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The paper presents the results of experimental unements of constitutive and
electrophysical properties in hydroxylated endobkdretallofullerene with gadolinium sample. We
extracted endohedral metallofullerene from carbondensate, synthesized in high-frequency arc
discharge plasma. Later hydroxyl groups were addéih methods of infrared and x-ray
photoelectronic spectroscopy, it was establisheat the molecules of hydroxylated endohedral
metallofullerene have the Gd@Oy(OH),, x+y=(40-42) composition. The method of measutimg
electrical impedance in the frequency range fro® Hx to 100 MHz shows that the resulting
hydroxylated fullerene is an ion conductor. The suead frequency dependences of the dielectric
permittivity and conductivity of hydroxylated futiene are explained based on the assumption of ar
inhomogeneous distribution of electric chargeshia material volume. Dielectric-hysteresis loops in
the frequency range of 25 Hz — 1 MHz and tempeeatange of 80 - 300 K, and volt-ampere
characteristics were measured. The obtained resuftyy the appearance of residual polarization
induced by the electric field in hydroxylated fuee. However, the constant dipole moment is absent

Keywor ds. endohedral metallofullerene, fullerenol, impedgrdielectric permittivity, ionic and
proton conductivity, dielectric hysteresis, polabiity.

I ntroduction

The structure of the endohedral metallofulleren®E molecule differs significantly from the
structure of conventional fullerene molecules. desihe EMF molecule, there is a metal ion, valence
electrons of which are accepted by theystem of the carbon cage [1]. Depending on tilerane
size and type and number of encapsulated atomgheddal metallofullerenes can be in a form of
metal, semiconductors with a small band gap, dedigcs. In particular, the injection of rare-dart
element ions can be expected to produce a dipoleagnetic moment. At the moment, EMF with
magnetic moment has been synthesized and studi¢ld [2

Since the metal ion in the EMF molecule is disptaé®m the center of the cage [5], the
electric dipole moment occurs in this molecule undertain conditions. This was detected, for
example, in La@§g; films [6]. This fullerene has a sufficiently higlalue of dielectric permittivity g
= 10 - 20 at frequencly= 1 MHz). The above two features of EMF molecwdes manifested in their
ability to operate as a field effect transistor, @ an organic solar cell [8], as part of a menu&yice
in molecular electronics [9]. Another possible iseas an additive to various materials to improve
their thermoelectric properties [10]. Such materiate used in power generation and production of
heat insulation in solid-state memory devices [,

The dipole moment can also occur in hydroxylatdi@érfenes (fullerenols), in which O and OH
groups are attached to the cage of the main maediie polarizability of these fullerenols will
depend on the number of attached functional O addy@ups. And their mutual arrangement on the
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frame of the main molecule affects their chemical alectrophysical properties [13]. EMF with OH
and other more complex groups attached to the fnemeare promising for use in biomedicine: in
magnetic resonance imaging [14] and as an antiecaagent [15]. It is known that fullerenols based
on Gsp and Go possess ionic conductivity, which depends on tiraber of OH groups [16], therefore,
the appearance of ionic conductivity in hydroxythed@ G is also quite expected. The introduction
of fullerenes and fullerenols tend to improve thecical and temperature characteristics of polyme
ionic conductors, such as Nafion® [17, 18, 19], eithare widely used in fuel cells. The electron
affinity of Gd@G; is greater than that ofg6(3.3 and 2.7 £ 0.1 eV, respectively) [20], soahadd
more radicals. In addition, the presence of a édipomloment in EMF can be used to change the
dielectric constant of materials. So far, detai#@ddies on the EMF electrophysical properties and
fullerenols based on them in the form of powder8lmrs have not yet been conducted.

This paper is devoted to the development of teaduylfor the production and measurement of
electrical and ferroelectric properties of hydratgd fullerene Gd@{z This fullerene was
synthesized and isolated in an amount sufficieneiperiments. The electrophysical properties ef th
obtained fullerenol were investigated by measutirgelectrical impedance in the frequency range of
101 Hz. We also analyzed experimentally measured amlpere characteristics and dielectric-
hysteresis loops in the frequency range of 25 Ma-Ez and temperatures of 80-300 K.

1. Synthesisand physical properties of hydroxylated Gd@Csg;

Carbon condensate, containing Gdg@)@as synthesized in the plasma of high-frequemcy a
discharge by spraying graphite electrodes withldaées of 3 mm in diameter, containing a mixture
of G, O3 powder and graphite in a ratio of 1.1 by weigBtL][ We extracted the fullerene mixture out
of the obtained carbon condensate using carborfidsun the Soxhlet extractor. Following the
method based on the use of Lewis acids J[i€bm the obtained solution we extracted the nrixtu
Gd@G: and higher fullerenes [22]. Then the solvent evajgal and the resulting solid fraction was
dissolved in toluene. Fullerene Gd@Q@as extracted from the solution via high-perforgetiquid
chromatography using Agilent Technologies 1200 €3erthromatograph (the column Cosmosil
Buckyprep M; toluene stream 5 ml/min). O and OHup® were attached to the isolated EMF by
treatment with HN@acid and further washing in distilled water [23].

On the mass-spectrometer MALDI-TOF Bruker BIFLEX1TII, we have obtained the mass
spectrum of fullerene Gd@g; presented in Fig. 1.
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Fig. 1. Mass spectrum of the chromatographic foactiith Gd@G,: a - positive mode; b — negative mode



As shown, In the mass spectrum only the main wacGd@G:; is present, well isolated from
broadband noise. Hydroxylated fullerene Gdé@as also studied via IR spectroscopy using Fourier
spectrometer VERTEX 70 by Bruker in the matrix dBrK In the infrared fullerenol transmission
spectrum (Fig.2) there is broadband at OH grouptéd line v.4), against which the peak from bond
C-H (dotted linevc.y) are well distinguished. According to the sourf®s24, 25], absorption band
from the bonds C-C (1554 ¢fjy C=C (1621 cnf), C=0 (1703 cnf), C-O (1050-1150 ci) were
identified.
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Fig. 2. Infrared transmission spectrum Gd@l(OH), in the matrix of KBr

The study of fullerenol was also carried out byay-photoelectronic spectroscopy (XPS) via
the device UNI-SPECS spectrometer, SPECS Gmbh. 3ghows the carbo@1s spectrum lines
(solid line), and where after Lorentz decompositibree lines were distinguished (dotted line). The
line with the maximum at 284.7 eV corresponds ® lond between the carbon atoms in the C
molecule. The line with the maximum at 286.2 eVresponds to the hydroxyl bond C-OH, and the
peak is at 289 eV - carbonyl bond C=0.
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Fig. 3. XPS Cl1s line

Thus, in the process of hydroxylation, both oxy¢€rO) and hydroxyl groups (C-OH) attach
to the fullerene molecule cage. The number of tHiesetional groups was calculated on the basis of
XPS, based on the proportion of carbon atoms chaiypiconded with oxygen. Given that the number
of OH groups attached to the fullerene must be ¢26}h the composition of the product, determined
on the basis of the XPS analysis, can be presest€d @G0, (OH)y, where x=10-12 and y=30-32,
X+y=40-42.



2. Sample preparation and measur ement

Prior to measuring the electrical characteristitee hydroxylated EMF was dried with a
moisture absorber,Bs at a temperature of 23C for 2 weeks. Via the method of gravimetric and
differential thermal analysis (spectrometer STA 4@9Yupiter from Netzsch) of hydroxylated
fullerene Gd@G&; in an argon atmosphere, it was determined thastibstance contains 1.4 wt. %
water.

For electrophysical measurements the test sameplaaed in a special measuring cell (Fig.
4), serving as a capacitor. The cell consists of mvetalized textolite plated)(with etched electrodes
(2). The narrow part of the electrodes was used tomexnthe cell to the measuring instruments.
Between the wide parts of 5x5 mm in size we pldcdldrenol. Between the plates, we placed a 0.1
mm thick fluoroplastic layer3) with a cutout that was aligned with the electodering assembly.
The layer recorded the thickness of the investdyditilerene sample. A fullerenol samp) in a
pasty state was placed in the gap of the fluordipldaying and clamped between the electrodes.
Textolite plates were pressed with the specializader.

Fig. 4. Cell for measuring the conductivity of fiénol:
1-fiberglass2-copper electrode; 3-fluoroplast; 4-investigatechiske

3. Study of electrophysical characteristics by impedance spectr oscopy method

Impedance measurements were performed using theioNetAnalyzer E5061B Agilent
Technologies. The measurements were directly facusethe frequency dependence of the scalar
impedancgZ| and phase angle¢ between the current and voltage. Then we calalldte real and
imaginary impedance components,(Z"), dielectric permittivity €', €”), conductivity ¢',0") and
dielectric loss t§ [27].

Fig. 5 shows the dependence of the real dieleptrt of the permittivitye’ and the dielectric
loss t@ of the sample from the electric field frequency.
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Fig. 5. Dependencg and t@ sample on frequency. Inset shows the hodograplitaagproximation based on the
equivalent circuit
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As can be seen, the value of the fullerenol digleconstant (2.5) at frequencies of 1016
Hz is nearly indistinguishable fromi for fullerene Go (¢’ = 2.6), and t§ = 0.018. However, with
decreasing of frequency up to 100 Elzancrease to the value of 4.8, which is accompabyedhe
increase of the dielectric losdtgl. To better understand the processes of dietegptdiarization and
movement of electric charges happening in the studubstance, we included an inset of impedance
hodograph in fig. 5. The impedance hodograph wasstoocted in Nyquist coordinates as the
frequency dependence of the imaginary impedandeZié) on real part Zf) [28, 29]. Each point of
the hodograph corresponds to a certain frequenbg. dountdown begins at the right side of the
hodograph. The construction of the impedance hagdgdargely contributes to the search for a
suitable equivalent circuit, the impedance of whighto approximate the experimentally measured
frequency dependences of the impedance modulecttiel permittivity and the loss tangent of the
sample. The most suitable equivalent circuit iswshan the same fig. 5 and consists of two parallel
circuits. The lower circuit contains resistaiRe= 1.3-18 Q and capacityC, = 2.5-10" F, which are
connected in series. This chain is used to appraberthe initial arc of the hodograph semicirclee Th
upper circuit contains a specific frequency-depeh@éemeniCRE; [30] and a capacitdC;. Element
CPEj has both real and imaginary parts of the impedalh@an be compared to the conductivity and
frequency-dependent capacity, which occurs duehéoaccumulation of electric charges near the
electrodes or at the boundaries of inhomogeneaassawith different moisture content in fullerenol.
The electric charge in the volume of fullerenol dantransmitted with the participation of ,HH;O"
and OH ions. Conductivity is carried out by the relay imaagism of charge transferring through the
extended hydrogen-bond networks between water mieleresent in the structure of fullerenol. This
spatial redistribution of charges partially shields external electric field. This is the main eas$or
the increase in the real and imaginary componeitiseodielectric permittivity and dielectric loss i
the low-frequency region.

Fig. 6 shows the frequency dependences of theofemhd imaginarys” components of the
specific conductivity. At low frequencies near?18z, they do not exceed ¥05/m and rise with
increasing frequency.
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Fig. 6. Specific conductivity of the sample depegdon the frequency

The imaginary conductivity component in logarithroaordinates increases linearlyas(f) =
2n-f-Cet(f). The increase of the real conductivity componeoturs in proportion to the circular
frequency with a fractional exponent and can be@pmated by the following equation:

o'(w)=26010° +3007% 2™ 1)

Such conductivity dependence is realized in manter@ds having electron or ion conductivity
of hopping type. The directed motion of charge iegst in this case, occurs by their jump between
ions with different valence [31]. However, the irdelose to one suggests a high charge velocity,
which is more typical for proton conductivity. Theechanism of generation and transferring of
electric charges in Gd@&Dy(OH)y, is not clear yet. However, it is undoubtedly assed with the
presence of physically bound water in the compmsitof fullerenol, which persists even after
prolonged drying via the mentioned method.

4. The dynamic process of fullerenol polarization

In order to clarify in detail the mechanisms ofléatric polarization of this fullerenol, we
measured the temperature dependence of the diel@armittivity as well as the dielectric loss
tangent. We also studied the dynamic charactesistic the dielectric hysteresis loops in the
temperature range of 80-300 K. The dependence merasuts based ai(T) were performed using
the RLC meter E7-20 at frequencies of 25 Hz andHzNh the adiabatic conditions in the heating
mode at a speed in the range of 0.5-2 K/min. Tketet capacity of the fullerenol sample and the
dielectric loss tangent were measured. The calonlaif the real dielectric permittivity constant tbie
€'(T) was performed according to the well-known formida the plate capacitor. The physical
dimensions of the measuring cell were taken intmact. The measurement results are shown in Fig.
7.
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Fig. 7. Valueg’ (T) and t@(T) for the fullerenol sample at the frequencied5(a) and 1 MHz (b)

As can be seen, with increasing temperature fronK7ip 250 K, at 25 Hz and 1 MHz,
dielectric permittivity and dielectric loss in tbeginning, almost do not change, remaining at3.4—

3.5 and t® = 0.001 - 0.003. However, with further temperatunerease the level of dielectric
permittivity and dielectric loss increases. Progablhen increasing temperature, crystals of philgica
bound water gradually melt. The processes of momemed accumulation of electric charges on the
electrodes and between the individual structurgiores of fullerenol become more intense. This
increases the polarizability of fullerenol and Isad an increase in the dielectric permittivity and
dielectric loss value. It should be noted that thelectric permittivity value of fullerenol at low
temperatures ~ 77-100 K'(= 3.4-3.5) is higher than that of fullerengy@.6). This value is lower
than that of G (4.6) [32]. Perhaps this is connected to the agmea of additional polarization of the
fullerenol molecule itself due to the presencehaf &d* ion inside of it. Due to the presence of OH
groups, proton-type conductivity can occur evensath low temperatures. Dipole moments of
hydroxyl groups partially compensate for the dipmlement of the EMF molecule, making its total
value less than 4.6.

Dynamic processes of fullerenol polarization wemgestigated by analyzing the dielectric-
hysteresis loops, obtained at specified tempermtatea setup Easy Check 300. The measuring
electrical circuit in the setup is a resistive-capee divider consisting of a capacitive cell with
sample (Fig. 4) and series resistance included.optienal value of this resistance was chosen based
on the value of the current passing through thepganiriangular waveform voltage was applied to
the measuring circuit with a maximum electric fislength of 20 kV/cm and a frequency of 0.1 Hz
(voltage rise rate of 8 kV/s). This low frequencgsased to identify any possible slow processes of
motion, accumulation, and relaxation of mobile #iecharges, that determine the value of dielectri
polarization and reach-through conductivity.

In the course of measurements, the device recatttedlependence of the current passing
through the samplit) and the voltage applied to the dividéft). The polarization valu® (C/cnf)
was determined by the following formula:

18
ST @)

where S is the contact area of the measuring ¢éé measurements were carried out at fixed
temperatures in a high vacuum™lBa. To implement the adiabatic conditions of tkeeeiment, we
used a calorimeter in the continuous heating moderate of 0.5 K/min. The sample temperature was
controlled by a platinum thermometer. The resuftsneasurements of dielectric-hysteresis loops are
shown in Fig. 8.
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Fig. 8. Dielectric-hysteresis loops at differemfeeratures

As seen in Fig. 8a, at a temperature of 240 K tiarjzation of the sample linearly depends on
the field. This is typical for many dielectrics Witlectronic type polarization and, in particulem,
conventional fullerenes. However, with a small @ase in temperature to 260 K, the opening of the
dielectric-hysteresis loop occurs (Fig. 8b). Andzato values of electric field, there is a residual
polarization of 3.3-16 uC/cnf. This residual polarization arises either becafste presence of the
gadolinium ion inside the fullerenol molecule orchase of the hydroxyl groups present. Hydroxyl
groups can initiate intramolecular proton conduttiand non-equilibrium redistribution of electric
charges even at these relatively low temperatures.

With the temperature increase up to 279 K (Fig, 8®re is an almost double increase in the
polarization of fullerenol and deformation of thgsteresis loop. This is connected to the appearance
of reach-through conductivity. Due to the activenponent of the reach-through electric current, this
results in an additional voltage drop in a remogalelsistance of the resistive-capacitive dividére T
appearance of reach-through conductivity leads rtoa@parent increase in the modulus of the
polarization vectoP. In addition, big electrical circuit time constgutRIC) leads to delaying of the
sample recharging and broadening of the hystelasps With further increase in temperature, as seen
in Fig. 8d, the effect of the reach-through contlitgtis enhanced (the hysteresis loop is distgrtéd
the points marked with the letters A and B poldi@acannot be calculated but is mainly determined
by the active component of the current.

Since the sample has reach-through conductiviig, very difficult to determine whether there
is an internal residual and possibly spontaneolerigation along with the usual surface polarizatio
In this paper, for a more detailed study of poktitn, the method PUND (Positive Up Negative
Down) was used. This allowed distinguishing spoetars polarization from electric charges
accumulated on various defects [33].

The measurement results are presented in thedbthre dependence of the switching current
on the electric field strength. This was done farisual representation of the difference between th
switching currents areas when two impulses of thmes direction are applied. The presence of

8



significant current extremum on the dependeh@ will indicate the presence of spontaneous
polarization in the sample. The results of ferrole switching measurements via the PUND method

are shown in Fig. 9.
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Fig. 9. Ferroelectric switching measurement ofgample via the PUND method

It is clearly seen that for the studied fullerentble dependencd$E) for switching currents,
when applying voltage pulses in one direction, aimmincide. Therefore, residual polarization in
fullerenol is rather insignificant (the value i¥gn above). There is also no spontaneous polaizati

Fig. 10 shows volt-ampere characteristics (VAC) soeed at a temperature of 300 K with a
linear voltage scan at different frequencies. VA@asurements were performed using a resistive-
capacitive divider similar to that used for hyssgsdoop measurements. The dependence of the phas
angle between the current and voltage of the éteftéld period T is shown in Fig. 11. The phase
angle between current and voltage was definedearttsine of the distance ratio between the points
of VAC intersection and the abscissa axis to th& teidth of the VAC along the same axis.
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Fig. 10. Volt-ampere characteristics of GE@O,(OH), at  Fig.
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11. Exponential dependence of the phase degieeen
current and sample voltage on the voltage period

As seen in Fig. 10a, at a low electric field sceggfiency, the rise and fall of the current
through the sample occurs with a small phaseplag2.52° from the voltage. It is seen (in Fig. Xla

9



11) that with an increase in the scan frequendh@tklectric field the phase angle increases.-A0.8

Hz (Fig. 10c) it reaches a value of 7.4°. An insean the phase angle (i.e., the time between the
current and voltage increases) indicates an inergaseach-through conduction. At frequencies less
than 0.1 Hz, the reach-through conductivity is amamchanged.

5. Discussion of theresults

The analysis of the dependenedd) ando’'(f) shows that the charge carriers in the fullerenol
Gd@Cg0x(OH)y (x=10-12 m y=30-32, x+y=40-42) are protons. The protons arigem the
dissociation of water molecules or as a resulhefdeparation of the fullerenol molecules fromGhé
groups [34]. Water is in between the moleculesutiefenol and the protons transfer between them
through the water bridges. It is possible that gmetwhen getting into the environment of water
molecules, form BD" hydroxonium ions, which transfer protons amondefeinol molecules. This
explains the dependeneéT). At a frequency of 25 Hz in the temperatureget300-250 K water
dipole moment, located among the fullerenol molesuimakes a major contribution to the valués
the temperature decreases, the water turns intanide’ almost does not change, since the proper
dipole moments of fullerenol molecules are extrgmemall. t¢ decreases by two orders of
magnitude, which indicates a change in the mechanischarge transfer. At temperatures below 250
K protons are no longer able to move among fullelremolecules on water bridges. This happens due
to the fact that the conductivity of ice is nedbig, and protons move jumping on the relay
mechanism. At a frequency of 1 MHz, up to a temjpeeaof 100 K, it is not possible to distinguish
the effect dipole moments of water molecules afiérienol have o’ and t@. This requires a further
decrease in temperature and possibly an incredsequency.

The experimental data obtained from the dieledtyisteresis loops are in good agreement with
the dielectric data. It confirms the nonlinearifytie dielectric properties of the substance uistigdy.

As the temperature increases, the residual potamzancreases, and at a temperature of 300 K, the
shape of the hysteresis loop approaches the stiadhe nugby ball. This shape is due to the presence
of a large reach-through conductivity in fullerenathich does not allow it to reach the state of
ferroelectric saturation.

In our case, the hodograph branch is not clearinele, therefore we can speak only about the
order of the magnitude of the proton conductivitich is 10'° S/cm. As shown in [35], proton
conductivity depends on the number of OH groupachttd, but with their increase from 12 to 24
proton conductivity decreases by several ordemmagnitude. Therefore, the low proton conductivity
of Gd@G0«(OH), can be associated with oxygen atoms attachedetdEMF frame and a large
number of OH groups.

Conclusion

The measurements showed that fullerenol Ge@QOH), (x+y=40-42) is a poor proton
conductor with the ionic conductivity of 0 S/cm. At 18 Hz, the real dielectric constant and the
dielectric loss are 2.6 and 0.018, respectivelis #hown, based on the dielectric hysteresis foops
and PUND measurements, that there is no spontam@olsesidual polarization at temperatures above
260 K in fullerenol. At temperatures near 260 K &etbw, there is a residual polarization of 3.310
nClenf in fullerenol. The presence of residual polarization (and, anaemuence;’ of 3.5 in value at
the same temperatures) is explained by the exstehthe dipole moment in EMF molecules, as well
as the dipole moment formed by hydroxyl and oxygerups.

The equipment was provided by the Collective Usat€e— Kirensky Institute of Physics,

Federal Research Center KSC Siberian Branch Ruésiatemy of Sciences.
The reported study was funded by RFBR accordirtbeaesearch projede 18-29-19003.
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Research Highlights

Proton conductivity of Gd@#0x(OH), (x+y=40-42) is 13° S/cm
At temperatures below 260 K the residual polareramount up 3.3- 1uC/cnt
A large number of O and OH groups affect on the @mof residual polarization

Reach-through conductivity suppresses polarizatdemperatures above 260 K



