA film; red curve: RGO-
PhOMe@PLLA film. f) 3D rendering of a current image taken on a MWCNT-PhOMe@PLLA electrospun nanofiber, 
with the current overlaid as a color onto the topographic 3D profile.. 

Finally, we investigated by means of CAFM the conductive properties of the 

functionalized-CNS@PLLA composites in the form of nanofibers, obtained with the 

electrospinning technique. This morphology was selected in order to study the 

electrical properties of the composites in nanoscale-confined model systems along a 

single direction. In Fig. 2-11f a CAFM image of a single MWCNT-PhOMe@PLLA 

nanofiber is shown. The current level has been rendered as the color, overlaid on the 

3D profile of the height. For composite nanofibers, the CNT based sample was the only 
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one, which allowed current imaging, while in this form also the RGO-based composite 

did not show any conductivity. This can be justified by considering that, for the same 

filler concentration, percolation along a narrow conductor such as a nanofiber (200-600 

nm diameter) is more difficult, and is detected in the present case only for 

monodimensional conductive fillers as CNTs. Also the geometry of the CAFM contact 

was significantly different in this case, in-plane along the fiber axis, and not through the 

fiber to the substrate. Actually, in the case of fibers, the substrate used was insulating, 

which allows us to obtain a typical value of fiber conductance. When the resistance is 

calculated, a value of ~тΦм Dʍ ƛǎ ƻōǘŀƛƴŜŘΣ ŀƴƻǘƘŜǊ ŦŀŎǘƻǊ оллҎ ƘƛƎƘŜǊ ǘƘŀƴ ǿƘŀǘ 

measured for the film of the same composite, and close to the lower detection limit 

level of the setup (mean current along fiber axis in Fig. 2-11f is 4.8 pA). 

In order to support the electrical characterization of the different composites, we 

carried out AFM electrostatic measurements (scanning Kelvin probe microscopy ς

SKPM- and/or electrostatic force microscopy ςEFM-) on the functionalized-CNS@PLLA 

composite with fibrous morphology. These AFM techniques are based on potential 

contrast due to accumulation of electrical charges, instead of their flow within a 

current, as for CAFM. Therefore, insulating fiber portions, , are expected to exhibit 

stronger contrast since not allowing the charge to be drained away. This was actually 

observed with fibers of bare PLLA (see appendix). The typical nature of the electrostatic 

contrast is apparent when noticing that the bright regions spread around the physical 

lateral extension of the fibers, which was not the case for the current in Fig. 2-11f. 

Similar results have been obtained also for the other samples of insulating (i.e. non-

conductive) fibers (namely those containing RGO and CNH fillers). For the fibrous 

sample containing MWCNTs instead, in few cases, we observed fibers that looked from 

less bright (i.e. with only some degree of conduction) to completely dark (i.e. 

completely conductive). Unfortunately, it was not possible to acquire CAFM, and 

SKPM/EFM images simultaneously on the same fiber portion, because the two classes 

of techniques require different probe-holders. An interesting representative SKPM 

image of the MWCNT-PhOMe@PLLA fibers is shown in Fig. 2-12. In Fig. 2-12a a region 

is evident where several fibers cross each other. In the corresponding surface potential 

(SKPM) image of Fig. 2-12b, three different levels appear, namely an intermediate level 

background (associated with the substrate), a higher level (bright regions) spreading 

around the fibers (the typical bleeding effect of electrostatic charging), and a negative 

contrast (black) region localized only on some positions along the fibers, which can be 

associated with the functionalized MWCNT fillers. Such three regions are more clearly 

represented in Fig. 2-12c, where the same maps of topography (height), and surface 

potential and as in a) and b) have been rendered again in a 3D fashion, using a 

multicolor palette to segment the above-mentioned regions in different levels 

associated with red, green, and blue colors, respectively. 
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Figure 2-12: Large-area SKPM images of a sample of MWCNT-PhOMe@PLLA composite fibers, a) topography; b) 
ǎǳǊŦŀŎŜ ǇƻǘŜƴǘƛŀƭΤ Ŏύ о5 ǘƻǇƻƎǊŀǇƘȅ ƻŦ ŀύ ΨŎƻƭƻǊŜŘΩ ǿƛǘƘ ǘƘŜ ǎǳǊŦŀŎŜ ǇƻǘŜƴǘƛŀƭ ƛƴ ōύΦ 

As a final step of surface characterization of the functionalized-CNS@PLLA composites, 

the roughness of the film samples has been assessed by standard AFM (in non-contact 

mode). The 2D roughness amplitude parameter Sq was evaluated. The two composite 

materials based on CNH, and RGO fillers result in films with higher surface roughness 

(Sq~155 nm), whereas the composite based on MWCNTs is smoother, on the same level 

as the film of bare PLLA (Sq~70 nm). The differences between the two groups are 

statistically significant (p<0.05). Therefore, the well-dispersed MWCNT-PhOMe fillers 

provide a good uniformity in the overall electrical properties, resulting in a percolation 

network that endows the films with a good electrical conductivity, and, in addition, 

turns out to determine the least amount of surface roughening, compared to the bare 

polymer film. 
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2.1.4 Biological tests 

In collaboration with the group of Prof. F. Filippini, in particular with Yuriko S. 

Hernandez Gomez from the Department of Biology, we tested the biological properties 

of our composite material. We studied the biocompatibility and bioactivity of the CNS-

PhOMe@PLLA materials both in the form of freestanding film, and fibrous scaffold. 

The functionalized-CNS@PLLA films were firstly tested for biocompatibility by 

employing them as scaffolds for the growth of SH-SY5Y cells. These cells are a well-

known, and well-studied neuronal lineage often used as in vitro models of neuronal 

function, and differentiation. For both cell death, and cell proliferation assays, only two 

percentages per each type of CNS filler were selected, namely a lower one (0.25 wt%), 

and a higher one (5 wt%), assuming that the biocompatibility of all the intermediate 

concentrations will be preserved. In all assays, results from CNS scaffolds were 

compared to those obtained on bare PLLA, and on control wells coated with poly-l-

lysine.  

Cell death was evaluated 24 and 72 hours from seeding in order to combine cell viability 

to proliferation data, and, more importantly, to properly consider factors underlying 

cell viability. 

Cells grown onto 0.25 or 5% functionalized-CNS@PLLA films showed viability values in 

the same range as control and as PLLA samples (figure 2-13a), moreover no meaningful 

effect was found on cell proliferation (figure 2-13b), thus demonstrating full 

biocompatibility is kept and the potential cytotoxicity of the three types of CNSs is 

prevented when employing them well functionalized, and dispersed within a 

biocompatible polymer matrix. 

 

Figure 2-13: Percentage of viability (a) or proliferation (b) for SH-SY5Y cells grown onto control (poly-L-lysine 
coated) wells, pure PLLA film or functionalized-CNS@PLLA films. Data represents the mean ± SEM of four 
independent experiments performed in duplicate. 
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At the same time, this first study reveals that also cell adhesion on the substrate is not 

compromise by the presence of the nanostructures into the polymer matrix, and that 

is not influenced by the concentration and type of CNSs. 

Finally, for what concerns cell differentiation, different morphological parameters have 

been evaluated: the number of neurites for cell, the total length of the neurites, the 

number of neurites longer than 100 µm, and the numbers of neurites longer than 150 

µm. In figure 2-14 are reported the results obtained for MWCNT@PLLA films (the 

analogous results obtained for CNH@PLLA and RGO@PLLA films are reported in 

appendix). 

 

Figure 2-14: Differentiation results obtained with MWCNT@PLLA films at 0.25 and 5 wt%, as reference are 
reported the results for bare PLLA and for a polylisine-coated glass. All the tests were performed both in the 
presence and in absence of retinoic acid. 

It is possible to note that the presence of CNSs inside the polymeric matrix can favor 

the growth of neurites. In particular, for all the CNSs is visible an increase in the mean 

number of neurites per cell, and in their length. This effect is much more remarkable in 

the sample containing 5 wt% of CNSs, and in particular with MWCNTs. With these CNSs 

also the number of neurites longer than 150 µm is remarkably enhanced. 

At this point, we compared eMWCNT@PLLA 0.25% with ePLLA, and MWCNT@PLLA for 

both biocompatibility, and neuritogenic properties. 

The highly porous morphology obtained through electrospinning is expected to better 

mimic the environment in which neurons normally develop.[58] In particular, the 

obtained geometry is similar in scale, and in 3D arrangement to the collagen, and 
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laminin fibrils of the extracellular matrix (ECM).[59] This aspect has fundamental 

implications in the further refinement of our bioengineering capability to mimic the 

neural environment. Moreover, the presence of MWCNTs within the PLLA matrix is 

thought to: (i) locally reduce the polymer electrical resistance at the nanoscale level 

which enhances neuronal network activity[60], and (ii) to feature nanoscale meshwork 

within the polymer, hence providing fibers with an optimal surface nanoroughness, and 

texture, ideal for cell adhesion, and for protein/growth factor retention.[61] 

No difference in cell proliferation, and viability was found when growing cells onto the 

fibrous or film scaffolds, or onto the poly-L-lysine coated control wells (Fig. 2-15A).[50]  

 

Figure 2-15: eMWCNT@PLLA scaffold effect on SH-SY5Y cell adhesion, growth and differentiation. (A) cell 
proliferation; (B) cell distribution and (C) cell differentiation. Data represent the mean ± SEM of three independent 
experiments performed in duplicate. (*) shows significance at p < 0.05 between cells seeded onto eMWCNT@PLLA 
scaffolds and control (poly-L-lysine coated wells). (#) shows significance at p < 0.05 between cells seeded onto 
eMWCNT@PLLA scaffolds and ePLLA scaffolds. (þ) shows significance at p < 0.05 between cells seeded onto 
MWCNT@PLLA scaffolds and eMWCNT@PLLA/ePLLA scaffolds. Dotted bars refer to the corresponding retinoic 
acid treated samples.[50] 

However, cells better adhere onto eMWCNT@PLLA (~66%) than onto ePLLA (~53%) 

(Fig. 2-15B). Furthermore, the total neurite length is significantly increased in samples 

seeded onto eMWCNT@PLLA. These results highlight an improved adhesion, and 

differentiation of cells growing onto eMWCNT@PLLA, possibly due to the combination 

of two factors. First, the fibrous morphology of the scaffold, with fiber diameters 

partially overlapping the diameter range of both axons (80 nm - 20 mm)[62] and collagen 
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fibrils (260 - 410 nm).[37a] Second, the presence of MWCNTs that (i) lower scaffold 

resistance and, most important, can induce beneficial effects at the nanoscale based 

on their electronic properties[60a, 63], and (ii) can provide sites for cellular anchorage and 

guidance of cytoskeletal extensions thanks to their nanotopography.[64] 

Indeed, the superimposition (Fig. 2-16C, F, I) of the fluorescent images of the cells (Fig. 

2-16B, E, H) stained with a cytoplasmatic dye, and the bright field images of the 

corresponding portion of the scaffold (Fig. 2-16A, D, G) shows that the newly formed 

neurites elongate following the direction of fiber orientation. This is a strong indication 

that the scaffold topography guides cells outgrowth, and opens up the bright 

perspective of obtaining a polarized neurites outgrowth and elongation upon previous 

fibers alignment. 

 

Figure 2-16: SH-SY5Y cells extend neurites following the scaffold fiber orientation. (A), (D), (G), bright field images 
of the eMWCNT@PLLA scaffold; (B), (E), (H), fluorescent images of RA treated SH-SY5Y cells stained with Calcein-
AM; (C), (F), (I), superimposition of the fluorescent and corresponding bright field images. White arrows indicate 
neurites following the scaffold fibers orientation. Image magnification is 32X. 
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For comparison to previous performance with SH-SY5Y cells,[50] we used the same 

electrospun eMWCNT@PLLA 0.25% scaffolds to provide human circulating multipotent 

cells (hCMCs) with submicrometric-sized fibers able to mimic the neuronal processes 

and the fibrillar collagenous, and laminin component of the ECM. Cell proliferation is 

not impaired with respect to control when culturing hCMCs onto eMWCNT@PLLA 

scaffolds, which show to drive cell morphological changes toward neuronal 

differentiation (Figure 2-17), such as diameter narrowing and fusiform shaping of the 

cell bodies. 

 

Figure 2-17: Human circulating multipotent cells (hCMCs) stained with Calcein-AM; image magnification is 32X. . 

Moreover, in comparison to control, hCMCs increasingly show a polarized appearance 

with longer, and numerous neurite-like protrusions. The superimposition of the 

Calcein-AM stained cells, and the bright field images of the corresponding portion of 

the eCNTςPLLA scaffold shows that hCMCs protrusions follow scaffold Fiber orientation 

(as highlighted by white arrows in Figure 2-17). Quantitative gene expression analysis 

reveals a scaffold- dependent upregulation of some markers of the neuronal lineage. 

Indeed, a higher expression of Nestin, TUB̡ 3 and MAP2 is observed in cells grown onto 

eCNTςPLLA compared with controls, suggesting that a neuronal differentiation 

program activation has started. 



 

Page | 54 
 

CHAPTER 2- RESULTS AND DISCUSSIONS 

 

Figure 2-18: hCMCs cells differentiating on. (A) bright field images of the eCNT-PLLA scaffold; (B) fluorescent 
images of RA treated SH-SY5Y cells stained with Calcein-AM; (C) superimposition of the fluorescent and 
corresponding bright field images. White arrows indicate neurites-like features following the scaffold fibers 
orientation. Image magnification is 32X. 

Morphological evidence highlights that, when growing onto MWCNT@PLLA scaffolds, 

hCMCs are committed toward neuronal lineage, and show typical features of neuronal 

differentiation, such as reduced size of cell bodies, polarized appearance, and presence 

of neurite-like protrusions. Moreover, such protrusions (which align to fibers, when 

growing onto eMWCNT@PLLA, confirming observations with SH-SY5Y cells) are tipped 

with fan-shaped structures resembling growth cones. Concerning qPCR evidence, 

hCMCs seeded onto the CNT@PLLA scaffolds show an early upregulation of Nestin, 

indicating that cells are undertaking the differentiation pathway toward neural 

progenitor cells like neurons, oligodendrocytes and astrocytes. Concomitant 

upregulation of TUB̡ 3, specific to immature, and post-mitotic neurons[65] confirms that 

the majority of cells are acquiring a neuron-specific commitment. MAP2 expression is 

upregulated as well in CNT@PLLA samples and it progressively increases until day 5 of 

differentiation. Indeed, it is known that the expression of MAP2 is temporally shifted 

with respect to neuron-specific TUB̡ 3 as, during neurite initiation, MAP2 is later 

involved in the coordinated reorganization of cytoskeleton networks of microtubules, 

and filamentous actin.[66] Aforementioned results suggest that our nanocomposite 

scaffolds are able to initiate hCMCs neuronal differentiation through the expression of 

neuronal specific markers.[67] 
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2.1.5 Preparation and tests of nerve implant prototypes 

Peripheral nerve injuries following traumas are an epidemiologically relevant problem 

due to their poor outcome. They still need an appropriate and effective management. 

In the last decades, improvements in the field of biomaterials and nanotechnologies 

have offered a suitable alternative to more invasive methods such as autografts or 

allografts, leading to the production of far more sophisticated scaffolds which are able 

to interact with cells and macromolecules on a nanoscale.[68] 

Starting from the promising results obtained with our composite materials in terms of 

biocompatibility and bioactivity, we began to prepare prototypes of Nerve Guide 

Conduits (NGCs) for in vivo tests. Due also to our results with neurons, and stem cells 

obtained in vitro with our eMWCNT@PLLA 0.25%, we decided to use this kind of fibrous 

materials for the preparation of our first substrates. The main problem to overcome 

was that such nanofibers tend to be too much electrostatic, and soft to be handled 

alone as implant. So, we decided to deposit a layer of PLLA fibers containing MWCNT-

PhOMe onto a thin film of neat PLLA; in this kind of prototypes the film layer have to 

sustain the active fiber layer giving to the substrate the mechanical properties needed 

for the use as an implant. Through solvent evaporation in a Teflon mold, and optimizing 

the concentration of the PLLA solution (3% wt% in CHCl3), we have been able to obtain 

thin film of PLLA of 80 µm of thickness (height 5 cm, length 7.5 cm), that was the best 

compromise between flexibility and tightness of surgical stiches. (Fig. 2-19) 

 

Figure 2-19: Image of the PLLA film used to prepare our first implant prototype. 

To deposit the fibers layer onto the film of PLLA firstly we tried to combine them after 

their separate preparation, but the conjunction between the two layers was not very 

stable. So, we decided to try to electro-spin the fibers layer directly onto the film. We 

firstly perform a low deposition of electrospun nanofibers in order to analyze the 



 

Page | 56 
 

CHAPTER 2- RESULTS AND DISCUSSIONS 

contact point between the two layers. As we can see from the SEM images (Fig. 2-20) 

there are lots of points in which a section of a fiber is embedded into the film. 

 

Figure 2-20: SEM image of the surface of the PLLA film with a low deposition of electrospun fibers (red arrows 
mark conjunction points between the two layers) 

These conjunction points, together with electrostatic interactions will surly provide 

good stability to the substrate mantaining the fibrous and the film layers well attached. 

After that, we prepare the real first prototype performing a complete deposition of the 

fibers onto a PLLA film obtaining the scaffold in figure 2-21. 

 

Figure 2-21: Images of the impermeable prototype. In the first image it is possible to see the scaffold onto the 
support and protective non-stick layer. In the microscope images it is possible to see the PLLA layer covered of the 
fibers layer. 
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As it is clear from its structure, this first prototype results completely impermeable to 

water, since the PLLA film layer is not porous. In literature it is, instead, well reported 

the importance of using permeable substrate as NGCs.[69] So, we decided to use the 3D 

printing technology to find a way to replace the impermeable PLLA layer. Using a fused 

filament fabrication (FFF) 3D printer, we have been able to design and obtain PLLA grids, 

that can be use as support for the fibers layer maintaining the mechanical properties of 

flexibility and biocompatibility but giving to the scaffold a complete permeability. Using 

this technique, we can obtain grid with the desired shape, dimension and permeability 

(two examples with different mesh size are shown in Figure 2-22).  

 

 

Figure 2-22: Images of two different 3D printed PLLA grids and the model used for the printing process. 

²ƛǘƘ ǘƘŜǎŜ о5 ǇǊƛƴǘŜŘ ƎǊƛŘǎ ǿŜ ƳƻǾŜŘ ǘƻ ǘƘŜ ǇǊŜǇŀǊŀǘƛƻƴ ƻŦ ǘƘŜ άǇŜǊƳŜŀōƭŜέ 

prototypes simply using the same procedure used for the PLLA films before, performing 

the electrospinning to cover the grids with the layer of PLLA fibers containing the 

functionalized MWCNT-PhOMe. (Fig. 2-23) 
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Figure 2-23: Images of a permeable prototype, in the microscope magnification it is possible to see the PLLA 
fibers layer covering a pore of the grid. 

2.1.5.1 In vivo tests 

We have then perform the first in vivo tests of these substrates. In order to understand 

the effect of the presence of MWCNT into the PLLA matrix all our prototypes have been 

ǇǊŜǇŀǊŜŘ ŀƭǎƻ ƛƴ ŀ άōƭŀƴƪέ ǾŜǊǎƛƻƴ ƳŀŘŜ ƻƴƭȅ ƻŦ ƴŜŀǘ t[[!Φ In vivo tests have been 

performed on sciatic nerve of mice; the nerve was transected, repaired with suture and 

then wrapped with our novel wrapping sheet. (Fig. 2-24, 2-25). Control mice were only 

transected and repaired with suture. All the operation and analysis on mice were 

performed in collaboration with the group of Prof. Bassetto from the Clinic of plastic 

and reconstructive surgery at the department of neuroscience, and in particular with 

Dr. A. Pontini. 

 

Figure 2-24: Schematic illustration of the use of a NGCs. Image provided by Integra®. 
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Figure 2-25: Photo of one of the in vivo tests, in the image on the left it is possible to see the sciatic nerve before 
the operation and the implant; in the image on the right it is possible to see the sciatic nerve after the operation 
with the implant in his position. (the implant is barely visible when wet) 

We test our implant on 10 mice, and we monitored their status several times after the 

operation until the day of sacrifice.  

 

Figure 2-26: Photo of one of the operations. 

We performed general evaluation, the De Medinaceli test, the Open Field test and 

electromyography (Fig. 2-27) before the sacrifice, and after that a histology of the 

nerve.  
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Figure 2-27: Electromyography performed on an operated mouse. 

In particular, for the general evaluation the animals were monitored since the first day 

after surgery until the day of sacrifice. We evaluated their motor behaviors, gait 

abnormalities, limb displacements, walking and running behaviors, general well-being, 

appetite and arousal. The De Medinaceli test is used to evaluate walking tracks, and can 

be very useful to study functional recovery since proper walking requires coordinated 

functions involving sensory input, motor response, and cortical integration. The open 

field activity monitoring system comprehensively assesses locomotor and behavioral 

activity levels of mice, which can be correlated with locomotive function. In particular, 

the open field is a useful tool for assessing locomotive impairment in animal models of 

neuromuscular disease. This tecnique  measures the total distance travelled, and 

thereby measures the medium speed, focus on submaximal exercise performance and 

quality of life. Overall, this makes the open field activity test a useful outcome measure 

to use in preclinical trials. 

Results from De Medinaceli and Open Field tests were statistically different between 

CNT-PLLA mice and sutured mice. The CNT-PLLA group showed a faster, and greater 

improvement in all the performed tests. Friedman's test indicated improvement in the 

CNT-PLLA group has been far more relevant. Electrophysiology confirmed the absence 

of Wallerian degeneration and the presence of a biphasic compound muscle action 

potential (CMAP). Histology showed no adhesions, and no fibrotic reaction. Muscle 

showed a certain grade of atrophy, albeit higher among the suture group. 
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We can state that our technology is really promising for the preparation of implant for 

neural surgery. Our eMWCNT-PhOMe@PLLA nanofibers based scaffold has proved to 

prevent Wallerian degeneration, being fully biocompatible and protective from 

adhesions and the neuromas at the same time. 
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2.2 Carboxylic and vinylic functionalizations 

 

In this section, it is presented the use of the Tour reaction to introduce onto the CNSs 

functional groups useful for a second step derivatization. The most used reaction in 

literature for the functionalization of CNSs is the oxidation, that can both provide an 

enhancement in the solubility of the material, and carboxylic moieties that can be really 

useful to anchor other group onto the nanostructures. As mentioned before, this 

procedure can greatly reduce the conjugation of the CNSs, and so compromise their 

properties. Indeed, we perform the functionalization with p-benzoic acid, in order to 

obtain the introduction of carboxylic acid with a limited introduction of sp3 defects into 

the sp2 lattice of the CNSs.[70] The reactivity of the introduced carboxylic groups can be 

tested through the amidation with labeled moieties, as a model for a possible post-

functionalization with biologically relevant molecules. In particular, this could open the 

door to a future covalent grafting of the biomimetic peptides, that we already studied 

in our previous works for their effect on the differentiation of neural cells.[50, 67, 71] 

After that, we will study the introduction of styrene groups, that can provide anchor 

Ǉƻƛƴǘ ŦƻǊ ǘƘŜ άƎǊŀŦǘƛƴƎ ŦǊƻƳέ ǇƻƭȅƳŜǊƛȊŀǘƛƻƴ ƻŦ ǇƻƭȅǎǘȅǊŜƴŜΦ Lƴ ǘƘƛǎ ǿŀȅΣ ǘƘŜ 

functionalization of the nanostructure can provide a covalent interaction with the 

polymer matrix. This should provide a more efficient contact between the matrix and 

the filler, determining the properties of the final composite material. 

2.2.1 Functionalization with benzoic moieties 

Most of the chemical modifications of the CNSs found in literature make use of 

carboxylic groups for the decoration of the CNSs. 

The carboxylic groups are usually introduced by oxidation of the CNSs, a methodology 

highly invasive that introduces a wide variety of oxygen-related groups, that can only 

partially be converted in carboxylic functionalities. Furthermore, the CNSs increase 

their resistivity due to the high level of damage introduced with the oxidation. 

The addition of p-carboxyphenyl groups on the CNSs through the Tour reaction allows 

us to obtain a selective introduction of the functional group with the choice of the 

reagent. The introduction of defects is contained, as the addition of the molecules to 

the outer layer of the CNSs prevents further undesired damaging of the structure.  
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Figure 2-28: MWCNT-PhCOOH reaction scheme. 

The carboxylic functionality can enhance the solubility of the CNTs in water, a 

parameter that is used as a figure of merit for the evaluation of the reaction outcome. 

The grafting of MWCNTs with p-carboxyphenyl groups (in this section we will refer to 

p-carboxyphenyl functionalized MWCNTs as: MWCNT-PhCOOH) was studied in a wide 

range of reactant equivalents, in order to find the optimal reaction conditions. The 

reaction was at first tested on 0.5 eq of p-aminobenzoic acid at 80 C for 15 minutes. 

The TGA of the product shows a weight loss lower than 4% at 450 C suggesting a low 

degree of surface modification. 

 

Figure 2-29: TGA of MWCNT-PhCOOH functionalized for 15 min (left) and for 24 hours (right). 

The reaction was also tested with the same amount of reagents but with a 24 hours 

reaction time, in order to understand if the low grafting was due to the formation of 

side products or to kinetic reasons. For a 24 hours reaction time the weight loss is above 

8%, validating the hypothesis of a kinetic limitation on the 15 minutes reaction that, 

requires indeed more time to reach higher yields. 

A higher degree of functionalization can be detected also because the degradation of 

the grafted molecules shifts to higher temperatures. The outline of the first derivative 

of the weight loss does not change, as it presents in both cases two main peaks, but the 

onset temperatures of the two degradation processes are shifted to higher 

temperatures. 
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In order to understand whether the grafting can be boosted toward higher yields, 

maintaining the profitable short reaction time of 15 minutes, the number of equivalents 

of p-aminobenzoic acid was explored maintaining constant the other reaction 

parameters. 

In table are summarized the results obtained in terms of weight loss and the solubility 

of the first extracted fractions. 

Equivalents of 

p-aminobenzoic acid 
Weight loss at 500C 

Solubility 

in water [mg/mL] 

0.1 3.4% null 

0.5 3.6% null 

2.5 9.6% 0.31 

 

The best result was reached at 2.5 eq of p-aminobenzoic acid with a solubility of 0.31 

mg/mL in deionized water.  

In order to further prove the presence of carboxylic groups, it was studied the stability 

of the dispersion in different acidic, and basic aqueous environment. The hypothesis is 

that the aggregation of MWCNT-PhCOOH in water is controlled by two components. 

The first one is common to all functionalized-CNSs, and is the steric hindrance between 

the functional groups that can prevent CNSs aggregation; the second, and more 

relevant from our perspective, is the presence of charged groups on the CNSs due to 

the protonation/deprotonation of the carboxylic groups. If we reduce the experimental 

situation to a simplified model, where the pristine MWCNTs are ideal nanotubes 

without any defects, that can provide charged groups, and the MWCNT-PhCOOH are 

nanotubes with the outer layer grafted by p-carboxyphenyl groups. In the first case the 

nanotubes aggregation should be controlled only by Wan der Walls forces, so it should 

not be affected by acidity or basicity of the solution. Instead in the second scenario the 

solution stability should be governed by the protonation, and deprotonation of the 

carboxylic groups. 
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Figure 2-30: Acidity dependent solubility. 

By controlling the acidity and basicity of the solution, it should be possible to protonate 

the carboxylic groups in acid conditions, hence lowering the solubility in water of the 

CNSs, while under basic conditions their deprotonation should enhance the solubility. 

Following this guideline, it was verified that indeed adding a droplet of acidic solution 

(0.1N HClaq) to a stable dispersion of MWCNT-PhCOOH the CNSs formed macroscopic 

flakes characteristic of unstable dispersions. When a droplet of basic solution (0.1N 

NaOHaq) was added instead, any major difference could not be detected in the stability 

of the solution. Moreover, adding the basic solution to the acidified dispersion of 

MWCNT-PhCOOH, that have lost their stability in solution, will bring back the initial 

solubility. To make sure to evaluate the dispersion stability under the same timeline, 

the two dispersions have been sonicated for a minute after the droplet addition, in 

order to restore the dispersion at time zero. Starting from these qualitative but 

substantial results, a quantitative prove of the presence of the carboxylic acids was 

researched. 

2.2.1.1 XPS characterization of MWCNT-PhCOOH 

XPS measurements were performed in collaboration with Dr. Francesco Sedona from 

the Department of Chemical Sciences on MWCNT-PhCOOH, and pristine MWCNTs for 

comparison. The peaks of interest are relative to carbon 1s (C1s), and oxygen 1s (O1s) 

electrons. Given the structure of MWCNTs, oxygen should be present in small 

percentages due to a certain extent of defects on the nanostructures, therefore a 

hardly detectable oxygen signal is expectet for pristine MWCNTs. A significant increase 

in the O1s emission could be a good indication of the addition of p-carboxyphenyl 

groups on the CNTs. 

A study on terephthalic acid multilayer adsorbed on epitaxially grown graphene was 

used to assess the expected peak shape, and energies relative to carboxylic groups.[72] 
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Figure 2-31 shows the superimposition of O1s data from pristine MWCNTs and the 

functionalized MWCNT-PhCOOH. As expected, the starting material shows a weak 

signal that is unsuitable for peak analysis, as the noise/signal ratio is too high, but it is 

a good reference for the comparison of the signals. The O1s emission from the 

functionalized product is significantly higher, confirming a successful addition of oxygen 

containing molecules by Tour reaction. 

 

Figure 2-31: XPS O1s spectra prior (MWCNT) and after the functionalization (MWCNT-PhCOOH). 

The analysis of the O1s and C1s signals is reported to verify if the signal is quantitatively 

compatible with carboxylic oxygen. 
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Figure 2-32: O1s XPS analysis. 

The deconvolution of the O1s peak shown in Figure 2-36 was performed with XPSpeak 

software. According to the literature,[72] a chemical shift of 1.5 eV was imposed 

between the two main peaks ascribable to the OH, and CO signal of a carboxylic group. 

Furthermore the area of the two peaks is expected to be equal because there is one 

oxygen of each type for every group. In order to have a convergent fit, three auxiliary 

peaks are necessary. 

 CҍC=O HOҍC=O CҍOH HOҍC=O H2O 

Binding energy [eV] 530.8 532.0 533.2 533.5 535.0 

Area 77.4 303.1 211.4 303.1 69 

O1s MWCNT-PhCOOH peak assignment and area 

In table are shown the results of the deconvolution, where the peaks CҍC=O, and CҍOH 

are relative to non-carboxylic signals, and H2O is attributed to water according with the 

literature.[73] 

The analysis of C1s was performed on the basis of these results; due to the different 

cross sections of the elements and the apparatus configuration, the signal O1s is about 

twice as intense as that of C1s. The fit on C1s was performed by imposing the area of 

the COOH peak as half of the intensity of that found in the (O1s) signal. 
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 C sp2 C sp3 HOҍC C=O COOH ˉ ҍ ̄  z

Binding energy [eV] 284.5 286.1 286.21 287.6 289.22 291.3 

Area 7633 1.222 105 37.5 150 351.6 

% respect to C sp2  16% 1.37% 0.5% 1.96% 4.6% 

C1s MWCNT-PhCOOH peak assignment and area 

In table are reported the results of the fit on the carbon signal. The quantitative analysis 

shows that the carbon bond to carboxylic groups constitutes almost the 2% of the 

whole structure. Considering that the TGA suggests the molecules grafted on the CNTs 

are the 9% (w/w) of the structure, and that the carboxylic group contributes roughly as 

a third to the total weight of the grafted molecule (p-carboxyphenil groups), the 2% 

signal obtained by XPS measurement is consistent with the amount of carboxylic groups 

selectively introduced by Tour reaction. Even though the signal could be attributed to 

carboxylic groups, it must be mentioned that given the shift range of the peaks reported 

in literature, the peaks could be also associated to different functional groups as the 

assignment in different works can be quite arbitrary. 
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2.2.1.2 Amidation on the functionalized CNSs 

Given the absence of indisputable results from the spectroscopies, an indirect evidence 

of the presence of carboxylic groups could come from an amide coupling that would 

prove both the presence of the functional groups and their availability for further 

reactions. 

Considering those assumptions, the coupling of a paramagnetic label was studied. 4-

amino-TEMPO was used because it is a well known paramagnetic molecule detectable 

by EPR spectroscopy. and should be easily identifiable. EPR measurements have 

resolution limit in the order of the nanomole. which is compatible with the degree of 

ŎƻǳǇƭƛƴƎ ŜȄǇŜŎǘŜŘ ƛƴ ƻǳǊ ǎŀƳǇƭŜΦ ¢ƘŜ ǘŜŎƘƴƛǉǳŜΩǎ ǎƛƎƴŀƭ ƛǎ ƻƴƭȅ ǊŜǎǇƻƴǎƛǾŜ ǘƻ ǘƘŜ 

paramagnetic molecules that are selectively introduced, so the presence of 

contaminations affecting the signal of the TEMPO group should be avoided. 

Furthermore amino-¢9ath ƳƻƛŜǘƛŜǎ ŎŀƴΩǘ ƎƛǾŜ ǎǘǊƻƴƎ ˉ-ˉ ǎǘŀƪƛƴƎ ǿƛǘƘ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ 

the CNSs like usually do chromophores and fluorophores so the only interaction that 

can occur between the EPR label and the nanomaterial is the amide bond formation. 

The coupling was carried on the most soluble fraction of MWCNT-PhCOOH, in order to 

minimize the presence of unfunctionalized MWCNTs, that would lower the statistical 

probability of positive encounter between the amine, and the activated carboxylic acid. 

The amidation reaction with NHS, DIPEA, and EDC·HCl coupling agents was carried out 

for 4 days at room temperature to obtain the EPR labeled MWCNTs (MWCNT-PhCONH-

TEMPO). 

 

Figure 2-33: Amide coupling of 4-aminoTEMPO. 

The EPR measurements were performed in collaboration with Prof. Lorenzo Franco, 

from the Department of Chemical Sciences. Figure 2-34 reports the EPR spectrum of 

MWCNT-PhCONH-TEMPO in solid phase deposited on a polytetrafluoroethylene (PTFE) 

membrane filter. Prior to the acquisition of the spectra, it was checked that the 
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membrane did not interfere with the measurements. The typical EPR spectrum of 

TEMPO molecules bound to CNSs can be recognized in figure.[74] 

 

Figure 2-34: EPR spectra of MWCNT-PhCONH-TEMPO. 

The interaction between nitroxide radicals can bring to the broadening of the EPR 

lines.[75] Such a broadening, detected on MWCNT-PhCONH-TEMPO, can be explained 

by the presence of regions characterized by a high density of nitroxide radicals on the 

CNTs. In fact, a local higher degree of functionalization on MWCNT-PhCOOH can be 

expected for the strained portions of the CNTs. Therefore such regions are susceptible 

to a high density of amide bonds, hence a high density of nitride radicals. 

Control measurements were performed on the wastewater of the washing procedure 

in order to verify the effectiveness of the protocol. 

 

Figure 2-35: EPR spectrum of the wastewater of MWCNT-PhCONH-TEMPO. 
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In these spectra it is possible to see the typical spectral behavior of TEMPO label 

molecules free in solution, that decrease in intensity from the wastewater of the first 

purification step to the second one disappearing completely in the third.  

After the amidation with the small amino-TEMPO molecules, we test the possibility to 

use the same amidation reaction to functionalize the MWCNTs with a bigger molecule, 

a peptide synthetized by Prof. A. Moretto from the Department of Chemical Sciences. 

The peptide, again, present in the sidechain the TEMPO group for the EPR analysis.  

Figure 2-36: Reaction scheme for the amidation with the TEMPO-labeled peptide. 

After the amidation and the purification procedure we have been able to detect the 

presence of the TEMPO group also in this product. All the parameter for the reaction 

and for the purification was the same used for the amidation of amino-TEMPO. This 

tells us that this reaction is extremely useful for the functionalization of CNSs, also with 

complex and big structure, and in particular could be used to functionalize the MWCNTs 

with biomimetic or bioactive molecules enhancing their biological properties. 

 

Figure 2-37: EPR spectra of the peptide-functionalized MWCNTs. 

Comparing the TGA analysis of the MWCNTs before and after the amidation (MWCNT-

PhCOOH and MWCNT-Peptide), it is possible to see that there is an enhancement in the 

weight loss due to the decomposition of the organic moieties. This is a second confirm 

that the amidation take place. Analyzing more quantitatively the thermograms, and 
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comparing the weight loss it is possible to estimate that almost 10% of the carboxylic 

moieties have been amidated.  
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Figure 2-38: Overlap of the TGA of pristine MWCNTs (black curve), MWCNT-PhCOOH (red curve) and MWCNT-
Peptide (blue curve).  

These results suggest us that the introduction of carboxylic acid through the Tour 

reaction can be an useful tool for the preparation of more complex material by 

amidation reaction. In particular, of great interest for biological application, it is 

possible to perform the amidation with synthetic biomimetic peptide that can enhance 

the biocompatibility and the bioactivity of the CNSs. 
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2.2.2 Functionalization with styrene moieties 

One of the polymers often found as a matrix for nanocomposite materials is 

polystyrene. It has great number of application due to its good mechanical, and thermal 

properties. In this section, we want to test the possibility to use the Tour reaction in 

order to prepare a functionalized CNS that could be covalently grafted to the matrix: 

aiming at the development of a nanocomposite material with covalent bonds between 

filler and polymer. With this aim, it was considered the decoration of MWCNTs with p-

vinylphenyl (styrene) groups. A vinyl functionality should provide an anchor point for 

the in-situ polymerization of polystyrene. It should also guarantee a better interface 

between the functionalized MWCNTs and the polymer matrix regardless the in-situ 

polymerization.[76] 

²Ŝ ǎǘŀǊǘ ǇŜǊŦƻǊƳƛƴƎ ǘƘŜ ŦǳƴŎǘƛƻƴŀƭƛȊŀǘƛƻƴ ƛƴ άŎƻƳƳƻƴέ ŎƻƴŘƛǘƛƻƴǎ ǿƛǘƘ п-vinylaniline. 

In particular, the reaction was performed in NCP, for 15 minutes, at 80 °C, using 

isopentylnitrite, and p-vinylaniline in a stoichiometry of 1:1 between them. 

 

Figure 2-39: MWCNT-styrene functionalization scheme. 

We tested the reaction using 2 equivalent of reactants with respect to the carbon atoms 

inside the CNSs but we did not obtain any increase in the solubility of the functionalized 

CNSs (MWCNT-styrene). Figure 2-40 shows clearly that the functionalization with 

styrene results in an efficient coverage of the CNS. The decomposition of the grafted 

molecules ends at around 450 °C and contributes with a 13% weight loss. 
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Figure 2-40: TGA of MWCNT-styrene in nitrogen atmosphere. 

A weight loss above 10% suggest a high degree of functionalization, probably above the 

saturation density of the surface.  

The solubility in DMF, and chloroform was studied, as the two solvents were employed 

in previous evaluations of the dispersion stability of MWCNTs derivatives. 

Unfortunately as mentioned above, the p-vinylphenyl group does not provide an 

improvement in the solubility, as it is null in chloroform, and comparable to pristine 

MWCNTs in DMF. 

Therefore, it was necessary to look after a functionalization strategy that would 

enhance the solubility while maintaining the p-vinylphenyl functional groups.  

A co-functionalization with p-vinylphenyl, and 4-methoxyphenyl groups was studied to 

counterbalance the low solubility of MWCNT-styrene with the well known contribute 

of 4-methoxyphenyl groups to the enhancement of the CNTs dispersibility. 

 

Figure 2-41: MWCNT-styrene-methoxyphenyl co-functionalization scheme. 
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The stoichiometry of the reaction was chosen on the basis of the previous results. The 

co-functionalizations were realized in two stoichiometric ratios: MWCNT-Cof-A was 

prepared using 1.5 eq of 4-vinylaniline plus 0.5 eq of 4-methoxyaniline, while MWCNT-

Cof-B was prepare with 1.0 equivalents of both the reagents. 2.0 eq of isopentylnitrite 

were added matching the total equivalents of aniline derivatives in both cases. The 

reactions were carried for 15 minutes, at 80 °C under stirring and nitrogen flux following 

the standard protocol. 

TGA measurements on co-functionalized does not provide relevant information 

regarding the composition of the over layer, apart from the total amount of molecules 

grafted. The two species added to the CNTs have a similar thermal degradation, and 

their contributions overlap. The measured weight loss at 500 °C is 14.4% for MWCNT-

Cof-A, and 11.9% for MWCNT-Cof-B. 

 

 

Figure 2-42: TGA of MWCNT-Cof-A (left) and MWCNT-Cof-B (right) in nitrogen. 

The kinetic of the addition reaction is dependent from the substituent on the aniline 

derivative.[77] Aryl radicals with electron donating substituents showed faster additions, 

while derivatives with electron withdrawing groups required longer reaction times or 

higher concentrations of the reagents to achieve the same grafting degree. Therefore, 

the co-functionalization result could be related to a faster kinetic in the addition of the 

p-vinylphenyl groups, as the overall decoration follows the amount of the reagent. 

Nevertheless, is not available a characterization able to asses the local microstructure 

of the over layer. Therefore, the chemical composition of the over layer was researched 

by indirect evidence, such as the chemical reactivity of the co-f -MWCNTs and their 

solubility. 

As the interest is focused on the composite preparation, the figure of merit relative to 

the outcome of the two co-functionalizations is left to the composite analysis. 
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2.2.2.1 άGrafting ŦǊƻƳέ ƻƴ ǘƘŜ functionalized CNSs 

The polystyrene composites were tested with different MWCNTs derivatives: MWCNT-

Cof-A and MWCNT-Cof-B were co-functionalized, for a better compromise between 

anchor points and solubility and as reference pristine MWCNTs. 

The composites were prepared by in-situ polymerization on dispersions of 

functionalized MWCNTs in styrene monomers, initiated by benzoyl peroxide. The 

nanotubes were dispersed by ultrasonication, and the reactions were carried at 80 °C 

for four hours. The degree of polymerization is time dependent, so the reaction time 

was set to obtain a solid material with high molecular weight chains.  

Therefore, the characterization of the mechanical properties of the composite was not 

possible due to lack of a reproducible standard specimen. TEM measurements were 

performed to assess the surface modification of the nanotubes after the 

polymerization. 

The TEM samples were prepared removing the polymer not attached to the CNTs, by 

dissolving the composite in THF and centrifuging the mixture to precipitate the CNTs; 

the supernatant containing the polymer was extracted and the CNTs were re-dispersed 

in fresh THF by ultrasonication. Repeating this procedure, it was possible to perform 

TEM measurements on CNTs clean from un-grafted polymer. 

 

Figure 2-43: TEM images of MWCNT-Cof-A in situ polymerized. 
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Figure 2-44 TEM images of MWCNT-Cof-B in situ polymerized. 

As a control for the separation procedure polystyrene was polymerized on a dispersion 

of un-modified MWCNTs, and the aforementioned washing procedure was applied. 

The in-situ polymerizations MWCNT-Cof-A and MWCNT-Cof-B resulted in CNTs coated 

by a layer of polystyrene covalently bound to the nanotubes, as it can be seen in Figures 

2-43 2-44, while the un-modified MWCNTs do not show such a layer. (Figure 2-45). 

 

Figure 2-45: TEM images of pristine MWCNTs in-situ polymerized. 

So It is evident that the cofunctionalization process can provide nanostructure with a 

much more complex combination of the desired properties. We have indeed, obtain 

MWCNTs enough soluble and with the right functionalities to be use efficiently in a 

grafring from polymerization reaction. The so obtain CNTs, covered by a polymeric layer 

could be really interesting for the preparation of composite material inside a 

polystyrene matrix. In this way the mechanical interaction between the CNSs and the 

polymer will be greatly enhanced. Further studies will also analyze the introduction of 




















































































































































