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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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