
 
 
 

DOTTORATO DI RICERCA IN 
CHIMICA 

 
Convenzione tra  

UNIVERSITÀ DEGLI STUDI DI TRIESTE 
e 

UNIVERSITÀ CA’ FOSCARI DI VENEZIA 
 
 

CICLO XXX 
 

 
COVALENT FUNCTIONALIZATION OF 

GRAPHENE DERIVATIVES FOR NOVEL CARBON 
INTERFACES 

 
Settore scientifico-disciplinare: CHIM06 

 
 
DOTTORANDO / A             
MANUEL VÁZQUEZ  
SULLEIRO           

 
COORDINATORE      
PROF. MAURO STENER   

 
SUPERVISORE DI TESI  
PROF. MAURIZIO PRATO  

 
 

  
 

ANNO ACCADEMICO 2016/2017 



 

	

	



 

	

Acknowledges 
 

I have to write this acknowledges far from home, but the farther away you 

are the closer you feel to people. 

 

First of all I would like to thanks to the person who gave me the 

opportunity to write these acknowledges, to learn as a scientist and growth 

as person: my supervisor Prof. Maurizio Prato. Thank you, I will be always 

grateful. 

 

I am especially thankful to Dr. Alejandro Criado, professionally, I could not 

imagine a perfect lighthouse for this PhD as perfect as you, your guide and 

advise was essential to develop this work, personally I will always 

remember your stories and party-conversations. It was a pleasure.  

 

Of course also thanks to ‘’Criados Jr.’’ Arturo and Juampe my road trip 

labmates of this amazing world of graphene, the help and support that you 

provide me is invaluable. The countless talks about science and specially life 

I will always remember them. A large part of this PhD is yours. Thank you. 

 

Thanks to all the collaborators during this PhD: Prof. Ester Vázquez and Dr. 

Jose Miguel González for their advices and help on the ball-milling 

exfoliation of graphene, Dr Elisabet Prats for the measurements of the 

electrical properties of graphene, Dr Victoria Bracamonte for being patient, 

nice and introduce me in the amazing world of the electrochemistry. I am 

also very grateful to GRAPHENEA S.A, especially to Alba Centeno and 

Amaia Zurutuza for all the help and support with CVD graphene. 

Collaboration is a fundamental step for human development.  

 

I want to show all my gratitude to the technicians from University of Trieste 

and CICbiomaGUNE, their help and support is fundamental, you are 

heroes. Judith Langer for the Raman help, Marco Moller for the support of 

TEM/SEM images, Luis Yate for his help and kindness in XPS and a huge 

number of people who participate indirectly with their help: Michela, 

Franco, Manuela, Ricardo, Luigi, Javi, Prof. Mauro Stener, and of course 

Prof. Tatiana Da Ros due to your personality, always taking care of the 

people. 

 

I am also grateful to the University of Trieste, CICbiomaGUNE and the 

European Union. 



 

	

 

Personally, my hearth during this period is divided in two places, the 

wonderful Trieste ‘’Go girado per giorni e notti per veder tutte le contrade, tutti i 
loghi dove passavo in un'età che purtroppo mai più ritornerà.’’ and the green 

Donostia. I met such a wonderful people, which helped me a lot.  

 

In Trieste, thank you for the family group of Prof. Maurizio Prato, the great 

teatime with Ana, Arturo, Valentina, my crazy Agnieszka, and my amazing 

labmate Tanja, you gave me laughs and beautiful moments. Jose and 

Caroline for your advices, Ana and Dani for helping and hosting me all the 

time. Francesco for all the italian immersion that I learned. Iro and Panos for 

the great moments, María (happiness in person, thank you) and many 

others: Angela, Andrea, Davide, Cristina, Susanna, Zois, Luka, Francesca, 

Eva, Michele, Vicky, Federico, Alexa, Lorenzo… Also thank you to other 

people outside the lab, especially Mauro (the great man), Martu and Barcola 

colleagues. 

 

In Donostia, thank you for the members of the group of Prof. Maurizio 

Prato, Blanca and Huilei (‘’XieXie’’). Neils group, you are amazing as group 

and as persons, I enjoyed the coffees as much as paying futmondo clauses, 

to the funny Cris, the adorable Anna or many other members of the 

Biomagune family; Dorleta, Susana, Idoia, Carolina, Bea, Anabel, Ricard, 

Elena… thank you. Special mention to a ‘’little cute person’’ for all the time 

we spent together, Nuria, I am sure you have a promising future. I cannot 

forget about my brother from the south, Antonio, en este mundo hace falta 

más personas como tú.  

 

To the ‘’Compostelanos’’, because I did not understand the meaning of 

friendship until I met you, even in the distance, I feel you close every day. 

To Iago, Anxo and Yolanda, you are simply great. Also to my bagpipe 

friends to bring me feelings that I only experience through the music. I 

should write a PhD about all of you. 

 

I also want to thank my previous group from CIQUS. Thank you to my 

supervisor Dolores (contigo empezó todo) thank you to Sara, Sabela (the 

sweetest person I ever met) Manuel, García and Lojo. Thanks to my friends 

of the degree. 

 

 

 



 

	

Y ya finalizando, quiero agradecer especialmente a una persona muy válida 

que me ha enseñado unos valores de trabajo y lucha en este PhD, a mi 

‘’gatocán’’ particular, mi eterna compañera de laboratorio, de piso, de 

viajes, pero sobre todo, a mi amiga. Siempre te has portado muy bien 

conmigo pero tu apoyo en esta última etapa ha sido indescriptible. En 

ocasiones me has enseñado luz cuando yo solo veía sombras. Muchísimas 

gracias Jénnifer.  

 

He compartido un tercio de mi viaje con una mujer muy, muy importante; 

las circunstancias de la vida a veces une y separa caminos a su antojo, pero 

cuando llegamos al final no seríamos nadie sin las personas que nos han 

acompañado, especialmente por alguien que ha dado todo por mi. Hoy 

escribo esto sabiendo que gran parte de que esté aquí es por ti: muchas 

gracias Paula, ningún agradecimiento estará jamás a la altura de todo lo que 

me has dado. 

 

E por último quero ter a oportunidade de agradecer a miña terra “terra 

donde m’eu criei” lugar de ledicia e morriña e de momentos únicos. O 

especial que me sinto ó ter unha familia que me deu tanto cariño e apoio. E 

máis particularmente moitas grazas papá por ser un exemplo en vida e 

moitas grazas mamá (a de antes e a de agora) por esa dulzura e cariño. Non 

teño palabras. GRAZAS 

 

Time is pasing quickly but your remembers will be with me forever. Thank 

you very much to everybody 

 

 

Manuel 

 

 

 

 

 

 

  



 

	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
A miña terra,  

o meu fogar  
  



 

	

Abstract 
 

Graphene is an allotrope of carbon material with a unique set of properties. 

Since its discovery in 2004, the number of publications about this material 

grew significantly fast. In the first chapter of this work, a general 

introduction of these topics, an overview of this material and relevant 

characterization techniques are described.  

 

Chemical functionalization of graphene is a topic of paramount importance, 

because it allows for the fine-tuning of material’s chemical and physical 

properties. An additional challenge in graphene functionalization is the 

surface modification in a controlled way, in order to create novel carbon 

interfaces to introduce functional biomolecules, like DNA or proteins, 

which are commonly used in biosensors and bioelectronics.  

 

This work discusses the exploration of conventional routes for the 

preparation and functionalization of graphene, with special emphasis in the 

underexplored aryne cycloadditions. Besides, the selection of a suitable 

graphene material for the setting of an electrochemical functionalization of 

graphene electrodes with future application as biosensor platforms was 

performed. Moreover, the development of an early-stage essay biosensor of 

a modified graphene electrode for the electrochemical detection of 

oligonucleotides. By last, the study of a novel, fast and scalable non-

conventional functionalization under microwave irradiation that can solve 

common problems of the conventional modifications of carbon materials. 

 

The present results could open a range of possibilities for the scientific 

community, paving the way to new functionalization protocols with fast, 

efficient, large-scale and green procedures to obtain more user-friendly 

graphene materials and to create novel organic interfaces on diverse 

graphene derivatives for the manufacture of future biosensors and 

bioelectronic devices. 

 

 



 

	

  



 

	

Riassunto 
 

Il grafene è un allotropo di materiale di carbonio con un insieme unico di 

proprietà. Dalla sua scoperta nel 2004 il numero di pubblicazioni su questo 

materiale è cresciuto molto velocemente. Nel primo capitolo di questo 

lavoro, viene descritta una introduzione generale di questi argomenti, con 

una panoramica di questo materiale e delle tecniche di caratterizzazione 

pertinenti. 

 

La funzionalizzazione chimica del grafene è un argomento di fondamentale 

importanza, poiché consente di modificare le proprietà chimiche e fisiche 

del materiale. Un'ulteriore sfida nella funzionalizzazione del grafene è la 

modifica della superficie in modo controllato, al fine di creare nuove 

interfacce di carbonio per introdurre biomolecole funzionali, come il DNA o 

le proteine, che sono spesso utilizzate in biosensori e bioelettronica. 

 

Il Capitolo 2 discute l'esplorazione delle vie convenzionali per la 

preparazione e la funzionalizzazione del grafene. Con particolare enfasi 

nelle cicloaddizione di aryne. Inoltre, la selezione di un adatto materiale di 

grafene per l'impostazione di una funzionalizzazione elettrochimica di 

elettrodi di grafene con applicazioni future come piattaforme di biosensori. 

Peraltro, lo sviluppo di un biosensore di un elettrodo di grafene modificato 

per il rilevamento elettrochimico di oligonucleotidi. Infine, lo studio di una 

funzionalizzazione non convenzionale nuova, veloce e scalabile sotto 

irradiazione a microonde che può risolvere problemi comuni delle 

modifiche convenzionali dei materiali di carbonio. 

 

I risultati attuali potrebbero aprire una serie di possibilità per la comunità 

scientifica, aprendo la strada a nuovi protocolli di funzionalizzazione con 

procedure veloci, efficienti, su larga scala e verdi per ottenere materiali di 

grafene più user-friendly e per creare nuove interfacce organiche su diversi 

derivati di grafene per la produzione di futuri biosensori e dispositivi 

bioelettronici. 
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Carbon, the sixth element of the periodic table, is one of the most abundant 

elements in the universe1 and in the earth crust.2 Carbon atoms can be found 

in different forms or allotropes.3 In the last decades, many allotropes of 

carbon have been discovered, each one having different chemical and 

physical behaviours: the cheapest of the carbon materials is graphite, which 

it is opaque and black; the most expensive is diamond, which is, on the 

other hand, the most transparent less conductive allotrope. To explain these 

properties, it is important to remark the good flexibility of carbon to form 

chemical bonds, i.e. the good capacity to accommodate in different 

hybridizations.  

 

In this thesis, our main goal is to understand the chemistry of a member of 

the family of carbon nanomaterials: graphene, which is the one of the most 

recently discovered allotropes of carbon with interesting and amazing 

properties for electronics and biomedicine. 

	
1.1 Carbon nanomaterials 
 
Carbon nanomaterials (CNMs) are one of the allotropic forms of carbon 

with at least a single unit sized in the nanoscale. Many allotropic forms of 

carbon are known nowadays (Figure 1).  

 

 

 

Figure 1. The classification of carbon nanomaterials depending on the 

number of dimensions that are confined to the nanoscale size. Adapted 

from Gerogakilas et al.4 

In 1985, the revolution of carbon nanomaterials began with Kroto, Curl and 

Smalley. The three scientists discovered a spherical organic molecule 
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composed of sixty sp3-sp2 carbon atoms, named Buckminsterfullerene or C60,5 

with a powerful use in solar cells.6 Several years later, in 1991, Iijima7 

discovered another member of the family, the carbon nanotubes, a rolled-up 

layer of sp2 carbon atoms. The direction that the polyaromatic layer is rolled-

up determines the properties of the carbon nanotube: from metallic to 

semiconductive. Within the carbon nanotubes, we can distinguish between 

multi-walled carbon nanotubes (MWCNTs), double-walled carbon 

nanotubes (DWCNTs) and single-walled carbon nanotubes (SWCNTs), 

depending on the number of layers they are produced. In any case, this 

material has excellent thermal, mechanical and electronic properties.8  

 

Beside all the applications, a new revolution in the carbon nanomaterials 

field designed the guidelines of the future researchers. It started in 2004 

with the discovery of graphene by Novoselov and Geim.9 Graphene can be 

represented as a single layer of his parent carbon allotrope, graphite. This 

was the first time than a 2D structure was isolated, a concept that was 

previously considered as thermodynamically unstable. The discovery of this 

material implied a new field within the material science: the 2D materials. 

The number of publications about graphene grew exponentially (Figure 2), 

especially after the Nobel Price given to the discoverers in 2010 and the 

financial efforts that the public institutions gave to the study of graphene. 

 

 

 

Figure 2. Number of publications of graphene during the last years. 

This PhD thesis made all the efforts to understand better (the chemical 

behaviour of) this material and to give solutions to some of the problems 

and limitations that involve graphene science. 
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1.2 Properties of graphene 
 

All graphene atoms are displayed in a planar aromatic structure, thus being 

equivalently accessible to interact with the media or any reagent. Graphene 

has unique properties, being remarkable their mechanical, optical and 

electronic behaviours, although they could vary depending of the defects 

present on the surface of the material. 

 

Even though graphene is a light material (0.77 mg m-2), its mechanical 

properties, obtained with the Atomic Force Microscopic (AFM) technique, 

showed a stress-strain curve of 130GPa and a Young modulus of 1 TPa, one 

of the largest values of the materials.10 This Young modulus value indicates 

that graphene has large elasticity and it could withstand high pressures 

without any deformation or rupture; such resistivity comes from the net of 

double bonds from the sp2. 

 

The electrical properties of graphene come from its structure. Several 

studies, indicate that graphene is a semiconductor with a zero band gap, i.e. 
the difference between the valence and the conduction band is zero without 

overlapping. The presence of p bonding orbitals and p antibonding orbitals 

is so high than the resulting bandwidth is 0 eV. The combination of the 

atomic orbitals generates delocalized orbital states with a Fermi level of 

energy. The electronic mobility on graphene as high as 106 ms-1, and its 

behaviour is defined by Dirac equation. The charge mobility11 is defined as 

2·105 cm2 V-1 s-1 with a high concentration (1012 cm2).12 This makes graphene a 

material with low resistivity (10-8 W·m). Due to these unique and 

extraordinary properties, graphene becomes an exceptional substitute for 

silicon in the fabrication of nanodevices. 

 

Graphene has the thickness of a single atom; this means a high optical 

transparency. Light transmittance is a good measurement to detect the thin 

films of graphene materials. Figure 3 shows an example of the variation in 

the transmittance between one and two layers of graphene.13 This high 

transparency, together with its high conductivity, makes graphene as an 

ideal material for the fabrication of transparent electrodes for photovoltaic 

cells,14 LEDs screams15 and touch displays.16 
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Figure 3. Optical microscopy looking through one-atom-thick crystal, a 

metal support structure with several apertures with graphene crystallites 

placed over them where 97,7% of transparency is observed. Adapted from 

Nair et al.13 

Regarding the thermal properties of graphene, it has been determine that 

this material has the higher thermal conductivity of all known materials so 

far: 5000 W m-1 K-1.17 Thus, it becomes an ideal candidate for the fabrication 

of thermal devices with high thermal conductivity. The main drawback in 

the use of graphene in any device is the low interaction of the material with 

the substrate attached, what comes from the limited heat transfer in the z 

axis due to Van der Waals forces.  

 

In summary, all the graphene properties make it a suitable material for a 

large variety of applications as it showed Ferrari et al. (Figure 4). 
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Figure 4. Properties and applications of graphene. Adapted from Ferrari et 
al.18 

1.3 Characterization methods of graphene and CNMs 
 
For a good understanding and confidence in the production and 

functionalization of CNMs, a well characterization of the material becomes 

an essential tool. It is worthy to note that material science, as opposed to 

conventional organic synthesis, needs a combination of a larger number of 

different techniques for a reliable result. Here, we report a summary of the 

main techniques commonly used to characterize CNMs. 

 

1.3.1 Raman spectroscopy 
 
Raman spectroscopy is a powerful and important technique for CNMs, 

specially for carbon nanotubes and graphene. The singular function of this 

spectroscopy is based on the inelastic scattering of monochromatic light 

irradiation, which is a unique fingerprint of each material and gives 

information of their defects, stacking of layers or crystalline size.19  

 

All carbon materials, due to their similar chemical structure, display a 

similar Raman spectrum. Graphene shows significant bands: (i) the graphite 

band (G band), which appears at 1580 cm-1 and is common on all graphitic 

nanomaterials, is associated to the longitudinal optical phonon mode; (ii) 

the D band, appearing around 135k 0 cm-1, is caused by the breathing modes 

of sp2 carbon rings and requires a defect for its activation; (iii) the 2D band, 
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observed between 2500 to 2900 cm-1, is a second-order mode that is related 

to the number of graphene layers. The intensity of the D band related to the 

G band is commonly used to determine the level of defects of graphene 

materials. The increase of the ID/IG ratio between pristine graphene 

(graphene without modifications) and functionalized graphene (graphene 

after modifications) indicates the covalent functionalization due to the 

introduction of sp3 atoms in the carbon lattice , (Figure 5A).20 The position of 

the bands varies with the energy of the laser and its shape with the number 

of stacked layers. 

 

		
 

Figure 5. A) Raman spectra of pristine graphene (p-Graphene) and 

functionalized graphene (f-graphene). B) 2D band of different stacked layers 

of graphene. Adapted from Ferrari et al.21 

Figure 5 shows how 2D band can give additional information: the width, 

the shape and the intensity have a direct relation on the number of stacked 

graphene layers. Thus, monolayer graphene presents a homogeneous 2D 

band with higher intensity than the G band, bilayer graphene has similar 

intensity than the G band and an amorphous shape, and few-layers 

graphene (FLG) presents broader and decreased intensity (similar as for 

graphite). Moreover, it is also known that doping onto the graphene surface 

does have an influence in the intensity of this 2D band.22 

 

Other materials, such as carbon nanotubes, show other characteristic peaks 

as the RBM (between 100-300 cm-1). These peaks appear due to their 

cylindrical shape, which causes vibrations in the radial direction of the 

tube.23 
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1.3.2 Thermogravimetric analysis 
 
Thermogravimetric analysis (TGA) is an important characterization 

technique for carbon-based nanomaterials. In general words, TGA is based 

on a high-resolution balance that measures very precisely the weight 

variation of a sample along the time while increasing the temperature due 

to its combustion. The analysis can be carried out under different 

atmospheres, being N2 and air the most common ones. Under air, all 

carbon-based materials are degraded, giving information about the quantity 

of metallic residues, while under inert atmosphere they are stable up to high 

temperatures (ca. 800 ºC). In any case, when functionalized they are less 

stable since the bonds formed in the functionalization process are more 

labile. Thus, by comparing the pristine with the functionalized CNM, we 

can determine a degree of functionalization (Figure 6) 24 

 

 

 

Figure 6. TGA profile of p-Graphene (black) and f-Graphene (red) under N2. 

1.3.3 X-ray photoelectron spectroscopy 
 

X-ray photoelectron spectroscopy (XPS) is a very powerful technique to 

obtain information about the chemical composition of the surface of the 

analysed material. The sample is irradiated with an X-ray gun causing the 

emission of photoelectrons that are able to pull out the core level electrons 

of the sample. This X-ray gun is able to penetrate deep into the sample (10 

nm depth).25 After the quantification of the core electrons, the resultant 

energy (eV) is characteristic for each compound, being thus possible to 

elucidate the composition of the sample. This tool is important when new 

molecules are introduced to carbon-based samples through 

functionalization; in our case, we are able to quantify in the f-graphene the 

new compounds attached to the surface of the material. With high 
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resolution equipment and mathematical data processing, we can get 

information not only on the atomic composition of the surface, but also on 

the chemical identity of the corresponding atom. 

 

 

 

Figure 7. Survey of a functionalized graphene with fluorine-containing 

molecules. 

1.3.4 Microscopy techniques 
 
The size scale of nanomaterials needs a nanometric resolution microscopy. 

Morphological information as diameter, length and thickness of graphene 

(number of layers) can be determined by these techniques:  

 

• Atomic force microscopy (AFM) is a technique that slightly interacts 

with the surface of the sample through a thin tip and due to 

piezoelectric behaviour. the corresponding tip can do nanometer-sized 

movements giving a precise scanning of the surface roughness.26  

 

• Scanning electron microscopy (SEM) is a technique used to study the 

surface topography of a conductive material at the micro and nanoscale. 

The sample is irradiated with an electron beam and the image is 

generated from the scattered electrons of the sample. For non-

conductive samples, a previous treatment of sputtering is needed. 

 

• Transmission electron microscopy (TEM) gives a nanometric resolution. 

Samples are irradiated with a beam of electrons that directly passes 

through them. The detected signal by a camera is automatically 

processed by a software to create a 2D image of the corresponding 

structure. The interaction of the sample with the beam depends on the 

electron density; thus, metals provide good contrast and are easy to 
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identify, while organic matter can decompose during the laser 

irradiation. 

 

 

 

Figure 8. TEM image of a FLG.	

1.4 Production of graphene 
 
The production of graphene is a topic of paramount importance. On one 

hand, development of synthetic methods for obtaining GBMs for research 

purpose is almost enough.27,28 On the other hand, after thousands of 

research publications, the industry of graphene is still in an early stage. 

Some companies are able to employ scalable and efficient GBMs production 

methods.29 However, the preparation of high-quality graphene has still a 

lack in the production, not only because it requires large-scale procedures 

and high-cost methods, but also because they currently present different 

problems as reproducibility, homogeneity and long time.30  
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Figure 9. Schematic illustration of the main experimental procedures to 

produce graphene. Adapted from Ferrari et al.18 

The production of graphene can be obtained by bottom-up approaches, as 

for example chemical synthesis of size-controlled nanographenes;31,32 or by 

top-down methods techniques from bulk material,33 for instance, graphite 

exfoliation. Usually, graphene needs the combination with other materials 

for its production stabilization, including support materials for its 

maintenance. The first synthetic method used was micromechanical 

cleavage (or mechanical exfoliation, Figure 9a), which has a fundamental 

use in research. It has the advantage of an easy identification of the flakes 

by elastic and inelastic scattering (Figure 10), although is not feasible for a 

large-scale production since the maximum sample size is around 1 mm. 

Micromechanical cleavage is usually supported onto silicon substrates. This 

represents the starting proof of principle for graphene-based devices, since 

graphene onto silicon substrates are still extensively studied due to the 

simple and easy production of this material. 
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Figure 10. Optical image of mechanically exfoliated graphene where the 

number of flakes is easy to identify (A) and Raman spectra of graphene with 

different number of layers(N) (B). Adapted from Casiraghi et al.34 

The extraction of layers of graphite is possible due to the use of graphite in 

liquid environments and the use of ultrasounds for the exfoliation of the 

bulk material.35 Liquid phase exfoliation (Figure 9d) represents an easy and 

low cost method. It has three main steps: dispersion of the material in an 

optimum solvent, exfoliation under sonication and purification or 

separation of the resulting dispersion. The separation usually requires 

ultracentrifugation.36,37 The yield of this procedure (which represents the 

ratio between dispersed graphitic material and starting graphite) is low, and 

could be determined by optical absorption spectroscopy using the Lambert-

Beer Law.37  

 

The exfoliation of graphite via ultrasonication can be controlled by 

hydrodynamic shear-forces.38 The ideal solvents for the exfoliation are those 

that minimize the interfacial tension between the liquid and graphite layers. 

The interfacial tension (IT) is an important factor to take in account: high IT 

values results in high tendency of the layers tend to adhere to each other, 

being then higher the energy required to separate two flat surfaces in 

contact, thus the graphene layers.39 Liquids with high surface tension are the 

best solvents to form stable suspensions of graphene and graphitic layers 

due to the minimization of the IT between graphene and solvent. The most 

common solvents used in this type of exfoliation are NMP, DMF and 

ODCB.37 The use of perfluorinated aromatic compounds were also 

described as solvents giving good yields. 40 

 

Despite the advantages of this approach, its principal drawback is the use of 

large volume of solvent, which are usually highly toxicity. As an alternative, 
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aqueous media approaches became an eco-friendly approach,41 although it 

requires the addition of surfactants. Another alternative is the use of mixed-

solvents, two mediocre solvents could be combined into good solvents for 

the exfoliation and convert the procedure in a facile and green preparation 

with the use of solvents like water or acetone.42 

 

 

 

Figure 11. Description of the behaviour of the graphene dispersion with the 

use of surfactants and it separation. Adapted from Ferrari et al.18 

Liquid phase exfoliation becomes an easy and scalable process. The 

resulting dispersion can be is feasible for the deposition of graphene thin 

layers onto different rigid and flexible substrates through drop casting, spin 

coating or vacuum filtration, thus giving rise to a wide range of applications 

that include conducting inks,43 thin films37 and composite materials, among 

others.44 However, its main disadvantage is the low quality of the obtained 

material, in terms of number of layers. 

 

A higher quality graphene is the chemical vapour deposited graphene 

(CVDG). Chemical vapour deposition (CVD) is a chemical process where a 

substrate is exposed to a volatile precursor which decomposes and is 

deposited on the substrate surface.45 The main difference between the 

diverse CVD methodologies is the gas delivery system. The first studies 

were focused on the catalytic and thermodynamic activity of the metal 

surfaces in the presence of (amorphous) carbon. In 2004 the focus shifted to 

the growth of graphene. Some attempts were performed like the use of 

ethylene precursor over the Ir steps edges.46 However, the first large area of 

CVD growth graphene was described in 2009 by Xuesong et al.47 on 

polycrystalline Cu foils, using thermal catalytic decomposition of methane. 

The use of Cu became a cheaper approach.48 In 2010, this methodology was 
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scaled-up in a production of CVDG up to 30 inches by Bae et al. (Figure 

12).16  

 

 

 

 

Figure 12. Protocol of the roll-production of graphene films by CVD. 

Adapted from Bae et al.16 

In summary, the growth mechanism could be explained as a decomposition 

of carbon atoms from hydrocarbons which nucleate and grow on Cu in 

large areas.49 The growth factor can be controlled by the temperature and 

the pressure: low pressures and temperatures around 1000 ºC are ideal for 

large single crystal domains.50 

 

In general, the growth on Cu and metals has a main disadvantage: the 

formation of grain boundaries due to the difference in thermal expansion 

coefficient between Cu and graphene.51 This fact favours the formation of 

undesired wrinkles52 on the surface of graphene, easily detectable by 

different microscopies,49 that cause significant device degradation due to the 

defect scattering (Figure 13). 
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Figure 13. (A and B) SEM images at different temperatures and pressures. 

(C) Optical image of the wrinkles. Adapted from Li et al.49 

The presence of the supporting substrate modifies the graphene properties. 

There is a lack in the literature about how this interaction affects directly to 

the electrical behaviour of graphene and a deeper study to fulfil this gap is 

still needed.53 These interferences can be solved by the application of some 

surface treatments that can provide control on the graphene properties. For 

that reason, it is important to know the material requirements and the 

specific application to control factors as the growth conditions, substrate 

choice and pre-treatment. Some studies about the reactivity of CVDG were 

published, although more research on this field is still to be done.54  

 

For applications of CVDG, the transfer of the graphene layer to a particular 

substrate, different than the Cu, is mandatory. For that reason, transfer 

methods became a critical point in the preparation process. The procedures 

are time consuming, expensive and nonenvironmental friendly. Normally 

they consist in the protection of graphene with a polymer mask, followed 

by the etching of the metal catalyst in solution to release the graphene film 

in the liquid to then transfer it to the target substrate.55 However, this 

method leaves residues on the graphene surface (dopants) that can affect to 

its reactivity and properties and requires handling skills affecting the yield 

and the reproducibility. Up to date, few studies showed new systems for an 

automatic transfer of CVDG,56 by using vacuum and high temperatures,57 

thus minimizing the polymer residues.58 The development of new strategies 

for the stabilization of the dopant agents on the graphene surface is needed 

for a standard commercialization. CVD is a powerful technique to produce 

graphene, but the development of reliable, environmentally friendly, fast 

and economic approaches for large scale production of this material is still 

on demand. 
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A third method to produce graphene is the thermal decomposition of SiC, 

where a direct-growth process on a semiconductor surface is performed. 

This approach allows an extent control on the number of layers, quality and 

uniformity. However, it is an extensive method and has size limitations.59 

 

In conclusion, there are several methods to produce graphene in different 

qualities and costs. It is important to know what kind of application is the 

material going to be used in to choose the best method to manufacture the 

desired device, considering the quality and the price ratio of the material 

(Figure 14).60 

 

 
 

Figure 14. Classification of several production techniques of graphene. 

Adapted from Novoselov et al.60 

 
1.5 Graphene oxide and reduced graphene oxide 
 
The combination of graphite with strong oxidants and concentrated acids 

results in graphene oxide, well-known oxidation since 1958.61 Some 

proposals about its structure determined the presence of several oxygenated 

functional groups: most of the oxygen functional groups come from epoxy 

and hydroxyl groups on the basal plane, and phenol, carboxy, carbonyl, 

lactone and quinone at the edges of the sheet. These studies proposed an 

approximately structure, but the precise atomic structure is difficult to 

elucidate. The relative size of the sheets depends on the grade of oxidation. 

GO contains a large number of defects, and Raman spectroscopy shows 

high and broad D bands. Because of the loose of aromaticity and the 

presence of oxygenated groups, water dispersibility of the material is 
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significantly improved with respect the pristine graphene, making it a very 

promising material for a different set of applications, including drug 

delivery and biosensing.62,63 On the other hand, the electron transfer occurs 

at the edges or at the defects points, but not at the basal plane as for pristine 

graphene sheets.64  

 

GO can be also used as a starting material for the synthesis of a new kind of 

CNM, called reduced graphene oxide (rGO).65 Using the thermal, chemical 

or electrochemical reduction of GO, the partial recover of sp2 carbon atoms 

can be achieved.66 

 

 

 

Figure 15. Scheme of the production of GO and rGO. Adapted from Byung 

et al.67 

Both GO and rGO materials are highly used in electrochemical application 

and represent a new generation of electrodes.68 In this thesis, we will study 

their preparation, handling, understanding and modification of these 

derivatives of graphene, since they can provide new opportunities for 

further applications or the improvement of the stablished ones. 

 
With all mentioned above and due to increasing number of publications of 

graphene derivatives, scientific community demanded a global 

classification method with a precise vocabulary for the family of GBMs. In 

2014,69 Wick et al. reflected on the use of the term graphene and how was not 

always used in a precise way by scientists. For that reason, they developed a 

nomenclature model considering three parameters: the number of layers, 

average of the lateral dimensions and atomic carbon/oxygen ratio. This 

classification framework gives a starting point for a categorization of 

different GBMs (Figure 16).  



Introduction 

	 19	

 

 

Figure 16. Classification of different graphene derivatives. Adapted from 

Wick et al.69 

The chance to locate different materials into the graph described in Figure 

17 is possible through the characterization methods described above. The 

number of layers and the thickness can be obtained from the TEM,70 AFM,70 

Raman spectroscopy71 and optical absorbance measurements.72 The atomic 

C/O ratio can be calculated through XPS analysis 73,74 and elemental analysis 

(ICP-MS).75 Finally, TEM,70 SEM70 and AFM76 can complete the information 

about the lateral size of the material. This methodology of classification 

improves the terminology for the structural characterization. Besides, it 

gives a global overview of the multiple carbon allotropes. 

 

1.6 Functionalization of graphene 
 
Since the discovering of graphene, the scientific community and the press 

pointed it as the most promising material in the forthcoming years. 

However, pristine graphene seems to be an inert material without strong 

interactions with the media, since its long aromatic character give rise to a 

high chemical stability. Over the years, the production of large quantities of 

graphene was settled, so the research community interest was directed to 

perform several chemical functionalization to adapt the properties of the 

graphene to a specific application. Mainly, the inspiration of this novel 

functionalization comes from the already-known nanomaterials: fullerenes 

and carbon nanotubes. 

 

The two main categories of functionalization of graphene are the covalent 

and the non-covalent derivatizations. In the covalent modification, the 
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surface, thus the hybridization of the C-atoms, is modified, what have 

stronger effects on the properties of the material. However, in the non-

covalent functionalization the p character of the material plays a strong role 

without suffering any modification of the sp2 carbon atom of the pristine 

material.77 Depending on the required application, a functionalization 

strategy has to be chosen, considering its advantages. 

 
1.6.1 Covalent functionalization 
 
Usually the reactivity of graphene is affected by the inherent properties of 

the material, and vice-versa. A clear example comes after functionalization, 

where the existence of sp3 carbon atoms in the edges of the material and 

some defect sites, decreases the number sp2 carbon atoms and, thus, the 

aromaticity and conductivity of graphene. During the reaction the number 

of C=C bonds decreases, and, in consequence, the reactivity increases 

during the reaction. The reactivity also comes from the natural curvature of 

the graphene sheet.  

 

The introduction of organic molecules onto the graphene surface has two 

factors worthy to consider. On one hand, the main disadvantage is the 

disruption on the aromatic character, which has a direct impact on the 

electronic and mechanical properties. Additionally, depending on the 

reaction, the formation of side products could be generated, thus making 

difficult the purification of the functionalized material. For that reason, it is 

important to control the functionalization using different procedures 

depending on the desired application. On the other hand, the addition of 

organic molecules make new hybrids of graphene with different properties 

and functionalities, such as the enrichment of the physicochemical 

properties or the anchoring of new target molecules for bioapplications.78 

With the covalent functionalization we improve the dispersibility, 

mechanical strength or stable introduction of biomolecules, drugs, 

polymers, etc. All these modifications can be characterized by the several 

techniques explained above. 
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Figure 17. Schematic representation of the general covalent 

functionalization reactions of graphene. 

1.6.1.1 Radical reactions 
 
Radicals, frequently generated in the gas phase, are aggressive species that 

attack very easily sp2 carbon atoms. The most used radical reaction for 

nanomaterials and other different surfaces is the diazonium salt reaction 

(Figure 18). Researchers employ it for their applications due to its 

simplicity, easy functionalization and high yields, resulting in high intensity 

D bands.79 The mechanism involves the reaction between an 

aryldiazononium salt with hydroxide, producing a diazotate.80 The reaction 

then evolves to diazotate that reacts with another aryldiazonium salt, 

leading to the formation of a diazanhydride, which, after decomposition, 

releases N2 producing an aryl radical. This aryl radical reacts with the 

carbon surface creating an aryl-graphene-radical intermediate that links 

with another radical. After the delocalization of this radical, a second 

coupling can occur in the adjacent or different position. 
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Figure 18. Mechanism of aryldiazonium radical addition. (A) Aryl radical 

formation from diazonium compound. (B) Radical addition to a carbon 

surface. 

The modification of the electronic properties of graphene derivatives was 

deeply studied using this modification. Tour et al. described the reaction 

observing a decrease in the conductivity of the graphene, which was 

dependent on the duration of the radical addition. The introduction of this 

molecules can offer to graphene semiconducting properties, converting this 

approach in a facile route for bandgap engineering of graphene.81 

 

 

	 	 	
	

Figure 19. Addition of para-nitrophenyl radical on a graphene transistor 

capable to measure the conductivity of functionalized graphene. Adapted 

from Niyogi et al.81 
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With this functionalization and with an accessible condition to perform the 

reaction, different studies can be done to determine the properties of 

graphene. Strano et al.82 described the different reactivity of the monolayer, 

bilayer and multilayer graphene, describing also anomaly large reactivity in 

the edges of the material (Figure 20). 

 

 
 

Figure 20. Reaction of diazonium coupling with graphene. (a, b) Optical 

images of a single and multilayer graphene. (c, d, e) Raman spectra of p-
graphene and f-graphene for single, bi and multilayer graphene, 

respectively. Adapted from Strano et al.82  

Modifications of aryl diazonium salts in para position makes easily 

accessible by synthetic routes since several groups can be introduced. For 

example, Pumera et al. performed several reactions of different diazonium 

salts containing various halogen atoms, observing the modification of the 

electrical properties, being the resistivity strongly dependent on the 

electronegativity of the halogen introduced (Figure 21).83 
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Figure 21. (A) Functionalization with several diazonium salts. (B, C) 

Resistivity and cyclic voltammograms of functionalized graphene. Adapted 

from Pumera et al.83 

Other research groups introduced carboxyl groups by phenyl radical 

additions. The surface modification of carboxy phenyl groups became 

attractive for biosensing applications since the functionalized graphene 

could be easily modified through esterification or amidation in order to 

covalently attachment other target biomolecules.84–86  

 

As conclusion, radical reactions, particularly, diazonium coupling reactions, 

were widely used for modifying graphene properties, pattering and for 

further modifications for biorecognition. 

 

1.6.1.2 Cycloadditions 
 
Cycloaddition reactions are pericyclic chemical reactions where some 

unsaturated molecules forms a cyclic adduct with a net reduction in the 

bond multiplicity. These approaches can offer reversible modifications and 

mild conditions. 
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1,3 Dipolar cycloaddition 

 
The reaction between a 1,3-dipole with a dipolarophile is the 1,3 dipolar 

cycloaddition. The final formation of a five-member ring is a soft approach 

for a covalent functionalization. In this case, graphene has a role of 

dipolarophile. The 1,3 dipolar cycloaddition with azomethine ylide (i,ii) 

leads to the formation of perpendicular pyrrolidine rings to the graphene 

surface. This approach allows two paths for the introduction of specific 

organic groups on the graphene structure. The corresponding substituent Rn 

added could come from the N-methyl glycine (i) in the N-position or from 

the aldehyde (iv) in the C2-position of the pyrrole ring. 

 

 

 

Figure 22. Reaction of 1,3-dipolar cycloaddition of azomethine ylide with a 

representation of graphene. The introduction of different substituents (Rn) 

could be performed through two paths. 

Both paths were widely studied.87 Prato et al.88 performed a successful 

functionalization of a protected alpha-amino acid and paraformaldehyde 

followed by the deprotection of a Boc group. They easily integrated AuNRs 

as a contrast marker for identifying the reactive sites and creating a new 

nanocomposite material for diverse applications (Figure 23). 
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Figure 23. Schematic representation of aminated functionalized graphene 

and TEM image of the new nanocomposite formed by the corresponding 

functionalized graphene and AuNRs. Adapted from Prato Prato et al.89 

Diels-Alder 

 
The Diels-Alder cycloaddition is a well-known reaction in organic synthesis. 

The reaction occurs between a conjugated diene and a substituted 

dienophile, forming a substituted cyclohexene system. Graphene can act as 

diene or dienophile because of its polyaromatic character. Haddon et al. 
showed this behaviour making several Diels-Alder cycloaddition reactions 

using different dienes and dienophiles (Figure 24).90 The reaction was 

performed at room temperature leading to the formation of six member 

rings perpendicular to the graphene sheet. This chemical reaction has a 

reversible character; thus, graphene can recover its initial electronic 

properties.  

 

 
 

Figure 24. Diels-Alder reaction between graphene and diene or dienophile. 

Arynes are highly reactive organic intermediates produced by the removal 

of two ortho substituents of phenyl derivatives. Up to date, aryne 

cycloaddition reactions with diverse carbon nanomaterials have been 

reported. One example is the benzyne cycloaddition with C60 fullerene that 

leads to [2+2] adducts.91 Nevertheless, there is not yet experimental evidence 

of the exact structure of the adduct obtained from reactions performed on 

carbon nanotubes,92,93 carbon nanohorns,94 and graphene95 derivatives there 
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is no experimental evidence as yet about the exact structure of the adduct 

obtained. Several theoretical studies suggest that the kind of benzyne 

cycloaddition onto carbon nanotubes (i.e., either [4+2] or [2+2]) depends on 

different parameters, mainly the type of carbon nanotube (i.e., number of 

walls, chirality, etc.) and its diameter.92,96,97,98, In the case of graphene, 

theoretical studies argued that the reaction with benzyne on a graphene 

fragment of 4 x 4, 6 x 6 and 8 x 8 unit cells is more energetically favourable 

through [2+2] cycloaddition, although also the [4+2] can occur.98,99 Other 

theoretical calculations suggested that cycloaddition reactions occur in 

edges and defect areas,100,101,102 even though they have been reported on 

defect-free epitaxial graphene.103 However, there is no experimental 

evidence of reactions performed on graphene with arynes as yet about the 

exact structure of the obtained adducts. 

 

This functionalization is reported as a great tool to remarkably increase the 

dispersibility by the incorporation of a large variety of different groups in 

the phenyl molecule. In 2010, Ma et al. described a methodology based on 

the decomposition of 2-(trimethylsilyl) aryl triflate as starting material for 

the production of the aryne in presence of graphene,95 (Figure 25). In 2012, 

Kalugin et al. performed the benzyne functionalization of epitaxial graphene 

and graphene under mild conditions.104 In 2016, Martín et al. described the 

formation of a C60-aryne building block that reacted with the graphene 

surface.105 

 

 
Figure 25. Aryne addition on graphene surface. Adapted from Ma et al.95 

The interaction between functional groups of the biomolecules and pristine 

graphene, at first glance, is unfavourable due to absence of organic moieties, 

or anchor points on the surface of graphene. For this reason, the 

development of methods for the graphene functionalization with organic 

functional groups has been of great interest. In addition, the large surface 

area of graphene leads this material with great potential for the attachment 

of molecules with, for instance, sensitive abilities for the detection of 
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particular disease indicators. In the literature, there are many examples 

related to this field. In 2010, Lim et al described a DNA and pH sensor 

detector by the addition of oxygenated defects on epitaxial graphene.106 

Other example was done by Jung et al., who developed a novel graphene 

based immune-biosensor for highly, selective and rapid detection of virus.107 

 

1.6.2 Non-covalent functionalization 
 
The non-covalent modification of graphene is a non-destructive approach 

where the properties of graphene are only slightly modified. It consists on 

the physical adsorption of different molecules based on p-interactions and 

Van der Waals forces. It is a common method to functionalized graphene 

when the application needs not to alter the electronic network of the 

material.80 The interactions of the organic moieties with graphene are 

weaker than in the covalent functionalization, being this approach less 

stable. 

 

The main organic molecules employed in this kind of adsorption are 

pyrenes. Several studies showed the irreversible binding of pyrene anchor 

to the surface of graphene.108,109 The synthesis of pyrene derivatives can be 

performed, introducing the desired terminal groups that can be used for the 

attachment of different functionalities through amines and nucleophilic 

substitutions.110 A higher surface modification was reported by Mann et al. 
using a tripodal molecule with three pyrenes. The functionalization was 

confirmed by electrochemical signals from Co(tpy)2, observing higher 

attachment in the tripodal pyrene moiety than in the individual pyrene. 
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Figure 26. Non-covalent functionalization of tripodal pyrene derivative. 

In 2017, Güryel et al.111 developed an analysis of the role of non-covalent 

interactions of polymers with graphene, considering that the overall 

interaction was strongly influenced by the specific polymer conformation 

and the functional groups, being attractive interactions with the graphene 

sheets. This study constitutes a base for modelling design of new 

nanomaterials.  

 

1.6.3 Non-conventional functionalization 
 
In general, modifications of graphene derivatives require big efforts. 

However, numerous successful modification processes of graphene have 

been reported.112 Some of these procedures have disadvantages. For 

instance, the main handicap of conventional functionalization of graphene 

is the lack of solubility, which converts graphene into a material with 

unstable and non-homogeneus suspensions that can hind the chemical 

manipulation.37,36 In addition, the use of high amount of solvents at low 

concentrations or long-time reaction procedures are other disadvantage that 

impede the functionalization.87  

 

Therefore, it is mandatory to obtain new chemical routes for the 

modification of graphene, with low reaction rates, scalable processes and 

the reduction of amount of solvents to obtain affordable and green 

procedures.  

 

The use of alternative tools for manipulation and functionalization of 

carbon materials becomes an attractive topic.113 For instance, the 
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functionalization via photochemical reactions,114 where the use of solvents 

and reagents are limited, the generation of radical anions are easily 

performed under UV irradiation among others. In 2017 Chen et al. 
developed the formation of hexahapto graphene complexes with transition 

metals through a simple photochemical route. Some of the complexes 

presented significantly enhanced conductivity, being a myriad of 

opportunities for new graphene derivative materials with diverse 

properties (band-gap engineering, magnetic materials and conductivity).115 

 

Another non-conventional representative option is the chemical bulk 

functionalization.116 Longer-time reactions are performed but this 

approachgenerates highly reactive graphene; in addition, the protection of 

the graphene layers are achieved to avoidreaggregation and solvent 

induced doping. Another general problem of conventional reactions above-

mentioned is the low degree of functionalization on graphene, being 

challenging to determine unambiguously the success of reactions. The 

planar structure of graphene makes an inert material for diverse 

functionalization approaches. In order to overcome this problem, Hirsch et 
al. described a new concept of graphene functionalization that lead to a 

large variety of covalent adducts with high degree of functionalization.116 

The key point is the application of negatively charged graphites or 

graphenides (negatively charged graphene sheets), this process is called 

graphite intercalation compounds (GICs), generally, with potassium (placed 

in the sheets of graphite). The advantage of this approach is the improved 

dispersion in solvents and the chemical activation due to the generated 

negative charge by a reduction process.  

 

Figure 27 describes the in-situ reduction through sodium/potassium alloy 

(NaK3) in 1,2-dimethoxyethane as alkalyde stabilizing solvent. The addition 

of diazonium salt dispersion was performed to reduce and functionalize 

graphene sheets. Annealing of the reaction products (up to 1000 ºC) led to 

the complete regeneration of carbon framework and restauration of 

graphite. This study confirms the reversibility on covalent modifications of 

graphene.  
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Figure 27. Reductive covalent functionalization of GICs with phenyl 

diazonium tetrafluoroborate. Adapted from Hirsch et al.116 

In 2017 Abellán et al. developed a huge screening of benchmark in reductive 

covalent functionalization graphene routes unifying different experimental 

conditions, providing important insights into the understanding on the 

principles of these approach.117 

 

A novelty procedure which involves the transformation of mechanical 

energy into driving force for the chemical modification is the 

mechanochemistry, a well-known method in the industry. Many examples 

have been reported about this methodology with carbon nanostructures.118 

A representative one was reported by Hang et al in 2010. They described 

one-step procedure for preparation and functionalization of graphene 

through ball milling preparation.119 
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Figure 28. Schematic illustration preparation and functionalization of 

graphene through ball milling. Adapted from Hang et al.119 

Solvent-free procedures have great interest to modernize classical 

procedures making them more clean, safe, affordable and easy to perform. 

Reactions on solid supports, reactions without any solvent or catalyst, and 

solid-liquid phase transfer catalysis can be thus employed with significant 

increases in reactivity, selectivity and production.120,121 Regarding carbon-

based nanomaterials, several examples of solvent-free modifications were 

reported to pave the way for green protocols and large-scale 

functionalizations.113 For instance, a Diels-Alder reaction was reported to 

produce the exfoliation of graphite into efficiently functionalized graphene 

layers under solvent-free conditions in one-step process.122  

 

An approach which introduce defects in graphene uniformly with high 

repeatability, single sided doping capability and the ability to change the 

surface without modification of bulk material is the ion beam technology.123 

Previously, ion irradiation has been used for the study of structural and 

electrical changes on graphene and as annealing process for the reducing of 

the damage in the bulk material.124 Besides, this technique was employed for 

the obtaining of N-doping graphene by ion implantation on epitaxial-grown 

samples, demonstrating that an ordered arrangement of the nitrogen atoms 

occurs triggered by 6x6 modulation.125 In 2017, Kaushik et al. irradiated 

epitaxial graphene observing increase in defect density by Raman 

spectroscopy.126 The formation of sp3 defects was controlled with the fluence 

intensity. This work provides new routes for the introduction of defects in 

controlled manner using ion beam technology.  
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Figure 29. Raman spectrum of pristine (a) and irradiated graphene on SiC 

from low fluences to high fluences (b to e). Adapted from Kaushik et al.126 

An effective and economical process for graphene functionalization is 

plasma treatment.127 The use of different feed gasses allows the introduction 

of different species such as oxygen, fluorine or nitrogen onto the graphene 

surface. Previous research conclude that ion bombardment leads to the 

destruction of graphene structure.128 However, Walton et al. developed a 

plasma based method to engineer thermal conductance through 

manipulation of the interface chemistry for the introduction of different 

functionalities using small variations on pressure and operating 

background.129 Huang et al. report a facile plasma approach for 

functionalization of graphene in air and H2O2 solution,130 controlling the 

duration of irradiation the authors confirmed via XPS a significant change of 

the atomic oxygen content. 
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Figure 30. XPS data and oxygen group content for (a) air plasma treatment 

and (b) H2O2 solution. Adapted from Huang et al.130 

An emerging methodology at the beginning of the 21st century is the 

microwave-assisted chemistry, (MAC) which has revealed as valuable 

alternative in the synthesis of organic compounds, polymers, inorganic 

materials, and nanomaterials.131 Important innovations in MAC now enable 

chemists to prepare catalytic materials or nanomaterials and desired organic 

molecules, selectively, in almost quantitative yields and with greater 

precision than using conventional heating. In particular, MAC is an 

important tool in the field of carbon-based nanomaterials. They are 

extensively used as microwave (MW) matrices because of their capacity to 

absorb MW with high efficiency, rapidly generating high surface 

temperatures.132,133,134 For instance, different methods for the preparation of 

graphene derivatives has been recently reported by using MW 

irradiation.135,136  

 
Other approaches of non-conventional surface modification of graphene are 

focus on the possibility to functionalize with extremely high yield and high 

selectivity. The atomically controlled chemical functionalization has broad 
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interest for the modification of mechanical, optical and electronic properties. 

To achieve this goal, Pérez et al used cyanomethyl radicals (CH2CN•) in 

presence of graphene grown on Ru.137,138 Acetonitrile was homolytically 

broken by electron bombardment, getting radicals that react with the 

nanostructured graphene with atomic-level selectivity. (Figure 31) 

 

 

 
Figure 31. STM image of radical reaction of Graphene/Ru with cyanomethyl 

radicals, red dots show the selective atom of the covalent functionalization. 

Adapted from Emilio et al 138 

In 2018, Kyhl et al. demonstrated a route for the functionalization of 

graphene using the excitation of H2 molecules. The authors observed a 

functionalization in highly ordered manner being a viable tool for band gap 

engineering.139 
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Figure 32. STM images of graphene in Ir(111) exposed to vibrational excited 

H2 at different exposure times (indicated in seconds in the left corner), scale 

bar are 100 Å. Adapted from Kyhl et al.139	

In conclusion, the exploration of non-conventional methodologies 

mentioned above, become an important tool for the adoption of alternative 

methods for surface modification of graphene, obtaining new reactivity 

profiles that can improve functionalization or even allows access to 

impossible conventional reactions with graphene. 

 
1.7 Production of interfaces on graphene by chemical modification for 
biosensing and bioelectronics 
 
The creation of interfaces on graphene by its modification is highly 

important for incorporating this carbon material in a variety of applications, 

including electronic devices and biosensors. In particular, the chemical 

modification of the surface of graphene leads to enhance the 

biocompatibility, reactivity, sensing properties and the most important 

feature, the binding capacity to attachment sensing molecules.140,141 

Generally, the introduction of small molecules, drugs, antibodies enzymes 

or genetic material is performed in two steps: an initial modification to 

introduce specific points, and as second step, the attachment of proper 

biological elements through the anchor points. Chemical groups as 

carboxyl, hydroxyl, amine or maleimidic moieties are commonly introduced 

for the corresponding link of the bioactive molecule by covalent and non-



Introduction 

	 37	

covalent functionalization.142 Currently, both strategies are being 

investigated for the construction of biomedical devices. Covalent 

functionalization necessarily perturbs the sp2 structure of graphene resulting 

in defects, which alters its electronic properties. In contrast, non-covalent 

methods do not disrupt the sp2 network of graphene, thus its electronic 

properties are unaffected. For that reason and its large versatility, non-

covalent modifications are more preferred in current research. However, the 

high stability of covalently modified graphene, is a more useful strategy for 

biomedical devices which works under harsh conditions. 

 

1.7.1 Non-covalent modification 
 
Non-covalent functionalization of graphene on surfaces include different 

driving forces such as polymer wrapping, π-π interactions, electron ionic 

interaction, hydrogen bonding, and van der Waals forces. Non-covalent 

functionalization of graphene derivatives for different applications has 

recently been reported in detail by Zboril and co-workers.143 For biomedical 

applications, π-π interactions are clearly the most used derivatization due 

to their chemical versatility. Although many different aromatic compounds 

have been described for functionalization of graphene derivatives,142 pyrene 

derivatives containing functional groups are the most used molecules in this 

field, since they allow introducing all above-mentioned biomolecules. For 

instance, Duesberg et al. have used pyrene derivatives highly efficient 

surface plasmon resonance (SPR) immunosensor.144,143 They functionalized a 

CVD graphene on Au with coordinated Cu2+ ions with a pyrene derivative, 

for the subsequent Cu-S coordination of biotinylated specific antibody 

cholera-toxin. However, non-covalent modification of graphene is not only 

useful for introduction of biorecognition elements. In nanopore-based 

biosensors for sequencing DNA, and hydrophilic modification of graphene 

surface by interaction with pyrene ethylene glycol was performed, to reduce 

the nanopore closure due to the hydrophobic interaction between DNA 

nucleotides and graphene surface.145,146 In another example, Guo et al. have 

showed an electrochemical sensor for detection of thrombin by non-

covalently functionalizing rGO on a glassy carbon electrode with other kind 

aromatic molecule, the dye Orange II.147,148 This adsorption of electroactive 

dye on rGO surface not only prevents the agglomeration of graphene layers 

but also acts as in-situ probe for the detection of the target protein by 

variation in its electrochemical signal. By other non-covalent method, 

graphene surfaces, especially GO and rGO surfaces, can be decorated with 

metal nanoparticles, e.g. Au or Pt, via electrostatic interactions.149,150,146 These 

nanoparticles are useful as anchor points for biomolecules, as well as 
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transducer components for signal improvement. After the introduction of 

specific anchor sites, the coupling of biomolecules is required. The 

immobilization approaches that are widely performed are: covalent 

attachment, cross-linking, and electrostatic interactions.151 Besides, various 

biomolecules are also used as anchor points for bounding biorecognition 

elements. The strong biotin-avidin interaction is a very useful technique for 

nucleic acids and antibodies, due to the exceptional affinity between these 

molecules. For this approach, a previous functionalization with avidin 

protein on graphene surface is crucial. A GFET for DNA analysis was 

developed based on a biotin–streptavidin-binding strategy on BSA 

adsorbed onto CVDG on silicon.152,146 The direct adsorption of biomolecules 

and on graphene can be considered a non-covalent functionalization. 

However, the interaction is not fully understood and is non-specific: 

aromatic residues of biomolecules can interact with aromatic rings of 

graphene, charged residual groups can be adsorbed on GO or rGO surfaces 

because are negatively charged structure, or even hydrophobic structures 

may support a physical adsorption by van der Waals forces. The direct 

adsorption of recognition bioelements on graphene without interaction with 

previously introduced specific sites is also widely used in biosensors, which 

are mainly based on hybridization or unwinding events.153,143 For instance, 

the group of Marin Pumera have developed different electrochemical 

sensing platforms non-covalently functionlalized with recognition 

bioelements on the graphene-modified electrodes, such as DNA and 

antibodies.154,155,151 

 

Related to graphene-modified surgical implants, there is an important lack 

of functionalization approaches in the literature. However, very promising 

results have been recently reported in the field of biomedical applications. A 

prosthesis made by a titanium alloy coated with rGO was functionalized 

with an osteogenic drug of dexamethasone via π-π interactions on graphitic 

domains, resulted in a drug-loaded material that significantly improve 

osseointegration.156,140 Another promising example was the non-covalent 

functionalization GO-coated implant with the bone morphogenetic protein-

2 and the stem cell recruitment agent Substance P for dual delivery.157,158 

This modified material showed the greatest bone regeneration for titanium 

implants. 

 

1.7.2 Covalent modification 
 
Covalent modification of graphene is attractive for its applications, since of 

its robust nature as well as its higher ability to significantly change the 
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electronic properties of graphene derivatives. Multiple covalent 

modifications were described for graphene on different substrates that 

allows introducing diverse chemical moieties.159 However, in the 

manufacture of graphene-based chemical devices, only typical grafting 

strategies of surfaces based on free-radical addition and aggressive 

oxidation processes materials are used up to date. Besides, strong 

oxidations by acid treatments of graphene materials and mild and 

controllable methods for oxidation of graphene on surfaces have been 

reported. The latter methods allow the introduction oxygenated groups 

avoiding high damages of the graphene structure in comparison with the 

classical oxidation methods. For instance, the controlled electrochemical 

oxidation of epitaxial graphene using HNO3, allows its oxidation with the 

introduction of low number of defects.160 The exposure of graphene on 

silicon surface to oxygen under ultra-high vacuum conditions leads to a 

homogenous modification of graphene with oxygenated groups.161 The 

oxidation degree of this method is tunable by controlling the exposure time 

of oxygen. Another example is the Ar/O2 plasma treatment of epitaxial 

graphene, which led to the incorporation of different oxygenated groups.162 

In this process, the functionalization degree is once more controllable by 

tuning the working pressure. 

 

Among the many different possibilities of modification of graphene surfaces 

reported in the literature for the introduction of chemical moieties,159 only 

the well-known free radical additions are used as the covalent modification 

for biomedical devices. In this line, aryl diazonium salts with different 

functionalities have been successfully employed. The phenyl radical 

addition can be performed under mild conditions by thermal 

decomposition or electrochemical reduction. Johnson and co-workers have 

developed a biosensor based on arrays of hundreds of graphene-based 

GFETs for opioids that consists in an engineered µ-opioid receptor protein 

chemically bonded to the graphene surface through diazonium 

coupling.163,143  
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Figure 33. (A) Example of the fabricated transistor. (B) Representation of the 

biosensor based on arrays of graphene. Adapted from Johnson et al.163 

The stable biofunctionalization yielded a biosensor that exhibits high 

selectivity and sensitivity (detection limit of 10 pg/mL) for the target 

naltrexone (an opioid receptor antagonist) based on the concentration-

dependent shift of the Dirac Point of graphene.  

 

More recently, a similar strategy based on a controlled electrochemical 

modification method for graphene surfaces was reported, in order to 

develop biosensing platforms.164,151 The covalent functionalization of CVD 

monolayer graphene by electrochemical reduction of carboxyphenyl 

diazonium salt allows introducing carboxyl groups. This approach is a more 

controllable modification than the thermal decomposition because the 

functionalization degree can be easily controlled by the number of cycles of 

the electrochemical process. The produced sensor allowed the detection 

ovalbumin with high specificity after anchoring ovalbumin antibodies 

trough amide bond in the previously introduced carboxyl groups.  

 

 

Figure 34. Schematic representation of CVD graphene biosensor. Adapted 

from Eissa et al.164 

A	 B	
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Another investigated covalent modification on graphene on surfaces was 

the radical polymerization on graphene. 165,159 Although it has not been 

widely explored, it opens a large number of possibilities for modified 

graphene surfaces. In contrast to most of the covalent modifications of CVD 

graphene, polymerization hardly introduces additional defects in the 

graphene structure, as showed by the unchanged D-band in the Raman 

spectra, since radicals probably react with exiting defects in the pristine 

material. In addition, the possibility of using different monomers or 

conductive polymers allows the introduction of diverse specific groups or 

improvements in the electric properties of the corresponding graphene 

device, respectively. 

	
1.8 Chemistry of arynes 

 

Due to the wide use of arynes in this PhD thesis, a concise explanation 

about aryne generation and chemistry is explained for a better 

understanding. Arynes166 are neutral intermediates of reaction, which could 

be considered as derivate of aromatic systems due to the loss of two ortho 

substituents. The main member of the family is the o-benzyne or 1,2 

didehydrobenzene (Figure 35)  

 

 

 

Figure 35. Structural representation of different isomers and resonances of 

benzyne. 

Arynes have short lifetimes and highly reactive species. They have a 

deformation of the geometry due to the structure of a lineal bond in a six-

member ring, thus becoming difficult specie for the study of their 

properties. Several theoretical studies167 suggested arynes to have a strained 

triple bond, with some biradical character; however, Warmuth in 1997 

suggested a cumulenic behaviour. 168 

 

The possible evidence of the arynes as intermediate of reaction was 

suggested at the beginnings of the 20th century, although until the 50’s 

Robert et al. did not demonstrated the existence in the formation process of 

anilines with the reaction of aril halides and KNH2.169 The use of arynes in 

organic chemistry was limited because of the harsh conditions for its 

generation, but, in the last decades, many methodologies to generate arynes 
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were implemented, thus turning aryne chemistry a great tool for organic 

synthesis. 

 

1.8.1 Methods for the generation of arynes 
 

Due to high reactivity of these species, arynes must be generated in situ in 

the reaction media and with the use of the corresponding precursors. Figure 

36 collects the most useful methods for the in-situ synthesis of arynes. 

 

 

 

Figure 36. Methods for aryne generation. 

Normally, the generation is limited to the required conditions of the 

reaction. The main method described for the o-benzyne avoids the use of 

strong bases and harsh conditions. It uses a triflate with a source of fluoride 

ion,170 and promotes an attack over the silicon and an ortho-elimination of 

the triflate. Another method using harsh conditions is the thermal 

decomposition of anhydrides that leads to the liberation of CO2 and CO. 
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Figure 37. Schematic representation for the generation of benzyne from a 

triflate and from thermal decomposition. 

Even though the high reactivity of these compounds, the quietly controlled 

reaction conditions can result in several kinds of cycloadditions 171 without 

large amount of undesired by-products. Thus, the use of arynes has become 

a great tool for the functionalization of carbon materials like graphene or 

carbon nanotubes. For these reasons, in this thesis we perform large efforts 

for the understanding and functionalization through this kind of chemistry. 

 

1.8.2 Aryne reactivity 
 
Arynes have high reactivity with a strong electrophilic character. The 

tension produced by the distortion, in an aromatic six-member ring, of the 

linearity in a sp carbon provokes the high reactivity and short lifetime. The 

aryne reactivity is dominated by the addition of nucleophiles to a triple 

bond and the participation as dienophile in cycloaddition reactions, 

specially Diels-Alder reactions.172 

 

 1.8.2.1 Nucleophilic addition 
 

The nucleophilic attack to the benzyne creates an arylic carbanion, which 

could react with an electrophile, obtaining an aromatic compound with two 

substituents.173,174 Arynes can react with different nucleophiles such as 

alcohols, amines, thiols or carbanions. Nucleophilic additions allow the 

formation of polycyclic systems in presence of benzyne nucleophile and 

electrophile as is described by Okuma et al.175 (Figure 38). 

 

 

 

Figure 38. Schematic representation of nucleophilic addition of 

salicylaldehyde with benzyne described by Okuma et al. 
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 1.8.2.2 Insertion of arynes on sigma bonds 
 
Similar procedure of the addition of a nucleophile with a benzyne occurs 

when the nucleophile and electrophile are attached through a s bond. The 

result is the insertion of aryne in the nucleophile-electrophile bond. These 

approaches could be performed due to the discovering of soft generation 

methods of arynes (described in the section 1.8.1). An example of this 

reactivity was performed by Guitián et al. where, with the generation of 

benzyne through o-(trimethylsilyl)aryl triflates with styrene oxide. The 

authors developed for the first time, an aryne insertion in the s bond of 

strained cyclic molecules. In this case, the insertion of benzyne into a C–O 

sigma bond.176 

 

 

 
Figure 39. Schematic representation of an insertion of benzyne on sigma 

bond performed by Guitián et al. 

	
 1.8.2.3 Benzyne cycloadditions 
 

The first aryne cycloaddition was described by Wittig and Pohmer in 1955. 

The authors observed a [4+2] cycloaddition between o-benzyne and furan 

with the obtaining of 1,4-Dihydro-1,4-epoxynaphthalene.177 

 

 

 

 

Figure 40. Schematic representation of the first described cycloaddition by 

Wittig and Pohmer. 

Several cycloadditions were described in presence of arynes, summarized 

below. 
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  [2+2] Cycloadditions 

 

A [2+2] cycloaddition is a symmetry-forbidden regarding the Woodward 

and Hoffman rules.178 The reaction should occur in several steps. In 1992 

Hoke et al. described the [2+2] cycloaddition reaction with benzyne and 

fullerenes.91 The cycloaddition occurs between benzyne and the double 

bond located in the six-member ring of fullerene. In summary, the C60 can 

form different adducts [C60 + (C6H4)n]. 

 

 

 

Figure 41. Schematic representation of [2+2] cycloaddition of benzyne and 

fullerene. 

 

  [3+2] Cycloadditions 

 

The [3+2] cycloaddition are a good synthetic approach for the formation of 

heterocyclic of five-member rings to a benzene ring. The formed 

heterocyclic have great value due to the high biological activity (indazoles, 

indoles, triazoles…), an example of this cycloadditions was described by 

Kivrak et al. in 2010 where the authors obtained dihydrobenzisoxazoles by 

the [3+2] cycloaddition reaction of arynes and oxaziridines with interesting 

biological properties and pharmaceutical potential.179 

 

 

 
Figure 42. Schematic representation of [3+2] cycloaddition. 
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  [4+2] Cycloadditions 

 

In Diels-Alder reactions, arynes act as highly reactive dienophiles.172 [4+2] 

cycloadditions are the most important reaction of arynes with the use of 

different dienes. The most favourable reaction occurs with cyclic dienes, 

especially with five-member rings. A high dienophile character is observed 

due to the possibility to react with dienes in an aromatic system. Figure 43 

presents different examples of this cycloaddition with aromatic compounds, 

from a reaction with perylene in the bay zone,180 to the reaction of benzyne 

with benzene,181 or the addition of benzyne to the central place of 

anthracene, which represents the general preparation methods for 

triptycene derivatives.182 

 

 

 

Figure 43. Schematic representation of several [4+2] cycloadditions with 

aromatic compounds. 
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2.1 Aim of the work 
 
The importance of graphene and the use in several applications has been 

demonstrated along the previous introduction. Moreover, the 

functionalization of graphene is a powerful tool for tuning their properties. 

For that reason, during this PhD thesis we were focused in several studies: 

 

i. The exploration of conventional routes for the preparation and 

functionalization of graphene. With special emphasis in the 

underexplore aryne cycloadditions. 

 

ii. The selection of a suitable graphene material obtained before for the 

setting of an electrochemical functionalization of graphene 

electrodes with future application as biosensor platforms. Moreover, 

the development of an early-stage essay biosensor of a modified 

graphene electrode for the electrochemical detection of 

oligonucleotides. 

 

iii. The study of a novel, fast and scalable non-conventional 

functionalization under microwave irradiation that can solve 

common problems of the conventional modifications of carbon 

materials. 

 

The research of these topics could open a range of possibilities for the 

scientific community. 
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2.2 Preparation of graphene 
 

We developed a method described by Colleman et al.37 and Tour et al.183 with 

sonication of graphite under ultrasounds for 30 minutes. We performed two 

experiments, with NMP and with ODCB Figure 44).  

 

 

 

Figure 44 Exfoliation method of graphite by ultrasounds in NMP or ODCB 

as solvent. 

The sonicated FLG showed small changes between the use of NMP or 

ODCB in Raman spectroscopy, with a similar 2D band for FLG. The main 

distinction was observed on the D band intensity which denotes a slightly 

higher functionalization for the NMP than ODCB as solvent. 

 

 
 

Figure 45. Raman spectra of graphite (black), sonicated FLG with ODCB 

(red) and sonicated FLG with NMP (blue). 

In order to have a graphene-based material that can be water dispersible for 

reactions in aqueous media, the preparation of GO and chemical rGO was 

performed. A hydrophilic oxidized graphene material was synthesized 

from powder graphite under harsh conditions at low temperature. This 

methodology was described by Marcano et al.184 and does not involve large 
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exotherm or highly production of toxic gas, in comparison with the widely 

used Hummer’s method.61  

 

 

 

 

Figure 46. Scheme representation for the obtaining of GO. 

The Raman spectroscopy of the oxidized material showed the characteristic 

bands of GO, a highly intense and broad D band (~1590 cm-1) respect to the 

graphite spectrum. Thermogravimetric analysis showed major weight loss 

between 150 and 450 ºC, which probably corresponds to thermally unstable 

oxygenated groups as CO, CO2 (45% of weight loss), after 450 ºC a slower 

weight loss of 5% was observed (Figure 47). 

  

 
 

Figure 47. Raman spectrum of GO and TGA profile (black line) with the 

corresponding first derivative (blue line) of GO. 

As we expected, the obtained GO presented higher water dispersibility 

because of the oxygen-containing groups. Subsequently, its chemical 

reduction was carried out to partially recover the aromatic structure with 

better electrical properties but maintaining the water dispersibility. The GO 

was dispersed in a basic medium containing hydrazine under high 

temperature. After several washes by dialysis and filtration to remove the 

excess of the chemical reductive agent, the rGO was obtained as a black 

powder. 
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Figure 48. Scheme representation for the obtaining of chemically rGO. 

The reduction of GO was confirmed by TGA. The weight loss of the 

material decreased from 150 ºC to 450 ºC decrease from 45% to 12%. In 

addition, the Raman spectrum showed a decrease in the fluorescence due to 

the abundant oxidized carbon atom regions, a decrease in the area of the D 

band and an increase in the D band intensity, results according with the 

literature.185 

 

 

Figure 49. Raman spectrum of chemically rGO and TGA profile with its 

derivative. 

2.2.1 Chemical Vapour Deposition Graphene 
	
The CVDG used was supported by collaboration with the company 

Graphenea, an example of a general characterization is shown in the Figure 

50. 
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Figure 50. Characterizaton of CVD pristine graphene provided by 

Graphenea; (A) SEM image of graphene supported on SiO2/Si, (B) HRTEM 

of suspended graphene and Raman spectrum (C). 

The material was transferred onto a 1cm2 of SiO2/Si, 300 nm thermal oxide 

on one side. 

	
2.3 Functionalization of graphene for biosensing 
 
2.3.1 Electrochemical functionalization for the development of new electrodes for 
biosensing 
 
Biosensors are quantitative analytical tools with biological materials and 

physicochemical transducer, the detection of oligonucleotides becomes a 

powerful tool for diagnosis.186 In particular, the electrochemistry of 

graphene has being extensively exploited in biosensing technologies.187,188 

This section was focused on the electrochemical modification and 

functionalization of graphene derivatives in a platform developed for 

biosensing. As final step, to prove the effectiveness of the platform, we will 

attempt the electrochemical detection of a small oligonucleotide as a 
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receptor of the desire analyte in a future biosensor. The procedure of the 

section is summarized in the Figure 51, with four steps, we started with the 

conventional glassy carbon electrode (GCE) for the deposition of graphene 

onto its surface, following by the electrochemical functionalization of the 

graphene surface with organic moieties, and as final step, the attachment of 

an oligonucleotide for the electrochemical detection. 

 

 

 

Figure 51. Scheme of the followed steps of the biosensing platform. 

First of all, stable dispersions of graphene must be synthesized (see section 

2.2). In electrochemistry, heterogeneous electron transfer occurs at the edges 

of the graphene derivative or at defects in the basal plane. GO and rGO 

provides abundant defect sites as well as the partial restoration of the 

conductance as electrode materials.189 Besides, it contains large amounts of 

oxygen-containing groups, which can be beneficial to the functionalization 

with biomolecules for biorecognition. 

 

The performance of the graphene-based electrode was carried out by the 

deposition of 10 µL of a GO aqueous suspension on a typical GCE. To avoid 

the detachment of the deposited graphene material, the corresponding 

solution was dried at room temperature for 2 hours.  
 

 
 

Figure 52. (A) Schematic representation of the drop casting deposition of 

GO onto GCE giving GCE/GO. (B) Image of two GCE/GO. 

A	 B	



Results and discussions 

	 55	

Then, the electrical properties of the resultant GCE/GO were observed to a 

cyclic voltammetry in presence of potassium ferricyanide in PBS. GCE 

allows ferricyanide to reach the electrode surface. However, after 

adsorption of GO, a significant decrease in the peak currents and higher 

separation in the peak signal was observed due to the repulsion of 

negatively charged of the functional groups presented in the surface of the 

material.  

 

 

 

Figure 53. Cyclic voltammetry of GCE (black) and GCE/GO in presence of 

potassium ferricyanide. 

The electrochemical reduction of GO becomes attractive due to the partial 

restoration of the conductance of the material. For that reason, our next step 

was to develop a direct electrochemical reduction of GCE/GO. Thus, a 

negative voltage was applied, obtaining an irreversible reduction peak 

starting at -0.8 V, which corresponds to the reduction of GO (Figure 54). 

 

 

 

Figure 54. Cyclic voltammetry of the electrochemical reduction of GO 

(Electrochemical rGO). 
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To make possible the integration of this approach in a final sensing system, 

the modification of electrodes with graphene derivatives was transfer to 

other conductive platforms. Indium-free conductive substrates, such as 

Fluorine-doped Tin Oxide (FTO), are particularly promising for their 

increased resistance to chemical corrosion and cost reduction.190 Thus, the 

development of this protocol was also performed using FTO as supporting 

electrode. A work area of 1cm2 was delimited in the FTO to facilitate the 

characterization of the material. Optically, there was a clear colorimetric 

difference between GO (brown) and the electrochemical reduced graphene 

oxide (Electrochemical rGO) (black) on TFO (Figure 55). 

 

     

 

Figure 55. (Left) Cyclic voltammetry of the electrochemical reduction on 

FTO. (Right) Image of GO (a) and Electrochemical rGO (b). 

There was a manipulation inconvenient after electrochemical reduction of 

the graphene material. Therefore, we decided to employ a sticky polymer to 

fix the GO before the reduction process. However, the detachment was only 

partially improved. Then, the following attempt was focused on the direct 

deposition of rGO on GCE. A rGO dispersion in water (10 µL, 1mg/mL) was 

dropped on the GCE. Then, the suspension was dried at room temperature. 

In the electrochemical characterization, different electrical properties of the 

electrodes were obtained between the nude GCE and the modified 

GCE/rGO. On one hand the rGO improved significantly the electrochemical 

behaviour in comparison with GO due to the partial remove of organic 

moieties during the reduction process. On the other hand, the ferricyanide 

signals presented small differences between redox peak potentials. In 

addition, GCE/rGO showed a good homogeneity of the drop deposition and 

reproducibility. 
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Figure 56. (A) Homogeneity on the cyclic voltammetry in presence of 

potassium ferricyanide for GCE/rGO. (B) Cyclic voltammetry in presence of 

potassium ferricyanide of GCE and GCE/rGO. 

The covalent functionalization with aryl diazonium salt was performed as a 

next step in the construction of a sensing platform. Particularly, carboxylic 

groups will be introduced to increase the binding capability of the graphene 

surface in the attachment of sensing biomolecules. Therefore, 4-

carboxybenzene-diazoinium tetrafluoroborate (4-CBD) was used to enrich 

the graphene surface with carboxyl groups for future attaching of 

biomolecules.  

 

 
 

Figure 57. Scheme of the CBD coupling onto the surface of the modified 

electrode. 

The GCE/rGO was immersed in a solution of 4-CBD (10mM). The 

electrochemical reduction was done thoroughly cyclic voltammetry. A band 

at 0.4 V was observed, being the highest transfer charge, which corresponds 

to the graphene functionalization (Figure 58) The electrochemical 

functionalization occurs in the first cycle of the reaction. 
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Figure 58. (A) Cyclic voltammetry for electrochemical functionalization of 

GCE/rGO. (B) Charge dependent in the number of cycles involved in the 

functionalization. 

Electrochemical Impedance Spectroscopy showed significant differences in 

the profile of GCE/rGO and GCE/rGO/CBD. A high resistivity is observed 

in the functionalized electrode, confirming the successful covalent 

modification. 

 

 
 

Figure 59. Impedance profiles of GCE/rGO and GCE/rGO/CBD. 

With all the above-mentioned steps, we developed a modified platform 

based on a graphene material, which could be useful as biosensing 

platform.  

 

There is emerging interest in transducing systems based on graphene 

derivatives, because possess a high conductivity and a preferably low 

electron transfer resistance on their surface. Furthermore, it is also beneficial 

if there is a large surface area for immobilizing biomolecules.141 In 

particular, electrochemical polynucleotide sensors offer high sensitivity, 

high selectivity and low cost for the detection of selected DNA or RNA 
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sequences or mutated genes associated with human disease, and promise to 

provide a simple, accurate and inexpensive platform of patient diagnosis.  

 

One of the most used sensing protocols for DNA and RNA analysis in 

graphene-based sensors is based on the electrochemical detection of the 

recognition event of aptamers (e.g. single-stranded DNA (ss-DNA) or ss-

RNA) with the corresponding complementary analyte.191 For instance, Zhou 

et al. reported an electrochemical DNA sensor is composed by a modified 

electrode with rGO where a ss-DNA is covalently inmobilized.192 The 

sensing protocol was based on the passivation of the electrochemical signal 

of the free bases of immobilized DNA when the hybridization event occurs 

with the target polynucleotide, yielding a double-stranded DNA.  

 

As proof of concept, our next step was focused on the attachment of amino 

oligonucleotide on the modified graphene surface by amide bonds, as 

recognizing element in a final sensor. The selected oligonucleotide is 

composed by 5 Guanine bases because their oxidation is easily detected in 

cyclic voltammetry when they are free.62 For the attachment of amino 5-

Guanine oligonucleotide carrying an amino group was mandatory the 

activation of the carboxylic acids present in our graphene electrode through 

the well-known cross-linking reaction with 1-ethyl-3-(3-dimethyl-

aminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxy-

succinimide (NHS). 

 

 
 

Figure 60. Cyclic Voltammetry profiles in the presence of potassium 

ferricyanide of all the modification processes of the graphene-based 

electrode. 

Subsequently activation of carboxylic acid, 20 µL of amino 5-Guanine 

oligonucleotide were added to the electrode at different concentrations and 

- 0,4 -0 ,2 0 ,0 0,2 0 ,4 0 ,6 0,8 1 ,0
- 0,0 00 10

- 0,0 00 08

- 0,0 00 06

- 0,0 00 04

- 0,0 00 02

0,0 00 00

0,0 00 02

0,0 00 04

0,0 00 06

0,0 00 08

0,0 00 10

C
u

rr
e

n
t 

(m
A

)

Po ten t ial (V )

 Ba re
 rG O
 C BD
 ED C /N H S



Results and discussions 

	60	

time. After washing, the measures of current against potential were 

performed to know the resistance of the modified electrode 

GCE/rGO/CBD/5G. Significant differences were observed as shown in 

Figure 61, where a higher concentration and longer time of the 

oligonucleotide with graphene, showed a higher resistivity of the electrode. 

It means that a higher attachment of the oligonucleotide is happening on the 

biosensing platform. 

	

 
 

Figure 61. Resistivity values of a 5Gs oligonucleotide at different 

concentrations. 

We were able to observe differences in the introduction of oligonucleotide 

to our system GCE/rGO/CBD. However, we were not able to detect the 

redox peak of free Guanine in the cyclic voltammetry of the system, loosing 

great value for the use of this platform as biosensor. The possible 

explanation is the formation of polymer in the diazonium reaction193,194 that 

can passivate the graphene surface. Therefore, it will be necessary to find 

controllable modifications for graphene derivatives. 

 

2.3.2 CVD graphene functionalization for biosensing 
 
Graphene has demonstrated indisputably the potential as next generation 

electronic material, however, nowadays monolayer graphene cannot stand 

alone, it needs a supporting substrate for a desired application.195 The 

examples in the literature for supporting substrates for this material is 

varied: metals,196 semiconductors,197 polymers, or also liquids make the 

called next generation hybrid devices a powerful tool for applications.198 

This combination with other aspects can modify the morphology, structure, 

interaction and properties of graphene.199,200 For that reason, the 

understanding of the behaviour of graphene on surface and its modification 
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become a highly interest research topic. 

 

The introduction of graphene onto a holding support brings new 

characteristics to the hybrid device, the interface between graphene and 

substrate plays a dominant role, for the obtaining of a good quality 

graphene. All this mentioned above has direct impact onto graphene 

reactivity. Chemical functionalization of graphene on substrates is a topic of 

paramount importance, the surface modification of the material can allow 

the tuning on the physical and chemical properties.201,202 Small roughness of 

the substrate,52 doping,203 or induced curvature of graphene,204 make 

different reactivity and behaviour, being necessary the search of new 

conditions for surface modification of the material.  

 
2.3.2.1 Diazonium coupling reaction 

 

A well-known and widely employed modification of CVDG for biosensing 

is through diazonium coupling reaction (mentioned in section 1.7). Among 

different reported strategies Strano and co-workers reported the use of 

surfactants for a suitable modification of CVDG with diazonium salts in 

diverse surfaces. We considered the functionalization of CVDG on SiO2 

immersed in a 1% aqueous solution of SDBS (Figure 54). However, this 

approach was incompatible with our CVDG samples on SiO2, because the 

anionic surfactant facilitates the detachment of the graphene material.  

 

 

                                                                             

 

Figure 62. Scheme of diazonium coupling reaction (A). Photo of the pristine 

substrate, and of the substrate after detachment(B). 

In order to reduce the detachment and obtain a reproducible graphene 

functionalization, the modification of reaction parameters as time and 
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temperature were checked. The optimal conditions are summarized in the 

Figure 63.  

 

 

Figure 63. Conditions for the diazonium coupling reaction. 

In our methodology, the key point to avoid the detachment was the 

concentration of the diazonium salt 1. A deep study of the influence of the 

concentration determined that 1.6x10-4 M is enough to obtain high degree of 

functionalization with very low detachment. Figure 64 shows how the 

detachment began in the edges of the substrate, we can assume that 

probably the interaction substrate-graphene is lower in the edges than in the 

centre of the sample. 

 

       

 

Figure 64. Partial detachment of graphene (5%) in the edge of the f-

CVDG(2) supported on SiO2 sample. 

Raman spectroscopy confirmed the high degree of functionalization for this 

reaction. The Raman mapping of D band intensity in a representative 

graphene region of the sample indicated the increment of sp3 carbon atoms 

in the graphene structure due to the covalent functionalization. 
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Figure 65. Raman mapping of the ID/IG before (A) and after the diazonium 

salt reaction (B). 

After the optimization of diazonium salt modification with CVDG samples, 

we addressed the introduction of functional groups on the diazonium 

moiety. These functional groups can be tailored by organic chemistry to 

allow various chemical characteristics to be coupled to the graphene. In 

particular, we decided to anchor on graphene primary amine as active 

group. To this end, the diazonium salt 3 was synthesized, carrying a 

protected amine with a tetrafluorophthalamide unit as protecting group. 

The presence of the fluorine atoms will allow to confirm by XPS analysis, 

the covalent modification of graphene and the subsequent amine 

deprotection. Thus, a graphene-based electrode composed by CVDG on ITO 

was modified by diazonium coupling reaction. Figure 66 shows the first 

step performed for the introduction and deprotection of the diazonium salt. 

The thermal decomposition and generation of the radical reaction was done 

in situ from corresponding aniline with isopentyl nitrite.  

 

 

 

 

Figure 66. Scheme of surface modification of CVD graphene electrode 

through diazonium reaction.  

Raman spectra showed high variations on the D band intensity between 

pristine graphene and functionalized (f-CVDG(3), this result is in 

concordance with XPS analysis, where F and N was detected onto the 

surface of f-CVDG(3).  
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Figure 67. (A) Raman mapping of ID/IG before (left) and after (right) the 

reaction. (B and C) XPS analysis of the reaction regarding the presence of F 

and N before (left) and after reaction (right). 

Next step was the deprotection of the amine group through removal of 

phthalimide group by using hydrazine monohydrate (N2H4·H2O)  

 

 

 

 

Figure 68. Scheme of amine deporotection CVD graphene electrode. 
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The deprotection of CVDG supported by XPS analysis where the presence 

of F atoms onto the graphene surface of f-CVDG(4) disappeared remaining 

the presence of N on the surface of CVDG.  

 

 

 

Figure 69. XPS analysis of the reaction regarding the absence of F (A) the 

presence of N(B). 

The introduced moieties can potentially interact with desired bioactive 

molecules for the development of biomedical devices. In addition, this 

approach involves, for the first time, the introduction of protected amines 

with the possibility of it deprotection, being functional for multiple 

functionalization with orthogonal protecting groups. 

 
2.4 Conventional aryne functionalization of graphene derivatives by 
decomposition of o-(trimethylsilyl)aryl triflates 

 
Covalent modification of graphene via aryne reactions is a methodology 

already reported in different carbon nanomaterials, such as fullerene, 

carbon nanotubes and nanohorns.92,93 In particular, aryne reactions were also 

reported in diverse graphene derivatives. However, it is an underexplored 

covalent modification for this carbon material, with a few scientific 

contributions. For instance, in 2010 the first functionalization of graphene 

with arynes was described, but they employed an inaccessible FLG obtained 

by arc-discharge.95 Martín et al.105 has also functionalized FLG with an 

uncommon C60-aryne. Another graphene derivative as CVD graphene 

supported on copper was modified with benzyne with a unsatisfactory 

characterization. 131 Besides, to the best of our knowledge, other graphene 

derivatives as GO or rGO have never been reported. 

 

Therefore, in this section the underexplored covalent modification of 

graphene derivatives with arynes by fluorine-induced decomposition of o-
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(trimethylsilyl)aryl triflates will be performed, to develop a more selective, 

controllable and less aggressive modification method.  

 

2.4.1 Aryne functionalization of FLG 
 

First of all, the aryne modification was addressed in one of the most 

common graphene derivatives, exfoliated graphene, considering reported 

results.93,104 FLG was obtained by Coleman method.37 The first attempt was 

addressed by using ultrasounds and NMP as exfoliated solvent. The 

remaining graphite was separated from the exfoliated material by 

decantation, resulting a FLG suspension. Then, the FLG was functionalized 

with benzyne (2) by the fluoride induced decomposition of o-

(trimethylsilyl)benzyl triflate (1) with tetra-n-butylammonium fluoride 

(TBAF, see section 1.8.1).  

 

 

 

Figure 70. Scheme representation of the reaction of FLG with aryne 

precursor. 

Raman spectroscopy showed a small increment in the D band for the f-G(5) 

respect to the pristine FLG, (DID/IG=0.04) (Figure 71).  

 

 
 

Figure 71. Raman spectra of p-Graphene and f-Graphene. 
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The morphology of graphene material was studied by TEM. A similar 

structure and dimensions were found between pristine and functionalized 

material. 

 

										 	
	
Figure 72. TEM images of of p-Graphene (A) and f-Graphene (B). Scale bar 

are 500nm. 

New reaction conditions were explored to improve the functionalization 

approach. The control of solubility of the ion fluoride, through the election 

of the solvent, or the presence of additives as crown ethers,171 allows to 

modulate the role of aryne generation. For instance, the employment of CsF 

in CH3CN is very useful due to the partial solubility of the fluorinated salt. 

Thus, we decided to employ a mixture of solvents, ODCB that is a good 

exfoliating solvent of graphite, and the polar organic solvent CH3CN that 

can partially solve CsF. In addition, we decided to add 18-crown-6 ether to 

improve the solubility of CsF in this mixture of solvents. (Figure 73). 

	

	
	
 

Figure 73. Scheme representation of covalent modification of graphene. 

In addition, to discard false positives in the graphene modification, a 

control sample of the reaction was performed without the benzyne 

precursor 4 (cs-G(6)). The Raman spectra showed high differences between 

FLG 4 f-G(6) 
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the p-Graphene and the f-G(6). However, the cs-G(6) also revealed a 

significant increment of the D band which means that a modification 

occurred without the presence of benzyne (Figure 74). Probably, it is due to 

the presence of ODCB in the reaction media. Dresselhaus et al. reported 

experimental evidences and theoretical studies that suggest that ODCB can 

chemically and physically interact with walls of carbon nanotubes.206 

 

 

 

Figure 74. Raman spectra of p-Graphene (black), cs-Graphene (red) and f-
Graphene (blue). 

In the following attempt, we decided to use NMP instead of the 

halogenated solvent to avoid the possible undesired modifications. NMP 

was selected because of its high surface tension which make it as a good 

exfoliation solvent for graphite.36  

 

 

 

Figure 75. Scheme of the reaction with the use of acetonitrile and NMP as 

solvents. 

The Raman spectra showed changes in the D band intensity (DID/IG= 0.08), 

being higher than the reactions described before. In this case, the control 

sample did not increase D band intensity. 
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Figure 76. Raman spectra of p-Graphene (black) and f-Graphene (red). 

In order to explore the potential of the new reaction conditions, the 

described graphene functionalization was performed with a structurally 

more complex aryne. 207 

 

 

 

 

Figure 77. Scheme of functionalization of FLG graphene. 

The covalent functionalization was confirmed again by Raman 

spectroscopy. On one hand, the control sample in absence of 6 did not 

modify the pristine graphene. On the other hand, a slight increase of the D 

band is detected for the functionalization with the generated aryne from 6. 

In addition, TGA profiles showed only 1% variation between the control 

sample and the functionalized graphene. This increment represents a low 

degree of functionalization. These results encouraged to the search of new 

routes for the aryne functionalization onto graphene-based materials. 
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Figure 78. Raman spectra (A) and ID/IG ratio of p-Graphene, cs-G(8) and f-
G(8) (B).  

All the attempts of functionalization described above had the characteristic 

of low amount of final sample due to the exfoliation method which 

hindered a good characterization and the use of the material for further 

modifications, with bad dispersibility of the FLG during the reaction 

process. Therefore, we decided to use another graphene-based derivative 

with better dispersibility, such as rGO.  

 

2.4.2 Aryne functionalization of rGO 
 

The covalent functionalization of rGO with aryne precursors was performed 

using different reaction conditions with the following solvents: CH3CN, 

CH3CN/Toluene (1:4) and toluene, which correspond to f-rGO(9-11), 

respectively.  

	

 

 
Figure 79. Schematic representation of chemical functionalization of rGO 

with the generated aryne from 7. 

In this case, Raman spectroscopy is not useful to confirm the covalent 

functionalization due to the highly defective structure of rGO, which is 

reflected in its high D band. However, the introduction of 

difluorophenylene allows the confirmation of functionalization by the 

detection of fluorine atoms in the chemical composition of the f-rGO by XPS 
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analysis. The Table 1 summarizes the composition of the different samples 

observing the presence of fluorine atoms in the surface of the material. In 

addition, the control sample cs-rGO(10), was performed in absence of 7. All 

f-rGO showed a significant and similar atomic composition of fluorine 

atoms, being the f-rGO(10) the functionalized material with the most 

abundant fluorine atomic percentage. In addition, the reaction conditions of 

f-rGO(9-10) led to a loose of oxygen percentage in the final modified 

material; probably, because of a partial reduction. However, CsF is not 

totally inert all of these chemical modifications, because cs-rGO(10) showed 

a 5% of fluorine atoms in its atomic composition. Presumably, fluoride ions 

led to side reactions with rGO. 

 

Table 1. Atomic composition percentage, functionalization degree
1* (FD) 

and weight loss of rGO samples. 

Sample 
XPS analysis TGA 

C1s (%) O1s (%) F1s (%) 
Weight 

Loss (%) 
FD 

(µmol/g) 
rGO 63.3 36.7 - 10.6 - 

f-rGO(9) 52.8 15.1 32.1 14.4 257 

f-rGO(10) 36.7 15.1 33.6 12.6 135 

f-rGO(11) 42.5 34.5 23.0 16.3 385 

cs-rGO(9) 82 12.5 5.5 17.1 439 

 

TGA results are in concordance with XPS analysis, where higher degree of 

functionalization is observed for the reaction with toluene (385 µmol/g) and 

acetonitrile (257 µmol/g) against the reaction with a mixture 

																																																								
1

*	In order to draw quantitative information from thermogravimetric plots, 

we performed the following calculation to obtain functionalization degree 

(FD); where L corresponds to the weight loss observed at 500 ºC (in %), after 

having subtracted the analogous loss from the pristine material. The 

molecular weight (Mw) is set for the expected desorbed moiety. The 

conversion factor (104) provides data in the desired unities (µmol/g). 

 

! % ·$%&
'((*/,-.) = 12	(4567/8)	 	 	 	 	 Equation (1) 
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CH3CN/Toluene (1:4) (135 µmol/g). However, cs-rGO(10) showed a higher 

weight loss in TGA, due to the possible side-products with CsF. Finally, as 

conclusion we developed a methodology for covalent modification of rGO 

through anderexplore aryne cycloaddition reaction. 

 

The morphology of functionalized reduced graphene materials was studied 

by TEM. A similar structure and dimensions to the pristine material after 

the described treatment was observed. 

 

 

    

     

 

Figure 80. TEM images of (A) rGO, (B) f-rGO(9), (C) f-rGO(10) and (D) f-
rGO(11). 
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2.4.3 Aryne functionalization on CVD graphene 
 
As mention in section 2.3.1, chemical functionalization of graphene on 

substrates is a topic of paramount importance due to the direct surface 

modification of the material. Aryne functionalization on CVDG are an 

underexplored reaction, Magedov et al.105 reported a benzyne 

functionalization using Cu as supporting substrate; however, there are no 

other examples in the literature with this graphene derivative. For that 

reason, different covalent modifications using arynes, combined with 

different strategies, were performed on graphene surface of CVDG on SiO2, 

under different reaction conditions. As first approach, fluoride induced 

decomposition of triflate o-trimethylsililaryl precursor was developed, 

under stirring and the use of a non-soluble CsF in acetonitrile.  

 

 
 
 

       
 

Figure 81. Scheme of the reaction of CVD-Graphene (A). Image of the 

specific procedure of the reaction (B). 

Figure 81 shows how the reaction was performed in a pear-shaped flask, 

where the magnetic stirred was placed under the substrate, to avoid any 

interference with the graphene sample. 

 

The functionalization was monitored by Raman spectroscopy. Graphene 

sample was mapped and characterized with more than one thousand points 

in order to have a representative area (>400µm2). The mapping observed 

after reaction showed high degree of detachment, where graphene was 
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practically removed from the substrate (Figure 82B). Only small portion of 

graphene was found by the Raman mapping with increase of the D band 

(Figure 82D). 

 

           

       
 

Figure 82. (A) Raman average spectrum of pristine graphene. (B) Mapping 

representation of the D band intensity (1355 cm-1) of f-Graphene. (C) 

Example of a graphene detachment point without any characteristic band of 

graphene in the spectrum of f-Graphene. (D) Spectra of one of the few 

points where f-Graphene was observed. 

Several control samples were performed without the presence of aryne 

precursor for the optimization of the process to study the influence of the 

reactant and solvent in the graphene derivative. Table 2 summarizes the 

approaches performed; from the use of different fluoride sources, different 

time or different solvents. In order to solve the detachment, we considered 

dispensing with stirring and replacing the partially solved fluorinated salt, 

such as CsF, by TBAF, which is totally soluble in organic solvents. Finally, 

we considered the entry 6 the most suitable condition to perform the 

covalent functionalization of aryne without risk of detachment.  
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Table 2. Conditions of the control sample reactions.	[a]Detachment was 

calculated through optical microscopy. 

ENTRY 
Solvent 
(10mL) 

Salt 
Equiv of 

F- 
Time 

(h) 
Stirring 

Detachment 
(%)a 

1 CH3CN CsF 1.5 24 Yes 99 

2 CH3CN CsF 1.5 3 Yes 99 

3 THF TBAF 1.5 48 No 95 

4 THF TBAF 1.5 4 No 90 

5 THF TBAF 1.5 0.75 No 10 

6 THF TBAF 1.5 0.15 No 0 

 

In a next step, the optimization of the CVDG modification with the aryne 

XX was addressed, considering the reaction conditions described above in 

the entry 6. In particular, the reaction parameters such as reaction time and 

concentration of the corresponding aryne precursor were investigated 

(Table 3). 

 

 
 
 
Figure 83. Scheme of the covalent functionalization of graphene with aryne 

precursor 7. 

 
 
 
 
 

CVDG 7 

8 

f-CVDG(13) 
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Table 3. Different reaction conditions for the aryne reaction of CVDG. [a] 

Detachment was calculated through optical microscopy. 

Entry 
M  
(7) 

Time / min Equiv (7) Detachmenta D(ID/IG) 

1 0.05 15 1.3 NO 0 

2 0.05 30 1.5 NO 0 

3 0.075 30 1.5 NO 0 

4 0.125 40 1.5 YES (>90%) 0.6 

5 0.15 45 1 NO 0.2 

 
Table 3 shows the different approaches to perform the functionalization. 

The main problem was the detachment of the sample, that can be detected 

by optical microscopy and corroborated by Raman measurements. (Figure 

84) 

 

 
 

 
 

Figure 84. Example of functionalization and detachment by optical 

microscopy (A) and Raman measurement (B) of Entry 4 of the Table 3. 

A	

B	
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The optimal conditions are summarized in the entry 4 of Table 3. Raman 

mapping of the sample confirms the homogeneous increment of the D 

intensity in f-CVDG(13). 

 

 
 

Figure 85. Representation of ID/IG before (A) and after (B) the reaction. 

The functionalization with the difluoride aryne precursor was also 

confirmed by XPS analysis, due to the chemical modification of the 

functionalized graphene composition. The f-CVDG showed fluorine atoms 

on its surface atomic composition. 

 

 

Figure 86. XPS analysis of the surface of p-CVDG and f-CVDG(13) for the 

detection of florine. 

We were able to find the conditions to successfully perform the covalent 

functionalization of this CVDG in presence of arynes with the fluoride 

induced decomposition of triflate o-trimethylsililaryl precursor; however, 

we studied other routes to perform aryne reactions. 

 

The decomposition of phenylene anhydrides or 1,2- dihalogentated benzene 

can generate benzyne. As mention in section 1.6, Yeon et al described 

generation of benzyne through the thermal decomposition of phthalic 

anhydride.132 The aryne generation of o-dihalogenated and arylene 

anhydrides through photolysis was also described in the literature.208–214 
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Thermal decomposition of phthalic anhydride to generate the benzyne 

precursor was tested. After several attempts, we were not able to confirm 

the covalent functionalization of the substrate, sublimation of the organic 

moieties prevented the decomposition onto the surface of graphene.		

 

 

 

Figure 87. Schematic representation of the approach by thermal 

decomposition. 
 

In order to find other alternative, the use of ultraviolet light for the 

decomposition of 1,2-diiodobenzene (10) was performed, we developed two 

approaches: on one hand the use of acetonitrile in order to dilute the aryne 

precursor, in the other hand, the substrate was directly dropped with the 

benzyne precursor. 

 

 

 

 

Figure 88. Schematic representation of the reaction between p-CVDG and 

1,2-diiodobenzene (10), using CH3CN. 

	
After reaction represented in  

Figure 88, Raman spectra showed high degree of detachment. However, the 

remained graphene on the substrate revealed small degree of 

functionalization in terms of ID /IG ratio. 

 

CVDG 9 

CVDG 10 f-CVDG(14) 
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Figure 89. Raman spectra of p-CVDG and f-CVDG(14). 

The reactions were performed six hours under UV irradiation (7mW/cm2), 

the substrate was dropped until totally surface cover. The colour of the 

liquid changed from colourless to yellow.  

 

 

Figure 90. Schematic representation of the reaction between p-CVDG and 

1,2-diiodobenzene (10). 

Raman spectroscopy showed better results for this approach, 

functionalization was achieved without presence of solvent. The spectra of 

the Figure 91 is an average of a represented area of 1200 points.	 
 

 

Figure 91. Raman spectra of p-CVDG and f-CVDG(14b). 

CVDG 10 f-CVDG(14b) 
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Table 4. Conditions of f-CVD. [a] Detachment was calculated through 

optical microscopy 

f-CVDG Solvent 
Time 

(h) 
Power 

(mW/cm2) 
Detachment (%)a D(ID/IG) 

14 CH3CN 6 7 50 0.02 

14b - 6 7 0 0.07 

 

In conclusion, the functionalization of CVDG on SiO2 was performed under 

different aryne generation methods and reaction conditions. The 

functionalization was monitored by Raman spectroscopy. A moderate 

functionalization was development by fluoride induced decomposition of o-

trimethylsililaryl triflate precursors and photodecomposition of o-

dihalogenatedphenyl precursor. This procedure was also confirmed by X-

ray photoelectron spectroscopy, due to the chemical modification of the 

functionalized CVDG composition.  

 

 2.4.3.1 Influence of the substrate in the graphene reactivity 

 
CVDG is transferred to a large variety of substrates, depending on the 

application. In addition, graphene reactivity is strongly influenced by the 

underlying substrate. Strano et al. demonstrated that charged impurities or 

polar adsorbates on the surface of the substrate led to electron–hole charge 

fluctuations in the Fermi level of graphene, which increase its reactivity 

with diazonium salts.215  

 

In order to study the reproducibility of the aryne reaction, this covalent 

modification was carried out with CVDG on diverse substrates. CVDG was 

transferred onto variety of substrates using a polymer-mediated transfer 

method. The tested substrates were: SiO2, SiO2 treated with HMDS, ITO and 

quartz. The corresponding covalent modification was performed using the 

abovementioned optimized conditions and graphene monitored by Raman 

spectroscopy.		
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Figure 92. Scheme of the reaction (A) and different substrates used for the 

functionalization (B). 

Typical substrates were tested for CVD graphene summarized in Table 5 

and Table 6; However, the reaction was also performed on copper, Raman 

spectroscopy was difficult to explore due to the intense background signal 

from copper. For that reason, this widely used metal with CVDG could not 

be included in this study.  

  

 

Figure 93. Raman spectrum of pristine graphene on Cu (A), p-Graphene and 

f-Graphene Raman spectra with baseline correction (B). 

Table 5 shows the properties of the p-CVDG in different substrates. 2D Peak 

position near 2675 cm-1 with peak width under 30 cm-1 indicates better 

properties on graphene behaviour, acting as monolayer graphene.71 For that 

reason, higher quality of graphene was found using ITO as supporting 

substrate. Table 6 collects the characteristic of the substrate after the 

functionalization, observing, a higher reactivity for hydrophilic substrates 

where the ID/IG ratios increased more after the functionalization. Probably, it 

CVDG 4 f-CVDG(15-19) 

f-CVDG(15) f-CVDG(16) f-CVDG(18) f-CVDG(19) 

A	

B	
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is attributed to higher electron-hole fluctuations in the Fermi level of 

graphene produced by underlying charged impurities on the surfaces. 
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 2.4.3.2 Preliminary results of the influence in the electronic 

properties of aryne functionalization of CVDG 
 
The modification of graphene can tune the electronic behaviour of the 

material due to the transformation of sp2 carbon atoms to sp3. 

Cycloadditions becomes an interesting approach for the study of these 

properties due to the formation of a cyclic moiety with graphene.201,216 For 

that reason, in collaboration with the group of Rosa Villa from the CNM-

IMB, we carried out preliminary studies of the electrical properties of our 

functionalization. 

 

The functionalization was performed in a graphene field effect transistor 

(GFET) device architecture composed by CVD graphene prepared for the 

measurement of the electrical properties represented in the Figure 94. The 

GFET consists in a graphene channel between two gold electrodes, one as 

source and the other as drain, with a gate contact to modulate the electronic 

response of the channel.  

 

        
 

Figure 94. (A) Representation of the CVDG substrate on SiO2 and two gold 

electrodes used for the functionalization. (B) Schematic representation of the 

electrical measurement.  

The conditions used for the covalent functionalization are summarized in 

the Figure 95. A control sample without the presence of TBAF and 4 was 

performed in order to know the influence of solvents during the reaction 

and cleaning. 

 
 
 

Figure 95. Schematic representation of the reaction. 

CVDG 4 f-CVDG(20) 

A	 B	
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The measurements of the electrical properties were carried out in the CNM-

IMB in Barcelona. First results showed a significant shift after 

functionalization. However, the same tendency was observed in the control 

samples, indicating that the observed shift was induced by using solvent 

during the reaction (THF), probably, leading to a clean of the sample 

(CH2Cl2, H2O, MeOH and AcOEt). The production of CVDG on different 

surfaces often need to be isolate from its growing substrate and then 

transferred to the target support with the aid of polymers. However, surface 

contamination is obtained, even after cleaning processes, due to the strong 

interaction between the corresponding polymer and chemical groups on 

graphene. Moreover, the conditions for the obtaining of f-CVDG(20) do not 

damage the sample or the electrical properties of the transistor, Figure 96 

evidence how the signal-to-noise ratio is not highly altered; only a low 

decrease of intensity between source and drain (Id) is obtained, probably 

due to the creation of sp3 defects in the graphene structure. 

 

  
 

Figure 96. Current-Voltage graph of f-CVDG (A) and cs-CVDG (B).  

In order to clarify if the morphology of the sample change after 

manipulation of the substrates, AFM study was carried out. Slightly 

differences can be observed between p-CVDG where granular shapes are 

more pronounced than after the functionalization. 
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Figure 97. AFM images of p-CVDG (A) and f-CVDG. 

	
In conclusion, we developed preliminary results of electronic properties of 

CVDG functionalized with arynes. However, the results show that a clean 

protocol after preparation of the sample is demanded, as well as deeper 

study of the influence of the solvents in CVDG production. Then, the 

influence of aryne reaction on electronic properties of graphene will be 

addressed in further studies. 

 

2.5 Microwave-induced functionalization of graphene under solvent-free 
conditions 
 
In the sections described above, we have experimentally demonstrated the 

difficulties of the chemical modification of graphene, its control and the 

subsequent application after the functionalization.  

 

In 2009 Yeon et al. reported a simple procedure to perform fast pyrolytic 

reactions with aromatic molecules by using graphite and MWCNTs as MW 

absorbing matrices.132 For example, they carried out the MW reaction of 

phthalic anhydride with graphite and a product mixture of different 

aromatic compounds in a low yield was detected. It is worth to mention 

that the synthesis of all aromatic products could be explained by the 

generation of benzyne by the thermal decomposition of phthalic anhydride. 
 

A	 B	
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Figure 98. Microwave-induced generation of benzyne using graphite as 

matrix. Adapted from Yeon et al.132 

We considered the use of MW irradiation as a great value to perform a 

novel non-conventional covalent modification of graphene. In particular, we 

were focused on the advantage of a simple and fast MW-induced 

functionalization of graphene under solvent-free conditions. The graphene 

material was employed as a MW matrix and, at the same time, as reagent in 

the underexplored reactions of arynes.205,95 In particular, we generated 

different arynes by thermal decomposition of the corresponding arylene 

anhydrides at high temperatures.217  

 

2.5.1 Benzyne generation by thermal decomposition of phthalic anhydride at high 
temperatures 
 

Initially, we have studied the reaction conditions for the generation of 

benzyne (5) by the thermal decomposition of phthalic anhydride (11) in a 

solvent-free process. 11 decomposes loosing CO2 and CO in pyrolytic 

processes to yield benzyne (5).218 To reach elevated temperatures, we 

decided to irradiate graphite in the reaction media with MW, considering 

similar reaction conditions reported by Yeon et al.132 as starting point. In 

order to confirm the generation of benzyne (5), its “capture” was carried out 

by adding anthracene (12), as thermally stable diene into the solid mixture, 

because can yield the easily characterized aromatic compound triptycene 

(12), derived from a [4+2] cycloaddition.219 The benzyne precursor 5, 



Results and discussions 

	 89	

anthracene (12) and graphite as MW matrix, were thoroughly mixed by 

using a mortar. Then, the homogeneous mixture was rapidly heated up by 

MW irradiation (Figure 99). The NMR analysis of the reaction mixture led to 

the detection of 13 as the major product and with the presence of 11 and 12, 

(Figure 99). Probably, the aromatic compound 13 is derived from a [4+2] 

cycloaddition of benzyne (5) with anthracene (12) as diene. This result 

successfully proves the generation of benzyne (5) from phthalic anhydride 

(11) by thermal decomposition under the described conditions.  
 

 

 

 

Figure 99. (A) Synthesis of triptycene by MW irradiation under solvent-free 

conditions with graphene as MW absorbing matrix. (B) 1HNMR spectrum 

(300 MHz, CDCl3) of organic layer of the reaction mixture, mainly 

composed by anthracene (12), phthalic anhydride (11) and triptycene (13). 

This result allows us to perform a controllable method for the 

functionalization of graphene with arynes. Then, we decided to use the 

described reaction conditions to functionalize FLG. 

 

2.5.2 Preparation of pristine graphene 
 
The pristine graphene material used in this section was obtained through 

exfoliation of graphite following a Coleman’s procedure (similar approach 

as section 2.2). Powder graphite was added to NMP and ultrasonicated 

11 12 13 

5 

A	

B	

d/ppm 
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using a sonic tip for 4 h.220 Then, the resulted expanded graphite was 

filtered and resonicated in a smaller volume of NMP in a conventional 

ultrasonic bath for 1 h. The stable dispersion was filtered, resulting in a 

powder graphene derivative (Figure 100) 

 

 

 

 

Figure 100. Coleman’s method for the preparation of FLG. 

Raman spectroscopy showed that the exfoliated carbon material is quite 

different from bulk graphite (Figure 100). In addition, the deconvolution of 

its 2D band was decomposed into four Lorentzian-shaped peaks (Figure 

101). So, we can conclude that the produced graphene consisted of few 

layers.21,221 

 

 

 

Figure 101. (A) Raman spectra of graphite (black) and FLG (red). (B) Raman 

deconvolution of 2D band for FLG. 

2.5.3 First method  
 
We decided to investigate a controllable chemical functionalization of 

GBMs with benzyne, generated by the thermal decomposition of the 

commercially available phthalic anhydride (5).222  

 

Expanded	graphite	Graphite	 Graphene	



Results and discussions 

	 91	

The number of publications in the area of MW, growth in the last years,223 

because conventional heating has as disadvantage: a non-homogeneous 

warmth. However, microwave irradiation can simultaneously increase the 

temperature of the whole Vessel. (Figure 102).  

 

                

 

Figure 102. (A) Temperature profiles of MW and conventional heating. 

Adapted from Kappe et al.224 (right) Image of the quartz Vessel during the 

reaction process for the functionalization of FLG. 

The reaction was performed with the phthalic anhydride (11) and exfoliated 

FLG thoroughly mixed by using a mortar. Then, the homogeneous mixture 

was rapidly heated up under MW irradiation and solvent-free conditions. 

The parameters that we can control to run the experiment are varied: 

temperature, power, holding time and cooling, the use of cycles, 

pretreatment of the sample, pressure and number of equivalents. After 

some attempts we decided to use a method summarized in Figure 103: The 

temperature was fixed at 250 ºC for one minute with a maximum power of 

200 W that could be variable for the stability of the temperature. The 

procedure was repeated three times with a vigorous outsider cooling of the 

Vessel with air.  

 

 

A	 B	
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Figure 103. Variation of MW irradiation power (blue), temperature (black) 

and pressure in the Vessel against the reaction time. 

Raman spectroscopy showed an increment of the intensity ratio between D 

and G bands for the functionalized graphene f-G(27) (ID/IG = 0.57) respect to 

the pristine material. This increment is related to the generation of sp3 

carbon atoms replacing the sp2 carbon atoms in the covalent modification. 

Although variation of ID/IG is a semiquantitative parameter, this high 

enhancement of the D band can be interpolated as a high modification of 

the aromatic structure of graphene. The characterization by TGA also 

confirmed a weight loss of 5% until 500 ºC. Probably, this weight loss is due 

to the phenylene groups attached onto the graphene surface. It is worth to 

mention that the sample was previously washed, conscientiously, with 

several solvents of different nature to avoid any impurity that could alter 

the weight loss in TGA	(Figure 104) The corresponding FD for f-G(27) was 

658 µmol of phenylene group per g of graphene material. 
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Figure 104. Reaction of the first method with the corresponding Raman (A) 

and TGA profiles (B). 

Our next step was the control of the functionalization degree, because in the 

obtained Raman spectrum, we observed a high functionalization. A large 

number of defects of graphene can alter their properties.225 For that reason, 

we performed a new approach using a lower irradiation power in the 

functionalization method, at 200 ºC as maximum temperature and one 

cycle. However, the result was a too low surface modification 

corresponding to a D(ID/IG) of 0.04 (Figure 105).  

 

 

Figure 105. Raman spectra of the low modification of graphene with 11. 
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2.5.3.1 Number of cycles and equivalents  

 

The reduction of temperature and power produced small variations in our 

functionalization method. Then, we decided to investigate the number of 

applied cycles and the equivalents of benzyne precursor as key points for a 

controllable functionalization. 

 

Several experiments were attempted with phthalic anhydride (11) and FLG. 

On one hand, a deep study of the influence of the cycles in the 

functionalization was carried out. The TGA profiles of the functionalized 

graphene samples at different cycles showed FDs of 184, 276, 276 µmol/g for 

1, 2 and 3 cycles, respectively, which are in line with the applied cycles. 

However, the Raman spectroscopy showed ID/IG ratios that are not related 

to the applied cycles. 

 

  

 

Figure 106. Raman spectra and TGA profiles depending on the applied 

number of cycles in the functionalization method of FLG. 

On the other hand, a complete study of the number of equivalents for the 

optimization of the method was also done, from low equivalents of aryne 

precursors (1 equivalent of the benzyne precursor 11 with respect to 1 

atomic equivalent of C atoms) to high quantities (3 equivalents of the 

benzyne precursor 11, Figure 107) The analysis of the Raman spectroscopy 

data showed that 1 and 3 equivalents are in good balance for the graphene 

functionalization, regarding the ID/IG ratio. 
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Figure 107. ID/IG Raman intensity of f-Gs depending on the number of 

cycles.	

In conclusion, this methodology is useful for a high functionalization but 

not for a controllable route for the chemical modification of graphene.  

 

2.5.4 Second method 
 
After considering the above-mentioned parameters, we were not able to 

achieve our objective yet: the total control of a fast-covalent 

functionalization under MW irradiation and solvent-free condition. Then, 

our efforts were focussed on the total control of the MW irradiation power, 

creating a second method functionalization. This new method is defined by 

the application in each cycle of 200 W of MW power until reaching 250 ºC, 

in about 5 seconds (Figure 108), in each cycle. The following cycle started 

after a vigorous external cooling of the Vessel until reaching 175 ºC. 
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Figure 108. Temperature (blue line) and power evolution of microwave 

irradiation (black line) against the time. 

A new confirmation of the capture of generated benzyne was carried out 

under these new reaction conditions, by adding anthracene (12) as diene. In 

this case, graphene was employed as MW absorbing matrix (in detail in the 

experimental part of the chapter 3, section 3.7). The NMR analysis of the 

reaction mixture led to the detection of 13 as the major product in 

approximately 33% corrected conversion, and 60 and 27% of recovered 11 

and 12, respectively. The detection of triptycene (13) as major product again 

verifies the generation of benzyne by thermal decomposition of 11 and the 

validation of the method. (Figure 109) 

 

 



Results and discussions 

	 97	

 

 

Figure 109. 1HNMR spectrum (300 MHz, CDCl3) of organic layer of the 

reaction. 

2.5.4.1 Number of cycles 
 
With this methodology, each cycle at 200 W is set to 5 seconds with an 

intermediate cooling between them. Again, a study at different cycles 

(1,3,5,10 and 40) was performed to elucidate the controllable 

functionalization.  

	

 

 

Figure 110. Raman spectroscopy (A) and TGA profiles (B) of f-G(29) with 

different number of applied cycles. 

A	 B	
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The combination between the FD by TGA and ID/IG by Raman spectroscopy 

summarized in the Figure 111 clearly confirms the chemical modification of 

graphene with benzyne (5).  

 

Figure 111. ID/IG ratio (red) and FD (blue) for f-Graphene with 11 at different 

cycles. 

TGA results showed significant variations in the FD depending on the 

number of cycles, while a slight increment in the ID/IG ratio by Raman was 

observed. Both experimental results were in line until 5 cycles, where the 

corresponding functionalized graphene presented a FD of 122 µmol/g with 

a ID/IG ratio of 0.29, in addition of a slight increment of its D’ band (Figure 

112).  
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Figure 112. Raman spectra of graphite (black), p-G (red) and f-G (blue). 

However, after 5 cycles, the FD by TGA decreased while the defects are still 

mildly increasing by Raman. It is worth mentioning that this chemical 

process was performed at high temperatures. Probably, the small 

introduced functional groups are being decomposing92,93 or retro-

cycloaddition of benzyne99,100,90 is occurring under these reaction conditions. 

In fact, theoretical studies support this possibility as they have reported 

energy barriers of 1.9 eV for the retro-cycloaddition reaction of the 

corresponding adduct of benzyne with graphene, which can be overcome at 

moderated high temperatures.100  

 

 

Figure 113. Theoretical representation of the energies barriers for the 

functionalization of graphene with a single C6H4. Adapted from Zhao et al.100 



Results and discussions 

	100	

Accordingly, functionalized graphene materials with more than 5 cycles 

showed smaller FD with a high ID/IG ratio. In addition, defects can be 

introduced in the graphene lattice after large number of cycles, 

independently of the organic functionalization with benzyne. This last 

assessment is supported by TGA profiles of functionalized graphene with 

benzyne, where a thermal decomposition is observed after around 200 ºC 

(Figure 110). Therefore, the 5 cycles modification was established as 

standard method because it generates an adequate functionalization degree 

with a concordant ID/IG ratio. However, less functionalization can be done 

applying from 1 to 5 cycles.  

 

In conclusion, the TGA and Raman spectroscopy data confirmed the 

modulable functionalization with a strict control of the MW irradiation 

power in the reaction, for cycles between 1 and 5, being capable to obtain 

from low functionalized FLG (1 cycle) to a high functionalized graphene 

(more than 5 cycles). 

 
2.5.5 Functionalization of more complex arynes 
 
The described graphene functionalization was performed with structurally 

more complex arynes (Figure 114) via thermal decomposition of the 

corresponding anhydrides 11,13-18 by established conditions described in 

Figure 114. via thermal decomposition of the corresponding arylene 

anhydrides 11, 13-18 by the established conditions described in section 2.5.4. 

In particular, phenylene groups with heteroatoms such as a fluoride-

substituted phenylene (f-G(30)) and aromatic moieties with a large number 

of fused-benzene rings (f-G(31-34)) have been covalently linked to the 

graphene structure. In the latter case, aromatic groups were introduced 

with the same number of benzene rings but with different topologies (f-
G(32-33)). The new modified graphene derivatives were characterized by 

Raman spectroscopy, TGA, TEM, as well as XPS techniques. 
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Figure 114. Functionalization of exfoliated FLG with arynes by thermal 

decomposition from the aryl anhydrides 11,14-18 to obtain the f-G(29-34), 

under MW irradiation and solvent-free conditions using the second 

methodology. 

The TGA and Raman spectroscopy data are significant and in line with the 

obtained previous results. Remarkably, f-G(29) and f-G(32) showed the 

highest FDs. 

 
 
 
 
 
 
 
 
 
 
 
 
 

16 

f-G(34) f-G(30) f-G(29) f-G(31) f-G(32) f-G(33) 

11 14 15 17 18 
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Table 7. Average ID/IG ratio, functionalization degree by TGA and 

production yield for modified graphene derivatives.	 [a] (mg f-G/mg 

FLG)•100; [b] (mg f-G/mg Graphite)•100 

Aryne 
precursor 

f-G DID/IG 
FD 

(µmol/g) 
Functionalization 

Yield (%)a 
Production 
Yield (%)b 

11 29 0.16 699 114 3 

14 30 0.18 380 178 5 

15 31 0.14 366 190 5 

16 32  0.17 751 100 3 

17 33 0.52 239 134 4 

18 34 0.26 301 188 5 

 

In addition, XPS analysis was used to provide evidences of the 

functionalization of graphene derivatives by identifying and quantifying 

the functional groups anchored to the surface. The atomic percentage, 

binding energies and peak assignments for different cores are summarized 

in Table 8 and Table 9, respectively. In particular, fluorine atoms from the 

aryne precursor 14 (Figure 114) were used as diagnostic signal for the 

functionalization of FLG.  
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Table 8.	 Core level of graphene derivatives determined from the XPS 

survey spectra. 

Graphene	
material	 Core	 BE	(eV)	 Atomic	%	

p-Graphene	 C1s	 284.71	 98.1	
O1s	 532.56	 1.9	

cs-Graphene	
C1s	 284.37	 93.8	
O1s	 531.46	 6.2	

f-G(29)	
C1s	 284.39	 87.4	
O1s	 531.80	 12.6	

f-G(30)	
C1s	 284.31	 79.7	
O1s	 532.76	 2.8	
F1s	 687.01	 17.5	

f-G(31)	
C1s	 531.92	 73.5	
O1s	 284.37	 26.5	

f-G(32)	
C1s	 531.80	 67.8	
O1s	 284.40	 32.2	

f-G(33)	
C1s	 531.56	 80.3	
O1s	 284.31	 19.7	

f-G(34)	
C1s	 531.54	 89.0	
O1s	 284.59	 10.0	

 

The f-G(30) has shown a 17% of F atoms due to the introduced tetrafluoro-

phenylene moieties. The presence of oxygen in the modified graphene 

derivative is probably due to oxygenated groups, generated during the 

exfoliation and the irradiation process (see the composition of FLG and cs-G 

in Table 9, respectively). The deconvolution of C1s and F1s core levels of f-
G(30) (Figure 115), showed a peak to 286.11 and 687.15 eV, respectively, 

corresponding to C-F bond.226 The presence of fluorine and the energy of 

these peaks suggests the presence of tetrafluorophenylene moieties in the 

graphene structure, confirming the chemical modification.  

 



Results and discussions 

	104	

	  

 

Figure 115. XPS survey spectra (A) C1s (B) and F1s core level(C) for f-G(30).  
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The morphology of functionalized graphene materials was studied by 

transmission electron microscopy (TEM). All graphene derivatives kept a 

similar structure and dimensions to the pristine material after the described 

treatment at high temperatures. Besides, it was not possible to observe 

organic layers on the graphene surface from these images, thus supporting 

our previous claim about the molecular functionalization. (Figure 116) 

 

			

			 	
	

Figure 116.	TEM images of p-Graphene (A), f-G(29) (B), cs-Graphene (C) and 

f-G(30) (D). 

Emission and absorption spectra were measured; however, the spectra were 

of very low quality, without the observation of the typical bands of the 

corresponding aromatic units, but only a broad absorption barely visible 

A	 B	

C	 D	
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above the noise. This result is probably due to a possible quenching effect 

by graphene.227 

 

 

Figure 117. Excitation and emission spectra of f-G(34) in EtOH. 

 
2.5.6 Properties 
 
The functionalization of graphene is expected to improve the dispersibility 

of graphene material in organic solvents, because the introduced functional 

groups can avoid re-aggregation and subsequent precipitation.36,116,95 In 

order to explore the dispersion stability of functionalized FLG materials, 

different solvents were tested. The f-Gs exhibited significantly improved 

solubility in EtOH and DMF, after a previous sonication for 5 min. In 

particular, the f-Gs showed an improved dispersibility in EtOH (Figure 

118). Particularly, the f-G(29) showed a high stability in EtOH dispersion 

after 15 days due to the introduced polar functional groups such as 

tetraphenyl moieties. 
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Figure 118.	(A)	Suspensions of p-Graphene and f-G(29-31) in EtOH (0.2 

mg/mL) after 1 day. (B) Suspensions of p-Graphene, f-G(29) and f-G(30) 

(from the left to the right) in EtOH (0.2 mg/mL) after 15 days. 

2.5.7 Transfer to Carbon Nanotubes 
 
After the successful development of a fast, efficiently and mild modification 

procedure for graphene with easily accessible aryne precursors, we consider 

transferring the described functionalization to other carbon materials as 

carbon nanotubes as a tool of great value. Double-walled carbon nanotubes 

(DWCNTs) have two concentric carbon nanotubes having higher 

mechanical strength and better thermal and chemical stability than 

SWCNTs. In addition, the double-walled structure allows to selectively 

functionalized the outer wall maintaining an intact inner-tube.228 

 

The covalent functionalization of DWCNTswith arynes was performed 

using the first method (Figure 119) with the final purpose of obtaining a 

maximum degree of functionalization as graphene. 

 

 

 

 

 



Results and discussions 

	 109	

 
 
Figure 119. DWCNTs functionalization with under first method conditions. 

The f-DWCNTs was done with different equivalents to check reactivity 

from 0.1 atomic equivalents to 3 equivalents. As we expected, the Raman 

spectroscopy data showed a higher reactivity for DWCNTs than FLG with 

small amount of benzyne precursor, in terms of DID/IG. Probably, it is 

because of the higher deformation and curvature of CNTs than the planar 

graphene structure.204,229  

 

 
Figure 120. (A) Raman spectroscopy of DWCNTs with different number of 

equivalents. (B) ID/IG Raman average of the described Raman spectra. 

As graphene modifications, heteroatoms were introduced on the DWCNT 

by the covalent attachment of the corresponding aryne, generated from the 

aryne precursor 14. The functionalization was confirmed through Raman 

spectroscopy with DID/IG of 0.28. In addition, the modification was also 

confirmed by the detection of fluorine atoms in the atomic composition of f-
DWCNT(36) by XPS analysis. 
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Figure 121. (A)Scheme of the reaction of f-DWCNTs with the introduction 

of fluorine atoms in the carbon material. (B) Characterization by Raman 

spectroscopy. 

The XPS analysis of f-DWCNT(36) showed an increment of 11% of fluorine 

atoms of atomic composition on the surface of the material, confirming the 

chemical modification (Table 10). 

 
Table 10. Atomic ratios of DWCNTs derivatives determined from the XPS 

survey spectra. 

DWCNTs Core BE (eV) Atomic % 

35 
C1s 285.01 96.5 

O1s 532.96 3.5 

36 

C1s 285.33 85.5 

O1s 533.18 3.9 

F1s 688.28 10.6 
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The functionalized DWCNTs were also characterized by TEM was 

performed (Figure 122). Considerable changes were not observed in the 

morphology of the CNTs.  

 

As it happened with FLG, the described functionalization led to a higher 

dispersibility of f-DWCNTs in EtOH at 1mg/mL concentration, in 

comparison to the pristine material. 

 

     
 

Figure 122. TEM images of p-DWCNTs (A) and f-DWCNT(35) (B). 

In summary, we were able to transfer our methodology to other carbon 

material as DWCNTs, to confirm the multivalent application of this novel 

covalent modification. However, this procedure was also attempted on 

fullerene C60 without the desired formation of the cycloaddition. Possibly, 

for the development of this methodology is necessary another matrix with 

better MW absorption capacity. 

 

2.5.8 Aromatic anhydride ball milling exfoliation and microwave functionalization 
of graphene. 
 
It has been demonstrated that the use of mechanical force can modify and 

produce by exfoliation carbon nanostructures, especially with molecular 

adsorption on the graphene surface for the compensation of Van der Waals 

forces.230,231 Taking advantage of the aromatic structure of arylene 

anhydrides, we decided to use these aryne precursors as exfoliating agents 

in presence of mechanical force using ball milling exfoliation method. This 

approach offers a new alternative for the production of better quality 

graphene and direct functionalization avoiding time and reagents 

compared to the above-mentioned method in the previous sections. In 

particular, the NMP exfoliation of graphite would be avoided and a more 

A	 B	
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homogeneus mixture with a better interaction between the carbon material 

and the corresponding reagent would be performed. In addition, arylene 

anhydrides would play two roles: as exfoliating agent and reagent. 

 

The production of graphene layers using aromatic compounds as 

exfoliation agent is a well-known approach in the literature.232–234 For that 

reason, in collaboration with the group of Dr. Ester Vázquez from the 

University of Castilla-La Mancha, powder graphite and phthalic anhydride 

(11) were ball-milled at 100 rpm during 30 minutes using air atmosphere as 

shown in Figure 123. 

 

 

 

Figure 123. Scheme of graphite exfoliation with 11 through ball milling. 

The resulting mixture was washed and filtered with several solvents in 

order to obtain the powder exfoliated graphite for characterization 

purposes. Besides, the procedure was repeated without the presence of 

phthalic anhydride in order to know the influence of the aromatic 

compound as control sample (cs). Raman spectroscopy (Figure 124) showed 

characteristic features. The presence of the aromatic moieties had a direct 

influence on the 2D shape of the exfoliated material which consists on few 

layers graphene; in addition, the number of defects originated in presence 

of the 11 notably increased, probably, because of the increment of edge 

defects respect to the basal plane.  
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Figure 124. Raman spectra of exfoliated graphite in presence of 11 (blue), 

control sample without 11 (red) and raw graphite (black). 

However, the activation or initiation of a chemical reaction can be done 

through all kinds of energies from effective sources like light emission, 

thermal heating or microwave irradiation to less effective but possible like 

mechanical energy.235 Thus, in order to detect if the increase in the D band 

observed during the ball milling process was not due to the reaction of 

benzyne from 11, we decided to perform an attempt (Figure 125) to check if 

we can generate benzyne in presence of anthracene (12).  

 

	  

 

Figure 125. Scheme of the attempt of [4+2] cycloaddition through ball 

milling exfoliation. 

The resulting sample after ball milling process was filtered collecting the 

residues, but 13 derived from a [4+2] cycloaddition between benzyne and 

12, was not detected in the organic layer by 1HNMR and MS (EI). Therefore, 

we can suppose that the generation of benzyne from 11 was not possible 

under the described mechanical process. Thus, the increment of D band in 

Raman spectra was produced by the exfoliation process.  

 

In the next steps, the functionalization of the exfoliated graphene was 

carried out. Our purpose, shown in the Figure 126, was to perform a more 

effective exfoliation and functionalization. In addition, in order to see the 
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influence of the aromatic rings during the ball milling process, we 

employed the arylene anhydrides 11, 15 and 16.  

 

 

 

 

Figure 126. Schematic representation of ball milling exfoliation and 

subsequent MW functionalization expected with arylene anhydrides 11, 14-
16. 

Powder graphite was mixed with the arylene anhydrides 11, 15 and 16. 

After ball milling and a subsequent thoroughly	 wash with different 

solvents, Raman spectroscopy was performed to the resulting materials. The 

2D band of exfoliated graphene materials showed a characteristic feature of 

few-layer graphene with non significant differences between samples. 

Therefore, we can consider 11, 15 and 16 as potential good exfoliating 

agents. In addition to the graphene bands, for the samples treated with 16 

and 15 other signals can be observed, which are from the corresponding 

arylene anhydrides. This result suggests a better absorption of 15 and 16 on 

the graphene surface, in comparison with 11, because of the larger number 

of fused benzene rings. 

 

16 

f-G(X) f-G(X) f-G(X) f-G(X) 

11 14 15 



Results and discussions 

	 115	

 

 

Figure 127. Raman spectra of powder mixture of arylene anhydrides 11, 15-

16 with graphite after ball milling exfoliation. 

After ball milling, the powder mixture was collected and transfer onto a 

Quartz vessel to perform a MW reaction with the methodology developed 

on section 2.5.4. The results of this reaction were summarized in Table 11. 

 

Table 11. Average ID/IG ratio and functionalization degree by TGA [a] DID/IG 

between exfoliated graphite and f-G. 

 

Aryne 
precursor 

f-G DID/IG[a] 
FD 

(µmol/g) 

11 37 0.21 380 

14 38 0.66 480 

15 39 0.30 451 

16 40  0.13 638 

 

The increase of D band was clearly observed for all samples. Related to the 

FD, it is in accordance with the Raman data for f-G(37), f-G(38) and f-G(39). 

However, f-G(40) showed a lower increment of D band intensity with a 

considerable FD of 638 µmol/g. This incoherent result can be explained 

considering the large number of benzene rings of 16 that can led to a strong 

adsorption on graphene. This non-covalent interaction could hinder an 

optimal removal after MW treatment. Nevertheless, the functionalization 

step was convenient for the aryne precursors 11, 14 and 15. 
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As summary, we developed initial studies for a rapid method that allows 

exfoliation and functionalization of graphene sheets with the aryne 

precursors 11, 14 and 15. In addition, the employment of the arylene 

anhydrides 11, 14, 15 and 16 as potential exfoliating agents in ball milling 

processes was obtained. 

 

These results open a new alternative for a rapid, cheap and efficient 

approach with the possibility to produce large quantities of material in a 

short period of time, where arylene anhydrides were used as exfoliated 

agents and reagents; but further studies are needed.  
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2.6 Conclusions 
 
In conclusion, during this PhD, we were able to perform the covalent 

modification of graphene derivatives via a well-known electrochemical 

approach, we have successfully developed a protocol for the modification of 

already functionalized graphene electrodes for the unspecific detection of 

oligonucleotides and the modification of CVDG electrodes with protected 

amines. On the other hand, we have also investigated the underexplored 

covalent functionalization of graphene-based materials with arynes, in 

different graphene derivatives, such as FLG, rGO and CVDG, and reaction 

conditions.  

 

In order to find a solution to the problems of the conventional modifications 

of graphene, we have developed novel, fast, scalable and simple entries to a 

covalently modified graphene. These new approaches show further 

advantages than classical functionalization reactions, since allows avoiding 

unstable graphene suspensions at low concentrations. In fact, the described 

solvent-free conditions pave the way for green protocols and large-scale 

functionalization processes of graphene derivatives. Besides, to the best of 

our knowledge, it is the first chemical modification where GBMs behave 

like unique MW absorbing matrix and reagent at the same time in covalent 

modification. With the advantage of the two methods a successful transfer 

to other carbon nanomaterial as DWCNTs was performed. 

 

In addition, this approach allows the synthesis of modified graphene 

derivatives with good suspension stability, which makes them processable 

materials; for instance, as good candidates for devices made by deposition 

coating processes. 

 

 

 

 



	

  



 

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. EXPERIMENTAL 
PART



	

3.1 Experimental details 
 
Materials and techniques 
 
All the chemicals and solvents were purchased from different commercial 

companies and they were used as received without further purification. 

 

All reactions were carried out under Argon using oven-dried glassware. 

TLC was performed on Merck silica gel 60 F254; chromatograms were 

visualized with UV light (254 and 360 nm). Flash column chromatography 

was performed on Merck silica gel 60 (ASTM 230-400 mesh). 

 

Graphite as purchased from Bay Carbon, Inc. (SP-1 graphite powder), 

(Michiga, United States). DWCNTs were purchased from Nanocyl SA 

(Sambreville, Belgium). CVD Graphene was received from Graphenea S.A. 

(Donostia, Spain) 

 

NMR 
 
1H and 13C NMR spectra were recorded at 300 and 75 MHz or 400 and 101 

MHz (Varian Mercury 300 or Varian Inova-400 instruments), respectively.  

 

Raman spectroscopy 
 
Raman spectra were recorded with an Invia Renishaw microspectrometer 

(50) equipped with He−Ne laser at 532 nm and 633 nm. For graphene 

samples, the powders were dispersed in EtOH, drop-cast onto a silicon 

wafer and the solvent evaporated; at least 20 spectra per sample were 

recorded on different areas of the sample to assess the uniformity of the 

materials. DWCNTs were crashed onto a glass cover without further 

preparation and measured at least 20 spectra.  

 
TGA 
 
Thermogravimetry analyses (TGA) measurements were run on a TA 

Instruments Discovery system under N2 purge using 0.5-1.5 mg of sample, 

Experiment consist on a equilibration at 100 ºC for 20 min and a ramp with 

a heating rate of 10 °C·min-1 up to 800. 
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XPS 
 
XPS data was performed in a SPECS Sage HR 100 spectrometer with a non-

monochromatic X ray source of Magnesium with a Kα line of 1253.6 eV 

energy and 250 W. The samples were placed perpendicular to the analyser 

axis and calibrated using the 3d5/2 line of Ag with a full width at half 

maximum (FWHM) of 1.1 eV. An electron flood gun was used to 

compensate for charging during XPS data acquisition. The selected 

resolution was 30 and 15 eV of Pass Energy and 0.5 and 0.15 eV/step for the 

survey and high-resolution spectra, respectively. Measurements were made 

in an ultra-high vacuum (UHV) chamber at a pressure below 8·10-8 mbar. 

Fitting of the XPS data were done using CasaXPS 2.3.16 PR 1.6 software. For 

this data, the Shirley-type background subtraction was used, and all curves 

were defined as 30% Lorentzian, 70% Gaussian. Atomic ratios were 

computed from experimental intensity ratios and normalized by atomic 

sensitivity factors. 

 

TEM 
 
A concentrated dispersion of the sample was drop-cast on a copper grid 

(200 mesh, copper, carbon only and lacey carbon 200 mesh, copper, carbon 

only), after evaporation of the solvent under vacuum, the samples were 

analysed with a Philips EM 208 microscope operating at 100 kV.  

 

Microwave assisted reactions 
 
Microwave-assisted reactions were carried out in CEM Discover reactor, 

with infrared pyrometer, pressure-controlled system, stirring and air cooler 

option. Functionalization of Graphene and DWCNTs was done in a Quartz 

vessel of 10 mL to avoid breaks in the tube.   

 

Electrochemical measurements 
 
All electrochemical measurements were performed on a Autolab 302 N 

electrochemical workstation (Metrohm, The Netherlands) at room 

temperature, using a conventional three-electrode system composed by a 

modified glassy carbon electrode (GCE; CH Instrument, CH 104) as a 

working electrode, a platinum wire as an auxiliary electrode and a Ag/AgCl 

(CH Instrument, CH 111) as a reference electrode. Previously, the buffer 

solution was purged with high purity Nitrogen, all the experiments were 

performed under inert atmosphere. All presented results are averaged upon 
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five independent measurements. 

 

SEM 
 
SEM measurements were carried out with a SEM-LEICA STEREOSCAN 

430i microscope. Images were acquired collecting secondary electrons.  

 

AFM 
 

AFM images were obtained with a Nanoscope IIIa, VEECO Instruments. As 

a general procedure to perform AFM analyses, tapping mode with a 

HQ:NSC19/ALBS probe (80 kHz; 0.6 N/m) (MikroMasch). The obtained 

AFM-images were analyzed in Gwyddion 2.41. 
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3.2 General methods 
 
3.2.1 General method for the preparation of FLG 
 

3.2.1.1 Method 1 

 

 

Graphite (25 mg) was added to the corresponding solvent (200 mL) in a 

round-bottom flask. The, the suspension was sonicated for 30 minutes at the 

sonicator bath. The resulted mixture of expanded graphite and FLG was 

decanted after 16 hours. To know the concentration, an aliquot (10 mL) was 

filtered and washed with CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), MeOH (3 x 

20 mL), AcOEt (3 x 20 mL) and few drops of Et2O. Concentrations were 

about than 0.01 mg/mL. 

 

The corresponding dispersions were directly used for chemical reactions 

with a previous 1-minute sonication in order to refresh the mixture. 

 

3.2.1.2  Method 2 

 

	
 

Powder graphite (4g) was mixed in a solution (40 mL) of NMP and 

ultrasonicated in a sonic tip for 4 h (1 second of relaxing time; 23% of 

power), the resulted expanded graphite was washed with 2-propanol and 

filtered. The powder was dispersed (800 mL) in NMP and resonicated in a 

conventional ultrasonic bath for 1 h, the stable dispersion was decanted, 

filtered and washed several times with methanol given black powder 

considered as few layer graphene. 
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3.2.2 General electrochemical procedure 
 
Glassy carbon electrode was polished with sand paper and then with (1.0 

µm and 0.3 µm) alumina powder. After rinsing thoroughly with deionized 

water, it was sonicated in deionized water to remove any alumina residues, 

and was then cycled 3 times in 0.10 M phosphate buffer solution (PBS) 

between 0.9 and −0.3 V at 0.10 V s−1 to perform the electrochemical 

polishing.  

 

The surface state reproducibility was controlled for each electrode 

measuring one cyclic voltammogram in 1 mM potassium ferricyanide. 

Electrodes present a difference between redox peak potentials higher than 

0.08 V were discarded.  

 

3.2.2.1 Modification of GCE with GO 

 
GCE was modified dropping 10 µL of a dispersion of GO (0.25 mg/mL). 

Optionally 0.05% of Nafion® in the solution was added. The sample was 

dried at room temperature for 2 hours. Electrochemical reduction was 

performed in buffer solution (PBS, pH 7.40), previously purged with high 

purity Nitrogen. Then, the electrode was immersed into an electrochemical 

cell containing. The electrochemical experiment performed was cyclic 

voltammetry. It was conducted at a scan rate of 50 mV/s between 0 to -1.5V, 

observing a reduction peak at -1.04 V. 

 

3.2.2.2 Modification of GCE with rGO  

 

GCE was modified dropping 10 µL of a dispersion of rGO (1mg/mL).  

 

 

 

CBD electroreduction was performed under the presence of CBD 5 mM and 

HCl 0.1 M, through cyclic voltammetry, conducted at a scan rate of 20 mV/s 

between 0.8 to -0.6V. The activation solution (0.2 M EDC and 50 mM NHS 

in PBS buffer) was then cast on the surface (30 µL) to activate the carboxyl 

group for 30 minutes under humidity atmosphere. After rinsing with 

deionized water, 5-Guanine oligonucleotide (100 µM- 10 µM), previously 
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treated 5 minutes at 90 ºC and 10 minutes at 0 ºC, was dropped (30 µL) to 

the modified the electrode for 30 and 60 minutes and washed with 

deionized water. The electrochemical measurements were performed in 

phosphate buffer 0.05M (pH 7.4) and NaCl 0.2M.  
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3.2.3 General method for functionalization of CVDG 
 
1 cm2 CVDG was submerged onto solution reaction with conditions 

described in different sections of part 2 avoiding light presence and under 

inert atmosphere. After reaction, CVDG was washed several times in THF 

(5 x 20 mL), CH2Cl2 (5 x 20 mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt 

(5 x 20 mL) and dried with N2. 
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3.2.4 General method for conventional functionalization of FLG with arynes 
 

 

 

Pristine graphene was prepared following the procedure mentioned above. 

The dispersion of graphene (1.0 atomic equiv, assuming the sample to be of 

pure carbon) was mixed aryne precursor (4.0 equiv), cesium fluoride (12 

equiv) and 18-crown-6 (3.6 equiv). The mixture was heat overnight at 80 ºC. 

Then, several washes and filtrations in a Millipore system of the resulting f-
G were performed with: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), MeOH (3 x 20 

mL), AcOEt (3 x 20 mL) and few drops of Et2O. 
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3.2.5 General method for conventional functionalization of rGO with 
difluorophenylene arynes 
 

 
 
rGO (10mg) was dispersed in solvent (20 mL). The dispersion of rGO (1.0 

atomic equiv, assuming the sample to be of pure carbon) was mixed with 7 

(4.0 equiv), cesium fluoride (12 equiv) and 18-crown-6 (3.6 equiv). The 

mixture was heat overnight at 75 ºC. Then, several washes and filtrations in 

a Millipore system of the resulting f-rGO were performed with: CH2Cl2 (3 x 

20 mL), H2O (3 x 20 mL), MeOH (3 x 20 mL), AcOEt (3 x 20 mL) and few 

drops of Et2O.   

7 
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3.2.6 General method for functionalization of FLG with arynes: Method 1 
	

	
	
FLG (1.0 atomic equiv, assuming the sample to be of pure carbon) phthalic 

anhydride (11, 3.0 equiv) were added to a mortar. The grind of the sample 

was done until observe a homogeneous mixture. The powder was transfer 

onto a quartz Vessel. The reaction was performed with a fixed temperature 

(250 ºC W) with a maximum power of 200W regulated by the microwave, 

after one minute the vessel was cooled to 50 ºC and repeat it 3 cycles. Then, 

several washes and filtrations in a Millipore system of the resulting f-G were 

performed with: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), MeOH (3 x 20 mL), 

AcOEt (3 x 20 mL) and few drops of Et2O. 

  

11 

5 
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3.2.7 General method for functionalization of FLG with arynes: Method 2 
	

 

 

The reactions were carried out under N2, functionalized graphene (f-G) 

were prepared following the next procedure. FLG (1.0 atomic equiv, 

assuming the sample to be of pure carbon) phthalic anhydride (11, 3.0 

equiv) were added to a mortar. The grind of the sample was done until 

observe a homogeneous mixture. The powder was transfer onto a quartz 

Vessel. Then, 5 cycles of MW irradiation were applied. In each cycle, the 

reaction was performed with a fixed power of 200 W until a rise of the 

temperature of 250 ºC in about 5 seconds. The reaction mixture was cooling 

down by applying outsider cooling, until the temperature decreased to 175 

ºC. Then, several washes and filtrations in a Millipore system of the 

resulting f-G were performed with: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), 

MeOH (3 x 20 mL), AcOEt (3 x 20 mL) and few drops of Et2O. 
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3.2.8 General method for functionalization of DWCNTs with arynes: Method 1 
	

	
 

The reactions were carried out under N2. DWCNT (1.0 atomic equiv, 

assuming the sample to be of pure carbon) and phthalic anhydride (3.0 

equiv) were added to a mortar. The grind of the sample was done until 

observe a homogeneous mixture. The powder was transfer onto a quartz 

Vessel. The reaction was performed with a fixed temperature (250 ºC W) 

with a maximum power of 200W regulated by the microwave, after one 

minute the vessel was cooled to 50 ºC and repeat it 3 cycles. Then, several 

washes and filtrations in a Millipore system of the resulting f-DWCNT were 

performed with: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), MeOH (3 x 20 mL), 

AcOEt (3 x 20 mL) and few drops of Et2O.  
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3.2.9 General method for ball milling exfoliation and microwave functionalization 
of graphene 

	 
The reactions to obtain functionalized graphene (f-G) with a previous 

treatment in a ball-milling process were prepared following the next 

procedure. First of all, powder graphite and the corresponding arylene 

anhydride were added to a mortar (1:3 weight proportion). The grind of the 

sample was done until observe a homogeneous mixture. The powder was 

ball-milled in a 50mL stainless Steel jar with 10 stainless Steel balls of 1cm 

diameter each under 100 rpm for 30 minutes. The resulting solid mixture 

was transferred onto a quartz Vessel. Then, 5 cycles of MW irradiation were 

applied under N2. In each cycle, the reaction was performed with a fixed 

power of 200 W until a rise of the temperature of 250 ºC in about 5 seconds. 

The reaction mixture was cooling down by applying outsider cooling, until 

the temperature decreased to 175 ºC. Then, several washes and filtrations in 

a Millipore system of the resulting f-G were performed with: CH2Cl2 (3 x 20 

mL), H2O (3 x 20 mL), MeOH (3 x 20 mL), AcOEt (3 x 20 mL) and few drops 

of Et2O. 
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3.3 Synthesis of diazonium salt and aryne precursors  
 
3.3.1 Synthesis of 3 
 

	
	
	
	
A mixture of 23 (2.09 g 13.1 mmol) and tetrafluorophthalic anhydride (9, 

2.88 g, 13.1 mmol) in toluene (50 mL) was refluxed under Ar overnight. The 

crude product was purified by column chromatography (SiO2, 

Hexane/CH2Cl2/AcOEt 5:1:4) to afford 24 (2.36 g, 50% yield). 

 

1H NMR (298 K, 300 MHz, CDCl3) δ: 4.78 (s, 1H), 3.83 (m, 2H), 3.44 (dd, 2H) 

1.36 (s, 9H) ppm 

 

	
	

Benzoyl chloride 25 (492 mg, 2.66 mmol) was added in a solution of Et3N 

(1.1 mL, 7.98 mmol) in THF (30 mL). The corresponding amonium salt 26 (1 

g, 2.66 mmol) was added. The resulting mixture was stirred at room 

temperature overnight. The volume of the solution was reduced under 

reduced pressure. Then the residue was solved in CH2Cl2 (100 mL). The 

solution was worked up with NaHCO3 (100 mL). The aqueous layer was 

extracted with CH2Cl2 (2x100 mL). The organic layers were dried with 

MgSO4 anhydrous, filtered and concentrated under reduced pressure. The 

crude was purified by column chromatography (SiO2, CH2Cl2/AcOEt 1:9) to 

afford 26 (891 mg, 99% yield). 

 

1H NMR (298 K, 300 MHz, CDCl3) δ: 8.23 (m, 2 H), 7.82 (m, 2H), 4.78 (s, 1H),  

3.95 (dd, 2H), 3.72 (dd, 2H) ppm 

 

23 9 24 

25 26 27 
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The corresponding nitrophenyl 27 (890 mg, 2.63 mmol) was mixed in THF 

(50mL) and EtOH (200 mL). The catalyst Pd/C was added (10%, catalytic 

amount). Then, the solution was deoxygenated under vacuum and H2 was 

added (3 cycles). The reaction was stirred under H2 atmosphere overnight. 

The suspension was filtered and filtered over celite. The filtered solution 

was concentrated under reduced pressure. The mixture was purified by 

column chromatography (SiO2, CH2Cl2/AcOEt 6:4) to afford 3 (576 mg, 70% 

yield). 

 

1H NMR (298 K, 300 MHz, CDCl3) δ: 7.55 (m, 2 H), 6.64 (m, 2H), 5.12 (s, 1H),  

3.86 (dd, 2H), 3.66 (dd, 2H) ppm 

 

  

27 3 
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3.3.2 Synthesis of o-(trimethylsilyl)aryl triflates aryne precursors 
 
Aryne precursors 4, 6236 and 19222 were prepared following published 

procedures. 
	

	
	
	
	
	

	 	

4 19 6 
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3.3.3 Synthesis of dimethyl phenanthrene-9,10-dicarboxylate (21) 
 

	  

 

To a deoxygenated solution of triflate 4 (408 mg, 1.37 mmol), dimethyl 

acetylenedicarboxylate (20, 196 µL, 1.92 mmol) and Pd(PPh3)4 (158 mg, 0.137 

mmol) in anhydrous CH3CN (27 mL) was added CsF (521 mg, 3.43 mmol), 

and the resulting mixture was stirred at room temperature for 16 h. Then, 

H2O (20 mL) and Et2O (20 mL) were added, the layers were separated and 

the aqueous layer extracted with Et2O (2 x 20 mL). The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was purified by column 

chromatography (SiO2, Hexane/CH2Cl2 9:1) to afford dimethyl 

phenanthrene-9,10-dicarboxylate (21, 338 mg, 84% yield) as a white solid.  

 

1H NMR (298 K, 300 MHz, CDCl3) δ: 8.64 (dd, J = 7.9, 1.6 Hz, 2H), 8.15 (dd, J 
= 7.9, 1.8 Hz, 2H), 7.76–7.56 (m, 4H), 4.04 (s, 6H) ppm. 

  

4 20 21 
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3.3.4 Synthesis of dimethyl pentaphene-6,7-dicarboxylate (22) 
 

	  

 

To a deoxygenated solution of triflate 19 (661 mg, 1.9 mmol), dimethyl 

acetylenedicarboxylate (20, 271.5 µL, 2.66 mmol) and Pd(PPh3)4 (219 mg, 

0.19 mmol) in anhydrous CH3CN (38 mL) was added CsF (722 mg, 4.75 

mmol), and the resulting mixture was stirred at room temperature for 16 h. 

Then, H2O (30 mL) and Et2O (30 mL) were added, the layers were separated, 

and the aqueous layer extracted with Et2O (2 x 30 mL). The combined 

organic layers were dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude product was purified by 

column chromatography (SiO2, Hexane/CH2Cl2 9:1) to afford dimethyl 

pentaphene-6,7-dicarboxylate (22, 449 mg, 60% yield) as a yellow solid.  

 

1H NMR (298 K, 300 MHz, CDCl3) δ: 9.18 (s, 2H), 8.52 (s, 2H), 8.10 (d, J = 8.1 

Hz, 2H), 7.99 (d, J = 7.6 Hz, 2H), 7.68–7.48 (m, 4H), 4.11 (s, 6H) ppm.  

 

13C NMR (298 K, 75 MHz, CDCl3) δ: 168.4 (2C), 132.9 (2C), 132.4 (2C), 130.8 

(2C), 128.9 (2C), 128.6 (2CH), 128.3 (2CH), 127.3 (2CH), 126.9 (2CH), 126.6 

(2CH), 125.4 (2C), 122.3 (2CH), 52.8 (2CH3) ppm.  

 

MS (EI), m/z (%): 394 (100). HRMS (EI) for C26H18O4, calculated: 394.1205, 

found: 394.1211. 

  

19 20 22 
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3.3.5 Synthesis of phenanthro[9,10-c]furan-1,3-dione (17) 
 

 

 

In a round bottom flask, a suspension of dimethyl phenanthrene-9,10-

dicarboxylate (21, 338 mg, 1.15 mmol) in EtOH/dioxane (1:1, 230 mL) was 

prepared. Then, a solution of KOH (3.79 g, 68 mmol) in EtOH (38 mL) was 

added, and the mixture refluxed for 2h. After that, aqueous HCl (10%, 20 

mL) and Et2O (30 mL) were added, the layers were separated and the 

aqueous layer extracted with CH2Cl2 (3 x 30 mL). The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was purified by column 

chromatography (SiO2, CH2Cl2/AcOEt 49:1) to afford anhydride 17 (291 mg, 

98% yield) as a pale-yellow solid.  

 

1H NMR (298 K, 300 MHz, CDCl3) δ: 9.03 (dd, J = 8.2, 1.3 Hz, 2H), 8.80 (d, J = 

8.1 Hz, 2H), 8.00–7.79 (m, 4H) ppm.236 

  

21 17 
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3.3.6 Synthesis of pentapheno[6,7-c]furan-6,8-dione (18) 
 

 

 

In a round bottom flask, a suspension of dimethyl pentaphene-6,7-

dicarboxylate (22, 449 mg, 1.14 mmol) in EtOH/dioxane (1:1, 228 mL) was 

prepared. Then, a solution of KOH (3.77 g, 67 mmol) in EtOH (37 mL) was 

added, and the mixture refluxed for 2h. After that, aqueous HCl (10%, 20 

mL) and Et2O (30 mL) were added, the layers were separated, and the 

aqueous layer extracted with CH2Cl2 (5 x 30 mL). The combined organic 

layers were dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was subsequently washed with H2O (2 

x 4 mL), Et2O (3 x 4 mL) and pentane (2 x 4 mL) to afford anhydride 18 (297 

mg, 75% yield) as an orange solid.  

 

1H NMR (388 K, 400 MHz, DMSO-D6) δ: 9.68 (s, 2H), 9.36 (s, 2H), 8.43 – 8.25 

(m, 4H), 7.89 – 7.69 (m, 4H) ppm.  

 

13C NMR (388 K, 101 MHz, DMSO-D6) δ: 162.96 (2C), 133.13 (2C), 131.55 

(2C), 129.91 (2C), 129.57 (2C), 128.22 (2CH), 128.04 (2CH), 127.94 (2CH), 

126.98 (2CH), 125.67 (2CH), 123.31 (2CH), 121.36 (2C) ppm.  

 

MS (EI), m/z (%): 348 (100), 276 (87). HRMS (EI) for C24H12O3, calculated: 

348.0786, found: 348.0786. 

 

  

22 18 
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3.4 Specific experimental procedures  
 
Preparation of GO 
 

 

 

Powder graphite (3.0 g) 2ith NaNO3 (1.5 g) was cooled at 0 ºC, slowly 

KMnO4 (9.0 g) was added to keep the reaction bellow 20 ºC. The mixture 

was warmed to 35 ºC under vigorous stirring. The, H2O (138 mL) was 

carefully added; external heating was applied at 98 ºC for 15 minutes. After 

cooling the reaction, additional H2O was added (420 mL) and H2O2 (3.0 mL, 

30%). The black suspension was filtered on a Teflon membrane (Millipore, 

GTTP, 0.45 µm) and centrifugated at 4000 rpm. The mixture was washed 

and centrifugated with H2O (2 x 200 mL), HCL 30 % (2 x 200 mL) and 

C2H6O (2 x 200 mL). 

 

Preparation of rGO 
 

 

 

GO (210 mg) was dispersed in water (420 mL by sonication. Then, a NH4OH 

solution (950 µL, pH=10) and hydrazine monohydrate (147 mg) were 

added. The mixture was stirred at 95 ºC for 1 h. Then, the suspension was 

dialyzed (300000 Da cut-off) in distilled water for 2 d. Subsequently, the 

black suspension was filtered on a Teflon membrane (Millipore, GTTP, 0.1 

µm) and washed by filtration with DMF (3 x 100 mL) and MeOH (3 x 100 

mL).  
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Functionalization f-CVDG(1) 

 

 

The general procedure 3.2.3 was followed, the substrate was fully immersed 

in a solution of 1 (105 mg) and SDBS in water (10 mL) at 45 ºC with absence 

of light. After reaction the substrate was washed: THF (5 x 20 mL), CH2Cl2 

(5 x 20 mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt (5 x 20 mL) and 

dried with N2. The sample was totally detached. 

 

Functionalization f-CVDG(2) 
 

	  

 

The general procedure 3.2.3 was followed, the substrate was fully immersed 

in a solution of 1 (3.4 mg) in water (100 mL) at 35 ºC with absence of light 

for 7 hours. After reaction the substrate was washed: THF (5 x 20 mL), 

CH2Cl2 (5 x 20 mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt (5 x 20 mL) 

and dried with N2. DID/IG=0.6, Detachment: 5%. 
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Functionalization f-CVDG(3) 
 

	  

 

The general procedure 3.2.3 was followed, the substrate was fully immersed 

in a solution of 3 (15 mg) and isopentyl nitrite (27 µL) in DMF (10 mL) at 70 

ºC for 2 hours. After reaction the substrate was washed: DMF (20 mL 

overnight) THF (5 x 20 mL), CH2Cl2 (5 x 20 mL), H2O (5 x 20 mL), MeOH (5 

x 20 mL), AcOEt (5 x 20 mL) and dried with N2.   

 

Functionalization f-CVDG(4) 
 

	  

	
The general procedure 3.2.3 was followed, the f-CVDG(4) was fully 

immersed in a solution of N2H4 (50 µL) in isopentyl nitrite (0.5 mL) in DMF 

(10 mL) at room temperature overnight. After reaction the substrate was 

washed: DMF (5 x 20 mL) THF (5 x 20 mL), CH2Cl2 (5 x 20 mL), H2O (5 x 20 

mL), MeOH (5 x 20 mL), AcOEt (5 x 20 mL) and dried with N2.   
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Functionalization f-G(5) 
 

	  
 
The general procedure 3.2.4 was followed, to a dispersion (208 mL) of 

previous exfoliated graphene (general procedure 3.2.1.1 with 2.5 mg 

obtained) was added 4 (247 mg) and CsF (380 mg). After overnight at rt the 

sample was washed and filtered several times: CH2Cl2 (3 x 20 mL), H2O (3 x 

20 mL), MeOH (3 x 20 mL), AcOEt (3 x 20 mL) and few drops of Et2O. 

Obtained mass: 0.7 mg, DID/IG=0.04, FD: 592 µmol/g (TGA).  

 

Functionalization f-G(6) 
 

	  
 
The general procedure 3.2.4 was followed, to a dispersion (275 mL) of 

previous exfoliated graphene in ODCB (general procedure 3.2.1.1 with 3.32 

mg obtained) was added CH3CN (50 mL), 4 (329 mg), CsF (504 mg) and 18-

crown-6 (263 mg). After overnight at 80 ºC the sample was washed and 

filtered several times: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), MeOH (3 x 20 

mL), AcOEt (3 x 20 mL) and few drops of Et2O. Obtained mass: 1.5 mg, 

DID/IG=0.25, FD: 620 µmol/g (TGA).  
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Functionalization f-G(7) 
 

	  
 
The general procedure 3.2.4 was followed, to a dispersion (550 mL) of 

previous exfoliated graphene in NMP (general procedure 3.2.1.1 with 7.7 

mg obtained) was added CH3CN (75 mL), 4 (762 mg), CsF (1170 mg) and 18-

crown-6 (689 mg). After overnight at 80 ºC the sample was washed and 

filtered several times: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), MeOH (3 x 20 

mL), AcOEt (3 x 20 mL) and few drops of Et2O. Obtained mass: 5.5 mg, 

DID/IG=0.08, FD: 394 µmol/g (TGA)  
 
 
Functionalization f-G(8) 
 

 
 
The general procedure 3.2.4 was followed, to a dispersion (300 mL) of 

previous exfoliated graphene in NMP (general procedure 3.2.1.1 with 2.5 

mg obtained) was added CH3CN (50 mL), 6 (330 mg), CsF (380 mg) and 18-

crown-6 (198 mg). After overnight at 80 ºC the sample was washed and 

filtered several times: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), MeOH (3 x 20 

mL), AcOEt (3 x 20 mL) and few drops of Et2O. Obtained mass: 1.1 mg, 

DID/IG=0.06, FD: 113 µmol/g (TGA).  
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Functionalization f-rGO(9-11) 
 

 
 
The general procedure 3.2.5 was followed, 10 mg of rGO were dispersed for  

90 minutes in solvent (f-rGO(9): 20 mL of CH3CN, f-rGO(10): 15 mL of 

CH3CN and 5 mL of toluene, f-rGO(11): 20 mL of toluene ). The dispersion 

of rGO was mixed with 7 (1112 mg), CsF (1520 mg) and in case of f-rGO(10) 

and f-rGO(11) 18-crown-6 (788 mg). After overnight at 80 ºC the sample was 

washed and filtered several times: CH2Cl2 (3 x 20 mL), H2O (3 x 20 mL), 

MeOH (3 x 20 mL), AcOEt (3 x 20 mL) and few drops of Et2O. f-rGO(9): 
Obtained mass: 8.1 mg, FD: 257 µmol/g (TGA), XPS surface atomic 

percentages: 52.8 % C1s, 15.1 % O1s, 32.1 % F1s. cs-rGO(10): FD: 439 µmol/g 

(TGA), XPS surface atomic percentages: 82 % C1s, 12.5 % O1s, 5.5 % F1s. . f-
rGO(10): Obtained mass: 7.5 mg, FD: 135 µmol/g (TGA), XPS surface atomic 

percentages: 36.7 % C1s, 15.1 % O1s, 33.6 % F1s. f-rGO(11): Obtained mass: 

8.7 mg, FD: 385 µmol/g (TGA), XPS surface atomic percentages: 42.5 % C1s, 

34.5 % O1s, 23.9 % F1s. 

 
Functionalization f-CVDG(12) 

 
	 

The general procedure 3.2.3 was followed, the substrate was fully immersed 

in a solution of 7 (154 mg) in CH3CN (10 mL) and CsF (535 mg) at rt 

overnight. After reaction the substrate was washed: THF (5 x 20 mL), 

CH2Cl2 (5 x 20 mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt (5 x 20 mL) 
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and dried with N2. Detachment: 99%. 

 
Functionalization f-CVDG(13) 
 

 
 
The general procedure 3.2.3 was followed, the substrate was fully immersed 

in a solution of 7 (250 mg) in THF (5 mL) and TBAF (294 mg) at rt for 2h. 

After reaction the substrate was washed: THF (5 x 20 mL), CH2Cl2 (5 x 20 

mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt (5 x 20 mL) and dried with 

N2. DID/IG=0.32.  

 
Functionalization f-CVDG(14) 
 

 
 
The substrate was fully immersed in a solution of 10 (2475 mg) in CH3CN 

(15 mL) and exposed to UV lamp with 7 mW/cm2 power at rt for 6 h 

(original n 250 nm). After reaction the substrate was washed: THF (5 x 20 

mL), CH2Cl2 (5 x 20 mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt (5 x 20 

mL) and dried with N2. Detachment: 50%, DID/IG=0.32  
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Functionalization f-CVDG(14b) 
 

	  
 
The substrate was fully dropped with 10 and exposed to UV lamp with 7 

mW/cm2 power at rt for 6 h (original n 250 nm). After reaction the substrate 

was washed: THF (5 x 20 mL), CH2Cl2 (5 x 20 mL), H2O (5 x 20 mL), MeOH 

(5 x 20 mL), AcOEt (5 x 20 mL) and dried with N2. DID/IG=0.07.  

 

Functionalization f-CVDG(15-19) 
 

 
 
The general procedure 3.2.3 was followed, the substrate was fully immersed 

in a solution of 4 (233 mg) in THF (4.7 mL) and TBAF (294 mg) at rt for 45 

minutes. After reaction the substrate was washed: THF (5 x 20 mL), CH2Cl2 

(5 x 20 mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt (5 x 20 mL) and 

dried with N2. f-CVDG(15): DID/IG=0.02, f-CVDG(16): DID/IG=0.09, f-CVDG(17) 

(Cupper substrate): DID/IG=0.03, f-CVDG(18): DID/IG=0.12, f-CVDG(19): 

DID/IG=0.06. 
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Functionalization f-CVDG(20) 
 
	

 
 
The general procedure 3.2.3 was followed, the substrate was fully immersed 

in a solution of 4 (233 mg) in THF (4.7 mL) and TBAF (294 mg) at rt for 45 

minutes. After reaction the substrate was washed: THF (5 x 20 mL), CH2Cl2 

(5 x 20 mL), H2O (5 x 20 mL), MeOH (5 x 20 mL), AcOEt (5 x 20 mL) and 

dried with N2. f-CVDG(15): DID/IG=0.01,  

 
Synthesis of triptycene (13) using graphite as matrix 
 

 

 

 

In a mortar, anthracene (12, 104 mg, 0.58 mmol) phthalic anhydride (11, 86 

mg, 0.58 mmol) and FLG (7.0 mg) were added. The grind of the sample was 

done until observe a homogeneous mixture. The powder was transfer onto 

a quartz Vessel. The reaction was performed using method 1 of microwave 

reaction, with a fixed temperature of 250 ºC and a maximum power of 200 

W, 3 times. Then, the resulting solid mixture was washed with CH2Cl2 and 

filtrated in a Millipore system. The organic layer was dried under reduced 

pressure.  

 

1H NMR (388 K, 400 MHz, CDCl3) δ: 7.39 (m, J = 5.3, 3.2 Hz, 6H) 7.0 (dd, J = 

5.4, 3.1 Hz, 6H) 5.43 (s, 2H) ppm.  
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Synthesis of triptycene (13) using few FLG as matrix 
 

 

 

 

In a mortar, anthracene (12, 104 mg, 0.58 mmol) phthalic anhydride (11, 86 

mg, 0.58 mmol) and FLG (7.0 mg) were added. The grind of the sample was 

done until observe a homogeneous mixture. The powder was transfer onto 

a quartz Vessel. The reaction was performed using method 2 with a fixed 

power (200 W) until a rise of the temperature of 250 ºC (10 cycles). Then, the 

resulting solid mixture was washed with CH2Cl2 and filtrated in a Millipore 

system. The organic layer was dried under reduced pressure. By the 

analysis of the 1HNMR, triptycene (13) was obtained in 13% conversion.

12 11 13 
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