
 

 

 University of Groningen

New hybrid functional materials based on carbon: synthesis, characterization and study of
properties
Zygouri, Panagiota

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zygouri, P. (2016). New hybrid functional materials based on carbon: synthesis, characterization and study
of properties. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/d0487661-f4ba-4597-93a4-1c5fdddf16d1


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

103 
 

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). 
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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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