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A B S T R A C T

The paper presents the results of experimental measurements of constitutive and electrophysical properties in
hydroxylated endohedral metallofullerene with gadolinium sample. We extracted endohedral metallofullerene
from carbon condensate, synthesized in high-frequency arc discharge plasma. Later hydroxyl groups were added.
Via methods of infrared and x-ray photoelectronic spectroscopy, it was established that the molecules of hy-
droxylated endohedral metallofullerene have the Gd@C82Ox(OH)y, x + y=(40–42) composition. The method of
measuring the electrical impedance in the frequency range from 100 Hz to 100 MHz shows that the resulting
hydroxylated fullerene is an ion conductor. The measured frequency dependences of the dielectric permittivity
and conductivity of hydroxylated fullerene are explained based on the assumption of an inhomogeneous dis-
tribution of electric charges in the material volume. Dielectric-hysteresis loops in the frequency range of
25 Hz–1 MHz and temperature range of 80–300 K, and volt-ampere characteristics were measured. The obtained
results imply the appearance of residual polarization induced by the electric field in hydroxylated fullerene.
However, the constant dipole moment is absent.

1. Introduction

The structure of the endohedral metallofullerene (EMF) molecule
differs significantly from the structure of conventional fullerene mole-
cules. Inside the EMF molecule, there is a metal ion, valence electrons
of which are accepted by the π-system of the carbon cage [1]. De-
pending on the fullerene size and type and number of encapsulated
atoms, endohedral metallofullerenes can be in a form of metal, semi-
conductors with a small band gap, or dielectrics. In particular, the in-
jection of rare-earth element ions can be expected to produce a dipole
or magnetic moment. At the moment, EMF with magnetic moment has
been synthesized and studied [2–4].

Since the metal ion in the EMF molecule is displaced from the center
of the cage [5], the electric dipole moment occurs in this molecule
under certain conditions. This was detected, for example, in La@C82

films [6]. This fullerene has a sufficiently high value of dielectric per-
mittivity (ε=10–20 at frequency f=1MHz). The above two features
of EMF molecules are manifested in their ability to operate as a field
effect transistor [7], as an organic solar cell [8], as part of a memory
device in molecular electronics [9]. Another possible use is as an

additive to various materials to improve their thermoelectric properties
[10]. Such materials are used in power generation and production of
heat insulation in solid-state memory devices [11,12].

The dipole moment can also occur in hydroxylated fullerenes
(fullerenols), in which O and OH groups are attached to the cage of the
main molecule. The polarizability of these fullerenols will depend on
the number of attached functional O and OH groups. And their mutual
arrangement on the frame of the main molecule affects their chemical
and electrophysical properties [13]. EMF with OH and other more
complex groups attached to the framework are promising for use in
biomedicine: in magnetic resonance imaging [14] and as an anti-cancer
agent [15]. It is known that fullerenols based on C60 and C70 possess
ionic conductivity, which depends on the number of OH groups [16],
therefore, the appearance of ionic conductivity in hydroxylated
Gd@C82 is also quite expected. The introduction of fullerenes and
fullerenols tend to improve the electrical and temperature character-
istics of polymer ionic conductors, such as Nafion® [17–19], which are
widely used in fuel cells. The electron affinity of Gd@C82 is greater than
that of C60 (3.3 and 2.7 ± 0.1 eV, respectively) [20], so it can add
more radicals. In addition, the presence of a dipole moment in EMF can
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be used to change the dielectric constant of materials. So far, detailed
studies on the EMF electrophysical properties and fullerenols based on
them in the form of powders or films have not yet been conducted.

This paper is devoted to the development of technology for the
production and measurement of electrical and ferroelectric properties
of hydroxylated fullerene Gd@C82. This fullerene was synthesized and
isolated in an amount sufficient for experiments. The electrophysical
properties of the obtained fullerenol were investigated by measuring
the electrical impedance in the frequency range of 102–108 Hz. We also
analyzed experimentally measured volt-ampere characteristics and di-
electric-hysteresis loops in the frequency range of 25 Hz-1 MHz and
temperatures of 80–300 K.

2. Synthesis and physical properties of hydroxylated Gd@C82

Carbon condensate, containing Gd@C82, was synthesized in the
plasma of high-frequency arc discharge by spraying graphite electrodes
with axial holes of 3mm in diameter, containing a mixture of Gd2O3

powder and graphite in a ratio of 1:1 by weight [21]. We extracted the
fullerene mixture out of the obtained carbon condensate using carbon
disulfide in the Soxhlet extractor. Following the method based on the
use of Lewis acids TiCl4, from the obtained solution we extracted the
mixture Gd@C82 and higher fullerenes [22]. Then the solvent evapo-
rated and the resulting solid fraction was dissolved in toluene. Fullerene
Gd@C82 was extracted from the solution via high-performance liquid
chromatography using Agilent Technologies 1200 Series chromato-
graph (the column Cosmosil Buckyprep M; toluene stream 5ml/min). O
and OH groups were attached to the isolated EMF by treatment with
HNO3 acid and further washing in distilled water [23].

On the mass-spectrometer MALDI-TOF Bruker BIFLEX TM III, we
have obtained the mass spectrum of fullerene Gd@C82, presented in
Fig. 1.

As shown, in the mass spectrum only the main fraction Gd@C82 is
present, well isolated from broadband noise. Hydroxylated fullerene
Gd@C82 was also studied via IR spectroscopy using Fourier spectro-
meter VERTEX 70 by Bruker in the matrix of KBr. In the infrared full-
erenol transmission spectrum (Fig. 2) there is broadband at OH groups
(dotted line vO-H), against which the peak from bond C–H (dotted line
νC-H) are well distinguished. According to the sources [3,24,25], ab-
sorption band from the bonds C–C (1554 cm−1), C]C (1621 cm−1),
C]O (1703 cm−1), C–O (1050-1150 cm−1) were identified.

The study of fullerenol was also carried out by x-ray photoelectronic
spectroscopy (XPS) via the device UNI-SPECS spectrometer, SPECS
Gmbh. Fig. 3 shows the carbon С1ѕ spectrum lines (solid line), and
where after Lorentz decomposition three lines were distinguished
(dotted line). The line with the maximum at 284.7 eV corresponds to
the bond between the carbon atoms in the C82 molecule. The line with

the maximum at 286.2 eV corresponds to the hydroxyl bond C–OH, and
the peak is at 289 eV - carbonyl bond C]O.

Thus, in the process of hydroxylation, both oxygen (C]O) and
hydroxyl groups (C–OH) attach to the fullerene molecule cage. The
number of these functional groups was calculated on the basis of XPS,
based on the proportion of carbon atoms chemically bonded with
oxygen. Given that the number of OH groups attached to the fullerene

Fig. 1. Mass spectrum of the chromatographic fraction with Gd@C82: a - positive mode; b – negative mode.

Fig. 2. Infrared transmission spectrum Gd@C82Ox(OH)y in the matrix of KBr.

Fig. 3. XPS C1s line.
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must be even [26], the composition of the product, determined on the
basis of the XPS analysis, can be presented as Gd@C82Ox(OH)y, where
x = 10–12 and y = 30–32, x + y = 40–42.

3. Sample preparation and measurement

Prior to measuring the electrical characteristics, the hydroxylated
EMF was dried with a moisture absorber P2O5 at a temperature of 23 OC
for 2 weeks. Via the method of gravimetric and differential thermal
analysis (spectrometer STA 449 C Yupiter from Netzsch) of hydro-
xylated fullerene Gd@C82 in an argon atmosphere, it was determined
that the substance contains 1.4 wt % water.

For electrophysical measurements the test sample was placed in a
special measuring cell (Fig. 4), serving as a capacitor. The cell consists
of two metalized textolite plates (1) with etched electrodes (2). The
narrow part of the electrodes was used to connect the cell to the
measuring instruments. Between the wide parts of 5×5 mm in size we
placed fullerenol. Between the plates, we placed a 0.1 mm thick fluor-
oplastic layer (3) with a cutout that was aligned with the electrodes
during assembly. The layer recorded the thickness of the investigated
fullerene sample. A fullerenol sample (4) in a pasty state was placed in
the gap of the fluoroplastic laying and clamped between the electrodes.
Textolite plates were pressed with the specialized holder.

4. Study of electrophysical characteristics by impedance
spectroscopy method

Impedance measurements were performed using the Network
Analyzer E5061B Agilent Technologies. The measurements were di-
rectly focused on the frequency dependence of the scalar impedance |Z|
and phase angle ϕ between the current and voltage. Then we calculated
the real and imaginary impedance components (Z′, Z″), dielectric per-
mittivity (ε′, ε′′), conductivity (σ′,σ'′) and dielectric loss tgδ [27].

Fig. 5 shows the dependence of the real dielectric part of the per-
mittivity ε′ and the dielectric loss tgδ of the sample from the electric
field frequency.

As can be seen, the value of the fullerenol dielectric constant (2.5) at
frequencies of 107–108 Hz is nearly indistinguishable from ε′ for full-
erene C60 (ε′≈ 2.6), and tgδ=0.018. However, with decreasing of
frequency up to 100 Hz ε′ increase to the value of 4.8, which is ac-
companied by the increase of the dielectric loss tgδ≥ 1. To better un-
derstand the processes of dielectric polarization and movement of
electric charges happening in the studied substance, we included an
inset of impedance hodograph in Fig. 5. The impedance hodograph was
constructed in Nyquist coordinates as the frequency dependence of the
imaginary impedance part Z′′(f) on real part Z′(f) [28,29]. Each point of
the hodograph corresponds to a certain frequency. The countdown
begins at the right side of the hodograph. The construction of the im-
pedance hodograph largely contributes to the search for a suitable
equivalent circuit, the impedance of which is to approximate the ex-
perimentally measured frequency dependences of the impedance
module, dielectric permittivity and the loss tangent of the sample. The

most suitable equivalent circuit is shown in the same Fig. 5 and consists
of two parallel circuits. The lower circuit contains resistance
R1= 1.3·108Ω and capacity C2= 2.5·10−11 F, which are connected in
series. This chain is used to approximate the initial arc of the hodograph
semicircle. The upper circuit contains a specific frequency-dependent
element CRE1 [30] and a capacitor C1. Element СРЕ1 has both real and
imaginary parts of the impedance. It can be compared to the con-
ductivity and frequency-dependent capacity, which occurs due to the
accumulation of electric charges near the electrodes or at the bound-
aries of inhomogeneous areas with different moisture content in full-
erenol. The electric charge in the volume of fullerenol can be trans-
mitted with the participation of H+, H3O+ and OH− ions. Conductivity
is carried out by the relay mechanism of charge transferring through the
extended hydrogen-bond networks between water molecules present in
the structure of fullerenol. This spatial redistribution of charges par-
tially shields the external electric field. This is the main reason for the
increase in the real and imaginary components of the dielectric per-
mittivity and dielectric loss in the low-frequency region.

Fig. 6 shows the frequency dependences of the real σ′ and imaginary
σ′′ components of the specific conductivity. At low frequencies near
102 Hz, they do not exceed 10−8 S/m and rise with increasing fre-
quency.

The imaginary conductivity component in logarithmic coordinates
increases linearly as σ′′ (f)= 2π·f·Ceff(f). The increase of the real con-
ductivity component occurs in proportion to the circular frequency with

Fig. 4. Cell for measuring the conductivity of fullerenol: 1-fiberglass; 2-copper
electrode; 3-fluoroplast; 4-investigated sample.

Fig. 5. Dependence ε′ and tgδ sample on frequency. Inset shows the hodograph
and its approximation based on the equivalent circuit.

Fig. 6. Specific conductivity of the sample depending on the frequency.
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a fractional exponent and can be approximated by the following
equation:

′ = ⋅ + ⋅ ⋅− −σ ω ω( ) 2.6 10 3 108 12 0.94 (1)

Such conductivity dependence is realized in many materials having
electron or ion conductivity of hopping type. The directed motion of
charge carriers, in this case, occurs by their jump between ions with
different valence [31]. However, the index close to one suggests a high
charge velocity, which is more typical for proton conductivity. The
mechanism of generation and transferring of electric charges in
Gd@C82Ox(OH)y is not clear yet. However, it is undoubtedly associated
with the presence of physically bound water in the composition of
fullerenol, which persists even after prolonged drying via the men-
tioned method.

5. The dynamic process of fullerenol polarization

In order to clarify in detail the mechanisms of dielectric polarization
of this fullerenol, we measured the temperature dependence of the di-
electric permittivity as well as the dielectric loss tangent. We also stu-
died the dynamic characteristics of the dielectric hysteresis loops in the
temperature range of 80–300 K. The dependence measurements based
on ε′(T) were performed using the RLC meter E7-20 at frequencies of
25 Hz and 1MHz in the adiabatic conditions in the heating mode at a
speed in the range of 0.5–2 K/min. The electric capacity of the full-
erenol sample and the dielectric loss tangent were measured. The cal-
culation of the real dielectric permittivity constant of the ε′(T) was
performed according to the well-known formula for the plate capacitor.
The physical dimensions of the measuring cell were taken into account.
The measurement results are shown in Fig. 7.

As can be seen, with increasing temperature from 77 K to 250 K, at
25 Hz and 1MHz, dielectric permittivity and dielectric loss in the be-
ginning, almost do not change, remaining at ε′≈ 3.4–3.5 and
tgδ≈ 0.001–0.003. However, with further temperature increase the
level of dielectric permittivity and dielectric loss increases. Probably,
when increasing temperature, crystals of physically bound water gra-
dually melt. The processes of movement and accumulation of electric
charges on the electrodes and between the individual structural regions
of fullerenol become more intense. This increases the polarizability of
fullerenol and leads to an increase in the dielectric permittivity and
dielectric loss value. It should be noted that the dielectric permittivity
value of fullerenol at low temperatures ~77–100 K (ε′≈ 3.4–3.5) is
higher than that of fullerene C60 (2.6). This value is lower than that of
C70 (4.6) [32]. Perhaps this is connected to the appearance of additional
polarization of the fullerenol molecule itself due to the presence of the
Gd3+ ion inside of it. Due to the presence of OH groups, proton-type
conductivity can occur even at such low temperatures. Dipole moments
of hydroxyl groups partially compensate for the dipole moment of the
EMF molecule, making its total value less than 4.6.

Dynamic processes of fullerenol polarization were investigated by

analyzing the dielectric-hysteresis loops, obtained at specified tem-
peratures at a setup Easy Check 300. The measuring electrical circuit in
the setup is a resistive-capacitive divider consisting of a capacitive cell
with a sample (Fig. 4) and series resistance included. The optimal value
of this resistance was chosen based on the value of the current passing
through the sample. Triangular waveform voltage was applied to the
measuring circuit with a maximum electric field strength of 20 kV/cm
and a frequency of 0.1 Hz (voltage rise rate of 8 kV/s). This low fre-
quency was used to identify any possible slow processes of motion,
accumulation, and relaxation of mobile electric charges, that determine
the value of dielectric polarization and reach-through conductivity.

In the course of measurements, the device recorded the dependence
of the current passing through the sample I(t) and the voltage applied to
the divider U(t). The polarization value P (C/cm2) was determined by
the following formula:

∑= ⋅
=

P
S

I t1

i

n

i i
0 (2)

where S is the contact area of the measuring cell. The measurements
were carried out at fixed temperatures in a high vacuum 10−5 Pa. To
implement the adiabatic conditions of the experiment, we used a ca-
lorimeter in the continuous heating mode at a rate of 0.5 K/min. The
sample temperature was controlled by a platinum thermometer. The
results of measurements of dielectric-hysteresis loops are shown in
Fig. 8.

As seen in Fig. 8a, at a temperature of 240 K the polarization of the
sample linearly depends on the field. This is typical for many dielectrics
with electronic type polarization and, in particular, for conventional
fullerenes. However, with a small increase in temperature to 260 K, the
opening of the dielectric-hysteresis loop occurs (Fig. 8b). And at zero
values of electric field, there is a residual polarization of 3.3·10−4 μC/
cm2. This residual polarization arises either because of the presence of
the gadolinium ion inside the fullerenol molecule or because of the
hydroxyl groups present. Hydroxyl groups can initiate intramolecular
proton conductivity and non-equilibrium redistribution of electric
charges even at these relatively low temperatures.

With the temperature increase up to 279 K (Fig. 8c), there is an
almost double increase in the polarization of fullerenol and deformation
of the hysteresis loop. This is connected to the appearance of reach-
through conductivity. Due to the active component of the reach-
through electric current, this results in an additional voltage drop in a
removable resistance of the resistive-capacitive divider. The appearance
of reach-through conductivity leads to an apparent increase in the
modulus of the polarization vector P. In addition, big electrical circuit
time constant (τ= R⋅C) leads to delaying of the sample recharging and
broadening of the hysteresis loop. With further increase in temperature,
as seen in Fig. 8d, the effect of the reach-through conductivity is en-
hanced (the hysteresis loop is distorted). At the points marked with the
letters A and B polarization cannot be calculated but is mainly

Fig. 7. Values ε′ (T) and tgδ(T) for the fullerenol sample at the frequencies 25 Hz (a) and 1MHz (b).
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determined by the active component of the current.
Since the sample has reach-through conductivity, it is very difficult

to determine whether there is an internal residual and possibly spon-
taneous polarization along with the usual surface polarization. In this
paper, for a more detailed study of polarization, the method PUND
(Positive Up Negative Down) was used. This allowed distinguishing
spontaneous polarization from electric charges accumulated on various
defects [33].

The measurement results are presented in the form of the depen-
dence of the switching current on the electric field strength. This was
done for a visual representation of the difference between the switching
currents areas when two impulses of the same direction are applied.
The presence of significant current extremum on the dependence I(E)
will indicate the presence of spontaneous polarization in the sample.
The results of ferroelectric switching measurements via the PUND
method are shown in Fig. 9.

It is clearly seen that for the studied fullerenol, the dependences I(E)
for switching currents, when applying voltage pulses in one direction,
almost coincide. Therefore, residual polarization in fullerenol is rather
insignificant (the value is given above). There is also no spontaneous
polarization.

Fig. 10 shows volt-ampere characteristics (VAC) measured at a
temperature of 300 K with a linear voltage scan at different frequencies.
VAC measurements were performed using a resistive-capacitive divider
similar to that used for hysteresis loop measurements. The dependence
of the phase angle between the current and voltage of the electric field
period T is shown in Fig. 11. The phase angle between current and
voltage was defined as the arcsine of the distance ratio between the
points of VAC intersection and the abscissa axis to the total width of the
VAC along the same axis.

As seen in Fig. 10a, at a low electric field scan frequency, the rise
and fall of the current through the sample occurs with a small phase lag
ϕ=2.52° from the voltage. It is seen (in Figs. 10 and 11) that with an
increase in the scan frequency of the electric field the phase angle in-
creases. At f=0.8 Hz (Fig. 10c) it reaches a value of 7.4°. An increase in
the phase angle (i.e., the time between the current and voltage in-
creases) indicates an increase in reach-through conduction. At fre-
quencies less than 0.1 Hz, the reach-through conductivity is almost

unchanged.

6. Discussion of the results

The analysis of the dependences σ′(f) and σ′′(f) shows that the
charge carriers in the fullerenol Gd@С82Оx(ОН)y (x = 10–12 и
y = 30–32, x + y = 40–42) are protons. The protons arise from the
dissociation of water molecules or as a result of the separation of the
fullerenol molecules from the OH groups [34]. Water is in between the
molecules of fullerenol and the protons transfer between them through
the water bridges. It is possible that protons when getting into the en-
vironment of water molecules, form H3O+ hydroxonium ions, which
transfer protons among fullerenol molecules. This explains the depen-
dence ε′(T). At a frequency of 25 Hz in the temperature range
300–250 K water dipole moment, located among the fullerenol

Fig. 8. Dielectric-hysteresis loops at different temperatures.

Fig. 9. Ferroelectric switching measurement of the sample via the PUND
method.
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molecules, makes a major contribution to the value ε′. As the tem-
perature decreases, the water turns into ice and ε′ almost does not
change, since the proper dipole moments of fullerenol molecules are
extremely small. tgδ decreases by two orders of magnitude, which in-
dicates a change in the mechanism of charge transfer. At temperatures
below 250 K protons are no longer able to move among fullerenol
molecules on water bridges. This happens due to the fact that the
conductivity of ice is negligible, and protons move jumping on the relay
mechanism. At a frequency of 1MHz, up to a temperature of 100 K, it is
not possible to distinguish the effect dipole moments of water molecules
and fullerenol have on ε′ and tgδ. This requires a further decrease in
temperature and possibly an increase in frequency.

The experimental data obtained from the dielectric-hysteresis loops
are in good agreement with the dielectric data. It confirms the non-
linearity of the dielectric properties of the substance under study. As the
temperature increases, the residual polarization increases, and at a
temperature of 300 K, the shape of the hysteresis loop approaches the
shape of the rugby ball. This shape is due to the presence of a large

reach-through conductivity in fullerenol, which does not allow it to
reach the state of ferroelectric saturation.

In our case, the hodograph branch is not clearly defined, therefore
we can speak only about the order of the magnitude of the proton
conductivity, which is 10−10 S/cm. As shown in [35], proton con-
ductivity depends on the number of OH groups attached, but with their
increase from 12 to 24 proton conductivity decreases by several orders
of magnitude. Therefore, the low proton conductivity of
Gd@C82Ox(OH)y can be associated with oxygen atoms attached to the
EMF frame and a large number of OH groups.

7. Conclusion

The measurements showed that fullerenol Gd@C82Ox(OH)y
(x + y = 40–42) is a poor proton conductor with the ionic conductivity
of 10−10 S/cm. At 108 Hz, the real dielectric constant and the dielectric
loss are 2.6 and 0.018, respectively. It is shown, based on the dielectric
hysteresis loop forms and PUND measurements, that there is no spon-
taneous and residual polarization at temperatures above 260 K in full-
erenol. At temperatures near 260 K and below, there is a residual po-
larization of 3.3·10−4 μC/cm2 in fullerenol. The presence of residual
polarization (and, as a consequence, ε′ of 3.5 in value at the same
temperatures) is explained by the existence of the dipole moment in
EMF molecules, as well as the dipole moment formed by hydroxyl and
oxygen groups.
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