
1 

Fullerenol as probed by Synchrotron X-Ray 

Photoemission and Absorption Spectroscopy 

Daniel Friedrich, Karsten Henkel, Matthias Richter, and Dieter Schmeißer 

Brandenburg University of Technology, Department of Applied Physics and 

Sensors, Konrad-Wachsmann-Allee 17, 03046 Cottbus, Germany 

Phone: +49-355-694069 

Fax: +49-355-693931 

Email: henkel@tu-cottbus.de 

 

We have studied thin films of C60, [6,6]-phenyl-C61-butyric acid methyl ester, and fullerenol by 

Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS) at the C1s edge. The 

advantage of this technique is the sensitivity to unoccupied π states within the sp
2
 chemical bond 

structure. In particular we focus on the relative intensity of the C1s→π*(p-p) transitions. Upon 

adding functional groups to the C60 molecular frame the intensity of these bands is reduced or 

almost vanished accompanied by increasing C1s→π*(s-p) transitions. This finding is confirmed by 

X-ray photoemission data in the valence band region where the peaks according to the occupied π 

states disappeared particularly in the fullerenol films. These data in combination with the 

quantitative analysis of the C1s core levels data suggest that C=C double bonds are broken when 

binding two OH-groups correlated to a change of the carbon bonding state from sp
2
 to sp

3
. 
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1 Introduction 

Since its discovery by Kroto et al. [1] C60 fullerenes and its derivatives are widely 

used in several applications. In the field of organic solar cells and organic field 

effect transistors, they are applied because of their n-type semiconductor character 

accompanied by a relatively high mobility [2, 3]. They are also utilized as 

building units in organic frameworks e.g. for low-k materials [4, 5] as well as they 

are investigated as charge trapping centers in organic and inorganic matrices for 

memory devices [6, 7]. In addition, fluorinated fullerenes are seen as candidates 

for cathode materials of high energy density batteries [8].  

Although the spectrum of fullerenes and its derivatives in biomedical applications 

is expanding nowadays, the extreme hydrophobicity of this kind of molecules is 
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still an issue [9, 10]. Therefore, C60 modifications with hydrophilic agents are 

necessary [9]. One of the potential C60 modifications is its hydroxylation leading 

to the formation of the water-soluble fullerenols (C60OH)x) [9]. Fullerenols have 

been intensively studied in the fields of polymers synthesis, photovoltaic devices 

and biomedical research [ 9, 11-13]. Biocompatible polyhydroxylated fullerenes 

turned out to be particularly efficient antioxidants in several biological systems 

showing additionally a lower toxicity than underivatized fullerenes [11]. For all 

these fields of applications the knowledge of the electronic structure of the 

materials and its change due to the functionalization is important in order to 

understand and to optimize the application specific characteristics. 

In this paper we have carried out a combined Near-Edge X-ray Absorption Fine 

Structure Spectroscopy (NEXAFS) and X-ray/UV Photoemission Spectroscopy 

(XPS/UPS) study on C60, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)  

and fullerenols in order to understand the chemical bonding and the electronic 

structures of  the materials. These techniques are powerful for the monitoring of 

unoccupied and occupied states. In particular, we discuss the change in the 

electronic structure of the films due to the hydroxylation of the fullerenes 

including the vanishing of  C1s→π*(p-p) transitions in the NEXAFS data as well 

as the disappearance of the signals according to occupied π states in the valence 

band spectra (UPS). In combination with our XPS quantitative analysis, we 

propose that C=C double bonds are broken accompanied by the binding of two 

OH-groups corresponding to a change of the carbon bonding state from sp
2
 to sp

3
. 

2 Experimental 

2.1 Materials 

The C60 fullerene (99.5%) and its derivative PCBM (99.5%) were delivered by 

Sigma Aldrich. A powder of C60(OH)x was obtained from the Leibniz Institute for 

Solid State and Materials Research Dresden, its preparation is described in [14]. 

2.2 Sample Preparation 

Slices (1x1 cm
2
) of standard silicon n-type wafers containing a native oxide on the 

surface were used as substrates. The substrates were cleaned by ultrasonification 

in acetone, isopropanol and distilled water and were dried afterwards in nitrogen 
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stream. The pure C60 sample was prepared by evaporation of fullerene powder 

onto the silicon surface at 600 °C for 24 h in vacuum conditions. Based on these 

conditions, we expect a closed C60 film with a thickness of more than 10 nm. 

PCBM was dissolved in chloroform (2wt%) and deposited by spin coating at 1500 

rpm for 15 seconds. The fullerenol powder was diluted in water, afterwards the 

solution was dropped onto the substrate. Finally, the samples were dried in air. 

2.3 Methods 

We applied NEXAFS, XPS and UPS in order to characterize our films. All 

spectroscopic measurements were carried out at the synchrotron beamline U49/2-

PGM 2 at Bessy II (Berlin) in 45° incidence geometry. The photoelectrons (XPS, 

UPS) were collected using a hemispherical energy analyzer SPECS PHOIBOS 

150 at an emission angle of 45°. The position of the Fermi level was calibrated 

before the measurements with a gold film. A Shirley background removal was 

applied to the acquired data [15]. By varying the X-Ray incident photon energy, 

we are able to deliver information from different depths in the surface near region 

of our films.  

The NEXAFS data were recorded in the total electron yield (TEY) and total 

fluorescence yield (TFY) modes. For this purpose, the TEY signal was detected 

by using the sample current, whereas the total fluorescence yield (TFY) was 

measured in parallel with a fluorescence detector. Thus, we get bulk and surface 

sensitive information of our material, because the X-ray photons are significantly 

less attenuated when penetrating through the film. The NEXAFS spectra were 

normalized to the X-ray intensity I0, measured on a diode. 

 

3 Results and Discussion 

Firstly, we show the XPS results measured on our samples. Fig.1 depicts the core 

level data of C60, PCBM and fullerenol recorded at the excitation energy of 640 

eV. We observe that the main emission appears at around 285 eV. As all carbon 

atoms are equivalent in C60, only one main peak at 284.7 eV appears [16] 

corresponding to non-oxygenated carbon (C-C) [9, 12]. The very weak signals at 

about -1.9 eV and -3.8 eV relative to the C1s main peak in C60 and PCBM as well 

are assigned to π type shake-up satellites [17]. There is a significant variation in 
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the full width of half maximum (FWHM) of the C1s signals. Those of C60 and 

PCBM appear rather sharp (FWHM 850 meV and 600 meV, respectively), in 

contrast, in fullerenol we find a much broader C1s peak (FWHM 1300meV). In 

addition, in the fullerenol sample, the main peak is shifted by 0.4 eV, and we 

observe chemically shifted contributions, which are separated by about 1.4 eV to 

1.8 eV to appear at 286.9 eV and 288.3 eV and attributed to hydroxylated carbon 

(C-OH) and hemiketal carbon (C-O
-
) [12]. We will discuss the origin of these 

peaks in more details within the discussion and will give a quantitative analysis, 

too. 
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Fig. 1 The C1s core level data of C60, PCBM, and fullerenol recorded at the 

excitation energy of 640 eV.  

 

Next, we report on our combined UPS and NEXAFS study on these materials in 

order to discuss the influence of the OH-group addition in fullerenol onto the π 

electrons in fullerene systems. In Fig. 2 we show the valence band spectra of C60, 

PCBM, and fullerenol excited with 284.6 eV (close to the C1s resonance) and 

531eV, respectively. For C60 and PCBM we find strong features at -2.2 eV and at 

-3.7 eV, which are commonly attributed to the π electrons in fullerene system [18, 
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19]. In this comparison, it becomes evident that these features are missing in the 

valence band spectrum of our fullerenol film. The broad hump within the 

spectrum of fullerenol corresponds to the O2p emission from OH-groups. 
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Fig. 2 The valence band spectra of C60, PCBM, and fullerenol recorded at the 

excitation energy of 284.6 eV and 531 eV (fullerenol), respectively. The dotted 

lines indicate the second order generation of the C1s core level, which was 

subtracted from the data. 

 

In Fig. 3 we have plotted the NEXAFS data in the TEY mode around the C1s 

edge of C60, PCBM and fullerenol. Here the transitions from the C1s core levels 

(K shell) into the unoccupied π electron bands (π*(C=C) molecular orbitals) are 

most prominent. In C60 we have in total 30 empty π* bands which cause the sharp 

features at 284.4 eV and in the range between 285.8 to 286.3 eV [19, 20]. The 

FWHM of the first π* peak is 630 meV. 

The spectrum of the fullerenol film is completely different. In particular, we do 

not observe the double peak between 285.5 eV and 286.3 eV. In addition, the first 

absorption feature is shifted to 284.7eV and it appears with a lower intensity. This 

line appears broadened with a FWHM of 1040 meV. As discussed below, we 
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attribute this to a possible splitting of the Cls levels as well as to transitions into 

different π* orbitals caused by the influence of the OH-groups onto the π system 

[21]. Furthermore, we assign the small shoulder at 286.3 eV to the  

C1s(C–OH)→π*C=C transition of the C-OH bond [22]. The remaining signal at 

288eV corresponds to π* (s-p) orbitals, whereas the broader peaks above 290 eV 

are attributed to transitions from the K shell into * molecular orbitals [19, 20]. In 

the NEXAFS data of PCBM we observe similar features as in that of the C60 

films, but, moreover, there is an additional small shoulder at around 285.1 eV 

which we assign to the benzene ring [23] in the functional side group of PCBM. 

The TFY data of all three samples (not shown) look quite similar to the TEY data, 

just the weak shoulder at around 286.3 eV in the fullerenol spectrum appears more 

pronounced.  
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Fig. 3 The C1s NEXAFS data of C60, PCBM, and fullerenol recorded in the TEY 

mode. 
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Discussion 

In our discussion, we first focus on the disappearance of π orbitals upon OH- 

substitution and then we perform an analysis of the C1s core levels. 

 

The ordering of the molecular orbitals in the Hückel formalism requires that the 

uppermost occupied and the lowest unoccupied energy levels are of π symmetry. 

For C60 there exist 60 valence electrons of pz character, they form 30 occupied π 

orbitals and, correspondingly, 30 empty π* orbitals [19, 24]. Despite of the fact 

that fullerene based systems have been subject of many studies and publications 

there is still a controversy whether the π-systems should be described as molecular 

orbitals or with a band like character [24]. The former approach is justified by the 

sharp features in the UPS and XAS data (refer to Figs. 2 and 3), the latter seems to 

be more plausible as the π-system is extended over 20 six-membered ring and 12 

five-membered ring structures. 

Upon substitution of ligands on the Carbon atoms of the fullerenes the uppermost 

π-levels must be involved. In a pure molecular system, any charge transfer would 

destroy the symmetry immediately, in a band structure the band occupation can be 

varied without significant disturbance of the bonding configuration. Insofar, our 

comparative study can be used to learn about the bonding character in the 

fullerene system itself.  

In the PCBM molecule, the π-system is stable despite of the addition of one side 

strand. This is a consequence of the bridge bonding configuration. 

In fullerenole, on the other hand, the π-system is distinctly weakened in our data, 

which means that many of the double bonds in the 6-rings must be opened. Thus, 

OH-groups are attached to the double bonds and are modifying the bonding states 

of carbon (sp
2
 to sp

3
). The reduction of double bonds leads to the decrease of the 

size of the π conjugated system, resulting in a π* band with less dispersion [16]. 

The vanishing of the double peak in the region between 285.5 eV and 286.3 eV 

also corresponds to this change. Nevertheless, the transition into the lowest 

unoccupied π* absorption feature, which is modified by the OH-groups (see 

above, [21]), is monitored. This observation underlies that double bonds still exist. 

These findings on our fullerenol films are in perfect agreement with results on  

fluorinated fullerens [16, 25]. 
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In the second part, we focus on the question whether we can determine the 

number of OH-groups, which are attached to the fullerenol molecule. This topic is 

discussed in most of the fullerenol based publications. An experimental 

confirmation of this number is difficult: in infrared spectroscopy the OH-bands 

are not quantitative due to depolarization effects, in nuclear magnetic resonance 

spectroscopy the proton resonances are very broad and not suited for quantitative 

analyses. Goswami et al. [26] proposed a thermo-gravimetric method, which was 

successfully applied in [27]. In our approach, we start with the quantitative 

analysis of the C1s core level and its chemically shifted contributions. Therefore, 

we have carried out a peak decomposition procedure. In Fig. 4 we decompose the 

XPS data recorded at 1256 eV excitation energy, the corresponding results for 

1256 eV and 640 eV are summarized in Table 1. The peaks are decomposed into 

Gaussians (widths are given in Table 1), which enables us to give a quantitative 

analysis. In good agreement with other reports [9, 12] the peaks indexed as α, β, 

and γ in Fig. 4 can be assigned to non-oxygenated (C-C), hydroxylated (C-OH), 

and hemiketal (C-O
-
) carbon bonds. The small contribution of the peak δ in Fig. 4 

might originate from other carbon-oxygen bonds like C=O (carbonyl carbon [12]) 

or destructive fragments initiated by substrate interactions.  
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Fig. 4 C1s core level spectrum of the fullerenol sample recorded at 1256 eV 

excition energy. The dotted lines indicate the decomposition of the C1s signal 

(refer to Table 1). 

 

 

Table I: Quantitative analysis of the contributions in the C1s core level data 

shown in Figs. 1 and 4, respectively.  

 Peak 

Position 

[eV] 

C1s  

index 

Assignment 

of the Peak 

 

Area [%] 

@1256 eV 

(FWHM [eV]) 

Area [%] 

@640 eV 

(FWHM [eV]) 

Fullerol 285.1 C-C 61.9 (1.23) 64.0 (1.30) 

 286.9 C-OH 22.5 (1.49) 21.8 (1.47) 

 288.3 C-O
-
 12.3 (1.10) 8.7 (1.20) 

 289.2 C=O 3.3 (1.24) 5.5 (1.40) 

PCBM 284.7  C-C  99 (0.60) 

C60 284.7  C-C  100 (0.85) 
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Based on the data of the C1s analysis we estimate now graphically the number of 

the attached OH-groups in our fullerenol sample. Starting with the equivalent C 

atoms corresponding to the peak α in Fig. 4, their number is 60 in pure fullerene. 

We attribute the chemical shifts resulting in the peaks β, γ, and δ to the 

hydroxylation and assume that every OH-group reduces the number of equivalent 

C atoms by one. Therefore, we plot in Fig. 5 the equation (60-x)/x, where x is the 

number of OH-groups, as a ratio of the remaining unaffected C atoms to the OH-

groups.  
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Fig. 5 Graphic determination of the number of attached OH-groups within the 

fullerenol molecule – based on the quantitative analysis of the C1s core level and 

its fine structure (refer to Figs. 1 and 4, respectively). Details are given in the text. 

The arrow marks the expected value for C60(OH)24. 

 

Then, we compare this dependence to our experimental data as the ratio of the 

peak areas regarding α/(β+γ+δ). The cross point between the experimental and the 

theoretical data delivers the number of attached OH-groups. In our experiment we 

resolve a number of approximately 23 and 22 at the excitation energies of 1256 

eV and 640 eV, respectively. Taking into account that the attenuation length for 

Mg Kα in C60 is reported to be 21.5 Å [28] and the C60 diameter is 7 Å [1] we 

monitor approximately 3 molecular units of our film when using 1256 eV 

excitation energy. Therefore, we believe that the 1256 eV data deliver a more 
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reliable result with less ambient influences. Nevertheless, the data at both energies 

are very similar and close to the expected value. According to the used 

preparation procedure [14] of our fullerenol powder, which is a modified method 

of that reported by Adnadević et al. [27], the number of hydroxyl groups per 

fullerene molecule is about 24. Hence, our data are in good agreement and 

confirm that particular preparation routine. 

4 Conclusion 

We have studied thin films of C60, PCBM and C60(OH)x. In particular, we 

observed that in the data of the polyhydroxylated fullerenes the intensity of the 

C1s→π*(p-p) transitions reduced or almost vanished as well as the signals 

regarding the occupied π states in the valence band disappeared. We propose that 

C=C double bonds of the C60 frame are broken accompanied by the binding of 

two OH-groups corresponding to a change of sp
2
 carbon bonds to sp

3
. 

Based on these systematic studies of the fullerene family in combination with 

NEXAFS and photoelectron spectroscopy we have established a technique to 

characterize the interaction of C60 in organic and inorganic matrices and to study 

the stability of the C60 molecular frame. The combination of both spectroscopic 

techniques (refer to Figs. 2 and 3) demonstrates distinctly the reduction of π-states 

in consequence of the addition of functional groups.  
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