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Carbon nanotubes (CNTs) possess important physical and chemical 

properties, such as high electrical and thermal conductivity, large surface area, 

high mechanical strength and chemical stability, that made them important in 

the construction of novel biomaterials, biosensors, transistors and conductive 

layers. However, an unsettled issue pertinent to the construction of such CNT-

based materials is their precise localization and controllable spatial 

organization. As result, the development of new protocols for patterning CNTs 

on substrates or disperse them in biological media have become increasingly 

important in their processing. In this direction, several approaches have being 

developed, among them, the inclusion of non-covalent bond such electrostatic, 

hydrophobic, hydrogen bonding, metal coordination and π-π interactions.  

The aim of this thesis was to evaluate H-bonding interactions as directional, 

reliable and predictable non-covalent attractive forces between complementary 

H-donor (D) and H-acceptor (A) moieties to control the self-organization 

process of CNTs for the construction of macroscopic materials. 

In the Introduction (Chapter 1), an overview on CNTs is given, explaining 

their main features and the key issues associated with their manipulation. The 

different existing possibilities for CNT functionalization are described, focusing 

the attention on the covalent approach exploited in this thesis, namely the 

diazonium salt-based arylation reaction. The main characterization techniques 

used are then described, illustrating their advantages and their limitations. 

Subsequently, the existing literature on macroscopic CNT assemblies is given. 

Examples include super-strong 1D CNT fibers, highly flexible 2D CNT films 

and compressible 3D CNT arrays or foams. Finally, molecular-recognition 

events, able to direct the assembly of macroscopic structures, are described 

focusing on the possibility of translate this supramolecular approach on the 

assembly of CNT architectures. 

In Chapter 2 the utilization of an acridine-derived Zn(II)-cyclen complex as 

a multidentate ligand for recognizing thymidine-derived multiwalled carbon 

nanotube derivatives (Td-MWCNTs) is reported. The effectiveness of the 
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Zn(II)-cyclen recognition has been confirmed through a combination of 

analytical techniques such as Kaiser test, TGA-MS, IR, X-Ray photoemission 

spectroscopy, TEM, UV-Vis absorption and fluorescence spectroscopy. Taken 

all together, the different characterization techniques have unambiguously 

shown the 1:1 recognition of the nucleoside by a Zn(II)-cyclen complex and 

confirmed that the Td moieties preserve their recognition properties also in 

presence of CNTs. 

In Chapter 3 nucleosides moieties (Thymidine, T; Adenosine, A; Cytidine, 

C; Guanosine, G) were covalently attached to MWCNTs as supramolecular 

motifs, N-MWCNTs (N=A, T, G, C). Then, the complementary nucleobase 

pair nanohybrids T-MWCNTs/A-MWCNTs and G-MWCNTs/C-MWCNTs 

were mixed together and the supramolecularly self-assembly was followed by 

characterization techniques such as TEM, TGA and IR spectroscopy. The 

successful recognition process allows the fabrication of freestanding 

homogeneous membranes by a simple vacuum filtration methodology. The 

electronic conduction properties of the resulting N-MWCNT films were 

measured. Finally, the intrinsic conductivity of pristine MWCNTs was restored 

in the films by the thermal removal of the organic functionalization moieties, as 

verified by resistivity and TGA measurements.  

Finally, in Chapter 4, a versatile and simple method for the construction of 

macroscopic structures based on CNT/Polymer composites is demonstrated. 

Ureidopyrimidinone (UPy) moieties were covalently attached to MWCNTs as 

supramolecular motifs (UPy-MWCNTs) and the novel nanohybrid compound 

was characterized by TGA, IR, TEM, UV-visible and 
1
H-NMR spectroscopy. 

Then the self-assembly of UPy-MWCNTs with different polymers bearing 

UPy moieties (Bis-UPy 1, Bis-UPy 2), trough quadruple complementary 

DDAA·AADD H-bonding motif, allowed the fabrication of a 2D free standing 

film and of a supramolecular gel using the method of solution blending. 

In conclusion the present thesis demonstrates that organic molecules 

covalently grafted to CNT surface as supramolecular motifs can control the 
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self-assembly of CNTs by H-bonding recognition. This strategy can be used for 

the construction of supramolecular architectures to create new nanodevices. In 

particular we have demonstrated that the self-organizzation of functionalized 

CNTs lead to a versatile and simple method for the construction of macroscopic 

structures based on pure MWCNTs or on CNT/Polymer composites.  
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I Nanotubi di Carbonio (CNTs) presentano importanti proprietà fisico-

chimiche, come alta conducibilità elettrica e termica, ampia area superficiale, 

elevata forza meccanica e stabilità chimica, che li rendono interessanti per la 

costruzione di nuovi biomateriali, biosensori, transistor e film conduttivi. 

Tuttavia la loro localizzazione, organizzazione spaziale e manipolazione 

rimangono problemi irrisolti legati alla costruzione di materiali a base di 

nanotubi di carbonio. Lo sviluppo di nuovi protocolli per la deposizione 

controllata di CNTs su substrati o la loro dispersione in materiali biologici sono 

diventati sempre più di interesse. In questa direzione, diversi approcci sono in 

fase di sviluppo, tra cui l’esplorazione di legami non-covalenti, quali interazioni 

elettrostatiche, idrofobiche, legami a idrogeno, legami coordinativi e interazioni 

π-π. Lo scopo di questa tesi è stato valutare l’uso di interazioni a idrogeno come 

forze attrattive non-covalenti, direzionali e prevedibili, tra porzioni 

complementari H-donatori (D) e H-accettori (A) per controllare l'auto-

organizzazione dei CNTs per la costruzione di materiali macroscopici. 

Nell'Introduzione (Capitolo 1), viene fatta una breve panoramica dei CNTs, 

spiegando le loro caratteristiche principali e le problematiche associate alla loro 

manipolazione. Vengono descritte le diverse strategie per la funzionalizzazione 

dei CNTs, focalizzando l'attenzione sull’ approccio covalente sfruttato in questa 

tesi, vale a dire la reazione di arilazione basata sui sali di diazonio. Vengono 

anche presentate le principali tecniche di caratterizzazione utilizzate, illustrando 

i loro vantaggi ed i loro limiti. Successivamente, viene riportata la letteratura 

esistente sulle strutture macroscopiche a base di CNTs. Gli esempi includono 

fibre 1D, film 2D e strutture 3D. Infine, vengono descritti alcuni processi di 

riconoscimento molecolare, in grado di dirigere l'assemblaggio di strutture 

macroscopiche, concentrandosi sulla possibilità di applicare questo approccio 

supramolecolare nell'assemblaggio di architetture di CNTs. 

Nel Capitolo 2 è stato riporto l'impiego di un complesso di acridina-Zn(II)-

ciclano come legante multidentato per il riconoscimento di frammenti timidinici 

legati covalentemente alla superficie di CNTs (Td-MWCNTs). L'efficacia del 
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riconoscimento supramolecolare è stato confermato attraverso una 

combinazione di tecniche analitiche quali il Kaiser test, TGA-MS, IR, XPS, 

TEM, assorbimento UV-Vis e spettroscopia di fluorescenza. Nel loro insieme, 

le diverse tecniche di caratterizzazione hanno dimostrato inequivocabilmente il 

riconoscimento 1:1 tra il nucleoside ed il complesso Zn(II)-ciclano, ed hanno 

confermato che le porzioni timidiniche conservano le loro proprietà di 

riconoscimento anche in presenza di CNTs. 

Nel Capitolo 3 i quattro nucleosidi (timidina, T; adenosina, A; citidina, C; 

guanosina, G) sono stati legati covalentemente a CNTs come pendagli 

supramolecolari, N-MWCNTs (N = A, T, G, C). I nanoibridi portanti coppie di 

nucleobasi complementari, T-MWCNTs/A-MWCNTs e G-MWCNTs/C-

MWCNTs, sono stati mescolati insieme e l’ auto-riconoscimento 

supramolecolare è stato analizzato con diverse tecniche di caratterizzazione 

come TEM e spettroscopia IR. Il processo di riconoscimento ha permesso la 

fabbricazione di membrane omogenee, utilizzando una semplice metodologia di 

filtrazione sotto vuoto. Le proprietà di conduzione elettrica dei risultanti film di 

N-MWCNTs sono state misurate. Infine, nelle membrane è stata restaurata la 

conducibilità intrinseca dei CNTs attraverso la rimozione termica delle 

funzionalizzazioni organiche, come verificato dalle misure di resistività e dalle 

analisi TGA. 

Nel Capitolo 4, infine,è stato dimostriamo un metodo versatile e semplice 

per la costruzione di strutture macroscopiche basate su compositi di nanotubi e 

polimeri. Pendagli di Ureidopirimidinoni (UPy) sono stati covalentemente 

legati alle pareti dei CNTs come motivi supramolecolari (UPy-MWCNTs) ed il 

nuovo nanoibrido è stato caratterizzato attraverso TGA, IR, TEM, assorbimento 

UV-visibile e 
1
H-NMR. L'auto-assemblaggio di UPy-MWCNTs con diversi 

polimeri recanti frammenti UPy (Bis-UPy 1, Bis-UPy 2) ha permesso la 

realizzazione di un film bidimensionale e di un gel supramolecolare, attraverso 

la formazione di legami a idrogeno complementari quadrupli DDAA·AADD. 
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In conclusione la presente tesi dimostra che le molecole organiche legate 

covalentemente alla superficie dei CNTs come motivi supramolecolari sono in 

grado di controllare l'auto-assemblaggio dei nanotubi attraverso il 

riconoscimento a legame a idrogeno. Questa strategia può essere usata per la 

costruzione di architetture supramolecolari per creare nuovi nanodispositivi. In 

particolare è stato dimostrato che l'auto-organizzazione di CNTs funzionalizzati 

risulta un metodo versatile e semplice per la costruzione di strutture 

macroscopiche a base di soli CNTs o di compositi nanotubi/polimeri.  

 



 



Introduction 
 

1 
 

1.1 Carbon Nanotubes (CNTs): properties and limits 

The rapid progress in nanotechnology and nanoscience introduced a 

scientific momentum that involves the fundamental understanding of 

nanostructures, the synthesis of nanoscale materials, the imaging of 

nanostructures, and the assembly of functional nanoscale devices.
1
 The growth 

of materials to form nanowires or nanotubes has attracted substantial interesting 

in the past few years, and nanowires (or tubes) consisting of organic or 

inorganic materials exhibiting conductive, semiconductive, or insulating 

properties have been prepared.
2
 After the successful synthesis of fullerenes,

3
 the 

carbon nanotubes (CNTs) were discovered by Iijima et al. in 1991,
4
 and since 

then they have become a material that has attracted substantial theoretical and 

experimental interesting.  

CNTs are elongated cylindrical fullerenes with diameters from 

subnanometers to tens of nanometers and the length from less than a micron to 

several millimetres. The number of cylinders that constitute a CNT can vary 

from one to several one, giving raise to different kinds of CNTs, namely single-

walled CNTs (SWCNTs), double-walled CNTs (DWCNTs) up to generic multi-

walled CNTs (MWCNTs), with a central tubule of nanometric diameter 

surrounded by several graphitic layers separated by about 0.34-0.36 nm. 

MWCNTs were the first to be characterised at atomic resolution (figure 1, b)
4
 

followed by their single-walled counterparts (SWCNTs) in 1993.
5
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Figure 1. Schematic representation of CNTs and fullerene C60 (a); transmission electron 

micrographs (TEMs) of the first observed MWCNTs (b).
4
 

Besides the above carbon nanometerials, there are other varieties, such as 

CNT Y-junctions,
6
 amorphous CNTs,

7
 CNT nanobuds,

8
 CNT rings,

9
 carbon 

microtubes,
10

 and carbon nano-onions
11

 as show in Figure 2. 

 

Figure 2. Tem image of CNT Y-junction; b) AFM image of amorphous carbon film; c) TEM 

image of CNT nanobuds in which a fullerene is combine with a SWCNT; d) high-magnification 

SEM image of microtubes; e) TEM image of carbon nano-onions. 

In this work we will only focus on CNTs, especially in MWCNTs 7000 

with an average diameter of 9.5 nm and an average length of 1.5 µm. 
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1.1.1 Chirality of CNTs 

CNTs are considered as a rolled-up graphene sheets, the end of which are 

capped with a hemisphere of a buckyball structure. The rolling up direction of 

this graphene sheet determine different kind of CNTs. The angle between C-C 

bonds and the axis of the tube can vary, and the so-called chirality of a CNT 

will depend on this angle. Thus, the different type of CNTs are described 

according a chiral vector, as explained in Figure 3. The two extremes of the 

huge variety of possibilities are “zigzag” and “armchair” CNTs, the former 

having θ = 0° and m = 0, and the latter with θ = 30° and n = m ≠ 0. In between, 

all CNTs with 0° < θ < 30° are defined as chiral tubes. The electronic properties 

of a nanotube change in correspondence to its structure; thus armchair 

nanotubes are metallic, while zigzag and chiral can be either metallic or 

semiconducting. In general, SWCNTs are a mixture of metallic and 

semiconducting material, while MWCNTs are regarded as metallic 

conductors.
12–14

 

 

Figure 3. A) Scheme showing the folding procedure to create nanotube cylinders from planar 

graphene sheets: a and b are the primitive lattice vectors of the hexagonal lattice, r is a roll-up 

vector and θ is a chiral angle. B) Idealized representation of defect free SWCNTs (n,m) with 

open ends: a) a metallic conducting tube (“armchair”); b) a conducting tube (“zigzag”). 
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1.1.2 Synthesis of CNTs 

Different synthetic techniques exist for the preparation of CNTs. 

Nowadays, CNTs are mainly synthesized by the arc-discharge, laser-ablation 

(vaporization), and chemical vapor deposition (CVD). The MWCNTs were 

firstly observed deposited on the negative electrode during the direct current arc 

discharge of two graphite electrodes for preparation of fullerenes in an argon-

filled vessel by Iijima in 1991.
4
 In 1993 SWCNTs are almost simultaneously 

obtain by arc-discharge and catalyst-assited arc-discharge.
5
 The arc discharge 

technique generally involves the use of two high purity graphite electrodes as 

the anode and the cathode. The electrodes were vaporized by the passage of a 

DC current (~ 100 A) through the two high-purity graphite separated (~ 1-2 

mm) in 400 mbar of helium atmosphere. After arc discharging for a period of 

time, a carbon rod is build up at the cathode. This methodology mostly 

produces MWCNTs but can also produce SWCNTs with the addition of metal 

catalyst such as Fe, Co, Ni, Y or Mo, on either the anode or the cathode. The 

quantity and the quality such as lengths, diameters, purity and etc. of the 

nanotubes obtained depend on various parameters such as the metal 

concentration, inert gas pressure, type of gas, temperature, etc. (Figure 4, a). In 

1996 Smalley successfully developed a laser ablation method for the “mass 

production” of SWCNTs.
15

 In the laser ablation method a laser beam (532nm) 

is focused onto a metal-graphite composite target placed in a high-temperature 

furnace (1200°C). The laser beam scans across the target surface under 

computer control to maintain a smooth, uniform face for vaporization. The soot 

produced by the laser vaporization is swept by the flowing Ar gas from the 

high-temperature zone, and deposited onto a water-cooled copper collector 

positioned downstream, just outside the furnace. The laser ablation technique 

uses a 1.2 at% of cobalt/nickel with 98.8 at% of graphite composite target; the 

metal particles catalyze the growth of SWCNTs in the plasma plume. The laser 
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ablation technique favors the growth of SWCNTs, while MWCNTs are 

generated only employing special reaction conditions (Figure 4, b). The 

techniques based on arc-discharge and laser-ablation both have the advantage of 

high yield but also face the problem of high-power energy and high 

temperature, needed to vaporize solid-state carbon (graphite), and impurity. 

Usual impurities deriving from the synthetic process are metallic nanoparticles 

and carbonaceous material other than the desired CNTs, represented mainly by 

amorphous carbon. While CVD uses carbon precursors in a gas phase and it 

takes place at relatively low temperature (500-1000°C). The first evidence that 

CVD could be used to synthesize CNTs was discovered by Yacaman.
16

 In 

principle, a gaseous carbon feed stock is flowed over transition metal 

nanoparticles at medium to high temperature (550 to 1200°C) and reacts with 

the nanoparticles to produce SWCNTs. Carbon filaments grow during flight 

and are collected at the bottom of the chamber, when the system is cooled at 

room temperature. The nanotube growth mechanism involves the dissociation 

of hydrocarbon molecules catalyzed by the transition metal, and the saturation 

of carbon atoms in the metal nanoparticles. The characteristics of carbon 

nanotubes produced are tunable changing the working conditions such as the 

temperature and the operation pressure, the kind, volume and concentration of 

hydrocarbon, the nature, the size and pretreatment of metallic catalyst, etc. 

(Figure 4, c). The chemical vapor deposition has been used successfully for 

producing several structural forms of carbon such as filaments and powder of 

amorphous carbon, graphite layers, SWCNTs and MWCNTs. This method also 

allows selective CNT growth in a variety of forms, such as powder and aligned 

forest of CNTs.
17
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Figure 4. a) Setup of an arc discharge technique; b) laser ablation equipment; c) thermal-CVD 

experimental setup. 

Other methods can be employed to produce CNTs, such as hydrothermal
18

 

and flame method,
19–21

 disproportionation of carbon monoxide,
22,23

 catalytic 

pyrolysis of hydrocarbons
24

 and electrolysis.
25

 

1.1.3 Properties of CNTs 

As a result of the 1-D nature of CNTs, electrons can be conducted in 

nanotubes without being scattered. The absence of scattering of the electrons 

during conduction is known as ballistic transport and allows the nanotube to 

conduct without dissipating energy in the form of heat.
26

 Due to their 

outstanding ballistic electronic conduction and intensity to electromigration, the 

most promising employment of CNTs is a novel type of electronic material.
27

 

For example, metallic CNTs are able to withstand current densities up to 10
9
 A 

cm
-2

 which is more than 1000 times greater than good metals such as copper. 

Moreover many theoretical and experimental works have reveled CNTs to be 

stiff, strong, and highly flexible nanoscale fibers, with a tensile modulus and 

individual nanotube strength of up to 1 TPa and 63 GPa, respectively.
28

 In 

addition, the thermal conductivity of an individual nanotube can reach 3500 W 
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m
-1

 K
-1

.
29

 CNTs and their composites have attained much attention, since their 

properties such as remarkable mechanical strength, high thermal and electrical 

conductivity, high ductility, high thermal and chemical stability, and high 

aspect ratio and surface area are extremely useful for a number of 

applications.
17,30

 Examples of new alternative materials based on CNTs are 

flexible electrodes, electronic paper, antistatic coatings, high-performance 

composite for aircraft and automotive industry, protective clothing and 

micro/nano-platforms for cell growth and differentiation.
31–37

 However, it is 

necessary to keep in mind that due to the anisotropic properties of graphite, the 

physical properties of CNTs are also anisotropic. The diameter of a CNT is 

several nanometers, while the length may be in millimeters even centimeters. In 

these cases, the high aspect ratios of individual CNTs can go up to ~ 10
7
, 

meaning a CNT can be macroscopic and nanoscopic at the same time. High 

aspect ratios further enhance the degree of anisotropy of CNTs properties, but 

also facilitate the construction of a macroscopic device. For example CNTs are 

rather soft in the radial direction, the electrical resistivity in the CNT axis 

direction is much lower than that in the radial direction and all CNTs are good 

thermal insulators perpendicular to CNT axis.
38

 

Nevertheless, to date CNTs still present some important drawbacks that 

need to be addressed by the researchers in the field. One of the major problems 

is related to batch-to-batch irreproducibility. In fact, they are subjected to too 

many unpredictable variables during the synthetic process that the final CNTs 

sample results to be highly heterogeneous. This variability is associated with 

CNT length, diameter, chirality, impurity content and presence of defect (such 

as hetero-atoms, vacancies, heptagon-pentagon pairs, etc.).  

Moreover, during their synthesis, CNTs assemble in tight ropes, due to the 

presence of strong intermolecular cohesive forces between tube-to-tube 

contacts, which, actually, represent an obstacle to their practical use, rather than 

an advantage. This is due to the fact that bundled CNTs are not only of difficult 
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investigation with the classical spectroscopic characterizations methods 

normally used in chemistry, but also extremely difficult to disperse in water and 

in any organic solvent, individualize and manipulate (Figure 5). 

 

Figure 5. TEM image (a) and relative dispersion (b) of MWCNTs in DMF solution. 

1.2 CNT functionalization 

As already mentioned, difficulties involved in dispersion and solubilisation 

of CNTs continue to be obstacles to their practical application. In order to use 

CNTs as building units for nanodevices, it is essential to develop reliable 

methods for controlling the chemical and physical properties of these materials. 

For instance, in the progressing of CNTs, it is well known that nanotube 

dispersibility must be maximized to reach optimal material properties such as 

strength or conductivity.
39

 Moreover for the biocompatibilization of nanotubes 

towards bioapplications, the aqueous solubilisation of CNTs is particular 

beneficial. To improve the dispersion of CNTs a chemical modification is 

necessary; in fact by means of functionalization, not only the inter-tube 

interactions are reduced, but also specific groups can be introduced to increase 

solubility in certain solvents. Organic functionalization also provides an anchor 

point for further chemical modifications. To this, typically two 

functionalization strategies are employed: a non-covalent and covalent 

approach. These two strategies will be discussed in detail below. 
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1.2.1 Non-covalent interactions 

Non-covalent functionalization involves the indirect functionalization of 

CNTs mainly with surfactants, oligomers, biomolecules and polymers as show 

in the next figure.  

 

Figure 6. Non-covalent interaction between SWCNTs and porphyrin zinc complex (a),
40

 1-

pyrenebutanoic acid and succinimidyl ester (b),
41

 DNA (c),
42

 P4VP (d)
43

 and fullerenes (e).
44

 

One possibility is based on small aromatic molecules, as pyrene, 

porphyrine, fluorescein, bound to the tubes by means of π-π stacking (Figure 6, 

a and b),
40,41,45

 while another one is based on wrapping of polymeric molecules 

around the tubes. The latter method can involve both biological 

macromolecules, such as DNA (Figure 6, c) or aptamer,
42,46

 lipids,
47,48

 

peptides
49

 and synthetic polymers.
50

  

The solubility and consequently processability of CNTs can be improved 

by using conjugated polymers, such as poly(metaphenylvinylene) PmPV
51

 and 
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poly(4-vinylpyridine) P4VP
43

 (Figure 6, d), due to their extensive π-conjugated 

backbone that can interact with the side walls of CNTs through π-π interactions.  

Another approach for the non-covalent modification of CNTs is the filling 

of their inner cavity; this method was extensively investigated for producing 

nanowires or for efficient storage of liquid fuels. CNTs can be filled with 

fullerenes (Figure 6, e),
44

 metallic particles, metallocenes, small proteins and 

also with DNA.
2
 

In principle, in the non-covalent approach, the functionalization does not 

disrupt the conjugated electronic structure in nanotubes, however, the strong 

interactions may still significantly affect the electronic transitions. For instance, 

in the case of non-covalent functionalization with organic molecules, 

diminishing of bang-gap transition (S1 and S2 peaks) was observed and 

explained by π-π stacking interaction between conjugate molecules and 

SWCNTs.
52

 

1.2.2 Covalent functionalization 

The organic functionalization of CNTs, especially with sidewall 

functionalization, can be potentially exploited to introduce new physical and 

chemical properties for special application. Covalent sidewall functionalization 

appears to be rather challenging, as result of the high chemical stability of the 

graphene-like sidewalls of CNTs. Nevertheless, it is necessary to consider that 

the extent of curvature induces weakening of π-conjugation within CNTs, 

depending on the helicity and diameter of the tube. In fact, curvature induces 

pyramidalization of π-orbitals of carbon atoms, as well as misalignment of π-

orbitals of carbon atoms within CNTs (Figure 7, a). As a result the sidewall of a 

CNT could be more reactive than a flat graphene sheet; a CNT of smaller 

diameter having larger π-orbital pyramidalization and misalignment angles 

suffer more severe curvature-induced weakening of π-conjugation and, hence, 

is more reactive.
53,54

 This is correct if considering just the strain-induced 
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reactivity, but there is another parameter that could deeply influence the 

reactivity of CNTs sidewalls: the presence of sidewall defects, such as 

vacancies or pentagon-heptagon pairs in the network of hexagons (Stone-Wales 

defects), that result in a locally enhanced chemical reactivity of graphitic 

nanostructures, and that can cause an unpredictable chemical behavior of CNTs 

of different diameters (Figure 7, b).
2
 

 

Figure 7. a) A schematic description of the π-orbital pyramidalization and misalignments in the 

sidewall of a CNT. The π-orbital pyramidalization and misalignments angles are designated by 

θp and Ф respectively; b) example of vacancy and pentagons/heptagons defects in the hexagonal 

CNT network. 

Usually, the high conductivity and the remarkable mechanical properties of 

CNTs can be significantly affected by covalent functionalization, due to the 

disruption of addend-induced local sp
3
 impurity on the extended π-electron 

network of pristine nanotubes. In fact in the case of SWCNTs, after covalent 

sidewall functionalization, their optical spectra become structureless.
52

 

Two approaches have been developed for the covalent functionalization of 

CNTs: 

- amidation and esterification of oxidized CNTs, that involve the chemistry of  
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carboxylic acid;
55

 

- addition chemistry to CNTs, that normally overcomes the intact sidewall of 

CNTs and that includes fluorination, cycloadditions and radical reactions.
55

 

Oxidation of CNTs has been typically used in order to purify them by 

removing traces of metallic catalyst employed in the fabrication processes.
2
 The 

treatment of pristine material under strong acidic and oxidative conditions, such 

as sonication in a mixture of concentrated nitric and sulphuric acid, or heating 

in a mixture of sulphuric acid and hydrogen peroxide, results in the formation 

of short opened tubes with oxygenated functions (carbonyl, carboxyl, hydroxyl, 

etc.).
56,57

 This approach represents a popular pathway for further modification 

of CNTs, since the carboxylic group can react with amines or alcohols to give 

amide or ester derivatives. Amidation or esterification reactions can be carried 

out on oxidized CNTs by standard methods, either using acid chloride as 

intermediates or carbodiimide-activated coupling (Scheme 1, a). By this 

synthetic procedure different molecules of different size and chemical 

properties have been successfully conjugated. For instance water solubility of 

CNTs has been increased via an amide link with poly(m-aminobenzene sulfonic 

acid) (PABS)
58

 or glucosamine,
59

 new nanohybrid materials with interesting 

charge-transfer properties have been prepared coupling SWCNTs with C60 

fullerene,
60

 and many novel biosensor have been fabricated based on CNTs 

covalently functionalized with phospholipids,
61

 DNA chains
62

 or saccharides.
63
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Scheme 1. Covalent functionalization of CNTs: oxidation, amidation and esterification 

reactions (a); fluorination and substitution reactions (b). 

Fluorination of CNTs with elemental fluorine at several different 

temperature was first reported by Margrave et al, in 2002.
64

 This method is of 

great interest since opens the door to further modifications by nucleophilic 

substitutions. It was demonstrated that the sidewall alkylation of fluorinated 

CNTs can be achieved using organolithium and Grignard. Several diamines or 

diols, can also react with fluoronanotubes via nucleophilic substitution to afford 

aminoalkylated or hydroxyalkylated CNTs soluble in water. Moreover, if the 
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recovered of pristine nanotubes is desired, fluorine atoms can be easily removed 

with anhydrous hydrazine (Scheme 1, b).
64

  

The structure of CNTs consists of unsaturated bonds, which make them 

good candidates of various cycloaddition reactions. The functionalization of 

CNTs by means of cycloaddition reactions plays an important role in the 

organic modification of CNTs and covers a wide range of reactions, such as 

1,3-dipolar cycloaddition of azomethine ylides, [4+2] Diels-Alder reactions, 

[2+1] cycloaddition reactions and also cycloaddition on the already modified 

surface, as Cu
I
-catalyzed azide-alkyne cycloaddition reactions (Figure 8). 

 

Figure 8. Covalent functionalization of CNTs using cycloaddition reactions. 

The first study on CNTs functionalization using the 1,3-dipolar 

cycloaddition reaction of azomethine ylides was reported in 2002 by Prato and 

cools., they achieved soluble functionalized CNTs through in-situ generation of 

azomethine ylides by thermal condensation of aldehydes and α-aminoacids at 

130°C for five days.
65

 Subsequently, the reaction was implemented by using the 

microwave irradiation technique, that is useful for reducing the reaction time, 

from a period of days to few minutes, and for achieving a higher degree of 

funtionalization.
66

 However, further studies are required to better understand 

the response of CNTs in microwave irradiation. Pyrrolidine-functionalized, 
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soluble CNTs possessing active groups on the surface were further modified 

with different biologically active molecules
67

 and combined with different 

polymers or clay minerals to give homogeneous, transparent CNTs thin films 

and gels.
68

 

In general, [4+2] cycloadditions to CNTs do not represent a suitable 

method of functionalization due to the easy reversibility of this reaction. Langa 

and co-workers reported the first Diels-Alder reaction between SWCNTs and o-

quinodimethane generated in-situ from 4,5-benzo-1,2-oxathiin-2-oxide under 

microwave irradiation.
69

 

Instead the photochemical [2+2] cycloaddition reaction was employed to 

functionalize CNTs with fluorinated olefins or to obtain nanobuds, in order to 

fabricate electron devices.
8,70

 

The [2+1] cycloaddition reaction through the addition of carbine 

compounds on the double bonds of the CNT sidewall has also been studied for 

nanotube functionalization. This type of cycloaddition was first carried out by 

Hirsch and co-workers, using in-situ generated nitrene from alkyl azido formate 

under heating conditions. The reaction proceeds with the formation of an 

aziridine ring with the π sidewall of the nanotubes.
71

 Later carbene addition was 

performed on oxidized SWCNTs by addition of phenyl(bromodichloromethyl)-

mercury as a source of dichlorocarbene.
72

 A cyclopropanation of CNTs was 

also described by Coleman et al. utilizing the Bingel reaction, in which diethyl 

bromomalonate in presence of the base 1,8-diazabicyclo[5.4.0]undecene (DBU) 

was used as reagent for the nucleophilic addition.
72

  

Among all cycloaddition reactions, the Cu
I
-catalyzed Huisgen post-

cycloaddition reaction was widely employed to decorate CNTs, using azide-

terminated compounds, alkynated-CNTs and Cu
I
-catalysis.

73
 This reaction has 

several advantages: water can be used as a solvent, the reaction can be carried 

out without inert environment, and a variety of functionalities can be attached 

onto CNTs. For example, trough this strategy multiple kinds of polymers have 

been grafted onto CNTs, layer-by-layer functionalization of CNTs has been 

http://en.wikipedia.org/wiki/Nucleophilic_addition
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monitored in a controlled manner and CNTs have been easily functionalized 

with photo- and electroactive building block for the fabrication of solar 

energy/electronic devices.
74–76

 

Diazonium coupling is one of the more investigated addition reactions to 

CNTs. Aryl diazonium salts are known to react with olefins and also with 

aromatic compounds,
77

 so this kind of chemistry has been successfully applied 

by Tour and co-workers for the modification of carbon sidewalls. The first 

methodology developed was the functionalization of CNTs via electrochemical 

reduction of a variety of preformed aryl diazonium salts (Scheme 2, A, a).  

 

Scheme 2. Functionalization of CNTs using diazonium coupling reactions under different 

conditions.  
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Reduction gives an aryl radical that covalently attaches to the carbon 

surface, leading to high degree of functionalization.
78

 Later, the same group 

performed the reaction treating surfactant-wrapped nanotubes with the 

preformed salt in aqueous solution (Scheme 2, A, b). The mechanism for the 

arylation has been discussed in depth, it likes that the diazonium salt receives an 

electron from nanotube, followed by ejection of N2 group to form the aryl 

radical in close proximity to the tube and by nanotube-aryl radical coupling. A 

combination of GC-MS on thermolysis products of aryl diazonium-based 

functionalized SWCNTs, along with XPS analysis of materials suggests that the 

only functionality on the SWCNTs is the arene group. This means that the 

formed arene-CNT-radical couples with another aryl radical in the vicinal 

position, or after delocalization, as shown in Scheme 3.
79,80

  

 

 

Scheme 3. Possible reaction between CNTs and aryl radicals. 

The arenediazonium species can be also formed in situ by mixing an 

aniline, the synthetic precursor, and isoamyl nitrite (or sodium nitrite) with the 

CNTs in organic solvents,
81

 oleum,
82

 or without any solvent
83

 (Scheme 2, B, a, 

b). The solvent-free process is particularly attractive for large scale 

functionalization because previously procedures required about 2 L of solvent 

per gram of CNTs due to the poor dispersion of the latter. Treating aniline with 

isoamyl nitrite functionalizes CNTs by generating the reactive diazo entities in 

situ, water and alkoxide. The alkoxide reacts with the diazonium generating a 
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diazoether or deprotonates water providing hydroxide, which reacts with the 

diazonium leading to diazoanhydride formation. Both intermediates lead to aryl 

radical formation according to the mechanism of Goberg-Bachmann (Scheme 

4).
80

  

Tour and cools. also used organic triazenes as stable precursors to 

diazonium salts for functionalising CNTs in aqueous media. In this synthetic 

pathway, the triazene is first converted to the diazonium salt, adjusting the pH 

to 2 with HCl, and after the pH is adjusted to 10 with NaOH to complete the 

reaction (Scheme 2, C).
84

 Finally, the arylation reaction on CNTs was carried 

out in water in presence of a substituted aniline and isoamylnitrite, as oxidative 

agent, and heating the mixture at 80°C (Scheme 2, B, c). Through this method it 

is possible to reach higher degree of functionalization and better 

reproducibility,
85

 reasons that led us to use this approach for chemical 

modification of the CNTs. 

 

Scheme 4. Proposed mechanism of aryl diazonium salt reaction.
80

  

1.3 CNT characterization 

Responding to the rapid growth of research in the field of CNTs, and the 

emerging uses in electronics, material science and nanomedicine, protocols for 

CNT characterization have been developed to ensure their structure, purity, and 
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reliability. It is important to underline that all the standard techniques used in 

organic synthesis cannot be translate to CNTs and chemically modified CNTs. 

As regards, in functionalized CNTs (f-CNTs) the amount of functional groups 

is usually too low to be detected, with respect to the CNT component of the 

sample. Moreover, for techniques performed in solution, the choice of the 

solvent is highly limited, even for f-CNTs and the required concentrations, in 

term of functional groups, are usually far too high to be achieved. For what 

concerns NMR, further problems are given by the presence of ferromagnetic or 

paramagnetic metallic particles in CNT samples. Herein, the most common 

techniques that can be employed for CNT characterization are discussed. 

1.3.1 UV-Vis-NIR spectroscopy 

The electronic structure of the SWCNTs is related to a 2-D graphene sheet, 

but due to the radial confinement of the wave function, the continuous 

electronic density of states (DOS) in graphite divides into a series of spikes in 

SWCNTs known as van Hove singularities (vHSs). The optical absorption 

spectra in the UV-Vis-NIR range of pristine SWCNTs show characteristic 

absorption due to the transitions between the first and second pairs of 

singularities in the density of states of the tubes, even if the sharpness is not 

fully appreciable due to the overlap of similar transitions given by different 

SWCNTs (Figure 9). In fact each (n,m) carbon nanotube exhibits a different set 

of van Hove singularities in its valence and conduction bands; in particular the 

energy gap varies with the SWCNT diameter (d) as 1/d
2
, in agreement with the 

theoretically predicted behaviour of the gap induced by SWCNTs curvature.
86

 

Therefore, optical absorption can be used to determine the chirality of the 

nanotubes. Moreover, covalent modification of SWCNTs induces change in the 

electronic structure that can be probed by optical absorption spectroscopy. At 

low densities of functional groups, the S11, S22 and M11 transitions can still be 

recovered in the UV-Vis-NIR spectrum, instead at higher degree of 

functionalization, a complete loss of the S11, S22 and M11 features is observed. 
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A big drawback of this characterization is that its usefulness is usually 

limited to SWCNTs. In fact, the MWCNT UV-Vis-NIR absorption derives 

from the overlap of many different contributions of each tube, consequentially 

does not result in the typical well-defined van Hove features of a SWCNT 

spectrum, and cannot give information on CNTs covalent functionalization.  

 

 

Figure 9. DOS diagrams for metallic (a) and semiconducting SWCNTs (b); UV-Vis-NIR 

spectrum of pristine SWCNTs (c). 

1.3.2 Resonant Raman spectroscopy 

A Raman signal from a carbon nanotube can be obtained when the laser 

excitation energy is equal to the energy separation between vHSs in the valence 

and conduction bands. Because of this resonance process, when Raman spectra 

of SWCNTs bundle samples are taken, only those SWCNTs with Eii in 
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resonance with the laser excitation energy Elaser will contribute strongly to the 

spectrum. Of course, using laser energy, different populations of tubes in a 

heterogeneous SWCNT sample are analyzed. Figure 10 shows the main 

features of a typical SWCNT Raman spectrum. 

 

Figure 10. a) Main SWCNT Raman features; b) G band for highly ordered pyrolytic graphite 

(HOPG), MWCNT bundles, one isolated semiconducting SWCNT and one isolated metallic 

SWCNT. 

Radial breathing mode (RBM) corresponds to the atomic vibration of C 

atoms in the radial direction, as if the tube was breathing; RBM range is 

typically 100-350 cm
-1

. These features are very useful for characterizing 

nanotube diameters, as RBM frequency is inversely proportional to tube 

diameter. For large diameter tubes (d > 2 nm) the intensity of the RBM feature 

is weak and is hardly observable. G-mode corresponds to tangential planar 

vibrations of carbon atoms and it is present also in graphite, from which the 

name derives. However, differently from graphite, SWCNT G-band (1580 cm
-1

) 

is split into up six peaks, due to the loss of symmetry. Just the two most intense 

peaks are normally considered, the G
+
, which is given by vibrations along tube 

axis, and the G
-
, due to vibrations in the circumferential direction. The 
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difference between the G band line-shape for semiconducting and metallic 

SWCNTs is evident in the line-shape of G
-
 feature (Figure 10, b), which is 

broadened for metallic SWCNTs in comparison with the Lorentzian line-shape 

for semiconducting tubes, and this broadening is related to the presence of free 

electrons in nanotubes with metallic character. Another important Raman 

feature is the D band (diamond band, or disorder band), whose position is 

around 1300 cm
-1

 and it shifts at higher wavenumbers as the laser excitation 

energy is increased. This mode is associated with disorder, specifically, the sp
3
-

hybridized carbon atoms present in the tube or in the carbonaceous impurities. 

Therefore, it is often used to evaluate the structural quality of SWCNTs, 

expressed usually as D/G ratio. Moreover, the full-width-at-half-maximum 

(FWHM) intensity of the D-band of the various carbon impurities is generally 

much broader than that of CNT D-band, and thus D-band line-width could give 

an indication of SWCNTs purity level.  

The main change that could be appreciated in a SWCNT Raman spectrum 

upon chemical modification are the following: 

- loss or decrease of some RBM bands, due to destruction or extensive 

modification of the CNTs; 

- change in the D/G ratio, due to modification of sp
2
/sp

3
 carbon atoms ratio 

(an increased D/G ratio could give a quali- and quantitative information on the 

degree of covalent functionalization, but it could also be due to increased 

amorphous carbon content). 

Also for this characterization technique, the usefulness is limited to 

SWCNTs. In fact, MWCNTs do not present defined RBM, being each tube 

made of several concentric walls. Moreover, the D band is quite intense, often 

more than the G-band, because of the high extent of defects usually present in 

MWCNTs. Consequently, it is difficult to appreciate an increase in the D/G 

ratio due to functionalization. Lastly, the double-peak G band splitting for large 

diameter MWCNTs is both small and smeared out because of the diameter 

distribution and therefore the G feature predominantly exhibits a weakly 
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asymmetric characteristic line-shape, with a peak appearing at the graphite 

frequency 1580 cm
-1

 (Figure 10, b). These properties make it more difficult to 

differentiate the Raman signal of MWCNTs from that of graphite.
87

 

1.3.3 Infrared spectroscopy 

Compared to Raman spectroscopy, much less information about the 

vibrational properties CNTs can be gained from IR spectra. This limitation 

mainly results from the strong absorption of SWCNTs in the IR range. In an 

early transmission IR study, two features were detected, i.e. a weak line at 868 

cm
-1

 and a broad asymmetric band at 1575 cm
-1

.
88

  

IR spectroscopy is often used to characterize impurities from synthesis or to 

identify functional groups of molecules covalently attached to the nanotube 

surface. For example, the C=O stretching band or the band corresponding to the 

C-H vibration, are normally absent in non-functionalized nanotubes and can 

then be related to the organic fragments onto the nanotubes (Figure 11). 

 

Figure 11. Comparison between the featureless IR spectrum of p-MWCNTs (a) and the IR 

spectrum of f-MWCNTs (b); in the latter the presence of stretching C=O is highlighted. 
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1.3.4 X-ray photoelectron spectroscopy (XPS) 

XPS is a method used to determine the elemental composition of a 

material’s surface. It can be further applied to determine the chemical or 

electronic state of these elements. In photoelectron spectroscopy high energy 

radiation is used to expel core electrons from a sample. The kinetic energies of 

the resulting core electrons are measured. Electrons emitted have characteristic 

kinetic energies proportional to the energy of the radiation, according to (1), 

where KE is the kinetic energy of the electron, h is Planck's constant, υ is the 

frequency of the incident radiation, Eb is the ionization, or binding, energy, and 

φ is the work function. The work function is a constant dependent upon the 

spectrometer. 

KE = hυ-Eb-φ   (1) 

Using the equation with the kinetic energy and known frequency of 

radiation, the binding energy of the ejected electron may be determined. By 

Koopman's theorem, which states that ionization energy is equivalent to the 

negative of the orbital energy, the energy of the orbital from which the electron 

originated is determined.
89

 These orbital energies are characteristic of the 

element and its state. XPS is a powerful surface technique that can be used to 

accurately detect the presence and relative quantities of elements in a sample. 

Subsequently, high resolution scans of the peaks can provide information about 

the state and environment of atoms in the sample, such as hybridization, 

bonding and functionalities, which can be used to infer information about the 

surface structure of the material. This has important implications for CNTs, in 

which surface composition is of greatest importance in their uses. Thus, XPS 

can be used to determine the purity of the material, for example it is a useful 

method to verify the efficacy of a purification process. Moreover XP spectra 

give evidence of functionalization and can provide insight into the identity of 

the functional groups.
90
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1.3.5 Thermogravimetric analysis (TGA) 

TGA is an analytical technique used to determine the thermal stability of 

materials and the fraction of volatile components by monitoring the weight loss 

that occurs when the sample is heated. The weight of the sample is recorded, 

while heating in a furnace under a controlled atmosphere, which can be either 

inert (using gases as N2 or He), or oxidative (using air or pure O2).  

In the latter case CNTs combustion takes place between 400 and 600°C, 

and resulting in the formation of CO2 (Figure 12, a, blue line). CNTs 

combustion temperature depends on a number of parameters. For example, 

smaller diameter nanotubes are believed to oxidize at lower temperature due to 

the higher curvature strain. Defect and derivatization moiety in nanotube walls 

can also lower the thermal stability. The amount of metal impurity in the 

sample can also have a considerable influence on the thermal stability, since 

they catalyze carbon oxidation. It is impossible to distinguish these 

contributions, but nevertheless thermal stability is a good measure of the overall 

quality of nanotube sample and, in general, higher oxidation temperature is 

always associated with purer, less defective samples.
91

  

Under inert atmosphere, CNTs are stable up to ca. 800°C (Figure 12, a, red 

line), and therefore it is possible to ascribe the weight loss at lower 

temperatures to the organic material present in the sample, thus estimating the 

degree of functionalization after a chemical modification of CNTs (Figure 12, 

b). 
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Figure 12. a) TGA analysis of pristine MWCNTs under N2 and air; b) TGA analysis of pristine 

SWCNTs and f-MWCNTs under N2. 

1.3.6 TGA-coupled mass spectrometry (TGA-MS) 

While TGA provides quantitative weight change information about 

decomposition and volatilization, it does not generally provide information 

about the identity of specific gaseous material evolving during the experiment. 

Hence, TGA is often coupled with other analytical techniques, as mass 

spectroscopy, in order to obtain this qualitative data. In this case, the TGA 

analysis should be performed in He, so that the mass spectrometer could screen 

all the masses with molecular weights bigger than 4, the molecular weight of 

He. Otherwise the signal given by the gas would completely saturate the 

instrument. It is important to point out that the mass spectra obtained are not 

like normal ones, in fact a massive fragmentation occurs during TGA, and so 

only small fragments are produced. However, also higher molecular weight 

peaks appear, making it possible to determine the presence of certain 

molecules, if very characteristic fragments are produced or by comparison of 

the patter obtained with known samples. 

1.3.7 Atomic force microscopy (AFM) 

AFM is a particular kind of scanning probe microscopy, that permits the 

scanning of a surface sample by using a cantilever with a sharp tip (radius of 
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curvature of 3-50 nm) (Figure 13). When the tip scans close to the sample 

surface, forces between the tip and the sample lead to a deflection of the 

cantilever according to Hooke’s low.
92

 These deflection interactions, including 

mechanical contact, Van der Waals, capillary, chemical bonding, electrostatic, 

magnetic and solvation forces are measured using a laser spot reflected from the 

top surface of the cantilever into an array of photodiodes. The AFM can be 

operated in a number of modes, depending on the application. In general, 

possible imaging modes are divided into static (also called contact) modes and a 

variety of dynamic (non-contact or "tapping") modes where the cantilever is 

vibrated. In contact mode the tip actually touches the surface, thus possibility 

moving objects or damaging soft samples. In non-contact mode, the tip scans 

instead the surface at a certain distance and the cantilever is oscillated at a 

frequency slightly above its resonant frequency where the amplitude of 

oscillation is typically few nanometers (<10 nm). The van der Waals forces or 

any other long range force which extends above the surface acts to decrease the 

resonance frequency of the cantilever. This decrease in resonant frequency 

combined with the feedback loop system maintains a constant oscillation 

amplitude or frequency by adjusting the average tip-to-sample distance. 

Measuring the tip-to-sample distance at each (x,y) data point allows the 

scanning software to construct a topographic image of the sample surface. Non-

contact mode AFM does not suffer from tip or sample degradation effects, 

making it preferable to contact AFM for measuring soft samples. In tapping 

mode the cantilever is driven to oscillate up and down at near its resonance 

frequency by a small piezoelectric element mounted in the AFM tip holder 

similar to non-contact mode. However, the amplitude of this oscillation is 

greater than 10 nm, typically 100 to 200 nm, and the microscope extrapolates 

the surface topography by the change in the oscillation amplitude, triggered by 

tip/surface interactions. 
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AFM permits an three-dimensional reconstruction of the sample 

topography with atomic resolution, and also allows to collect information on the 

morphology, homogeneity, dispersability and purity of nanomaterials.
93 

 

Figure 13. Schema of AFM instrument and AFM image of SWCNTs. 

1.3.8 Transmission electron microscopy (TEM) 

TEM is a major toll for the morphological characterization of CNTs, the 

measurement of their lengths and diameters, and a crude assessment of their 

purity, in term of metals and amorphous material content. A TEM image 

derives from the interference of the sample with an electron beam transmitted 

through it. Thus, metal particles interfere more, producing spots with higher 

contrast. On the other hand, individual SWCNTs are usually difficult to 

visualized (with a non-high resolution TEM), due to the low contrast with the 

grid surface, which is usually made of carbon. Bundles of SWCNTs instead, as 

well as MWCNTs, can be easily detected (Figure 14, a). 
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1.3.8 Scanning electron microscopy (SEM) 

SEM has been widely used to visualise CNTs in the bulk and to assess their 

purity. In this case the micrograph of the sample is obtained by a high-energy 

beam of electrons in a raster scan pattern (Figure 14, b). 

 

Figure 14. TEM (a) and SEM (b) images of purified SWCNTs. 

After having described the main properties of the CNTs and the most 

important methods of functionalization and characterization, we will focus in 

the next paragraphs on the application of the CNTs as basis for the construction 

of macroscopic materials. 

1.4 Macroscopic CNT Assemblies 

As already pointed out, due to their high aspect ratios, CNTs can be 

macroscopic and nanoscopic at the same time and thus they are able to bridge 

the gap between the molecular realm and the macro-world. The production of 

macroscopic architectures based on assembled CNTs with controlled 

orientation and configuration is an important step towards their application. 

There exist great challenges to transfer the properties of individual CNTs, in 

particular their mechanical and electrical properties, into macroscopic forms. 

Examples include super-strong 1D CNT fibers,
94

 highly flexible 2D CNT 
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films
95

 and compressible 3D CNT arrays or foams
96

 (Figure 15). The 

macroscopic CNT assemblies not only have the advantage of presenting 

multifunctionalities, combining electrical, mechanical, optical and chemical 

properties all together, but also result of easy handling and usable in different 

conditions. 

 

Figure 15. Example of a 1D CNT fiber (a),
94

 a 2D film (b)
95

 and a 3D foam (c).
96 

1.4.1 1D CNT Fibers 

To fully utilized the excellent axial properties of CNTs, it is justifiable to 

make CNT-based fiber materials in which nanotubes are well aligned along the 

fiber axis. There have been several approaches to assemble such fibers of either 

pure CNTs or CNT-polymer composites. These methods can be summarized as 

the direct growth of the CNT fibers, spinning from nanotube mat, and 

coagulation spinning. Of course, the mechanical properties, electrical and 

thermal properties of these fiber structure must be evaluated. The mechanical 

properties are commonly specified by the definition of the Young’s modulus, 

also known as tensile or elastic modulus, that represents the ratio of the stress 

over the strain along an axis. Excellent fiber strength (4.2 GPa) and modulus 

(167 GPa) have been achieved by incorporation SWCNTs in a polymer, but 

electrical and thermal conductivities are generally low because of limitations on 
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nanotube content. Therefore, the fabrication of macroscopic 1D, neat CNT 

fibers (also called yarns) has become one of the central goals of material 

scientist. Even though the mechanical performance of the fabricated CNT fibers 

is not still comparable to that of commercial fibers (carbon fiber, Kevlar), their 

flexibility and their high conductivity have shown great promise in a variety of 

applications such as structural materials,
97

 strong and highly conductive 

cables,
98

 electrochemical actuators
99

 and incandescent bulb filaments.
100

  

In 2002 Zhu et al. have reported the direct synthesis of 20 cm long 

nanotube (Figure 16) strands after the pyrolysis of hexane, ferrocene, and 

thiophene through a vertically floating chemical vapor deposition method.
101

 

Even if this work showed the possibility of directly forming CNT strands in a 

furnace, the productions still suffer from severe limitations in terms of length, 

production efficiency and stability. 

 

Figure 16. Optical image showing a human hair and two as-grown SWNT strands (indicated by 

black arrows).
101

 

On the basis of this work, Li et al. spun fibers and ribbons of carbon 

nanotubes directly from the chemical vapor deposition synthesis zone of a 

furnace using ethanol, as liquid source of carbon, and ferrocene, as iron 

catalyst. This process was realized through the appropriated choice of reactants, 

control of the reaction conditions, and continuous withdrawal of the product 

with a rotating rod of different geometries. The key requirements for continuous 

spinning are the rapid production of high purity nanotubes to form an aerogel in 

the furnace hot zone and the forcible removal of the product from reaction 
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chamber by continuous wind-up (Figure 17). The fabrication of CNT fibers 

greatly relies on the assembly of CNTs in the gas flow via van der Waals 

interactions. In this case, the best electrical conductivity of CNT fibers was 8.3 

10
3
 Ω

-1
 cm

-1
, and the tensile strength had a wide range between 0.1 and 1 

GPa.
102

 

 

Figure 17. Schematic representation of direct spinning process. The liquid feedstock, in which 

small quantities of ferrocene and thiophene are dissolved, is mixed with hydrogen and injected 

into the hot zone, where an aerogel of nanotubes forms. This aerogel is captured and wound out 

of the hot zone continuously as a fiber.
102 

In 2004, Zhang et al. introduced a twist during spinning of MWCNTs from 

super aligned CNT arrays, nanotube forests (in which all nanotubes grow from 

a substrate in a manner resembling tree trunks in a dense bamboo forest and 

have nearly the same height) to make single or multiply twisted fibers (Figure 

18). The electrical conductivity of these CNT fibers was around 300 S cm
-1 

and 

their tensile strength was in the range of 200-500 MPa.
94
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Figure 18. a) SEM image of a carbon nanotube yarn in the process of being simultaneously 

drawn and twisted during spinning from a nanotube forest; b) SEM image of single MWCNT 

yarn; c) SEM image of two-ply yarn; d) SEM image of four-ply yarn.
94 

Coagulation spinning has been widely used for making various organic 

fibers, such as Kevlar, acrylic and poly(acrylonitrile) (PAN) fibers. In this 

process, a polymer solution is extruded into a bath that contains a second liquid 

in which the solvent is soluble but the polymer is not. The polymer therefore 

phase separates and condenses to form a fiber. This process was adapted by 

Vigolo et al. injecting surfactant-dispersed nanotubes into a rotating bath of 

aqueous polyvinyl alcohol to produce nanotube gel fibers of some centimetres 

in length (Figure 19). The highest Young’s modulus for these fibers was found 

to be 15 GPa and the resistivity at room temperature was about 0.1 Ω cm.
103

  

 

 



Chapter 1 

34 
 

 

Figure 19. a) Schematic drawing of the experimental set-up used to make nanotubes ribbons. 

Flow induced alignment of the takes place at the tip of the needle. The injection rate of the 

SWCNTs dispersion was varied from 10 to 100 ml /h. The polymer solution was in a cylindrical 

container that rotated at speeds ranging from 30 to 150 rpm. The capillary tip from which the 

nanotube solution was extruded was located at a distance varied from 2.0 to 3.0 cm from the 

rotation axis of the polymer. The needle was orientated so that the SWCNTs injection was 

tangential to the circular trajectory of the polymer solution; b) tying knots reveals the high 

flexibility and the resistance to torsion of the nanotube fibers.
103

 

Dalton et al. modified the spinning apparatus, by optimizing the flow rate 

of spinning and coagulation solutions, and leading to an increase of mechanical 

performance with a Young’s modulus of up to 80 GPa.
104

 Afterwards Miaudet 

et al., using the same coagulation method, fabricated fibers contain the equal 

weight of PVA and nanotubes. These fibers were dried and then drawn in a 

flow of hot air at 180°C, a temperature above the PVA glass transition, to give a 

modulus of 45 GPa and a strength of 1.8 GPa.
105

 Coagulation spinning has also 

been used with systems different from PVA. For example, Lynam et al. 

produced CNT biofibers based on wet-spinning process in which a wide variety 

of biocompatible polymers acted as dispersant or coagulant. They used 

coagulation bath of chitosan (CHIT) for DNA and hyaluronic acid (HA) 

dispersions, or coagulation bath of chondroitin sulphate (CS) and heparin (Hep) 

for CHIT dispersions. These fibers possessed strengths of up to 0.17 GPa or 

moduli of up to 0.146 GPa, depending on the type of biomolecule used.
106
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Finally Zhang reported a new coagulation process in which MWCNTs were 

spinned from a liquid-crystalline ethylene glycol dispersion into a diethyl ether 

bath. The ether-swollen fiber was collected onto a small winder outside the bath 

(Figure 20), then the ether evaporated rapidly to leave a nanotube fiber with a 

Young’s modulus of 69 GPa.
107

 

 

Figure 20. A 3 m long MWCNT fiber collected on the small winder.
107

 

1.4.2 2D Free-Standing CNT Films 

Free-standing CNT sheets exhibit high strength, together with high 

electrical conductivity, optical transparency and mechanical flexibility/ 

stretchability, properties that can facilitate new type of applications in 

electronics. For example, their high mobilities and ballistic transport 

characteristics have led to their consideration as a replacement for Si in future 

generation devices, especially when continued dimensional scaling as the 

primary driver for improved performance becomes increasingly difficult. 

Recently, numerous reports have demonstrated that CNTs films show potential 

for application as energy-conversion and storage devices, sensors, smart 

windows, OLEDs, organic solar cells, polarized light sources and 

loudspeakers.
108–110

  

Various techniques based on CNT suspensions have been developed to 

fabricate macroscopic 2D CNT films, such as spin coating, drop drying from 
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solvent, Langmuir-Blodgett deposition, and airbrusching.
34

 Films created in 

these manners have thickness of few hundred nanometers and, normally, have 

to be supported by a substrate. Thus, transfer techniques are required to release 

the paperlike film to the desired substrate, which may cause damage to the 

resulting product.  

The simplest and popular method for large scale production of porous 

network films, with controllable thickness is the vacuum filtration method. The 

first free-standing membrane of tangled SWCNTs, the so called “Bucky paper”, 

was obtained by means of this method.
111

 SWCNTs were first dispersed in a 

solution of a surfactant and then the suspensions were filtered under vacuum to 

form a film (Figure 21). Homogeneity, high electrical conductivity and 

mechanical integrity are advantages of this procedure. Moreover, it allows 

controlling the film thickness, with nanoscale precision, by the nanotube 

concentration and volume of the suspension filtered. By properly adjusting the 

volume of filtered CNTs suspension, ultrathin, transparent and electrically 

conducting SWCNT films
112,113

 and flexible MWCNTs electrodes were 

fabricated.
114

 

 

Figure 21. Schematic representation of the vaccum filtration method. 

Additionally, Zhun found that vacuum filtration was a facile and effective 

way to prepare ultrathin free standing SWCNT films with not only excellent 

optical and electrical properties, but also high mechanical strength. More 

precisely a 20 nm thick film gave a tensile strength of 850 MPa (Figure 22).
113
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Figure 22. Photograph of ca. 20 nm thick free-standing SWNT film floating on water surface 

after being released from the filter membrane.
113

 

An alternative method called “domino pushing” was recently proposed to 

assemble aligned Bucky paper using aligned MWCNT arrays as starting 

material (Figure 23). In this procedure MWCNT arrays were forced down in 

one direction by pushing a cylinder with constant pressure, and thereby all 

CNTs in the array were attracted together due to strong van der Waals forces 

and formed an aligned Bucky paper. The axial electrical conductivity of this 

aligned Bucky paper was 200 S m
-1

 at room temperature, while the value for 

randomly oriented Bucky paper is 150 S m
-1

.
95

 

 

Figure 23. Schematics of the domino pushing method. (a) Forming aligned Bucky paper. (b) 

Peel the Bucky paper off from the silicon substrate. (c) Peel the Bucky paper off from the 

microporous membrane.
95
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Later Liu et al. demonstrated a simple and robust approach for preparing 

free-standing highly conductive and transparent SWCNT films with a 20-150 

nm thickness by spray coating from surfactant-dispersed aqueous solutions of 

SWCNTs. After the HNO3 treatment, dipping the SWCNT films supporting on 

glass substrates in water resulted in a nondestructive self-release to form free-

standing ultrathin SWCNT films on the water surface (Figure 24).
115

 

 

Figure 24. Fabrication, self-release, and transfer processes for thin SWNT films.
115

 

Nasibulin developed an aerosol CVD synthesis method for direct deposition 

of SWCNT. The films were prepared by first collecting nanotubes downstream 

of the reactor on microporous filters (Millipore, HAWP, 0.45 μm pore 

diameter) and then dry transferring them to a substrate with an opening as 

shown in Figure 25. Since the SWCNT films were collected on low-adhesion 

filters, they could be easily transferred to practically any substrate, including 

flexible polymers, glass, quartz, silicon, and various metals. These free-standing 

films were tested in different applications, such as air filtration, electrochemical 

sensing, transparent electrodes and as main components in a gas flowmeter, 

heater and thermoacoustic loudspeaker.
116
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Figure 25. Photographs showing the procedure for preparation of a free-standing film on a PET 

substrate: (a) a perforated substrate is fixed on a table with adhesive tape; (b) the substrate, with 

an opening, is placed on the SWCNT film; (c) the edges of the SWCNT film and the substrate 

are pressed together; (d) the PET substrate carrying the free-standing film is easily peeled off.
116

 

1.4.3 3D CNT arrays 

3D architectures, such as aligned 3D arrays or foams, result in an ideal low-

weight foamlike material, due to the remarkable flexibility and resilience of 

CNTs. Recent work has demonstrated that vertically aligned MWCNT arrays 

exhibit super-compressible behaviour, in which individual nanotubes act as 

strong nanoscale struts and the internanotube spaces act as interconnected open 

air cells. So they might be useful in interconnecting structures for mechanical-

damping and energy absorbing facilities. Moreover, a comparison of CNT 

arrays and other contractile materials indicates that CNT arrays are comparable 

to human tissues, in terms of their mechanical properties. This combination of 

soft-tissue like behaviour and outstanding fatigue resistance of CNT arrays 

suggest that properly engineered nanotube structures could act as artificial 

tissues.
117
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Figure 26. a) Vertical and horizontal growth of aligned CNTs, viewed in a cross-section of a 

patterned Si/SiO2 wafer;
118

 b) picture of a 2.5-mm-tall SWCNT forest on a 7-mm x 7-mm 

silicon wafer.
119

  

The direct assembly of carbon nanotubes in a variety of predetermined 

orientations onto glass or silicon/silica substrates with macroscopic sizes in 3 

dimensions was implemented using CVD (Figure 26, a).
118,120,121

. Hata et al. 

grew super-dense, vertically aligned SWCNT forests with millimetre-scale 

height on a silicon wafer, by means of a water-assisted synthetic CVD approach 

(Figure 26, b).
119

 In 2003 Huang reported a controllable method to fabricate 3D 

aligned CNTs pattern by multi-step process based on pyrolysis of iron(II) 

phthalocyanine, which serves both catalyst and carbon source for nanotubes 

growth. The general procedure of fabricating such 3D architectures is outlined 

in Figure 27. It involves two steps. First step is generating 2D aligned CNT 

arrays by selective growth of CNTs on metal pre-patterned substrate. It was in 

fact found that some metals, e.g., Ag, Au, Pt, and Pd, do not support the growth 

of CNTs from pyrolysis of iron(II) phthalocyanine. So he fabricated 2D aligned 

CNT arrays on metal-patterned substrate by selective growth. Second step is to 

remove metal pattern by chemical etching process followed by second time 

growth of CNTs under different conditions.
122
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Figure 27. Schematic illustration of the procedure for generating three-dimensional (3D) 

aligned CNTs pattern by two-step processes based on pyrolysis of iron(II) phthalocyanine.
122

 

While Gui and co-workers synthesized a macroscopic freestanding sponge-

like CNT material, by chemical vapor deposition in which dichlorobenzene was 

employed as carbon source. The formed CNT sponge, with a porosity of 99%, 

showed high structural flexibility, robustness, and wettability to organics, 

moreover the CNT sponges can be deformed into any shapes elastically and 

compressed to large strains repeatedly in air or liquids without collapse (Figure 

28).
96

 

 

Figure 28. A picture of a CNT and a polymeric sponge placed in a water bath. The CNT sponge 

is floating on the top while the polyurethane sponge absorbed water and sank to below the 

surface level. 
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For the construction of macroscopic material based on CNTs we propose an 

alternative supramolecular approach, in which organic molecules covalently 

linked to the CNTs drive their self-assembly. This method has proved an 

extremely simple and versatile method to obtain different structures based on 

CNTs and to incorporate the CNTs in various polymeric matrices. Furthermore 

this new approach allows to avoid the use of surfactants, present in most of the 

techniques described previously, and of specific intricate equipment for the 

fabrication, preserving, at the same time, the main properties of CNTs, as the 

conductivity, or enhancing the characteristics of polymers. In the next section 

we will analyze the guiding concepts that are the basis of this thesis project. 

1.5 Macroscopic self-assembly through molecular recognition 

The creation of nanometer-scale devices has attracted much attention for 

more than a quarter of century. Two complementary strategies can be used in 

the fabrication of molecular materials and biomaterials: the “top-down” and 

“bottom-up” approaches (Figure 29). 
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Figure 29. llustration of the ‘‘top-down” and ‘‘bottom-up” approaches in nanotechnology. 

In the “top-down” approach, materials are generated by stripping down a 

complex entity into its component parts, in other words a reduction in the size 

of components; but for semiconductor devices, for example, problems arise 

from the failure of insulating barriers in the materials used and from the 

difficulty and cost of fabrication. This contrast with the “bottom-up” approach, 

in which materials are assembled molecule by molecule to produce novel 

supramolecular architectures. The possibility of “engineering up” from a 

molecule to functioning electronic devices has become an increasingly 

attractive prospect. The latter approach requires a deep understanding of 

individual molecular building blocks and their structures, assembly and 

dynamic behaviour. As an alternative, significant progress in the development 

of nanoscience can be made by transferring concepts found in the biological 

world into the chemical area. Nature shows a strong preference for bottom-up 

design, in fact natural processes are capable of fashioning an enormously 
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different range of fabrication units, which can further self-organize into refined 

structures, materials and molecular machines that not only have high precision, 

flexibility and error-correction capacity, but also are self-sustaining and 

evolving. The specificity and precision displayed by biological systems is 

derived from the highly directed mutual recognition displayed by the 

components of a structure. The formation of lipid bilayers, the folding of 

polypeptide chains into proteins, the folding of nucleic acids into their 

functional forms and the association of a ligand with a receptor are all examples 

of molecular self-assembly, as are the formation of molecular crystals, colloids, 

phase separated polymers and self-assembled monolayers.
123,124

  

Molecular self-assembly is a process in which molecules (or part of 

molecules) spontaneously form ordered aggregates and usually is mediated by 

weak and non-covalent bonds. A variety of non-covalent forces can be used to 

direct the assembly of supramolecules: ionic forces, often in the form of metal-

complexes (250 KJ mol
-1

); hydrogen bonds (10-120 KJ mol
-1

); dipol–dipol 

forces (1-5 KJ mol
-1

); π–π stacking interactions (< 5 KJ mol
-1

) and hydrophobic 

interactions (1-10 KJ mol
-1

). Important for the molecular design is the absolute 

energy of the respective interaction together with its length of interaction. 

Additionally some forces are directed (hydrogen bonds, dipol–dipol forces, π–π 

stacking) whereas others are uniform (ionic forces and hydrophobic 

interaction). In particular, Nature has used multiple hydrogen bond motifs i.e 

Watson-Crick base pairs, as critical entities for establishing the fidelity required 

in the efficient storage, replication, and transcription of genetic information. 

Hydrogen bonding interactions are among the most important structuring forces 

in supramolecular chemistry, offering the tuning of forces starting from several 

KJ mol
-1

 up to more than 80 KJ mol
-1

. The binding force of multiple hydrogen 

bonding systems can be tuned leading to association constants from several M
-1

 

up to more than 10
5·

M
-1

. The binding strength is influenced by the number of 

hydrogen bonding interactions (each bond contributing about 7.9 KJ mol
-1

) as 
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well as other effects such as secondary repulsion, electronic effects, and 

tautomeric effects. An important advantage of hydrogen bonds over other 

intermolecular interactions is the sequential type ordering due to the 

complementing nature of specific hydrogen bonds which allows directed 

ordering into alternating sheets and three dimensional objects.
125

 

In the last years much attention has been directed towards supramolecular 

polymers and materials,
126,127

 in which the covalent bonds used to hold together 

the monomeric units are replaced by highly directional and reversible non-

covalent interactions. The high reversibility of the non-covalent bonds ensures 

that supramolecular polymers are always under conditions of thermodynamic 

equilibrium, and the lengths of the chains are directly related to the strength of 

the non-covalent bond, the concentration of the monomer and the temperature. 

 

Figure 30. a) UPy-modified PEB (poly(ethylene butylene);
128

 b) Hierarchical self-assembly of 

rosette nanotubes: the hydrogen bonding unit, model of rosette like structure and molecular 

model of the nanotube;
129

 c) UPy-functionalized PCL (poly(caprolactone);
130

 d) Compact 3D 

structure self-assembled from polyhedral, polymer components bearing solder patterns of wires 

and dots;
124

 e) β-CD-gel (β-cyclodextrin gel, host red gel) adheres firmly to Ad-gel (Adamantyl-

gel, guest green gel), and alternating self-assembled structures were formed in accordance with 

the high complementarity of the host and guest gels.
131 



Chapter 1 

46 
 

The first designed supramolecular polymer was introduced by Stadler et al. by 

transforming a linear, non-crosslinked soft polybutadiene chain into a 

thermoplastic elastomer. The concept relied on the statistical introduction of 

uradiazole-hydrogen bonds into the polybutadiene, thus creating non-covalent 

crosslinking sites between the polymer chains. It was found that a hydrogen 

binding donor-acceptor unit for each 50 butadiene-units is sufficient to 

drastically change the thermal and mechanical properties of the material, thus 

demonstrating that a couple of weak bonds on side of a polymer chain can be a 

very efficient crosslinking structure. The concept has been applied to many 

polymers such as poly(butadienes), poly(isobutylenes), and poly(siloxanes) and 

using different types of hydrogen bonds, as for example triazine – barbituric 

acid in the case of poly(propylene), simple –OH bond clusters in the case of 

poly(butadiene); 2-ureido-4[1H]-pyrimidinone clusters in poly(olefines) (Figure 

30, a, c), as well as melamine/imide clusters in poly(tetrahydrofurane).
125

 

Moreover the association of disc-like building blocks can be achieved 

combining multiple hydrogen bonds on a central, disc-shaped aromatic core 

with electrostatic interactions (Figure 30, b).
129

 Not only there are a lot of 

examples of 2D and 3D self-assemply structures, but also has been demostrated 

that well defined molecular-recognition events are able to direct the assembly 

of macroscopic structures in the order of millimeters to centimeters (Figure 30, 

d, e).
124,131

  

Then, the basic concept behind the present thesis was the manipulation of 

CNTs through molecular self-assembly to create new materials with similar 

properties to those of these supramolecular polymers and materials. To do this, 

in the first instance, covalent synthesis, using classical organic synthesis, has to 

be used to produce subunits which, by relying upon non covalent bonds, can 

aggregate with themselves or other synthetic subunits to afford stable, 

structurally defined supramolecular assemblies (Scheme 5).  
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Scheme 5. Synthetic strategy based on self-assembly: modification of CNTs into building 

blocks, which can assemble into complex entities. 

Of great interesting are DNA and DNA-like materials that offer the 

opportunity of preparing controlled self-assembly architectures. There are two 

major binding motifs in nucleic acids, adenine-thymine, A·T and guanine-

cytosine, G·C. These nucleobase pairs interact via 2 and 3 hydrogen bonds, 

respectively (Figure 31, a). There are other base-pairing motifs that involve at 

least two hydrogen bonds which can be formed between the four common 

nucleobases, such as the Hoogsteen base pairs (Figure 31, a). The degree of 

interaction between adenine and thymine (KAT ca. 10
2
·M

-1
 in CHCl3) is 

significantly lower than between cytosine and guanine (KCG ca. 10
4
-10

5
·M

-1
 in 

CHCl3). Generally, multiple nucleobase binding sites are utilized to obtain 

significant binding constants. For example, a lot of systems utilize hydrogen 

bonding in conjugation with additional hydrogen bonding sites and/or π-π 

stacking interactions (Figure 31, b). All nucleobases have the ability to 

homodimerize, in particular homooligomers of guanine derivatives are the most 

interesting. In fact the presence of two complementary hydrogen bonding arrays 

within the guanine molecule allows it to oligomerize via hydrogen bonding. 

Moreover guanine is well known to self-assemble into hydrogen-bonded cyclic 

tetramers, the so-called G-quartet, in the presence of metal ions, and also into 



Chapter 1 

48 
 

structures where G-quartets form four-stranded column-like superstructures, 

called G-quadruplexes. 

 

 

Figure 31. a) Examples of Watson-Crick and Hoogsteen Base-pairs; b) Some of the non-

covalent interactions which are present in the nucleobase guanine. 

The presence of accessible nitrogen and oxygen lone pairs in the 

nucleobases opens up the possibility of these molecules acting as metal ligands. 

Studies into metal ion-nucleobase interactions are of great interest since metal 

ions play a crucial role in the structure and function of nucleic acids and genetic 

information transfer.
132

 In addition, recent developments have been done on the 

using of single nucleobase interactions to control the self-assembly of new 

materials. Nucleobases, incorporated in polymer matrices, both chain-end that 

side-chain modified polymers, have been used to form hydrogels,
133

 

supramolecular nanofibers in a crystalline state,
134

 gel microspheres
135

 and so 

forth. 

On the basis of these considerations, new hybrid materials comprising both 

nucleosides and CNTs would be extremely interesting for the remarkable 

properties of CNTs and recognition properties of nucleobases. Non-covalent 
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interactions and the ability of nucleobases to disperse CNTs have been 

evaluated theoretically and experimentally. It has been reported that SWCNTs 

and nucleotides mixed using a mechanochemical high-speed vibration milling 

technique are soluble in water for the formation of hydrophobic and π-π 

interactions between the bases and SWCNT surfaces.
136

 Recently, using the ab 

initio Hartree-Fock method together with force field calculations, it was 

demonstrated that binding energies of nucleobases with SWCNTs in aqueous 

solution decrease in the order G>T>A>C, instead the gas phase binding 

energies follow the sequence G>A>T>C. It was also shown that main 

contribution to binding energies comes from van-der Wall interactions between 

nanotubes and nucleobases.
137

 

However, until a few years ago nucleobases were not used for covalent 

attachment on CNTs. For the first time, in our group the functionalization of 

CNTs with thymine moieties, capable of forming strong H-bonds through the 

C=O group acceptor and N-H group donor, was described. And it was 

demonstrated that thymine-functionalized CNTs (Thy-CNTs) are able to self-

assemble into different superstructures by DA-AD H-bonding recognition in 

non-competitive solvent, as DCM (Figure 32).
138
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Figure 32. TEM images of thymine-functionalized short thin multi-walled CNTs (st-

MWCNTs) (a, b) and of thymine-functionalized MWCNTs (c, d). In the left hand columns, 

dispersions in DMF are shown, while the right hand columns displays aggregates in DCM.  

Later, the preparation of hybrid self-organized architectures in which CNTs are 

locally arranged on patterned surfaces previously coated with a polymeric 

matrix was reported.
139

 Following the same approach other groups exploited the 

supramolecular behavior of nucleobase-decorated CNTs in order to create 

different architectures, novel electronic devices and new support for different 

catalytic transformations. For example, it has been demonstrated that adenine-

SWCNTs are able to align and to coordinate silver ions,
140

 uracil funcionalized 

CNTs are able to self-assemble into regular nonorings,
141

 adenine-MWCNTs 

can complex with uracil substituted ferrocene to give electroactive species
142

 

and guanine decorated SWNTs form G-quartet type self-assembly.
143

 

Therefore the functionalization of CNTs with organic modules able to 

produce H-bonding recognition can lead to diverse methodologies for the self-

assembly of CNTs by organic molecules and/or supramolecular polymers.  

Following this argument, in this thesis, we will prove, with a combination 

of spectroscopic techniques that molecules grafted on CNT surface retain their 
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ability of supramolecular recognition and we will detail the obtaining of self-

organized materials based on CNTs. 

1.6 References 

(1)  Mazzola, L. Nat. Biotechnol. 2003, 21, 1137–1143. 

(2)  Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chem. Rev. 2006, 

106, 1105–1136. 

(3)  Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E. 

Nature 1985, 318, 162–163. 

(4)  Iijima, S. Nature 1991, 354, 56–58. 

(5)  Iijima, S.; Ichihashi, T. Nature 1993, 363, 603–605. 

(6)  Li J., Papadopoulos C., X. J. Nature 1999, 402, 253–254. 

(7)  Luo, T.; Chen, L.; Bao, K.; Yu, W.; Qian, Y. Carbon 2006, 44, 2844–

2848. 

(8)  Nasibulin, A. G.; Pikhitsa, P. V.; Jiang, H.; Brown, D. P.; 

Krasheninnikov, A. V.; Anisimov, A. S.; Queipo, P.; Moisala, A.; 

Gonzalez, D.; Lientschnig, G.; Hassanien, A.; Shandakov, S. D.; Lolli, 

G.; Resasco, D. E.; Choi, M.; Tománek, D.; Kauppinen, E. I. Nat. 

Nanotechnol. 2007, 2, 156–161. 

(9)  Liu, J.; Dai, H.; Hafner, J. H.; Colbert, D. T.; Smalley, R. E.; Tans, S. J.; 

Dewer, C. Nature 1997, 385, 780–781. 

(10)  Hu, J. Q.; Bando, Y.; Xu, F. F.; Li, Y. B.; Zhan, J. H.; Xu, J. Y.; 

Golberg, D. Adv. Mater. 2004, 16, 153–156. 

(11)  Sano, N.; Wang, H. M.; Chhowalla, M.; Alexandrou I.; Amaratunga, G. 

A. J. Nature 2001, 414, 506–507. 

(12)  Thostenson, E. T.; Ren, Z.; Chou, T. Comp. Sci. Technol. 2001, 61, 

1899–1912. 

(13)  Iijima, S. Physica B 2002, 323, 1–5.  

(14)  Katz, E.; Willner, I. ChemPhysChem 2004, 5, 1084–1104. 



Chapter 1 

52 
 

(15)  Dai, H.; Rinzler, A. G.; Nikolaev, P.; Thess, A.; Colbert, D. T.; Smalley, 

R. E. Chem. Phys. Lett. 1996, 260, 471–475. 

(16)  Yacam n, J.; Yoshida, M. M.;  end n, L.; Santiesteban, J. G. Appl. 

Phys. Lett. 1993, 62, 202–204. 

(17)  Mostofizadeh, A.; Li, Y.; Song, B.; Huang, Y. J. Nanomater. 2011, 

2011, 1–21. 

(18)  Gogotsi, Y., Joseph, A., Yoshimura. M.. Perspectives of Fullerene 

Nanotechnology 2002, 253–264. 

(19)  Davis, W. R., Slawson, R.J. Rigby, G. R. Nature 1953, 171, 756–756. 

(20)  Height, M. J.; Howard, J. B.; Tester, J. W.; Vander Sande, J. B. Carbon 

2004, 42, 2295–2307. 

(21)  Hu, W.; Gong, D.; Chen, Z.; Yuan, L.; Saito, K.; Grimes, C. a.; 

Kichambare, P. Appl. Phys. Lett. 2001, 79, 3083-3085. 

(22)  Boehm, H. P. Carbon 1973, 11, 583–590. 

(23)  Dai, H.; Rinzler, A. G.; Nikolaev, P.; Thess, A.; Colbert, D. T.; Smalley, 

R. E. Chem. Phys. Lett. 1996, 260, 471–475. 

(24)  Endo, M.; Takeuchi, K.; Kobori, K.; Takahashi, K.; Kroto, H. W.; 

Sarkar, A. Carbon 1995, 33, 873–881. 

(25)  Hsu, W. K.; Terrones, M.; Hare, J. P.; Terrones, H.; Kroto, H. W., 

Walton, D. R. M. Chem. Phys. Lett. 1996, 262, 161–166. 

(26)  Javey, A.; Guo, J.; Wang, Q.; Lundstrom, M.; Dai, H. Nature 2003, 424, 

654–657.  

(27)  McEuen, P. L.; Fuhrer, M. S.; Park, H. IEEE T. Nanotechnol. 2002, 1, 

78–85. 

(28)  Yu, M.; Lourie, O.; Dyer, M. J.; Moloni, K.; Kelly, T. F.; Ruoff, R. S. 

Science 2000, 287, 637–640. 

(29)  Pop, E.; Mann, D.; Wang, Q.; Goodson, K.; Dai, H. Nano letters 2006, 6, 

96–100. 

(30)  Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A. Science  2002, 297, 

787–792. 



Introduction 
 

53 
 

(31)  Hierold, C.; Jungen, A.; Stampfer, C.; Helbling, T. Sensor. Actuat. A-

Phys. 2007, 136, 51–61. 

(32)  Presting, H.; König, U. Mat. Sci. Eng. C 2003, 23, 737–741. 

(33)  Sangermano, M.; Pegel, S.; Pötschke, P.; Voit, B. Macromol. Rapid 

Comm. 2008, 29, 396–400. 

(34)  Byrne, M. T.; Gun’ko, Y. K. Adv. Mater. 2010, 22, 1672–1688. 

(35)  Schnorr, J. M.; Swager, T. M. Chem. Mater. 2011, 23, 646–657. 

(36)  Joo, S. H.; Yoon, S. C.; Lee, C. S.; Nam, D. H.; Hong, S. H.; Kim, H. S. 

J. Mater. Sci. 2010, 45, 4652–4658. 

(37)  Tok, J. B. H.; Bao, Z. Sci. China Chem. 2012, 55, 718–725. 

(38)  Inoue, Y.; Suzuki, Y.; Minami, Y.; Muramatsu, J.; Shimamura, Y.; 

Suzuki, K.; Ghemes, A.; Okada, M.; Sakakibara, S.; Mimura, H.; Naito, 

K. Carbon 2011, 49, 2437–2443. 

(39)  Kim, S. W.; Kim, T.; Kim, Y. S.; Choi, H. S.; Lim, H. J.; Yang, S. J.; 

Park, C. R. Carbon 2012, 50, 3–33. 

(40)  Ehli, C.; Rahman, G. M. A.; Jux, N.; Balbinot, D.; Guldi, D. M.; 

Paolucci, F.; Marcaccio, M.; Paolucci, D.; Melle-Franco, M.; Zerbetto, 

F.; Campidelli, S.; Prato, M. J. Am. Chem. Soc. 2006, 128, 11222–11231. 

(41)  Chen, R. J.; Zhang, Y.; Wang, D.; Dai, H. J. Am. Chem. Soc. 2001, 123, 

3838–3839. 

(42)  Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A; McLean, R. S.; Lustig, 

S. R.; Richardson, R. E.; Tassi, N. G. Nat. Mater. 2003, 2, 338–342. 

(43)  Su, M.; Wei, Y. N.; Qi, L. Y.; Pang, Y. C., Guo, Y. Z., Li, P.; Li, H. P. 

Express Polymer Lett. 2011, 5, 1102–1112. 

(44)  Smith, B. W.; Monthioux, M.; Luzzi, D. E. Chem. Phys. Lett. 1999, 315, 

31–36. 

(45)  Park, S. H.; Jin, S. H.; Jun, G. H.; Jeon, S.; Hong, S. H. Nano Res. 2011, 

4, 1129–1135. 



Chapter 1 

54 
 

(46)  Yang, L.; Zhang, X.; Ye, M.; Jiang, J.; Yang, R.; Fu, T.; Chen, Y.; 

Wang, K.; Liu, C.; Tan, W. Adv. Drug Deliver. Rev. 2011, 63, 1361–

1370. 

(47)  Richard, C.; Balavoine, F.; Schultz, P.; Ebbesen, T. W.; Mioskowski, C. 

Science  2003, 300, 775–778. 

(48)  Qiao, R.; Ke, P. C. J. Am. Chem. Soc. 2006, 128, 13656–13657.  

(49)  Zorbas, V.; Smith, A. L.; Xie, H.; Ortiz-Acevedo, A.; Dalton, A. B.; 

Dieckmann, G. R.; Draper, R. K.; Baughman, R. H.; Musselman, I. H. J. 

Am. Chem. Soc. 2005, 127, 12323-12328. 

(50)  Tuncel, D. Nanoscale 2011, 3, 3545–3554. 

(51)  Star, A.; Stoddart, J. F.; Steuerman, D.; Diehl, M.; Boukai, A.; Wong, E. 

W.; Yang, X.; Chung, S.; Choi, H.; Heath, J. R. Angew. Chem. Int. Ed. 

2001, 9, 1721–1725. 

(52)  Zhao, J.; Chen, X.; Xie, J. R. H. Anal. Chim. Acta 2006, 568, 161–170. 

(53)  Niyogi, S.; Hamon, M. A.; Hu, H.; Zhao, B.; Bhowmik, P.; Sen, R.; Itkis, 

M. E.; Haddon, R. C. Accounts Chem. Res. 2002, 35, 1105–1113.  

(54)  Lu, X.; Chen, Z. Chem. Rev. 2005, 105, 3643–3696. 

(55)  Singh, P.; Campidelli, S.; Giordani, S.; Bonifazi, D.; Bianco, A.; Prato, 

M. Chem. Soc. Rev. 2009, 38, 2214-2230. 

(56)  Furtado, C. A; Kim, U. J.; Gutierrez, H. R.; Pan, L.; Dickey, E. C.; 

Eklund, P. C. J. Am. Chem. Soc. 2004, 126, 6095–6105. 

(57)  Hu, H.; Bhowmik, P.; Zhao, B.; Hamon, M. A.; Itkis, M. E.; Haddon, R. 

C. Chem. Phys. Lett. 2001, 345, 25–28. 

(58)  Zhao, B.; Hu, H.; Haddon, R. C. Adv. Funct. Mater. 2004, 14, 71–76. 

(59)  Pompeo, F.; Resasco, D. E. Nano Lett. 2002, 2, 369–373. 

(60)  Delgado, J. L.; de la Cruz, P.; Urbina, A.; López Navarrete, J. T.; 

Casado, J.; Langa, F. Carbon 2007, 45, 2250–2252. 

(61)  He, P.; Urban, M. W. Biomacromolecules 2005, 6, 2455–2457. 

(62)  Baker, S. E.; Cai, W.; Lasseter, T. L.; Weidkamp, K. P.; Hamers, R. J. 

Nano Lett. 2002, 2, 1413–1417. 



Introduction 
 

55 
 

(63)  Gu, L.; Elkin, T.; Jiang, X.; Li, H.; Lin, Y.; Qu, L.; Tzeng, T.-R. J.; 

Joseph, R.; Sun, Y.-P. Chem. Commun. 2005, 874–876. 

(64)  Khabashesku, V. N.; Billups, W. E.; Margrave, J. L. Accounts. Chem. 

Rev. 2002, 35, 1087–1095. 

(65)  Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi, D. M.; Holzinger, M.; 

Hirsch, A. J. Am. Chem. Soc. 2002, 124, 760–761. 

(66)  Wang, Y.; Iqbal, Z.; Mitra, S. Carbon 2005, 43, 1015–1020. 

(67)  Bianco, A.; Prato, M. Adv. Mater. 2003, 15, 1765–1768. 

(68)  Georgakilas, V.; Bourlinos, A.; Gournis, D.; Tsoufis, T.; Trapalis, C.; 

Mateo-Alonso, A.; Prato, M. J. Am. Chem. Soc. 2008, 130, 8733–8740. 

(69)  Delgado, J. L.; de la Cruz, P.; Langa, F.; Urbina, A.; Casado, J.; López 

Navarrete, J. T. Chem. Commun. 2004, 4, 1734–1735. 

(70)  Kanungo M., Lu, H.; Malliaras, G. G.; Blanchet, G. B. Science 2009, 

323, 234–237. 

(71)  Holzinger, M.; Vostrowsky, O.; Hirsch, A.; Hennrich, F.; Kappes, M.; 

Weiss, R. Angew. Chem. Int. Ed. 2001, 40, 4002–4005. 

(72)  Hu, H.; Zhao, B.; Hamon, M. A; Kamaras, K.; Itkis, M. E.; Haddon, R. 

C. J. Am. Chem. Soc. 2003, 125, 14893–14900. 

(73)  Campidelli, S.; Ballesteros, B.; Filoramo, A.; Díaz, D. D.; de la Torre, 

G.; Torres, T.; Rahman, G. M. A.; Ehli, C.; Kiessling, D.; Werner, F.; 

Sgobba, V.; Guldi, D. M.; Cioffi, C.; Prato, M.; Bourgoin, J. J. Am. 

Chem. Soc. 2008, 130, 11503–11509. 

(74)  Zhang, Y.; He, H.; Gao, C. Macromolecules 2008, 41, 9581–9594. 

(75)  Zhang, Y.; He, H.; Gao, C.; Wu, J. Langmuir 2009, 25, 5814–5824. 

(76)  Palacin, T.; Khanh, H. L.; Jousselme, B.; Jegou, P.; Filoramo, A.; Ehli, 

C.; Guldi, D. M.; Campidelli, S. J. Am. Chem. Soc. 2009, 131, 15394–

15402. 

(77)  Gadallah F. F., E. R. M. J. Org. Chem. 1969, 34, 3335-3338. 

(78)  Bahr, J. L.; Yang, J.; Kosynkin, D. V.; Bronikowski, M. J.; Smalley, R. 

E.; Tour, J. M. J. Am. Chem. Soc. 2001, 123, 6536–6542. 



Chapter 1 

56 
 

(79)  Dyke, C. A.; Tour, J. M. Nano Lett. 2003, 3, 1215–1218. 

(80)  Dyke, C. A.; Stewart, M. P.; Maya, F.; Tour, J. M. Synlett 2004, 155–

160. 

(81)  Bahr, J. L.; Tour, J. M. Chem. Mater. 2001, 13, 3823–3824. 

(82)  Hudson, J. L.; Casavant, M. J.; Tour, J. M. J. Am. Chem. Soc. 2004, 126, 

11158–11159. 

(83)  Dyke, C. A; Tour, J. M. J. Am. Chem. Soc. 2003, 125, 1156–1157. 

(84)  Hudson, J. L.; Jian, H.; Leonard, A. D.; Stephenson, J. J.; Tour, J. M. 

Chem. Mater. 2006, 18, 2766–2770. 

(85)  Price, B. K.; Tour, J. M. J. Am. Chem. Soc. 2006, 128, 12899–12904. 

(86)  Itkis, M. E.; Niyogi, S.; Meng, M. E.; Hamon, M. A.; Hu, H.; Haddon, R. 

C. Nano Lett. 2002, 2, 155–159. 

(87)  Jorio, A.; Pimenta, M. A.; Souza Filho, A. G.; Saito, R.; Dresselhaus, G.; 

Dresselhaurs, M. S. New J. Phys. 2003, 5, 139.1–139.17. 

(88)  Burghard, M. Surf. Sci. Rep. 2005, 58, 1–109. 

(89)  Dillon, E. P.; Crouse, C. A.; Barron, A. R. ACS Nano 2008, 2, 156-164. 

(90)  Wepasnick, K. A; Smith, B. A; Bitter, J. L.; Fairbrother, D. H. Anal. 

Bioanal. Chem. 2010, 396, 1003–1014. 

(91)  Arepalli, S.; Nikolaev, P.; Gorelik, O.; Hadjiev, V. G.; Holmes, W.; 

Files, B.; Yowell, L. Carbon 2004, 42, 1783–1791.  

(92)  Cappella, B.; Dietler, G. Surface Science Reports 1999, 34, 1–104. 

(93)  Bellucci, S.; Gaggiotti, G.; Marchetti, M.; Micciulla, F.; Mucciato, R.; 

Regi, M. J. Phys. Conf. Ser. 2007, 61, 99–104. 

(94)  Zhang, M.; Atkinson, K. R.; Baughman, R. H. Science 2004, 306, 1358–

1361. 

(95)  Wang, D.; Song, P.; Liu, C.; Wu, W.; Fan, S. Nanotechnology 2008, 19, 

1-6. 

(96)  Gui, X.; Wei, J.; Wang, K.; Cao, A.; Zhu, H.; Jia, Y.; Shu, Q.; Wu, D. 

Adv. Mater. 2010, 22, 617–621. 



Introduction 
 

57 
 

(97)  Koziol, K.; Vilatela, J.; Moisala, A.; Motta, M.; Cunniff, P.; Sennett, M.; 

Windle, A. Science  2007, 318, 1892–1895. 

(98)  Zhong, X.; Li, Y.; Liu, Y.; Qiao, X.; Feng, Y.; Liang, J.; Jin, J.; Zhu, L.; 

Hou, F.; Li, J. Adv. Mater. 2010, 22, 692–696. 

(99)  Mirfakhrai, T.; Oh, J.; Kozlov, M.; Fok, E. C. W.; Zhang, M.; Fang, S.; 

Baughman, R. H.; Madden, J. D. W. Smart Mater. Struct. 2007, 16, 

S243–S249. 

(100)  Wei, J.; Zhu, H.; Wu, D.; Wei, B. Appl. Phys. Lett. 2004, 84, 4869–4871. 

(101)  Zhu, H. W.; Xu, C. L.; Wu, D. H.; Wei, B. Q.; Vajtai, R.; Ajayan, P. M. 

Science  2002, 296, 884–886. 

(102)  Li, Y.-L.; Kinloch, I. A; Windle, A. H. Science  2004, 304, 276–278. 

(103)  Vigolo, B.; Pénicaud, A.; Coulon, C.; Sauder, C.; Pailler, R.; Journet, C.; 

Bernier, P.; Paulin, P. Science 2000, 290, 1331–1334. 

(104)  Dalton, A. B.; Collins, S.; Muñoz, E.; Razal, J. M.; Ebron, V. H.; 

Ferraris, J. P.; Coleman, J. N.; Kim, B. G.; Baughman, R. H. Nature 

2003, 423, 703. 

(105)  Miaudet, P.; Badaire, S.; Maugey, M.; Derré, A; Pichot, V.; Launois, P.; 

Poulin, P.; Zakri, C. Nano Lett. 2005, 5, 2212–2215. 

(106)  Lynam, C.; Moulton, S. E.; Wallace, G. G. Adv. Mater. 2007, 19, 1244–

1248. 

(107)  Zhang, S.; Koziol, K. K. K.; Kinloch, I. A; Windle, A. H. Small 2008, 4, 

1217–1222. 

(108)  Gruner, G. J. Mater. Chem. 2006, 16, 3533-3539. 

(109)  Cao, Q.; Rogers, J. A. Adv. Mater. 2009, 21, 29–53. 

(110)  Xiao, L.; Chen, Z.; Feng, C.; Liu, L.; Bai, Z.; Wang, Y.; Qian, L.; Zhang, 

Y.; Li, Q.; Jiang, K.; Fan, S. Nano Lett. 2008, 8, 4539–4545. 

(111)  Liu, J.; Rinzler, A. G.; Dai , H.; Hafner, J. H.; Bradley, R. K.; Boul, P. J.; 

Lu, A.; Iverson, T.; Shelimov, K.; Huffman, C. B.; Rodriguez-Macias, 

F.; Shon, Y.; Lee, T. R.; Bolbert, D. T.; Smally, R. E. Science 1998, 280, 

1253–1256. 



Chapter 1 

58 
 

(112)  Wu, Z.; Chen, Z.; Du, X.; Logan, J. M.; Sippel, J.; Nikolou, M.; 

Kamaras, K.; Reynolds, J. R.; Tanner, D. B.; Hebard, A. F.; Rinzler, A. 

G. Science 2004, 305, 1273–1276. 

(113)  Shi, Z.; Chen, X.; Wang, X.; Zhang, T.; Jin, J. Adv. Funct. Mater. 2011, 

21, 4358–4363. 

(114)  Chew, S. Y.; Ng, S. H.; Wang, J.; Novák, P.; Krumeich, F.; Chou, S. L.; 

Chen, J.; Liu, H. K. Carbon 2009, 47, 2976–2983. 

(115)  Liu, Q.; Fujigaya, T.; Cheng, H.; Nakashima, N. J. Am. Chem. Soc. 2010, 

132, 16581–16586. 

(116)  Nasibulin, A. G.; Kaskela, A.; Mustonen, K.; Anisimov, A. S.; Ruiz, V.; 

Kivistö, S.; Rackauskas, S.; Timmermans, M. Y.; Pudas, M.; Aitchison, 

B.; Kauppinen, M.; Brown, D. P.; Okhotnikov, O. G.; Kauppinen, E. I. 

ACS Nano 2011, 5, 3214–3221. 

(117)  Liu, L.; Ma, W.; Zhang, Z. Small 2011, 7, 1504–1520. 

(118)  Wei, B. Q.; Jumg, Y.; ward, J.; Zhang, R.; Ramanath, G.; Ajayan, P. M. 

Nature 2002, 416, 495–496. 

(119)  Hata, K.; Futaba, D. N.; Mizuno, K.; Namai, T.; Yumura, M.; Iijima, S. 

Science  2004, 306, 1362–1364. 

(120)  Ren, Z. F.; Huang, Z. P.; Xu, J. W.; Wang, J. M.; Bush, P.; Siegal, M. P.; 

Provencio, P. N. Science 1998, 282, 1105–1107. 

(121)  Fan, S.; Chapline , M., G.; Franklin, N. R.; Tombler, T. W.; Cassell, A. 

M.; Dai, H. Science 1999, 283, 512–514. 

(122)  Sanchez, F.; Sobolev, K. Construction and Building materials 2010, 24, 

2060–2071. 

(123)  Zhang, S. Nat. Biotechnol. 2003, 21, 1171–1178. 

(124)  Whitesides, G. M.; Boncheva, M. P. PNAS 2002, 99, 4769–4774. 

(125)  Binder, W. H. Monatsh. Chem. 2005, 136, 1–19. 

(126)  de Greef, T. F. A.; Meijer, E. W. Nature 2008, 453, 171-173. 

(127)  Brunsveld, L.; Folmer, B. J.; Meijer, E. W.; Sijbesma, R. P. Chem. Rev. 

2001, 101, 4071–4097. 



Introduction 
 

59 
 

(128)  Folmer, B. J. B.; Sijbesma, R. P.; Versteegen, R. M.; van der Rijt, J. A. 

J.; Meijer, E. W. Adv. Mater. 2000, 12, 874–878. 

(129)  Keizer, H. M.; Sijbesma, R. P. Chem. Soc. Rev. 2005, 34, 226–234. 

(130)  Dankers, P. Y. W.; Meijer, E. W. Bull. Chem. Soc. Jpn. 2007, 80, 2047–

2073. 

(131)  Harada, A.; Kobayashi, R.; Takashima, Y.; Hashidzume, A.; Yamaguchi, 

H. Nat. Chem. 2011, 3, 34–37. 

(132)  Sivakova, S.; Rowan, S. J. Chem. Soc. Rev. 2005, 34, 9–21. 

(133)  Snip, E.; Shinkai, S.; Reinhoudt, D. N. Tetrahedron Lett. 2001, 42, 

2153–2156. 

(134)  Shimizu, T.; Iwaura, R.; Masuda, M.; Hanada, T.; Yase, K. J. Am. Chem. 

Soc. 2001, 123, 5947–5955. 

(135)  Ilhan, F.; Galow, T. H.; Gray, M.; Clavier, G.; Rotello, V. M. J. 

Am.Chem. Soc. 2000, 122, 5895–5896. 

(136)  Ikeda, A.; Hamano, T.; Hayashi, K.; Kikuchi, J. Org. Lett. 2006, 8, 

1153–1156. 

(137)  Das, A.; Sood, A. K.; Maiti, P. K.; Das, M.; Varadarajan, R.; Rao, C. N. 

R. Chem. Phys. Lett. 2008, 453, 266–273. 

(138)  Quintana, M.; Prato, M. Chem. Commun. 2009, 6005–6007. 

(139)  Quintana, M.; Traboulsi, H.; Llanes-Pallas, A.; Marega, R.; Bonifazi, D.; 

Prato, M. ACS Nano 2012, 6, 23–31. 

(140)  Singh, P.; Kumar, J.; Toma, F. M.; Raya, J.; Prato, M.; Fabre, B.; Verma, 

S.; Bianco, A. J. Am. Chem. Soc. 2009, 131, 13555–13562. 

(141)  Singh, P.; Toma, F. M.; Kumar, J.; Venkatesh, V.; Raya, J.; Prato, M.; 

Verma, S.; Bianco, A. Chem. Eur. J. 2011, 17, 6772–6780. 

(142)  Singh, P.; Ménard-Moyon, C.; Kumar, J.; Fabre, B.; Verma, S.; Bianco, 

A. Carbon 2012, 50, 3170–3177. 

(143)  Singh, P.; Venkatesh, V.; Nagapradeep, N.; Verma, S.; Bianco, A. 

Nanoscale 2012, 4, 1972–1974.  

 



 



Multipoint Molecular Recognition of Zinc (II) Cyclen Complex by 

Thymidine Functionalized Carbon Nanotubes  

 

61 
 

2.1 Introduction 

CNTs exhibit a unique combination of excellent mechanical, electrical and 

chemical properties which make them potential components in the construction 

of new devices for the detection of a large variety of chemical species, in 

particular for biologically-relevant molecules.
1
 However, as already underlined 

in Chapter 1, severe limitation towards their exploitation in biotechnological 

applications is certainly their poor solubility in physiological environments. 

Due to the tendency of easily entangle and form large bundles, CNTs often 

appear as aggregated dispersions in organic or aqueous solvents. Thus, CNTs 

systems are of difficult investigation with the classical spectroscopic 

characterization methods normally used in supramolecular chemistry as they 

undergo light scattering preventing quantitative optical measurements (i.e., to 

evaluate the molecular recognition properties such as the thermodynamical and 

stoichiometric parameters). As an approach to overcome such limitation, 

exohedral covalent and non-covalent functionalizations of the external CNT 

wall revealed to be a successful methodology.
2
 Basically, the chemical 

functionalization improves the solubility of CNTs in aqueous solutions and, at 

the same time, offers a flexible platform for further derivatizations imparting 

the desired functionality.
3
 In this respect, the preparation of chemically-

modified CNTs equipped with organic receptors
4
 such as nucleobases

5–7
 

displaying selective recognition and binding properties is of paramount 

importance to further impact bioapplications.
8–11

 Artificial receptors for 

biomolecules are typically small organic molecules or coordination metal 

complexes that, through an appropriate combination of intermolecular 

complementary interactions mediated by non-covalent bonds such as hydrogen-

bonding or electrostatic interactions, display high binding affinities towards the 

target.
12

  

With the aim to characterize and study the binding properties of nucleoside-

derived CNTs, in this chapter we report a straightforward protocol to sense 
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thymidine (Td) functionalities covalently attached to multiwalled CNTs (Td-

MWCNTs) through the use of a multi-dentate complex, namely Zn(II)-cyclen 

featuring a pendant acridine moiety attached to a cyclen macrocycle (i.e., 

1,4,7,10-tetraazacyclododecane) (Scheme 1). Zn(II)-cyclen complexes have 

been largely exploited for the detection of biological targets. Kimura et al. have 

investigated the reversible coordination of anions and neutral molecules to the 

complex in aqueous solution.
13,14

 High affinity was found for deprotonated 

imide structures leading to the development of synthetic receptors for the 

nucleobase thymine, barbiturates, and vitamin B2. They demonstrated not only 

that very stable Zn-Cyclen complexes result selective in the recognition of 

Thymidine nucleotide under physiological conditions, but also potential 

inhibitors of tumour cell growth and HIV virus.
15–21

  

 

Scheme 1. Exemplified structural representation of one multipoint molecular [Zn(II)-

cyclen·Td-MWCNTs] complex. For clarity reasons only one Td function is shown. 

Here, we show the 1:1 recognition of the Td nucleoside moieties present on 

the CNT surface by a Zn(II)-cyclen complex. Specifically, by means of steady-

state UV-Vis absorption and emission spectroscopies a quantitative 

determination of the Td loading has been performed in aqueous solutions at 

physiological pH. The recognition capabilities have been further confirmed 

through a combination of analytical techniques such as TGA-MS, IR, X-Ray 

photoemission spectroscopy and TEM. Taken all together, these different 

characterization techniques have unambiguously shown the recognition of the 
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Td nucleoside by a Zn(II)-cyclen complex allowing an accurate quantitative 

estimation of the Td moieties present on the CNT surface.  

2.2 Result and Discussion 

2.2.1 Synthesis 

MWCNTs were functionalized using the diazonium salt arylation 

reaction.
22–24

 The organic functions were covalently introduced on the 

functionalized material employing 4-[(N-Boc)aminomethyl]aniline (1 equiv. 

per CNTs carbon). After the reaction, the resulting derivatives were deprotected 

in acid media from the BOC group followed by the introduction of 5’-chloro-

5’-deoxythymidine (2 equiv. respect to free amino group) moieties via 

nucleophilic substitution reaction ( 

Scheme 2).  

 

Scheme 2. Illustration of the synthesis: a) 4-[(N-Boc)aminomethyl]aniline, isoamylnitrite, H2O, 

80°C, o.n.; b) HCl/1,4-Dioxane (4M), r.t., o.n.; c) 5’-chloro-5’-deoxythymidine, NEt3, DMF, 

90°C, 48h. 

As a first way to assess the covalent modification of the amino-CNTs, the 

quantification of the free amino groups before and after the substitution reaction 

was carried out by quantitative Kaiser test. This difference gives the final 

loading of Td molecules attached to MWCNTs, which resulted in the average 

as 396 μmol/g. This result matches the loading values as estimated from XPS 

analysis of samples containing Td-MWCNTs. The spectrum reveals the 
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presence of resonance peaks from C 1s (284.7 eV), N 1s (400 eV), and O 1s 

(533.1 eV). The presence of N 1s (2 ± 0.4 At%) in the elemental composition of 

this material indicates that the MWCNTs have been efficiently functionalized 

with the N-containing Td moiety (the chemical composition of pristine 

MWCNTs do not content N) (Figure 1). 

 

Figure 1. a) XPS survey spectrum of Td-MWCNTs. b) high resolution XPS spectra of Td-

MWCNTs. 

Afterward, the TGA analysis confirmed the effective introduction of the 

organic moiety, since a weight loss in the Td-MWCNTs resulted to be 

approximately 6.5 % w/w at 600 °C, not present in the pristine material was 

found in the temperature-modulated plot (Figure 2).  
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Figure 2. TGA of p-MWCNTs and Td-MWCNTs. 

The thymine moieties are capable of forming triple ADA-DAD H-bonds 

through the C=O group acceptor and N-H donor group (D and A stands for H-

bonding donor and acceptor, respectively). In a previous communication we 

demonstrated that in CNTs functionalized with thymine pendants covalently 

attached to its surface, thymine moieties display the same recognition properties 

as those are maintained in biological macromolecules such as proteins or 

nucleic acids.
25

 In the present work, we introduced the complete nucleoside 

instead of thymine moieties in order to increase the dispersibility of the 

nanohybrids in water. Then, the presence of the organic fraction in Td-

MWCNTs allows for a comparison between the dispersibility behaviour of the 

material in solvents holding different polarities. Representative TEM images of 

Td-MWCNTs obtained from evaporation of different dispersions are shown in 

Figure 3. After 5 minutes of sonication of 0.1 mg of Td-MWCNTs in 1 ml of 

CH2Cl2, H2O and DMF, agglomerates are observed in the non-polar solvent 

(Figure 3, c), whereas good and stable dispersions were observed in DMF and 

H2O (Figure 3 a and b, respectively). As previously observed with thymine-

derived MWCNTs, the observed dispersability behaviour qualitatively supports 
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the idea that the MWCNTs framework has been derivatized with the thymidine 

moieties allowing the material to be further studied with complexation studies.  

 

Figure 3. Dispersion and relative TEM images of Td-MWCNTs (0.1 mgmL
-1

) as obtained in 

a) DMF, b) H2O and c) CH2Cl2 solutions. 

2.2.2 Molecular Recognition Studies 

As documented in the literature, Zn(II)-cyclen complexes are known to 

selective bind thymine and uracil nucleobases in aqueous solution at 

physiological pH.
26

 We therefore decided to study its complexation behaviour 

with Td-MWCNTs. As depicted in Scheme 1, the multipoint molecular 

complex [Zn(II)-cyclen·Td-MWCNTs] involves a deprotonated imide-Zn(II) 

bond and a - stacking interaction between the acridine moiety of Zn(II)-

cyclen and the Td nucleobase, one direct and one indirect (through one water 

molecule) hydrogen bond between two NH groups of the cyclen ring and the 

two imidic carbonyl groups, as it has been previously proven by X-ray 

crystallography and 
1
H-NMR studies.

15
 The additional - stacking interaction 

between the acridine moiety and the aromatic pyrimidine ring further stabilizes 

the [Zn(II)-cyclen·Td] complex increasing its recognition selectivity and 

allowing its detection via fluorescence studies. In particular, it has been shown 

that in the presence of free Td, the acridine-centred emission band of the 

Zn(II)-cyclen structure undergoes progressive emission quenching. In fact the 

stacking interaction and also the negative charge of the nucleobases induce a 

strong decay in the fluorescence intensity of Acridine.
15
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Figure 4. a) UV-Vis absorption titration of Zn(II)-cyclen (9.6 µM) by addition of Td-

MWCNTs (0.1 mgmL
-1

) in HEPES; b) an enlargement of the absorption at 254 nm; c) 

spectrofluorimetric titration of Zn(II)-cyclen (9.6 µM) by the addition of Td-MWCNTs (0.1 

mgmL
-1

) in HEPES, exciting at 361 nm. 

A sample containing Td-MWCNTs was dispersed in an aqueous HEPES 

buffer (10 mM, pH 7.6, at 25 C and I = 0.10, NaNO3) and its complexation 

with Zn(II)–cyclen was studied through UV-Vis steady-state absorption and 

emission spectroscopies. Zn(II)-cyclen complex alone displays an absorption 

peak centred at 361 nm ( = 9.85×10
3 

M
‐1

cm
‐1

), related to a Metal-to-Ligand-

Charge-Transfer (MLCT) band.
15

 In diluted aqueous solution, Zn(II)-cyclen 

strongly fluoresces, displaying an emission band centred at 441 nm (λexc = 361 

nm). Fluorescence and UV-Vis titrations of a Zn(II)-Cyclen (host) solution 

(9.6 µM) upon progressive addition of aliquots of a solution containing Td-
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MWCNTs (0.1 mgmL
-1

) (guest) in HEPES are displayed in Figure 4. Whereas 

no significative Zn(II)-cyclen centred energy shifts for the main electronic 

transition bands have been recorded as a function of the Td-MWCNTs 

concentration, an extended enhancement of the absorbance intensity throughout 

the UV-Vis-NIR regions was monitored as a consequence of the broad 

MWCNTs-centred absorption profile (Figure 4, a). Upon increasing additions 

of Td-MWCNTs, steady-state spectrofluorimetric titrations showed a large 

decrease in the intensity for the Zn(II)-cyclen emission band centred at 441 nm 

(Figure 4, c), suggesting a quenching of the acridine-centred excited states. 

Notably, at certain concentration of Td-MWCNTs, the emission intensity 

remains constant, displaying a saturation effect. This clearly indicates that all 

thymidine moieties have been complexed by the Zn(II)-cyclen molecules. This 

allowed us to experimentally determine the number of thymidine moieties on 

the exosurface of the MWCNTs and thus the degree of functionalization, 

displaying an average derivatization value of 335 μmol/g. This value closely 

resembles the one obtained from the Kaiser test, namely 393 μmol/g. 

 

Figure 5. UV-Vis titration of Zn(II)-cyclen (8.8 µM) by addition of p-MWCNTs (0.1 mgmL
-

1
) in HEPES. An enlargement of the absorption at 254 nm is shown in the inset. 
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As CNTs are known to cause fluorescence quenching of emissive 

molecular species via - stacking or hydrophobic interactions,
27

 reference 

emission and UV-Vis titration experiments of Zn(II)-cyclen solutions in the 

presence of pristine MWCNTs (p-MWCNTs) under the same experimental 

conditions were also performed. Surprisingly, significant energy shifts of the 

Zn(II)-cyclen MLCT bands were observed upon increasing amounts of p-

MWCNTs (Figure 5) until the complete disappearance of the band at 361 nm. 

The observation of an isosbestic point at 257 nm in the UV-Vis absorption 

titration profiles together with a strong decrease in the emission intensity and 

the appearance of a shoulder at 413 nm in fluorescence profiles, clearly 

indicated the occurring of a chemical transformation (Figure 6).  

 

Figure 6. Spectrofluorimetric titration of Zn(II)-cyclen (9.6 µM) by the addition of p-

MWCNTs (0.1 mgmL
-1

) in HEPES, exciting at 361 nm.  

In particular, these observations account for a demetallation reaction 

yielding a significant loss of the metal Zn(II) ion from the Zn(II)-cyclen 

macrocycle as a consequence of the exohedral interaction of the acridinyl 

moiety with the outer wall of the p-MWCNTs. For the sake of clarity, the UV-

vis (Figure 7) and fluorescence spectra (Figure 8) of the cyclen receptor before 

and after complexation with Zn(II) metal ions are shown. These evidences 
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indicate that the covalently-attached Td functional groups prevent the - 

stacking adsorption of the Zn(II)-cyclen on the CNTs’ external wall avoiding 

the decomplexation reaction. 

 

Figure 7. UV-Vis spectra of 1) cyclen and 2) Zn(II)-cyclen in HEPES at the same 

concentrations (9.6 µM). 

 

Figure 8. Fluorescence spectra of 1) cyclen and 2) Zn(II)-cyclen in HEPES at the same 

concentrations (9.6 µM). 
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As surveying characterization to corroborate the chemical adsorption of the 

Zn(II)-cyclen on the CNTs surface in hybrid material [Zn(II)-cyclen·Td-

MWCNTs], we performed XPS measurements. [Zn(II)-cyclen·Td-MWCNTs] 

complex was prepared by keeping Td-MWCNTs under magnetic stirring 

overnight in the presence of Zn(II)-cyclen at room temperature. The material 

was washed upon filtration several times with fresh HEPES buffer in distilled 

water and let it dry under vacuum overnight. The spectrum reveals the presence 

of the Zn(II) metal ions (as displayed by the Zn 2p 1/2 and Zn 2p 3/2 

resonances at 1046 eV and 1022 eV, respectively) suggesting the coordination 

between the Zn(II)-cyclen and the Td-functionalized CNTs (Figure 9).  

 

Figure 9. a) XPS survey spectrum of [Zn(II)-cyclen·Td-MWCNTs]; b) high resolution XPS 

spectra of [Zn(II)-cyclen·Td-MWCNTs]. 
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IR investigations, shown in Figure 10, also confirm the presence of the Td 

moieties covalently attached to CNTs through the characteristic CO-centred 

stretching peaks. In contrast to the featureless spectrum of p-MWCNTs 

(Chapter 1, Figure 11, a), a broad band at 3400 cm
-1

 has been observed, most 

probably arising from the stretching modes of the NH and OH groups. 

Moreover, the presence of peaks around 1600 cm
-1

 indicate the vibrational 

stretching mode of C=O and C=N moieties in both free Td-MWCNTs and 

[Zn(II)-cyclen·Td-MWCNTs] conjugates.  

 

Figure 10. IR spectra of Zn(II)-cyclen, [Zn(II)-cyclen Td-MWCNTs]. Td-MWCNTs and Td 

in KBr pellets. 

Finally, thermal gravimetric (TGA) analyses of the products in the 100-

800°C temperature range, coupled with online monitoring of the volatile 

products by a mass spectrometer, were performed. For this, products were 

placed in a TGA pan and heated at 20°C/min up to 800°C under He. Figure 11 

displays the comparison between the TGA profiles of Td-MWCNTs, [Zn(II)-

cyclen·Td-MWCNTs] and the corresponding free thymidine and Zn(II)-

cyclen molecules. Furthermore the ion current versus temperature curves for 
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parent and fragments ions resulting from the evolution products detaching from 

Td-MWCNTs, [Zn(II)-cyclen·Td-MWCNTs], and the free compounds 

respectively are shown. The increases of the weight-loss gradient in the 

temperature interval of the evolution products for the fragment ions in Td-

MWCNTs (495°C) compared with that of the free thymidine molecule (T peak 

at 264°C, Figure 11, d) confirms the presence of the Td moieties covalently 

attached onto the CNTs surface.  

 

Figure 11. a) TGA of Td-MWCNTs, [Zn(II)-cyclen·Td-MWCNTs], Zn(II)-cyclen and Td; 

TGA-DTG and TGA-MS curves of b) Td-MWCNTs, c) [Zn(II)-cyclen·Td-MWCNTs], d) Td 

and e) Zn(II)-cyclen. 
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All curves for the fragments ions at m/z 26, 27, 39, 41, 42, 43, 55, 56 and 

57, corresponding to C2H2
+
, C2H3

+
, C3H3

+
, C3H5

+
, C2H2NH

+
, C3H6

+
, C2H2NH2

+
, 

C3H7
+
,
 

C2H3OH
+
, C4H7

+
, C4H8

+
 and C4H9

+
, respectively, derive from the 

fragmentation of the Td and benzyl groups at 495°C. Additional fragmenting 

ions originating from the evolution products detaching from the Zn(II)-cyclen 

molecules (at m/z 30 and 44 for CH2NH2
+
, and C3H8

+
 respectively) 

supramolecularly attached to Td-MWCNTs in [Zn(II)-cyclen·Td-MWCNTs] 

were observed at lower temperature (300 and 460°C) (Figure 11, c). These 

results support the non-covalent interaction between Td-MWCNTs and Zn(II)-

cyclen, in fact the mass peaks of the free Zn(II)-cyclen evolve at the same 

temperature (300 nd 460°C), (Figure 11, e). At lower temperature (300°C) the 

peaks due to the ionic fragmentation of the cyclen ring are present; at higher 

temperature instead there are the mass peaks due to the fragmentation of the 

Acridine moieties (460°C). 

2.3 Conclusion 

We have reported the characterization of thymidine carbon nanotubes 

derivatives. The quantitative comparison of the number of covalently-attached 

Td moieties in Td-MWCNTs derivatives has been determined by the different 

characterization techniques using a Zn(II)-cyclen complex as a molecular 

probing similar to Kaiser tests. All characterization confirms that the Td 

moieties maintained his recognition properties, and thus can be 

supramoleculary probed. Specifically, UV-Vis and fluorescence measurements 

allowed a precise quantification of the covalently-grafted Td nucleosides, which 

revealed to be in very good accord with the loading values as calculated from 

colorimetric Kaiser measurement. We envisage that these results offer a 

complementary probing technique that will help in the understanding of the 

structural and physical properties of new biofunctional CNTs nanohybrids to be 



Multipoint Molecular Recognition of Zinc (II) Cyclen Complex by Thymidine Functionalized 

Carbon Nanotubes 

75 
 

implemented in new advanced biosensors, diagnostic, and drug delivery 

systems. 

Moreover, this study was basic for the remainder of this thesis project: the 

properties of supramolecular recognition of nucleotide molecules are preserved 

in the presence of CNTs, then appropriate molecules could be covalently linked 

to CNTs to direct the supramolecular assembly of new structures. 

2.4 References 

(1)  Balasubramanian, K.; Burghard, M. Anal. Bioanal. Chem. 2006, 385, 

452–468. 

(2)  Hirsch, A. Angew. Chem. 2002, 114, 1933–1939. 

(3)  Singh, P.; Campidelli, S.; Giordani, S.; Bonifazi, D.; Bianco, A.; Prato, 

M. Chem. Soc. Rev. 2009, 38, 2214–2230. 

(4)  Shim, M.; Kam, N. W. S.; Chen, R. J.; Li, Y.; Dai, H. Nano Lett. 2002, 2, 

285–288. 

(5)  Quintana, M.; Prato, M. Chem. Commun. 2009, 6005–6007. 

(6)  Singh, P.; Kumar, J.; Toma, F. M.; Raya, J.; Prato, M.; Fabre, B.; Verma, 

S.; Bianco, A. J. Am. Chem. Soc. 2009, 131, 13555–13562. 

(7)  Singh, P.; Toma, F. M.; Kumar, J.; Venkatesh, V.; Raya, J.; Prato, M.; 

Verma, S.; Bianco, A. Chem. Eur. J. 2011, 17, 6772–6780. 

(8)  Bianco, A.; Prato, M. Adv. Mater. 2003, 15, 1765–1768. 

(9)  Samorì, C.; Ali-Boucetta, H.; Sainz, R.; Guo, C.; Toma, F. M.; Fabbro, 

C.; da Ros, T.; Prato, M.; Kostarelos, K.; Bianco, A. Chem. Commun. 

2010, 46, 1494–1496. 

(10)  Chen, R. J.; Bangsaruntip, S.; Drouvalakis, K. A; Kam, N. W. S.; Shim, 

M.; Li, Y.; Kim, W.; Utz, P. J.; Dai, H. PNAS 2003, 100, 4984–4989. 

(11)  Bianco, A.; Kostarelos, K.; Prato, M. Chem. Commun. 2011, 47, 10182–

10188. 



Chapter 2 

76 
 

(12)  Philp, D.; Stoddart, J. F. Angew. Chem. Int. Ed. Engl. 1996, 35, 1154–

1196. 

(13)  Kimura, E.; Shiota, T.; koike, T.; Shiro, M.; Kodama, M. J. Am. Chem. 

Soc. 1990, 112, 5805-5811. 

(14)  Koike, T.; Kimura, E.; Nakamura, I.; Hashimoto, Y.; Shiro, M. J. Am. 

Chem. Soc.1992, 114, 7338–7345. 

(15)  Shionoya, M.; Ikeda, T.; Kimura, E.; Shiro, M. J. Am. Chem. Soc. 1994, 

116, 3848–3859. 

(16)  Kikuta, E.; Murata, M.; Katsube, N.; Koike, T.; Kimura, E. J. Am. Chem. 

Soc. 1999, 121, 5426–5436. 

(17)  Kikuta, E.; Aoki, S.; Kimura, E. J. Am. Chem. Soc.2001, 123, 7911–

7912. 

(18)  Kimura, E.; Kikuchi, M.; Kitamura, H.; Koike, T. Chem. Eur. J. 1999, 5, 

3113–3123. 

(19)  Aoki, S.; Kimura, E. J. Am. Chem. Soc. 2000, 122, 4542–4548. 

(20)  Aoki, S. Chem. Rev. 2004, 104, 769-787.  

(21)  Fujioka, H. Koike, T. Yamada, N. Kimura, E. Heterocycles 1996, 42, 

775–787. 

(22)  Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chem. Rev. 2006, 

106, 1105–1136. 

(23)  Bahr, J. L.; Tour, J. M. J. Mater. Chem. 2002, 12, 1952–1958. 

(24)  Dyke, C. A.; Tour, J. M. J. Phys. Chem. A 2004, 108, 11151–11159. 

(25)  Quintana, M.; Prato, M. Chem. Commun. 2009, 6005–6007. 

(26)  Shionoya, M.; Kimura, E.; Shiro, M. J. Am. Chem. Soc.1993, 115, 6730–

6737. 

(27)  Singh, D. K.; Iyer, P. K.; Giri, P. K. Carbon 2012, 50, 4495–4505.  

 



Nucleosides Functionalized CNT towards the Construction of 

Nanostructured Materials 

 

77 
 

3.1 Introduction 

In the making of carbon nanotube (CNT) based materials, such as for 

example, flexible electrodes,
1
 electronic paper,

2
 antistatic coatings,

3
 high-

performance composites for aircraft and automotive industry,
4,5

 protective 

clothing
6
 and micro/nano-platforms for cell growth and differentiation,

7
 CNT 

processing is extremely important. For example, it is well known that nanotube 

dispersibility must be maximized to reach optimal material properties such as 

strength or conductivity.
8
 For the biocompatibilization of nanotubes towards 

nanomedical applications, the aqueous dispersibility of CNTs is particularly 

beneficial, opening the path for the facile manipulation and processing in 

physiological environments.
9,10

 Consistently, in CNT-polymer composites the 

interface between nanotubes and the polymer must be carefully engineered in 

order to avoid interfacial slippage.
11

 To achieve these objectives, two 

functionalization strategies are employed as chemical modification routes: a 

supramolecular and a covalent approach. As already commented in the chapter 

1, whereas the first protocol is based on the noncovalent coating of CNTs, the 

second route exploits the chemical reactivity of the CNT graphitic wall by 

grafting organic chemical groups directly onto the tubular surface.
12

 In 

principle, in the noncovalent approach, the functionalization does not disrupt 

the conjugated electronic structure in the nanotubes.
13

 However, the strong 

interactions may still significantly affect the electronic transitions
14

 resulting in 

a modification of the electronic properties of the composite material.
15

 

Likewise, in some cases the presence of stabilizing molecules might affect the 

biocompatibility behaviour of the CNTs material, i.e. the use of surfactants in 

bioapplications.
16

 To avoid all these problems, we have focused our attention in 

a combination of both strategies, covalent and noncovalent functionalization, by 

using H-bonding interactions as directional, reliable, and predictable 

noncovalent attractive forces between complementary H-donor (D) and H-

acceptor (A) moieties to control the self-organization process.
17–19

 Following 
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this approach, herein, we demonstrate a versatile methodology for the 

construction of CNT membranes completely free of surfactants or polymers. 

Nucleosides moieties (Thymidine, T; Adenosine, A; Cytidine, C; Guanosine, 

G) were covalently attached to MWCNTs as supramolecular motifs, N-

MWCNTs (N=T, A, C, G). The successful CNT functionalization was 

followed by characterization techniques such as TEM, TGA and IR 

spectroscopy. The recognition between complementary base pairs nanohybrid, 

T-MWCNTs/A-MWCNTs or G-MWCNTs/C-MWCNTs systems dispersed 

in water, allows the fabrication of freestanding homogeneous films by a simple 

vacuum filtration method.
20

 As depicted in Scheme 1, the engineering design 

behind the film formation and stabilization is the establishment of H-Bond 

between the complementary sites of the nucleotides A-T, and G-C (Ka=10
2
 M

-1 

and 10
3
-10

5
 M

-1 
in CHCl3, respectively). The recognition was followed by IR 

spectroscopy and TEM. Finally, this protocol allows the restoration of the 

electronic conduction properties of the MWCNT membranes by the removal of 

the organic functionalization groups by thermal treatment under argon, as 

demonstrated by conductibility and TGA measurements.  
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Scheme 1. Schematic representation of N-MWCNTs (N=Adenosine (A), Guanidine (G), 

Cytosine (C), and Thymidine (T)) and the recognition processes between complementary base 

pairs, A-MWCNTs/T-MWCNTs and C-MWCNTs/G-MWCNTs. 

3.2 Result and Discussion 

3.2.1 Synthesis and characterization 

NH2-MWCNTs were obtained as described in the precedent chapter 

(Chapter 2). After this, each of the four nucleoside moieties was easily 

introduced on NH2-MWCNTs via nucleophilic substitution to obtain N-

MWCNTs (Scheme 2). The final loading of nucleoside molecules attached to 

MWCNTs, calculated by Kaiser test and TGA, are presented in Table 1. As 

expected, the number of functional groups grafted to the different N-MWCNTs 

is approximately the same, facilitating in this way the recognition process. 
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Scheme 2. Synthesis of N-MWCNTs: a) 4-[(N-Boc)aminomethyl]aniline, isoamylnitrite, H2O, 

80°C, o.n; b) HCl 4M, 1,4-Dioxane, r.t, o.n.; c) 5’-Chloro-5’-deoxythymidine, NEt3, DMF, 

90°C, 48h; d) 5’-Chloro-5’-deoxyadenosine, NEt3, DMF, 90°C, 48h; e) 5’-Chloro-5’-

deoxycytidine, NEt3, DMF, 90°C, 48h; f) 5’-Deoxy-5’-iodoguanosine, NEt3, DMF, 90°C, 48h. 

The TGA analysis present in Figure 1 confirmed the introduction of organic 

moieties due to the apparition of weight losses, not present in the pristine 

material, at 600°C. After functionalization via nucleophilic substitution, the 

value of the weight losses of all N-MWCNTs increase compared to the one of 

NH2-MWCNTs in accordance with the increasing of the molar mass of the 

introduced organic parts. 
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Compound Nucleoside groups µmol/g
a
 % wt loss (TGA) 

T-MWCNTs 584 11 

A-MWCNTs 602 13 

C-MWCNTs 654 10 

G-MWCNTs 506 10 

a The amount of thymidine, adenosine, cytidine and guanosine groups, respectively, was 

calculated as the difference between the Kaiser test before and after the covalent attachments of 

nucleoside groups. 

 

Table 1. TGA-determined weight loss and number of nucleoside groups covalently grafted on 

the different N-MWCNTs. 

 

Figure 1. TGA of pMWCNTs, NH2-MWCNTs,T-MWCNTs, A-MWCNTs, C-MWCNTs 

and G-MMWCNTs. 
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Additionally, the presence of the ribose or deoxyribose fragment in the 

nucleoside moiety covalently grafted to the nanotube exosurface, allows the 

complete dispersion of the different N-MWCNTs derivatives in polar solvents 

in concentrations of 0.1 mg/ml (10 wt%) when compared with the dispersibility 

of CNTs obtained by using polymer or surfactants, which it is usually found on 

the order of 5 wt% or less.
23

  

Confirmation for the covalent attachment of nucleoside moieties to 

CNTs surface was also provided from TGA coupled with online monitoring of 

the volatile products by mass spectroscopy. The peaks corresponding to the 

ionic fragments of the nucleoside moieties covalently bonded to MWCNTs 

evolved at higher temperature compared with free nucleoside molecules, for all 

N-MWCNTs nanohybrids (Figure 2). Moreover the spectra of N-MWCNTs 

present the mass peaks due to the fragmentation of the A, T, G and C moieties, 

m/z 15, 26, 27, 30, 38, 39, 41, 43, from the detaching of CH3
+
, NH

+
, C2H2

+
, 

C2H3
+
, CH2NH2

+
, CH2O

+
, C3H2

+
, C3H3

+
, C2HN

+
, C3H5

+
, C2H2NH

+
, C3H7

+
, 

C2H3OH
+
, C2H2NH2

+
, respectively, as well as the mass peaks due to the 

fragmentation of the benzyl groups, m/z 55, 77 and 78, of the detaching of 

C4H7
+
, C6H5

+
 and C6H6

+ 
. 
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Figure 2. TGA-DTG and TGA-MS curves of a) T, b) A c) T-MWCNTs, d) A-MWCNTs, e) 

C, f) G, g) C-MWCNTs and h) G-MWCNTs.  

Moreover, IR spectra, shown in Figure 3, confirm the presence of the 

complementary recognition functions through the characteristic peaks of the 

organic groups: stretching modes of NH and OH (ν=3871-3408), CH (ν=3275-

2920), C=O (ν=1741-1736), C=N (ν=1739) and C=C (ν=1588-1554).  
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Figure 3. IR spectra of a) T-MWCNTs, b) A-MWCNTs, c) C-MWCNTs and d) G-

MWCNTs in KBr pellets. 

3.2.2 Molecular Recognition Studies 

Although all the nucleobases have the ability to homodimerize, the 

presence of complementary hydrogen bonding arrays, i.e. donor sites 

comprising the NH amide and NH amine, and acceptor sites comprising the O 

and N functionalities, allow them to oligomerize via hydrogen bonding.
24

 Thus, 

the influence of the interaction between nucleoside groups on the dispersability 

behavior of N-MWCNTs was compared in solvents possessing different 

polarity: DMF and H2O as polar solvents able to interact via H-bonds with the 

complementary sites of nucleobases and DCM, a non-competitive solvent 

unable to generate H-bond interactions. Then, after 5 minutes of sonication of 

0.1 mg of each compound in 1 mL of the specific solvent, N-MWCNTs 

exhibited good dispersibility in DMF and H2O, while aggregates were always 
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observed in DCM, as depicted in Figure 4. TEM characterization confirms the 

differences in dispersibility behaviour of the N-MWCNTs in the various solvents. 

 

Figure 4. TEM images of T-MWCNTs (a, e, i), A-MWCNTs (b, f, j), C-MWCNTs (c, g, k) 

and G-MWCNTs (d, h, l). In the top row, dispersions in DMF are shown; in the middle row, 

dispersions in H2O are present; while the bottom row displays aggregates in DCM. 

To verify the selective molecular recognition by the complementary 

nucleobases T-A and C-G on N-MWCNTs, equimolar amounts (in term of 

nucleosides functionalization) of T-MWCNTs (7.0 mg) and A-MWCNTs (6.8 

mg) nanoybrids, and in a different set of experiments, C-MWCNTs (5.4 mg) 

and G-MWCNTs (7.0 mg) nanohybrids, were dispersed by sonication in (70 

ml) of DMF, H2O or DCM. Each solution was stirred overnight at room 

temperature and the recognition between complementary N-MWCNTs in 

different solvents, was analyzed by TEM. As expected, aggregation in DCM 

was always observed, while good dispersibility in polar solvents like DMF and 

H2O was obtained (Figure 5). 
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Figure 5. TEM images of T-MWCNTs/A-MWCNTs in a) DMF, b) H2O and c) DCM and 

TEM images of C-MWCNTs/G-MWCNTs in d) DMF, e) H2O and f) DCM. 

The formation of H-bonds was assessed by means of IR spectroscopy. The 

hydrogen bond changes the force constant of both donor and acceptor groups, 

therefore, vibration frequencies are modified. More precisely, we observed a 

general shift of frequencies towards lower values and the formation of widened 

and augmented intense bands. The IR spectra of the three black solids, 

recovered by filtration from the three different solvents, show a red shift of the 

C=O stretching. The characteristic peak at 1733 cm
-1

 in DMF, moves to 1638 

cm
-1

 in H2O and to 1558 cm
-1

 in DCM (Figure 6, a), for T/A-MWCNTs 

recognition system, while for the C/G-MWCNTs the stretching mode of C=O 

group shifts to lower frequencies (Figure 6, b), from 1644 cm
-1

 in DMF, to 

1633 cm
-1 

in H2O and 1574 cm
-1

 in DCM. These results confirm that 

aggregation is guided by H-bonding recognition in non-competitive solvents, 

such as DCM. 
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Figure 6. IR spectra of a) A-MWCNTs/T-MWCNTs and b) C-MWCNTs/G-MWCNTs 

recovered by filtration from DMF (upper), H2O (middle) and DCM (bottom) respectively. 

3.2.3 Self-assembled free-standing nanotube membranes 

After the complete characterization of the nanohybrids and the verification 

of the molecular recognition between complementary N-MWCNTs, we 

fabricated the self-assembled free-standing membranes by using a simple 

dispersion-based vacuum filtration method, that is schematized in Scheme 3. 

Equimolar amounts of T-MWCNTs and A-MWCNTs, and in a different set of 

experiments, C-MWCNTs and G-MWCNTs, were firstly dispersed in water 

solution, and then the suspensions were filtered on a Millipore membrane 

(VSWP, 0.025 µm). Water was chosen as a solvent to produce N-MWCNTs 
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dispersions with concentration of 0.01 mg/mL in order to prevent aggregation 

favoring the formation of homogeneous membranes. Then, membrane filters 

were degraded in acetone to obtain the black films (Figure 7, a) of N-

MWCNTs. The latter were devoid of traces of filter, as observed by SEM 

images (Figure 7, b) and corroborated by Raman spectra (Figure 8). Membranes 

were allowed to dry under vacuum overnight.  

 

Scheme 3. Schematic representation of dispersion-based vacuum filtration method. 

 

Figure 7. a) Image of free-standing A/T-MWCNT membrane and b) SEM micrograph of A/T-

MWCNT membrane. 
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Figure 8. Raman spectra of VSWP filter and free-standing A/T-MWCNT and C/G-MWCNT 

membranes. 

Finally, conductibility measurements at room temperature were performed 

on the samples using a four-probe configuration, using a Jandel resistivity 

meter; this apparatus of measure is schematized in Figure 9. The four point 

probe is a simple apparatus for measuring the resistivity of samples, in fact by 

passing a current through two outer probes and measuring the voltage through 

the inner probes allows the measurement of the substrate resistivity.  

 

 

Figure 9. Schematic representation of a Jandel resistivity meter. 

The measurements were repeated on three different places of each sample, 

and current sweeps were performed with different ranges of current up to 100 
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μA. First, the N-MWCNTs were measured, and then N-MWCNTs 

defunctionalized samples, d-N-MWCNTs, were prepared following a thermal 

treatment at 350ºC for 20 minutes under inert atmosphere in order to measure 

the transport properties of a MWCNTs membrane. The successful 

defunctionalization of d-N-MWCNT membranes was verified by TGA as 

shown in Figure 10. 

 

Figure 10. )TGA of p-MWCNTs, N-MWCNTs and d-N-MWCNTs; b) TGA of p-MWCNTs, 

A/T-MWCNTs and d-A/T-MWCNTs. 
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Figure 11 (a and b), compare the measurements obtained in N-MWCNTs 

and d-N-MWCNTs, along with the corresponding linear fits, which provide the 

sample resistance. In all cases, the samples show a linear V vs. I curve 

consistent with an ohmic behavior. Moreover, these measurements show that 

for the d-N-MWCNT membranes with the removal of the functional groups, 

the electrical resistance decreases significantly consistent with an enhancement 

of the conductivity. 

 

Figure 11. Comparison of the measured electrical resistances of N-MWCNT (red line) and d-

N-MWCNT (black line) membranes, along with the corresponding linear fits.  
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From the measured values of the electrical resistance R, the bulk resistivity 

ρ, sheet resistance R☐ and electrical conductivity σ have been determined using 

the following formulas. 

 

The resistance R is the product of the sample resistivity ρ and a geometrical 

factor that depend from the ratio t/s, where t is the thickness of the layer and s 

the probe spacing (in our case: 0.635 mm). The quantity ρ/t is, instead, a 

property of thin films that are nominally uniform in thickness and is known as 

sheet resistance R☐. Values are given in Table 2. 

 R (Ω) t (µm) R☐ (Ω/□) ρ (Ω*cm) σ (S/m) 

A/T-MWCNTs 354 17.9 1460 2.87 34.843 

C/G-MWCNTs 475 15.8 2310 3.39 29.499 

d-A/T -MWCNTs 51 17.9 222 0.41 243.9 

d-C/G- MWCNTS 87 15.8 381 0.62 161.29 

 

Table 2. Calculated values of the resistance R, thickness t, bulk resistivity ρ, sheet resistance R☐ 

and electrical conductivity σ for N-MWCNT and d-N-MWCNT membranes. 

From these values we can observed that the removal of the functional 

groups increases by an order of magnitude the conductivity of the d-N-
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MWCNT membranes. Further it is important to note that the conductivity 

values obtained for the d-N-MWCNT membranes are completely comparable 

with those of aligned Bucky paper (200 S/m), reported in the literature.
20 

3.3 Conclusion 

MWCNT conductive membranes completely free of stabilizing agents, as 

surfactants or polymers, were produced by a self-organization process using H-

bond interactions. To this MWCNTs were functionalized with one of the four 

nucleosides (Thymidine, T; Adenosine, A; Cytidine, C; Guanosine, G) as 

supramolecular motifs. The functionalization of N-MWCNTs and the 

directional recognition by H-bond interactions between complementary 

nucleoside pairs were followed by Kaiser test, IR, TEM, and TGA confirming 

the directional, reliable, and predictable noncovalent attractive forces between 

complementary H-donor (D) and H-acceptor (A) moieties. The produced N-

MWCNT membranes show a linear V vs. I curve consistent with an ohmic 

behaviour. The removal of the functional groups by thermal treatment under 

inert atmosphere, affording d-N-MWCNTs, significantly decreases the 

electrical resistance consistent with an enhancement of the conductivity by an 

order of magnitude when compared with N-MWCNTs. It is expected that the 

use of methodologies using a combination of covalent/noncovalent 

interactions,
25

 such as the one reported here, will help in maintaining or even 

improving the CNTs intrinsic characteristics as biocompatibility and 

conductibility properties in the design of new advanced nanostructured 

materials.  
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4.1 Introduction 

Arrays with three hydrogen bonds are well-known from the base pairing 

between purines and pyrimidines in DNA, and numerous synthetic triply 

hydrogen bonded molecules are known with different donor (D) and acceptor 

(A) arrays.
1
 However, isolated hydrogen bond pairs are weak relative to 

covalent and ionic bonds, thus the application of synthetic hydrogen bonding 

system requires the use of multiple hydrogen bond arrays. In this respect, 

quadruple hydrogen bond arrays have great promise for future application 

because of their exceptional strength. The 2-ureido-4[1H]pyrimidinone (UPy) 

functionality developed by Meijer and co-workers
2
 has opened the door for 

many new and exciting applications of quadruple hydrogen bonding due to its 

facile synthesis and self-complementarity. UPy dimerizes via a DDAA motif, a 

strong system due to the presence of: (a) four primary attractive hydrogen 

bonds, (b) four attractive secondary interactions and (c) only two repulsive 

secondary interactions. As shown in Scheme 1, the linear array of the four 

hydrogen bonds is preorganized by an intermolecular hydrogen bond, that 

further enhance the stability of dimer. The association constant (Ka) reported in 

the literature were 6·10
7
 M

-1
 and 6·10

8 
 M

-1 
respectively in chloroform and 

toluene.
2–4

  

 

Scheme 1. Dimerization of UPy moieties and DDAA interactions of the dimer. 
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This particular strong association is interesting for the formation of 

supramolecular polymers containing two UPy groups connected by a spacer.
5
 

The quadruple hydrogen-bonded unit has been further employed in the chain 

extension of telechelic polymers of poly(ethylene/butylenes), polyethers, 

polyesters, polycarbonates
6
 and in the synthesis of supramolecular 

thermoplastic elastomers.
7
 A large range of applications was found for these 

supramolecular materials from coatings, adhesives, printing, electronic devices, 

personal care and cosmetics to tissue regeneration.
8,9

 

In the last years the area of carbon nanotube polymer composites has been 

progressing rapidly, since CNTs are excellent candidate to improve the 

mechanical, electrical and thermal properties of polymers.
10,11

 Different 

approaches for the functionalization of CNTs with polymers has been reported: 

(1) the initial covalent immobilization of initiators onto the nanotube surface, 

followed by in situ polymerization, or the chemical reaction between preformed 

end-functionalized polymers and functional groups on the nanotube surface, or 

(2) the non-covalent interactions between polymer molecules and CNT 

surface.
12

  

Kokil et al. reported that the multiple hydrogen bonds between UPy-

functionalized CNTs and acrylic polymers containing pendant UPy moieties 

significantly increase the tensile performance of the nanocomposites.
13

 In this 

work, we demonstrate a versatile and simple method for the construction of 

macroscopic structures based on CNT/Polymer composites combining the two 

precedent strategies. UPy moieties were covalently attached to MWCNTs as 

supramolecular motifs (UPy-MWCNTs) (Scheme 2, a and b). The novel 

nanohybrid compound was characterized by TGA, IR, TEM, UV-visible and 

1
H-NMR spectroscopy. Then the self-assembly of UPy-MWCNTs with 

different polymers bearing UPy moieties (Bis-UPy 1, Bis-UPy 2), trough 

quadruple complementary DDAA·AADD hydrogen bonding motif, allowed the 

fabrication of a 2D free standing film and the formation of a supramolecular gel 

using the method of solution blending (Scheme 2, c).  
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Scheme 2. Schematic representation of a) UPy-MWCNT monomer; b) UPy-MWCNT dimer 

trough quadruple complementary DDAA·AADD hydrogen bonding motif; (c) supramolecular 

interaction between UPy-MWCNTs and Bis-UPy 1 and 2. 

4.2 Result and Discussion 

4.2.1 Synthesis and characterization 

NH2-MWCNTs were obtained as described in the precedent chapters 

(Chapter 2 and 3). Then, the UPy moieties were easily introduced by coupling 
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with the electrophilic isocyanate (Scheme 3). To assess the covalent 

modification of the NH2-MWCNTs, quantification of free amino groups before 

and after coupling were carried out using the Kaiser test. This colorimetric 

assay gives the final loading of UPy molecules attached to MWCNTs (567 

µmol·g
-1

 in average). In addition, the TGA analysis confirmed the effective 

introduction of an organic moiety in the MWCNTs, since a weight loss of 

approximately 24 % w/w at 600 °C, not present in the pristine material, was 

found in the temperature-modulated plot (Figure 1). Moreover IR spectrum of 

UPy-MWCNTs shows the characteristic band at 1696 cm
-1

 of the pyrimidine 

carbonyl stretch vibration
14

 and the stretching mode of the urea group at 1658 

cm
-1

 (Figure 2). 

 

Scheme 3. Synthesis of UPy-MWCNTs: a) 4-[(N-Boc)aminomethyl]aniline, isoamylnitrite, 

H2O, 80°C, o.n.; b) HCl/1,4-Dioxane (4M), 20°C, o.n.; c) 2(6-

isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]pyrimidine, DIEA, dry DMF, r.t., o.n. 
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Figure 1. TGA of p-MWCNTs, NH2-MWCNTs and UPy-MWCNTs. 

 

Figure 2. IR spectrum of UPy-MWCNTs. 

4.2.2 Molecular Recognition Studies 

The 4[1H]-pyrimidinone dimerizes via a DDAA motif, thus the influence of 

interaction between UPy groups on the dispersibility behavior of UPy-

MWCNTs was compared on solvents holding different polarity: DMF, polar 

solvent able to interact via H-bonds with the complementary sites, and DCM, a 
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non-competitive solvent unable to generate H-bond interactions. In TEM 

images, UPy-MWCNTs showed good dispersibility in DMF, while aggregates 

were observed in DCM (Figure 3). These differences in solubility qualitatively 

confirm that the surface of MWCNTs was modified with UPy moieties. 

 

Figure 3. TEM images of UPy-MWCNTs (0.1 mgmL
-1

) in DMF (left) and DCM (right). 

Since UPy is able to form a strong and selective complex with 2,7-diamido-

1,8-naphthyridine (NaPy), via quadruple hydrogen bonds between ADDA and 

DAAD arrays (Scheme 4, a),
15–17

 we decided to follow the complexation of 

NaPy with UPy-MWCNTs by UV-visible and 
1
H-NMR spectroscopies 

(Scheme 4). The relative values of Kdim (UPy) and Ka (UPy-NaPy) in CHCl3 (6 

10
7
 and 5 10

6
 M

-1
 respectively) lead to a concentration-dependent selectively, 

favoring the heterodimer above 10
-5

 M.
15

 For this reason, for the spectroscopic 

analysis, we used concentrations equal to or greater than 10
-5

 M. Furthermore 

the measures have been carried out in non polar aprotic solvents, such as 

toluene and benzene, which lack any acidic hydrogens or basic sites, that may 

interfere with the formation of H-bonding interactions. 
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Scheme 4. Schematic representation of the equilibrium between UPy Dimer (Donor-Donor-

Acceptor-Acceptor Hydrogen-Bonding Array) and NaPy (upper part) and between UPy-

MWCNTs Dimer (Donor-Donor-Acceptor-Acceptor Hydrogen-Bonding Array) and NaPy 

(lower part). 

UV-Vis titration of a NaPy solution (2.52 10
-5

 M) upon progressive 

addition of aliquots of a solution containing UPy-MWCNTs (0.54 mgmL
-1

, 

3.08 10
-4

 M in term of UPy functionalization) in Toluene is displayed in Figure 

4. The UV-Vis absorption titration showed a decrease in the absorption 

intensity of NaPy band at 347 nm and the formation of a new band at 358 nm, 

indicating a binding between NaPy molecules and UPy functional groups 

covalently attached on the surface of CNTs. For the sake of clarity, the UV-Vis 
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titration of a solution of NaPy (2.62 10
-5

 M) upon progressive addition of 

aliquots of a solution containing N-[(butylamino)carbonyl]-6-methylisocytosine 

(3.04 10
-4

 M), compound used as control sample, in Toluene is shown in Figure 

5. Also in this case the UV-Vis absorption titration showed a progressively 

decrease in the absorption intensity of NaPy band at 347 nm and the formation 

of a band at 358 nm.  

 

Figure 4. UV-Vis titration of NaPy (2.52 10
-5

 M) by UPy-MWCNTs (0.54 mgmL
-1

) in 

Toluene. 

 

Figure 5. UV-Vis titration of NaPy (2.62 10
-5

 M) by N-[(butylamino)carbonyl]-6-

methylisocytosine (3.04 10
-4

 M) in Toluene.  
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Then UV-Vis measurements were performed on equimolar mixtures of 

NaPy and UPy-MWCNTs (equimolar in term of UPy functionalization) at 

three different concentrations (1.3 10
-5

, 2.5 10
-5

 and 5.0 10
-5

 M). An increase in 

the absorption intensity of the band at 358 nm was observed upon increasing 

the concentration, in fact increasing the concentration of the species in solution, 

the fraction of the NaPy:UPy-MWCNTs complex increases (Figure 6, a). To 

corroborate that the increasing of the absorption intensity was selectively 

caused by the presence of UPy functional moieties attached to CNTs, we 

followed the UV-Vis measurements on mixtures of NaPy and NH2-MWCNTs 

at the same experimental conditions. In these cases no band came out at 358 nm 

(Figure 6, b). 

 

Figure 6. UV-Vis spectra of: a) equimolar mixtures of NaPy and UPy-MWCNTs at three 

different concentrations (NaPy/UPy-MWCNTs 1.3 10
-5

 M/0.02 mgmL
-1

, 2.5 10
-5

 M/0.04 

mgmL
-1

 and 5.0 10
-5

 M/0.08 mgmL
-1

); b) mixtures of NaPy and NH2-MWCNTs at three 

different concentrations (NaPy/NH2-MWCNTs 1.3 10
-5

 M/0.02 mgmL
-1

, 2.5 10
-5

 M/0.04 

mgmL
-1

 and 5.0 10
-5

 M/0.08 mgmL
-1

). 
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The supramolecular interaction between NaPy and UPy moieties covalently 

attached on CNT surface was evaluated also by 
1
H NMR, using an inverse 

detection nanoprobe. The 
1
H NMR spectra of NaPy in deuterated benzene 

shows two doublet, the first one at 8.71 ppm and the second one at 7.36 ppm 

corresponding to the four protons of the naphthyridine ring. Moreover a broad 

singlet at 7.84 ppm was observed for the two amidic protons (Figure 7, a). Due 

to the formation of this supramolecular complex, the 
1
H-NMR spectra of NaPy 

show a gradual chemical shift to upfield for the signal of the two protons of the 

naphthyrindine ring at 7.36 ppm, and a shift to downfield for the signal of the 

two amidic protons, from 7.84 to 8.19 and 8.64 ppm, in presence of 0.5 and 2 

equivalents of UPy-MWCNTs respectively (Figure 7, b, c). The shoulder at 

8.64 ppm disappears adding 1 µL of deuterated methanol, this means that the 

shoulder is really due to the amidic protons (Figure 7, d); in this latter 

experimental condition the chemical shift of the other signals changes also 

because methanol is a polar solvent able to interfere with hydrogen bonding. In 

addition we can see that when the UPy molecule, used as control sample, is 

bound to NaPy, one new signal is coming out at 5.79 ppm (Figure 8, a, b) and 

three in the downfield region of the spectrum, at 13.74, 11.32 and 9.82 ppm 

respectively (Figure 9, a and b). The same signals are also present in the spectra 

of UPy-MWCNTs containing 2 equivalents of NaPy (Figure 8, c and Figure 9, 

c-e). 
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Figure 7. 
1
H-NMR spectra in deuterated benzene of: a) NaPy (1 10

-3
 M); b) NaPy (1 10

-3
 M) 

with 0.5 equivalents of UPy-MWCNTs (5 10
-4

 M); c) NaPy (2.5 10
-4

 M) with 2 equivalents of 

UPy-MWCNTs (5 10
-4

 M); d) NaPy (2.5 10
-4

 M) with 2 equivalents of UPy-MWCNTs (5 10
-4

 

M) and 1 µL of CD3OD. 
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Figure 8. 
1
H-NMR spectra in deuterated benzene of: a) UPy (5 10

-4
 M); b) UPy (5 10

-4
 M) with 

2 equivalents of NaPy (1 10
-3

 M); c) UPy-MWCNTs (5 10
-4

 M) with 2 equivalents of NaPy (1 

10
-3

 M). 

 

Figure 9. 1
H-NMR spectra in deuterated benzene of : a) UPy (5 10

-4
 M); b) UPy (5 10

-4
 M) 

with 2 equivalents of NaPy (1 10
-3

 M); c), d) and f) UPy-MWCNTs (5 10
-4

 M) with 2 

equivalents of NaPy (1 10
-3

 M). 

4.2.3 Self-assembled macroscopic structures 

Once checked the covalent functionalization of UPy-MWCNTs and their 

supramolecular behaviour, the supramolecular interaction between UPy-
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MWCNTs and different bifunctional UPy polymers has been exploited in order 

to obtain macroscopic structures. In particular we were able to obtain a 

homogeneous 2D free-standing film, casting a chloroform solution of Bis-UPy 

1 (200 mg·ml
-1

) containing 0.5 wt% of UPy-MWCNTs on Teflon mold at 

room temperature. Instead adding 1 wt % of UPy-MWCNTs to a solution 50 

mg·ml
-1

 of Bis-UPy 2 in CHCl3, a supramolecular gel was produced (Scheme 2 

c). 

4.2.3.1 2D free-standing film 

Solution blending is the most common method for fabricating polymer 

nanocomposites. This method involves three major steps: CNTs are dispersed 

in a suitable solvent, mixed with the polymer (at room temperature or elevated 

temperature), and then recovered as composite materials by precipitating or 

casting a film.
10

 This technique was used to fabricate supramolecular free 

standing membranes based on UPy-MWCNTs and a Bis-UPy polymer. It is 

well known that nanotube dispersibility is a crucial point to reach optimal 

material properties as conductivity or strength. Moreover in CNT-polymer 

composites the interface between nanotubes and polymer must be carefully 

engineered in order to obtain an efficient translation of nanotube properties both 

into the polymer matrix and between nanotubes.
10

 So first of all, the solubility 

of UPy-MWCNTs in the polymer matrix was checked,using the bifunctional 

compound Bis-UPy 1 (Scheme 2 c and Scheme 5 a) as polymer medium. In this 

polymer UPy units are attached to trimethylhexane spacers, that consist of an 

equimolar mixture of two regioisomers in racemic form: 2,2,4 and 2,4,4-

trimethylhexane. In linear supramolecular polymers the monomeric units are 

held together by reversible non-covalent interactions, so these polymers are 

always at equilibrium and they present a particular viscosity control. Normally, 

the viscosity of polymer solutions drastically depend from the concentration of 

the monomeric units and from the temperature.
18

 A concentration-dependent 

ring-chain equilibrium in trimethyl derivative Bis-Upy 1 in its racemic form 
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results in particular behavior in viscosity. The specific viscosity of CHCl3 

solutions of Bis-Upy 1 is very low at low concentrations, where Bis-Upy 1 is 

present as cycles, but increases very rapidly at higher concentration where 

polymeric chains are formed.
19

 To better understand, this ring-chain mechanism 

is characterized by an equilibrium between closed rings of monomers and linear 

chains. Below a certain monomer concentration, the ends of any small polymer 

chains are more likely to encounter and react with each other (forming a ring) 

than they are to find another monomer that would result in chain elongation. 

Above the critical concentration, chain formation becomes more favorable and 

polymer growth occurs rapidly.
20

 Stable blend solution of UPy-MWCNTs (1 

mgmL
-1

) and Bis-UPy 1 (100 mg mL
-1

) in CHCl3 was achieved by sonication 

(Scheme 5 a), while precipitation was observed using the trimethylhexan 

diisocyanate (100 mg mL
-1

) instead the bifunctional UPy polymer or using p-

MWCNTs (1 mgmL
-1

) instead of Upy-MWCNTs (Scheme 5, b and c).  

 

 

Scheme 5. Dispertion tests in CHCl3 of: a) UPy-MWCNTs (1 mgmL
-1

) with Bis-UPy 1 (100 

mgmL
-1

); b) UPy-MWCNTs (1 mgmL
-1

) with a mixture of 2,2,4 and 2,4,4-trimethylhexan 

diisocyanate (100 mgmL
-1

); c ) p-MWCNTs (1 mgmL
-1

) with Bis-UPy 1 (100 mgmL
-1

). 
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These experiments demonstrate that dispersibility and stability of CNT 

based materials can be significantly increase exploiting the formation of 

quadruple hydrogen bonding between UPy units attached both to the surface of 

CNTs and to the polymer.  

Then a nanocomposite films was obtained via solution casting the blend 

solution on Teflon mold at room temperature. But using Bis-UPy 1 at 100 

mgmL
-1

, CNTs tend to agglomerate during solvent evaporation, leading to 

inhomogeneous distribution of nanotubes in the polymer matrix (Scheme 

6).This behavior is due to the presence of cyclic aggregates at room temperature 

and at concentration of 100 mgmL
-1

 of Bis-UPy 1 in CHCl3 In fact a 100 

mgmL
-1

 solution of Bis-UPy 1 in CHCl3, which corresponds to a solution 120 

10
-3

 M, contains not only polymer chains, but also comparable amount of cyclic 

aggregates, as reported in 
1
H-NMR spectra in Figure 10, b.

19
 

 

 

Scheme 6. Solution cating at r.t. of a mixture Bis-UPy 1/UPy-MWCNTs (100 mgmL
-1

/1 

mgmL
-1

) and pictures of the resulting free standing film.  
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Figure 10. 
1

H-NMR spectra in CDCl3 of Bis-UPy 1 at 298 K at concentration of a) 200 mM 

and b) 100 mM. Signal originating from cyclic aggregates and polymeric chains are labeled ‘c’ 

and ‘p’ respectively.
19

 

Therefore increasing the concentration of Bis-UPy 1 to 200 mgmL
-1

 (240 

10
-3

 M), where polymeric chains are the predominant form in solution (Figure 

10, a), mixed with UPy-MWCNTs (1 mgmL
-1

) and after casting the blend 

solution on Teflon mold at room temperature, a homogeneous free standing 

membrane was obtained (Scheme 7). The nanocomposite film was 

characterized by SEM (Figure 11). The morphological analysis show that the 

presence of CNTs, properly decorated with UPy functionalities, favors the 

interconnection between the polymer molecules. In fact, compared to the free-

standing Bis-UPy 1 film (Figure 12, left), the presence of UPy-MWCNTs 

presents an increasing number of fibers (Figure 12, right). 

 

 

Scheme 7. Solution cating at r.t. of a mixture Bis-UPy 1/UPy-MWCNTs (200 mgmL
-1

/1 

mgmL
-1

) and pictures of the resulting free standing film. 
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Figure 11. SEM images of free-standing Bis-UPy 1 film (left) and free-standing Bis-UPy 

1:UPy-MWCNTs film (right). 

4.2.3.2 Supramolecular gel 

The dispersion of UPy-MWCNTs in another polymer matrix, a tri-block 

polymer of PPG-PEG-PPG so-called Bis-Upy 2, was checked. After sonication 

of a mixture of Bis-Upy 2 (5 mgmL
-1

) in CHCl3 with 5 wt. % of UPy-

MWCNTs, a stable dispersion was obtained (Figure 12, a). Also in this case, 

precipitation was observed using only the polymer spacer instead the 

bifunctional UPy polymer (Figure 12, b) or p-MWCNTs instead of UPy 

functionalized CNTs (Figure 12, c). 
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Figure 12. Images of mixtures in CHCl3 of: a) Bis-UPy 2/UPy-MWCNTs  (5 mgmL
-1

/0.25 

mgmL
-1

); b) O,O’-Bis(2-aminopropyl)polypropylene glycol-block-polyethylene glycol block-

polypropylene glycol/UPy-MWCNTs (5 mgmL
-1

/0.25 mgmL
-1

); c) Bis-UPy 2/p-MWCNTs (5 

mgmL
-1

/0.25 mgmL
-1

). 

In order to increase the viscosity of the chloroform solution and to obtain a 

gel, the concentration of the Bis-UPy 2 polymer was raised to 50 mgmL
-1

 

Under these conditions, it was possible to obtain a homogeneous 

nanotube/polymer composite gel simply heating the starting gel, to reform the 

viscous solution, adding 1 wt. % of UPy-MWCNTs and dispersing them by 

sonication (Scheme 8).  

 

Scheme 8. Experimental conditions for obtaing the homogeneous nanotube/polymer composite 

gel: a) heating; b) UPy-MWCNTs (0.5 mgmL
-1

); c) sonication (20’). 
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Rheological measurements were performed on nanotube/polymer gel and 

on polymer gel alone by using an oscillatory rheometer (MCR Rheometer 

Series) (Figure 13), in which an oscillatory stress is applied to the sample in 

order to evaluate the storage (G’) and the loss modulus (G’’), modulus related 

to the elastic and viscous behavior of the material respectively. The apparatus 

consists of two parallel plates between which the sample is placed, and the 

measurements are carried out by changing the strain and the frequency of the 

oscillations. 

 

Figure 13. Imagine of oscillatory rheometer (MCR Rheometer Series) and magnification of the 

two parallel plates between wich the sample is placed. 

Figures 14 (blue line) and 15 (a) represent plots of the storage and loss 

moduli versus the strain amplitude at a frequency of 5 rad s
-1

 and at 20°C for 

the Bis-UPy 2 gel and nanotube/polymer gel respectively. It was found that 

both gels gave constant moduli between 0.1 and 1% strain. Moreover we 

recovered the same values of storage (G’) and loss modulus (G’’), 2 10
5
 and 2 

10
4
 Pa respectively, for both gels. But in the case of Bis-UPy 2 gel the moduli 

were not recovered after the strain breaking (Figure 14, red line). Instead, the 

nanotube/polymer gel resulted was still stable after the strain sweep and it was 

so possible to characterize its rheological behavior through a frequency sweep, 

using a strain of 0.2% and applying a sweep from 500 rad s
-1

 to 0.05 rad s
-1
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(Figure 15, b). These experimental evidences suggest that UPy-MWCNTs 

confer more stability to the gel network.  

 

 

Figure 14. Storage and loss modulus vs strain for:  Bis-Upy 2 gel (blue lines) and Bis-Upy 2 

gel after the strain breaking (red lines). 
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Figure 15. Storage and loss modulus for nanotube/polymer gel vs strain (a) and vs shear 

frequency (b). 

The same result was also supported by morphology characterization of 

nanohybrid materials through Atomic Force Microscopy (AFM). AFM images 

of a solution at low concentration of Bis-UPy 2 (0.005 mgmL
-1

 in CHCl3) show 

the formation of big aggregates (Figure 16, a). In presence of 5 wt. % of UPy-

MWCNTs (0.00025 mg mL
-1

) the formation of aggregates occurs, but the 

molecules start interacting with each other, leading complex and interesting 

nanostructures (Figure 17). Moreover, at higher concentration of Bis-UPy 2 

(0.05 mgmL
-1

 in CHCl3), the polymer alone is still present in a globular 

aggregation form (Figure 16, b); instead polymer solutions containing 5 wt. % 
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of UPy-MWCNTs show, after evaporation of the solvent from mica surface, 

the formation of fibers (Figure 18). While Bis-UPy 2 starts to form small fibers 

only from solutions ten times more concentrated (0.5 mgmL
-1

 in CHCl3) 

(Figure 16, c). 

 

Figure 16. AFM images obtained on mica from drop casting dispersion of solutions in CHCl3 

of Bis-UPy 2 at a) 0.005 mgmL
-1

, b) 0.05 mgmL
-1 

and c) 0.5 mgmL
-1

. 

 

Figure 17. AFM images obtained on mica from drop casting dispersion of mixture of Bis-

UPy2/UPy-MWCNTs (0.005 mgmL
-1

/0.00025 mg mL
-1

) in CHCl3. 
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Figure 18. AFM images obtained on mica from drop casting dispersion of mixture of Bis-

UPy2/UPy-MWCNTs (0.005 mgmL
-1

/0.0025 mg mL
-1

) in CHCl3. 

So morphological analysis confirm that the presence of CNTs, properly 

decorated with UPy functionalities, favors the formation of fibers and the 

interconnection between the polymer molecules. It seems, therefore that UPy-

MWCNTs act as a scaffold for the creation of a network of fibers. The UPy 

functionalities are necessary to promote the solubilization of the CNTs in the 

polymer matrix and to increase the points of contact between the polymer units, 

which, in this way, tend to grow as fibers and not as aggregates. 

4.3 Conclusion 

A new series of supramolecular materials were produced based on UPy 

functionalized CNTs. MWCNTs were functionalized with UPy molecules, able 

to interact through the formation of quadruple hydrogen bonding. The 

functionalization of UPy-MWCNTs and the directional recognition by H-bond 

interactions were demonstrated by Kaiser test, IR, TEM, UV-visible and 
1
H-

NMR spectroscopies. The combination of the new nano-hybrid with appropriate 

Bis-UPy polymers allowed to obtain different macroscopic materials. In fact, by 

changing the spacer between the two UPy groups was possible to obtain both a 

free-standing film and a supramolecular gel. Moreover morphological and 

rheological analysis verified that CNTs confer more stability to the polymeric 

networks. So this work demonstrates that organic molecules covalently grafted 

to CNTs surface as supramolecular motifs can control the self-assembly of 
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CNTs by H-bonding recognition and this strategy has been used for the 

construction of supramolecular architectures to create new nanodevices. In 

particular, we have demonstrated that the self-organization of functionalized 

CNTs lead to a versatile and simple method for the construction of macroscopic 

structures based on pure MWCNTs or on CNT/Polymer composites.  
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5.1 Materials and Methods 

Chemicals were purchased from Sigma‐Aldrich and used without further 

purification. Solvents (HPLC grade) were purchased from Sigma‐Aldrich, and 

deuterated solvents from Cambridge Isotope Laboratories. 

MWCNTs 7000 series, used for all the synthesis in Chapter 2, were 

purchased from Nanocyl (lot #31825, www.nanocyl.com). 

MWCNTs 7000 series, used for all the synthesis in Chapter 3 and 4, were 

purchased from Nanocyl (lot MWM P031105, www.nanocyl.com).  

Kaiser test was performed using Fluka Kaiser test kit. In a typical test, 

0.1‐0.5 mg of CNTs were weighted. 75 μL of the kit solution of phenol (80% in 

EtOH), 100 μL of the kit solution of KCN (in H2O/pyridine) and 75 μL of the 

kit solution of ninhydrin (6% in ethanol) were added, and the mixture was 

heated at 120°C for 10 minutes. Then, it was cooled and diluted with 

EtOH/H2O (60%) to a final volume of 3 mL. The absorption spectrum of the 

solution was measured, using as a blank a solution obtained in the same way as 

above but without CNTs. The value of the absorption maximum at 570 nm was 

used to calculate amine loading in the CNT sample (Ɛ = 15000 M
‐1

cm
‐1

). 

Reported values are average of at least two separate measurements. 

5.2 Instrumentation 

Nuclear magnetic resonance (NMR) 200 MHz 
1
H‐NMR and 50 MHz 

13
C‐NMR spectra were obtained on a Varian Gemini 200 spectrometer. 500 

MHz 
1
H‐NMR spectra were obtained on a Varian Inova and 400 MHz 

1
H-NMR 

spectra were recorded on a JEOL Eclipse 400FT Chemical shifts are reported in 

ppm using the solvent residual signal as an internal reference (CDCl3: δ H = 

7.26 ppm, DMSO‐d6: δ H = 2.50 ppm, CD3CN: δ H = 1.96 ppm). The 

resonance multiplicity is described as s (singlet), d (doublet), t (triplet), q 

(quartet), pq (pseudo-quartet) dd (doublet of doublets), ddd (doublet of doublets 

http://www.nanocyl.com/
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of doublets) m (multiplet), bs (broad singlet). 
1
H-NMR experiments present in 

Chapter 4 were recorded on a Varian Unity Inova 500 spectrometer operating at 

500.618 MHz by means of a 5 mm 
1
H/X Inverse Detection probe equipped with 

a gradient capabilities and using a spin of 3 KHz. In a typical procedure 

weighed amounts of NaPy, UPy-MWCNTs or N-[(butylamino)carbonyl]-6-

methylisocytosine were dissolved in 1 mL of Benzene-d6. The concentration 

and the content of the resulting mixtures is detailed in Chapter 4. Each mixture 

was sonicated for 20 minutes  and 40 µL of the resulting solutions were injected 

into the NMR tube. 

Mass spectrometry: Electrospray Ionization (ESI) mass analysis was 

performed on a Perkin‐Elmer API1. Matrix‐assisted laser desorption‐time of 

flight (MALDI‐TOF) mass analysis was performed on a Bruker Daltonics 

instrument, using a matrix of 1,8‐dihydroxy‐9(10H)‐anthracenone 

(dithranol)/silver trifluoroacetate. Mass isotopic distribution simulation were 

performed with IsoPro 3.1 software. 

Thermogravimetric analyses were recorded on a TGA Q500 (TA 

Instruments) using a flowing nitrogen atmosphere, by equilibrating the samples 

(1 mg per sample) at 100°C for 20 minutes and using a heating rate of 

10°C/min up to 1000°C. 

Thermogravimetric analysis-mass spectrometry (TGA-MS) experiments 

were carried out on a ThermoStar Mass Spectrometer (Pfeiffer Vacuum) 

coupled to a Q500 thermogravimetric analyzer (TA Instruments) using a 

flowing He atmosphere, by equilibrating the samples (approximately 5 mg per 

sample) at 100°C, and using a heating rate of 20°C/min up to 800°C. 

Infrared analysis were performed using a Fourier-transform infrared (FT-

IR) spectrometer (Perkin-Elmer 2000) by the method of KBr pellets. 

Transmission electron microscopy analyses were performed on a TEM 

Philips EM208, using an accelerating voltage of 100 kV. The samples were 

prepared by dropping an aliquot of the dispersions in specified solvents on 
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TEM grids (200 mesh, Nickel, carbon only), which were subsequently dried 

under high vacuum overnight, prior to the TEM analysis. 

For scanning electron microscopy measurements the samples were 

sputter-coated with gold in an Edwards S150A apparatus (Edwards High 

Vacuum, Crawley, West Sussex, UK), and examined with a Leica Stereoscan 

430i scanning electron microscope (Leica Cambridge Ltd., Cambridge, United 

Kingdom). 

Atomic force micrographs were recorded under ambient conditions with 

silicon cantilever tips (PPP-NCH, 300-330 kHz, 42 N/m from Nanosensors) 

using an Asylum Research (Santa Barbara, California) MFP-3D-Bio machine in 

non-contact mode under ambient conditions. Samples were prepared by drop 

casting of chloroform solutions onto freshly cleaved mica surfaces. 

Raman spectra were recorded with an InVia Renishaw microspectrometer 

equipped with a He-Ne laser at 633 nm using the x100 objective. Solid samples 

were deposited onto a glass coverslip. 

Absorption and fluorescence experiments present in Chapter 2 were 

performed on a Varian Cary 5000 spectrophotometer and on a Varian Cary 

Eclipse fluorescence spectrophotometer respectively. Fluorescence spectra were 

recorded with excitation filter at 361 nm and emission filter between 390 and 

600 nm. For both experiments 10 mm path length quartz cuvettes were used. 

UV-Vis titration: All experiments were carried out at room temperature using 

a solution of Zn(II)-cyclen (9.6 µM) in HEPES buffer (10 mM, pH = 7.6, at 25 

°C and I = 0.10 (NaNO3)) and were recorded from 230 to 450 nm. The titration 

of 1 mL of the previous solution was performed by addition of known 

microvolumes of a solution containing Td-MWCNTs (0.1 mg/mL) using an 

Eppendorf micropipette. Spectrofluorimetric titration: Luminescence titration 

experiments were carried out onto 1 mL of a solution containing Zn(II)-cyclen 

(9.6 µM) in HEPES buffer by addition of known microvolumes of a solution 

containing Td-MWCNTs (0.1 mg/mL) at room temperature, exciting at 361 

nm. 
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Absorption experiments present in Chapter 4 were obtained from a 

Perkin-Elmer UV/vis spectrometer Lambda 40 at 20°C. Cells with an optical 

path length of 1 cm were employed. All experiments were carried out at room 

temperature using a solution of NaPy (2.52·10
-5

 M) in Toluene and were 

recorded from 280 to 500 nm. The titration of 2 mL of the previous solution 

was performed by addition of known microvolumes of a solution containing 

UPy-MWCNTs (0.54 mg/mL) using an Eppendorf micropipette. 

The values of thickness were obtained on three repeated measures, by 

using a high accuracy digimatic micrometer (Mitutoyo, MD-H25).  

The values of sheet resistance and bulk resistivity were recorded by a 

Jandel resistivity meter (RM3000) with a four point probe head (probe spacing 

of 0.635 mm, needles of Tungsten Carbide), repeating the measures in three 

different points of the membranes.  

For the rheology measurements, gels were left to the rheometer (MCR 

Rheometer Series) for few minutes before starting the measurements. The linear 

viscoelastic region was determined at 20°C, at a frequency of 5 rad s
-1

 using a 

strains of 0.01% to 100%. It was found that the gels gave constant moduli 

between 0.1 and 1% strain. Frequency sweep measurements were performed 

using a strain of 0.2% and applying a sweep from 500 rad s
-1

 to 0.05 rad s
-1

. 
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5.3 Experimental Procedures 

5.3.1 Chapter 2: Synthesis 

Acridine-Pedant Zn(II)-Cyclen complex·2ClO4 (2) 

 

Scheme 1. a) 9-(bromomethyl)acridine, CH3CN, r.t., 12 h; b) EtOH, Zn(ClO4)2·6H2O, r.t., o.n. 

The synthesis was carried out according to the literature.
1
 To a solution of 

cyclen (1.42 g, 8.3 mmol) in 40 ml of dry hot acetonitrile (70°C) was slowly 

added a solution of 9-(bromomethyl)acridine (1.12 g, 4.1 mmol) in 100 ml of 

dry acetonitrile. After 12 h under stirring at room temperature, the solvent was 

removed under reduced pressure and the resulting residue was dissolved in 20 

mL of an aqueous solution of HCl (0.2 M). The aqueous solution was washed 

with dichloromethane several times. Then, 10 mL of an aqueous solution of 

NaOH (5 M) was added to organic phase and extracted with several portions of 

dichloromethane. The combined organic layers were dried over Na2CO3 and 

concentrated under reduced pressure . The resulting oil was taken up in 10 mL 

of ethanol and acidified with concentrated HCl (37%) to precipitate the desired 

hydrochloride salt. Then the hydrochloride salt was dissolved in 5 ml of water 

and the pH was adjusted to alkaline (pH~8.5). After that, a solution of 

Zn(ClO4)2·6H2O (288 mg, 0.77 mmol) in 9 ml of ethanol was added and the 

mixture was stirred overnight at room temperature. The solution was 

concentrated gradually to obtain a white powder of diperchlorate salts (2) (yield 

94%). 
1
H-NMR (200 MHz, CD3CN) δ ppm: 8.42 (d, 2H, J = 8.4 Hz, Ar-H), 
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8.10 (d, 2H, J = 8.4 Hz, Ar-H), 7.76 (dd, 2H, J = 8.4 and 7.7 Hz, Ar-H), 7.59 

(dd, 2H, J =  8.4 and 7.7 Hz, Ar-H), 5.14 (s, 2H, CH2-Ar), 3.37 (bs, 3H, NH), 

2.19-2.96 (m, 16H, CH2-N); MS (ESI) m/z calcf for C22H29N5Zn(ClO4)2(H2O) 

645.0, found m/z 426.0 [M-(H2O)-(ClO4)2-H]
+
 and 463.0 [M-(H2O)-(ClO4)2+K-

2H]
+
. 

5’-Chloro-5’-deoxythymidine (4) 

 

Scheme 2. a) SOCl2, Pyridine, CH3CN, 4h at 0°C to r.t., o.n; b) MeOH, H2O, NH4OH, r.t., 30 

min. 

The synthesis was carried out according to the literature.
2
 To a stirred 

suspension of 3 (768 mg, 3.17 mmol) and anhydrous pyridine (0.51 mL, 6.33 

mmol) in anhydrous CH3CN (2.5 mL) cooled in an ice bath was slowly added 

SOCl2 (1.15 mL, 15.80 mmol). The mixture was stirred at 0-5°C for 4 h, and at 

room temperature overnight. The resulting suspension was concentrated under 

vacuum and then methanol (20 mL), water (2 mL), and NH4OH (4 mL) were 

added to the residue and stirred for 30 minutes at room temperature. The 

reaction mixture was filtered and then concentrated to dryness. The mixture was 

purified by chromatography with an elution gradient using CHCl3/MeOH (Rf = 

0.40, CHCl3/MeOH; 9.5:0.5; v/v). Compound 4 was obtained as a white solid 

(18%). 
1
H-NMR (500 MHz, DMSO-d6) δ ppm: 11.31 (bs, 1H, NH), 7.47 (s, 

1H, H
6
), 6.20 (dd, 1H, J = 7.9 and 6.3 Hz, H

1’
), 5.45 (d, 1H, J = 4.3 Hz, OH), 

4.20-4.23 (m, 1H, H
3’

), 3.88-3.91 (m, 1H, H
4’

), 3.85 (dd, 1H, J = 11.4 and 5.3 

Hz, H
5’

), 3.76 (dd, 1H, J = 11.4 and 5.8 Hz, H
5’

), 2.20-2.26 (m, 1H, H
2’

), 2.05-

2.09 (m,1H, H
2’

), 1.77 (s, 3H, CH3); 
13

C-NMR (50 MHz, DMSO-d6) δ ppm: 
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164.5 (C
4
), 151.3 (C

2
), 136.8 (C

6
), 110.7 (C

5
), 86.2 (C

4’
), 84.7 (C

1’
), 72.1 (C

3’
), 

45.6 (C
5’

), 39.0 (C
2’

), 13.1 (CH3); MS (ESI:) m/z calcd for C10H13ClN2O4 260.0, 

found m/z 261.0 [M + H]
+
 and 263.0 [M + Na]

+
. 

Td-MWCNTs 

 

Scheme 3. a) 4-[(N-Boc)aminomethyl]aniline, isoamylnitrite, H2O, 80°C, o.n.; b) HCl/1,4-

Dioxane (4 M), r.t., o.n.; c) 4, NEt3, DMF, 90°C, 48h. 

Boc-MWCNTs was prepared as follows: p-MWNTs (60.0 mg) were 

dispersed and homogenized in distilled water (80 mL). Then 4-[(N-

Boc)aminomethyl] aniline (1 g, 4.49 mmol) and isoamyl nitrite (1 ml, 11.83 

mmol) were added to the suspension and the reaction was heated at 80ºC 

overnight. After cooling down, the suspension was filtered and then washed 

with DMF and MeOH until the filtrate revealed to be clean. The obtained black 

solid was dried overnight under vacuum (74.54 mg). Preparation of NH2-

MWCNTs: The cleavage of the Boc groups was carried out by dispersing the 

material in a mixture HCl/1,4-Dioxane (4 M). The reaction was kept under 

stirring at room temperature overnight and after that, it was filtered, washed 

thoroughly with DMF and MeOH, and dried (61.5 mg). The quantitative 

amount of amine groups per gram of functionalized CNTs has been assessed by 

Kaiser test (triplicated), yielding a load of 473 μmol/g. TGA profiles indicate a 

weight loss of approximately 6%. Preparation of the Td-MWCNTs: A solution 

of 5’-chloro-5’-deoxythymidine (4) (6.15 mg, 23.66 µmol) in anhydrous DMF 

(4 mL) was added to a dispersion of NH2-MWCNTs (25 mg) in a mixture of 

anhydrous DMF (1 mL) and TEA (1.00 μL, 14.19 μmol). The resultant mixture 
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was stirred at 90ºC for 48 h under Argon atmosphere. After cooling down, the 

black suspension was filtered, washed with DMF and MeOH, and dried under 

vacuum (25.82 mg). Negative Kaiser tests confirmed the presence of the 

covalently linked Td moieties, with a functionalization of 396 μmol/g. TGA 

profiles of the final conjugated CNTs indicate a weight loss of ca. 6.5 % TGA-

MS, m/z: 26 (495°C) [C2H2]
+
, 27 (326, 495°C) [C2H3]

+
, 39 (495°C) [C3H3]

+
, 41 

(498°C) [C3H5]
+
, [C2H2NH]

+
, 42 (493°C) [C3H6]

+
, [C2H2NH2]

+
, 43 (500°C) 

[C3H7]
+
, [C2H3OH]

+
, 55 (495°C) [C4H7]

+
, 56 (495°C) [C4H8]

+
, 57 (495°C) 

[C4H9]
+
; IRνmax: 3437 (O-H, N-H), 3020-2790 (C-H), 1644 (C=O), 1433 (C=C) 

cm
-1

. 

Zn(II)-cyclen·Td-MWCNTs 

 

Scheme 4. a) 2,HEPES buffer (10 mM, pH = 7.6, at 25 °C and I = 0.10 (NaNO3)), r.t., o.n. 

Td-MWCNTs (5.0 mg) and Zn(II)-cyclen (3.0 mg, 4.8 µmol) were 

dispersed in HEPES buffer (10 mM, pH = 7.6, at 25 °C and I = 0.10 (NaNO3)) 

(100 mL) and stirred at room temperature overnight in the darkness. The black 

suspension was filtrated, washed with the HEPES buffer and finally dried under 

vacuum. TGA thermographs of the final product indicate a weight loss of 14%. 

TGA-MS, m/z: 26 D (300°C) [C2H2]
+
, 30 (301°C) [CH2NH2]

+
, 39 (455°C) 

[C3H3]
+
, 41 (455°C) [C3H5]

+
, [C2H2NH]

+
, 44 (300°C) [C2H4NH2]

+
, 44 (460°C) 

[C3H8]
+
, [C2H4OH]

+
; IRνmax: 3430 (O-H, N-H), 3004-2799 (C-H), 1640 (C=O), 

1384 (NO3), 1051 (ClO4) cm
-1

. 

 



Experimental Part 

 

131 
 

5.3.2 Chapter 3: Synthesis 

5’-Chloro-5’-deoxyadenosine (6) 

 

Scheme 5. a) SOCl2, Pyridine, CH3CN, 4 h at 0°C to r.t; o.n.; b) MeOH, H2O, NH4OH, r.t., 30 

min.  

The synthesis was carried out according to the literature.
2
 To a stirred 

suspension of 5 (847 mg, 3.17 mmol) and anhydrous pyridine (0.51 mL, 6.33 

mmol) in anhydrous CH3CN cooled in an ice bath was slowly added SOCl2 

(1.15 mL, 15.80 mmol). The mixture was stirred at 0-5°C for 4 h, and at room 

temperature overnight. The resulting suspension was concentrated under 

vacuum and then methanol (20 mL), water (2 mL), and NH4OH (4 mL) were 

added to the residue and stirred for 30 minutes at room temperature. The 

reaction mixture was filtered and then concentrated to dryness The mixture was 

purified by chromatography with an elution gradient using CHCl3/MeOH (7:1) 

(Rf = 0.36). Compound 6 was obtained as a white solid (37%). 
1
H-NMR (500 

MHz, DMSO-d6) δ ppm: 8.33 (s, 1H, H
8
), 8.14 (s, 1H, H

2
), 7.28 (bs, 2H, NH2), 

5.92 (d, 1H, J = 5.6 Hz, H
1’

), 5.57 (d, 1H, J = 6.0 Hz, 2’-OH), 5.43 (d, 1H, J = 

5.2 Hz, 3’-OH), 4.74 (pq, 1H, J = 5.6 Hz, H
2’

), 4.21 (pq, 1H, J = 4.7 Hz, H
3’

), 

4.06-4.09 (m, 1H, H
4’

), 3.93 (dd, 1H, J = 11.6 and 5.2 Hz, H
5’

), 3.83 (dd, 1H, J 

= 11.6 and 6.4 Hz, H
5’

); 
13

C-NMR (50 MHz, DMSO-d6) δ ppm: 156.5 (C
6
), 

153.1 (C
2
), 149.9 (C

4
), 140.3 (C

5
), 87.9 (C

1’
), 84.1 (C

4’
), 73.1 (C

2’
), 71.7 (C

3’
), 

45.6 (C
5’

); MS (ESI): m/z calcd for C10H12ClN5O3 285.1, found m/z 286.0 [M + 

H]
+
. 
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5’-Chloro-5’-deoxycytidine (8) 

 

Scheme 6. a) SOCl2, Pyridine, CH3CN, 4 h at 0°C to r.t; o.n.; b) MeOH, H2O, NH4OH, r.t., 30 

min.  

The synthesis was carried out according to the literature.
2
 To a stirred 

suspension of 7 (766 mg, 3.15 mmol) and anhydrous pyridine (0.51 mL, 6.33 

mmol) in anhydrous CH3CN (2.5 mL) cooled in an ice bath was slowly added 

SOCl2 (1.15 mL, 15.80 mmol). The mixture was stirred at 0-5°C for 4 h, and at 

room temperature overnight. The resulting suspension was concentrated under 

vacuum and then methanol (20 mL), water (2 mL), and NH4OH (4 mL) were 

added to the residue and stirred for 30 minutes at room temperature. The 

reaction mixture was filtered and then concentrated to dryness. The crude was 

purified by column chromatography with CHCl3/MeOH (8:2, 2% NEt3) (Rf = 

0.28). Compound 8 was obtained as a white solid (33%) 
1
H-NMR (500 MHz, 

DMSO-d6) δ ppm: 7.59 (d, 1H, J = 7.5 Hz, H
6
), 7.23 (bs, 1H, NH2), 7.16 (bs, 

1H, NH2), 5.81 (d, 1H, J = 5.0 Hz, H
1’

), 5.74 (d, 1H, J = 7.5 Hz, H
5
), 5.38 (d, 

1H, J = 6.0 Hz, 2’-OH), 5.25 (d, 1H, J = 6.0 Hz, 3’-OH), 4.03 (pq, 1H, J = 5.0 

Hz, H
2’

), 3.95-3.98 (m, 1H, H
4’

), 3.88-3.92 (m, 2H, H
3’

, H
5’

), 3.79 (dd, 1H, J = 

12.0 and 6.0 Hz, H
5’

); 
13

C-NMR (50 MHz, DMSO-d6) δ ppm: 166.1 (C
4
), 155.8 

(C
2
), 142.2 (C

6
), 94.9 (C

5
), 90.2 (C

1’
), 82.6 (C

4’
), 73.9 (C

2’
), 71.2 (C

3’
), 45.6 

(C
5’

). 
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5’-Deoxy-5’-iodoguanosine (10) 

 

Scheme 7. a) PPh3, I2, imidazole, N-methyl-2-pyrrolidinone, r.t., 3 h. 

The synthesis was carried out according to the literature.
3
 Iodine (2.97 g, 

11,7 mmol), was added over 5 min to a magnetically stirred suspension of 

guanosine hydrate (1.05 g, 3.7 mmol), triphenylphosphine (3.20 g, 12.2 mmol), 

and imidazole (1.67 g, 24.5 mmol) in N-methyl-2-pyrrolidinone (14.8 mL) at 

room temperature. During the addition, complete dissolution occurred and the 

solution warmed to 60°C. After 3 h at room temperature, the solution was 

diluted with dichloromethane (148 mL) and water (45 mL). A white crystalline 

solid was separated from the solution and was collected by filtration to give 10 

(1.09 g, 75%). 
1
H-NMR (500 MHz, DMSO-d6) δ ppm: 10.64 (bs, 1H, NH), 

7.92 (s, 1H, H
8
), 6.48 (bs, 2H, NH2), 5.71 (d, 1H, J = 6.0 Hz, H

1’
), 5.53 (d, 1H, 

J = 6.5 Hz, 2’-OH), 5.37 (d, 1H, J = 5.0 Hz, 3’-OH), 4.63 (m, 1H, H
3’

), 4.06 (m, 

1H, H
2’

), 3.93 (m, 1H, H
4’

), 3.56 (dd, 1H, J = 10.5 and 6.0 Hz, H
5’

), 3.42 (dd, 

1H, J = 10.5 and 6.0 Hz, H
5’

); 
13

C-NMR (50 MHz, DMSO-d6) δ ppm: 157.2 

(C
6
), 154.1 (C

2
), 151.9 (C

4
), 136.2 (C

8
), 117.2 (C

5
), 87.0 (C

1’
), 84.2 (C

4’
), 73.5 

(C
2’

), 73.1 (C
3’

), 8.5(C
5’

). 
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T-MWCNTs, A-MWCNTs, C-MWCNTs and G-MWCNTs 

 

Scheme 8. NEt3, DMF, 90°C, 48 h and a) 4, b) 6, c) 8 or d) 10. 

NH2-MWCNTs have been prepared as before (5.3.1 Chapter 2: Synthesis). 

Starting from 120 mg of p-MWCNTs, 140.1 mg of NH2-MWCNTs were 

recovered and TGA thermographs indicate a weight loss of approximately 8%. 

The quantitative amount of amine groups per gram of functionalized CNTs 

were measured by Kaiser test (duplicated), resulting in 779 μmol/g. TGA-MS, 

m/z: 29 (227°C and 434) [C2H2NH]
+
, [C2H5]

+
, 42 (208 and 429°C) [C3H6]

+
, 

[C2H2NH2]
+
, 43 (208°C and 448°C) [C3H7]

+
, 77 (599°C) [C6H5]

+
, 78 (599°C) 

[C6H6]
+
 (Figure 1); IRmax: 3404 (O-H, N-H), 2887-2805 (C-H), 1579 (C=C) 

cm
-1

 (Figure 2). 
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Figure 1. TGA-DTG and TGA-MS thermographs of NH2-MWCNTs. 

 

Figure 2. IR spectrum of NH2-MWCNTs. 
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Figure 3. TEM images of dispersions of NH2-MWCNTs (0.1 mg mL
-1

) in DMF, H2O and 

DCM. 

In a typical experiment, a solution of nucleoside moiety (46.7 µmol) in 

anhydrous DMF (1 mL) was added to a well-dispersed solution of NH2-

MWCNTs (30 mg) in anhydrous DMF (5 mL) and TEA (4 μL, 28.1 μmol). 

The resultant mixture was stirred at 90ºC during 48 h under Argon atmosphere. 

The black suspension was filtered, washed with DMF, methanol and 

dichloromethane and finally dried under vacuum. 

T-MWCNTs (30.6 mg) show a negative Kaiser test resulting in 584 

μmol/g of thymidine functional groups. TGA thermograph indicate a weight 

loss of ca. 11 %. TGA-MS, m/z: 15 (220°C and 594°C) [CH3]
+
, [NH]

+
, 27 

(323°C) [C2H3]
+
, 39 (411°C) [C3H3]

+
, [C2HN]

+
,41 (336°C) [C3H5]

+
, 

[C2H2NH]
+
, 43 (336°C) [C3H7]

+
, [C2H3OH]

+
, [C2H2NH2]

+
, 78 (581°C) [C6H6]

+
; 

IRmax: 3604 (O-H, N-H), 3507-2928 (C-H), 1738 (C=O), 1559 (C=C) cm
-1

.  

A-MWCNTs (27.2 mg) show a negative Kaiser test resulting in 602 

μmol/g of adenosine functional groups. TGA thermograph indicate a weight 

loss of ca. 13 %TGA-MS, m/z: 26 (356°C) [C2H2]
+
, 27 (341°C) [C2H3]

+
, 30 

(238°C) [CH2NH2]
+
, [CH2O]

+
, 39 (422°C) [C3H3]

+
, [C2HN]

+
,41 (415°C) 

[C3H5]
+
, [C2H2NH]

+
, 43 (341°C) [C3H7]

+
, [C2H3OH]

+
, [C2H2NH2]

+
, 55 (415°C) 

[C4H7]
+
, 78 (564°C) [C6H6]

+
; IRmax: 3871-3547 (O-H, N-H), 3257-3034 (Csp2-

H), 2798 (Csp3-H), 1739 (C=N), 1554 (C=C) cm
-1

. 
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C-MWCNTs (32.5 mg) show a negative Kaiser test resulting in 654 

μmol/g of cytidine functional groups. TGA thermograph of the product indicate 

a weight loss of ca. 10 %. TGA-MS, m/z: 26 (364°C) [C2H2]
+
, 27 (364°C, 

505°C and 647°C) [C2H3]
+
, 30 (245°C) [CH2NH2]

+
, [CH2O]

+
, 38 (431°C) 

[C3H2]
+
, 39 (409°C) [C3H3]

+
, [C2HN]

+
, 41 (245°C and 431°C) [C3H5]

+
, 

[C2H2NH]
+
, 43 (371°C) [C3H7]

+
, [C2H3OH]

+
, [C2H2NH2]

+
, 55 (401°C) [C4H7]

+
, 

77 (565°C) [C6H5]
+
, 78 (572°C) [C6H6]

+
; IRmax: 3408 (O-H, N-H), 2888 (C-

H), 1736 (C=O), 1577 (C=C) cm
-1

. 

G-MWCNTs (28.7 mg) show a negative Kaiser test resulting in 506 

μmol/g of guanosine functional groups. TGA thermograph of the product 

indicate a weight loss of ca. 10 %. TGA-MS, m/z: 27 (372°C, 499°C and 

632°C) [C2H3]
+
, 38 (387°C) [C3H2]

+
, 39 (387°C) [C3H3]

+
, [C2HN]

+
, 41 (387°C) 

[C3H5]
+
, [C2H2NH]

+
, 43 (394°C) [C3H7]

+
, [C2H3OH]

+
, [C2H2NH2]

+
, 55 (401°C) 

[C4H7]
+
, 78 D (587°C) [C6H6]

+
 (Fig. 1, h); IRmax: 3424 (O-H, N-H), 3275-

2920 (C-H), 1741 and 1652 (C=O), 1558 (C=C) cm
-1

. 

A/T-MWCNT and C/G-MWCNT membranes 

Equimolar amounts of T-MWCNTs and A-MWCNTs (or C-MWCNTs 

and G-MWCNTs) were dispersed in water solution (0.01 mg/mL). The 

suspensions were filtered on a Millipore membrane (VSWP, 0.025 µm) to form 

black layers and these last one were washed with DCM (5 mL). The filters were 

then degraded in acetone and the remaining membranes were stirred in acetone 

for 1h to clean it. This cleaning step was repeated 3 times before drying in air.  
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5.3.2 Chapter 4: Synthesis 

2(6-Isocyanatohexylaminocarbonylamino)-6-methyl-

4[1H]pyrimidinone (13) 

 

Scheme 9. a) 100°C, 16 h. 

The synthesis was carried out according to the literature.
4
 A solution of 2-

amino-4-hydroxy-6-methylpyrimidine (11) (4.4 g, 35 mmol) in 

hexyldiisocyanate (12) (39.9 g, 238 mmol) was heated at 100°C for 16 h. 

Pentane was added and the resulting precipitate was filtered and washed with 

pentane. The white powder was dried under vacuum and then the excess of 12 

was recovered by distillation. Compound 13 was obtained as a white solid 

(94%) 
1
H-NMR (400 MHz, CDCl3) δ ppm: 13.1 (s, 1H, NH), 11.9 (s, 1H, NH), 

10.2 (s, 1H, NH), 5.8 (s, 1H, H
5
), 3.3 (m, 4H, H

1’
 and H

6’
), 2.2 (s, 3H, CH3), 1.6 

(m, 4H, H
2’

 and H
5’

), 1.4 (m, 4H, H
3’

 and H
4’

); 
13

C-NMR (125 MHz, CDCl3) δ 

ppm: 173.5, 156.7, 155.0, 148.6, 121.6, 106.9, 43.0, 39.9, 31.1, 29.3, 26.2, 26.1, 

18.9;. MS (ESI) : m/z calcd for C13H19N5O3 293.1 , found m/z 294.2 [M + H]
+
, 

316.2 [M + Na]
+
 and 332.1 [M + K]

+
; IRmax: 3215, 3039, 2930, 2285, 1701, 

1668 cm
-1

. 
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UPy-MWCNTs 

 

Scheme 10. a) 13, DIEA, dry DMF, r.t. o.n.  

NH2-MWCNTs have been prepared as before (5.3.1 Chapter 2: Synthesis). 

Starting from 120 mg of p-MWCNTs, 167.4 mg of NH2-MWCNTs were 

recovered and TGA thermographs indicate a weight loss of approximately 8%. 

The quantitative amount of amine groups per gram of functionalized CNTs 

were measured by Kaiser test (duplicated), resulting in 830 μmol/g. 

Preparation of the UPy-MWCNTs: NH2-MWCNTs (30 mg) were 

dispersed in anhydrous DMF (6 mL). Dry DIEA (218 µL, 1.25 mmol) and 13 

(213.8 mg, 750 µmol) were added and the reaction mixture was sonicated for 

15 min and then stirred at r.t. overnight under Ar. The black suspension was 

filtered, washed with DMF, methanol and dichloromethane and finally dried 

under vacuum (35.6 mg). Negative Kaiser test were obtained for this sample, 

resulting in 567 μmol/g of pyrimidinone functional groups. TGA thermograph 

of the product indicate a weight loss of ca. 24 %. IRmax: 3381, 1696, 1658 cm
-

1
. 
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N
ω
,N

ω’
-(2,2,4-Trimethyl-1,6-hexanediyl)-bis-(2-ureido-6-tridecyl-4[1H]-

pyrimidinone) & N
ω
,N

ω’
-(2,4,4-Trimethyl-1,6-hexanediyl)-bis-(2-ureido-6-

tridecyl-4[1H]-pyrimidinone) (Bis-UPy 1) 

 

Scheme 11. a) dry pyridine, 90°C (4 h). 

The synthesis was carried out according to the literature.
5
 A commercial 

mixture of 2,2,4 and 2,4,4-trimethylhexane diisocyanate 1:1 (15) (152.2 mg, 

0.72 mmol) was added to a suspension of 6-tridecylisocytosine (14) (446 mg, 

1.62 mmol) in dry pyridine (18.5 mL). The resulting mixture was heated at 

90°C for 4 h. Then the solvent was removed under reduced pressure and the 

crude was purified by column chromatography on silica with CHCl3/MeOH 

(10:0.5) (Rf = 0.12). Product was obtained as a yellow sticky solid in 

quantitative yield. 
1
H-NMR (CDCl3, 400 MHz): δ 13.16 (bs, 4H, N

1a
-H and 

N
1b

-H), 11.90 (bs, 4H, 2a-NH and 2b-NH), 10.05 (bs, 4H, NH), 5.81 (s, 4H, H
5a

 

and H
5b

), 3.26 (m, 4H, H
1’a

 and H
1’b

), 3.10 (m, 4H, H
6’a

and H
6’b

), 2.46 (m, 8H, 

H
1’’a

 and H
1’’b

), 1.63 (m, 8H, H
2’’a

 and H
2”b

), 1.47-1.13 (m, 90H, H
4’a

, H
2’b

 and 

CH2), 1.0-0.79 (m, 30H, CH3). 

Film of Bis-UPy 1 and UPy-MWCNTs 

UPy-MWCNTs (0.6 mg) were solubilized by sonication in a solution 200 

mg/mL of Bis-UPy 1 (0.6 mL). The obtained solution was casted on Teflon 
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mold and was dried at room temperature overnight. The nanocomposite film 

was finally detached from the mold with the use of a tweezer. 

Gel of Bis-UPy 2 and UPy-MWCNTs 

 

UPy-MWCNTs (0.2 mg) were solubilized by sonication in a heated 

solution 50 mg/mL of Bis-UPy 2 (0.4 mL). The gel formed in few minutes at 

room temperature. 
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