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Fig. 36: EPR of spin trapping experiment on the benzylamine homocoupling system. 

 

4.3 Reagents 

4.2.1 Table of reagents 

Name Formula MW 
Hazard 

statements 
Supplier 

fluorographite (CF)n variable 
H315, H319, 

H335 
Sigma-
Aldrich 

diethyl malonate CH2(COOC2H5)2 160.17 - 
Sigma-
Aldrich 

potassium carbonate K2CO3 138.21 
H315, H319, 

H335 
Sigma-
Aldrich 

sulfuric acid, 98% H2SO4 98.08 H290, H314 
Sigma-
Aldrich 

sodium hydroxide NaOH 40.00 H290, H314 
Sigma-
Aldrich 

hydrochloric acid, 
37% 

HCl 36.46 
H290, H314, 

H335 
Sigma-
Aldrich 

sodium chloride NaCl 58.44 - 
Sigma-
Aldrich 

anisole CH3OC6H5 108.14 H226, H336 
Sigma-
Aldrich 

benzylamine C6H5CH2NH2 107.15 
H302 + H312, 

H314 
Sigma-
Aldrich 





53 
 

N-(2-methylbenzylidene) 2-methylphenylmethylamine: δ (ppm): 8.66 (s, 1H), 

7.92 (d, 1H), 7.30-7.27 (m, 2H), 7.24-7.21 (m, 1H), 7.18-7.16 (m, 4H), 4.82 (s, 2H), 

2.49 (s, 3H), 2.38 (s, 3H) 

 

 

2-naphtylmethylamine: δ (ppm): 7.82 (m, 4H), 7.39-7.51 (m, 3H), 4.03 (s, 2H), 1.56 

(s, 2H) 

 

N-naphthylidene(2-naphthalene)methylamine: δ (ppm): 5.05 (s, 2H), 7.43-8.10 (m, 

14H), 8.61 (s, 1H) 
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Thioanisole: δ (ppm): 7.32 – 7.20 (m, 4H), 7.17 – 7.07 (m, 1H), 2.47 (s, 3H) 

 

Methylphenyl sulfoxide: δ (ppm): 7.62-7.60 (m, 2H), 7.51-7.44 (m, 3H), 2.68 (s, 
3H) 
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Methylphenyl sulfone: δ (ppm): 7.92 (d, J = 7.5 Hz, 2H), 7.66-7.54 (m, 3H), 3.04 (s, 
3H) 
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5. Conclusions and future outlooks 

In this thesis, we were able to synthesize a novel graphene derivative bearing COOH 

functions, the graphene acetic acid, employing a scalable and green synthetic route 

starting from commercial fluorographite. Our synthesis can be considered a big step 

towards the development of sustainable functionalized graphene materials, since it 

does not make use of toxic or harmful reagents and can be conducted in environment 

friendly solvents like anisole and water. Furthermore, with respect to other similar 

derivatives, our process is carried out at lower temperatures. The structural and 

chemical propertied of GAA were characterized by various techniques, which 

ultimately confirmed the presence of extended sp2 domains interrupted by sp3 carbon 

atoms that covalently bind CH2COOH groups. Moreover, EPR measurements clearly 

demonstrated the existence of a significant amount of electronic defects, i.e. unpaired 

electron likely localized at the edges in the material. Thanks to the new synthesis, 

which is safe, cheap and easily scalable, we could start a more systematic investigation 

of the catalytic applications of this novel material. 

In particular, we started to explore the application of GAA as carbocatalyst for two 

prototypical reactions: the oxidative homocoupling of primary amines to imines, and 

the oxidation of sulfides to sulfoxides and sulfones. For the former, we used 

substituted benzylamine as substrates, obtaining decent conversions in neat 

conditions at 90°C using molecular oxygen from the air as the final oxidant. We 

encountered unexpected difficulties during the catalytic tests, especially regarding the 

accurate evaluation of the conversion, due to the high volatility of the catalytic 

substrate during reaction conditions and/or problems with the internal standard used 

for the NMR measurements. More work has to be done, in particular it should be 

possible to perform the reaction in a closed reactor saturated with oxygen to prevent 
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the evaporation or to use a technique alternative to NMR (e.g. GC/MS) for the 

quantification of the products.  Despite the practical problems, we were able to obtain 

a significant insight on the reaction mechanism. We believe that both the spin defects 

trapped in the material and its carboxyl groups play a synergistic role in the activation 

of molecular oxygen and benzylamine towards the homocoupling. Experiments of 

spin trapping of the radical oxygen species (ROS) on the material are currently 

undertaken via ESR measurements, in order to better understand the mechanism and 

shed light on the role of the defects. If the spin are found to be the active species, 

recycle tests could be helpful to understand whether they are consumed or not during 

the reaction and if that is the case, what type of  treatment would be necessary to 

reform the defects on the material. Finally, our data suggest that the reaction is 

thermally activated and the reaction path does not involve the formation of alkyl 

amines.  

For what concerns the oxidation of sulfides, we exploited the GAA for the complete 

and selective conversion of thioanisole to methylphenyl sulfoxide in 60 minutes, at 

room temperature using hydrogen peroxide as oxidant. Recycle tests show that the 

GAA performs as a true catalyst and not as a stoichiometric activator, as confirmed 

also by XPS measurements indicating that the chemical nature of the GAA remain 

unaltered after catalysis.  

A scope of different substrates is needed to obtain insights on the mechanism of the 

reaction and determine whether the high selectivity towards the methylphenyl 

sulfoxide found with thioanisole can be extended to other sulfides. The exact role of 

GAA is still to be explored via tests at different catalytic loadings and a definitive 

confirmation about the catalytic mechanism has still to be obtained. 

As a whole, the work reported in this thesis confirms the still untapped potential of 

GAA as a powerful carbocatalyst. Despite the differences in the reactions investigated 
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and building upon the knowledge acquired previously by the works on the 

structurally close GA, we can start to discern a general paradigm regarding the GAA 

catalytic activity. It is quite clear that this material is able to catalyse several redox 

reactions and in particular, reactions involving the participation of reactive oxygen 

species. Indeed also the oxidative coupling of amines is thought to involve the 

superoxide species, which eventually produce in-situ H2O269: in this respect, a 

preliminary spin-trapping ESR experiment on the GAA-benzylamine system with 

DMPO shows the presence of the DMPO-OH species (see Fig. 36 in the experimental 

section) which might originate from the degradation of DMPO-OOH, suggesting the 

formation of the superoxide. 

This is made possible by the presence of two factors: an unusually high number of 

electron defects (unpaired electrons) and a high electron conductivity and electron 

storage ability. GAA as GA, but at variance with GO, is a good electronic conductor 

and has excellent redox mediator properties. In the case of GA, this has been directly 

confirmed theoretically by DFT calculations45 and experimentally by electrochemical 

measurements52. We expect the same for GAA and preliminary electrochemical 

experiments demonstrated that this material is highly conductive and endowed with 

excellent electron transfer properties.  

The high electron conduction and presence of electronic defects are key to redox 

activity since the materials can act as an electron reservoir that can be used on demand 

in different reaction steps84,85. The activation of oxygen and oxygen species is a direct 

consequence of this ability to easily donate or accept electrons. In this regard we want 

to mention that preliminary studies on GAA as a peroxidase mimic evidenced an 

exceptional activity, even higher than that of carboxylated GO86 despite the presence 

of the same type of functional groups on the surface, the only difference being the 

insulating nature of GO vs the highly conductive properties of GAA. 
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Similarly, GAA has been also tested as an electrocatalysts for the oxygen reduction 

reaction (i.e. the electrochemical reduction of oxygen to water or hydrogen peroxide), 

showing once again an extremely high activity in the selective production of hydrogen 

peroxide. 

On the other hand, the reason for the presence of unpaired electrons in GAA can be 

related to the extended defluorination reactions that are involved during their 

synthesis and the concurrent rehybridization of C form sp3 to sp2. 

Finally, we want to mention another  interesting opportunity offered by GAA, which 

is the exploitation of its carboxylic group to bind covalently  molecular catalysts that 

in this way not only can be effectively heterogenized, imparting stability easy 

separation and recyclability, but also acquire good electron conduction properties and 

be used to catalyse photo or electrochemical reactions. This strategy has been already 

explored in the case of GA87 and other carbon nanomaterials (i.e. oxidized nanotubes) 

and we expect to be equally feasible and advantageous, with the additional benefit of 

a material that is much cheaper and easier to synthesize.  
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