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1 
 

Chapter 1 
 

Introduction 
 

“It doesn't matter how beautiful your theory is, it doesn't matter how smart you 

are. If it doesn't agree with experiment, it's wrong”  

Richard P. Feynman, American physicist 

 

1.1 Motivation 

This thesis constitutes a part of my research project which has been focused 

on the synthesis of novel hybrid systems based on carbon (including graphene, 

carbon nanodiscs and fullerene derivatives), the characterization of these 

systems and in some cases the proof-of-principle experiments to validate their 

potential for certain bioapplications (drug delivery, cytotoxic agents, enzyme 

supports). 

 

1.2 Carbon allotropes 

Until 1985, six crystalline allotropes of carbon structures were known: the 

alpha and beta graphite, diamond, a rare hexagonal structure of the diamond, 

chaoite and carbon (IV).[1] Diamond is composed of carbon atoms with sp3 

hybridization, creating equivalent rigid and durable bonds. Diamond is stable 

up to 1800 oC but if heated to higher temperature it converts because the sp2 

bonded state is energetically favorable.[1] It is the hardest of all known 

materials and has excellent photoelasticity. Diamond cannot be melted and 

converts into carbon dioxide when it burns. The graphite consists of sp2-bonded 

carbon atoms. The bonds between the atoms in the planes are strong and rigid, 

causing the material to remain solid state up to 3300 oC.[1] It cannot be affected 
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by the acids and is a good conductor of heat and electricity.[2] Chaoite or white 

carbon is a mineral whose existence was questioned. Discovered in Bavaria, it 

is slightly harder than graphite.[3] 

In 1985, during the laser ablation of graphite, under certain conditions, a 

new allotropic carbon structure was created, called fullerene. A fullerene 

molecule is composed of a network of pentagons and hexagons forming a 

spherical or rugbyball-like molecule.[4] In 1991, in the course of investigations 

of fullerenes, the carbon nanotubes were discovered. The carbon nanotubes are 

sheets of carbon arranged in a honeycomb lattice, rolled-up to form single 

(single-walled carbon nanotubes) or concentric tubes (multiwalled carbon 

nanotubes), which are closed at the edges by half a fullerene.[5] 

Graphene is a two-dimensional hexagonal arrangement of carbon atoms, the 

same structure which forms the wall of the carbon nanotube. In 2004, 

Konstantin Novoselov and Andre Geim, accomplished to isolate both few-layer 

and monolayer graphene using the “Scotch tape” technique (micromechanical 

cleavage of graphite). The structure of the layer consists of two equivalent sub-

lattices of carbon atoms, which form hexagonal rings. In few layer graphene, 

the stacking of graphitic layers takes place in such a way that half the carbon 

atoms are above the centres of the hexagons of the underlying ones, just as in 

the pyrolytic graphite.[6] All these allotropes of carbon are shown in Figure 1. 

a            b               c 

d   e     f 

 

Figure 1: a) Diamond, b) Graphite, c) Chaoite or White Carbon, d) Fullerene, e) 

Carbon Nanotubes (single- and multi-walled), f) Graphene. 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

3 
 

1.3 Fullerenes  

Let us consider more in detail the 3rd allotropic form of carbon for the 

discovery of which the Nobel Prize of Chemistry was awarded in1996.[1, 7] The 

most stable fullerene is C60 in which 60 carbon atoms are arranged in the form 

of a football as shown in Figure 2. Its name pays homage the architect 

Buckminster Fuller who planned domes with similar structure. In 1990 

Krätschmer and Huffmann in Germany developed a technique for producing 

macroscopic quantities of fullerenes. This technique will be described below.[8]  

Fullerenes are created in flames and discharges but their late discovery is 

due to the fact that they are unstable in the presence of air and light because the 

photoexcited state of fullerenes very easily reacts with oxygen. The creation of 

fullerenes is not limited to the earth; in 1969, in Mexico, samples were taken 

from the meteorite Allende and their analysis proved that they had structure of 

fullerenes.[9]  

Like all fullerenes, C60 contains an even number of carbon atoms (arranged 

in 20 hexagons and 12 pentagons). The structure of C60 presents two types of 

bonds: (i) bonds between carbons which are part of a pentagon and the adjacent 

hexagon (5,6); (ii) bonds which are common to two adjacent hexagons, which 

have one shorter length and can be regarded as double bonds (6,6). In 

fullerenes carbon presents sp2 hybridization with a slight mixing with sp3 

hybrid orbitals to induce curvature.[10]  

C60 and C70 present similar electrochemical behaviour and their oxidation is 

irreversible. Generally, being electrophilic molecules, fullerenes create salts 

with general form [D]+n [C60]-n.[11] Fullerides are created by the reaction of C60 

with metallic ions; several of these compounds have excellent superconductive 

properties.[12] The fullerenes can participate in addition reactions as well 

behave more as alkenes due to the existence of the double bonds in the 

molecule (30 double bonds). Finally, great interest present the reactions of 

fullerenes with free radicals [C60R]∙.[13] 
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From their discovery until today fullerenes and their derivatives have been 

extensively studied concerning their chemical reactivity. Due to their great 

electronegativity they show a high reactivity towards organic radicals. During 

the chemical functionalization of fullerenes with electron-releasing groups, the 

electronegativity of the derivatives is significantly reduced. This decrease is 

due to reduction of the chemical response as a result of the radicals’ adding. 

Fullerenes can not only be functionalized by grafting groups to their outer 

surface, they can also be filled with one or more atoms or even small groups – 

these compounds are called endohedral fullerenes; carbon atoms of the cage 

structure can be replaced, for example by nitrogen, giving rise to 

heterofullerenes, and open-cage structures can be formed. However exohedral 

fullerenes constitute the greatest category of fullerene derivatives.[14] 

In this thesis the fullerenes were functionalized through various chemical 

reactions (oxidation, bromination, hydroxylation and neutralization) in order to 

create derivatives with excellent conductive properties. 

 

1.3.1 Addition reactions of fullerenes  

C60 fullerenes can be easily functionalized due to their high reactivity; a 

scheme of the various possibilities is presented in Figure 2. The exohedral 

addition reactions constitute the most important methods in order to chemical 

transform the fullerene cage. There are many different types of reactions that 

have been investigated up to now, such as reduction, nucleophilic and radical 

addition, hydrogenation, transition metal complex formation, cycloadditions, 

oxidation and reaction with electrophiles, namely oxygenation, osmylation, 

halogenation and reactions with strong oxidizing reagents and acids.  

Particularly important is the case of halogenation. Using various procedures 

polyhalogenated derivatives of fullerenes, denoted as C60Xn (X: F, Cl, Br), can 

be produced. There are two different methods to synthesize fluorinated 

derivatives of C60, either by the treatment of dichloromethane solutions with 
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XeF2 or allowing Fluorine gas at low pressure. The chlorination procedure of 

C60, which results in the decoration of the cage with different numbers of 

chlorine atoms, can be achieved by the treatment of solid C60 with liquid 

chlorine at -35 oC or by allowing a slow gas stream of chlorine gas to react with 

C60 in a hot glass tube at temperatures between 250-400 oC. Until today, three 

brominated derivatives of fullerenes have been reported extensively, C60Brn (n: 

24, 8, 6). The functionalization with 24 bromine atoms takes place between the 

C60 and liquid bromine whereas the C60Br8 and C60Br6 occur by the treatment in 

CS2 and benzene or CCl4 respectively.[15]  

 

Figure 2: Schematic representation of fullerene chemical reactions. [Review: Journal 

of Nanomaterials 2015(4), August 2015, DOI: 10.1155/2015/567073] 
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1.3.2 Bromofullerenes and fullerols 

Bromofullerenes or poly-brominated fullerenes (C60Brn) constitute a 

category of halogenated derivatives of fullerenes, which are produced via the 

mechanism of addition nucleophilic reactions. The bromination of fullerenes 

can be achieved either by dissolving in organic solvent or by treatment with 

neat bromide. In literature three fullerenes bromides with different bromine 

atoms, C60Br6, C60Br8 and C60Br24, whose structure has been determined by 

diffraction methods, are widely reported. Djordjevic et al.[16] synthesized 

C60Br24 through the reaction between C60 and elementary bromine in the 

presence of the catalytic quantities of FeBr3. Birkett et al.[17] used tetrachloride 

or benzene in order to obtain C60Br6. In the case of C60Br8, during the synthetic 

procedure carbon disulfide or chloroform was applied as reaction medium. On 

the contrary, Scharff and co-workers[18] synthesized C60Br6 using carbon 

disulfide and prepared C60Br8  in tetrachloride solution. 

The fullerols are poly-hydroxylated derivatives of fullerenes; namely each 

C60 molecule displays multiple hydroxyl groups (-OH) are attached on its 

surface, as shown in Figure 3. The chemical formula of fullerols is C60(OH)n. 

The “n” represents the number of oxidized or hydroxylated carbon atoms in the 

fullerol molecule. There are numerous techniques for the synthesis of 

hydroxylated fullerenes and each one of them can produce a molecule with 

unique properties. Some of the most common procedures for fullerol 

production are described below: 

• Oxidation under strong oxidation conditions[19] 

• Oxidation under strong alkaline or basic conditions[20] 

• Reaction of C60
n- lithium salt with the acidified methanol/water solution 

in the presence of oxygen[21] 

• Substitution of bromine atoms with hydroxyl groups in alkaline 

environment (pH = 13) [22] 
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Figure 3: Structure representations of poly-hydroxylated fullerenes, with chemical 

formula C60(OH)n. The “n” represents the number of hydroxylated carbon atoms: (a) 

C60(OH)2, (b) C60(OH)12, (c) C60(OH)24, (d) C60(OH)36. 

(http://prmarcoux.free.fr/Fullerols_3D.htm) 

 

1.4 Graphite oxide 

Graphite oxide (also know in the last decade as graphene oxide) is a layered 

material, which is produced by the oxidation of graphite[23] and contains a 

significant quantity of oxygen in the form of functional groups on the surface 

of the sheets. Functional groups like OH, COOH and C-O-C impart 

hydrophilicity to graphite oxide, rendering it dispersible in water and other 

polar organic solvents.[24] Graphite appears with various morphologies but the 

most common for the enhanced oxidation is that of «graphite flake», which 

contains a large number of defects that assist the oxidation process. The 

oxidation of graphite was described in 1840 by C. Schathaeutl[25], who was 
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studying the behaviour of different metals, mainly iron and cast iron. In his 

philosophical study he indicates that graphite in contact with strong sulfuric 

acid changes colour and becomes brown. 

The graphite oxide was synthesized for the first time at 1859 by B.C. 

Brodie[23b], who studied the structure of graphite. He reported a mass increase 

of the initial material after oxidation with fuming acid (HNO3) and potassium 

chlorate (KClO3); the reaction time was 3-4 days at 60 oC. After four 

successive chemical treatments the ratio C:H:O was determined to be equal to 

61.04:1.85:37.11, which corresponds to an atomic ratio of C:O of ~2.1. This 

material with chemical formula C2.19H0.80O1.00 could be dispersed in water or 

basic solution but not in acid media. After thermal treatment at 220 oC, the ratio 

C:H:O altered to 80.13:0.58 :19.29 with the following chemical formula 

C5.51H0.48O1.00. Forty years later, in 1899, L. Staudermaier[23c], improved the 

Brodie method, using a mixture of sulfuric and nitric acid (H2SO4/ HNO3) in a 

ratio of ratio 2:1 v/v, achieving the oxidation in a single step while maintaining 

the atomic ratio of C:O ~2.1. In 1858, Hummers and Offeman[23a] developed an 

alternative oxidation procedure of graphite using potassium permanganate 

(KMnO4), sodium nitrate (NaNO3) and concentrated sulfuric acid (H2SO4). 

This procedure required less than 2 hours and low temperatures (> 45oC). 

For many years, the exact chemical structure of graphite oxide was the 

subject of studies. Until now there is not an undeniable structural mode, for 

example due to the complexicity and non-stoichiometric composition of the 

samples. Nevertheless, there have been significant studies with great success. 

Hofmann and Holst[26] were the first who suggested a structural model 

of graphite oxide which presents epoxy groups onto the graphite sheets. A 

variation of this model was proposed in 1946 by Ruess[27], in which hydroxyl 

groups are placed along the graphite oxide sheets. Using this model, the 

percentage of hydrogen can be successfully confirmed, according to the 

elemental analysis. Comparing the two models it is observed that the Ruess 

model includes sp3 hybridized carbon while the previous model is constituted 
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by only sp2 carbon atoms. In 1969, Scholz and Boehm[28] suggested a model 

with ketone- and hydroxyl-groups, inducing changes to the graphitic lattice. 

Once more model was presented in 1994 by Nakajima and Matsuo[29]. Lerf and 

Klinowski[30] have published papers about the structure of graphite oxide using 

the Nuclear Magnetic Resonance Spectroscopy (NMR). In this model there are 

hydroxyl-, epoxy- and carboxyl- groups onto and at the edges of the sheet, as 

well as defects which are occurred by the oxidation process. These researchers 

proposed a slightly variant model, which is the most prevalent, in which the 

epoxy- and hydroxyl- groups are located along each sheet and the carboxyl- 

groups are created only at the edges of the material sheet. In conclusion, the 

graphite oxide is a derivative of the graphite, containing oxygen groups 

(hydroxy, epoxy and carboxyl groups) which are covalently attached onto the 

surface, while the material retaining the laminate structure with a larger 

interlamellar space than the initial graphite due to the presence of water 

molecules between the sheets. 

 

 

Figure 4: Schematic representation of certain models that has been proposed for the 

structure of Graphite oxide. 
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In this thesis, graphite and carbon nanodics were functionalized via 

chemical oxidation reactions in order to obtain graphite oxide and oxidized 

carbon nanodiscs. The further modification of graphite oxide led to the creation 

of two new graphite oxide derivatives, sulfonated and carboxylated graphite 

oxide. 

 

1.5 Outline of the thesis 

This thesis is organized in six chapters. The chapters are presented in more 

detail below. 

Chapter 2 describes all the techniques, which were used for the 

characterization of the initial and the hybrid functional materials. Moreover, the 

synthesis and the functionalization procedures of each nanomaterial are 

detailed. 

Chapter 3 presents our mini-review article entitled “Non-covalent 

Interactions of Graphene with Polycyclic Aromatic Hydrocarbons” which gives 

an overview of the interactions of PAHs with graphene and graphene-based 

materials. We describe the methods to prepare these materials and their 

potential for applications (electrical, biomedical, polymer reinforcement 

applications). Finally, we discuss environmental remediation issues specifically 

the use of graphene to remove the polycyclic aromatic compounds. 

Chapter 4 concerns a novel, facile, versatile and reproducible approach, 

based on Staudenmaier method, for the chemical oxidation of fullerenes. This 

method leads to the creation of functional oxygen groups on the surface of 

fullerenes rendering them dispersible in polar solvents (e.g. water). Due to the 

presence of epoxy groups, the oxidized fullerenes can be further functionalized 

via nucleophilic substitution reactions in order to generate new fullerene 

derivatives, which are ideal to be applied in many applications in medicine, 

biology and as composite materials.  
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In Chapter 5 we describe the chemical oxidation of carbon nanodiscs via a 

simple, versatile and reproducible approach, which is based on the well-known 

Staudenmaier method. As a result of this oxidation procedure the carbon 

nanodiscs become hydrophilic due to the creation of various oxygen functional 

groups on their surface. The obtained material can be applied in many fields 

including bioapplications. 

Chapter 6 focuses on graphite oxide and its derivatives as efficient drug 

delivery system. In the last years drug delivery systems based on nanomaterials 

present great interest in the field of biomedical applications. Especially 

graphite oxide is considered especially promising in this context due to its 

properties. In this PhD project we studied the release of Ibuprofen, an anti-

inflammatory drug, in simulated gastric and intestinal fluid (Sigma-Aldrich), 

using three materials as carriers, graphite oxide and two of its derivatives, 

namely sulfonated and carboxylated graphene oxide.  

Chapter 7 is devoted to our four published articles entitled “Hopping 

Conductivity and Polarization Effects in a Fullerene Derivative Salt”, 

“Ultraslow Dynamics of Water in Organic Molecular Solids”, “Variable-range 

electron hopping, conductivity cross-over and space-charge relaxation in 

C60Br6” and “Water-Triggered Conduction Mediated by Proton Exchange in a 

Hygroscopic Fulleride and Its Hydrate”. Using different reactions the following 

fullerene derivatives were synthesized: fullerols [C60(OH)24], polybrominated 

fullerenes (C60Br6) and sodium oxofulleride [C60(ONa)24] and their 

conductivity properties were studied extensively. 
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Chapter 2 

Experimental details 
 

2.1 Characterizations techniques 

This chapter focuses on the characterization techniques as well as the 

synthesis and the functionalization procedures of the carbon nanomaterials 

studied in this PhD project. The first part includes the instrumental parameters 

and conditions that were used when applying Fourier transform infrared 

spectroscopy, Raman spectroscopy, differential thermal and thermogravimetric 

analysis, X-ray diffraction, atomic force microscopy, transmission electron 

microscopy, scanning electron microscopy X-ray photoelectron spectroscopy, 

ultraviolet-visible spectroscopy, differential scanning calorimetry and 

broadband dielectric spectroscopy. In the second part all the synthetic routes 

and the functionalizations of each carbon material are presented in details. 

 

2.1.1 Fourier transform infrared spectroscopy (FTIR) 
(Chapters 4, 5, 6, 7) 

Infrared spectra were measured with a Perkin–Elmer Spectrum GX infrared 

spectrometer, in the region of 400–4000 cm−1; the spectrometer was equipped 

with a deuterated triglycine sulphate (DTGS) detector. Each spectrum was the 

average of 64 scans collected with 2 cm−1 resolution. Samples were in the form 

of KBr pellets containing ca. 2 wt% sample. 

 

2.1.2 Raman spectroscopy (Chapters 4, 5, 7) 

Raman spectra were recorded with a Micro–Raman system RM 1000 

RENISHAW, with excitation at 532 nm (Nd–YAG), in the range of 1000-
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2400 cm-1. A power of 1 mW was used with a 1 μm focus spot in order to avoid 

photodecomposition of the samples. 

 

2.1.3 Differential thermal and thermogravimetric analysis 
(DTA/TG) (Chapters 4, 5, 6, 7) 

Thermogravimetric (TGA) and differential thermal (DTA) analysis were 

performed using a Perkin Elmer Pyris Diamond TG/DTA. Samples of 

approximately 5 mg were heated in air from 25oC to 850 oC, at a rate of 5 
oC/min. 

 

2.1.4 X-ray diffraction (XRD) (Chapters 4, 5) 

High-resolution X-ray powder diffraction (XRD) profiles in Chapter 4 were 

recorded with a monochromatic Cu Kα (�=1.5418 Å) radiation source (operated 

at 30 keV and 35 mA) and a vertically mounted INEL cylindrical position-

sensitive detector (CPS120), used in the Debye-Scherrer geometry to enable 

simultaneous acquisition of the diffraction profile over a 2θ range between 4° 

and 120° (with an angular step of 0.029° (2θ)). For XRD measurements, the 

powder sample was placed into a Lindemann capillary tube (0.5 mm diameter). 

In Chapter 5 the XRD patterns were collected on a D8 Advance Bruker 

diffractometer by using Cu Kα (40 kV, 40 mA) radiation and a secondary beam 

graphite monochromator. The patterns were recorded in the 2-theta (2θ) range 

from 2 to 80°, in steps of 0.02° and a counting time of 2 s per step. Samples 

were in the form of films supported on glass substrates. For the preparation of 

the films, aqueous suspensions of the hybrids were deposited on glass plates 

and the solvent was allowed to evaporate slowly at ambient temperature. 
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2.1.5 Atomic force microscopy (AFM) (Chapter 5) 

The AFM images were obtained in tapping mode with a 3D Multimode 

Nanoscope (Bruker), using Tap-300G silicon cantilevers (Ted Pella Inc.) with a 

tip radius <10 nm and a force constant of ≈ 20–75 N m-1. Samples were 

deposited onto silicon wafers (P/Bor, single side polished, Si-Mat) from 

aqueous solutions by drop casting. 

 

2.1.6 Transmission electron microscopy (TEM) (Chapter 5) 

TEM images were recorded by a Philips CM12 microscope operating at 120 

kV, on samples prepared by drop casting a stable aqueous dispersion of 

oxidized CND over form var/carbon copper grids (200 meshes). TEM images 

were recorded with a CCD camera (Gatan 791). 

 

2.1.7 Scanning electron microscopy (SEM) (Chapter 5) 

Scanning Electron Microscopy (SEM) images were recorded using a Jeol 

JSM 7401F Field Emission Scanning Electron Microscope equipped with 

Gentle Beam mode. Gentle Beam technology can reduce charging and improve 

resolution, signal-to-noise, and beam brightness, especially at low beam 

voltages (down to 0.1 kV). The applied acceleration voltage was 2 kV and 

samples were mounted on metallic (brass) substrates using a double coated 

carbon conductive tape. 

 

2.1.8 X-ray photoelectron spectroscopy (XPS) (Chapter 4, 5) 

X-ray photoelectron spectroscopy (XPS) data in Chapter 4 were collected 

using an SSX-100 (Surface Science Instruments) spectrometer equipped with a 

monochromatic Al Kα X-ray source (hν=1486.6 eV). The photoelectron take 

off angle was 37° with respect to the surface normal, and the energy resolution 

was set to 1.2 eV in order to minimize data acquisition time and maximize the 
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signal-to-noise ratio. Binding energies were referenced to the C 1s core level at 

285.0 eV.[1] Spectral analysis included a Shirley background subtraction and 

peak separation using mixed Gaussian-Lorentzian functions in a least-squares 

curve-fitting program (Winspec) developed in the LISE laboratory of the 

University of Namur, Belgium. For the N 1s line, we employed a linear 

background subtraction because the low peak intensity did not allow for 

Shirley background subtraction. The photoemission peak areas of each element 

used to estimate the amount of each species within the probed volume were 

normalized to the sensitivity factors of each element tabulated for the 

spectrometer used. All the measurements were performed on freshly prepared 

samples in order to guarantee the reproducibility of the results. Three different 

spots were measured on each sample to check for reproducibility. In Chapter 5 

for the X-ray Photoemission measurements, the samples were dispersed in 

water and after very short sonication a small droplet of the suspension was 

drop-casted onto a gold substrate and left to dry at room temperature. The 

samples were then introduced in an ultra-high vacuum (UHV) system via a 

loadlock and kept under UHV for at least 12 hours before measurement, 

allowing for the removal of volatile substances and/or solvents. The spectra 

were recorded using a SPECS GmbH system, equipped with a twin Al-Mg 

anode X-Ray source and a multi-channel Hemispherical Sector electron 

Analyzer (HSA-Phoibos 100). The base pressure in the spectrometer was 

9×10-9 Torr during all measurements. The pass energy was set at 20 eV 

providing a full-width at half maximum (FWHM) value of 1.1 eV and thus 

minimizing sample exposure to the X-rays (measuring time). The photoelectron 

take-off angle was 90°. All binding energies were referenced to the C 1s core 

level line of the C-C bond at 285.0 eV and are given ±0.1 eV.[2] Spectral 

analysis included a Shirley background subtraction and peak fitting using 

mixed Gaussian-Lorentzian functions in a least squares curve-fitting program 

(Winspec) developed in the LISE laboratory of the University of Namur, 

Belgium. The substrates were freshly evaporated gold films supported on mica; 

four points were measured on each sample in order to guarantee the 
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reproducibility of the results. The stability of all analysed samples against 

damage induced by the X-ray beam and by secondary electrons produced by 

photoemission in the underlying substrate was verified by monitoring the 

lineshape and relative intensity of the C 1s core-level as a function of 

irradiation time. No evidence of structural degradation was observed even 

when irradiation was continued twice as long as the acquisition time used for 

the reported spectra. 

 

2.1.9 Ultraviolet-visible spectroscopy (UV/Vis) (Chapter 5, 6) 

UV-Vis spectra were recorded on a Shimadzu UV-2401PC two beam 

spectrophotometer, employing quartz cuvettes of 10 mm path, in the range of 

200 – 800 nm, at a step of 0.5 nm, using combination of deuterium and halogen 

lamps, as sources. 

 

2.1.10 Differential scanning calorimetry (DSC) (Chapter 4) 

 Differential scanning calorimetry (DSC) was performed using a Q100 

Thermal Analysis instrument between 25 °C and 200 °C under nitrogen 

atmosphere, at heating and cooling rates of 2 °C min–1. DSC measurements 

were done placing the sample in an open vessel to reproduce the conditions of 

the TGA characterization. 

 

2.1.11 Broadband dielectric spectroscopy (BDS) (Chapter 7) 

For broadband dielectric spectroscopy measurements, the powder samples 

were mechanically pressed into pellets of submillimeter thickness between 7 

mm-diameter stainless steel electrode disks in parallel-plate capacitor 

geometry. Dielectric spectra were acquired in the frequency range from 10–2 to 

107 Hz using a Novocontrol Alpha analyzer. Isothermal frequency scans were 
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acquired between 125 and 360 K (with a temperature stability of ±0.3 K) in a 

N2 flow Quattro cryostat (Novocontrol Technologies); the sample was in a 

nitrogen flux during all measurements.  

 

2.2 Materials preparation  

2.2.1 Preparation of oxidized fullerenes (Chapter 4) 

Oxidized Buckminsterfullerene (oxC60) was obtained by a modified 

Staudenmaier method. In a conical flask, 100 mg of C60 (98%, Sigma-Aldrich) 

were added upon stirring to a mixture of 4 mL of H2SO4 (95-97%) and 2 mL 

HNO3 (65%) kept in an ice-water bath at 0 oC. 700 mg of KClO3 were then 

added in small portions to the mixture under vigorous stirring and the reaction 

was continued for 18 hours. 20 mL water were then added and the mixture was 

stirred for another 30 minutes. The resulting aqueous acid mixture was 

neutralized by slowly adding a 2M NaOH solution until a pH of 12 was 

reached. The precipitate was separated from the solution by centrifugation, 

washed with a 1M NaOH solution and centrifuged again.[3] This washing 

process was repeated three times in order to eliminate the remaining salts used 

or formed during the oxidation procedure. The precipitate was dispersed in 50 

mL toluene, stirred for 20 min and centrifuged to remove unreacted fullerenes. 

Finally, the oxidation product was dispersed in ethanol and air-dried on a glass 

plate.  

 

2.2.1.1 Functionalization of oxC60 with a primary aliphatic 
amine (Chapter 4) 

For the further chemical functionalization of oxC60, 100 mg of oxidized 

fullerenes, dissolved in 50 mL of distilled water, were mixed with a solution of 

300 mg of octadecylamine (ODA) in 16.5 mL EtOH while the pH was set to 7 

and the system was stirred for 24 h. The product was collected by 

centrifugation, washed with ethanol and dried at room temperature (sample 
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denoted as oxC60-ODA). Figure 1 presents the structure of oxidized fullerenes 

(oxC60) and functionalized oxidized fullerenes (oxC60-ODA). 

 

 

 

Figure 1: Schematic representation of oxidized fullerenes (oxC60) and functionalized 
oxidized fullerenes (oxC60-ODA). 

 

2.2.2 Preparation of oxidized carbon nanodiscs (oxCNDs) 
(Chapter 5) 

The nanodiscs sample (also containing a small fraction of conical structures 

and amorphous carbon) produced from the Kværner carbon black and hydrogen 

process (CB&H) and further annealed at 2500-2700 oC was purchased from 

Strem Chemicals, Inc. (France). The predominance of nanodiscs in the material 

is demonstrated by the SEM image shown in Figure 2. In addition, considering 

that the cones and soot components were removed upon the oxidation 

procedure described below, the starting annealed carbon sample will be 

denoted hereafter as carbon nanodiscs or CNDs. 
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Figure 2: SEM image of the as purchased pristine annealed CNDs sample. 

 

Oxidization of carbon nanodiscs was achieved using a modified 

Staudenmaier method (see Figure 3).[4] In a spherical flask, 500 mg of CNDs 

were dispersed in a mixture of 20 mL H2SO4 (95-97%) and 10 mL HNO3 

(65%) while placed in an ice-water bath (0 oC) and the system was stirred for 

20 minutes. 10 g of KClO3 were then added in small portions to the mixture 

under vigorous stirring and the reaction was completed after 18 hours. The 

oxidation product (oxCNDs) was separated by centrifugation (3500 rpm, 10 

min) and washed several times with distilled water until a pH 6. The remaining 

solid was air-dried spreading on a glass plate. Figure 3 presents the preparation 

of oxidized carbon nanodiscs (oxCNDs).  
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Figure 3: Schematic representation of the preparation of oxidized carbon 
nanodiscs (oxCNDs). 

 

2.2.2.1 Study of cytotoxicity in vitro (Chapter 5) 

(a) Loading of DOX onto oxCNDs. Doxorubicin hydrochloride (DOX) was 

loaded onto oxCNDs by mixing 10 mL of DOX aqueous solution with the 

concentration of 1 mg mL-1 and 10 mg oxCNDs using ultrasonication for 0.5 h. 

Subsequently, the mixture was stirred overnight at room temperature in the 

dark. The excess of DOX was removed by centrifugation at 14,000 rpm for 45 

min, and repeated rinsing. The resulting oxCNDs-DOX was collected after 

lyophilization and then stored at 4 oC until use. To estimate the DOX loading 

capacity, the supernatant was sampled, and the concentration of unloaded DOX 

was determined using a Cary 100 Conc UV-Visible spectrophotometer (Varian 

Inc.) at 480 nm with the standard absorbance−concentration calibration curve 

at the same wavelength.  

(b) ζ-Potential Measurements. Measurements of ζ-potential were conducted 

using ZetaPlus (Brookhaven Instruments Corp, USA). In a typical experiment, 

200 μL aqueous dispersions of oxCNDs or oxCNDs-DOX were diluted into 1.4 

mL water. Ten measurements of ζ-potential were obtained for each dispersion 

and the results were averaged.  
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(c) Cell lines and culture conditions. The cells used in the study described in 

chapter 5 were the human lung carcinoma cell line A549, which were 

purchased from the European Collection of Animal Cell Culture (Wiltshire, 

UK). The cells were cultured in high glucose D-MEM medium with L-

glutamine (Biochrom) supplemented with 10 % fetal bovine serum (Biochrom) 

and penicillin/streptomycin (Biochrom) 10 U/mL/10 μg/mL. Cells were 

maintained at 37 oC in a humidified 5 % CO2 incubator and were subcultured 

twice a week after detaching with 0.05 % + 0.02 % (w/v) trypsin + EDTA 

solution (BIOCHROM).  

(d) MTT toxicity tests. In vitro cytotoxicity studies were performed using the 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) 

colorimetric method, according to the literature[5]. Briefly, exponentially 

growing A549 cells were seeded into flat bottomed 96-well plates at a 

concentration of 105 cells per well. The day after seeding, the medium was 

discarded and freshly prepared solutions of DOX and oxCNDs-DOX in D-

MEM at drug concentrations of 1, 5 and 10 μΜ mL-1 as well as CNDs solution 

(analogous concentration CNDs with that of oxCNDs-DOX) were added. 

Cell-seeded wells with only D-MEM growth medium were used as controls. 

The mitochondrial redox function (translated as cell viability at t ≥ 24 h post-

incubation) of all cell groups was assessed by the MTT assay at selected time 

points, namely 24 h, 48 h and 72 h post-incubation. This was performed by 

replacing cell media with complete media containing 1 mg mL-1 MTT and 

incubating at 37 °C in a 5 % CO2 humidified atmosphere for 4 h. MTT media 

were then removed from all cell groups and the produced formazan was 

solubilized with 100 μL isopropanol per well. The plates were subsequently 

shaken for 10 min at 100 rpm in a Stuart SI500 orbital shaker, the absorbance 

was measured for each well by a spectrophotometric [ELISA (enzyme-linked 

immunosorbent assay)] plate reader at 540 nm. Background absorption was 

measured at 620 nm and subtracted. Four replicates were used for each 

treatment and the experiment was repeated in triplicate.  
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(e) Fluorescence Microscopy in Cells. Cells inoculated on 22 mm coverslips 

housed in 6/well plates at a concentration of 4x104 cells per well, as elaborated 

in the cell culture section, were incubated for 5 h with DOX and oxCNDs-DOX 

(drug concentration 1 and 5 μM). After washing the cover slips with PBS 

(Dulbecco Biochrom AG), the cover slips were mounted with an antifade 

solution of p-phenylenediamine (PPD, Sigma) and inverted onto microscope 

slides. An Olympus BX-50 microscope coupled with an Olympus DP71 digital 

colour camera was used to obtain both bright field as well as epifluorescence 

microscopy images of cells incubated with oxCNDs-DOX and DOX. 

Fluorescence excitation was facilitated by a Mercury USH 102D lamp (Ushio 

Electric), while fluorescence emission was imaged through an Olympus 

UPLFLN40x objective (NA 0.75), using a DAPI/FITC/TRITC filter (Chroma 

Technology Corp).  

 

2.2.2.2 Effect of oxCNDs on the catalytic characteristics of 
cytochrome c (Chapter 5) 

(a) Materials. Cytochrome c from equine heart was purchased from Sigma–

Aldrich (> 95 % pure, St. Louis, MO) and used without further purification. 

2-Methoxyphenol (guaiacol) was purchased from Sigma–Aldrich (St. Louis, 

MO) and hydrogen peroxide (30%, w/v) was obtained from Fluka. 

(b) Determination of cyt c activity. The peroxidase activity of cyt c was 

determined using the chromogenic substrate guaiacol. H2O2 (10 mM) was 

added to give a final assay mixture (containing 25 μg/mL cyt c, 25 mM 

guaiacol). The activity of cyt c was monitored by measuring the increase of the 

absorbance at 470 nm, due to guaiacol oxidation, at 40 oC. 

(c) Stability of cyt c. The stability of cyt c in the presence and absence of 

CNDs was investigated. Nanomaterial dispersions (25 μg/mL) in a phosphate 

buffer (50 mM, pH 7.0) containing guaiacol (25 mM) or H2O2 (10 mM) were 

preincubated at 40 oC and cyt c was added for a final concentration of 25 

μg/mL. Samples were withdrawn at regular time intervals in order to determine 

the remaining peroxidase activity of cyt c, by adding the second substrate. All 
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experiments were repeated in triplicate. The half-life times (t ½) were calculated 

as described elsewhere.[6] 

 

2.2.3 Preparation of graphite oxide (GO) (Chapter 6) 

During the oxidation procedure of graphite, 5 g of powdered graphite 

(purum, powder ≤0.2 mm, Fluka) were added in a mixture of concentrated 

sulfuric acid and nitric acid (200 mL, 95–97 wt% and 100 mL, 65 wt%, 

respectively) while cooling in an ice-water bath for 20 minutes. Thereafter, 100 

g of powdered KClO3 (Fluka) were added to the mixture in small portions 

under vigorous stirring. The reaction was completed after 18 h by pouring the 

mixture into ultrapure water and the oxidation product was washed until the pH 

reached 6.0. Finally, the obtained sample dried at room temperature.[7] The 

oxidation procedure is shown in Figure 4. 

 

 

 

Figure 4: Schematic representation of the preparation of Graphite oxide (GO). 

 

2.2.3.1 Preparation of sulfonated graphite oxide (GO_OSO3H) 
(Chapter 6) 

 In a spherical flask 6 g of graphite oxide and 300 mL sulfuric acid were 

added. The mixture was stirred for 3 days under nitrogen atmosphere. 
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Thereafter, the mixture was placed in an ice bath and 600 mL of anhydrous 

diethyl ether were added in small portions under vigorous stirring. The sample 

was centrifuged and washed twice with diethyl ether and was dried in vacuum 

at 40 oC overnight.[8] The procedure is shown schematically in Figure 5. 

 

 

Figure 5: Schematic representation of the preparation of sulfonated Graphite oxide 
(GO_OSO3H). 

 

2.2.3.2 Preparation of carboxylated graphite oxide 
(GO_COOH) (Chapter 6) 

500 mg of graphite oxide were dispersed upon stirring in 250 mL of distilled 

water. 25 g of ClCH2COOH and 30 mL of NaOH (1M) were then added and 

the mixture was sonicated for 3 hours. After that time an aqueous HCl solution 

(1M) was added in small portions until the pH reached 7. The resulting mixture 

was centrifuged and washed with distilled water and finally dried at room 

temperature.[9] 
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2.2.4 Intercalation of Ibuprofen into graphite oxide (GO), 
sulfonated graphite oxide (GO_OSO3H) and carboxylated 
graphite oxide (GO_COOH) (Chapter 6) 

In the effort to study the graphite oxide as efficient drug delivery system of 

Ibuprofen (IBU), 180 mg of IBU and 300 mg of GO were dispersed in 10 mL 

of EtOH (absolut) and 30 mL of distilled water, respectively. After the mixing 

of the two dispersions, the system was stirred for 2 hours while heating at 50 
oC. The solid part was separated by centrifugation (4000 rpm, 30 min) and the 

supernatant was filtered through a Millipore filter (0.45 μm FG). The IBU 

concentration in the supernatant of GO was determined via UV-Vis 

spectroscopy at λ=222 nm after dilution while the same absorption peak was 

found for pure Ibuprofen which was measured as reference to our materials. 

The resulting sample is denoted by IBU/GO. The above synthetic procedure 

was also followed for the case of sulfonated and carboxylated graphite 

oxide.[10] The resulting samples are denoted by IBU/GO_OSO3H and 

IBU/GO_COOH. 

 

2.2.5 In vitro drug release of Ibuprofen (Chapter 6) 

100 mg of either IBU/GO or IBU/GO_OSO3H or IBU/GO_COOH and 50 

mL simulated gastric fluid were added in dialysis membrane bags. The 

membrane bags were sunk in 200 mL gastric fluid (Sigma-Aldrich) and 

continuously the beakers were placed in an isothermal shaker bath at 37 oC for 

24 h. 3 mL of the dissolution media were sampled for UV-Vis measurements to 

determine the percentages of the released Ibuprofen at λ=222 nm. Immediately 

after taking these samples, the dissolution media were refilled in order to keep 

the volume constant. Measurements were taken every 30 minutes. Also, the 

procedure was repeated and the drug release of these materials was studied in 

simulated intestinal fluid (Sigma-Aldrich).  
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2.2.6 Preparation of brominated fullerenes (C60Br6) (Chapter 7) 

79 mg of pristine fullerene (C60, Aldrich, 99.8 % pure) were dissolved in a 

mixture of 2 mL of elementary bromine and 10 mL of carbon disulfide. The 

resulting mixture was allowed to stand without stirring and heating for 10 days. 

The precipitate was filtered off, washed with hexane and dried at room 

temperature.[11] 

 

2.2.7 Preparation of polybrominated fullerenes (C60Br24) 
(Chapter 7) 

300 mg of buckminsterfullerene (Aldrich, 99.8 %) was dissolved in 2 mL of 

elementary bromine, in the presence of the catalytic quantity of FeBr3. The 

mixture was stirred for 40 min at room temperature, and when the reaction was 

completed, the excess of unreacted bromine was evaporated and the catalyst 

was separated by dissolving in a mixture of EtOH/H2O (v/v 1:2). The product 

was an orange-brown powder that showed no solubility in organic solvents.[12]  

 

2.2.7.1 Preparation of polyhydroxylated fullerenes [C60(OH)24] 
(Chapter 7) 

The fullerol derivative C60(OH)24 was obtained upon reaction of C60Br24 with 

5 mL of NaOH 2 M (pH= 13) for 2 hours at room temperature. After the 

completion of the reaction, the solvent was evaporated at 40 °C, and the 

mixture was filtered and washed 5 times with 10 mL of ethanol (70 %). The 

product after filtration was a dark brown amorphous powder, soluble in polar 

solvents like water.[13]
  

 

2.2.7.2 Preparation of sodium fullerenes salt (C60O24Na24) 
(Chapter 7) 

Sodium oxofullerene salt C60O24Na24 was synthesized by neutralizing the 

polyhydroxylated fullerenes C60(OH)24 (80 mg) with an aqueous NaOH 1 M 
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solution (1.7 mL). The salt was precipitated with acetone, centrifuged, washed 

with acetone, and dried at room temperature. The product was a polycrystalline 

brown powder, soluble in water.  

A schematic representation of the products resulting from the preparation 

procedures described in 2.2.7, 2.2.7.1 and 2.2.7.2 is shown in Figure 6. 
 

 

 
 

Figure 6: Schematic representation of fullerenes (C60), polybrominated fullerenes 
(C60Br24), polyhydroxylated fullerenes [C60(OH)24], and sodium fullerene salts 

(C60O24Na24). 
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Chapter 3 
 

Non-covalent Interactions of Graphene with 

Polycyclic Aromatic Hydrocarbons* 

 

In this chapter we discuss the interactions of polyaromatic hydrocarbons 

(PAHs) with graphene and the experimental approaches developed so far to 

create novel graphene/PAH hybrids and composite systems. The utilization of 

these systems in electrical, biomedical and polymer-reinforcement applications 

is described while special emphasis is given to environmental remediation 

issues. 

 

3.1 Introduction 

Graphene, a monolayer of carbon atoms tightly packed into a planar two-

dimensional hexagonal lattice surprised the scientific world with its exceptional 

properties, which differ from those of all the other carbon allotropes discovered 

so far. Its extraordinary electron mobility, combined with its high thermal and 

mechanical stability, chemical inertness, large theoretical surface area, 

elasticity and the possibility to modify electrochemically its electronic 

structure,[1, 2] place graphene at the top of the list of candidates for the 

development of new nanomaterials for a plethora of applications including 

molecular electronics, biosensors, environmental sensors and energy storage 

nanodevices.[3-7] 

On the other hand, polycyclic aromatic hydrocarbons (PAHs) consist of 

multiple aromatic carbon rings and are considered as small parts of a graphene 

flake decorated by hydrogen molecules at the edges. They are residues of 

incomplete combustion of coal, wood, plants, and organic materials as well as 
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anthropogenic products of fossil fuels (petroleum) and combustion of cars or 

industry[8] but can also be produced by direct biosynthesis by microbes and 

plants. In the atmosphere, PAHs may undergo photolytic and chemical (ozone) 

transformations. However, most of the material does not degrade quickly in the 

atmosphere and thus may reside in the environment for extended periods of 

time[9]. Finding methods to remove PAHs from the environment as well as for 

their utilization as nanomaterial building block are two subjects of great 

scientific interest. 

  

*This chapter is based on: P. Zygouri, G. Potsi, E. Mouzourakis, K. Spyrou, D. 
Gournis, P. Rudolf, Current Organic Chemistry 2015, 19, 1791-1799 (invited article) 

 

This mini-review attempts to provide a comprehensive and critical overview 

of the interactions of PAHs with graphene and graphene-based materials. The 

development of novel graphene/PAHs hybrid and composite systems and their 

utilization in electrical, biomedical and polymer-reinforcement applications is 

described. Specific emphasis is given to environmental remediation issues 

concerning the use of graphene for the effective removal of polycyclic aromatic 

compounds. 

 

3.2 PAHs interactions: Theoretical approaches 

PAHs, similarly to graphene, have the tendency to stack together forming 3-

D layered aggregates due to non-covalent π-π interactions between the carbon 

sheets. For this reason PAHs can be viewed as model systems for 

understanding the π-π interactions between graphene sheets. Theoretical 

investigations have elucidated the interactions between PAHs and single 

graphene layers. In fact, density functional theory calculations have been 

extensively used because they provide precise details concerning the stacking 

of aromatic rings on the graphene surface at a relatively low cost.[10-12] 
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Recently, a van der Waals density functional theory (vdW-DF) approach 

was applied by Chakarova et al. to describe the interaction between stacked 

polycyclic aromatic molecules.[13] The same authors also applied vdW-DF to 

benzene, anthracene, naphthalene and pyrene dimers stacked in sandwich (AA) 

structure, as well as to the slipped-parallel (AB) naphthalene dimer and infinite 

graphene layers.[14] The calculated results include non-local dispersion 

interactions between the dimers and are in accordance with experimental 

findings.[15, 16] 

Moreover, Umadevi and Sastry[17] used DFT calculations to explain the 

types of interaction of small molecules, metals and ions, such as CO2, H2O , Li+ 

and Mg2+ with various linear and branched polycyclic aromatic hydrocarbons 

taken as models of truncated graphene sheets (Figure 1). The theoretical results 

suggest chemisorption of metal atoms or ions on the graphene-like PAH 

system, while CO2 and H2O are physisorbed on the PAH surface.  

 

Figure 1: Schematic representation of graphene-PAHs nanohybrids adsorbing small 

molecules (CO2, H2O), metals (Mg, Li) and metallic ions (Li+, Mg2+). (Reproduced 

with permission from Ref. [17]). 

 

Yadav and Mishra[18] used gas phase structures to study dimers and trimers 

of polycyclic aromatic hydrocarbons (PAHs) having zig-zag edges, and 

continuous electron density and molecular electrostatic potential (MEP) 

distributions. They tested the reliability of four different functionals of density 

functional theory on benzene and naphthalene. For dimers the displacements of 

the monomers along the X-direction and the Y-direction lie between 1.43 and 
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1.49 Å, while those along the Z-direction equal between 3.36 and 3.41 Å. The 

centre-of-mass separations between the monomers in all dimers amount to 

between 3.65 and 3.72 Å. It was found that dimers where the monomers are 

displaced along the X-axis were more stable by 0.71 and 0.92 kcal/mol than 

those with displacements along the Y-axis. For trimers two types of stacking of 

graphene layers were observed, rhombohedral (or ABC) stacking and Bernal 

(or ABA) stacking. In both dimers and trimers the electron density was not 

enhanced at all the C–C bonds located at the edges, but most of the C–C bonds 

where the electron density is enhanced, were located at the edges. The analysis 

of MEP distributions showed that the enhanced electron density edge effect, 

found to exist in PAH monomers, persists in PAH dimers and trimers. 

 

3.3 Graphene functionalization by PAHs 

Graphene and graphene oxide are widely used as nanofillers in polymers 

when aiming to improve the thermal, mechanical, and electrical properties of 

the resulting polymer composites. However, these carbon nanofillers are often 

poorly dispersed in polymeric matrices, a problem which can be circumvented 

by different approaches of graphene functionalization. Non-covalent 

functionalization is preferable in this context since it preserves the structure 

and associated properties of graphene. 

Yang et al.[19] developed a facile method to generate stable graphene 

suspensions in water by direct exfoliation of graphite in water, based on non-

covalent interactions with 1-pyrenesulfonic acid sodium salt (Py-1SO3) (Figure 

2). An extensive Raman analysis of the material in suspension revealed that it 

consists of ~70% few-graphene layers (<7). For comparison a salt with a 

different number of sulfonic groups, 1.3.6.8-pyrenetetrasulfonic acid, was also 

investigated but gave a much lower exfoliation yield, indicating that the 

exfoliation efficiency depends on the number of sulfonic groups. Apart from 

being highly effective, this exfoliation method has numerous other advantages: 
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it is quick, non-destructive, and the used molecules are commercially available 

and cheap. A promising application of the suspensions thus created is their use 

as inks for printable tattoo-based electro-chemical sensors, based on the fact 

that proteins and other biological objects easily graft to pyrene. 

 

 

Figure 2: (A) Schematic of the exfoliation of graphite flakes using 1-pyrenesulfonic 

acid sodium salt (Py-1SO3). The process includes different steps (mixing, exfoliation 

and washing). The washing step is repeated for three times in order to remove the 

excess Py-1SO3. (B) Digital picture of a vial containing the resulting graphene-based 

dispersion. (C) Py-1SO3 based graphene film prepared by vacuum filtering dispersion. 

(Reproduced with permission from Ref. [19]). 

 

In an alternative approach, Bose et al.[20] achieved the exfoliation of graphite 

in water, based on the non-covalent interaction between graphene and 9-

anthracene carboxylic acid (ACA). The yield of the sample was about 2.3 %. 

This method (Figure 3) needs no strong acids, oxidants or hydrazine, which 

could distort the C-sp2 network of graphene, and is carried out at room 

temperature, opening the way to technological applications where the 
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temperature range is limited. Raman spectroscopy of the functionalized 

graphene (ACA-G) confirmed the abundant presence of superior quality single 

layers. The excellent dispersion stability of ACA-G was corroborated by 

absorption spectroscopy. Cyclic voltammetry measurements of an ACA-G-

based ultracapacitor demonstrated excellent capacitive behaviour, with a high 

specific capacitance value of 148 F g-1.  

Recently, Spyrou and co-workers[21] performed experimental and theoretical 

studies in order to explain the intercalation mechanism of polycyclic aromatic 

molecules (aromatic amines) into graphene oxide. The type of interaction 

differs depending on the size of the aromatic molecule (aniline and naphthalene 

amine); more specifically, it was shown that aniline binds covalently to the 

graphite oxide matrix, while naphthalene amine prefers to adsorb on the GO 

surface via π–π interactions. This novel class of hybrid materials opens new 

horizons in intercalation chemistry and may drive potential applications in 

electronics, energy storage and environmental remediation. 

 

 

Figure 3: Proposed mechanism for the formation of stable aqueous dispersion of 

graphene. (Reproduced with permission from Ref. [20]). 
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A simple and low-cost path for the generation of stable aqueous dispersions 

of conducting polymers for sensing applications was developed by Liu et 

al.[22]: interface polymerization of 3,4-ethylene dioxythiophene (EDOT) in the 

presence of graphene oxide (GO) resulted in PEDOT nanorods-GO 

nanocomposites. The formation of the composite relies on π-π stacking 

interactions as well as the electrostatic interactions between the positively 

charged poly(3,4-ethylene dioxythiophene) (PEDOT) and the negatively 

charged graphene oxide (GO). Graphene oxide acts as a suitable stabilizing 

agent for PEDOT due to its abundance in hydrophilic groups.  It has been 

proven that PEDOT displays a high catalytic activity for the oxidation of 

nitrite. For this reason, Liu et al.[22] successfully designed a nitrite sensor, 

depositing the stable aqueous dispersion of PEDOT-GO nanocomposites on a 

Au electrode surface in the presence of Chitosan. Cyclic Voltammetry 

measurements demonstrated that in such a device the linear detection range and 

the detection limit amount to 4 μM to 2.48 mM (r=0.999) and 1.2 μM at a 

signal-to-noise ratio of 3, respectively. 

The first attempt to develop polyvinyl alcohol (PVA) composites based on 

pristine graphene was performed by Das et al.,[23] who dispersed pristine few-

layer graphene (FLG) in water in the presence of a triphenylene based stabilizer 

(C10). The surface of FLG was functionalized by C10 without micelle 

formation and the C-sp2 network was not disrupted. A high graphene yield was 

obtained (0.2 mg FLG/mg C10) and the stability of the product was not 

affected by pH changes, heat and freeze-drying. The FLG/PVA composites 

exhibited enhanced mechanical and electrical properties, namely the electrical 

conductivity of the FLG/PVA composite (0.29 vol%) was much higher than 

that of a pure PVA film and in the case of 0.1 vol% (0.3 wt%) FLG/PVA 

composite the Young’s Modulus was increased by 21 %. Such improved 

behaviour demonstrates excellent percolation between filler and matrix as well 

as effective reinforcement and promises well for the application of stabilized 

pristine graphene in conductive composite films. 
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Sun et al.[24] studied the adsorption of PAHs (naphthalene, anthracene and 

pyrene) on graphene oxides (GOs) and reduced graphene oxides (rGOs) and 

tried to evaluate the effect of pH, humic acid (HA) and temperature on the 

adsorption of PAHs on graphene nanomaterials. They found that the adsorption 

of PAHs on rGOs was not affected by the increase of pH, from 2 to 11. On the 

other hand, in the case of naphthalene on rGOs, the adsorption was suppressed 

by high temperatures and by the presence of humic acid. The saturated 

adsorption capacities (in mmol g-1) of rGOs for PAHs, calculated with the 

Polanyi-Dubinin-Ashtahhov model (PDA) gave the highest value for 

naphthalene, followed by pyrene and anthracene and the adsorption isotherms 

of the three samples were in accordance with this model. Concerning the 

adsorption mechanisms of PAHs on rGOs, the authors found that in the case of 

naphthalene, the adsorption was realized via pore-filling, whereas for 

anthracene and pyrene it proceeds through adsorption on the flat surface. 

Only a year later, Wang, Chen and Chen[25] studied the influence of the PAH 

size and hydrophobicity on the interaction with GO and graphene, choosing 

again naphthalene, anthracene and pyrene as adsorbants. The binding of PAHs 

to graphene is dominated by π-π interactions on the flat surface and the 

possibility to interact with more than one surface in the groove regions formed 

by wrinkles on the graphene surface. While the perfect 2D graphene structure 

tend to alter into 3D structures to become structurally stable, GO forms much 

fewer wrinkles because the attached carboxyl groups already stabilize the 

structure. As illustrated by the TEM and SEM images reproduced in Figure 4, 

the conformation of the starting materials is therefore different but for both 

graphene and GO the conformation and aggregation of the nanosheets is 

severely altered after loading with PAHs. The authors make various hypotheses 

about the underlying mechanisms but further studies are needed to discriminate 

between these scenarios. 
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Figure 4: The SEM and TEM images of graphene (GNS) and graphene oxide (GO) 

before (first column) and after association with phenanthrene at a low concentration 

(second column) and at a high concentration (third column). (Reproduced with 

permission from Ref. [25]). 
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Finally, Xin Yang et al.[26] studied the adsorption of 1-napthylamine, 1-

naphthol, and naphthalene on reduced graphene oxide/iron oxide 

(GO/FeO•Fe2O3) nanocomposites with different polarity (Figure 5). The 

adsorption capacity of these aromatic molecules on FeO•Fe2O3 was much 

lower than on GO/FeO•Fe2O3 composites because the van der Waal forces 

between naphthalene or naphthalene derivatives and FeO•Fe2O3 nanoparticles 

are weaker. Most of the aromatic molecules were adsorbed directly on the 

surface of GO. The interactions of the magnetic graphene hybrids and aromatic 

systems were found to be of electron-donor-acceptor  

 

 

 

Figure 5: Comparison of the adsorption isotherms of three adsorbates on a given 

adsorbent and schematic structure of monomer of GO/FeO•Fe2O3 (A) and 

MWCNTs/FeO•Fe2O3 (B). m/V = 0.1 g/L, pH = 7.0±0.1, I = 0.01 M NaClO4. T = 

283.15 K. The dotted lines are Freundlich model simulation. (Reproduced with 

permission from Ref. [26]). 

 

(EDA) type and the adsorption capacity increased with increasing dipole 

moment (naphthalene < 1-naphthol < 1-naphthylamine). Thermodynamic 

experiments further indicated that the adsorption processes were endothermic 

and spontaneous. The iron oxide nanoparticles avoid strong aggregation and 
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facilitate separation for an easy removal. All these results are of great interest 

for applications where highly toxic and carcinogenic aromatic molecular 

systems need to be removed from the environment.  

 

3.4 Electronic and electrochemical properties of 
graphene/PAHs hybrids 

As already mentioned above, PAHs can be considered as small truncated 

graphene sheets and PAHs-graphene hybrids are proposed as potential 

materials for nanoelectronic applications and electrochemical biosensors. An 

effort in this direction was made by Jo et al.[27] who realized the non-covalent 

functionalization of reduced graphite oxide with poly(3,4-ethylene 

dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and proved the 

potential of this hybrid for application as transparent and highly flexible 

electrode. The RGO/PEDOT dispersion maintained good colloidal stability in 

aqueous media. After filtration the resulting RGO/PEDOT film could be 

transferred onto a substrate, such as a flexible PET or a quartz slide, and 

displayed a high conductivity of 2.3 kΩ/sq and an optical transmittance of 

80%. The method followed conserves of the chemical and electronic properties 

of both components while taking advantage of conducting network structure of 

the conducting polymers to enhance the flexibility and mechanical stability of 

the reduced graphene oxide sheets. 

An electrochemical biosensor where a graphene-nafion hybrid is part of a 

layered structure, was developed by Yongnian Ni et al.[28] for the analysis of 

benzo(a)pyrene (BaP). This PAH consists of five benzene rings and its 

metabolites are mutagenic and highly carcinogenic. The sensor consists of 

DNA immobilized on hemin on top of a nafion-graphene hybrid, deposited on 

a glassy carbon electrode (GCE). After deposition the nafion-graphene film 

appeared to have a fibrous structure, which was successively covered by a 

disordered layer of hemin and DNA. To investigate DNA damage, the 
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DNA/hemin/nafion-graphene/GCE was immersed separately in solutions of 

BaP, H2O2 and BaP-H2O2. Electrochemical impedance spectroscopy technique 

revealed the damage caused by a metabolite of BaP and UV-Vis 

spectrophotometry was applied to investigate whether the hemin/H2O2 system 

could mimic the benzo(a)pyrene enzymatic effects. The results showed that this 

model system could successfully metabolize the BaP PAH molecule to its 

ultimate carcinogenic form. 

Shan Liu et al.[29] constructed an electrochemical sensing platform by 

modification of electroactive thionine-functionalized graphene onto a glassy 

carbon electrode surface (Th/GRs/GCE)  in order to selectively detect specific 

polycyclic aromatic tricyclic hydrocarbons, such as phenanthrene (PHE) and 

anthracene (ANT). To construct the sensing platform, graphene oxide (GO) 

was synthesized according to Hummers method and the modified electrode 

prepared from a glassy carbon electrode added in solution of nafion and 

Th/GRs. UV-Vis absorption spectrum suggested interactions between amino 

groups of thionine and graphene, as well as π-π stacking. The electrochemical 

results showed that the modified electrode Th/GRs/GCE retained the 

electrochemical properties of thionine; it proved stable, reproducible and 

insensitive with respect to inorganic ions, which are likely to be present in 

water samples. Analysis of the effect of PHE and ANT on the electrochemical 

behaviour of Th/GRs/GCE showed that the modified electrode presented a 

similar response in both cases and that the influence of the coexistence of PHE 

and ANT was equivalent to the effect of stacking. The modified electrode can 

be also employed to determine the total amount of PHE and ANT with superb 

accuracy as proven by successfully measuring the content of PHE and ANT in 

a standard liquid sample containing 16 PAH compounds. This sensitive 

electrochemical technique can selectively detect tricyclic aromatic 

hydrocarbons with carcinogenic and mutagenic properties or occurring as 

pollutants in the environment.[30] 
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Bai et al.[31] succeeded in stably dispersing single layer graphene sheets in 

water by non-covalent functionalization with sulfonated polyaniline (SPANI). 

After reduction of exfoliated graphite oxide by the presence of SPANI, the 

composite film of SPANI-functionalized graphene sheets (SPANI/r-G) 

exhibited enhanced electrochemical stability and improved electrochemical 

activity (Figure 6) in both acidic and neutral media.  

 

 

Figure 6: Cyclic voltammograms of SPANI (dashed line) and SPANI/r-G (solid 

line) modified electrodes in 1.0 M H2SO4 and 0.1 M PBS. Potential scan rate = 50 mV 

s-1. (Reproduced with permission from Ref. [31]). 

 

3.5 Elimination of aromatic organic pollutants using graphene 

As already mentioned, polycyclic aromatic compounds are of big concern 

for the environment[9] because many of them are highly toxic, mutagenic and 

carcinogenic.[32-35] Graphene as a non-toxic compound is ideally suited for the 

absorption and subsequent removal of noxious PAHs from the environment 

including aquatic systems.  

While the exceptionally high surface area of graphene (theoretical estimated 

value of 2620 m2/g) and its consequently high adsorption capacity make it very 

promising for the treatment and management of organic and PAHs pollutants, 

however, the strong tendency towards aggregation of graphene sheets, which 

reduces the surface area as well as the lack of effective ways to disperse 
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graphene in aqueous solution, have been major challenges. In order to 

overcome these difficulties many approaches have been suggested and the most 

interesting ones are discussed in detail in this review. 

In 2010 Luo et al.[36] developed a new poly(ethylene glycol dimethacry-

late)/graphene composite by in-situ polymerization using microwave 

irradiation. The new composite was used as extraction coating in stir rod 

sorptive extraction for the preconcentration of polycyclic aromatic 

hydrocarbons from aqueous samples.[37] The performance of these hybrid 

composites as sorbents was compared to that of the pure polymer in stir rod 

sorptive extraction and the graphene-polymer composite proved to have a 

higher extraction capacity for most target PAHs from aqueous samples.  

Aiming to develop a new class of adsorbents with high adsorption capacity 

for persistent organic pollutants, in 2011 Zhao et al.[37] introduced a type of 

sulfonated graphene, which was dispersible and capable of absorbing aromatic 

pollutants from aqueous solutions. Graphene oxide, prepared by a modified 

Hummers method, was pre-reduced by adding sodium borohydride, sulfonated 

with aryl diazonium salt of sulfanilic acid and then post-reduced with the help 

of hydrazine to remove any remaining oxygen functionalities. The adsorption 

capability of the sulfonated graphene nanomaterials was found to be ~2.3–2.4 

mmol g−1 for naphthalene and 1-naphthol, which is among the highest for 

today's nanomaterials.[37] 

Two years later in 2013, Qiang et al.[38] developed a new graphene-based 

solid phase extraction disk for the separation and pre-concentration of 

polycyclic aromatic hydrocarbons from aqueous samples. The method was 

tested using Gas chromatography–mass spectrometry.[38] Solid phase extraction 

is a commonly used treatment method for environmental samples, so the 

demonstration that graphene has a strong adsorption capacity for PAHs 

identifies it as an excellent and cost-effective adsorbent material for separating 

PAHs from water samples.[38] 
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In the same year, Zhang et al.[39] developed a novel non-covalently bound 

hybrid material by mixing graphene oxide and brilliant blue. This new type of 

functional graphene oxide was efficiently dispersed and stable in water 

rendering it attractive for the absorption of polycyclic aromatic hydrocarbons 

such as anthracenemethanol and fluoranthene. In both cases the brilliant blue-

GO hybrid exhibited similarly high adsorption capacity as the sulfonated GO 

cited above. In addition the authors developed a new solid-liquid separation 

method to remove PAH-charged hybrid material without the addition of any 

flocculant.[39] By controlling pH and temperature, the PAH-charged complexes 

were successfully removed through coagulation without the need to introduce 

any further treatment (filtration or centrifugation).[39] 

A different approach was followed by Fang Wang and co-workers[40] who 

performed a series of adsorption experiments using colloidal graphene oxide 

nanoparticles. They proved that compared to other carbon nanomaterials like 

carbon nanotubes and fullerene, GO nanoparticles exhibited a stronger 

adsorption capacity not only for very hydrophobic organic contaminants but 

also for hydrophilic, polar organic contaminants (pyrene, phenanthrene, 

naphthalene, 1,3-dichlorobenzene, 1-naphthol, 1-naphthylamine, 2,4-

dichlorophenol, and 2,4-dinitrotoluene). The authors measured contaminant 

concentrations in the aqueous phase by applying the negligible depletion-solid-

phase microextraction (nd-SPME) method and found that GO nanoparticles 

were a much more effective contaminant carrier than other types of carbon 

nanomaterials because they were highly stable and better dispersible.[40]  

 

3.6 Graphene/PAHs nanocomposites with enhanced thermal 
conductivity and mechanical properties 

Graphene can also be added as filler in polymer composites to enhance the 

thermal conductivity and improve the mechanical properties. Teng et al.[41] 

proposed a new approach for realizing such a composite through the non-
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covalent functionalization of pyrene with a functional segmented poly(glycidyl 

methacrylate) (Py-PGMA) on thermally exfoliated graphene. The Py-PGMA 

was prepared by atomic transfer radical polymerization, which improves the 

compatibility between graphene and epoxy matrix due to the reactive pendant 

oxirane rings. Py-PGMA grafted on graphene (Figure 7) engenders the 

homogeneous dispersion of the graphene flakes in polymer composites, 

increasing the contact surface area between the Py-PGMA–functionalized 

graphene and the polymer.[41] 

 

 
 

 

Figure 7: Schematic representation of preparation and functionalization of graphene 

for use as a filler in polymer composites. (Reproduced with permission from Ref. 

[41]). 

 
An alternative approach has been presented by Tang et al.[42] who developed 

a novel non-covalent strategy based on cationic dye rhodamine B (RhB) which 

functionalizes graphene by in-situ reduction to obtain dispersed colloid 

graphene. The dye interacts with graphene by cation-π and π-π interaction 

preventing in such way the aggregation of graphene, and incorporated into 

polyvinyl alcohol allows to fabricate high performance PVA/graphene 

composites with enhanced mechanical properties by simple solution casting.[42] 
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With the addition of RhB-graphene, the strength and flexibility of the 

composites were simultaneously improved and a spectacular reinforcing effect 

was observed.[42] 

In 2013, Sung Ho Song and his group[43] introduced a novel graphite 

intercalation approach to generate graphene flakes (GFs) by using a ternary 

eutectic system of alkali salts and fabricated high quality GFs with extremely 

low oxygen content to be utilized in polymer composites for thermal 

management and thermal conductivity enhancement.[43] The authors suggested 

a protocol for obtaining non-covalently functionalized GFs with 1-

pyrenebutyric acid (PBA) that are highly soluble in various solvents and can be 

used to synthesize an epoxy-graphene composite. This highly effective and 

non-destructive method allows to obtain non-oxidized and low-defect GFs, 

which at low loading levels are more effective fillers than GO and MWNTs for 

producing polymeric nanocomposites with high thermal conductivity (Figure 

8).[43] 

 

  
 

Figure 8: Schematic representation of experimental procedure a) graphene flakes 

produced through intercalation a ternary eutectic system of alkali salts and dispersed 

in pyridine, b) graphene flakes non covalently functionalized by PBA and dispersed in 

acetone, c) Curing Agent, and functionalized graphene flakes after sonication, d) 

fabrication nanocomposites with functionalized graphene flakes by curing for 1 h at 

175 °C. (Reproduced with permission from Ref. [43]). 
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Wen-Shi Ma et al.[44] introduced a novel procedure to prepare non-

covalently modified graphene nanosheets by reduction of graphene oxide with 

hydrazine hydrate and simultaneous non-covalent functionalization via 1-allyl-

methylimidazolium chloride (AmimCl) ionic liquid. AmimCl is assumed to 

interact with graphene by cation–π stacking and π–π interaction as well as 

electrostatic repulsion preventing aggregation between graphene nanosheets.[44] 

Ionic liquid-modified graphene (IL-G) nanosheets were well-dispersed and 

individually exfoliated in a mixture of DMF and butyl acetate and then 

incorporated into polyurethane (PU) to fabricate IL-G/PU nanocomposites by 

solution blending (Figure 9). Great improvements in both mechanical and 

thermal properties of the final nanocomposites properties were achieved at a 

low loading of IL-G nanosheets. 

 

 

 
 

Figure 9: Schematic representation of nanocomposites with ionic liquid-modified 

graphene as a filler. (Reproduced with permission from Ref. [44]). 

 

On the theory side, Shangchao Lin and Markus J. Buehler[45] introduced a 

less destructive non-covalent functionalization method which attempts to 

enhance the thermal performance of graphene/organic nanocomposites and 
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used molecular dynamics (MD) to simulate it. Towards this end, they designed 

alkyl-pyrene molecules that can non-covalently functionalize graphene surfaces 

in contact with a model organic phase composed of octane. A physically 

adsorbed layer of linkers to the graphene/octane interface results able to bridge 

the vibrational mismatch at the graphene/octane interface.[45]  

 

3.7 Conclusions 

In conclusion, the aim of this mini-review was to present the most 

innovative theoretical and experimental work concerning the interaction of 

polycyclic aromatic molecules with graphene sheets. These studies are very 

crucial considering the role of PAHs in the development of novel composites 

for electronic, sensing and biomedical devices, but they are also of great 

importance for environmental remediation, given the high level of toxicity of 

PAHs when dispersed in the environment. PAHs and their metabolites have 

been identified as mutagenic and carcinogenic so their elimination with the 

help of nanomaterials like graphene is mandatory for the safeguard of living 

organisms.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

52 
 

References 

[1] Seo H, Ahn S, Kim J, Lee Y-A, Chung K-H, Jeon K-J. Multi-resistive Reduced Graphene 

Oxide Diode with Reversible Surface Electrochemical Reaction induced Carrier 

Control. Scientific Reports 2014; 4. 

[2] Ye J, Craciun MF, Koshino M, Russo S, Inoue S, Yuan H et al. Accessing the transport 

properties of graphene and its multilayers at high carrier density. Proc Natl Acad Sci 

U S A 2011; 108(32): 13002-13006. 

[3] Lu C-H, Yang H-H, Zhu C-L, Chen X, Chen G-N. A Graphene Platform for Sensing 

Biomolecules. Angew Chem-Int Edit 2009; 48(26): 4785-4787. 

[4] Shao Y, Wang J, Wu H, Liu J, Aksay IA, Lin Y. Graphene Based Electrochemical 

Sensors and Biosensors: A Review. Electroanalysis 2010; 22(10): 1027-1036. 

[5] Wu Q, Xu Y, Yao Z, Liu A, Shi G. Supercapacitors Based on Flexible 

Graphene/Polyaniline Nanofiber Composite Films. ACS Nano 2010; 4(4): 1963-1970. 

[6] Wang Y, Shi Z, Huang Y, Ma Y, Wang C, Chen M et al. Supercapacitor Devices Based 

on Graphene Materials. The Journal of Physical Chemistry C 2009; 113(30): 13103-

13107. 

[7] Spyrou K, Potsi G, Diamanti EK, Ke X, Serestatidou E, Verginadis II et al. Towards 

Novel Multifunctional Pillared Nanostructures: Effective Intercalation of 

Adamantylamine in Graphene Oxide and Smectite Clays. Adv Funct Mater 2014; 

24(37): 5841-5850. 

[8] Editorial Board. J Mol Catal A 2012; 353–354(0): iii. 

[9] http://www.env.gov.bc.ca/wat/wq/BCguidelines/pahs/pahs-03.htm  

[10] Kozlov SM, Viñes F, Görling A. On the interaction of polycyclic aromatic compounds 

with graphene. Carbon 2012; 50(7): 2482-2492. 

[11] Feng C, Lin CS, Fan W, Zhang RQ, Van Hove MA. Stacking of polycyclic aromatic 

hydrocarbons as prototype for graphene multilayers, studied using density 

functional theory augmented with a dispersion term. J Chem Phys 2009; 131(19). 

[12] Rajesh C, Majumder C, Mizuseki H, Kawazoe Y. A theoretical study on the interaction 

of aromatic amino acids with graphene and single walled carbon nanotube. J Chem 

Phys 2009; 130(12). 

[13] Chakarova SD, Schroder E. van der Waals interactions of polycyclic aromatic 

hydrocarbon dimers. J Chem Phys 2005; 122(5). 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

53 
 

[14] Svetla DC-K, Aleksandra V, Jesper K, Per H, Elsebeth S. Binding of polycyclic aromatic 

hydrocarbons and graphene dimers in density functional theory. New Journal of 

Physics 2010; 12(1): 013017. 

[15] Lukas S, Vollmer S, Witte G, Woll C. Adsorption of acenes on flat and vicinal Cu(111) 

surfaces: Step induced formation of lateral order. J Chem Phys 2001; 114(22): 10123-

10130. 

[16] Moses PG, Mortensen JJ, Lundqvist BI, Norskov JK. Density functional study of the 

adsorption and van der Waals binding of aromatic and conjugated compounds on 

the basal plane of MoS2. J Chem Phys 2009; 130(10). 

[17] Umadevi D, Sastry GN. Molecular and Ionic Interaction with Graphene Nanoflakes: A 

Computational Investigation of CO2, H2O, Li, Mg, Li+, and Mg2+ Interaction with 

Polycyclic Aromatic Hydrocarbons. The Journal of Physical Chemistry C 2011; 

115(19): 9656-9667. 

[18] Yadav A, Mishra PC. Dimers and trimers of polycyclic aromatic hydrocarbons as 

models of graphene bilayers and trilayers: enhanced electron density at the edges. 

Mol Phys 2014; 112(1): 88-96. 

[19] Yang H, Hernandez Y, Schlierf A, Felten A, Eckmann A, Johal S et al. A simple method 

for graphene production based on exfoliation of graphite in water using 1-

pyrenesulfonic acid sodium salt. Carbon 2013; 53(0): 357-365. 

[20] Bose S, Kuila T, Mishra AK, Kim NH, Lee JH. Preparation of non-covalently 

functionalized graphene using 9-anthracene carboxylic acid. Nanotechnology 2011; 

22(40). 

[21] Spyrou K, Calvaresi M, Diamanti EAK, Tsoufis T, Gournis D, Rudolf P et al. Graphite 

Oxide and Aromatic Amines: Size Matters. Adv Funct Mater 2015; 25(2): 263-269. 

[22] Liu S, Tian J, Wang L, Luo Y, Sun X. Production of stable aqueous dispersion of 

poly(3,4-ethylenedioxythiophene) nanorods using graphene oxide as a stabilizing 

agent and their application for nitrite detection. Analyst 2011; 136(23): 4898-4902. 

[23] Das S, Irin F, Tanvir Ahmed HS, Cortinas AB, Wajid AS, Parviz D et al. Non-covalent 

functionalization of pristine few-layer graphene using triphenylene derivatives for 

conductive poly (vinyl alcohol) composites. Polymer 2012; 53(12): 2485-2494. 

[24] Sun Y, Yang S, Zhao G, Wang Q, Wang X. Adsorption of Polycyclic Aromatic 

Hydrocarbons on Graphene Oxides and Reduced Graphene Oxides. Chemistry – An 

Asian Journal 2013; 8(11): 2755-2761. 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

54 
 

[25] Wang J, Chen Z, Chen B. Adsorption of Polycyclic Aromatic Hydrocarbons by 

Graphene and Graphene Oxide Nanosheets. Environmental Science & Technology 

2014; 48(9): 4817-4825. 

[26] Yang X, Li J, Wen T, Ren X, Huang Y, Wang X. Adsorption of naphthalene and its 

derivatives on magnetic graphene composites and the mechanism investigation. 

Colloids Surf, A 2013; 422: 118-125. 

[27] Jo K, Lee T, Choi HJ, Park JH, Lee DJ, Lee DW et al. Stable Aqueous Dispersion of 

Reduced Graphene Nanosheets via Non-Covalent Functionalization with Conducting 

Polymers and Application in Transparent Electrodes. Langmuir 2011; 27(5): 2014-

2018. 

[28] Ni Y, Wang P, Song H, Lin X, Kokot S. Electrochemical detection of benzo(a)pyrene 

and related DNA damage using DNA/hemin/nafion-graphene biosensor. Anal Chim 

Acta 2014; 821: 34-40. 

[29] Liu S, Wei M, Zheng X, Xu S, Zhou C. Highly sensitive and selective sensing platform 

based on pi-pi interaction between tricyclic aromatic hydrocarbons with thionine-

graphene composite. Anal Chim Acta 2014; 826: 21-27. 

[30] Malia SA, Vyas RR, Basu AK. Site-specific frame-shift mutagenesis by the 1-

nitropyrene-DNA adduct N-(deoxyguanosin-8-y1)-1-aminopyrene located in the 

(CG)(3) sequence: Effects of SOS, proofreading, and mismatch repair. Biochemistry 

1996; 35(14): 4568-4577. 

[31] Bai H, Xu Y, Zhao L, Li C, Shi G. Non-covalent functionalization of graphene sheets by 

sulfonated polyaniline. Chem Commun 2009; (13): 1667-1669. 

[32] Samanta SK, Singh OV, Jain RK. Polycyclic aromatic hydrocarbons: environmental 

pollution and bioremediation. Trends in Biotechnology 2002; 20(6): 243-248. 

[33] Menzie CA, Potocki BB, Santodonato J. Exposure to carcinogenic PAHs in the 

environment. Environmental Science & Technology 1992; 26(7): 1278-1284. 

[34] Sapozhnikova Y, Lehotay SJ. Multi-class, multi-residue analysis of pesticides, 

polychlorinated biphenyls, polycyclic aromatic hydrocarbons, polybrominated 

diphenyl ethers and novel flame retardants in fish using fast, low-pressure gas 

chromatography-tandem mass spectrometry. Anal Chim Acta 2013; 758: 80-92. 

[35] Xia Z, Duan X, Tao S, Qiu W, Liu D, Wang Y et al. Pollution level, inhalation exposure 

and lung cancer risk of ambient atmospheric polycyclic aromatic hydrocarbons 

(PAHs) in Taiyuan, China. Environ Pollut 2013; 173(0): 150-156. 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

55 
 

[36] Luo Y-B, Cheng J-S, Ma Q, Feng Y-Q, Li J-H. Graphene-polymer composite: extraction 

of polycyclic aromatic hydrocarbons from water samples by stir rod sorptive 

extraction. Analytical Methods 2011; 3(1): 92-98. 

[37] Zhao G, Jiang L, He Y, Li J, Dong H, Wang X et al. Sulfonated Graphene for Persistent 

Aromatic Pollutant Management. Adv Mater 2011; 23(34): 3959-3963. 

[38] Wang Z, Han Q, Xia J, Xia L, Ding M, Tang J. Graphene-based solid-phase extraction 

disk for fast separation and preconcentration of trace polycyclic aromatic 

hydrocarbons from environmental water samples. Journal of Separation Science 

2013; 36(11): 1834-1842. 

[39] Zhang C, Wu L, Cai D, Zhang C, Wang N, Zhang J et al. Adsorption of Polycyclic 

Aromatic Hydrocarbons (Fluoranthene and Anthracenemethanol) by Functional 

Graphene Oxide and Removal by pH and Temperature-Sensitive Coagulation. Acs 

Applied Materials & Interfaces 2013; 5(11): 4783-4790. 

[40] Wang F, Haftka JJH, Sinnige TL, Hermens JLM, Chen W. Adsorption of polar, 

nonpolar, and substituted aromatics to colloidal graphene oxide nanoparticles. 

Environ Pollut 2014; 186: 226-233. 

[41] Teng C-C, Ma C-CM, Lu C-H, Yang S-Y, Lee S-H, Hsiao M-C et al. Thermal conductivity 

and structure of non-covalent functionalized graphene/epoxy composites. Carbon 

2011; 49(15): 5107-5116. 

[42] Tang Z, Lei Y, Guo B, Zhang L, Jia D. The use of rhodamine B-decorated graphene as a 

reinforcement in polyvinyl alcohol composites. Polymer 2012; 53(2): 673-680. 

[43] Song SH, Park KH, Kim BH, Choi YW, Jun GH, Lee DJ et al. Enhanced Thermal 

Conductivity of Epoxy–Graphene Composites by Using Non-Oxidized Graphene 

Flakes with Non-Covalent Functionalization. Adv Mater 2013; 25(5): 732-737. 

[44] Ma W-S, Wu L, Yang F, Wang S-F. Non-covalently modified reduced graphene 

oxide/polyurethane nanocomposites with good mechanical and thermal properties. 

J Mater Sci 2014; 49(2): 562-571. 

[45] Lin S, Buehler MJ. The effect of non-covalent functionalization on the thermal 

conductance of graphene/organic interfaces. Nanotechnology 2013; 24(16). 

 

 

 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

57 
 

Chapter 4 
 

A facile synthetic approach based on the 

Staudenmaier method to hydrophilic oxidized 

buckminsterfullerene and its derivatives  

 

In this chapter we present a facile, environment-friendly, versatile and 

reproducible approach to the successful oxidation of fullerenes and the 

formation of highly hydrophilic fullerene derivatives is introduced. This 

synthesis method, based on the well-known Staudenmaier method applied with 

great success to the oxidation of graphite, produces oxygen functional groups 

such as epoxy and hydroxyl groups on the surface of C60, improving its 

solubility in polar solvents (e.g. water). The presence of epoxy groups allows 

for further functionalization via nucleophilic substitution reactions to generate 

new fullerene derivatives which can potentially lead to a wealth of applications 

in the fields of medicine, biology, and composite materials. 

 

4.1 Introduction 

The discovery[1] of buckminsterfullerene (C60) in 1985 and five years later of 

a protocol for its bulk production[2] has had a widespread impact throughout 

science due to the remarkable physico-chemical and optical properties of this 

molecule, as well as its specific chemical reactivity resulting from the unique 

cage structure.[3] Fullerene research has produced breakthrough highlights in 

the fields of superconductivity, organic ferromagnets, photovoltaics, thin-film  

 

This chapter is based on: Panagiota Zygouri, Konstantinos Spyrou, Efstratia Mitsari, María 
Barrio, Roberto Macovez, Dimitrios Gournis, Petra Rudolf, "A facile synthetic approach to 
hydrophilic oxidized buckminsterfullerene and its derivatives", under submission. 
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transistors, and catalysis.[4] However, the utilization of C60 for applications in 

several disciplines such as biochemistry, biology and medicine is hampered by 

its insolubility in a large number of solvents including especially water, where 

aggregation of the C60 molecules into micelle-like clusters is observed.[5] This 

problem has been addressed with the help of functionalization chemistry,[6] 

leading to water-soluble fullerene hybrids[7] and to the synthesis of numerous 

fullerenes derivatives[8] targeted to meet specific needs in materials science,[9] 

biomedical chemistry,[7b, 10] and pharmaceutical research.[11] 

Over the last decades covalent functionalization of fullerenes has been 

extended to include various reactions,[3, 8a, 11-12] among which the most 

commonly employed is the Prato reaction for fulleropyrrolidine formation 

based on the 1,3 dipolar cycloaddition.[13] As a result, a plethora of organic 

reagents rich in biological and pharmaceutical activity have been covalently 

attached to C60 yielding derivatives with enhanced properties for a broad range 

of biological and medicinal applications.[7b, 10b, 14] All these reactions imply 

complicated manipulation and require special experience in handling. There is 

therefore a growing demand for controllable and easy-to-handle methods for 

the functionalization of C60. 

Here we report a novel, simple, versatile, and reproducible approach for the 

chemical oxidation of C60, based on the well-known Staudenmaier method[15] 

that has been applied with great success to the chemical oxidation of 

graphite.[16] As a result of the strong acid treatment, the surface of the fullerene 

molecule is decorated with various oxygen-containing functional polar groups 

such as hydroxyl and epoxy groups, converting the completely insoluble 

fullerene into a hydrophilic molecule soluble in many polar solvents, while 

maintaining its stereochemistry (spherical shape). Additionally, a huge benefit 

derived from the creation of epoxy moieties is the possibility of further 

functionalization with numerous organic species via covalent bonding to the 

epoxy groups, a method that has been extensively employed for the chemical 

functionalization of graphite oxide.[17] Further functionalization of oxidized C60 
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with a primary aliphatic amine was performed to confirm the presence of epoxy 

moieties and to attest this oxidative method as a controllable and reproducible 

step for the creation of new C60 derivatives. X-ray photoemission, Raman, and 

Fourier transform infrared (FTIR) spectroscopy, as well as differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA), in conjunction with 

powder X-ray diffraction measurements were employed for the material’s 

characterization. 

  

4.2 Results and Discussion 

The first indication of successful oxidation came from the solubility 

behaviour of the synthesis products estimated at 13 mg/mL (inset to Figure 1): 

the enhanced solubility in water and other polar solvents can be explained only 

if a hydrophilic ligand shell of oxygen-containing groups attached to the 

fullerene cage is present and prevents aggregation.[18] 
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Figure 1: Raman spectra of (a) pristine C60 and (b) oxidized buckminsterfullerene 

(oxC60). Inset: Completely insoluble C60 molecules in water (left), and water soluble 

oxidized buckminsterfullerene (right). 
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Vibrational spectroscopy was employed to identify chemical and structural 

changes as well as to verify the molecular integrity of the C60 cage before and 

after chemical modification. Figure 1 displays the Raman spectra of C60 and of 

oxC60 powder samples. In pristine C60 10 of the 46 vibration modes are Raman 

active (2 Ag + 8 Hg) and four (4 T1u) are infrared active.[2, 19] The most 

prominent bands centred at 492 cm-1 and 1469 cm-1 (Figure 1a) are assigned to 

the symmetrical radial breathing motion of the sixty carbon atoms (Ag(1)) and 

to the tangential stretching mode of five-fold pentagon carbons (pentagonal 

pinch mode Ag(2)), respectively.[2, 19] The rest of the bands are attributed to the 

eight Hg Raman active modes, distributed between 273 cm-1 and 1578 cm-1 as 

indicated in Figure 1a. After oxidation, the number of active Raman modes 

decreases with respect to pristine fullerite (Figure 1b). Only the most intense 

bands are visible after oxidation, and exhibit a small shift of approximately 2 

cm-1 with respect to those of C60. These changes can be attributed to hindrance 

of the free rotation motion due to the creation of oxygen-containing functional 

groups: while the C60 molecules in pristine fullerite behave as free rotors at 

room temperature, the addition of hydroxyl and epoxy/carbonyl groups on the 

surface of the cage likely leads to the reduction of this rotational movement at 

ambient temperature due to steric effects or inter-molecular bonding.[20] 

The FTIR spectra of C60 and oxC60 are presented in Figure 2. The four IR 

active vibration modes with T1u symmetry of pristine fullerite (a) are located at 

wavenumbers of 524, 577, 1180 and 1423 cm-1 and assigned to radial 

displacements of the carbon atoms for the two lowest wavenumbers and 

tangential modes of carbon atoms for the two modes above 1000 cm-1.[21] The 

infrared spectrum of the oxidized fullerene (b) reveals the existence of 

additional peaks as compared to C60. The spectrum of oxC60 displays bands at 

615 cm-1 and 848 cm-1, which are assigned to wagging vibrations of hydroxyl 

groups. In the wavenumber range between 1050 cm-1-1470 cm-1 three new 

bands appear, one centred at 1135 cm-1, which is attributed to stretching 

vibrations of C-O-C ether (epoxide) species,[22] and two located at 1380 cm-1 

and 1442 cm-1, which stem from stretching vibrations of C-OH groups.[23] 
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Finally, the intense band at 1637 cm-1 might be due to water bending, which 

would be in agreement with the increased hydrophilic character of the oxidized 

fullerene derivatives. 
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Figure 2: FTIR spectra of (a) pristine (C60) and (b) oxidized Buckminsterfullerene 
(oxC60). 

 

X-ray photoelectron spectroscopy (XPS) was employed to confirm the 

presence of oxygen-containing functional groups covalently attached to oxC60. 

XPS is one of the most widely used techniques for the chemical 

characterization of fullerene derivatives since it is not only sensitive to all 

chemical elements (except H) but also to the local environment surrounding the 

atoms of that element in a given compound. The C 1s core level region of the 

XPS spectrum of oxC60, shown in Figure 3, displays four contributions at 

285.0, 286.0, 287.9 and 289.3 eV. The most intense component at 285.0 eV 

originates from aromatic carbon-carbon bonds and accounts for 60.1 % of the 

total C 1s intensity, while rest of the spectral intensity stems from carbon atoms 

that are involved in heterogeneous bonds. A percentage close to 60 % may be 

expected since the largest number of side groups that can be covalently linked 

to single carbon atoms of the C60 cage without any two being adjacent, is 24; 

this is also the highest number reported for methylization, chlorination or 
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bromination of Buckminsterfullerene[3] entailing that 36 of the 60 atoms of the 

carbon cage (i.e., exactly 60%) are not bonded to any functional group. The 

component centred at 286.0 eV is due to carbon atoms forming C-OH bonds 

and represents 21.6 % of the total C 1s intensity. The contribution at 287.9 eV 

is assigned to carbon atoms involved in C=O double bonds and/or C-O-C 

epoxy moieties, and accounts for 12.1 % of the total carbon intensity. The 

spectral profile reveals a contribution located at 289.3 eV, which represents 6.2 

% of the total carbon intensity. This weak contribution can be accounted for by 

considering that the strong oxidation treatment probably leads to the creation of 

a small amount of carboxyl groups. If this small percentage is neglected in the 

quantitative analysis, then our XPS results indicate that the average oxC60 

molecule has 22 of the 60 carbon atoms involved in heterogeneous bonds and 

consists of a C60 cage surrounded by 14 hydroxyl groups and by either 4 epoxy 

moieties or 4 - m epoxy moieties and 2m carbonyl oxygens with m between 1 

and 4 (the number of carbon atoms forming an epoxy moiety is twice the 

number of epoxy oxygens as each oxygen is linked to two carbons). This yields 

the average chemical formula for oxC60 as C60(OH)14On with n between 4 and 

8. Taking into account also the ratio between the intensities of the C 1s and O 

1s photoemission lines (normalized with the respective sensitivity factors), 

these results confirm the successful oxidation of C60 by the creation of 

functional oxygen groups with a ratio of carbon to oxygen (C/O) equal to 

2.2.[24] 
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Figure 3: X-ray photoemission spectrum of the C 1s core-level region of oxidized 

buckminsterfullerene (oxC60). 

Further evidence for the successful oxidation of C60 is provided by thermal 

decomposition experiments: the temperature necessary for the removal of 

functional groups bound to C60 is considerably lower than the decomposition 

temperature of the pure fullerene, enabling also selective removal of the 

oxygen functional groups in a thermal scan (see below). Figure 4(a) shows the 

TGA plots of the oxC60 sample and of the starting C60 material measured with a 

heating rate of 5 oC/min in air. As seen in the TGA curve of the pristine C60 

sample, the combustion of fullerite takes place at temperatures between 500 

and 700 oC. In the case of oxidized fullerenes, the sample is found to combust 

at lower temperatures. In fact, the weight loss already starts before 100 oC (due 

to loss of the epoxy and carbonyl side groups, see below) and progressively 

continues until a total weight loss is reached when heating the sample up to 700 
oC. The main drop in the mass, corresponding to decomposition (combustion) 

of the oxidized fullerene cages, occurs between 350 and 470 oC , i.e. at 

considerably lower temperature than the decomposition temperature of pure 

fullerene[25] due to the presence of hydroxyl groups, as detailed in the 

following. 
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Figure 4: (a) TGA curves of pristine and oxidized fullerene. (b) DSC thermogram of 

oxidized fullerene between 40 and 145 oC (heating-cooling cycle). 

 

Figure 4(b) displays the scanning calorimetry (DSC) data acquired on as-

synthesized oxC60 during a heating-cooling cycle between 40 and 145 oC. Upon 

heating, the oxC60 powder displays an irreversible double endothermic 

transition with onset at 65 oC, with a more intense peak just above 80 oC and a 

minor one above 100 oC. A very similar line shape is obtained by 

differentiating the TGA data (not shown). As visible in Figure 4(a), such a 

double endothermic transition is accompanied by a mass loss of approximately 

6.5%, a value consistent with the loss of only the oxygen groups (epoxy and 

carbonyl) according to the chemical formula C60(OH)14On with n between 4 

and 5. 

The confirmation that the endothermal mass loss is due to selective breaking 

of the oxygen side groups is provided by the analysis of the powder X-ray 

diffraction results. The room-temperature diffraction pattern of as synthesized 

oxC60 (Figure 5) indicates that the sample is polycrystalline. The diffraction 

profile is quite different from that of pristine fullerite (also shown in the same 

figure for comparison), which confirms the successful functionalization of C60 

via oxidation.[26] Unreacted C60 is present as a minority phase, detectable by the 

presence of very low intensity diffraction peaks in correspondence to the three 

main Bragg peaks of pristine fullerite. The pattern of oxC60 exhibits the first 
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diffraction peak around 9º in 2θ scale, i.e. at a significantly lower angle than 

the first peak of pristine C60 (approximately 11o), indicating that the lattice 

spacing is larger in oxC60 than in fullerite due to the presence of the side 

groups, which act as steric barriers against denser packing. Upon annealing at 

temperatures higher than 75 oC, the diffraction pattern of the oxidized fullerene 

powder changes abruptly, with the appearance of new peaks and the 

disappearance of all the peaks characteristic of the structure of as-synthesized 

oxC60 (at the same time, the pristine C60 peaks become more visible). The 

resulting spectrum (labeled as “annealed oxC60” in Figure 5) is strongly 

reminiscent of that of polyhydroxylated fullerenes (fullerol C60(OH)24) or that 

of the related derivative C60(ONa)24,[27] both of which were synthesized 

following a completely different route than that used here to produce oxC60.[28]  

The fact that the diffraction peaks of the oxC60 sample heated to 80 oC or 

above match those of fullerol indicates that annealing leads to selective 

disruption of the oxygen adducts (epoxy and carbonyl), giving rise, as a result 

of the partial decomposition, to the formation of polyhydroxylated fullerenes. 

An only partial decomposition may be expected since the oxygen adducts are 

more reactive and therefore more labile than the hydroxyl groups, which in 

fullerol are lost only above 150 oC.[28a] The partial decomposition and the 

survival of hydroxyl groups also rationalize why the final combustion of the 

sample occurs at much lower temperatures than for pristine C60 (Figure 4(a)). 

The observation of a diffraction pattern identical to that of the high-symmetry 

C60(OX)24 molecules (X=H, Na) is a direct confirmation that the quasi-spherical 

shape of pristine fullerene is retained after oxidation to oxC60. The synthesized 

product is therefore characterized by a symmetric distribution of functional 

moieties around the carbon cage.[18]  
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Figure 5: Room-temperature X-ray powder diffraction pattern of oxidized fullerene 

(oxC60), both prior to and after annealing at 100 oC. For comparison, also the XRD 

patterns of pristine fullerite (C60) and of fullerol (C60(OH)24) are shown (own data). 

 

To confirm the presence of epoxy moieties on the oxC60 cage and thus the 

possibility to further functionalize the oxidized fullerene, an additional 

experiment was performed in which a primary aliphatic amine 

(octadecylamine, ODA) was successfully attached through covalent bonding to 

the surface of the oxC60 molecule. Chemical grafting of the amine end groups 

via SN2 nucleophilic substitution reactions can only take place on the epoxy 

groups present in the oxidized fullerene. The organophilic character of the 

produced fullerene derivative resulted in an enhanced solubility in organic 

solvents including hexane, toluene, and chloroform (slightly soluble), which 

provides the primary evidence for the covalent functionalization of oxC60 with 

ODA. 

XPS and FTIR were employed to verify the covalent bonding of ODA on the 

surface of oxC60. After functionalization with ODA, XPS measurements 

revealed the presence of new components stemming from the formation of 

covalent carbon-nitrogen bonds at the epoxy sites. More specifically, the 

analysis of the C 1s XPS spectrum of oxC60–ODA (Figure 6 left) allows 
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singling out the characteristic component due to carbons involved in the 

fullerene cage as well the C-C chain of the -ODA at 285.0 eV contributing with 

58.2 % to the total C 1s intensity. The relative spectral weight of the feature at 

285.9 eV is significantly larger than in the oxC60 case (Figure 3), changing from 

21.6 % before to 37.9 % after the functionalization. This change is due to the 

creation of covalent C-N bonds linking the organic chains to the carbon 

structure, as the binding energies values for carbon atoms linked to amine or 

hydroxyl groups are very similar.[29] Lastly, a weak component centred at 287.3 

eV and representing 3.9 % of the total C 1s intensity is attributed to carbonyl 

moieties, since the contribution of the epoxy oxygens is absent due to the 

creation of the C-N-C bridges of the organo-modified fullerene derivative. 

Unlike for the oxidized fullerene (Figure 3), the contribution of carboxyl 

groups to the C 1s line is not observed in oxC60-ODA. A possible explanation 

for this is that the tiny amount of fullerenes possessing carboxylic moieties 

keep their hydrophilic character and are thus removed from the reaction 

products upon washing with ethanol and water during the synthetic procedure. 

This provides a means to purify the oxC60-ODA derivative.  

 

 

Figure 6: X-ray photoemission spectrum of the C1s (left) and N 1s (right) core level 

regions of functionalized oxidized buckminsterfullerene (oxC60-ODA). 
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Additional information on the type of interaction of ODA with the oxidized 

fullerenes comes from the N 1s core level region of the photoelectron spectrum 

(Figure 6, right-hand panel). The N 1s line can be modeled with two main 

components centred at 399.2 eV and 401.3 eV binding energy, which 

correspond to the creation of the epoxy amine bond (C-N-C)[30] and to 

protonated amines of the ODA moieties, respectively.[31] This entails that some 

of the ODA moieties are not covalently linked to the fullerene cage but are 

instead weakly bound to the sample (possibly via the formation of hydrogen 

bonds with the oxygen-containing groups of oxC60. The carbon to nitrogen 

ratio is estimated at 20.2 showing that each oxidized fullerene molecule is 

surrounded by several (more than a dozen) ODA moieties.  

The successful incorporation of ODA and the creation of a new fullerene 

derivative were further confirmed by FTIR spectroscopy, as shown in Figure 7. 

The spectrum of oxC60-ODA shows absorption bands, which are absent in the 

spectrum of pristine C60 (compare with Figure 2). More specifically, for the 

functionalized fullerene we observe a band at 718 cm-1, which is attributed to 

the wagging vibration of N-H stemming from non-covalently bonded ODA. 

The absorption bands at 1570 cm-1 (in plane-deformation) and 3332 cm-1 

(stretching) are similarly assigned to vibrations of NH2 groups, while C-N 

stretching vibrations are observed at 1170 cm-1 and 1310 cm-1. Moreover, the 

peak at 1135 cm-1 due to epoxide vibrations disappears upon functionalization, 

indicating that the primary amines of ODA have reacted with the epoxide 

groups of the oxC60. These results together confirm the initial presence of 

epoxy oxygens in oxC60. Finally, the bands at 2847 and 2918 cm-1 are attributed 

to symmetric and asymmetric vibrations of -CH2-and –CH3 (alkyl groups), 

respectively, indicative of the presence of aliphatic hydrocarbon chains of ODA 

moieties attached to the carbon cage.[32] 
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Figure 7: FTIR spectrum of oxidized C60 (oxC60) (black line) and functionalized 

oxidized C60 (oxC60-ODA) (purple line). 

 

4.3 Conclusions 

A combination of characterization techniques was applied in order to 

illustrate the successful chemical oxidation of buckminsterfullerene (C60) into a 

highly oxidized analogue (oxC60) by means of the easily handled Staudenmaier 

method, up to now extensively used for the chemical oxidation of graphite. 

This oxidation leads to the formation of highly soluble fullerene derivative 

(that could be called “fullerene oxide” similar to graphene oxide) through the 

creation of oxygen-containing functional polar groups on the surface of C60, a 

very crucial step for the utilization of the entire fullerene family in applications 

such as medicinal chemistry and biochemistry, which require solubility in 

various polar solvents. Apart from its simplicity, the main advantage of this 

method compared to others applied so far for the production of soluble C60 

derivatives, arises from the creation of epoxy groups on the surface of the 

fullerene. The presence of these groups allows for further functionalization and 

thus for the creation of new fullerene derivatives. In fact, the epoxy groups can 

be easily modified through ring-opening reactions under various conditions. A 

representative example, where a primary aliphatic amine (octadecylamine) was 
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successfully attached through covalent bonding, was presented. The proposed 

method represents a novel, simple, versatile, and reproducible approach for the 

controllable production of various well-defined and stable fullerene derivatives 

by exploiting the well-established carbon chemistry. 
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Chapter 5 
 

Hydrophilic oxidized carbon nanodiscs: A 

promising multifunctional material for 

bioapplications  

 

Oxidation of industrially prepared carbon nanodiscs using a simple, 

versatile, and reproducible approach based on the Staudenmaier method yields 

a new hydrophilic form of nanocarbon. As a result of the strong acid treatment, 

graphene planes detach from the discs while the surface of the carbon 

nanodiscs becomes decorated with various oxygen-containing functional polar 

groups. Thus the completely insoluble carbon nanodiscs convert to a 

hydrophilic derivative dispersible in many polar solvents including water. The 

new carbon structure is expected to have a wide range of applications in several 

fields including bioapplications. As test applications these nanostructures we 

investigated whether these functionalized carbon nanodiscs can act as cytotoxic 

agent and as support for the development of nanobiocatalytic systems. 

 

5.1 Introduction 

There is no doubt that among the series of nanomaterials that have been 

synthesized or isolated the last decades carbon nanostructured materials occupy 

the most prominent position. This has to do with the intriguing capability of 

carbon to form many allotropes with bonds based on sp3, sp2 and sp 

hybridization. Carbon nanostructures include various low-dimensional forms  

This chapter is based on: P. Zygouri, T. Tsoufis, A. Kouloumpis, M. Patila, G. Potsi, Z. 
Sideratou, F. Katsaros, G. Charalampopoulou, H. Stamatis, P. Rudolf, T. A. Steriotis, D. 
Gournis, “Hydrophilic oxidized carbon nanodiscs: A promising multifunctional nanocarbon 
for bioapplications”, under submission. 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

76 
 

such as the 0D fullerenes, the 1D carbon nanotubes and 2D. The importance of 

their discovery is mirrored by the two Nobel prize awarded the last two 

decades (Kroto, Smalley, Curl in 1996 for the discovery of fullerenes and 

Novoselov and Geim in 2010 for the discovery of graphene). Due to their 

structure, size, low density, high specific surface, tunable pore structure, 

chemical stability and excellent electronic, thermal and mechanical properties 

carbon nanostructured materials have been considered promising candidates for 

a wide range of applications including organic electronics photovoltaics, 

biological and medical applications, catalyst supports, field emission devices, 

nanoprobes, sensors, semiconductor devices, composite materials (polymeric or 

ceramic), nanoelectronics, gas separations, supercapacitors, and energy storage 

materials.[1] 

Carbon nanodiscs (CNDs) represent an interesting alternative to bulk 

graphite; they are produced through the so-called pyrolytic Kværner Carbon 

Black & H2 (CB&H) process,[2] which decomposes a continuous flow of 

hydrocarbon (typically heavy oil) into carbon and H2 with the help of an 

industrial-scale carbon-arc plasma torch generator operating at a temperature 

around 2000 oC. CB&H provides an unusual carbon product consisting of 

different turbostratic graphitic microstructures which may also exhibit 

disclination defects in their hexagonal network, resulting from the presence of 

pentagons in the specific seed from which they grew. F lat CNDs (no 

pentagons) are predominantly present in this mixture but also conical carbon 

structures (1-5 pentagons) and amorphous carbon (soot) occur, with volume 

fractions around 82%, 5% and 13%, respectively.[3] CNDs may be isolated by 

subjecting the crude material to liquid phase oxidation because soot and conical 

structures are preferentially oxidized.[3b]  

CNDs are ultra-thin, quasi two-dimensional particles with diameter 1-4 μm, 

and the co-existing carbon cones are of similar size. A combined electron 

diffraction and electron microscopy study has indicated that they are both 

multilayer structures with a graphitic core and outer non-crystalline layers.[4] 
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More specifically it has been proposed that CNDs may start to form during the 

pyrolytic process through the growth of a thin planar graphite crystal with 

regular facets, which is then progressively encapsulated by additional non-

crystalline carbon layers. Although a different number of carbon layers may be 

deposited depending on the local growth conditions, each CND is considered to 

have homogeneous thickness, typically in the range 10–30 nm.[4] The degree of 

graphitization can be greatly promoted by post heat-treatment at 2700 oC under 

argon.[5] Indeed AFM and XRD analysis of thermal treated nanodiscs and 

cones has shown that the annealing under such conditions leads to high 

structural organization and few surface defects, without affecting the geometry 

(and the thickness) of the particles. Annealed CNDs and cones have appeared 

to be almost single crystalline in the c-direction and comprise a limited number 

of stacked graphene layers (usually < 100). CNDs may thus be considered the 

next thicker structure following few layer graphene. 

The particular size of these disc-like carbon nanoflakes is crucial for 

maintaining important properties such as electrical conductivity and on the 

other hand, small enough and even ideal in some cases, for application in 

bionanotechnology, nanomedicine and drug delivery, micromanipulation, 

nanochemistry etc. Like all other carbon structures, CNDs are insoluble in 

polar solvents and makes them difficult to process. An additional drawback in 

various applications is that they are immiscible with most media because of 

their great tendency to establish strong van der Waals and π-π interactions. A 

solution to this problem is the chemical modification of their surface which 

improves their dispersibility in organic solvents and water and makes them 

more compatible with other materials, facilitating the preparation of 

composites. Towards this aim, here we report a simple, versatile, and 

reproducible approach for the chemical oxidation of CNDs, based on the well-

known Staudenmaier method[6] that has been applied with great success for the 

chemical oxidation of graphite.[7] As a result of the strong acid treatment, 

which also enables the separation of CNDs from the mixed starting material, 
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graphene planes detach from the discs, while the surface of the CNDs becomes 

decorated with various oxygen-containing functional polar groups such as 

hydroxyl, carboxyl and epoxy groups. Consequently the completely insoluble 

CNDs convert to a hydrophilic derivative dispersible in many polar solvents 

including water and are expected to have a wide range of diverse applications 

in several fields such as chemical industry, pharmaceutics, electronics, etc. 

Here we focus on representative case studies addressing cutting edge processes 

of great importance in biomedicine and biocatalysis such as the use of these 

nanostructures as efficient drug delivery systems and supports for the 

development of nanobiocatalytic systems. A variety of analytic techniques was 

used to fully characterize the produced nanocarbons, namely Fourier transform 

infrared (FTIR), Micro-Raman and X-ray photoelectron (XPS) spectroscopy, 

X-ray diffraction (XRD), thermal analysis (differential thermal (DTA) and 

thermogravimetric analysis (TGA)), as well as atomic force (AFM), 

transmission electron (TEM) and scanning electron (SEM) microscopy.  

 

5.2 Results and Discussion 

The strong oxidation of carbon nanodiscs is expected to generate a 

derivative similar to graphene oxide with oxygen-containing groups covalently 

attached to its layers. In detail, oxidized carbon nanodiscs are expected to 

exhibit a lamellar structure with randomly distributed unoxidized aromatic 

regions (sp2-carbon atoms), six-membered aliphatic regions (sp3-carbon atoms) 

as a result of oxidation, and a high concentration of oxygen-containing 

functional groups, like hydroxyl, epoxy, and carboxyl, grafted to layers and 

edges. A first indication for the successful oxidation arises from the exceptional 

solubility behaviour in water of the functionalised nanodiscs (Figure 1a, b). 

Further proof for the successful solubilization of the oxidized carbon nanodiscs 

is the Tyndall scattering effect for a clear oxCND aqueous colloid (2 mg/mL) 

using the beam of a laser pointer as shown in Figure 1c. The oxygen-containing 

groups attached to the surface of the discs and to its edges impart an enhanced 
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dispersibility in water and other polar solvents. Such a high hydrophilicity is 

expected for polar oxygen-containing groups, distributed more or less 

homogeneously around the carbon material.  

   

Figure 1: Left panel: photographs of pristine carbon nanodiscs (a) Insoluble in water 

and of water-dispersible oxidized carbon nanodiscs (b); right panel: photograph of an 

aqueous colloidal dispersion (2 mg/mL) of oxCND (c) showing the Tyndall scattering 

effect.  

 

FTIR and XPS spectroscopies were employed to confirm the presence of 

oxygen-containing functional groups covalently attached to the oxCNDs. The 

FTIR spectra of pristine and oxidized carbon nanodiscs are shown in Figure 2 

(left panel). Oxidized carbon nanodiscs present intensive vibrational bands in 

the region of 1000-1750 cm-1, differently from the initial CNDs sample, which 

is an IR inactive material in all the frequency range. More specifically, the 

band at 1060 cm-1 is assigned to stretching vibrations of C–O groups, while the 

peak at 1412 cm-1 is attributed to bending vibrations (deformation) of hydroxyl 

groups C-OH groups.[8] The bands at 1630 cm-1 and 1733 cm-1 are due to C=O 

stretching vibrations of the –COOH groups.[8-9] The weak band at 1224 cm−1 is 

assigned to asymmetric stretching of C-O-C bridges in epoxy groups and/or to 

deformation vibrations of O-H in the carboxylic acid groups. Finally, the 

appearance of the peak at 3424 cm-1 is ascribed to the hydroxyl stretching 

vibrations of C-OH groups.[8] The presence of all these characteristic vibrations 

confirms the successful oxidation of the pristine carbon nanodiscs. The 

formation of an oxygen-rich derivative is further supported by XPS results. 

 (c) 
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Figure 2 (right panel) shows the C 1s core level region of the XPS spectrum of 

oxCNDs. The spectral analysis entailed mathematically reconstructing the 

spectrum with a minimum number of peaks consistent with the raw data and 

the molecular structure. Four major contributions to the carbon 1s core-level 

region can be identified. The first peak at a binding energy of 285 eV is 

assigned to the C-C bonds of the graphitic framework [10] and accounts for 28 

% of overall carbon intensity. A second peak at 286.1 eV is due to C-O bonds 

and corresponds to 16 % of the overall intensity.[11] Additional contributions at 

287.2 eV and 288.4 eV stem from C=O bonds[12] (43% of the total C 1s 

intensity) and O-C=O bonds[13] (13 % of the overall intensity) respectively.  It 

is important to highlight that similar contributions from hydroxyl, epoxy, 

carbonyl and carboxylated groups are widely reported in the corresponding 

XPS spectra of graphene oxide sheets produced via acidic treatment of pristine 

graphite similar to the one applied here to the CNDs.[14] 

   

Figure 2: (left panel) FT-IR spectra of (a) pristine and (b) oxidized carbon nanodiscs 

(oxCNDs). (right panel) XPS spectrum and fit of the C 1s core level region of 

oxidized carbon nanodiscs (oxCNDs). 

 

The successful oxidation of pristine CNDs was revealed also by Raman 

spectroscopy. The Raman spectra of pure and oxidized carbon nanodiscs are 

shown in Figure 3. Pristine and oxidized CNDs show the characteristic first-

order G and D bands at around 1600 and 1350 cm-1, respectively. The G-band 
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originates from the doubly degenerate zone center E2g mode, associated with 

sp2-hybridized carbon atoms. On the other hand, the D band is correlated with 

sp3 hybridized carbon as it requires a defect for its activation by double 

resonance, and thus indicates the presence of lattice defects and distortions.[15] 

The ratio between the D and G band intensities (ID/IG) is indicative of the 

quality of the graphitic lattice and was found be equal to 0.57 for pristine 

CNDs. Upon oxidation, the CND sheets show a noticeable increase in the D/G 

ratio from 0.57 to 0.93 , which is attributed to the change in hybridization of 

the carbon atoms from sp2 to sp3 when oxygen-containing groups (hydroxyl, 

carboxyl or epoxide) are created.  

 

Figure 3: Raman spectra of (a) pristine (CNDs) and (b) oxidized carbon nanodiscs 

(oxCNDs). 

Thermogravimetric analysis (TGA) and thermal analysis (DTA) 

measurements were performed on pristine and oxidized carbon nanodiscs and 

the results are shown in Figure 4. For pristine CNDs, a sharp exothermal peak 

at 635 οC, followed by the complete decomposition of the material, indicates 

the thermal destruction of the graphitic network. In the case of oxidized carbon  

 The D/G ratio must be at least at the minimum 1.1 since it can be estimated by the relative 
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nanodiscs a rather continuous weight loss upon heating is observed in the 

temperature range between 140 and 320 oC and attributed to the removal of the 

oxygen containing groups (hydroxyl, carboxyl, epoxy) covalently attached to 

the graphitic layers. The drop in the mass is estimated to be 30 wt%, indicating 

that a high degree of functionalization has occurred upon oxidation of the 

pristine CNDs. Moreover, the decomposition of graphitic lattice, identified by 

the sharp exothermic peak at 440 oC takes place at lower temperatures than for 

pristine CNDs since the presence of oxygenated species facilitates the 

combustion of the graphitic network. Finally, the amount of adsorbed water 

deduced from the TGA data points to a largely increased hydrophilic nature of 

these novel oxidized nanodiscs as compared to pristine CNDs. From the weight 

loss up to 120 oC, the percentage of adsorbed water was estimated to be ~20 

wt%, a very high value for a carbonaceous material. 
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Figure 4: DTA/TG curves of (a) pristine (CNDs) and (b) oxidized carbon nanodiscs 

(oxCNDs). 

The X-ray diffraction patterns of pristine and oxidized carbon nanodiscs are 

presented in Figure 5. Pristine CNDs display a well-defined peak, which is 

attributed to the 002 reflection of the graphite lattice (HOPG) at 26.6o and 

corresponds to a d002 spacing of 3.4 Ǻ. After oxidation this diffraction peak 

disappears and a new sharp one emerges at lower angles (�11.7o). The latter is 

due to the principal 001 reflection and corresponds to a basal spacing of d001= 

7.5 Ǻ, consistent with the successful oxidation of graphitic layers and the 
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creation of oxygen-containing groups that are randomly distributed on the basal 

planes and at edges of the nanodiscs.  

 

 

Figure 5: X-ray diffraction patterns of (a) initial (CNDs) and (b) oxidized carbon 

nanodiscs (oxCNDs). 

The morphology of the oxidized nanodiscs was examined thoroughly with a 

combination of SEM, TEM and AFM microscopies (Figure 6). Isolated disc-

like nanoflakes with a mean diameter in the range of 1 and 2 μm are clearly 

visible in both TEM and SEM micrographs. The majority of these nanodiscs 

have a uniform round shape. Moreover, as a result of the strong acid treatment, 

single graphene layers detach from the discs as evidenced by AFM images as 

the one shown in the Figure 6g together with the topographical height profile. 

Isolated single layer graphene nanodiscs like this one with thickness 0.8 nm 

can be seen all over the scanned area. However, nanodiscs with thicknesses 

between 2 and 5 nm are also present indicating that exfoliation of few layer 

graphene discs also occurs during the oxidation process. 
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Figure 6: SEM (a, b, c), TEM (d, e, f) and AFM (g) micrographs of oxCNDs. 

 (a)  (b)  (c) 

1 μm 500 nm 100 nm 

 (d)  (e)  (f) 

(g) 
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In view of possible applications for these new hydrophilic nanocarbons we 

tested whether oxCNDs can be used as cytotoxic drug delivery agent. 

Doxorubicin hydrochloride (DOX), which is considered as one of the most 

effective anticancer drugs,[16] was used as a model drug to be loaded onto the 

oxCNDs surface. In fact it is expected that oxCNDs can effectively load these 

drug molecules due to π–π stacking interaction between quinine part of DOX 

and the graphenic layers[17] strong hydrogen-bonding with the hydroxyl and 

carboxylic groups on the surface of oxCNDs as well as ionic interactions with 

hydroxyl and amino groups present in DOX. 

The loading of DOX onto oxCNDs was determined from the absorbance of 

the unloaded drug in the supernatant, measured employing UV–Vis 

spectroscopy. The DOX-loading capacity was consistently found to be ca. 45 

% w/w, which is much higher than that of some common drug carrier materials, 

such as liposomes,[18] where the loading capacity is always below 10 %. DOX 

loading also affected the ζ-potential of oxCNDs. Indeed, while the ζ-potential 

value of unloaded oxCNDs was found to be -24±1 mV, for the DOX-loaded 

oxCNDs we registered a value of 20±1 mV because binding to doxorubicin 

hydrochloride induces a positive charge on oxCNDs [isoelectric point of 

DOX=8.25].[19] 

Following physicochemical characterization, we proceeded with 

administration of oxCNDs-DOX to A549 cells. Our first aim was to prove that 

the nanocarriers effectively deliver their DOX cargo to the cells. To achieve 

this, we employed optical fluorescence microscopy and exploited the inherent 

fluorescence of DOX. The representative images of fluorescence microscopy 

on A549 cells incubated with DOX and oxCNDs-DOX are shown in Figure 7. 

Cells incubated with free DOX (Fig. 7A) as well as with oxCNDs-DOX (Fig. 

7B) clearly show DOX-fluorescence in their nuclei i.e. at the site of DOX 

action.[20] Therefore, oxCNDs did not prevent DOX from entering the cells but 

DOX was efficiently delivered to the cell nuclei, where it is expected to retain 

its action. 
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A B 

Figure 7: A549 cells incubated with (A) free DOX and (B) oxCNDs-DOX for 5 h; 

the DOX concentration was 5 μΜ in both cases. 

 

We also investigated the anti-tumor efficacy of oxCNDs-DOX on A549 

cells. For this purpose, A549 cells were incubated with oxCNDs-DOX and free 

DOX in various concentrations and the viability of the cells was assessed 24, 

48 and 72 h post incubation by standard MTT assays. The cell viability was 

found to be dose dependent for both oxCNDs-DOX and free DOX as illustrated 

in Figure 8. The MTT cell viability assay demonstrated that both oxCNDs-

DOX and DOX efficiently kill A549 cancer cells in vitro. The toxicity of DOX 

increased progressively with concentration and assessment time, with a 

maximum cytocidal activity of ca. ~80 % (~20% survival) determined 72 h 

post incubation for a 10 μM concentration, while oxCNDs-DOX at the same 

concentration (10 μM) and after the same post incubation time (72 h) exhibited 

a significantly higher cytocidal activity, i.e. 96 % (4 % survival). It is worth to 

note that unloaded oxCNDs was found to be almost non-cytotoxic for A549 

cells. Therefore, oxCNDs is a very promising new material capable for use as 

effective drug-delivery system. 
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Figure 8: Comparative cytotoxicity of oxCNDs, free DOX and oxCNDs-DOX. The 

cytotoxicity was assessed at 24, 48 and 72 h post-incubation by standard MTT assay. 

The survival rates are relative to media only controls. MTT data are shown as means 

of at least twelve independent values with error bars representing one standard 

deviation. 

 

Another possible future application of oxCNDs is their use as supports for 

the development of nanobiocatalytic systems. Cytochrome c (cyt c) was used as 

a model protein in order to investigate the effect of oxCNDs on the catalytic 

behavior (peroxidase activity and stability) of the protein. Cyt c is a small heme 

protein found in mitochondria and involved in the respiratory chain; in the 

presence of an electron acceptor such as hydrogen peroxide it is also able to 

catalyze peroxidase-like reactions in vitro. Due to its excellent catalytic 

attributes,[21] cyt c is among the best characterized redox proteins and appears 

to be an excellent model protein to quantitatively assess the effect of carbon 

nanomaterials on the structure and the catalytic behavior of proteins and 

enzymes.[22] 
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To study the effect of oxCNDs on the stability and peroxidase activity of cyt 

c, this protein was incubated at 40 °C in a buffer solution containing guaiacol 

(25 mM) and the remaining peroxidase activity was estimated at predetermined 

time intervals by addition of H2O2 and monitoring the oxidation of guaiacol. As 

seen in Figure 9(a), the presence of oxCNDs significantly increases the thermal 

stability of cyt c. A denaturation half time of 40 h was calculated for cyt c in 

the presence of oxCNDs. This is almost 4-fold higher than the denaturation half 

time observed in the absence of these nanomaterials. The stabilizing effect of 

oxCNDs was even more pronounced when cyt c was incubated in the presence 

of H2O2. It is well known that cyt c is rapidly inactivated by an excess of H2O2 

in the absence of reducing substrate.[23] As seen in Figure  9(b), in the presence 

of oxCNDs, cyt c almost totally retained its peroxidase activity after 30 min of 

incubation with H2O2, while in the absence of oxCNDs, the remaining activity 

of cyt c was less than 20 %. Similar stabilizing effects by various carbon 

nanomaterials for different enzymes were observed recently and attributed to 

specific electrostatic and hydrophobic interactions between protein molecules 

and nanomaterials.[22, 24] It is interesting to note that the stabilizing effect 

observed for the small oxCNDs is higher than that observed for significantly 

larger GO nanomaterials[22] indicating that the size of nanomaterials is crucial 

for this stabilizing effect. Compared to GO, the small-sized oxCNDs are 

expected to interact stronger (because of the higher amount of active sites) with 

cyt c molecules and these interactions could lead to a more rigid structure of 

the protein molecule and thus to an increased stability.[25] 
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Figure 9: Effect of oxCNDs on the (a) thermal stability of cyt c after incubation up 

to 24 hours at 40 °C and (b) stability of cyt c against H2O2 after incubation for 30 min 

at 40 °C. 100 % indicates the activity at t = 0 min. 

 

5.3 Conclusions 

Insoluble carbon nanodiscs produced through the so-called pyrolytic 

Kværner Carbon Black & H2 process were successfully oxidized using a 

simple, versatile, and reproducible approach based on the well-known 

Staudenmaier method. As a result of the strong acid treatment single round 

graphene layers detach from the discs and the surface of the CNDs becomes 

decorated with various oxygen-containing functional polar groups such as 

hydroxyl, carboxyl and epoxy groups. Thus the completely insoluble CNDs 

transform into a hydrophilic derivative, which is dispersible in many polar 
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solvents, including water. These hydrophilic nanostructures obtained were 

tested as cytotoxic drug delivery agents of one of the most effective anticancer 

drugs, to A549 cells. oxCNDs-DOX exhibited a significantly higher cytocidal 

activity than free DOX, while pristine oxCNDs showed almost non-cytotoxic 

activity on A549 cells, indicating that oxidized carbon nanodiscs is a very 

promising material for use as an effective drug-delivery system. Finally, 

oxCNDs were tested as supports for the development of nanobiocatalytic 

systems. This new nanomaterial was found to increase the thermal stability of 

cytochrome c as well as its stability of the peroxidase activity against H2O2. 

The stabilizing effect observed by the small-sized oxCNDs is even higher than 

that observed for significantly larger oxidized graphite nanomaterials reported 

in the literature indicating that the size of nanomaterials is crucial for this 

stabilizing effect. 
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Chapter 6 
 

Comparative study of various carbon 
nanostructures as efficient drug release systems of 

Ibuprofen 
 

In this chapter we report on our studies of the behaviour of graphite oxide 

and its derivatives as effective drug delivery system. More specifically, we 

present the intercalation of Ibuprofen, an anti-inflammatory drug, into graphite 

oxide, sulfonated and carboxylated graphene oxide. In the first step, we studied 

the adsorption percentages of Ibuprofen into the carbon nanomaterials and in 

the following the release of this drug in simulated gastric and intestinal fluid 

(Sigma-Aldrich). The obtained compounds were characterized by 

thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy 

(FTIR).  

 

6.1 Introduction 

Ibuprofen [(2RS)-1[4-2(2-methyl propyl) phenyl] propionic acid, Figure 1] 

was introduced in 1969 is a non-steroidal anti-inflammatory drug[1] which has 

the ability to reduce the hormones that cause inflammation and pain in the 

body, and to relieve conditions such as fever, dysmenorrhea, headache, dental 

pain. It is also used in chronic disorders as osteoarthritis and rheumatoid 

arthritis. However, the usage of this drug causes side effects such as irritation 

and pain in the stomach or intestines and problems in the central nervous 

system.[2] In order to overcome these side effects and increase the short half-life 

(1.8-2.0 h)[3], the drug release needs to be controlled.  
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Graphite oxide with its two-dimensional planar structure, chemical and 

mechanical stability, large surface area, good conductivity and biocompability, 

is considered as a promising material for drug delivery systems.[4] 

The aim of this work was to determine the efficacy of graphite oxide and its 

derivatives as delivery system of Ibuprofen (IBU). More specifically, the 

intercalation of Ibuprofen into graphite oxide (GO), sulfonated graphite oxide 

(GO_OSO3H) and carboxylated graphite oxide (GO_COOH) were studied. The 

amount of Ibuprofen absorbed by these nanomaterials very determined from 

UV-Vis measurements and the release of the drug in simulated gastric and 

intestinal fluid was investigated.   

 

Figure 1: Structural formula of Ibuprofen. 

 

6.2 Results and Discussion 

Figure 2 displays the FTIR spectra of the Ibuprofen/graphite oxide 

composite (IBU/GO), the Ibuprofen/sulfonated graphite oxide composite 

(IBU/GO_OSO3H) and the Ibuprofen/carboxylated graphite oxide composite 

(IBU/GO_COOH) together with those of pure Ibuprofen and of the host 

matrices. The characteristic absorption bands of pure IBU also appear in the 

spectrum of each composite, which confirms the successful incorporation of 

IBU into all three nanomaterials. More specifically, the band at 1721 cm-1 is 

attributed to stretching vibrations of carbonyl groups (C=O) and the bands are 

observed in the range of 2800-3000 cm-1 are related to the stretching vibration 

of alkyl groups of IBU. The band at 1512 cm-1 correspond to C-C vibrations 

whereas the band at 1452 cm-1 is due to asymmetric bending vibration of C-H 
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(CH3) and scissoring vibration of C-H (CH2). In the region of 1100-1300, were 

observed 3 bands at 1268 cm-1, 1230 cm-1 and 1184 cm-1 which are attributed to 

stretching vibrations of C-O and bending vibrations of O-H.[5] 
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Figure 2: FTIR spectra of (a) Ibuprofen (IBU), graphite oxide (GO) and 

Ibuprofen/Graphite oxide composite (IBU/GO), (b) Ibuprofen (IBU), sulfonated 

graphite oxide (GO_OSO3H) and Ibuprofen/sulfonated graphite oxide composite 

(IBU/GO_OSO3H), (c) Ibuprofen (IBU), carboxylated graphite oxide (GO_COOH) 

and Ibuprofen/carboxylated graphite oxide composite (IBU/GO_COOH). 

 

Thermogravimetric analysis (TGA) and thermal analysis (DTA) 

measurements were performed on the graphite oxide/Ibuprofen composite 

(IBU/GO) and compared to those of GO in Figure 3. The TGA curve of GO 

(Fig. 3a) presents a 14 % weight loss up to 140 oC, which indicates the 

desorption of water molecules which had adsorbed on GO during exposure to 

ambient air. The DTA curve shows an exothermic peak at 240 oC caused by the 

removal of functional groups (hydroxyl, carboxyl and epoxy), which is 
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followed by a weight loss of 26 wt%. A second exothermic peak is observed at 

500 oC due to the combustion of the carbon network, which is followed by the 

total weight loss of the sample (~60 wt%).[6] In the case of the IBU/GO 

composite (Fig. 3b), up to 76 oC a weight loss of 10 % is observed, which 

corresponds to the loss of absorbed water, while the mass loss of ~19.8 % in 

the temperature range between 76 and 181 oC corresponds to the removal of 

Ibuprofen. The DTA curve presents two exothermic peaks; the first one at 237 
oC corresponds to the removal of oxygen groups of graphite oxide and is 

followed by a mass loss of ~19.7 %. Above 580 oC, the decomposition of the 

graphitic lattice starts, finally accounting for a weight loss of 49.5 %. 

 

Figure 3: Thermogravimetric analysis (TGA) and thermal analysis (DTA) 

measurements of (a) graphite oxide (GO), (b) graphite oxide/Ibuprofen composite 

(IBU/GO). 

 

The amount of IBU loaded in the three graphene-based matrices was 

estimated by subtracting the IBU concentration in the supernatant of the GO 

hybrids (measured by UV-Vis spectroscopy) from the initial concentration of 

the drug. This corresponds to 0.810 mmol/g for IBU/GO, 0.791 mmol/g for 

IBU/GO_OSO3H and 0.743 mmol/g for IBU/GO_COOH. 

Figure 4 shows the release profiles of IBU from IBU/GO, IBU/GO_OSO3H 

and IBU/GO_COOH in gastric fluid at 37 oC. The release of Ibuprofen in 

gastric fluid is relatively low and occurs rather slowly, i.e. after 24 h of 
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incubation 12.0 % of the stored Ibuprofen is released from IBU/GO, 19.5 % 

from IBU/GO_OSO3H and 22.9 % from IBU/GO_COOH. On the other hand, 

in the case of intestinal fluid, the release happens rapidly and then reaches a 

plateau. Moreover the amount of Ibuprofen released is much larger then in 

simulated gastric fluid. Specifically, for the sample IBU/GO the maximum of 

~43.0 % of Ibuprofen released is reached in 200 min, for IBU/GO_OSO3H a 

release of ~43.4 % is reached at in 60 min and for IBU/GO_COOH a release of 

~45.9 % is reached in 150 min. The more gradual release of Ibuprofen in 

gastric fluid as compared to that in intestinal fluid, promises well for 

eliminating the side effects of Ibuprofen. The results of the Ibuprofen release 

from the three kinds of carbon nanomaterials which were used in this project 

(GO, GO_OSO3H and GO_COOH) perform much better than montmorillonite 

which was tested as a drug carrier in a previous study[5a]. 
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Figure 4: Release profile of IBU/GO, IBU/GO_OSO3H and IBU/GO_COOH in 

simulated gastric and intestinal fluid. 

 

0 200 400 600 800 1000 1200 1400 1600
0
5

10
15
20
25
30
35
40
45
50
55

IBU/GO_OSO3H

Gastric

Intestinal

D
ru

g 
re

le
as

e 
(%

)

Time (min)

 

 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

100 
 

6.3 Conclusions 

In this study graphite oxide and two its derivatives, sulfonated graphite 

oxide and carboxylated graphite oxide were prepared and their efficacy as drug 

delivery system of Ibuprofen was investigated. The release of Ibuprofen in 

simulated gastric and intestinal fluid occurs for all the kinds of carrier more 

gradually in gastric fluid than the intestinal fluid. The more “controllable” 

release in gastric fluid holds potential for eliminating or mitigating the side 

effect of stomach pain observed after Ibuprofen administration to patients. 
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Chapter 7 
 

Electrical study of model fullerene derivatives* 

 

In this chapter we describe our effort to study the electrical conductivity, as 

a function of temperature, of fullerene derivatives with different functional 

groups synthesized using a variety of chemical reactions. More specifically 

polybrominated fullerenes (C60Br6), polyhydroxylated fullerenes [C60(OH)24] 

and sodium fullerene salt  (C60O24Na24), were produced and investigated. 

 

7.1 Introduction 

C60 is an electron-accepting molecule,[1] and this property is retained by most 

of its derivatives. As a consequence, fullerite behaves as an electron-

transporting (n-type) semiconductor. Thanks to the relatively high electron 

affinity of these molecules, solids containing fullerenes and their derivatives 

usually behave as electron-transporting (n-channel) materials and have been 

successfully implemented in electrical and optoelectronic devices such as high-

efficiency fullerene-polymer-blend heterojunction solar cells,[2] high-mobility 

vacuum C60 field-effect transistors,[3] and air-stable n-channel organic 

transistors.[4] Understanding the charge transport properties of fullerene-based 

systems is of crucial importance for the design of novel carbon materials with 

improved performance. 

 
* This chapter is based on the following publications: 
R. Macovez, E. Mitsari, M. Zachariah, M. Romanini, P. Zygouri, D. Gournis, J. L. Tamarit, 
Journal of Physical Chemistry C 2014, 118, 4941-4950; R. Macovez, M. Zachariah, M. 
Romanini, P. Zygouri, D. Gournis, J. L. Tamarit, Journal of Physical Chemistry C 2014, 118, 
12170-12175; M. Zachariah, E. Mitsari, M. Romanini, P. Zygouri, D. Gournis, M. D. Barrio, 
J. L. Tamarit, R. Macovez, The Journal of Physical Chemistry C 2015, 119, 685-694; M. 
Zachariah, M. Romanini, P. Zygouri, D. Gournis, J. L. Tamarit, M. Barrio, R. Macovez, 
Synthetic Metals 2016, 217, 123-128. 
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Electrical conduction in organic molecular materials results from the 

interplay between hopping, which favours electron and hole transport, and local 

interactions such as Coulomb repulsion, polarization effects, trapping (e.g. at 

defects), or coupling to molecular vibrations, all of which tend to localize 

charge carriers. As a consequence, most small-molecule organic materials are 

insulating or behave as disordered semiconductors in which the main 

conduction mechanism is electron (or hole) hopping.[5] Localization and 

polarization effects are especially important:[6] charge carriers are localized on 

single molecules and are surrounded by a polarization cloud, hence hopping of 

a charge carrier to a neighbouring site is hindered by inter-electron Coulomb 

repulsion and by polaron formation. While this general framework is widely 

accepted, the mechanism of charge transport in fullerenes is subject of debate. 

For example, the observation of metallic-like behaviour and superconductivity 

in some alkali fullerene salts is surprising.[7] 

In view of this, we have studied in detail the electrical conductivity of 

powders of different fullerene derivatives synthesized in this PhD project. The 

experimental tool of choice is temperature-dependent broadband dielectric 

spectroscopy (BDS), which was carried out on pellets made by compressing the 

synthesized powder with a hydraulic press. Using BDS allows studying also 

space-charge relaxations in the samples. We find that electrical conduction in 

fullerene derivative solids is mediated by hopping of electronic charge carriers, 

and that it can be well described in the framework of the so-called variable-

range hopping (VRH) model. A space charge relaxation is observed in most 

samples, due to charge accumulation at grain boundaries of the compressed 

powders. 

 

7.2 Synthesis of model fullerene derivatives 

Fullerene derivatives were obtained through different chemical reactions.[8] 

Brominated fullerene derivatives with different stoichiometry can be produced 

via halogenation reactions under different experimental conditions. 
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Polybrominated fullerenes C60Br24 occurred by the covalent attachment of the 

halogens on the cage via the mechanism of nucleophilic addition reactions 

between solid C60 and elementary bromine (Br2) in the presence of the catalytic 

quantities of FeBr3. The obtained material with 24 bromine atoms is a yellow-

orange crystalline compound and presents the highest symmetry and constitutes 

the most stable of all brominated fullerene derivatives. The bromines are 

attached to carbon atoms in positions 1 and 4 and for this reason 12 of the 

hexagons present boat conformations whereas the eight hexagons present chair 

conformations. 

The bromination of C60, which takes place in the presence of organic 

solvents such as benzene, carbon tetrachloride and carbon disulfide, leads to 

the creation of fullerene derivatives with 6 or 8 bromine atoms. Halogenated 

fullerenes with 6 bromine atoms (C60Br6) were also obtained by using the above 

addition reaction without the presence of a catalytic quantity of FeBr3 but in the 

presence of carbon disulfide. The C60Br6 material is the least symmetrical and 

least stable of bromofullerenes.[9]  

The polyhydroxylated fullerenes or fullerols [C60(OH)24] were synthesized 

via further functionalization of C60Br24. Following the substitution reaction 

using sodium hydroxide solution (NaOH) all the bromine atoms were replaced 

by hydroxyl groups.  

C60Br24 + 24NaOH → C60(OH)24 + 24NaBr 

 

Furthermore, neutralizing fullerol derivatives using again aqueous sodium 

hydroxide solution led to the production of sodium fullerene salt (C60O24Na24), 

where the hydrogen atoms of hydroxyl groups were substituted by Na+. A 

schematic representation of all the reaction pathways used is shown in Figure 

1.  
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Figure 1: Schematic representation of reaction pathways for the synthesis of the 

fullerene derivatives. 

 

7.3 Structural characterization of fullerene derivatives [C60Br24, 
C60(OH)24] 

Figure 2 displays the FTIR spectra of polybrominated fullerene and 

polyhydroxylated fullerene (fullerol). In the case of polybrominated fullerene, 

stretching vibrations of C-Br groups were observed in the range 500-610 cm-1 

(515 cm-1, 545 cm-1 and 609 cm-1).[10] Based on Sadtler Handbook of Infrared 

spectra by William W. Simons, bands in the region 1000-1200 cm-1 are 

attributed to stretching vibrations of C-Br groups. As observed in the spectra of 

C60Br24, bands appear at 1045 cm-1, 1086 cm-1, 1144 cm-1, 1180 cm-1.[11] The 

spectrum of fullerol (Figure 2b) shows characteristic bands due to the presence 

of hydroxyl groups at 1065 (not shown) and 1458 cm−1 (bending vibrations of 

C−OH groups), as well as at 685, 849 and 905 cm−1 (wagging vibrations of 

OH). The bands at 3465 cm−1 (stretching vibration) and 1690 cm−1 (bending 
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vibration) are instead indicative of the presence of water molecules. The band 

at 3465 cm−1 corresponds to the stretching vibration of the OH bond and is 

observed also in liquid water.[12] 
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Figure 2: FTIR spectra of (a) polybrominated fullerene [C60Br24], (b) fullerol 

[C60(OH)24]. 

The Raman spectra of pristine and the polybrominated fullerene (C60Br24) 

are shown in Figure 3. C60 is characterized by the Ih symmetry, which is 

probably the highest symmetry of a molecule. C60 presents 46 vibrational 

modes distributed over the 174 vibrational degrees of freedom. From the 46 

vibrational modes, 4 (T1u) are infrared active and 10 (2Ag+8Hg) are Raman 

active in, while the remaining ones cannot be detected optically.[13] 

Γvib (C60) = 2Ag (Raman) + 3F1g +4F2g + 6Gg + 8Hg (Raman) + Au + 4F1u (IR) + 

5F2u + 6Gu + 7Hu 

In the case of the polybrominated fullerenes, the bromines are attached to the 

twelve six-membered rings of the fullerene structure at the 1 and 4 positions, 

acquiring a “boat” conformation, while for the remaining 8 six-membered 
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rings, the bromines are located at the 1, 3, 5 positions, creating a “chair” 

conformation. The active vibrations of the C-Br groups are five, more 

specifically stretching vibrations of these groups are observed at 505 cm-1, 516 

cm-1, 549 cm-1, 562 cm-1 and 585 cm-1. The presence of the band at 1463 cm-1 

in the spectra of the C60Br24, which is attributed to the Ag mode of the fullerene, 

indicates that the icosahedral structure remains unaffected after 

functionalization. The appearance of a new band at 308 cm-1 can be attributed 

to a neutral molecular Br2 in a charge transfer complex between C60 and Br2. 

The absence of any νBr-Br signals that C60Br24 is a real derivative of 

Buckminsterfullerene.[14] 
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Figure 3: Raman spectra of (a) pristine Buckminsterfullerene, (b) Polybrominated 

fullerenes (C60Br24). 

 

Thermogravimetric analysis (TGA) and thermal analysis (DTA) 

measurements were performed on polybrominated fullerene and fullerol; the 

results are presented in Figure 4. The TGA curve of C60Br24 (a) presents a 9 % 

weight loss up to 100 oC, which corresponds to the loss of absorbed water and 
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unreacted molecular bromine (Br2). In the temperature range between 100 and 

180 oC, a mass loss of ~31%) caused by the removal of functional groups is 

observed. The DTA curve shows an exothermic peak at 430 oC due to the 

combustion of the fullerene cage, which is followed by the total weight loss of 

the sample (~60 wt %). In the case of fullerol (b), the mass loss of ~20 wt % up 

to 120 oC indicates the presence of naturally absorbed water molecules. This 

big value reveals as expected the highly hydrophilic character of fullerol. The 

removal of hydroxyl groups occurs between 150 and 320 oC, which 

corresponds to a weight loss of ~13 %. Above 350 oC, the decomposition of the 

graphitic lattice starts, finally accounting for 37 % of weight loss. The removal 

of the hydroxyl groups and the decomposition of the fullerene cage are not 

sufficiently separated in the DTA curve, indicating the interdependence of 

these two phenomena, and consequently demonstrating the successful chemical 

functionalization of the fullerene molecules. 
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Figure 4: Thermogravimetric analysis (TGA) and thermal analysis (DTA) 

measurements of (a) Polybrominated fullerenes, (b) fullerols [C60(OH)24]. 

 

7.4 Broadband dielectric spectroscopy measurements 

Dielectric spectroscopy yields the complex AC conductivity σ and dielectric 

permittivity ε of a sample as a function of frequency (f) of the applied ac 

electric voltage. In disordered materials, the AC conductivity spectrum σ’(f) is 
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frequency-independent at low frequencies, reaching a plateau value 

corresponding to the dc value (σdc), and then, above a temperature-dependent 

onset frequency, exhibits a rough power-law-like dependence on f, described 

approximately by: 

(Eq. 1) σ’(f)= σdc+ σ0f s . 

Eq. (1) is known as the universal dielectric response.[15] The dc conductivity 

σdc can be obtained experimentally by simply taking the plateau value at low 

frequency of the σ’(f) spectra. In order to study the temperature dependence of 

σdc, effective activation energy of the conductivity is computed as: 

(Eq. 2) . 

 

The imaginary part of the dielectric permittivity ε”(f), called loss spectrum, is 

related to the real part of the ac conductivity σ’(f) as ε”(f) = σ’(f)/(2�fε0). The 

loss spectrum contains information about the characteristic frequency of 

dielectric losses such as molecular reorientational motions, and about 

conductivity-induced losses such as space-charge relaxations. These losses 

appear as broad bump-like features centred at a specific frequency, which is the 

inverse of the characteristic time τ of that given process at the measuring 

temperature. The frequency of loss maximum is obtained by fitting the loss 

feature with a model function, the so-called Havriliak-Negami function, whose 

analytic expression is: [16] 

(Eq. 3) ∞
Δε

�
. 

Here �ε = εs – ε� is the intensity (dielectric strength) of the loss process, ε� 

and εs being the high-frequency and static low-frequency limits of the real 

permittivity. The parameters 	 and γ, which lie in the range from 0 to 1, are 

related with the shape and asymmetry of the relaxation time distribution. 

Finally, τHN is a fitting parameter from which the characteristic time τ at which 

the dielectric loss of the given relaxation process is maximum is obtained as: 
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(Eq. 4) . 

 

7.5 Electronic conduction in fullerene derivatives  

Figure 5 shows the isothermal ε”(f) (a) and σ’(f) (b) spectra of C60Br6, at the 

indicated temperatures. The horizontal plateau and subsequent rise in σ’(f) at 

higher frequency are clearly visible in (b). In (a), the low-frequency “straight-

line” portion of the spectra corresponds again to the dc contribution, while at 

higher frequency a deviation from such behaviour is observed, which is due to 

the presence of a space-charge loss. Although we show here only the spectra 

for C60Br6, very similar ones are obtained for other water-free derivatives such 

as C60(OH)24 or C60(ONa)24. 

 

 

Figure 5: Logarithmic plot of the ac conductivity σ’ (a) and dielectric loss ε” (b) 

spectra of C60Br6, measured at the indicated temperatures. Continuous lines are fits 

with Havriliak-Negami components on top of a background representing the dc 

conductivity limit (all components are shown as dashed lines). 

 



Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016Processed on: 30-11-2016

506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota506858-L-bw-Panagiota

112 
 

In all three materials studied here (C60Br6, C60(OH)24 and C60(ONa)24), the 

universal as conduction law Eq. (1) gives an only rough fit to the experimental 

σ’(f) spectra. In fact, the (logarithmic) spectra exhibit a curved rather than 

linear lineshape for frequencies above the onset of the ac response. The only 

approximate validity of the universal Eq. (1) is due to the presence of a 

dielectric loss, which as mentioned is visible in Figure 5(b) as a broad bump-

like feature above the low-temperature linear dc-conductivity background. 

Many disordered conductors have similar ac conductivity spectra, in which the 

change between the dc and ac regimes of the conductivity is signaled by a 

dielectric loss associated with charge accumulation at spatial in homogeneities 

of the samples.[17] In the case of C60Br6, for example, a fit with Eq. (1) of the 

spectra of Figure 5(b) gives values of the exponent s in the range of 0.6-0.7, 

which is consistent with hopping of localized (polaronic) states,[18] as further 

discussed below. 
 

 
 

Figure 6:  Arrhenius plot of σdc of fullerol (C60(OH)24, a), measured by dielectric 

spectroscopy upon cooling from 423 to 323 K, and of sodium oxofullerene 

(C60(ONa)24, b), measured upon cooling from 473 to 303 K. Markers are experimental 

points and continuous lines are power law fits (see the text). (c) Plot of Log(σdc) 

versus 100/√T for both derivatives, where a linear dependence can be observed. 
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The temperature dependence of the dc conductivity is conveniently 

displayed as Arrhenius plot (Log(σdc) vs 1/T). This is done of Figure 6 for 

C60(OH)24 (panel a) and C60(ONa)24 (panel b). 

In the insets, the effective activation energy is shown (Ea=–kB 

d(Ln(σdc))/d(1/T), Eq. (2)). For both materials, σdc does not exhibit a simply 

activated (Arrhenius) behaviour, which would lead to a straight line in panels 

(a) and (b), but rather displays a positive curvature in the whole probed 

temperature range. The slight positive curvature is visible from the slight 

increase of the apparent activation energy with increasing temperature. The 

experimental points (markers) were fitted assuming a power-law dependence of 

the type 

 

(Eq. 5(a)) σdc = σ0 exp[−(T0/T)n], or 

(Eq. 5(b)) Log(σdc) � – B/Tn. 

 

Here σ0 and T0 are constants and the exponent n is usually equal to 1/2 or 

1/4. Applying the definition of activation energy (Eq. (2)) to Eq. (5), one finds 

that the slope of the logarithmic plot of Ea vs T plot should be equal to 1 – n34. 

Such a plot is shown in the insets to Figure 6. The result of the fit of the σdc 

data with Eq. 5(a) gave a value of the power n of 0.43 ± 0.05 for C60(OH)24 and 

0.55 ± 0.05 for C60(ONa)24, respectively. The validity of (Eq. 5) with such 

value of the power exponent is typical of hopping conductivity. The values of n 

are very close to the theoretical value of ½ corresponding to Mott’s variable-

range hopping (VRH) electronic conductivity model,[19] and observed 

experimentally in a large variety of systems.[15a, 20] The value n = 1/2 is 

determined by electron-electron correlation[21] leading to a weak Coulomb gap 

near the Fermi level[22] and to a square dependence of the localized state 

density on energy.[23] The logarithmic plot of σdc as a function of 

  (Figure 6(c)) indeed shows a linear behaviour.  
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The analogous results for C60Br6 are shown in Figure 7. In this case, only the 

data below 215 K are consistent with electronic charge transport described by 

the VRH model (inset to Figure 7(a)). In fact, although the effective activation 

energy (Figure 7(b)) is a monotonic function of temperature (always increasing 

with increasing temperature), it exhibits markedly different temperature 

dependences above and below approximately 215 K. Two conduction regimes 

exist, one below 215 K, characterized by a slope of 0.49±0.03, and the other 

above this temperature, with a slope of 1.37±0.03, inconsistent with the VRH 

model. 

The cross-over at 215 K appears to be due to a solid-solid phase transition, 

visible in the calorimetry data of the as-synthesized powder, whose detailed 

origin is yet unclear. 

 
 

Figure 7: (a) Semilogarithmic plot of the dc conductivity σdc of C60Br6 vs 1000/T 

(Arrhenius plot) between 125 and 330 K. Inset: plot of Log(σdc) vs 100/  below 220 

K, for the same data as in the main panel. (b) Logarithmic plot of the activation 

energy Ea (in eV) of the dc conductivity, versus temperature. The continuous lines are 
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linear fits of the data below and above 215 K, respectively. The dashed vertical line 

indicates the cross-over temperature between the two regimes, as determined by the 

intersection of both linear fits. Inset: differential scanning calorimetry thermogram 

acquired on the same sample upon heating from 200 K. (c). Activation energy Ea and 

hopping distance R as a function of temperature for VRH conduction in C60Br6 below 

220 K (see the text for more details). 

 

Fig. 7(c) shows the activation energy Ea and typical hopping distance R, in 

this same temperature range. The typical hopping distance in the VRH model is 

given by:  

(Eq. 6) R = ξ (T0/192T)0.25 

Here ξ is the decay length of the localized electronic wavefunction, and T0 = 

6.25±0.05 104 K is the temperature parameter in Eq. 5(a), as determined from 

the fit of the σdc values below 215 K. From Eq. (6) it is found that the value of 

R decreases from 1.27ξ to 1.08ξ as the temperature is raised from 125 to 225 K. 

In Fig. 7(c), the hopping distance R is plotted assuming that ξ = 1 nm, i.e. equal 

to the van der Waals radius of the C60 molecule.[24] The activation energy 

shown as a function of temperature in the same inset was calculated both using 

Eq. (2) and according to the formula 

(Eq. 7) Ea = 0.5kBT0
0.5T0.5 

which is valid for the case of VRH with n = 0.5. As visible from the figure, Eq. 

(7) gives values consistent with those obtained directly from the raw data using 

Eq. (2). 

These results show that charge conduction in all C60 derivatives is due to 

variable-range hopping of localized electronic states (in Br6C60, at least below 

215 K), as expected from the known electron affinity and n-channel behaviour 

of fullerene derivatives.[25] This is true even for the C60(ONa)24, despite the 

high density of the Na ions, which are found to be tightly bound to the oxygen 

moieties at least up to the highest probed temperatures (575 K). 
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7.6 Conclusions 

In this Phd project different bromination reactions were used to synthesize 

polybrominated fullerenes and subsequently, by substitution of bromine in 

sodium hydroxide solution, polyhydroxylated fullerenes as well as sodium 

fullerene salts were formed. The conductivity of the above derivatives was 

studied in detail as a function of temperature.  
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Summary 

Carbon is an element with the ability to form a variety of allotropes. The 

allotropes differ in the way the atoms bond with each other and arrange 

themselves into a structure. The different structures give rise to the allotropes’ 

different chemical and physical properties. Appropriate functionalization of 

these structures with a plethora of chemical reactions leads to the creation of 

new materials with improved properties and render them useful for multiple 

applications. The aim of this PhD thesis was to synthesize and develop novel 

hybrid functional materials based on graphite and fullerenes, to study their 

properties and to investigate their use in various applications on these 

properties. 

 

 Chapter 3 constitutes an overview of various theoretical and experimental 

studies about the interactions of polyaromatic hydrocarbons (PAHs) with 

graphene sheets. In these works efforts were made to clarify the role of PAHs 

in the development of new composites for a plenty of applications such as in 

electronic, sensing and biomedical devices. Because PAHs and their 

metabolites are mutagenic and carcinogenic, most of the studies focused on the 

elimination of PAHs’ toxicity with the help of nanomaterials, e.g. based on 

graphene. 

 

In chapter 4 we present for the first time the successful chemical oxidation 

of buckminsterfullerene (C60) based on the well-known Staudenmaier method, 

producing what is called oxidized fullerenes. This facile and reproducible 

approach creates oxygen functional groups, like epoxy and hydroxyl groups on 

the surface of the fullerene, which make this material highly soluble in polar 

solvents such as water. An important advantage of this method consists in the 

presence of epoxy groups that allow for further functionalization. In this thesis, 

oxidized fullerenes were modified with a primary aliphatic amine 

(octadecylamine) thus generating a new fullerene derivative. The hydrophilic 
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character of these materials potentially renders them ideal for a plethora of 

applications, for example in medicinal chemistry and biochemistry. 

  

Chapter 5 describes the chemical oxidation of carbon nanodiscs (oxCNDs), 

which were industrially produced via the so-called pyrolytic Kværner Carbon 

Black & H2 process. The facile, versatile and reproducible oxidation procedure 

was based on the Staudenmaier method. The result of the oxidation treatment 

was firstly the separation of carbon nanodiscs from the mixed 

nanodiscs/nanocones/soot starting material and secondly the attachment of 

oxygen-containing functional groups (epoxy, hydroxyl and carboxyl groups) on 

their surface, improving their solubility in polar solvents (e.g. water). The 

obtained material was characterized by many characterization techniques, 

which confirmed the successful oxidation and provided information about the 

morphology. The investigation their potential for bioapplications demonstrated 

that oxidized nanodiscs can act as cytotoxic agent and as supports for 

nanobiocatalytic systems. 

 

Chapter 6 we report the intercalation of Ibuprofen, a nonsteroidal anti-

inflammatory drug, into graphite oxide and into two its derivatives, namely 

sulfonated and carboxylated graphene oxide. The aim of this project was to 

study the efficacy of these three nanomaterials as delivery systems of 

Ibuprofen. The adsorption of the drug into carbon carriers was quantified and 

the release of Ibuprofen in simulated gastric and intestinal fluid determined. 

The results show that the release in gastric fluid takes place more gradually 

than in intestinal fluid and promise well for these nanomaterials’ potential to 

eliminate the drug’s side effects in the stomach.  

 

Chapter 7 gives an overview of four published studies. More specifically, we 

describe in detail the electrical conductivity, as a function of temperature of 

different fullerene derivatives. For this purpose, polybrominated fullerenes 
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(C60Br6), polyhydroxylated fullerenes [C60(OH)24] and sodium fullerene salt 

(C60O24Na24) were synthesized and studied. 
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Περίληψη 

Ο άνθρακας αποτελεί ένα στοιχείο, το οποίο έχει την ικανότητα να 

σχηματίζει πλήθος αλλοτροπικών δομών. Τα αλλότροπά του διαφέρουν στο 

τρόπο με τον οποίο ενώνονται τα άτομα μεταξύ τους αλλά και στο πως 

διευθετούνται δομικά. Οι διαφορετικές δομές προσδίδουν στα αλλότροπα 

διαφορετικές χημικές και φυσικές ιδιότητες. Κατάλληλη τροποποίηση αυτών 

των δομών με μία πληθώρα χημικών αντιδράσεων οδηγεί στην δημιουργία 

νέων υλικών, τα οποία εμφανίζουν βελτιωμένες ιδιότητες, καθιστώντας τα 

ιδανικά σε διάφορες εφαρμογές. Ο σκοπός αυτής της διατριβής ήταν η 

σύνθεση και η ανάπτυξη καινοτόμων υβριδικών λειτουργικών υλικών με βάση 

το γραφίτη και τα φουλερένια, η μελέτη των ιδιοτήτων τους και η διερεύνηση 

της χρησιμοποίησής τους σε διάφορες εφαρμογές, αξιοποιώντας τις 

προκύπτουσες ιδιότητές τους. 

Το τρίτο κεφάλαιο αποτελεί μία επισκόπηση θεωρητικών και πειραματικών 

μελετών, σχετικών με τις αντιδράσεις των πολυαρωματικών υδρογονανθράκων 

(PAHs) με φύλλα γραφενίου. Σε αυτές τις δουλειές έχουν καταγραφεί οι 

προσπάθειες διευκρίνισης του ρόλου των PAHs στην ανάπτυξη νέων σύνθετων 

υλικών για μία πλειάδα εφαρμογών, όπως στην ηλεκτρονική, σε αισθητήρες 

αλλά και σε βιοϊατρικές συσκευές. Εξαιτίας του γεγονότος ότι τα PAHs αλλά 

και οι μεταβολίτες τους παρουσιάζουν μεταλλαξιογόνα και καρκινογόνα 

δράση, οι περισσότερες μελέτες εστίασαν στην προσπάθεια δέσμευσης των 

τοξικών πολυαρωματικών υδρογονανθράκων (PAHs) χρησιμοποιώντας 

συστήματα νανοϋλικών, όπως για παράδειγμα η περίπτωση του γραφενίου.   

Στο κεφάλαιο 4 παρουσιάζουμε για πρώτη φορά την επιτυχή χημική 

οξείδωση του φουλερενίων (C60), βασιζόμενη στην γνωστή και πλέον 

καθιερωμένη μέθοδο Staudenmaier. Αυτή η εύκολη και επαναλήψιμη 

διαδικασία δημιουργεί λειτουργικές ομάδες οξυγόνου, όπως επόξυ- και 

υδρόξυ- ομάδες στην επιφάνεια του φουλερενίου, καθιστώντας το υλικό 

εξαιρετικά διαλυτό σε πολικούς διαλύτες, όπως το νερό. Ένα σημαντικό 
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πλεονέκτημα αυτής της μεθόδου αποτελεί η ύπαρξη εποξειδικών ομάδων, η 

οποία δίνει τη δυνατότητα για περαιτέρω τροποποίηση. Σε αυτήν τη διατριβή, 

τα οξειδωμένα φουλερένια τροποποιήθηκαν με μία πρωτοταγή αλειφατική 

αμίνη (octadecylamine), η οποία οδήγησε στην δημιουργία ενός νέου 

παράγωγου του φουλερενίου. Ο υδρόφιλος χαρακτήρας αυτών των υλικών 

μπορεί να καταστήσει αυτά τα υλικά ιδανικά για ένα πλήθος εφαρμογών, όπως 

για παράδειγμα στην ιατρική και στην βιοχημεία.    

Στο κεφάλαιο 5 περιγράφεται η χημική οξείδωση νανοδίσκων άνθρακα 

(oxCNDs), οι οποίοι παρήχθησαν μέσω της πυρολυτικής διαδικασίας Kværner 

Carbon Black & H2. Η εύκολη, ευέλικτη και επαναλήψιμη διαδικασία 

βασίζεται στη μέθοδο Staudenmaier. Το αποτέλεσμα της οξειδωτικής 

διαδικασίας ήταν αρχικώς ο διαχωρισμός των νανοδίσκων άνθρακα από το 

μίγμα νανοδίσκων/νανοκόνων/αιθάλης του αρχικού υλικού και ακολούθως η 

προσκόλληση λειτουργικών ομάδων οξυγόνου (επόξυ-, υδρόξυ-, και 

καρβοξυλικών ομάδων) στην επιφάνειά τους, βελτιώνοντας την διαλυτότητά 

τους σε πολικούς διαλύτες, όπως το νερό. Το τελικό προϊόν χαρακτηρίστηκε με 

πολλές τεχνικές χαρακτηρισμού, οι οποίες επιβεβαίωσαν την επιτυχή οξείδωση 

και παρείχαν πληροφορίες σχετικές με τη μορφολογία του προϊόντος. Τα 

αποτελέσματα έδειξαν ότι οι οξειδωμένοι νανοδίσκοι μπορούν να δράσουν ως 

κυτταροτοξικοί παράγοντες και υποστηρίζουν την ανάπτυξη 

νανοβιοκαταλυτικών συστημάτων. 

Στο κεφάλαιο 6 αναφέρουμε την ένθεση του Ibuprofen, το οποίο είναι ένα 

μη στεροειδές αντιφλεγμονώδες φάρμακο, στο οξείδιο του γραφενίου και σε 

δύο παράγωγά του, το σουλφονιωμένο και το καρβοξυλιωμένο οξείδιο του 

γραφενίου. Ο στόχος ήταν η αξιολόγηση των τριών νανοϋλικών ως 

αποτελεσματικά συστήματα μεταφοράς του Ibuprofen. Αρχικά υπολογίστηκαν 

τα ποσοστά του προσροφημένου φαρμάκου στους μεταφορείς άνθρακα και στη 

συνέχεια προσδιορίστηκε η αποδέσμευση του φαρμάκου σε προσομοιωμένο 

γαστρικό και εντερικό υγρό. Τα αποτελέσματα δείχνουν ότι η αποδέσμευση σε 

γαστρικό υγρό πραγματοποιείται πιο σταδιακά σε σύγκριση με την περίπτωση 
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του εντερικού υγρού και συνεπώς μπορεί να ελαχιστοποιήσει τις παρενέργειες 

στο στομάχι. 

Το κεφάλαιο 7 αποτελεί μία επισκόπηση τεσσάρων δημοσιευμένων 

μελετών. Πιο συγκεκριμένα, περιγράφουμε λεπτομερώς την ηλεκτρική 

αγωγιμότητα, συναρτήσει της θερμοκρασίας, διαφορετικών παραγώγων των 

φουλερενίων. Για αυτόν το σκοπό, συντέθηκαν και μελετήθηκαν 

πολυβρωμιωμένα φουλερένια (C60Br6), πολύ-υδροξυλιωμένα φουλερένια 

[C60(OH)24] καθώς και ένα νατριούχο άλας του φουλερενίου (C60O24Na24).  
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Samenvatting 

Het element koolstof heeft het vermogen om een verscheidenheid van 

allotropen te vormen. Deze allotropen verschillen in de manier waarop de 

atomen met elkaar binden en zichzelf rangschikken in een structuur. De 

verschillende structuren leiden tot andere chemische en fysische eigenschappen 

van elk allotroop. Gepaste functionalisering van deze structuren door middel 

van een overvloed aan mogelijke chemische reacties leidt tot de creatie van 

nieuwe materialen met verbeterde eigenschappen en maakt ze bruikbaar voor 

meerdere applicaties. Het doel van dit proefschrift was het synthetiseren en 

ontwikkelen van nieuwe hybride functionele materialen op basis van grafiet en 

fullerenen, en om hun eigenschappen te bestuderen en hun gebruik in diverse 

toepassingen op basis van deze eigenschappen.  

Hoofdstuk 3 vormt een overzicht van verscheidene theoretische en 

experimentele studies over de interacties van polycyclische aromatische 

koolwaterstoffen (PAK’s) met grafeen lagen. In deze studies zijn inspanningen 

gemaakt om de rol van PAK’s te verhelderen in de ontwikkeling van nieuwe 

composieten voor vele toepassingen in elektronische, detectie en biomedische 

apparatuur. PAK’s en metabolieten hiervan zijn mutageen en carcinogeen, 

hierdoor is het merendeel van de studies gericht op het elimineren van de 

toxiciteit van PAK’s met behulp van nanomaterialen gebaseerd op bijvoorbeeld 

grafeen.  

In hoofdstuk 4 presenteren we de eerste succesvolle chemische oxidatie van 

buckminsterfullereen (C60) op basis van de bekende Staudenmaier methode, 

waarbij de zogenoemde geoxideerde fullerenen worden gevormd. Deze 

gemakkelijke reproduceerbare benadering creëert functionele zuurstof groepen, 

zoals epoxy- en hydroxylgroepen, aan het oppervlak van fullereen. Dit maakt 

het materiaal zeer oplosbaar in polaire oplosmiddelen zoals water. Een 

belangrijk voordeel van deze methode is de aanwezigheid van de epoxygroepen 

die verdere functionalisatie toestaat. In dit proefschrift werden geoxideerde 

fullerenen gemodificeerd met een primaire alifatisch amine (octadecylamine), 
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daardoor werd een nieuw fullereenderivaat gegenereerd. Het hydrofiele 

karakter van deze materialen maakt ze mogelijk ideaal voor een overvloed aan 

toepassingen, bijvoorbeeld in de medische chemie en biochemie. 

Hoofdstuk 5 beschrijft de chemische oxidatie van koolstof nanoschijven 

(oxCND’s), die industrieel werden geproduceerd via het zogenoemde Kværner 

Carbon Black & H2 procédé. De gemakkelijke, veelzijdige en reproduceerbare 

oxidatie was gebaseerd op de methode van Staudenmaier. Het resultaat van de 

oxidatiebehandeling was ten eerste de scheiding van de koolstof nanoschijven 

van de gemengde nanoschijven/nanokegels/roet uitgangsmateriaal en ten 

tweede de bevestiging van zuurstofhoudende functionele groepen (epoxy-, 

hydroxyl- en carboxylgroepen) aan het oppervlak, dit verhoogt de 

oplosbaarheid in polaire oplosmiddelen (bijv. water). Het verkregen materiaal 

werd gekarakteriseerd door vele karakterisatie technieken, die de succesvolle 

oxidatie bevestigde en informatie verschafte over de morfologie. Het 

onderzoek naar hun potentieel voor biotoepassingen toont aan dat geoxideerde 

nanoschijven kunnen optreden als cytotoxisch middel en als ondersteuning 

voor nanobiokatalytische systemen.  

Hoofdstuk 5 beschrijft de intercalatie van Ibuprofen, een niet-steroïde anti-

flammatoir geneesmiddel, in grafiet oxide en twee derivaten daarvan, namelijk 

gesulfoneerde en gecarboxyleerde grafeen oxide. Het doel van dit project was 

om de werkzaamheid van deze drie nanomaterialen te bestuderen als 

afgiftesysteem van Ibuprofen. De adsorptie van het geneesmiddel in koolstof 

dragers is gekwantificeerd en de afgifte van Ibuprofen in gesimuleerd maag- en 

darmsap bepaald. De resultaten tonen aan dat de afgifte in maagsap 

geleidelijker plaats vindt dan in darmsap. Dit is veelbelovend voor het 

potentieel van nanomaterialen om bijwerkingen van geneesmiddelen in de 

maag te elimineren. 

Hoofdstuk 7 geeft een overzicht weer van vier gepubliceerde studies. Hier 

beschrijven we in meer detail de elektrische geleiding als functie van 

temperatuur van verschillende fullereenderivaten. Voor dit doel zijn 

polygebromeerde fullerenen (C60Br6), polygehydroxyleerde fullerenen 
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[C60(OH)24] en natrium fullereen zout (C60O24Na24) gesynthetiseerd en 

bestudeerd.  
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