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From Guest Editorial 
 
This special volume of “NANOSYSTEMS: PHYSICS, CHEMISTRY, 

MATHEMATICS” presents the Proceedings of the 12th Biennial International 
Conference "Advanced Carbon Nanostructures" (ACNS’2015) held June 29 - July 3, 
2015 in St.Petersburg, Russia.  

The tradition of the Conference is traced to its beginning in 1993 in 
St.Petersburg as the first International Workshop "Fullerenes and Atomic Clusters" 
(IWFAC). Since that time, the conference is still held every other year, attracting 
nanocarbon community from all over in the world. In 2011 the Conference was 
combined with the International Symposium "Detonation Nanodiamonds: 
Technology, Properties and Applications" under the title “Advanced Carbon 
Nanostructures”. In 2015, nearly 200 participants from the leading scientific centers 
and universities of Russia, Ukraine, Belarus, Kazakhstan, Australia, China, Finland, 
France, Germany, Hungary, Iran Italy, Israel, Japan, Netherlands, Spain, Mexico, 
USA and the UK participated in the Conference.  

We believe that the ACNS’2015 has become one of the most important 
meetings in the field of carbon-based nanoscience. All aspects of this modern field 
were covered at the Conference and appropriate papers were included in the 
Proceedings. The subjects of these papers not only included many theoretical 
questions of physics, chemistry of graphene, nanotubes, fullerenes and other 
nanocarbon materials but also covered the potential applications of these promising 
materials.  

The ACNS’2015, was organized by Ioffe Physical-Techical Institute, 
St.Petersburg Nuclear Physics Institute, National Research Center "Kurchatov 
Institute", Moscow, Russia, and St. Petersburg State Institute of Technology 
(Technical University). We would like to express our gratitude to the official partners 
of the ACNS’2015 – Russian Foundation for Basic Research, Fund for Infrastructure 
and Educational Programs  the  Government of Saint Petersburg, Dmitry Zimin 
Foundation “Dynasty, Chemical Abstracts Service as well as the Journal 
“Nanosystems: Physics, Chemistry, Mathematics”. We greatly appreciate the active 
help of the International Advisory Committee and Program Committee members for 
their important suggestions in determining of the scope of the ACNS’2015, the list of 
invited and oral speakers as well as the help in reviewing manuscripts for 
Proceedings. 

Taking into account the wishes of all the participants of our conferences, it was 
decided to organize the next conference “Advanced Carbon Nanostructures” in July 
2017, so we are pleased to welcome the members of the global nanocarbon 
community to St.Petersburg. 

 
Marina V. Baidakova, Artur T. Dideikin and Larisa V. Sharonova. 
Guest editors of ACNS’2015. 
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Biocompatible water-soluble endometallofullerenes:
peculiarities of self-assembly in aqueous solutions and

ordering under an applied magnetic field
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The self-organization of water-soluble endometallofullerenes (fullerenols) in solutions has been studied by neu-

tron scattering in connection with their applications (Magneto-Resonance Imaging, X -Ray Tomography). Their

functional characteristics depend strongly on molecular self-assembly which may be altered by chemical additives,

concentration increase or the magnetic field applied. Polarized neutrons have been used to search paramagnetic

fullerenols’ organization into supramolecular structures influenced by the fullerenol concentration and their inten-

sified interactions in a magnetic field.
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1. Introduction

The application of paramagnetic endometallofullerenes (EMF) [1] such as Gd@C82 and
similar structures in biomedicine (contrasting agents for magnetic resonance imaging (MRI),
X -Ray tomography, tracers being the isotopes encapsulated in carbon cages etc.) [2,3] is closely
related to the study of various water-soluble EMF derivatives in aqueous solutions to understand
mechanisms of molecular assembly altered by the functional properties of these substances [4,5].

For example, there is a remarkable well known acceleration of the spin relaxation for
protons in the vicinity of paramagnetic EMF molecules in aqueous solutions or biological tissues
(e.g. fullerenols Gd@C82(OH)X) [6]. This effect is enhanced by the association of EMFs and
is dependent upon the size and forms of EMF clusters [7]. This proton relaxivity enhancement
effect is induced by dissolved EMF molecules and is of great importance to achieve higher
resolution in MRI-diagnostics while simultaneously avoiding toxicity issues associated with
heavy metals (e.g. Gd), since their atoms are encapsulated in carbon cages and well-protected
against chemical interaction with the surrounding media in living organisms. Along with this, a
gain in relaxivity can be expected when one uses paramagnetic EMFs mixed with diamagnetic
(empty) EMFs, since their labile π-electrons may be polarized by a neighboring paramagnetic
molecule. Thus, one can expect an amplification of fluctuating local fields due to additional
effects of proton relaxivity acceleration. However, these inductive effects between paramagnetic
and diamagnetic molecules are not yet studied. Additionally, there is only a poor knowledge of
the mechanisms for the local ordering of paramagnetic fullerenols in solutions, especially under
the influence of applied magnetic fields which can be relatively strong (few Tesla in MRI-tests).

It should be noted that a set of effective experimental methods and instruments to
comprehensively analyze the self-organization of water-soluble EMFs in aqueous media still
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remains restricted, especially regarding the study of both supramolecular and magnetic ordering
in EMF solutions in magnetic fields and by altering other parameters (e.g. concentration of
paramagnetic EMFs, pH-factor, temperature).

Among these structural methods (e.g. X -ray or light scattering), only the polarized
neutron reflectometer is a powerful enough instrument to obtain detailed information on the
molecular and magnetic ordering and subtle effects of their interference over a wide range
of spatial scales (100 – 102 nm). It is of principal importance that the polarized neutron
beam does not disturb the sample and gives information on the size and forms of molecular
arrangements, as well as the possible magnetic ordering of EMFs under the applied magnetic
field. The polarization of scattered neutrons is very sensitive to fine magnetic correlations in
the ensembles of paramagnetic objects [8].

The aim of our experiments on aqueous mixtures of paramagnetic and diamagnetic
fullerenols is to study the behavior of these systems under magnetic field to discover original
and field-induced mechanisms for the self-assembly of fullerenols by varying their concentration
and magnetic induction.

2. Experimental

2.1. Samples and measurements

The samples were synthesized at PNPI for neutron experiments. Mixtures of
Gd@C82(OH)X (X = 24 − 30) and C60(OH)X were prepared keeping a constant level of
paramagnetic component (30 wt%). These mixtures were dissolved in light water to obtain
solutions with concentrations C = 0.044, 0.056, 1.04 and 2.0 wt% (Samples 1–4) where the
upper limit is close the threshold for fullerenol solubility (Cmax = 2.3 wt%).

Polarized small-angle neutron scattering experiments (PSANS) have been carried out
at ambient temperature on the Diffractometer “Vector” (PNPI) [8] over a range of momentum
transfer q = (4π/λ) sin(θ/2) = 0.03 − 0.45 nm−1 where neutron wavelength λ = 0.92 nm
(∆λ/λ = 0.25), scattering angles 0 ≤ θ ≤ 3◦. The q-interval corresponded to the scales of the
fullerenols structures R ∼ 2π/q ∼ 101 − 102 nm. In the detector plane (X, Y ), the scattering
was registered with q-resolution δqX , δqY ≈ 4.5 · 10−3 nm−1.

For the Samples 1–4 (solutions layers, thickness dS = 1 mm) an isotropic scattering
was observed in the external field B = 0.01, 0.6, 1.0 T applied along the vertical axis Y
(incident beam along Z-axis). In scattering measurements, the direction of vertical polarization
of the beam (P0 = 0.94) was periodically reversed (±P0) to detect the intensities I±(q) which
were used to calculate the sums It = I+ + I− and the differences ∆I = I+ − I− sensitive to
interference effects of the scattering on molecules (atomic nuclei) and the magnetic moments
of Gd atoms. A measure of such nuclear magnetic interference is the effective polarization
Pef = ∆I/It. The measured intensities (It) were used to determine the scattering intensities
(IS) and the related cross sections, taking into account the neutron transmissions for the samples,
the background level and the contribution of the beam that passed through the samples without
scattering. Finally, the differential cross sections per unit solid angle (Ω) and cm3 of sample
volume were computed in absolute units, dσ(q)/dΩ = (IS/IW )(dW/dS)(dσW (q)/dΩ), where
IW is the intensity measured for H2O-standard (layer, thickness dW = 1 mm) at the same
experimental conditions. Here, the cross section of water dσW (q)/dΩ = 1.089 cm−1/cm3 is
used [9]. In following treatment the notation σ(q) = dσ(q)/dΩ is accepted.
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2.2. Discussion

In the experiments, the magnetic field was varied from minimum magnitude B1 = 0.01 T
(guide field to keep beam polarization) up to intermediate and maximum magnitudes, B2 =
0.6 T, B3 = 1.0 T. At these induction values, the measurement was organized in such a way
that periodically the induction was switched on and after few hours of data collection it was
switched off for the measurement at minimum field B1. These weakly magnetic substances
did not reveal any significant hysteresis and demonstrated a reversible behavior detected in the
scattering. In Fig. 1, the cross sections of the solutions with concentrations C = 0.044−2.0 wt%
are shown as dependent on momentum transfer for minimum and maximum fields.

FIG. 1. Scattering cross sections of the solutions with different contents of
fullerenols (0.044, 0.056, 1.04 and 2.0 wt%) studied in weak and strong fields
(B1, B3) (data 1–4 and 5–8, respectively). Lines are fitting functions (1)

The application of a magnetic field caused a remarkable increase in the scattering without
qualitatively altering the cross section’s q-dependence, which is clearly visible at concentrations
C = 0.056, 1.04 and 2.0 wt%. In the most dilute solution (C = 0.044 wt%), an opposite
situation is observed when the intensity slightly decreases with field application (Fig. 2).

In Fig. 2 the differences of cross section, ∆σ(q, B) = σ(q, B)− σ(q, B1), are presented
for the dilute system showing a negative effect. Although, in the experimental q-range, the
application of moderate and strong fields (B2, B3) does not lead to more intensive scattering,
but at the same time, the deficit in cross section means that the scattering redistribution favors
lower momentum transfers if the field stimulates aggregation. Indeed, this trend is observed in
more concentrated solutions (Fig. 3), where the positive differences of cross sections become
greater in the strong field B3.

This qualitative analysis has been supplemented by a detailed description of structuring
when we used the scattering function :
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FIG. 2. Differences of cross sections ∆σ(q, B) = σ(q, B) − σ(q, B1) in dilute
solution (C = 0.044 wt%) measured in moderate and strong fields (B2, B3) (a,
b) as compared to the data obtained in weak field B1. Line (b) shows a spline-
function

σ(q) =
σ0

[1 + (qRC)2]2
+Bg, (1)

where σ0 = σ(q → 0) is forward cross section, RC is the radius of molecular correlations, the
parameter Bg denotes a contribution of incoherent background to the total cross section. The
formalism in (1) satisfactorily fits the experimental data for all concentrations and magnetic
field strengths.

The parameters σ0(C), RC(C) showed how the behaviors were modified by the external
applied magnetic field (Fig. 4). The forward cross sections demonstrate quite linear growth
(Fig. 4a) disturbed by quadratic terms, σ0(C) = (α1C + α2C

2) where α1, α2 are the fitting
parameters. Conversely, the parameter σ0 = (∆K)2ϕ(mVF ) is proportional to the aggregation
number (m). This also includes the contrast factor of fullerelols in water (∆K = 4.8·1010 cm−2),
their total volume fraction ϕ = (CNA/MF )VF which depends on Avogadro’s constant (NA),
molecular weight (MF ) and the volume (VF ) of fullerenol molecule. Obviously, at a constant
aggregation number (m), there should be linear behavior σ0 ∼ ϕ ∼ C. This means an increase
in the numbers of clusters with the enrichment of solutions. Additionally, the term (α2C

2) arises
due to clusters’ pair interactions. The increase in the relative rate of aggregation is given by
(1/m)dm/dC = α2/α1. This ratio rises more than twice from α2/α1 ≈ 9 to ≈ 19 cm3/g due to
the induction enhancement from the minimum to the maximum magnetic field strength. Hence,
magnetic field stimulates more dense integration of fullerenols when the size of clusters (RC)
remains fairly constant (Fig. 4b).

At magnetic fields ranging from B = 0.01− 1.0 T the correlation radius takes the value
RC ∼ 18− 19 nm for the concentrations C = 0.056, 1.04 and 2.0 wt% (Fig. 4b). However, in
weak and moderate fields, at the lowest fullerenol content, (0.044 wt%) the correlation lengths
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FIG. 3. Field induced gain in cross sections of solutions, ∆σ(q, B) = σ(q, B)−
σ(q, B1), with fullerenols concentrations C = 0.056, 1.04 and 2.0 wt% (a, b, c).
Data 1, 2 are related to the experiments at moderate and strong fields (B2, B3)

are shorter, RC ∼ 15 nm, while a strong field amplifies the correlations, the radius of which
becomes larger, RC ∼ 18 nm (Fig. 4b). Thus, under the strong field (B3 = 1.0 T), clusters
achieve the size RC ∼ 18 − 19 nm practically not influenced by fullerenols concentrations.
Along with this, the aggregation numbers m(C) found from the forward cross sections grow
intensively with the concentration, especially in the strong field B3 (Fig. 5).

The number of molecules m ∼ (2−5) ·104 (Fig. 5) occupies a relatively extended region
with gyration radius RG =

√
6·RC ∼ 40 nm. For instance, a spherical region with such gyration

radius has the geometric radius RS = (5/3)1/2RG ∼ 60 nm. In a spherical approximation, one
can estimate the average share of occupied volume, Φ ∼ 3− 7 %. Alternatively, a characteristic
volume of molecular correlations VC = 8πR3

C ∼ 2 · 105 nm3 is smaller, and in this region, the
occupied volume is of 15 − 35 %. This figure increases with the fullerenol concentration and
becomes higher in a strong field, which stimulates the integration of fullerenols into clustered
structures.

The analysis performed above concerned the cross sections corresponding to the sum
of scattering intensities I+(q), I−(q) obtained by reversing beam polarization (±P0) in vertical
guide-field. In general, each intensity [8]:

I± = In(q) + Im(q)± IINT (q), (2)

includes the contributions of nuclear and magnetic scattering, In(q) ∼ a2N , Im(q) ∼ [bM ·sin(α)]2,
with the amplitudes aN(q) and bM(q) sin(α) where α is the angle between induction B and
scattering vector q. In addition, it presents the interference part IINT (q) ∼ 2P0aN(q)bM(qα), in
our experiments P ‖ B(q). This part was extracted as the difference:

∆(q) = I(q, P+)− I(q, P−) ≡ I+(q)− I−(q) = 2IINT (q). (3)
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FIG. 4. Concentration and field dependence of the fullerenols clusters parame-
ters: forward cross section σ0(C) and correlation radius of clusters RC(C) (a, b)
at external fields B1, B2, B3 (data 1–3)

FIG. 5. Aggregation number vs. concentration when magnetic fields B1, B2, B3

are applied (data 1–3)

The relative contribution of interference to the total scattering intensity is given by
the effective polarization Pef = (I+ − I−)/(I+ + I−). In solutions having weakly magnetic
properties, a search of nuclear-magnetic interference has shown low effects averaged over q-
range, 〈Pef〉 = (0.07± 0.05) %, even at the maximum concentration C = 2.0 wt% (Fig. 6).
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FIG. 6. Effective polarization Pef (q) vs. momentum transfer in fullerenol so-
lutions (concentration C = 2.0 wt%). Inset shows the behavior of effective
polarization at low q-values

This can be explained as a result of low concentration of paramagnetic Gd atoms in
these systems, NGd = 2 · 1018 cm−3 at C = 2.0 wt%. The applied field B3 = 1.0 T did not
align the magnetic moments of Gd. For complete magnetization, higher induction is needed
(by two orders in magnitude). This would appear to be in contradiction with the observed
substantial amplification of the molecular ordering under magnetic field B3 = 1.0 T. Meanwhile,
such a discrepancy is eliminated if we consider the induced diamagnetic moments in massive
clusters interacting in solutions that stimulates ordering in molecular solutions even at the low
diamagnetic susceptibilities of carbon structures (χ ∼ 5 · 10−7 for C60 fullerite [10]). Indeed,
some large-scale effects in effective polarization are visible in the inset shown in Fig. 6 where
two maxima are present at q∗ ∼ 0.025 nm−1 and q∗∗ ∼ 0.05 nm−1. One might suspect that
the nuclear-magnetic interference is detected at large scale R ∼ 2π/q∗ ∼ 300 nm for the
superstructures of weakly magnetized clusters.

3. Conclusions

The first scattering experiments with polarized neutrons on the mixtures of paramagnetic
and diamagnetic fullerenols have revealed unexpected features in fullerenols behavior. A strong
applied magnetic field was shown to stabilize the size of molecular aggregates (RC ∼ 20 nm)
when the concentrations were varied by two orders of magnitude, i.e. the system concentration
was changed from very dilute to concentrated (close to the threshold of fullerenol solubility).

The influence of magnetic field does not only involve direct alignment of the param-
agnetic atoms’ moments. A substantial enhancement of the aggregation numbers was detected
under a strong applied magnetic field. In addition, the scattering of polarized neutrons gave
specific indications for the correlated spatial organization of molecular and magnetic subsystems
at large (submicron) scales where the magnetic domains are visible.
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The fundamental importance of the performed experiments is combined with the practical
benefits of the possible application of these substances as effective contrast agents in MRI. As a
result of these studies, structural stability has been confirmed for EMF aggregates over a broad
range of concentrations in solutions under strong applied magnetic fields.
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It is well known that graphene, which brought the 2010 Noble Prize in physics to Russian scientists Andre Geim

and Konstantin Novoselov, exists as two-dimensional carbon layers. The possible range of graphene applications

includes development of field-effect transistors for digital and analog electronics, nanoelectromechanical systems,

quantum dots, cold cathodes, supersapacitor, gas sensors, and nearly transparent electrodes and coatings. The

possibility of using graphene for hydrogen storage and the manufacture of composite materials is also being

studied. Being a two-dimensional material, graphene provides ultimate one-dimensional miniaturization and is

a convenient basis for manufacture of different nanoelectronic, nanomechanical and nanochemical devices by

lithographic methods. The graphene-based device which is closest to being successfully realized for practical

application is the gas sensor. The use of graphene makes it possible to achieve a sensitivity exceeding that

of all other materials, less than 1ppb. This device combines the comparative simplicity of manufacture with a

wide spectrum of possible applications. It should also be mentioned that the structure of the gas sensor actually

reproduces the structure of the field-effect transistor. Thus, the gas sensor can be considered the first stage in the

development of intricate transistor electronics based on graphene. The paper briefly reviews growth experiments

and studies of graphene films on silicon carbide (SiC) and the development of prototype gas sensors based on this

material.
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1. Introduction

Graphene is a promising material that has unique properties, such as high surface-
to-volume ratio, low electrical noise, and exceptional transport properties associated with its
two-dimensional structure [1]. After a graphene monolayer was isolated in 2004 [1], much
effort has been exerted to study the fundamental properties of this unique structure [2–6]. The
most important of these is related to the confinement of carrier motion, which results in nearly
linear carrier energy dispersion and, as a consequence, in extremely small effective mass and
huge carrier mobility along the 2D graphene plane

Recently, one of the popular methods used to form graphene layers has been the thermal
graphitization of single-crystal silicon carbide in a vacuum or under an argon atmosphere [5].
In contrast to the standard approaches, this method can be used to fabricate large graphene
samples and allows further lithographic processing. The method utilizes the non-stoichiometric
sublimation of silicon from the surface of single-crystal SiC heated to high temperatures, which
yields a hexagonal lattice of carbon atoms remaining on its surface. The quality of the layers
being obtained is provided by a pre-growth treatment of the SiC substrate. Note that, as far as
we know, this method most probably gives a multilayered structure. Thus, we believe that a
study of such structures is an important issue for the physics and technology of graphene.
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The high adsorption capacity and the large surface-to-volume ratio of graphene make
it attractive as a gas sensing material. In recent years, the interest in air pollutants and their
monitoring has steadily increased. Nitrogen dioxide (NO2) is a typical air pollutant that causes
environmental and health problems. From this perspective, it is necessary to develop a highly
sensitive and an inexpensive gas sensor capable of detecting low concentrations of this gas.
Currently, gas sensing experiments demonstrate that epitaxial graphene may be an excellent
material for future NO2 sensors. Graphene layers grown on SiC have demonstrated sensitivities
down to the ppb level and a high selectivity for NO2 detection in the presence of the typical
interfering gases [7, 8].

2. Sublimation growth of graphene

It is well known that heating of silicon carbide (SiC) causes the primary sublimation of
silicon (Si) atoms and the graphitization of the underlying silicon carbide surface [9] (Fig. 1).
After the discovery of numerous forms of nanocarbon (nanotubes, fullerenes, etc.) there ap-
peared an idea of obtaining new carbon structures on silicon carbide via the in vacuo-controlled
thermal decay of the crystal’s surface [10, 11].

FIG. 1. Diagram of how graphene is formed on the surface of a SiC wafer

After the first planar nanocarbon films (“exfoliated grapheme”) were obtained in 2004 by
the laser-mediated peeling from bulk crystalline graphene [1], studies were focused on obtaining
a monoatomic layer of carbon on a SiC wafer. There have been several publications reporting
that graphene films were obtained on the SiC surface. The communications [12,13]demonstrated
that a graphene film can be obtained in a high vacuum (∼ 10−10 Torr) on axis 6H-SiC wafer
by the surface thermal decay method. In [14], planar monoatomic carbon films formed on a 4H
silicon carbide wafer were also studied.

It was shown in [15, 16]that nanocarbon layers can be formed on the SiC surface by
the sublimation method in an open system. At the same time, no additional etching of samples
in hydrogen or silicon vapors was required. This significantly simplified the process by which
the films were obtained. The thickness of the resulting film was strongly dependent upon
the annealing temperature. However, the structural and electrical properties of this film were
more variable and sensitive to numerous technological factors, including the pre-growth surface
treatment. Some of the existing dependences have been determined, but further analysis of these
is required. According to the reflection high-energy electron diffraction (RHEED) method, the
film contained two-dimensional graphene crystals. Measurements demonstrated that the films
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formed on the carbon face of SiC have a better structural perfection than those formed on the
silicon face. The data obtained confirm that the optimal temperature range to form graphene on
the SiC surface is 1300 – 1400 ◦C.

3. Analysis of the films obtained

In addition to the conditions in which planar nanocarbon layers are formed on the
SiC surface, various properties of the carbon film and the graphite/silicon carbide system are
also being actively studied. The authors of [17] examined the electronic structure of the
interface between the 6H SiC (0001) wafers and the graphite film. A structural analysis of the
multigraphene (several graphene layers) structure/4H-SiC was made in [18]. The samples were
subjected to a surface X -ray diffraction analysis. The distance between the wafer and the first
monoatomic graphene layer was shown to be only 1.6 Å.

However, in all of the above-mentioned articles, attention was given to the structural
analysis of graphene films, without due consideration of their electrical properties. This is
partly due to the difficult fabrication of any contacts to such nano-objects as a one-layer-thick
carbon film. A technological process for the manufacture of a graphene-based MESFET was
suggested in [19]. The only exception is the communication [20], in which the formation of a
field transistor structure on a film grown on the SiC surface was reported. As follows from the
text of this communication, the carrier mobility in the given film was 535 cm2/(V·s), which is
considerably lower than the mobility in the “exfoliated” graphene, where, according to [2], it
has a value of 15,000 cm2/(V·s) at room temperature.

A possible reason for this behavior is the low structural perfection of the graphene film
studied in [21], which, according to the AFM image, had multiple holes ∼ 0.5 µm in diameter.
One possible reason why the film is porous is the imperfection of the pre-growth surface
treatment, including residual surface impurities (oxygen and other adsorbates), which can react
with carbon atoms during the course of thermal destruction to form volatile components (e.g.
CO, CO2). Detailed analyses have been made of Raman spectra of the films [22] and their
transport properties [23].

In [24, 25], test structures for electrical measurements were formed the sample surface
in the Hall-bar configuration by etching with an argon beam through a photoresist mask. Mea-
surements of the current-voltage characteristics and the Hall effect were made at temperatures
ranging from 2 – 300 K. It was stated that at T < 4 K, the conductivity weakly depends on
temperature and becomes lower with decreasing temperature, in accordance with the weak loga-
rithmic law typical of two-dimensional dirty metals (weak localization mode). According to the
theory, the slope ratio of the logarithmic dependence for a two-dimensional system is universal
and defined as e2/h ∼ 4 · 10−5 Ohm−1. For the samples under study, this slope ratio is almost
the same (2 − 3 · 10−6), which is several times less than the universal value. However, the
conductivity calculations disregarded the following fact: the samples had a rectangular, rather
than square, shape. The resistance for the square should then be reduced by a factor of 5 – 10.
Accordingly, the slope ratio for the conductivity temperature dependence should be increased
(at the sample length 10 times the width, this slope ratio will be 2 · 10−5 Ohm−1, which almost
coincides with the theoretical estimation). At low temperatures (1.4 K), the conductivity tends
to level-out (“saturate”) for both samples. The observed saturation of the low-temperature con-
ductivity can be attributed to the finite size of the conducting sample (∼ 10 µm), compared to
the phase fault length L, which at low temperatures may be comparable with the sample size. At
the same time, the logarithmic dependence disappears. Multigraphene is characterized by L of
∼ 1−10 µm at low T . The Hall effect measured at low temperatures, gives for all temperatures
the same carrier concentration n ∼ 1012 cm−2 for one layer. At the same time, the Hall mobility
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is low, about 100 cm2/(V·s). The comparatively high carrier concentration (1012 cm−2) and low
mobility, 100 cm2/(V·s), confirmed that, rather than being intrinsic, carriers are due to defects
in multigraphene or at the SiC-multigraphene interface (GR/SiC).

In [25], the properties of a graphene film grown on SiC were studied “ex situ” by
atomic force microscopy (AFM), Raman spectroscopy (Fig. 2), low energy electron diffraction
(LEED), X -ray photoelectron spectroscopy (XPS), and near edge x-ray absorption fine structure
(NEXAFS) spectroscopy. The AFM study showed that the substrate surface consisted of flat
and wide (∼ 1 µm) terraces covered with sufficiently large and continuous graphene domains.
Numerous LEED patterns obtained from different points of the sample demonstrated the con-
current presence of a well-ordered graphite (1×1) pattern and (6

√
3×6
√
3)R30 pattern inherent

to the underlying buffer layer [26], thus confirming the mainly bilayer nature of the film.
XPS and NEXAFS data obtained on a BESSY II synchrotron (Berlin) specify the chem-

ical composition and electronic structure of the graphene film and confirm its high perfection
and mostly bilayer nature. In particular, the bilayer character of the film was confirmed by low
energy electron diffraction experiments, as well as by the 0.2 eV shift of the spectrum due to
the charge transfer to the substrate, which is typical for bilayer films [27–29]. Considering the
bilayer as a quantum well with a SiC bandgap wall, one can assume that the van Hove singular-
ities appear in the density of states because of the quantum confinement in the normal direction.
Indeed, two peaks are seen in the valence band spectrum of graphene near the Fermi level.
Their energies are E1 = 0.5−0.2 = 0.3 eV and E2 = 1.5−0.2 = 1.3 eV, with consideration for
the 0.2 eV spectrum shift due to the charging the layer. The energy ratio (E2/E1 ∼ 4 = n1/n2)
and values agree with those calculated for the quantum well (Figs. 3, 4).

FIG. 2. 1 – Raman spectrum of
a graphene layer grown on a
6H-SiC substrate; 2 – second-
order Raman spectrum of the
substrate 6H-SiC; 3 – differen-
tial spectrum obtained by sub-
tracting spectrum 1 from spec-
trum 2

FIG. 3. Valence-band density-
of-states spectra of the SiC sub-
strate, bilayer graphene film,
and pyrolytic graphite

4. Graphene gas sensors

Currently, there is an increasing demand for a cost-effective sensor for the detection
of environmental pollutants like NOx. Traditionally, transition metal oxides, such as In2O3,
SnO2, ZnO, and WO3, have been used for sensing [30]. However, a serious drawback for
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these oxides is that their functional characteristics are strongly dependent upon the conditions
used in their syntheses. Recently, epitaxial graphene on SiC has been suggested as a promising
route for the mass-production of uniform, wafer-size graphene layers for the detection of gas
molecules [7]. At present, this technique can give very high quality graphene films, the size
of which is basically limited by the size of the SiC substrate. This technique also provides
integration of graphene-based sensors with high-temperature electronics based on SiC. In this
communication, we report the fabrication of sensors based on graphene films and their tests in
ambient gas sensing.

Gas sensors were fabricated from the epitaxial graphene films grown by annealing of SiC
substrates under Ar or vacuum at temperatures of 1200 – 1600 ◦C. Depending on the annealing
time, temperature and atmosphere, the graphene films can contain 1 – 3 layers. The thickness
of the graphene films was estimated by Auger and Raman spectroscopy. Patterns for the sensor
devices were produced on the graphene surface of the substrate by laser photolithography over
AZ5214 resist. Reactive ion etching in argon-oxygen plasma was used to remove the graphene
layer from uncoated areas. Ti/Au (5/50 nm) contacts were formed by e-beam evaporation and
lift-off photolithography with a laser writer over AZ5214 resist. The sample chip was assembled
on the holder together with two Pt100 resistors. One of the resistors was chosen for temperature
measurements, while the other served as a heater (Fig. 5).

FIG. 4. Scheme of the quan-
tum well for holes, formed on
SiC with 6

√
3 interface carbon

monolayer (buffer layer)

FIG. 5. Sensor device on holder

To measure the gas response of graphene, a custom-made gas system was used. The
dilution ratio could be varied from 1:1 – 1:105, which provided an output concentration in
the range from 0.1 ppb (parts per billion) to 10 ppm (parts per million). The response r was
expressed in percent and defined as the relative change in the resistance of the sample upon its
exposure to the gas, r = (R − R0)/R0, where R is the resistance with the gas, and R0 is the
resistance of the graphene film under the initial conditions defined by the air flow.

In Fig. 6, the relative changes in the resistance of graphene-based sensors upon exposure
to NO2 (exposure periods marked as light grey bands) at 20 ◦C are presented. Because the
desorption rate of NO2 is very low at room temperature, the sensor was heated at 110 ◦C after
each exposure to restore it to its initial pre-measurement state [8].

The response signs for samples grown by different methods are opposite. According
to Raman spectroscopic data, the graphene grown by vacuum annealing is multilayer, while
that grown under Ar is single-layer. For multilayer graphene, p-type conductivity is expected,
whereas n-type conductivity is observed for the single-layer material. NO2 is a strong oxidizer,
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FIG. 6. Response upon exposure of graphene grown by annealing in a vacuum
(left) and in argon (right) to a gas mixture containing NO2 gas at 20 ◦C. The
exposure periods are marked as light gray bands, and the annealing periods, as
dark gray bands

withdrawing electrons from the surface on which it is adsorbed. Therefore, its adsorption on the
graphene surface is expected to reduce the electron density and raise the hole content. In the
case of the n-type material, this leads to an increase in resistivity, whereas for the p-type, the
resistivity decreases. For the NO2 concentration of 10 ppb, which is typical for environmental
monitoring, the response of the multilayer graphene-based sensor is about 3 % upon a 1 h
exposure. The response of the single-layer graphene to NO2 exposure is much stronger and
reaches 15 % under the same conditions. This can be accounted for by the screening of
the inner layer of the multilayer graphene from adsorbed NO2 molecules. Nevertheless, the
sensitivity of both sensors is sufficient for the environmental monitoring.

5. Conclusion

An analysis of graphene manufacturing methods has shown that the most promising
technique for the production of electronic devices from this material is the thermolysis of a
silicon carbide surface. However, films formed by this technique have lower carrier mobility
than the films obtained by “exfoliation”, but have predictable dimensions and are much more
compatible with existing production methods for semiconductor devices. Simple resistive de-
vices based on epitaxially-grown graphene were fabricated and tested for their sensitivity to
NO2 gas. The devices are sensitive to low concentrations of NO2. The sensor based on the
single-layer graphene exhibits a superior performance, compared with the analog that utilized
multilayer graphene.
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DC and AC electrical properties of hybrid films, consisting of carbon nanotubes and tungsten disulfide nanotubes

(and fullerene like nanoparticles) were studied within the 2 – 300 K temperature range and over the 20 Hz –

1 MHz frequency range. The temperature dependences of the resistance R(T) exhibit behavior typical for the

fluctuation-induced tunneling model in the intermediate temperature range. Analysis of the dependences of real

and imaginary components of the impedance on the frequency (Z’(f ) and Z”(f )) demonstrates the rising role of the

contact barriers between carbon nanotubes inside hybrid films, consisting of the carbon nanotubes and inorganic

tungsten disulfide nanotubes as the temperature was decreased. The active component of the impedance was found

to prevail in the AC electrical properties of the hybrid films, consisting of multi-wall carbon nanotubes and WS2

nanoparticles over the entire available temperature range.
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1. Introduction

The electrical and electromagnetic properties of carbon nanotubes (CNT) and tungsten
disulfide nanostructures of different morphology (tubular and semi-spherical) are of particu-
lar interest, due to the number of their possible applications. Different types of CNT-based
structures can be utilized for manufacturing of various integrated-circuit elements and electro-
magnetic devices, for example, transmission lines [1], interconnects [2], and nanoantennas [3,4].
Undoped WS2 nanotubes exhibit semiconductor properties with a well-defined band gap and
with direct or indirect transition, depending on chirality [5]. High quality field-effect transistors
based on WS2 nanotubes were recently demonstrated [6].

Hybrid materials based on carbon and inorganic nanostructures attracted a lot of interest,
due to their unique electrical, mechanical, optical and thermal properties [7]. The multifunc-
tionality of hybrid nanocomposites provides possibility for a number of applications of these
materials, including gas sensors, chemical sensors, supercapacitors, batteries and photovoltaic
elements [8].
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We assume that new class of hybrid materials consisting of organic (carbon nanotubes)
and inorganic components (WS2 nanotubes (NT) or WS2 nanoparticles (NP)), which are com-
mercially available, can be used for fabricating media with electrical properties and electromag-
netic parameters that can be varied over a wide range. In this paper, we have focused our efforts
on characterization of low frequency AC and DC electrical properties of such hybrid films.

2. Experimental details

Both single-wall carbon nanotubes (SWCNT) and multi-wall carbon nanotubes (MWCNT)
were used as organic components for the fabrication of hybrid films. Commercially available
HipCO SWCNT (with diameter of 0.8 – 1.2 nm and length in the range 100 nm – 1 µm)
and CVD-produced MWCNT (with diameter of 30 – 50 nm and length in the range 0.5 nm –
200 µm) were utilized for hybrid films fabrication. WS2 nanotubes were grown in the large-
scale fluidized-bed reactor. A detailed description of the growth mechanism was given in [9].
Careful parameterization of the conditions within the reactor allowed the scaling-up of nanotube
synthesis to the current level of 150 g/day of pure nanotubes. The synthesized nanotube powder
is rather fluffy and can easily be dispersed in different solvents and polymer blends and do
not require an additional deagglomeration process. The majority of the WS2 nanotubes are 1 –
30 µm in length and 20 – 180 nm in diameter. According to the HRTEM analysis tungsten
disulfide nanotubes reveal highly crystalline order as one can see also from Fig. 1a. Inorganic
fullerene-like WS2 nanoparticles of 50 – 150 nm in diameter were synthesized by a high tem-
perature (850 ◦C) reaction using H2S gas and strongly reducing conditions in a fluidized bed
reactor.

SWCNT/WS2-NT and MWCNT/WS2-NP hybrid films were produced on a cellulose
acetate membrane filter (Millipore, 0.22 µm pore size) via a filtration process. In a typical
procedure, 0.2 mg of each type of CNTs was dispersed into 1 wt% SDS aqueous solution by
ultrasonication for 1 h at 44 kHz. In order to remove the remaining CNT agglomerates, thick
CNT bundles and catalytic particles, the prepared suspension was subjected to centrifugation
for 10 min at an acceleration of 12000 g. The surfactant was washed away with distilled water.
CNT and inorganic WS2 nanotubes (fullerenes) were mixed in the filtration cell. Typical SEM
image of SWCNT/WS2-NT hybrid film is shown in Fig. 1b. TEM micrograph of a typical
WS2NP with fullerene-like structure is shown in Fig. 1c. This nanoparticle consists of some
25 concentric and closed layers of WS2, but is not free of point defects, especially at points
of acute curvature angles. Typical SEM image of SWCNT/WS2-NP hybrid film is shown in
Fig. 1d. In order to determine influence of inorganic nanotubes (nanoparticles) on the electrical
properties of hybrid films, pure SWCNT and MWCNT films were fabricated using the same
filtration procedure.

After filtration, the films were transferred onto insulating Al2O3 substrates for further
electrical characterization. Electrical contacts to the films were made by Ag paint. Measure-
ments of the temperature dependences of resistance R(T ) were carried out in the temperature
range 2 – 300 K using close-cycled refrigerator CFHF of Cryogenics Ltd.

Characterization of AC electrical properties was done by means of impedance spec-
troscopy using a LCR meter (Agilent 4284A). Measurements of the complex impedance
Z = Z ′ + iZ ′′ of the hybrid films were performed over frequencies ranging from 20 Hz to
1 MHz at 4.2, 77 and 300 K. The amplitude of the sinusoidal signal was 40 mV. DC bias
voltage in the range 0 – 5 V was simultaneously applied to the examined samples. Modeling of
the experimental results by equivalent circuits was done using an EIS Spectrum Analyzer 1.0
program.
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(a) (b)

(c) (d)

FIG. 1. (a) HRTEM image of WS2 nanotube, scale bar is 10 nm; (b) SEM
image of SWCNT/WS2-NT hybrid film, scale bar is 1 µm; (c) HRTEM image of
a typical fullerene-like nanoparticle of WS2, scale bar is 20 nm; (d) SEM image
of MWCNT/WS2-NP hybrid film, scale bar is 200 nm

3. Experimental results and discussion

3.1. DC conductivity

Temperature dependences of the resistance R(T ) of SWCNT films and SWCNT/WS2-
NT hybrid films which have approximately the same geometrical sizes (width, length and
thickness of the films) are presented in Fig. 2. R(T ) dependences of MWCNT films and
MWCNT/WS2-NP hybrid films are shown in Fig. 3. Both types of the samples (pure CNT
films and hybrid films) have similar R(T ) dependences, characterized by negative temperature
coefficient of the resistance (dR/dT < 0) over the entire temperature range (2 – 300 K). As
one can see from Figs. 2 and 3, hybrid films have higher resistance values in comparison to
pure SWCNT and MWCNT films. The difference in the conductivities of pure CNT films and
hybrid samples increased as the temperature decreased. In the intermediate temperature range, it
was found that the temperature dependences of the resistance R(T ) can be approximated by the
equation proposed within the framework of inherent for disordered systems fluctuation-induced
tunneling model [10]:
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R = R0 exp(T1/T + T0), (1)

where T1, according to [10], is the temperature below which conduction is dominated by the
charge carrier tunneling through the barrier and T0 is the temperature above which fluctuation
effects become significant. This model can be applied for fitting of the electrical properties of
different types of disordered systems (including carbon nanotubes arrays [11] and CNT based
polymer composites [12]) in which large in atomic scale highly conductive regions divided by
small insulating barriers.

FIG. 2. The temperature depen-
dence of the resistance R(T )
(in log− log scale) of SWCNT
film and SWCNT/WS2-NT hy-
brid film. Solid lines are fitted
results from Eq. (1)

FIG. 3. The temperature depen-
dence of the resistance R(T )
(in log− log scale) of MWCNT
film and MWCNT/WS2-NP hy-
brid film. Solid lines are fitted
results from Eq. (1)

The low temperature saturation of the resistance can be explained by the tendency
to saturate the dephasing time of the charge carriers inside an individual CNT observed in
weakly disordered systems [13]. In order to approximate the experimental data over the entire
temperature range, a more complicated analysis is required, which takes into account strong
and/or weak localization effects.

3.2. AC conductivity

Impedance spectroscopy is a powerful tool for characterizating different types of disor-
dered structures [14], including nanocomposites and arrays of carbon nanotubes. Measurements
of the relationships between the real and imaginary components of the impedance and the fre-
quency, Z ′(f) and Z ′′(f), along with the following of theoretical modeling of experimental
results, provides the possibility for dividing the contribution from the nanotubes themselves and
the contact barriers between them into the total impedance of the CNT assemblies.

It was found that over the entire temperature range, 4.2 – 300 K, both the pure SWCNT
and MWCNT films demonstrate properties inherent for the structures with a prevailing active
part of the complex impedance. Incorporation of tungsten disulfide nanotubes into the SWCNT
films and tungsten disulfide nanoparticles into the MWCNT films exhibited different influences
on the AC electrical properties of hybrid films. Analysis of the Z ′(f) and Z ′′(f) dependences
for the SWCNT/WS2-NT hybrid films clearly demonstrate the increasingly important role of
the reactive part of the complex impedance as the temperature decreases. It was found that for
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all measurement temperatures (4.2, 77 and 300 K) complex impedance of the SWCNT/WS2-NT
hybrid films can be modeled using an equivalent circuit consisting of the following elements
connected in series and parallel: resistance R1, capacitance C, resistance R2 and constant
phase element CPE. Impedance diagram of the SWCNT/WS2-NT hybrid films reconstructed
from Z ′(f) and Z ′′(f) dependences measured at T = 4.2 K is presented in Fig. 4. Due to
the low conductivity of WS2 nanotubes in comparison to the SWCNTs, we assume that in the
equivalent circuit (shown in the inset to Fig. 4), calculated for hybrid film, the resistance R1 and
the capacitance C correspond to the average values of resistance and capacitance for the carbon
nanotubes. On the other hand, the resistance R2 simulates the Ohmic resistance of contact
regions between the SWCNTs. The element CPE takes into account the spread in values of the
resistance and capacitance of the inter-nanotube contact barriers [14]. The admittance of the
CPE is defined as:

YCPE = A0(iω)α = A0[cos(π/2α) + i sin(π/2α)], (2)

where A0 is the coefficient with the dimensionality depending on the α value. In the case of
α = 1, the coefficient A0 has the dimensionality of capacitance, while in the case α = 0, the
coefficient A0 has the dimensionality of resistance. In the intermediate case, the dimensionality
of A0 can be considered as Ω−1 · sα [15].

FIG. 4. Impedance diagrams of SWCNT/WS2-NT hybrid films measured at tem-
perature T = 4.2 K and at different value of applied DC voltage. Lines show the
approximation of the experimental data by an equivalent circuit, presented in the
inset

Unlike the SWCNT films and SWCNT/WS2-NT hybrid films, the imaginary components
of the impedance for both types of MWCNT samples (pure CNT films and hybrid films) were
very low in comparison with the active parts of their impedance, even at T = 4.2 K and
without applied DC bias voltage. The maximum value for the phase shift between voltage
and current of about −10 ◦ at 1 MHz was observed for MWCNT/WS2-NP hybrid films at
T = 4.2 K and at Ub = 0 V. This fact indicates that the electrical contacts between individual
MWCNT inside pure and hybrid films were good, even in the low temperature range. Thus, the
influence of WS2 nanoparticles incorporation into MWCNT films on the frequency dependence
of the impedance is less important in comparison to the case when the WS2 nanotubes were
embedded into the SWCNT films. This can be attributed to a geometrical factor. WS2 nanotubes
and SWCNT are characterized by large difference in sizes (20 – 180 nm vs 0.8 – 1.2 nm in
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diameter and 1 – 30 µm vs 100 nm – 1 µm in length, for WS2-NT and SWCNT, respectively).
Therefore incorporation of poorly conducting WS2 nanotubes into the matrix consisting of
highly conductive SWCNT strongly increases the role of the contact resistance between separate
single-wall carbon nanotubes inside the film. Conversely, embedding of the spherical WS2

nanoparticles with diameter in the range 50 – 150 nm into the film consisting of MWCNT (with
diameter of 30 – 50 nm and length in the range 0.5 nm – 200 µm) does not strongly affect the
AC conductivity of films.

One of the most interesting features of the AC electrical properties of the examined
samples is the existence of a highly reproducible positive value for the imaginary component of
impedance observed at T = 4.2 K for SWCNT films, MWCNT films and MWCNT/WS2-NP
hybrids, as the DC bias voltage was applied. These positive Z ′′ values (corresponding to the
negative part of −Z ′′(f) plots) are clearly seen in Figs. 5 and 6 and can be explained by the
increased role of kinetic inductance for individual carbon nanotubes [16] as the temperature
decreased and DC voltage was applied. This effect was not observed for SWCNT/WS2-NT
hybrid films due to the high value of negative (capacitive) part of reactive impedance at low
temperatures.

FIG. 5. Frequency dependence
of the imaginary component
of the impedance −Z ′′(f) of
MWCNT film measured at
T = 4.2 K

FIG. 6. Frequency dependence
of the imaginary component
−Z ′′(f) of the impedance of
MWCNT/WS2-NP hybrid films
measured at T = 4.2 K. Low-
ohmic part of −Z ′′(f) value is
shown in the inset

It should be noted, that due to the low value of reactive part of the impedance Z ′′ in
comparison with the active component Z ′, the modeling of experimental results for MWCNT
films and MWCNT/WS2-NP hybrid films by reasonable equivalent circuits was impossible.

4. Conclusion

Investigation of the AC and DC electrical properties of the nanocomposite materials
consisting of carbon nanotubes and inorganic tungsten disulfide nanotubes (nanoparticles) pro-
vided evidence for the successful processing of electrically conductive hybrid films using the
filtration method. Incorporation of WS2 nanotubes and nanoparticles into the carbon nanotube
arrays was found to reduce strongly the electrical conductivity of fabricated hybrids. Further
research will be focused on assessing the possibility of tuning the conductivity and dielectric
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constant of composites over a wide range by varying the percentage ratio of the carbon and
inorganic components.
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1. Introduction

In the recent years, the attention of researchers has been drawn to graphane – carbon
monohydride theoretically predicted [1, 2] and later experimentally obtained by a complicated
synthetic scheme [3]. This compound is interesting due to its exceptional properties (e.g. high
temperature superconductivity predicted for properly doped graphane [4, 5]) and as a possible
candidate for solid cell hydrogen storage elements [6, 7].

However, it should be noted that graphane is not the only compound with a carbon-
hydrogen ratio of C:H=1:1. There are quite a number of other examples: e.g. solid benzene
(though at ambient pressure it can exist at low temperatures only [8]), molecular solid phases
of cubane/cuneane [9–12] (which can be obtained as metastable forms through complicated
organic synthesis), polymeric nanothreads (predicted in [13] and later obtained by high pressure
synthesis [14]) and even well-known polysterene. In the case of carbon, there is nothing
astonishing that even its metastable forms can have interesting applications. For example,
there are at least 4 hypothetical forms [15–17](one of them is similar to the cubic-gauche high
pressure phase of nitrogen [18]) that has currently never been observed in practice, but according
to quantum chemical calculations are more energetically favorable than actually synthesized
cubane. It is interesting to note that according to DFT calculations, graphane [2, 19] has the
lowest energy among all these allotropes (even lower than benzene).

In this paper, we consider recently proposed 3D hydrocarbon (diamond monohydride/
DMH) [20] which can be energetically as viable as graphane. Both can be regarded as sublattices
of diamond structure so the internal strain in both is minimal and caused mostly by the steric
interactions of hydrogen atoms. We also describe evolution of DMH energy with pressure and
discuss its possible analogs among non-organic compounds.
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2. The least strained structures

In our previous paper [20], we proposed an heuristic procedure, which can be applied
to obtain minimally-strained crystal structures, starting from the known ones (in case of hydro-
carbons they are pure carbon structures). To accommodate required number of hydrogen atoms,
we need to delete some nodes from the lattice and put hydrogen atom into a bond connect-
ing the deleted node to the nearest carbon atom. From these considerations, restrictions arise.
Taking into account relative lengths of C–C and C–H covalent bonds (≈ 1.54 and ≈1.0 Å), it
is obvious that each unoccupied site can have at most one single occupied node in its vicinity
(otherwise the distance between hydrogen atoms on the bonds converging to the same empty
node would be too short, resulting in large lattice strain). From this, it immediately follows that
the maximum numerical density of structures produced in such a way will be exactly half of
the initial amount. Once these conditions are satisfied, it is also clear that the cohesive energies
of the proposed structures don’t differ much from the initial figures and exact values can be
refined subsequently by ab-initio calculations using this postulated structure as a first iteration.
However, we would like to stress that even these heuristic considerations will be sufficient to
make qualitative predictions about the properties of these structures. We will try to clarify this
point in the rest of the paper. Our procedure, to some extent, resembles one adopted previously
in the search for zeolite structures [21, 22], but we cannot translate it into topological terms of
tilings, vertices, etc.

For hydrocarbon structures, one can take diamond and lonsdaleite lattices as starting
points. The energy difference between lonsdaleite and diamond is less than 10 meV per bond
(it is significantly less than the 20 meV per atom difference between diamond and graphite), so
for practical purposes, it can be neglected. There is even a tendency to regard lonsdaleite as a
diamond structure, but with a considerable number of stacking faults [23].

a) b) c)

FIG. 1. Diamond-like graphane B (a) and lonsdaleite-like graphane C (b) sheets.
c) Hydrocarbon nanothread. Only carbon networks are shown. Translucent bonds
demonstrate relations to their respective parent structures

In a more formal way, this procedure can be described as a virtual symmetry breaking
operation so the equivalence of lattice nodes in diamond (space group Fd3m, single Wyckoff
position 8a) and lonsdaleite (P63/mmc, 4f ) structures aren’t retained and their occupancies
may vary1. Well known graphane structures [19, 29] can be described in this way. Depending
on the initial structure, they can be classified as either diamond- or lonsdaleite-like. Indeed,

1For details we refer the reader to the book [24], Bilbao server and programs therein [25–27]. Using crystallo-
graphic visualization programs (e.g [28]) tremendously helps in understanding the structural transformations.
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virtual phase transitions2 Fd3m
(6,4)−−→ Pmna and Fd3m

(6,4)−−→ P3m1 lead to splitting 8a →
2 · 4h and → 2 · 2d + 1 · 2c respectively which correspond to the formation of two graphane
sheets types, named B and A in Ref. [19]. Similarly, from lonsdaleite, graphane structures C
(Pmmn subgroup with index 6, 4f → 2 · 4f ) and D (Pbcm with index 12, → 2 · 8e) can
be obtained. Schematically, relations between 2 types of graphane sheets with their respective
parent structures are shown in Fig. 1.

However, in all these cases, the resulting structures are not contiguous; that is, they are
not completely covalently bonded. Weak van-der-Waals (vdW) forces allow one to somewhat
relax positions of the graphane sheets relative to each other to form more energetically-favorable
configurations. For example, shifting of every second sheet of B type into base centered
positions results in graphane III structure where carbon atoms form black phosphorus structure.
An interesting question arises – is it possible to retain the contiguity of the initial lattice?
Though we don’t know the general answer, in the particular case of hydrocarbons, the search
for an answer leads us to new crystal structures.

For lonsdaleite, it is possible to propose the phase transition with prime klassengleiche

index 7 P63/mmc
(2,7)−−→ P63/m which corresponds to the expansion of the unit cell in two

dimensions along the basal plane. This transition leads to splitting 4f → 2 · 12i + 1 · 4f ,
producing a structure (Fig. 1 c) which can be described as a nanothread [13, 14] bundle.

3. DMH structure and its properties

It is remarkable that though nanothread bundle is vdW bonded structure but the pro-
cedure similar to described above in case of diamond produces completely covalently bonded

DMH crystal. Formally, this is described as a Fd3m
(8,14)−−−→ R3 transition accompanied by

splitting 8a → 2 · 6c + 4 · 18f (in our previous work [20] we have overlooked rhombohedral
symmetry). Each of positions’ sets can be evenly distributed between occupied and unoccupied
nodes. So this structure can be regarded as a result of “halving” of the diamond one. This also
dictates the parameters for the resulting conventional unit cell (obtuse hexagonal with a ≈ 6.67
Å , c ≈ 12.36 Å and Z = 42 formula units in it).

As an initial estimate for structure optimization, hydrogen atoms are put into this
structure 1 Å apart from occupied sites in the direction pointing to the closest unoccupied
one (see Fig. 2). The resulting structure turns out to be more energetically favorable than
benzene and comparable to diamond-like graphanes. For details of DFT calculation using
QuantumESPRESSO software [30] we refer the reader to [20]. Evolution of the energy differ-
ence between DMH and graphane with pressure is shown in Fig. 3.

Because carbon atoms in DMH are in the sp3-hybridized state, it is not surprising
that the substance is good dielectric with quite a large band gap of 4.5 eV (comparable to
the theoretical diamond’s one but direct). DMH density is somewhat less than half that of
diamond’s (due to 5 % expansion of covalent bonds) and equals 1.7 g/cm3. Because DMH is
related to parent structure through removal of some C–C bonds, the mechanical properties are
significantly inferior to that of diamond, but still quite impressive (bulk and shear moduli are
B = 90± 15 and G = 60± 15 GPa respectively). One remarkable DMH feature is the presence
of quite spacious “tubes” piercing the bulk of the structure (see Fig. 2). As it was pointed

2The numbers above arrows designate translationengleiche and klassengleiche subgroup indices t, k. In general
such a transition leads to splitting of Wyckoff positions of parent structure into several sets of Wyckoff positions
of subgroup. Such a relation we will designate by the notation 4f → 2 · 2d + 1 · 2c, meaning that 8a Wyckoff
position of the parent group is split into two sets of 2d and one set of 2c subgroup. The left part can be omitted if
it is clear which position is meant.
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a) b) c)

FIG. 2. Structure of DMH. Perspective view along base plane (a) and along
pores (b). Grey spheres stands for carbon atoms and white for hydrogen. c) The
building block of DMH structure – diamantane molecule with six loose bonds
(only carbon framework is depicted)

a) b)

FIG. 3. Pressure evolution of energy in a) hydrocarbon structures (◦ – graphane
III and � – DMH) and b) nitrogen (◦ – cubic gauche, ♦ – black phosphorus
and � – “half-diamond” or DMH-like). In both cases the energy of respective
molecular phase (benzene and N2) at ambient pressure is taken as zero

out in Ref. [31] in the context of carbon-nitrogen compounds the filling of such pores with
metallic atoms would lead to almost one dimensional metallic conductivity which in certain
circumstances (e.g. strong interaction with phonones of hydrocarbon matrix) could produce
high-temperature superconductivity.

Though at first glance, the crystal structure seems extremely complicated, but in real-
ity,this is not true. In fact, it can be thought of as an ordered network of polymerized diamantane
molecules (C14H20) [32] with six hydrogen atoms removed. So the building block of this struc-
ture is a diamantane molecule with six dangling bonds (Fig. 2). Its point group is 3, so naturally
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it can be packed in R3 space group. The diamantane molecule is quite rigid and the DMH
structure’s unit cell consists of six molecules of such geometry that they are related to each
other by crystallographic symmetry.

This observation also gives a clue which possibly will help to produce DMH using
properly functionalized/substituted diamantane molecules (this is somewhat similar to con-
siderations present in Refs. [33, 34] but there, adamantane molecules were used as building
blocks). If it would be possible to attach some sort of radicals X to secondary carbon atoms
in diamantane molecules, such that the hypothetical chemical dimerization (2 · C14H14X6 →
2 · (C14H14X5) + 2 ·X2 is possible, then the self-organization of these molecules into a crystal
structure can be expected.

4. Possible non-organic analogues

Because the DMH structure cannot be readily found in nature (in contrast to benzene
and diamantanes which can be separated from the crude oil) it would be worthwhile to look for
possible analogs of the DMH structure in the inorganic realm. One possible candidate would be
binary sphalerite compounds which are widely used in electronics. For compounds with high
enough ionicity (like GaSb or better), a certain reordering of atoms can be expected, which
would lead to arrangement with one type of atoms taking positions of occupied nodes in DMH
structure while others take positions of empty ones. However, we are not aware of any finding
of this kind [35].

Another possibility is the exploiting of the analog between CH radical and group five
elements (where a fully occupied orbital plays the role of a C–H bond). In fact, there much
similarity between them, for example, in graphane I and III structures, carbon atoms form a
network similar to arsenic and black phosphorus structures. As a model object, the nitrogen
structures can be extremely educative. For example, the structure of nitrogen at pressures
higher than 100 GPa can be considered as “halving” of bC8 structure (observed in the wild
in Si, Ge [35], presumably produced under certain conditions in vapor deposited carbon [36]
and predicted to be thermodynamically stable in pure carbon at TPa pressures [37]). Here,
the symmetry breaking is quite simple and consists of the removal of an inversion center, thus

producing a virtual transition Ia3
2,1−→ I213. The resulting enantiomorphic crystal structure in the

context of nitrogen [38] was named cubic gauche (however one may expect droite conformation
too) and was considered previously as a possible candidate for 3D hydrocarbon structures [15].
Although the corresponding hydrocarbon structure significantly loses to DMH and graphanes
(about than 0.2 eV per CH group), in the case of nitrogen, the situation is inverted. The relative
energies of cubic gauche, DMH-like and black phosphorus type nitrogen crystal structures are
depicted in Fig. 3. The behavior of bp- and cg-N generally coincides with the results of Ref. [38]
but the energy of DMH-like nitrogen is comparable with that of cg-N only in the low density
region and with increased pressure, this difference rapidly increases. It should also be noted
that the pressure region in Fig. 3 below 50 GPa has no practical significance because there,
molecular nitrogen with triple covalent bond is the unquestionable winner.

Such a difference between DMH and its nitrogen analog is possibly caused by the
effective charge of C–H group on the one hand and filled electron orbital in nitrogen on the
other. The higher coulomb interaction in nitrogen favors its crystallization in the form where
two types of bonds exist (similar to bC8 structure) so the diamond and lonsdaleite structures
(where all bonds are equivalent) are simply bad initial approximations.
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5. Conclusion

The main conclusion of this paper is fairly obvious and was determined many times
before [39, 40], however, it is worth repeating once more. That is, the energy considerations
are not the decisive factor in the question of viability of some compound (especially an organic
one) but the availability of technological process for its fabrication is. The examples consid-
ered in this paper include cubane (it even loses to the cubic gauche hydrocarbon structure)
and nanothreads, which are of the lonsdaleite type, and such, lose to diamond-type graphanes
but nonetheless can be obtained by the high-pressure high-temperature treatment of molecular
benzene [14]. A similar consideration applied to DMH structure implies that its manufacturing
requires some preliminary steps involving production of suitable precursors. However these
efforts may be worthwhile because of its exceptional mechanical, structural and electrical prop-
erties. DMH might have utility as a material for biological and optical applications or as a solid
hydrogen storage element.
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The electromagnetic radiation of electrons in the corrugated graphene has been studied in the presence of a trans-

port electric current in the ballistic regime. We considered here the impact of ripples in monolayer graphene on

its electromagnetic properties. Electromagnetic radiation was actually calculated with a use of the standard elec-

tromagnetic theory. Two cases: those of regular and random structures were analyzed. The nonlinear relationship

between the random height function h(x, y) and the gauge field is shown to create a central radiation frequency

distribution peak.
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1. Introduction

A recent experimental study has shown that the flat geometry of graphene is unstable,
leading to the formation of a corrugated structure: topological defects and ripples [1]. Electron
motion through the rippled graphene sheet induces electromagnetic radiation. The mechanism
for the formation of bremsstrahlung radiation in graphene is similar to that in an undulator or
wiggler [2]. While an electron’s trajectory in an undulator and wiggler deviates from a direct
line due to a periodic system of dipole magnets, the electron’s trajectory in graphene becomes
curved due to ripples present on the material’s surface. The spatial periodicity of the ripples
in graphene could reach several hundreds of nanometers [3], which makes the semiclassical
approach feasible. Despite the “quasi-relativistic” character of the spectrum, the ratio of Fermi
velocity to the speed of light is much smaller, than unity and we can neglect the retardation of
electromagnetic radiation. All these points give us a reason to consider the motion of electrons
in graphene within the classical approach. The most important mechanisms are bremsstrahlung,
cyclotron, and undulator radiation [4]. The emission mechanism under consideration resembles
one in the undulator [5] but practically without retardation. We analyzed radiation using a few
distinct models. In the first model, we consider a geometric mechanism, directly connected with
the presence of undulations, in the second – the pseudo gauge field effect makes the trajectory
become curved in the base plane. Both regular and random ripple structures are considered.
In the following sections, we will consider various models of electrons motion in corrugated
graphene and will derive a formula for the radiation intensity.

2. Geometric mechanism

Anomalously high electrons mobility in graphene [4] leads to the mean free path of
micron value [6]. For the mean ripples period of 50 nanometers, the ratio of the free path
to period of the structure is about 20, which leads to the 10 % spectral line broadening. The
ballistic regime is implemented for the graphene sample of about several microns. Electrons
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motion through the rippled graphene sheet induces an electromagnetic radiation in the terahertz
range [4, 7, 8]. The mechanism of formation of the bremsstrahlung radiation in graphene is
similar to one in the undulator or wiggler [3]. While the electron trajectory in an undulator
and wiggler deviates from the direct line due to the periodic system of the dipole magnets,
electron trajectory in graphene is getting curved due to the ripples. A spatial period of ripples
in graphene could reach several hundreds of nanometers [1]. This makes the semiclassical
approach feasible.

The Fermi velocity vector in the vicinity of the Dirac points in graphene has a constant
absolute value of 108 cm/s. However, its orientation changes over time, leading to a time
dependence of the vector components which is responsible for the emission of electromagnetic
waves.

The ripple average amplitude is about 1 nm [9], whereas the period L ∼ 50 nm. Taking
this into account, we could assume that velocity preserves a constant value in the direction of the
applied field. In other words, electrons in graphene could be considered as an oscillator having
the Fermi velocity. The real graphene sample has a random corrugations period that deviates
a little from the mean value. The chaotic surface could be considered as a superposition of
sinusoids with their own period and height. This approach is widely used for wave analysis
in radiophysics. In order to describe the random process of electromagnetic radiation within a
limited spectrum, we introduce the random function h(x) that plays a role of the ripples height
relative to the base plane. Assuming the inhomogeneities to be one-dimensional and taking into

account small ratio of
hm
L
� 1 we can write the following equation for the velocity:

vx = vF , vz = vF
d

dx
h (x (t)) . (1)

That means electromagnetic radiation spreads in a normal direction and infinitesimal changes
in the in-plane velocity components are higher order effects [10] and can be neglected. We
calculate the magnetic field induced by a moving charge at the deliberately chosen point with
use of retarded potentials. The Fourier transform of the vector potential reads:

Aω =
eeikr

cr

∞∫
0

v (t) ei(ωt−kr0)dt, (2)

where c is the speed of light, e is the electrons charge, r is the radius vector, r0 is the moving
charge radius vector.

Taking (1) into account and excluding the retardation effect, we have:

Az =
e eikr

cr
vF

∞∫
0

d

dx
h (x (t)) eitωdt. (3)

The other two components will either be constant or zero and do not contribute to the
generation of electromagnetic waves. The Fourier component of the magnetic field becomes:

By = −ikx
e eikr

cr
vF

∞∫
0

d

dx
h (x (t)) eitωdt. (4)

The magnetic field enters the intensity formula in squared form:

|By|2 =
(
kx
e

cr
vF

)2
eikre−ikr

∞∫
0

dt
d

dx
h (x (t)) eiωt ·

∞∫
0

dt′
d

dx′
h (x′ (t′)) e−iωt

′
. (5)
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In the case of random surface of the graphene, the squared absolute value can be
represented as a multiplication of two equations where distribution of random function h(x)
could be considered as realizations, which could differ even in the same point [11]. Therefore,
while calculating the field intensity, the relationship between them could be represented in terms
of the correlation function. We introduce it by averaging (5) over the ripples’ configuration:

〈
|Bx|2

〉
= −k2y

e2v2F
c2r2

∞∫
0

dt

∞∫
0

dt′
d2

dx2
〈h (x (t))h (x′ (t′))〉 eiω(t−t′), (6)

〈
|By|2

〉
= −k2x

e2v2F
c2r2

∞∫
0

dt

∞∫
0

dt′
d2

dx2
〈h (x (t))h (x′ (t′))〉 eiω(t−t′), (7)

where the angle brackets stand for configuration averaging. The random process h (x) could be
considered as Gaussian and stationary with the correlator:

〈h (x)h (x′)〉 = K (x− x′) = K (ξ) . (8)

Here, the correlation function value depends on relative coordinate x − x′, which means that
statistical characteristics are invariant under a shift along the OX. Assuming this process to be
one with a narrow band spectrum, we write the correlator in the form:

K (ξ) =
〈
h2
〉
e−α|ξ| cos γξ, (9)

where
〈
h2
〉

is the dispersion, α is the inverse correlation radius and γ is the inverse mean period
and α � γ. Making the substitution ξ = x − x′, τ = t − t′, T = (t+ t′) /2, we can rewrite
formula (6) in the form:

〈
|Bx|2

〉
=

(
k2ye

2

r2

)
v2F
c2

1

α2

ω2

v2F

〈
h2
〉 ∞∫

0

dT

∞∫
0

dτe−αvF |τ | cos (γvF τ) eiωτeiT (ω−ω
′)eiτ(ω+ω

′)/2. (10)

Integration over the difference variable makes a Fourier transform, whereas integration
over sum variable is simply the time required for an electron to travel through graphene sample:〈

|Bx|2
〉

= −δ (ω − ω′)
k2ye

2 〈h2〉ω2

c2r2

(
αvF

α2v2F + (ω + γvF )2
+

αvF

α2v2F + (ω − γvF )2

)
. (11)

Spectral distribution of electromagnetic radiation

d2E

dωdo
=

c

4π2

〈
|Bx|2

〉
r2. (12)

Substituting (11) in (12) we obtain the formula for the spectral intensity of electromag-
netic radiation in rippled graphene:

d2E

dωdo
= δ (ω − ω′)

k2ye
2 〈h2〉ω2

4π2c

(
αvF

α2v2F + (ω + γvF )2
+

αvF

α2v2F + (ω − γvF )2

)
. (13)

Integrating (13) by frequencies and angle

P =
c

4π

∞∫
−∞

dω

2π∫
0

dΩ
〈
|Bx|2

〉
r2, (14)
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we obtain the relation for electromagnetic radiation power per one electron:

Pe =

∞∫
−∞

dω

2π∫
0

dΩ cos θ
e2ω4 〈h2〉

4πc3

(
αvF

α2v2F + (ω + γvF )2
+

αvF

α2v2F + (ω − γvF )2

)
. (15)

We see that the majority of the electromagnetic radiation comes with a frequency corre-
sponding to the mean period of the ripples structure with some broadening due to its random
character. The term in brackets yields the Lorentz distribution.

In the limit of α → 0 the chaotic surface becomes a regular sine and we obtain the
formula:

Pe =

∞∫
−∞

dω

2π∫
0

dΩ cos θ
e2ω4h2m

4c3
δ (ω − γvF ) =

πe2 (γvF )4 h2m
c3

. (16)

The obtained formulae establish a relationship between the radiation spectral density
dP

dω
and the correlator of ripples. This can be used to investigate of the ripples’ morphologies.

For ripples period L = 50 nm, maximum amplitude hm = 1 nm and area of graphene
membrane S = 10−4 cm2, we obtain power of electromagnetic radiation of order several mW.

3. Gauge mechanism

In this part of our work, we consider the synthetic gauge field effect on electromagnetic
wave emission. The nature of these fields is following. Electronic states in flat graphene can
be written by means of the tight binding model equations, which due to linear spectra in Dirac
point vicinity take form of Dirac – Weyl equations. The graphene membrane bending modifies
the electronic states spectra. Moreover, this influence can be represented by introducing vector
potential, rotor of which people called synthetic magnetic field [1]. In fact, these “fields” create
new energy levels, similar to Landau levels, and mimics Ahoronov – Bohm effect [1]. The
elasticity theory gives the following relationships between the out-of-plane displacement h(y, z)
and the gauge field vector potential components [12]:

Ay = −β
a

dh

dx

dh

dy
, Ax =

1

2

β

a

((
dh

dx

)2

−
(
dh

dy

)2
)
, Hz =

∂Ay
∂x
− ∂Ax

∂y
. (17)

Here, a is the lattice constant and β is a dimensionless parameter. It now becomes apparent
that gauge fields in graphene occur only when the structure is inhomogeneous in both in-plane
directions. In other words, graphene sheet has to have “humps and hollows” in its structure.

Here, we consider the case of regular undulation in both directions:

h (x, y) = hm sin γx sin γy. (18)

Substitution of h (x, y) from (18) into (17) gives an expression for the synthetic magnetic
field:

Hz = H0 sin (2yγ) (−2 + cos (2xγ)) , (19)

where the amplitude is determined as follows:

H0 =
h2mγ

3

2a
. (20)

The synthetic field H can be expressed in terms of the “real” field H in the following
manner:

H =
ch̄

e
H. (21)



Electromagnetic radiation by electrons in the corrugated graphene 55

After this link has been made, we can modify the equations from [11] and define the
undulator-like trajectory for “massless” electrons in graphene:

E
v2F

d2x

dt2
= −edy

dt
H cos γx,

E
v2F

d2y

dt2
= e

dx

dt
H cos γx,

(22)

where E is the electron energy. The solution reads:

cos γx = cosh γy − 1

k
sinh γy. (23)

The resulting trajectory differs slightly from a simple sine function. Assuming that
yγ � 1, we can simplify the last formula:

y = ym sin2 γx

2
, (24)

where the deviation amplitude is:

ym =
2k

γ
=

2vF h̄h
2
mγ

aE
. (25)

The estimations show the maximum amplitude of in-plane deviations to be much smaller
than the mean period for the ripples and have values similar to ripples’ amplitudes. This makes
us think that electrons actually move along complex, helix-like trajectory.

These formulae show that gauge fields in graphene have a real influence on an electron’s
trajectory and induce in-plane oscillations. The magnitude of the effect depends upon sample
parameters and free electron energy.

Now, with (22), we are able to derive the formula for power. Substituting the expression
for an oscillating electron’s velocity vy = vF ẏ into (17), we obtain the formula for the radiation
vector potential:

Ay =
e eikr

cr

∫
(ymγ) vF sin (γvF t) e

iωt. (26)

Thus, we have the expression for the radiation power spectral density for the case of
harrmonic ripple structure:

P (ω, θ) =
1

4π

∫
dω

∫
dθ

e2v2Fω
2

2c3
(
y2m γ2

)
cos θ (δ (ω + γvF ) + δ (ω − γvF )) . (27)

Finally, integrating the expression and substituting for ym, we derive the formula for the
electromagnetic radiation power in terms of the sample parameters:

P = 2π2 e
2v4F
c3

h2m
L4

((
vF h̄/a

E

)
(hmγ)

)2

. (28)

To understand the role of gauge fields in whole picture of the radiation process, it will
be useful to compare power formula obtained in geometric model with (28)

Pgauge
Pgeom

=
1

8π3

(
vF h̄

aE
hm
L

)2

. (29)

This ratio would be of order of unity for the same parameters of graphene structure at
ε = 0.1 eV energies.

Calculations for the case of the random function h(x, y) are carried out similarly to the
case of the geometric mechanism but with one important distinction: a nonlinear relation (17)
between the narrow band spectrum random function h(x, y) and the gauge field A induces the
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appearance of a central radiation peak of. Really, let us determine the quadratic relation between
the random functions:

g(t) = (h(t)) . (30)
When g(h) = ah2, the correlator 〈g(t)g(0)〉 can be expressed as follows [11]:

〈g (t) g (0)〉 = a2σ4
[
1 + 2 〈h (t)h (0)〉2

]
, (31)

where σ is the h(t) process variance σ =
〈
h2
〉
.

We do not aware about existing experimental data or theoretical results regarding actual
correlation function’s 〈h (x)h (x′)〉 form. All we can do is estimate dispersion and correlation
radius. A reasonable choice would be the simplest form that does not lead to any disagreement.
We choose the exponential decay for geometry model, i.e. Lorentz-shaped energy spectra. In
case of gauge fields, the exponential correlator yields singularity: it corresponds to infinitely
large gradients of random function [14]. Thus, we choose the Gaussian correlator form:

K (x) =
〈h2〉α3

8π
√
π
e−x

2α2/4 cos (γx) . (32)

Substituting (32) in (31) we have

〈g (t) g (0)〉 = b2σ4

[
1 + 2

(
〈h2〉α3

8π
√
π

)2

e−2(vF t)
2α2/4 cos2 (γvF t)

]
. (33)

Taking into account formula (17), we obtain for the gauge field random process:

∞∫
−∞

dxeikxK2 (x) =

b2σ4

(
〈h2〉α3

8π
√
π

)2
∞∫
0

dxe−(α2x2/2) [cos (kx) + [cos (k + 2γ)x+ cos (k − 2γ)x]]. (34)

Carrying out the integration, we obtain the spectrum comprising the central and high-
frequency components:

P ∝ P0 + b2σ4 〈h2〉
2
α5k3

16π2
√
π

[
e−k

2/α2

+
[
e−(k+2γ)2/α2

+ e−(k−2γ)
2/α2
]]
. (35)

The pre-exponent term k3 in (35) accounts for differentiation in (17) formula. On the Fig. 1 we
presented the spectral distribution of a radiation power, divided by k3.

Thus, the quadratic relation between velocity and the Monge variable leads to a rise of
the electromagnetic radiation central peak.

4. Conclusion

We have considered here the impact of ripples in monolayer graphene on its electro-
magnetic properties. Two mechanisms of undulator-like radiation are considered: a geometric
mechanism, directly connected with the presence of undulations; and the pseudo gauge field
effect, which makes the trajectory become curved in the base plane. The electromagnetic radia-
tion was actually calculated using the standard retarded potential. For both of mechanisms, two
cases of regular and random structures are analyzed. The nonlinear relation between the random
height function h(x, y) and the gauge field A is shown to create a central radiation frequency
distribution peak. Our results can be used for study of ripples morphology and for generation
of terahertz radiation.
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FIG. 1. Central and side radiation peaks in gauge model
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1. Introduction

A recent experimental study has shown that the flat geometry of graphene is unstable,
leading to the formation of a corrugated structure: topological defects and ripples [1]. Graphene
can be viewed as a crystalline membrane. An ideal flat 2D-crystal could not exist at a finite
temperature [1], and the long range order in graphene’s structure occurs because of ripples and
topological defects. Both of these factors facilitate the achievement of thermodynamic stability
in grapheme [2] and they could be induced to relieve the membrane’s strain. As far as we know,
no widely accepted model for ripples in monolayer graphene exists. The crumpled membrane
theory does not work for graphene at relevant temperatures. Some authors try to obtain a ripple-
like solution from the renormalization group approach, but the only result is the appearance of
some characteristic length of a correct magnitude. The phenomenon under consideration looks
too simple to be described with a use of the sophisticated fluctuation theory: we assume that
the ripple theory has to be the mean field one. The somewhat similar problem of undulations
in biological membranes was solved by taking into account the internal degrees of freedom [3].
One such fluctuating degree of freedom was the membrane thickness. In the case of graphene, a
natural candidate on this position is the in-plane transverse optical phonon. The spatial period of
the ripple is determined by the ratio of the coefficients in the thermodynamic potential derivative
expansion. The out-of-plane subsystem acquires periodicity due to the interaction between the
subsystems. Two interaction mechanisms: bilinear and biquadratic were considered. Only
solutions with vanishing Gaussian curvature are admissible. The suggested phenomenological
description needs to be justified by future microscopic theory.

2. In-plane phonon instability

The equilibrium state of the membrane is determined by the effective potential in the
Monge representation [3]:

F [h] =

∫
d2x

[
κ

2

(
∇2h

)2
+
K0

8
[Pαβ (∂αh · ∂βh)]2

]
, (1)

where κ is the bending rigidity, h is the membrane height relative to the base plane (Monge
variable), and the second term is Gaussian curvature.
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P T
αβ = δαβ −

qαqβ
q2

, K =
2µ (2µ+Dλ)

2µ+ λ
, (2)

Pαβ is normal projector, µ and λ are the Lame elastic moduli. Here, we assume this subsystem
to be stable in isolation. In our case, the natural candidate on the symmetry violating system
position is the in-plane transverse optical phonon. The simplest Landau functional containing a
certain spatial scale (apart from the lattice spacing) in a crystal without the Lifshitz invariant is
the one suggested for incommensurate ferroelectrics [4]:

Fincomm =

∫
dxdy

[
a2
2
ϕ2 +

a4
4
ϕ4 +

c2
2

(∇ϕ)2 +
d2
2

(
∇2ϕ

)2]
. (3)

Here, a2 < 0, a4 > 0, c > 0, d > 0. Varying this functional, we obtain the equilibrium equation:

d2
d4ϕ

dx4
+ c2

d2ϕ

dx2
+ |a2|ϕ− a4ϕ3 = 0. (4)

We consider here unidimensional solutions. For the chosen signature of the coefficients, there
exists a periodic solution with the characteristic period value of order

√
d2/c2. This violation

of the translation symmetry can be transferred to the out-of-plane subsystem by means of an
interaction. The simplest interactions that do not break the spatial inversion symmetry read:

g

∫
dxdyϕ∆2h, (5)

and

G

∫
dxdyϕ2

(
∆2

2h
)2
. (6)

Interaction (5) is more effective, but is not easy to derive. Now, we consider another scenario.

3. Out-plane phonon instability

Corresponding with the Landau-Peierls-Mermin-Wagner theorem, the logarithmic diver-
gencies indicating the instability of the flat state are characteristic for two-dimensional systems.
In particular, the bending rigidity constant will be renormalized [3]:

κr = κ0 −
3kBT

4π
ln
L

a
. (7)

Here, a is the lattice spacing and L is the sample size. The possible change of sign in (7)
induces an instability similar to the case considered above. We believe that fluctuations can
make absolute value negative. This may induce instability, which stabilizes by non-linear terms
as in phase transitions theory.
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A method to synthesize graphene materials using a DC high current divergent plasma torch has been developed.

Carbon atoms were generated by the decomposition of propane-butane, methane and acetylene in a thermal plasma

jet. The graphene materials were characterized by electron microscopy, thermogravimetry, Raman spectroscopy.

The influence of the experimental conditions on the morphology and phase composition of the synthesis products

was investigated. The optimal conditions for the synthesis of high-purity graphene flakes have been found.
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1. Introduction

Graphene can be produced by variety of techniques, including mechanical exfoliation,
growth on the basis of SiC substrates, high-pressure high-temperature growth, chemical exfo-
liation, and electrostatic deposition [1]. Depending on the synthetic method, graphene may be
of three different types: single layer graphene (SLG), bi-layer graphene (BLG) and few-layer
graphene (n ≤ 10) [2]. The quantity and form of graphene required varies according to the
application; some applications, such as transparent electrodes and sensors, require thin films
of graphene, other applications, such as energy storage devices (such as batteries and superca-
pacitors) and polymer composites, require relatively large quantities of graphene nanosheets or
platelets. Furthermore, the importance of using high quality graphene will vary with application
type. For example, no noticeable improvement in electrochemical activity has been observed
when going from few-layer- to monolayer-graphene, and defects in the material are thought to
enhance both the electrochemical and hydrogen storage ability of graphene sheets [3].

Nevertheless, the issues of large-scale production and process control for graphene,
remain essentially unresolved. Thermal plasma, which is produced by high-power discharges
at or close to atmospheric pressure, has proven to be an effective tool for the fabrication of
nanoparticles and nanostructured films and coatings [4]. Pure layered graphene was produced
using a plasma jet reactor based on the DC plasma torch [5]. The number of layers of graphene
sheets was controlled by adjusting the rate of ethanol injection.

The main aim of the present study is to obtain experimental data for the synthesis
of graphene materials from carbon atoms generated by hydrocarbon decomposition (propane-
butane, methane acetylene) in a thermal plasma jet by means of the direct current plasma torch
with the extending channel of an output electrode.

2. Experimental setup and procedure

The synthesis of graphene has been investigated using a DC plasma torch with power of
up to 40 kW with an expanding channel of the output electrode and the vortex stabilization of
the arc [6, 7]. A detailed description of the experimental setup was given in the study [8]. The
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TABLE 1. Technological conditions

Power 30 – 40
Current 350 – 400 A
Voltage 60 – 110 V

Plasma gas 0.5 – 3.75 g/s
Gas flow rate 0.05 – 0.37 g/s

Pressure 150 – 730 Torr
Duration of the experiment 10 – 20 min

experiment involved simultaneous input of hydrocarbons in a carrier gas (e.g. helium, argon)
into the plasma torch, wherein heating and decomposition occurred in the plasma jet and in
the region of the arc discharge, followed by condensation of the synthetic product on metallic
surfaces. Consumption of carbon, plasma forming gas and plasma torch power were changed
independently from one other. For the experimental conditions, the electric power of the plasma
torch was set up to 40 kW. Helium and argon were used as plasma gases. The experimental
conditions are presented in Table 1.

The main parameters were: varying the pressure and gas flow rate. The hydrocarbon
flow rate ranged from 0.11 to 0.3 g/s for a propane-butane mixture; from 0.15 to 0.37 g/s for
methane; and from 0.05 to 0.16 g/s for acetylene. Natural gases used as carbon source were:
propane-butane in the ratio 30 : 70 %, technical methane and high purity methane (99.99 %).
Upon completion of the synthesis, carbon materials samples were collected from the target
surface and from the trap. Samples were not purified and were analyzed in the form in which
they were synthesized in the reactor.

Methods of electronic microscopy were used to investigate the structure of the syn-
thesized products on a scanning electronic microscope of MIRA 3 TESCAN. Efficiency of
synthesis, thermal stability and phase composition of carbon products were evaluated by ther-
mogravimetry and differential scanning calorimetry on a synchronous thermal analyzer STA
409PC Luxx (NETZSCH) with linear heating sample in air at the rate of 10 K/min at temper-
atures up to 1000 ◦C. Nano Raman spectroscopy (NTEGRA) was used in the characterization
of the graphene with an excitation wavelength of 532 nm under ambient conditions from 300 –
3000 cm−1. The laser power was about 3 mW for a spot size of 1 µm.

3. Results of experiment

Experiments on the decomposition of a propane-butane mixture show that depending
on the pressure and the value of plasma gas flow rate, nanostructures in the form of flakes
with various geometries are formed. At lower He pressures (200 Torr), a large amount of
amorphous carbon (37 %) and graphitized particles are produced. Increasing the pressure led
to the formation of graphene flakes. At 350 Torr He, the transverse dimensions of these flakes
were in the range of 600 nm. Additionally, the graphene content in the synthetic product
increased, although some amorphous carbon was still present in small amounts (Fig. 1).

Further increase of the pressure decreased the content of this phase and reduced the size
of the produced graphene flakes. When reaching a He pressure of 710 Torr, the synthetic samples
contained 2 % amorphous carbon and 81 % graphene materials. The synthetic products from
the propane-butane mixture obtained under argon have transverse dimensions not exceeding
100 nm. As in the case of He, with increased argon pressure, amorphous carbon is present
together with graphene materials.
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(a) (b)

FIG. 1. The morphology (a) and the Raman spectrum (b) of the sample produced
from the decomposition of propane-butane in helium plasma at a pressure of 350
Torr. Plasma forming gas is helium

Figure 1(b) shows the Raman spectra of the graphene materials formed from the decom-
position of propane-butane in He plasma at 350 Torr. Raman spectra show common features in
the 300 – 2800 cm−1 region: the G and D peaks, which lie at around 1560 and 1360 cm−1,
respectively, and 2D (2690 cm−1). The number of layers can be derived from the ratio of peak
intensities, I2D/IG, as well as the position and shape of these peaks. Our few-layered graphene
materials show a single Lorentzian profile. However, we believe that this measurement was a
mixture of graphene flakes with a different number of layers, from 1 to 10.

The best conditions for the synthesis of graphene materials obtained from decomposition
of methane differ mainly in higher precursor consumption: pure methane, a pressure of 350 Torr,
helium or argon, CH4 flow rate of 0.75 or 3.5 g/s. Up to 77 % graphene flakes were formed
with a transverse dimension of 400 – 600 nm. In helium, the yield of graphene materials was
91 %. The maximum yield of 82 – 88 % of graphene materials with crumpling sheets was
observed in argon at 650 – 670 Torr and a high methane flow rate of 0.368 g/s.

Figures 2(a) and 2(b) show the characteristics of the plasma jet-grown multilayer
graphene flakes and Raman spectra images under optimized conditions. Fig. 2(a) shows
flakes. We believe that the sample used for this measurement may have consisted of a mixture
of graphene flakes with differing numbers of layers (from 1 to 10 of graphitic layers formed
with various thicknesses). Moreover, the Raman spectra of the image shown in Fig. 2(b) indi-
cates that the graphitic layers observed are similar to the Raman spectra image of the few-layer
graphene of [5], whose G and 2D peak intensities lie at 1580 and 2700 cm−1.

It can also be noticed from the image that the shape of the 2D band, particularly the
absence of the graphite shoulder, shows a hallmark feature of few-layer graphene. Under our
conditions, the samples have less than 10 layers, with the largest shift D line observed for a
smaller number of layers. The majority of our samples had 2 – 5 graphene layers. The IG/I2D
ratio of our product is ∼ 1.03, which is comparable to the value for three layers of CVD-grown
graphene (IG/I2D ∼ 1.3).In our study, we used the well-known approach to make conclusions
about the presence of graphene materials and the number of layers in those graphene structures
in accordance with previous studies [9].
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(a) (b)

FIG. 2. The morphology (a) and the Raman spectrum (b) of the sample produced
from the decomposition of methane at the pressure of 350 Torr. Plasma forming
gas is helium

Graphene materials produced from decomposition of acetylene under optimal conditions
are less stable at high temperatures than the synthetic products generated using propane-butane.
Upon decomposition of acetylene using argon and helium plasma, crumpled graphene structures
were produced at pressures ranging from 150 to 350 Torr. In helium, the yield of graphene
materials was 81 %. Fig. 3 shows the results of electronic microscopy and thermogravimetric
analysis of graphene products. Decreasing the gas pressure to 150 Torr increased the amount of
graphite and amorphous carbon phase. Fig. 4 shows a typical Raman spectrum for our product.
The three intense features are the D band at 1334 cm−1, the G band at 1577 cm−1 and the 2D
band at 2662 cm−1. The samples have fewer than 10 layers.

(a) (b)

FIG. 3. The morphology (a) and thermogravimetry (b) graphene materials pro-
duced from decomposition of acetylene at a pressure of 350 Torr. Plasma forming
gas is helium. (1) Loss of weight, (2) heat flow and (3) rate of generation of
CO2
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FIG. 4. The Raman spectrum of the sample produced from the decomposition of
acetylene at a pressure of 150 Torr. Plasma forming gas is helium

4. Conclusions

Based on the Raman spectra and thermogravimetry for the samples, high-purity multi-
layer graphene materials were successfully synthesized using a plasma jet. It has been shown
that the selection of hydrocarbon source and their flow rate influenced the quality of the graphene
produced. Depending on the synthetic parameters, the geometry of the graphene materials (from
curved petals to disk diameter of 100 nm – 1 µm) and the graphene content in synthesis products
(from 58 to 95 %) varied.

In general, the experimental data allowed stepwise scaling of the synthesis so that
graphene having the desirable morphology could be obtained.
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The preparation of Langmuir – Blodgett (LB) films based on graphene oxide and the study of their structure

and optical properties are presented. Graphene oxide dispersions were prepared in different solvents and the

stability of each solution was studied. The measurements have shown that most stable dispersions were prepared

in tetrahydrofuran, but in acetone, the concentration of graphene oxide is higher. Therefore, graphene oxide

monolayers were formed from acetone dispersions. The physicochemical properties of graphene oxide monolayers

at the water-air interface were studied. The LB films were deposited onto solid substrates according to Y-type

(transfer during downward and upward stroke of substrate) and Z-type transfer (deposition during the upward stroke

only). The absorption spectra of graphene oxide LB films exhibit a broad band in the ultraviolet and visible region

of the spectrum. The optical density of the film obtained according to the Y-type transfer is greater than the optical

density of the film prepared according to the Z-type transfer. The transparency of the films in the visible region of

the spectrum is greater than 90 %. As it was shown by SEM images, the films obtained according to the Y-type

transfer are more uniform in structure.
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1. Introduction

Currently, the wide use of inorganic solar cells is hindered by the relatively expensive
manufacturing technology and processing of inorganic semiconductors, which requires high
temperatures and high vacuum. In this regard, interest in organic materials to create new
types of cheap solar cells is growing. Organic compounds, being carbon-based, usually do not
contain rare chemical elements and can be very manufacturable, and therefore much cheaper in
comparison to inorganic materials.

Graphene and its modified derivatives are a new class of carbon materials having high
specific surface area and electron mobility, which makes them suitable for use as electrodes in
dye-sensitized solar cells. In earlier work [1], it was shown that graphene has a high specific
surface area and electron mobility, as well as having a higher oxidation potential than Pt. The
wide variety of existing forms of graphene can improve the necessary parameters for counter
electrodes. For example, reduced graphene oxide has a surface lattice defects, which implies
a higher catalytic activity than the fully reduced defect-free graphene [2, 3]. Additionally,
graphene production costs are cheaper than that of other carbon nanomaterials. This combines
many useful properties necessary for effective modification of photovoltaical device design. In
this aspect, the study of conditions for producing graphene oxide solid films with predictable
properties, which is presented in this paper, is particularly relevant.
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2. Experimental

Single layer graphene oxide was used for dispersion preparation (SLGO) (Cheaptubes,
USA). Graphene oxide suspensions were prepared in acetone, chloroform, tetrahydrofuran
(THF) and dimethyl formamide (DMF). All solvents were purchased from Sigma Aldrich
and used without purification. The concentration of graphene oxide in solution was equal
to 6 · 10−4 mol·L−1. Suspensions were sonicated in ultrasonic bath. The dimensions of the
graphene oxide particles were measured by dynamic light scattering method with Zetasizer nano
analyzer (Malvern). The graphene oxide particle and film morphologies were obtained with
scanning electron microscopy (TESCAN Mira-3) on a glass surface with FTO coating.

Solid films were obtained by Langmuir – Blodgett (LB) technology. Monolayers were
formed on the surface of the subphase by spreading of solution throughout the LB trough.
The deionized water was purified by AquaMax and was used as the subphase. The resistivity
of the deionized water was equal to 18.2 Ω·m−1. The surface tension of water was equal to
72.8 mN·m−1 at pH = 5.6 and a temperature of 22 ◦C.

3. Results and discussion

The conditions for preparation of graphene oxide dispersions were chosen to obtain
highly concentrated and stable particle solutions. From the diagram of the size distribution of
graphene oxide particles in DMF before sonication, one can see that about 80 % of the particles
have a size of 2000 – 3000 nm. Particles with sizes of 2300, 2700 and 3000 nm predominate
in the solution. A decrease in the size of the graphene oxide particles was observed after
sonication of solution for 30 min: 60 % of particles have a size of 900 – 1000 nm, 15 % – from
850 nm and 17 % of particles – about 1100 nm. Further ultrasonic treatment of the solutions
had virtually no effect on the decrease in the average size of particles or the scatter of sizes.

The dependence of the graphene oxide particle size distribution on the sonication time
is shown in Fig. 1 (curve 1). At least five measurements were taken to plot the graph.

FIG. 1. Dependence of average size of graphene oxide particles over the sonica-
tion time in: 1 – DMF; 2 – chloroform; 3 – THF; 4 – acetone

Similar results have been obtained for other solvents. Thus, in THF the particle size also
decreased from 2.5 to 1.8 µm and from 1.1 µm to 750 nm for acetone solution after sonication.
In addition, for both solvents, the size of particles remained practically unchanged after 30 min
of treatment. Characteristically, that in chloroform ultrasonic treatment of SLGO dispersions has
the strongest influence on the particle size. The particle sizes were almost halved with 30 min
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of treatment. This behavior for graphene oxide may be associated with the fact that as a result
of chloroform’s high density, the dissolved particles of SLGO were most strongly affected by
the ultrasonic oscillation.

In addition, the size of particles was estimated from SEM images of graphene oxide
films obtained by evaporation of SLGO solution in THF on a FTO layer-covered glass surface.
Fig. 2 shows that upon drying, the graphene sheets rolled up to form spindle–shaped particles
having an average size of ∼ 320 nm. The observed conformation of graphene is a result of
thermal effects [4].

FIG. 2. SEM image of dispersed graphene oxide on the FTO surface

The stability of the graphene oxide dispersion was studied by measuring the optical
density of the solutions over various time intervals. Absorption spectra were registered in the
UV-Vis spectral region from 290 to 600 nm for DMF and THF and from 320 to 600 nm for
acetone. The spectra of SLGO in DMF and THF exhibited a shoulder at ∼ 300 nm which
was ascribed to n → π∗ transitions of C = O bonds [5]. The dependence of optical density
of graphene oxide solutions upon time is shown in Fig. 3. Measurements have shown that
the optical density change for graphene oxide in DMF and THF have similar behaviors. The
absorption for SLGO in THF was practically unchanged for 48 h after sonication (curve 1). In
DMF (curve 2), the optical density was reduced by 15 % within the first hour, additionally,
this parameter was decreased by 40 % every 24 h. The strongest changes in the optical density
of the graphene oxide solutions were registered for acetone (curve 3). During the first hour,
the absorption decreased three-fold. Graphene oxide almost completely precipitated after 24 h
of storage in acetone. The most unstable dispersions were obtained in chloroform – SLGO
precipitated on the bottom of the cell within 1 hour after preparation.

Subsequently, acetone solutions were used to study the physicochemical properties of
graphene oxide, since the solubility of graphene was highest in that solvent. Compression
isotherms (π − A isotherms) for graphene oxide monolayers are shown on the Fig. 4. The
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FIG. 3. Time dependence of optical density D of graphene oxide solutions
(λreg = 340 nm) in: 1 – THF, 2 – DMF, 3 – acetone

minimum volume was deposited onto the subphase monolayer in the “gaseous” state [6] at
surface pressures of 2 – 2.5 mN·m−1 (curve 1). This means that the distance between graphene
oxide particles on an aqueous surface is large. With further compression of the monolayer, the
particles approach and the film becomes “liquid”. Moreover, this “liquid–expanded” state was
preserved with additional compression of the monolayer up to its minimum area.

FIG. 4. π − A isotherms of monolayers based on graphene oxide. Monolayers
were spreaded from acetone, ml: 1 – 0.5, 2 – 1.5, 3 – 3.5, 4 – 5

Spreading a greater volume of substances onto the surface of the subphase (1.5 ml)
results in a dense packing of particles within the monolayer (curves 2–4). In this case, the film
on the aqueous surface is also initially in the “gaseous” state (curve 2). Transitions of monolayer
in “liquid–expanded” and “liquid–condensed” states were observed upon compression of film
within the pressure range of 5 – 9 and 9 – 19 mN·m−1, respectively.

For monolayers formed from greater volumes of dispersion, an increase in the specific
surface area was registered at higher SLGO concentrations. Fig. 5 shows that for the curve 1,
the “gaseous state” had an area equal to 1 nm2, and 0.8, 0.5 and 0.3 nm2 for the curves 2, 3
and 4, respectively. The change of phase states of monolayer upon compression occurs in the
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same sequence as that for the curve 2. It should be noted that all monolayers had no collapse,
despite the rather large amount of spread solution.

FIG. 5. SEM-images of graphene oxide LB films. At the top – Y -type, at the
bottom – Z-type

SEM-images were obtained for graphene oxide LB films (Fig. 5). Monolayers were de-
posited onto solid substrates according to Z-type (transfer during the upward stroke only) and Y-
type transfer (deposition during downward and upward stroke) at surface pressure
π = 19 mN·m−1. The thickness of the films consisted of 4 monolayers.

As can be seen from the figure, the SLGO films on a solid substrate have an island
structure. The individual particles of graphene oxide could be distinguished in the SEM–images.
Particles were distributed more uniformly across the substrate surface for the film obtained by
Y-type transfer than in the film obtained by the Z-type transfer. Upon closer scrutiny, dark
areas of varying intensity can be seen on the surface of the film. This fact is evidence for the
presence of multilayer graphene oxide particles in the film.

The absorbance and transmittance of the LB films were measured (Fig. 6). Absorption
spectra have a typical form and correspond to the spectra obtained by other authors [5]. For
films prepared according to the Y-type transfer, the optical density at the maximum absorption
band was approximately two times greater than the absorbance than the Z-type prepared films.

In the visible region of the spectrum, both films have high transparency – about 90 %
in the wavelength ranging from 400 to 800 nm.

3.1. Conclusion

In this study, we investigated the stability of graphene oxide dispersions in different
solvents. The suspensions of graphene oxide were prepared in acetone, chloroform, THF and
DMF. Suspensions were sonicated in ultrasonic bath. By measuring the sizes of graphene oxide
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FIG. 6. Absorption D(1, 2) and transmittance T (1′, 2′) spectra of graphene oxide
LB films, deposited according to Y -type (1, 1′) and Z-type (2, 2′) transfer

particles, it was shown that sonication for 30 min leads to a reduction in the size of graphene
oxide particles. Further ultrasonic treatment of the solutions had virtually no effect on the
average size of the particles and the distribution of particle sizes. Most stable dispersions of
graphene oxide were prepared in THF.

The physicochemical properties of graphene oxide monolayers at the water – air interface
were studied. From the compression isotherms of monolayers, it was found that for the pressures
in the range of 0 to 2 mN·m−1 monolayer is predominantly in a gaseous state. With further
compression of the monolayer, the particles approach and the film becomes “liquid”. Spreading
a greater volume of graphene oxide onto the surface of the subphase results in a denser particle
packing within the monolayer. For all monolayers, no collapse was registered, despite the rather
large amount of the spread solution.

In the absorption spectra of graphene oxide LB films, a broad band was found in the
ultraviolet and visible region of the spectrum with a maximum at 230 nm. The optical density
of the film obtained according to the Y-type transfer is greater than the optical density of the
film prepared according to the Z-type transfer. The transparency of the films is more than 90 %
in the visible wavelength range (from 400 to 800 nm).

SEM-images show that the films have an island structure. In the pictures, the individual
particles of graphene oxide are clearly distinguished. The films obtained according to the Y-type
transfer were more uniform than films prepared according to than Z-type transfer, which makes
them more promising in terms of their use as conductive coatings.
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The current paper presents results from an extended neutron scattering study of a three-part set of parent and reduced

graphene oxides (GO and rGO, respectively) of different origins. The first part concerns the rGO of natural origin

represented by shungite carbon, the second and third parts are related to synthetic GO/rGO pairs with the latter

produced during either chemical treatment or via thermal exfoliation of the parent GO, respectively. The study

involved both the neutron diffraction and inelastic neutron scattering. The one-phonon amplitude-weighted density

of vibrational states G(ω) represents the inelastic incoherent neutron scattering spectra of the products. Common

characteristics and individual distinctions of the studied species are discussed.
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1. Introduction

Graphene oxide and reduced graphene oxide have become the favorite species for neu-
tron scattering study [1–3]. The hydrophilicity of GO and the hydrophobicity of rGO are
responsible for the intense responses in both cases. The former is promoted by a considerable
retaining of water between individual GO sheets as well as with hydroxyls that are formed
during the interaction of the retained water with epoxy groups on the GO basal plane [3]. In
the second case, the degree to which the rGO circumference is occupied with hydrogen depends
on the rigour of the reduction conditions. C–H bonds formed during the reduction actively
participate in scattering via vibrational excitation of both directly bound and involved in the
vibrations of the carbon core by ‘riding effect’. Combined with the superb sensitivity for neu-
tron scattering on protium, the above features provide a large hydrogen-sensitive method. In
practice, the hydrogen saturation of both GO and rGO is quite variable and dependent on the
chemical protocols for its production and conditions of their storage. The current paper presents
the main findings related to the response of neutron scattering to high variability of GO and
rGO products.

Three types of objects have been studied. The first is the naturally-sourced rGO rep-
resented by shungite carbon (sh-rGO below) [1, 2]. The second covers synthetic GO and rGO
products of the Akkolab company [5] (Ak-GO and Ak-rGO) with the latter produced in the
course of chemical treatment [6]. The third presents a pair of synthetic GO/rGO products, the
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former of which is a free standing GO paper (ppGO) while the latter is produced via the thermal
exfoliation of the parent ppGO (TErGO) [4]. The atom mass contents of the samples alongside
with the per-one-benzenoid-ring chemical formulae are given in Table 1.

TABLE 1. Chemical composition of GO and rGO products, wt%

Products C O H
Chemical formula per

one benzoid ring
References

Shungite
carbon

95.5± 0.6 3.3± 0.4 2.0− 0.7 C6O0.1H1.6−0.7 [7]

Ak-rGO 92.0± 1.0 5.5± 0.5 1.5± 0.5 C6O0.3H1.2 [6]
TErGO 87.1± 0.3 12.1± 0.3 0.5± 0.3 C6O0.7H0.4 [4]
Ak-GO 58.0± 1.0 39.0± 1.0 1.5± 0.5 C6O3H2 [6]
ppGO 56.2± 0.3 40.5± 0.3 0.7± 0.3 C6O3H0.85 [4]

The study involved both the neutron powder diffraction (NPD) and inelastic neutron
scattering (INS). Both studies were performed using the inverted-geometry time-of-flight (TOF)
spectrometer NERA [8] at the high flux pulsed IBR-2 reactor of the Frank Laboratory of Neutron
Physics at the Joint Institute for Nuclear Research.

2. General remarks concerning NPD study

Figure 1 shows a typical picture of the NPD patterns related to the GO and rGO samples.
The picture is common for all the studied samples in general, while differing slightly in details
concerning the width and position of the rGO and GO peaks at ∼ 3.5 Å and ∼ 7 Å that
are equivalent to the allowed Gr(002) and forbidden Gr(001) reflexes of graphite, respectively.
Both peaks are broadened, which gives evidence for a stacked structure with a relevant interlayer
distance. The obtained data concerning the interlayer spacing in the studied samples, as well
as the lateral dimension of the layer, are given in Table 2 (details of the NPD study analysis
are given elsewhere [1–4]). As seen in the table, all the studied samples present graphite-like
stacked structures differing therewith by both the number of layers in the relevant stacks and
the lateral dimensions of the layers. The latter was estimated by the width of Gr(110)-like peaks
positioned at ∼ 1.2 Å.

TABLE 2. NPD structural data

Samples
Peak

position (Å)
Peak width
FWHM (Å)

Number
of layers

Layer lateral
dimension1 (nm)

Graphite 3.35± 0.0002 0.034± 0.001 ∼ 100 > 20

sh-rGO 3.45± 0.0015 0.548± 0.006 5− 6 3− 4

Ak-rGO 3.50± 0.01 0.30± 0.01 7 > 20

TErGO 3.36± 0.01 0.26± 0.01 8 > 20

Ak-GO 7.00± 0.01 1.00± 0.01 2− 3 > 20

ppGO 7.21± 0.01 0.50± 0.01 4− 6 > 20
1The definition > 20 nm marks the low limit of the lateral dimension
of layers pointing that it is bigger than the coherent scattering region
of crystalline graphite equal to ∼ 20 nm along c direction [9]. Actual
layer dimensions are of microsize range [3, 4].



Parent and reduced graphene oxide of different origin in light of neutron scattering 73

FIG. 1. NPD of spectral graphite (Gr) and Akolab products – graphene oxide
(GO) and reduced graphene oxide (rGO), T = 20 K [3]. Gr(hkl) (black) and
Al(hkl) (gray) denote characteristic diffraction peaks of spectral graphite and
cryostat (alongside with sample holder) aluminum at different Miller indexes,
respectively

3. General characteristics of the INS study

Typical INS TOF spectra for synthetic GO and rGO versus the incident neutrons’ wave-
length at low and room temperatures are shown in Fig. 2; the results were exempted from
the background and carbon atoms scattering and identically normalized by the monitor counter.
The temperature dependence is typical for molecular solids and is provided by considerable
enhancement of multi-phonon scattering and a significant smoothing of the entire spectrum as
a whole [10–12]. Both species scatter the neutrons quite intensely, indicating to be hydrogen-
enriched. However, the hydrogenation is quite different in these two cases. While the hydrogen
atoms in retained water play the main role in the hydrophilic GO, whose spectrum is definitely
akin to that of wet graphite oxide (GrO) [13], the ones incorporated in the carbonaceous core
of hydrophobic rGO are responsible in the second case. Synthetic samples were intensely dried
before measuring. As for shungite carbon, the pristine sample contains a considerable amount
of retained water (∼ 4 wt%) [2] which can be removed by prolonged heating at 100 ◦C under
soft vacuum. The transformation of the TOF INS spectrum when passing from wet (1) to dried
(2) shungite is well seen in Fig. 3. The difference between the spectra is due to released water.

Experimentally, differential cross-section is the measure of the INS intensity. It consists
of two parts:

d2σ

dΩdE
=

(
d2σ

dΩdE

)
coh

+

(
d2σ

dΩdE

)
inc

=
∑
n

(
bcohn

)2

Mn

Scoh
n (Q,ω) +

∑
n

(bincn )
2

Mn

Sinc
n (Q,ω) , (1)

that present coherent and incoherent INS [14]. Lengths of neutron scattering, bcohn and bincn , as
well as mass of the n-th nucleus Mn, different for atoms and isotopes of the same atoms,
determine the contribution of a particular nucleus towards the total INS intensity. The presence
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FIG. 2. Time-of-flight INS spectra of Ak-GO and Ak-rGO, recorded at T = 20 K
(black) and 295 K (light gray) normalized by monitor counter to the same number
of incident thermal neutrons flux for the wavelength region (0.8 – 6.8) Å, and
exempted of background and scattering spectrum of graphite. The intensity of
elastic peaks of Ak-GO and Ak-rGO spectra is 35- and 15-fold reduced, respec-
tively [3]

of hydrogen isotope H1 in the studied samples, for which bincn exceeds that of other nuclei by
several times, permits us to use the incoherent inelastic neutron scattering (IINS) cross-section
to calculate the INS spectral intensity. In the framework of commonly used inelastic incoherent
one-phonon scattering approximation, this is expressed as [14]:

σinc
1 (Ei, Ef , ϕ, T ) ≈

√
Ef

Ei

h̄ |Q (Ei, Ef , ϕ)|2

ω

∑
n

(bincn )
2

Mn

exp (−2Wn)

1− exp
(
− h̄ω

kBT

)Gn (ω) , (2)

where, Q (Ei, Ef , ϕ) is the neutron momentum transfer; ω = (Ei − Ef ) is the neutron energy
transfer; exp (−2Wn) is the Debye-Waller factor; Gn (ω) presents the n-th atom amplitude-
weighted density of vibrational states (AWDVS):

Gn(ω) =
∑
j

[
An

j (ω)
]2
δ (ω − ωj) . (3)

Here, An
j (ω) is the n-th atom contribution into the eigenvector of the j-th phonon mode

expressed as the amplitude of the n-th atom displacement at the vibrational frequency ωj .
If the matter consists of different nuclei, each nuclear family superpositionally enters the

total scattering intensity. The maximum contributions of H1, C12, and O16 isotopes form a series
639 : 3.7 : 2.1, thus showing that under equal conditions, the scattering from protium atoms are
173 and 304 times stronger than that of carbon and oxygen atoms, respectively. This allows us
to neglect the contribution of both heavy atomic families into the total scattering intensity thus
presenting it as a mononuclear quantity :
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FIG. 3. Time-of-flight INS spectra from wet (1) and dried (2) shungites and
spectral graphite (Gr) [1]. Curve Al presents background from Al cryostat and
sample holder material. The intensity of elastic peaks is 100-fold, 20-fold and
5-fold reduced for spectra 1, 2, Gr, and background, respectively. Spectra are
summarized over 15 scattering angles and normalized per 10 hours exposition
time at constant power of the IBR-2 equal 1.9 MW

G(ω) =
∑
n

Gn(ω), (4)

which is the hydrogen-partitioned AWDVS. A negligible contribution of carbons atoms in the
studied IINS spectra, which cannot be distinguished from background, is amply demonstrated
in Fig. 3.

4. Comparative analysis of the experimental G(ω) spectra

4.1. Retained water spectra

The IINS G(ω) spectra of the studied samples form two distinct groups. The first is
related to GO partners of the synthetic families as well as to the retained water in shungite
carbon while the second covers spectra of dried shungite (sh-rGO) and two other synthetic
rGOs. Spectra of the first group are given in Fig. 4. The water of shungite carbon (sh-water),
presented in Fig. 4b, is the G(ω) image of the difference between spectra 1 (wet shungite) and 2
(dried shungite) in Fig. 3. Additionally, the NERA spectrum for Ih ice is given in Fig. 4a for
comparison. Since the relevant GO matrices of Ak-GO and ppGO are not hydrogen-rich and
consist of carbon and oxygen atoms [3, 4], their IINS spectra should be attributed primarily to
confined water, whose G(ω) spectra are presented in Fig. 4c and d.

As seen in the figure, evidently, the water spectra of the studied samples have much in
common: all of them involve three parts characteristic for the bulk water, namely: intensity-
dominant B band in the 500 – 600 cm−1 region, less intense A and L bands in the ∼ 100 and
200 – 300 cm−1 regions. These peculiarities are undoubted reflections of similar features for
bulk water (ice) spectrum and can be attributed to rotational (libration) modes (B) and hindered
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FIG. 4. Experimental amplitude-weighted density of vibrational states (AWDVS)
G(ω) spectra: bulk water (Ih ice) (a) and retained water in shungite (b), Ak-
GO (c) and ppGO (d)

translational mode (A and L). As it is well known [15], both the hindered translational and
rotational modes are present in bulk water because of intermolecular hydrogen bonds (HB) that
are formed by each water molecule surrounded by four other ones. Evidently, the configuration
changes when water molecules cannot move freely because of confining geometry due to which
it is quite natural to expect a visible modification of water’s spectrum when passing from bulk to
retained water. As shown in Fig. 4, the spectrum of retained water differs remarkably from that
of the bulk compound. However, the less change is characteristic for sh-water spectrum while
in the case of the Ak-GO and ppGO spectra of GO samples, the changes are so considerable
that one can speak about a drastic modification of the water molecule’s behavior (see detailed
discussion in [3]); therewith, both latter spectra are quite similar. The observed peculiarities are
a result of the confined geometries in which water is bound.

The INS study of retained water has a long history, over the course of which, among
other important issues, considerable attention has been given to the topology of its confined
geometries [16–20]. According to suggested classification, the sh-water spectrum should be
attributed to the spectrum of water retained in pores while Ak-GO and ppGO spectra are char-
acteristic for interlayer confinement. This conclusion is well consistent with our presentation for
the sample structure. In reality, the detailed adsorption [21] and small-angle neutron scattering
(SANS) [22] studies have shown that shungite carbon is a peculiar porous material with two
sets of pores of < 10 nm and ∼ 100 nm lateral dimensions formed by stacks (of 4 – 7 layers
according to Table 2) of hydrophobic nanosize rGO sheets [23]. Conversely, laterally extended
2 – 4 layer stacks of hydrophilic GO willingly retain water between the layers in a manner
similar to GrO [13].

While, as shown [13], the retained water spectrum of GrO remarkably depends on the
hydration degree, a general view on G(ω) spectrum of water retained in a porous matrix [16,
18, 24, 25] does not reveal such an effect. This means that the water interaction with the inner
surface of the pores is weak and the molecules can move quite freely both near the surface and
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in the pore depth. The latter is supported by the sh-water spectrum which deviates negligibly
from the bulk water spectrum (see Fig. 4b). Nevertheless, in spite of weak interaction, the
pore topology causes the spectrum deviations that can be observed. They concern flattering and
downshift of bulk HB bends at ∼ 150 cm−1 and HB stretches at ∼ 224 and ∼ 296 cm−1. A
certain modification of bulk spectrum takes place in the region of librational modes forming a
broad band in the 600 – 1200 cm−1 region. The latter is provided with water molecule rotations
around three symmetry axes whose partial contribution determines the band shape [16]. The
modes conserve their dominant role in the spectra of retained water, despite being downshifted.
Obviously, the spectrum three-ax partial contribution is sensitive to the pore size [16]. Thus,
the downshift of the red edge of band B from 550 cm−1 to 320 cm−1 when going from the bulk
water to retained one in shungite carbon highlights the shungite pore size of a few nm, which
is very consistent with the adsorption and SANS data [21, 22].

In contrast with the sh-water spectrum, the Ak-GO and ppGO spectra in Figs. 4c and d
considerably deviate in the region of translational modes (covering both HB bending (A) and
stretchings (L)) while the intense librational band B is broadened and downshifted in a similar
fashion to the B band in the sh-water spectrum. As was shown in [3], the effect is caused
by the reconstruction of the HB surrounding caused by the interaction with the GO substrates.
Evidently, the effect depends on the chemical composition of the GO basal planes, the number of
GO layers in stacks, the shape of the relevant GO sheets, the lateral size of the sheets, and other
factors. Due to high variability of GO materials with regards to these parameters [7,26–30], one
should expect widely variable INS spectra for samples, which was observed in the two studied
cases.

4.2. rGO spectra

By analyzing IINS G(ω) spectra of rGO samples, one might conclude that a significant
portion of the IINS intensity is caused by the hydrogens present on the carbonaceous skeletons.
The fixation of the interlayer distance in the rGO stacks in all the studied cases from 3.4 –
3.6 Å proves that the relevant hydrogen atoms occupy the circumference (ccf ) area of the rGO
sheets, and as a result, the latter should be attributed to framed ccf oxyhydrides of graphene
(FOHG). Similar to GOs, FOHGs are highly variable by chemical composition, size, and
shape [2, 7, 26–30] and unsurprisingly, their properties also widely change. The latter should be
naturally attributed to the IINS spectra as well. However, since the hydrogen contribution mainly
provides the IINS spectral data, one should expect some similarity in the spectral behaviors.
This turns out to be true, which is illustrated by Fig. 5.

Curves in the left (a – c) panels of Fig. 5 present the G(ω) spectra for the studied
samples recorded with the NERA spectrometer at IBR-2 at JINR (NERA spectra below). The
spectra clearly demonstrate a general similarity for the rGO bodies while their difference in
details can be considered as convincing proof of the matter variability. Not being satisfied with
these general statements, we decided to further scrutinize these results in greater detail. The
obtained spectra are provided by the motion of two groups of atoms, namely: hydrogens located
in the ccf regions and carbons of the graphene-like cores. Vibrational frequencies follow this
division and allow attribution of the spectral region below 800 cm−1 to graphite-like modes, and
above that region – to vibrations of C–H bonds mainly [3, 32]. The fact that the low-frequency
vibrational modes are well pronounced in the discussed spectra is associated with the ‘riding
effect’ caused by the participation of hydrogen atoms displacements in the wave vectors of the
carbon atom modes (see detailed discussion of the effect in [3]). In light of this, the difference
in the (a) – (c) spectra may result from two facts related to changes in either the chemical
composition of the ccf framing of the studied FOHG or in the graphite-like vibrational modes
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FIG. 5. Experimental amplitude-weighted density of vibrational states (AWDVS)
G(ω) spectra. Left – NERA spectra: (a) TErGO [4]; (b) Ak-rGO [3]; and (c) sh-
rGO [1, 2]. Right – ILL spectra: (a) graphite; (b) bill-milled nanographite;
(c) thermally exfoliated rGO (TEGO) and hydrogenated TEGO (H-TEGO)
recorded at the IN4 spectrometer at the HFR in the ILL [31]

of the relevant carbon cores. Such assessment of the situation has recently obtained serious
support based on the study of a set of graphite-like and graphene-like samples at the thermal
neutron source of the Institute of Laue and Langevin (ILL) in Grenoble [31].

Thanks to kind permission of the authors (S.R. and C.C.), G(ω) spectra in the right (a –
c) panels of Fig. 5 reproduce data obtained in the ILL (ILL’s spectra below). In contrast to
the NERA experimental facilities, the latter related to those at the ILL HFR allowed to fix the
coherent INS from carbon atoms, providing parent (a), ball-milled (b) graphite and graphene
TEGO (c) scattering to be above the background. The latter sample presents rGO obtained
via the thermal exfoliation of GrO (produced from the parent graphite as well) under an inert
atmosphere. Taken together, the ILL carbon data exhibit changes in the G(ω) spectra when
going from macroscopic graphite to mesoscopic ball-milled graphite and nanoscopic TEGO,
thus disclosing changes in the behavior of graphite-like phonon modes due to decreasing size
parameters [31]. Clearly, while G(ω) spectrum of graphite (a) significantly reproduces all the
features of the calculated density of states (DOS) of graphite [33] the reduced dimensions of the
grains in bill-milled graphite (b) and TEGO (c) have strong effects on the dynamic properties:
peaks in the density of states progressively broaden, with an increased proportion in the low
frequency part of the spectrum [31].

When comparing the discussed ILL G(ω) spectra with the NERA ones present in the
left panels of Fig. 5, it is easy to note that the size reduction clearly comes out in the latter
when passing from TErGO to sh-rGO within the family. Comparing the spectra of the two sets,
it is clearly seen that the TErGO left spectrum is extremely similar to the right spectrum of the
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parent graphite while the right TEGO and TEGO-H spectra are very similar to the sh-rGO one.
These findings are consistent with microsize lateral dimension of both TErGO and graphite
samples while nanosize dimensions of sh-rGO as well as TEGO and TEGO-H are matched
quite perfectly, thus making a convincing case for the decisive role of rGO sheet size for the
appearance of the DOS of their vibrational states. As for the Ak-rGO spectrum, its changing
from that of the TErGO and sh-rGO ones definitely proves the changing dimensions for the
sample from the two mentioned above. However, the change is much more significant than
caused by bill-milling, while revealing therein a particular change in the DOS spectrum for the
carbons’ vibrational states.

Considering both the NERA and ILL spectra, until now, we have mainly concentrated
on the spectral range below 800 cm−1. However, all the NERA spectra as well as the ILL H-
TEGO spectrum (right (c) panel) show well-pronounced features above that region, quite similar
to all the other spectra. As is shown in [3, 32], the region is characteristic for the non-planar
deformational vibrations of C–H units that mainly contribute into framing of FOHG under the
presence of hydrogen. The observed transformation of the ILL TEGO and H-TEGO spectra,
caused by the additional hydrogenation of TEGO, supports this conclusion directly.

5. Conclusion

The current paper presents results from an extended neutron scattering study of a set
of graphene oxide (GO) and reduced graphene oxide (rGO) products of different origins. The
neutron diffraction patterns confirmed that the stacking structures of all the species consisted
of a number of layers of nanosize (natural product) and microsize (synthetic products) lateral
dimension and the interlayer distances of 7.0 – 7.2 and 3.4 – 3.5 Å for GO and rGO, respectively.
The performed INS study has convincingly shown that neutron scattering clearly distinguishes
GO and rGO species and amply exhibits both common features and differences related to the
compounds of both families. If the retained water in GOs and graphene-hydride nature of rGOs
provide the commonality for dynamic properties within each compound family, the difference
in the relevant sheet topology is responsible for a noticeable variability between them. This
study has convincingly shown the topochemical nature of large polyvariance of both GO and
rGO products.

Acknowledgements

The authors are grateful to S. Rols and C. Cavallari for supplying with the data obtained
in the course of experiments at the IN4 spectrometer at the ILL HFR as well as for fruitful
discussions and kind permition to use the data at our discretion.

References

[1] Sheka E.F., Rozhkova N.N., Natkaniec K.I., Holderna-Natkaniec K. Neutron scattering study of reduced
graphene oxide of natural origin. JETP Lett., 2014, 99, P. 650–655.

[2] Sheka E.F., Rozhkova N.N., Holderna-Natkaniec K., Natkaniec I. Nanoscale reduced-graphene-oxide origin
of shungite in light of neutron scattering. Nanosystems: Phys. Chem. Math., 2014, 5 (5), P. 659–676.

[3] Natkaniec I., Sheka E.F., et al. Computationally supported neutron scattering study of parent and chemically
reduced graphene oxide. J. Phys. Chem. C, 2015, 119 (32), P. 18650–18662.

[4] Sheka E.F., Natkaniec I., Mel’nikov V.P., Druzbicki K. Nanosystems: Phys. Chem. Math., 2015, 6 (3),
P. 378–393.

[5] AkKoLab LLC, URL: www.akkolab.ru.
[6] Tkachev S.V., Buslayeva E.Yu., et al. Reduced graphene oxide. Inorg. Mater., 2012, 48, P. 796–802.
[7] Sheka E.F., Golubev E.A. About technical graphene – reduced oxide graphene- and shungite – its natural

analogue. Zn. Tehn. Fiz., 2016, 86 (submitted).



80 E. F. Sheka, I. Natkaniec, N. N. Rozhkova, E. Yu. Buslaeva, S. V. Tkachev, et al.

[8] Natkaniec I., Chudoba D., et al. Parameters of the NERA spectrometer for cold and thermal moderators of
the IBR-2 pulsed reactor. J.Phys.: Conf. Series, 2014, 554, 012002.

[9] Opalev S.V., Belenkov E.A. Experimental study of changing graphite structure under milling. (in Russ.)
Izvestiya Chelyabinskogo Nauchnogo Centra, 2004, 3, P. 27–30.

[10] Bokhenkov E.L., Natkaniec I., Sheka E.F. Determination of density of phonon states in a naphthalene crystal
on basis of inelastic incoherent neutron scattering. Zh. Exp. Teor. Fiz., 1976, 70, P. 1027–1043.

[11] Kolesnikov A.I., Bokhenkov E.L., Sheka E.F. Multiphonon coherent scattering of neutrons in a naphthalene
crystal. JETP, 1984, 57, P. 1273–1278.

[12] Johnson M.R., Parlinski K., Natkaniec I., Hudson S. Ab initio calculations and INS measurements of phonons
and molecular vibrations in a model peptide compound – urea. Chem. Phys., 2003, 291, P. 53–60.

[13] Buchsteiner A., Lerf A., Pieper J. Water dynamics in graphite oxide investigated with neutron scattering. J.
Phys. Chem. B, 2006, 110, P. 22328–22338

[14] Marshall W., Lovesey S.W. Theory of Thermal Neutron Scattering, Oxford, 1971.
[15] Finney J.L. Water? What’s so special about it? Phil. Trans. R. Soc. Lond. B, 2004, 359, P. 1145–1165.
[16] Crupi V., Majolino D., Migliardo P., Venuti V. Neutron scattering study and dynamic properties of hydrogen-

bonded liquids in mesoscopic confinement. 1. The water case. J. Phys. Chem. B, 2002, 106, P. 10884–10894.
[17] Kolesnikov A.I., Zanotti J.-M., Loong C.-K., Thiyagarajan P. Anomalously soft dynamics of water in a

nanotube: a revelation of nanoscale confinement. Phys. Rev. Lett., 2004, 93, 035503.
[18] Corsaro C., Crupi, V., et al. Inelastic neutron scattering study of water in hydrated lta-type zeolites. J. Phys.

Chem. A, 2006, 110, P. 1190–1195.
[19] Chen S.-H., Loong C.-K. Neutron scattering investigations of proton dynamics of water and hydroxyl species

in confined geometries. Nucl. Eng. Techn., 2006, 38, P. 201–224.
[20] . Bertrand C.E., Zhang Y., Chen S.-H. Deeply-cooled water under strong confinement: neutron scattering

investigations and the liquid-liquid critical point hypothesis. Phys. Chem. Chem. Phys., 2013, 15, P. 721–745.
[21] Rozhkova N.N., Emel’yanova G.I., et al. From stable aqueous dispersion of carbon nanoparticles to the

clusters of metastable Shungite carbon. Glass Phys. Chem., 2011, 37, P. 613–618.
[22] Avdeev M.V., Tropin T.V., et al. Pore structures in shungites as revealed by small-angle neutron scattering.

Carbon, 2006, 44, P. 954–961.
[23] Sheka E.F., Rozhkova N.N. Shungite as the natural pantry of nanoscale reduced graphene oxide. Int. J. Smart

Nano Mater., 2014, 5, P. 1–16.
[24] Hall P.G., Pidduck A., Wright C.J. Inelastic neutron scattering by water adsorbed on silica. J. Colloid.

Interface Sci., 1981, 79, P. 339–349.
[25] Sheka E.F., Khavryutchenko V.D., Markichev I.V. Techonological polymorphism of disperse amorphous sili-

cas: inelastic neutron scattering and computer modelling. Russ. Chem. Rev., 1995, 64, P. 389–414.
[26] Kuila T., Bose S., et al. Chemical functionalization of graphene and its applications. Progr. Mater. Sci., 2012,

57, P. 1061–1105.
[27] Luo J., Kim J., Huang J. Material processing of chemically modified graphene: Some challenges and solutions.

J. Acc. Chem. Res., 2013, 46, P. 2225–2234.
[28] Chua C.K., Pumera M. Chemical reduction of graphene oxide: a synthetic chemistry viewpoint. Chem. Soc.

Rev., 2014, 43, P. 291–312.
[29] Zhao J., Liu L., Li F. Graphene Oxide: Physics and Applications. Springer, 2015.
[30] Kumar P.V., Bardhan N.M., et al. Scalable enhancement of graphene oxide properties by thermally driven

phase transformation. Nature Chem., 2014, 6, P. 151–158.
[31] Cavallari C., Pontiroli D., et al. Hydrogen on graphene investigated by inelastic neutron scattering. J. Phys.

Conf. Series, 2014, 554, 012009.
[32] Druzbicki K., Natkaniec I. Vibrational properties of water retained in graphene oxide. Chem. Phys. Lett.,

2014, 600, P. 106–111.
[33] Bousige C., Rols S., et al. Lattice dynamics of a rotor-stator molecular crystal: fullerene-cubane C60·C8H8.

Phys. Rev. B, 2010, 82, 195413.



NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2016, 7 (1), P. 81–86

Etching of wrinkled graphene oxide films
in noble gas atmosphere under UV irradiation

A. E. Aleksenskii, S. P. Vul’, A. T. Dideikin, V. I. Sakharov,
I. T. Serenkov, M. K. Rabchinskii, V. V. Afrosimov

Ioffe Institute, St. Petersburg, Russia

Maxrabchinskii@gmail.com

PACS 68.65.Pq DOI 10.17586/2220-8054-2016-7-1-81-86

We have studied the process of UV reduction of wrinkled grahpene oxide films, deposited on silicon substrate from

ethanol suspension. In order to avoid destruction of graphene oxide via ozone formation from ambient air, samples

were protected by argon atmosphere during UV irradiation. Using the analysis of back scattering spectra for medium

energy ions, we have found that the UV irradiation mediated reduction process produced significantly decreased

carbon content on the substrate surface. The decrease in the carbon content was accompanied by a smoothing of

the films during reduction to graphene. We suppose that the observed effect is related to the oxidation of carbon

atoms in the graphene scaffold of graphene oxide to carbon monoxide or dioxide by the oxygen from the graphene

oxide (GO) itself. One has to consider this when developing a process for the preparation of graphene films using

the UV-mediated reduction of graphene oxide.
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1. Introduction

The reduction of graphene oxide is one of the most promising ways to form large scale
conducting transparent films for a variety of applications, including solar sells, displays as well
as LED light sources and field emitters [1, 2]. Today, effective methods for preparation of
high quality large domain graphene oxide in the form of aqueous suspension are ready for
industrial application [3]. The only problem still remains is to develop an effective and flexible
method for the reduction of graphene oxide (GO) into graphene which obviates the need for
high temperature or aggressive reducing agents, such as hydrazine thus avoiding damage to and
contamination of the formed graphene film [4]. Using UV irradiation could be a promising
approach for the mild preparation of graphene films on a broad variety of substrates [5,6]. Due
to relatively low binding energy of epoxy and hydroxyl groups in GO, excitation of the electron
structure, resulting from absorption of UV photons is able to release these moieties from the
graphene sheet in the absence of a reducing agent or heating. It is also important for future
applications of GO/graphene films that UV irradiation is compatible with photolithography
techniques currently available in the electronic industry.

Although the UV method of GO reduction does not require heating of the substrate
with deposited GO film or exposing it to active chemical reagents, the probability of incidental
photochemical reactions with ambient atmosphere or functional groups present in the GO should
be considered when devising a practical UV reduction of GO. Thus, it is reasonable to suppose
that the results of UV irradiation could be dependent upon the morphology and the chemical
composition of GO. One should also take into account the fact that GO itself does not possess
the determined ratio between C–O–C and C–OH groups. The composition of the continuous GO
sheet (neglecting the edge) can be described by following formula: (C2O)x(COH)(x−1) where
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0 < x < 1. That’s why the samples of GO prepared under different oxidation conditions will
possess varying compositions and thus abilities for reduction.

Recently, we have developed the method for preparation the large domain single layer
GO sheets with perfect crystalline structure [7]. We have also demonstrated the preparation of
single layer GO films on silicon substrates as well as the graphene films obtained by thermal
reduction of GO films under a hydrogen atmosphere. However, it was later shown that the
applied method of reduction provided partially hydrogenated graphene and consequently, did
not allow us to obtain products with sheet resistance less than several kΩ/sq. The reliable
method of in vacuo thermal treatment [8] requires temperatures exceeding 900 ◦C, which makes
it incompatible with a majority of potential substrates, including organic polymers. In our search
for a more effective and flexible method for the preparation of highly conductive graphene
layers, we have chosen the UV irradiation of GO films on the surface of silicon substrates.

The goal of the present work was to study the process of preparation the graphene films
using UV irradiation for reduction of GO sheets on silicon substrates.

2. Experimental

Graphite Oxide aqueous suspension was prepared by enhanced Hummers method [9]
from natural crystalline graphite. In order to remove small particles and residual graphite, the
obtained suspension was centrifuged at 1500 RCF, forming 4 wt% solution, which was subse-
quently diluted by ethanol at ratio 1:500 to obtain the final suspension, suitable for deposition
on substrates. Size distribution of Graphite Oxide particles in initial water and final ethanol
suspensions was measured by Optical Diffraction method, using Malvern Mastersizer 2000.
Preparation of several layer graphene films on the surface of silicon substrates included deposi-
tion the droplets of ethanol suspension to the horizontally-positioned substrates and subsequent
drying in air at room temperature. Due to excellent wettability of silicon by ethanol suspension,
the surface of each sample was fully covered thus forming a continuous GO film after drying
without any additional measures like rotation of the substrate. We assumed that applying the
freely-spreading ethanol suspension on a silicon surface will allow us to avoid the use of the
complicated Langmuir – Blodgett technique for forming several layer GO films. Graphite Ox-
ide films, formed on silicon wafer, were analyzed by scanning electron microscopy with GEOL
GSM3001F instrument.

As a source of UV irradiation, we applied the 30 W deuterium lamp with quartz window
with wavelengths ranging from 186 – 360 nm. Samples were placed at 5 mm behind the quartz
window of lamp in the quartz cylinder with pure argon gas flow at normal pressure. Noble gas
is necessary in order to avoid the generation of ozone by UV irradiation from ambient oxygen
and therefore prevent damage to the reducing graphene film by the reaction with active oxygen
species.

Argon gas also played role of coolant to avoid significant increasing of sample temper-
ature under irradiation. Adjusted gas flow was at 150 cm3 per minute and the duration of UV
irradiation was 1 hour.

Reduction of Graphite Oxide films under UV irradiation was analyzed using: UV-Vis
spectroscopy, performed on a Shimadzu UV 2450; IR-spectroscopy, performed on Infralum 08
FTIR spectrometer with attenuation total reflectance attachment, and by analysis and reciprocal
modeling of reverse backscattering spectra of medium energy ions (RBS). Medium Energy Ion
Spectrometry combined with ion channeling method also provided possibility to estimate the
element (C,O) amounts. In our previous work [10], we have demonstrated the usability and
high efficiency of applying RBS for observing the structure and composition of atomically thin
films on the surface of perfect crystals as a result of the channeling effect.
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3. Results and discussion

Figure 1 demonstrates the size distribution of separate graphite oxide platelets in prepared
suspension, measured by optical diffraction method (OD), and structure of formed GO film on
silicon substrate. One sees, that the average size of graphite oxide particles is about 50 µm,
much larger than that usually obtained using the common Hummers method [11]. This is rather
important, especially in the case of following formation of large scale conducting transparent
films, due to the decreasing of degree of platelets boundaries influence on optical and electronic
properties. A SEM image of the prepared graphite oxide film on silicon wafer, presented at
Fig. 1b demonstrates presence of wrinkles on GO flakes deposited onto the silicon surface.
However, the presence of wrinkles is unlikely to contribute to the overall resistance of reduced
graphene film because, as estimated from the SEM image, the curative radius in each wrinkle
is incomparable to the thickness of a single layer of graphene film.

a b

FIG. 1. a) size distribution of GO particles in aqueous suspension; b) SEM image
of the GO film deposited on the surface of silicon substrate

Reduction of the graphite oxide film was confirmed by UV-Vis spectroscopy and FTIR
spectroscopy, which are presented in Fig. 2. The UV-Vis spectrum of the initial graphite oxide
contains two peaks – at 300 nm, attributed to n-π* transitions in C=O, and 230 nm attributed
to π-π* transitions of C=C in amorphous carbon system [12] – and absence of absorption at
wavelengths from 500 to 1000 nm. However, the UV-Vis spectrum of graphite oxide film after
1 hour UV irradiation has specific changes, in particular, the peak at 300 nm has disappeared,
the peak at 230 nm has shifted to 260 nm, and absorption at wavelengths from 500 to 1000 nm
have significantly increased, which confirms reduction of the sample. In order to prove this fact,
we measured IR spectra of initial graphite oxide and graphite oxide film after 1 hour of UV
irradiation. The IR spectrum of the initial GO has several distinguishing features, determining
presence of functional groups: region at 3000 – 3700 cm−1, corresponding to hydroxyl groups
and water molecule deformations, peaks at 1720 cm−1 (carboxyl), 1620 cm−1 (interlayer water),
1040 and 1365 cm−1 (hydroxyl groups), 1160 cm−1 and shoulder at 1220 cm−1, corresponding
to epoxide groups [13,14]. After treatment, the IR spectrum has significant changes – absorption
at 3000 – 3700 cm−1 (hydroxyls, water and carboxyl) are significantly decreased, the peak for
interlayer water (1620 cm−1) also disappears and peaks at 1580 and 1430 cm−1, corresponding
to C=C and C–C vibrations, increases. However, peaks that correspond to epoxide and hydroxyl
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functional groups still remain almost unchanged. This observation can be explained by the fact
that the formed film has a several-layered structure and reduction of the film by UV irradiation
occurs only for a finite number of the top layers. During reduction, light absorption of these
uppermost layers significantly increases due to the transition from GO to graphene electronic
structure. Consequently, the intensity of UV radiation reaching the bottom layers isn’t enough
to reduce them. As a result, the underlying layers of GO still remain unreduced and maintain
their contribution to the averaged data of the FTIR spectrum.

a b

FIG. 2. UV-Vis spectra (a) and IR spectra (b) of initial graphite oxide (1) and
reduced graphite oxide (2)

These results are in good agreement with data, reported in [15]. Actually, the energy
of UV photons of wavelengths ranging from 186 – 360 nm is enough to overcome the energy
barrier for the removal of OH as well as CO groups from the surface of graphene sheet.

For further investigation of structural and chemical changes during reduction process, we
utilized Medium Energy Ion Spectrometry with analysis of energy spectra of 96 keV protons,
back scattered to 120 ◦ from the structure under investigation (silicon single crystal having a
natural SiO2 surface layer of about 1 nm thickness on which GO layer was deposited).

The obtained spectra are presented in Fig. 3. Curve 1 corresponds to the GO film before
UV irradiation, while curve 2 corresponds to the film after UV irradiation. The measurements
were performed in channeling regime and therefore the signal from bulk silicon was suppressed
for about 30 times compared to that in ‘random’ orientation regime. The level of bulk silicon
signal is depicted in Fig. 3 by dashed curve. On this pedestal there are three peaks: carbon (73 –
76 keV), oxygen (77 – 80 keV) and silicon (83 – 86 keV), corresponding to amorphous phases
of structure. The ion back scattering yield from these phases is insensitive to measurement
regime (channeling or ‘random’). Note that besides signal from Si atoms of amorphous SiO2

layer, the silicon peak contains that from Si atoms, forming so-called surface peak.
Comparison of the carbon peaks in curves 1 and 2 shows a 3-fold carbon content

decrease, whereas the corresponding value for oxygen is only 1.2-fold. This is because the
basic part of oxygen belongs to SiO2 layer and is therefore insensitive to UV radiation.

Comparison of the carbon peaks obtained from the films before and after UV irradiation
demonstrates the noticeable etching the GO film simultaneously with its reduction. The observed
effect can be explained by the fact that graphene oxide is an intermediate state of carbon
oxidation. The functional groups that terminate the dangling π-bonds on the surface of graphene
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FIG. 3. The energy spectra of H+ ions having the initial energy of 96 keV back
scattered from GO deposited on Si single crystal before (1) and after (2) the UV
irradiation

sheet like hydroxyl (OH) and epoxy (C2O) can be simply removed by excitation in the following
process:

(COH)x + h̄ω → Cx +
1

2
xH2O +

1

4
xO2

( or (COH)x + h̄ω → Cx + xOH∗ and 2OH∗ → H2O + O∗) .

As it was demonstrated in [16], this path is related to the extraordinary strength of σ-bonds
between carbon atoms inside the graphene plane. The presence of wrinkles or edges can
significantly affect the hardness of C–C bonds and give rise for probability of alternative paths
for the process in GO films under UV irradiation:

CxC2O + h̄ω → Cx+1 + CO,

or even
Cx(COOH)4 + h̄ω → Cx+2 + 2H2O + 2CO.

The observed smoothing of the carbon film under UV irradiation shows that the process
related to recession of carbon from the graphene film takes place specifically at wrinkles formed
by GO during the deposition process.

4. Conclusions

We have demonstrated the successful reduction of GO films by UV irradiation in argon
gas atmosphere on silicon substrates at room temperature. We have also observed the effect
of smoothing the wrinkled GO films accompanied by the noticeable decrease in the carbon
content of the GO film subsequent to UV irradiation. The probable explanation of the observed
etching of wrinkled GO films is in further oxidation of the graphene plane of GO by its own
oxygen with formation of carbon monoxide or carbon dioxide gases under UV excitation. This
effect can be applied for simultaneous smoothing the graphene films while preparation them for
optical and electronic applications. It should also be noted that the UV reduction of GO can be
used for the preparation of 3D graphene for energy storage of electrochemical applications.
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This paper presents the results for the quantum-chemical modeling of V2 and V – C = C – V divacancy defects

configurations on the C(111) – 2×1 diamond surface. We provide calculations for the geometric, electronic, and

energy characteristics for these configurations. Energy characteristics of water and hydrogen molecule adsorption

on the surface with divacancy defects are estimated. The presence of V2 and V – C = C – V divacancy defects are

shown to change the mechanism and energy characteristics of molecular adsorption.
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1. Introduction

The properties of diamond are largely determined by its defects, both from its formation
and arising during subsequent processing, ion implantation [1]. Vacancy defects are among
the most important ones, as they not only have a significant impact on diamond growth, but
also can change its optical and electronic properties. When a defect is formed, certain effects
such as surface reconstruction, local re-hybridization of electron states, or even binding and
bond rupture of the surface atoms may significantly affect the energy and the dynamics of
heterogeneous chemical reactions and greatly complicate the existing models of adsorption and
desorption. Experimental and theoretical works have mainly been devoted to studying the
stability and influence of the vacancy and divacancy defects on the bulk properties of diamonds.
Therefore, it is vital to have a comprehensive study of surface defects at the atomic level.
Surface point defects can significantly modify the properties of dielectrics and wide-band gap
semiconductors. However, it is not always possible to clearly define the structure and properties
of the defects based on experimental data. In such a situation, quantum-chemical modeling is
of particular interest.

Single vacancies and divacancies on the C(100) – 2×1 diamond surface have been pre-
viously studied using density functional theory (DFT) calculations [2]. Calculations indicated
that the formation energy of a monovacancy is 2.97 eV, whereas that of a divacancy is 1.28 eV.
A theoretical paper [3] found a metastable monovacancy state, and provided research on the
adsorption of atomic and molecular hydrogen in the vicinity of the vacancy defects. The results
for quantum-chemical calculations of structural, electronic, and energy characteristics of the
water chemisorption on the C(100) – 2×1 diamond surface with a vacancy defect are outlined
in [4]. The authors of [5] used DFT methods to study the impact of vacancies on the structure
of diamond nanoparticles and indicate graphitization of the area around the vacancy. In [6],
results were presented for the study of bulk defects in diamond grown by chemical vapor depo-
sition (CVD), using optical absorption, luminescence, and electron spin resonance techniques.
The vacancy was shown to lead to the appearance of some permitted levels in the band gap
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of diamond (Ec – 3.2 eV) and optical absorption, 1.63 eV for vacancies and 2.543 eV for
divacancies.

V – C = C – V divacancies in bulk diamond have been investigated in [7] by DFT calcu-
lation. An isolated V – C = C – V divacancy was found to be very stable and was separated by a
high barrier of 5 eV from the divacancy of two missing adjacent carbons, V2. The appearance of
these defects on the surface of radiation-damaged diamond is accompanied by the formation of
graphitic sp2-bonds in the material [1, 5]. Nevertheless, the question of the sp2-bond formation
effect on the properties of radiation-damaged diamond still remains open.

This paper presents results for calculations of the geometric, electronic, and energy
characteristics, adsorption properties of V2 and V – C = C – V divacancy defects on the diamond
(111) – 2×1 surface.

We used a C123H79 cluster that reproduces a clean reconstructed C(111) – 2×1 surface
and comprises six atomic layers. The dangling bonds of carbon atoms at the edge of the
cluster, spreading into volume, were saturated with hydrogen atoms (a monovalent pseudoatom
model). Quantum-chemical simulation was performed using the quantum chemical methods:
semiempirical – PM6 (MOPAC software package) and Hartree-Fock ab initio (PC GAMESS
software package). Geometry optimization was carried out by finding the minimum of the total
energy by a gradient method. Ab initio calculations were performed using RHF approximation
which does not lead to the ground state of the system, so the results are estimates. The aim
of this work is a comparative calculation of electronic and energy characteristics of divacancy
defect configurations on the C(111) – 2×1 surface, as well as energy characteristics of water and
hydrogen molecule adsorption on a surface containing divacancy defects. The methodology for
this calculation is described in detail in [3, 4].

2. Clean reconstructed C(111) – 2×1 surface

The reconstruction of a clean C(111) diamond surface was found to be in agreement with
the model of π-bound Pandey chains [8]. Fig. 1a shows a model of the C(111) – 2×1 surface
with Pandey chains (top view). The length of the bonds between the atoms in the chain on the
surface is the same for all atoms (1.47 Å), the distance between the chains is 4.37 Å. This leads
to a weaker interaction between the atoms of different chains than in the middle of the same
chain. The length of the bonds between the atoms in the second-layer chain is 1.56 Å [2].

On the (111) diamond surface, no significant charge sharing between the atoms of
the first and second layers is observed. On the surface chain atoms, there is a negative charge
−(0.010−0.018)e, on the second-layer chain atoms there is a positive charge +(0.008−0.016)e.
The bond orders between the carbon atoms in the surface chains are ∼ (1.080− 1.106), in the
second-layer rows ∼ (0.952− 0.966), the valence is 3.947− 3.966.

The orbitals of the atoms in the surface chain have a hybridization close to an sp2 + p
type: 3 low-energy sp2-hybrid orbitals with a high s-component form covalent σ-bonds with the
adjacent atoms, and a practically unhybridized high-energy p-orbital oriented perpendicular to
the plane of the surface is involved in forming a delocalized electron cloud as a result of orbital
overlap with first-layer neighboring atoms. Thus, the atoms in the surface chains are bound to
each other by π-bonds with the presence of π − π conjugation. The atoms in the second-layer
chains have sp3-type hybridization, orbitals with a high s-component form 4 covalent σ-bonds
with the neighboring atoms, similar in characteristics to the bonds in a bulk diamond structure.

3. V2 divacancy defect and V – C = C – V defect on the C(111) – 2×1 surface

A V2 divacancy defect on a C(111) – 2×1 surface was simulated by the removal of two
carbon atoms of the neighboring nodes of the cluster and the subsequent geometry optimization.
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FIG. 1. Fragment of a cluster simulating the C(111) – 2 × 1 surface: a) a model
of a reconstructed C(111) – 2× l surface with Pandey chains; b) with a V2 defect,
A-configuration; c) with a V – C = C – V defect. Light-gray color indicates the
carbon atoms of the cluster, dark-gray indicates the upper surface Pandey chain
atoms, black highlights the atoms in the defect, V are vacancies in the upper
surface Pandey chain

The search for equilibrium defect geometries was implemented by varying the positions of
the atoms surrounding the divacancy within the first and the second atomic layer in directions
perpendicular to and along the surface.

We built divacancy models where the vacancies were located in various surface chains.
So, we considered the following configurations:

A – the vacancies are located in the neighboring 18 and 19 nodes of the top Pandey
chain (V18 and V19); B – in the neighboring nodes of the lower Pandey chain V11 and V12;
C – V11 and V in the third layer; D – in the nodes of the upper and lower chains V19 and V12.

Of all the configurations under investigation, the A-configuration had the minimum
energy (Fig. 1b). In the B-configuration, the total energy of the surface was 1.67 eV higher,
in the C-configuration it was higher by 5.69 eV, and in the D-configuration – by 3.32 eV.
Calculation of the activation energy of a V2 defect migration from the D-configuration to the
A-configuration resulted in a value of ∼ 4.47 eV.

Now, we consider V2 vacancy defects in configuration A on the C(111) – 2×1 surface
(Fig. 1b). When a divacancy appears, it restructures the surface area around the divacancy,
which mainly affects the atoms of the two surface layers, that is, the atoms of the upper and
lower Pandey chains. There were two new bonds C12 – C20 and C17 – C25 between the atoms
of the upper and lower chains. It can be assumed that there is greater mobility for atoms in
the chains compared to the deeper layers of the surface and the absence of dangling bonds in
the A-configuration divacancy which is the cause for the minimum value of the total energy for
this configuration.

The lengths of the C – C bonds on the V2 divacancy perimeter are d = 1.51 − 1.58 Å.
The C20 – C21 and C17 – C16 double bonds have an order of 1.43 and a length of d = 1.41 Å.
There is a charge distribution in such a way that a −(0.38− 0.42)e negative charge is localized
on the C20 and C17 atoms, respectively, and a positive one +(0.17− 0.25)e is localized on the
neighboring atoms. There has been no change in the orbital hybridization of atoms around V2:
the upper chain atoms C16 ... C21 are in sp2 + p hybrid state, while the lower chain atoms are
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in sp3-hybridization. However, both the charge distribution between the atoms and the existence
of high-energy p-orbitals in the C17 and C20 atoms are involved in the formation of π-bonds
with the C16 and C21 atoms positions these atoms as potential adsorption centers.

When we simulated the V – C = C – V defect, we considered the configurations in which:
carbon atoms C19 = C18 and vacancies V20 and V17 are in the upper surface chain nodes
(Fig. 1c); carbon atoms C11 = C12 and vacancies V10 and V13 are in the lower surface chain
nodes; carbon atoms C11 = C12 are in the lower chain and vacancies V4 and V19 are in the
nodes of different upper chains; carbon atoms C19=C18 are in the upper chain, V17 is in the
upper chain and V12 is in the lower chain.

The total energy values for the V – C = C – V defect configuration vary in the range of
3.5 eV, the minimum energy corresponds to the configuration shown in Fig. 1 (both carbon
atoms and vacancies are in the upper chain).

The lengths of the C – C bonds on the V – C = C – V defect perimeter are d = 1.42 −
1.64 Å. The C18 – C19 bond has an order of 2.79 and a length d = 1.22 Å indicating a triple
bond. It should be noted that there is a slight charge distribution between the carbon atoms
in the vacancy. On the atoms belonging to the upper chain, there is a negative charge of
−(0.01 − 0.08)e, while on the lower chain atoms, there is a positive charge +(0.03 − 0.10)e.
The orbital hybridization of atoms C18 and C19, having a triple bond between them, is close
to the sp + 2p type, and atoms of the upper chain C10 and C21 are in an sp2 + p hybrid
state, while the lower chain atoms have sp3-hybridization. Thus, the existence of high-energy
p-orbitals involved in the formation of π-bonds between the atoms C18 and C19 makes them
preferential sites for active adsorption.

The value of the total energy of the surface with the V2 defect is 3.8 eV lower than
the total energy of the surface with the V – C = C – V defect. In this study, we simulated the
transformation (transition) of the V – C = C – V defect into the V2 divacancy. The activation
energy of the transition is 8 – 10 eV, which indicates a very low probability of the V – C = C – V
to V2 conversion by thermal motion of the atoms or even as a result of annealing.

4. Interaction of molecules with divacancy defects

To simulate the adsorption properties of the C(111) – 2×1 surface with vacancy defects,
we selected a nonpolar hydrogen molecule and a dipolar water molecule as adsorbate particles.
Adsorption modeling was performed for the ground states of defects shown in Fig. 1b,c.

Adsorption of an H2 molecule on the ordered C(111) – 2×1 surface occurs dissociatively,
hydrogen atoms form bonds either with the neighboring atoms of the upper surface Pandey chain
(Eact = 2.03 eV, q = −0.47 eV), or with carbon atoms of the adjacent upper Pandey chains
(Eact = 2.37 eV, q = −0.69 eV).

For dissociative adsorption of molecular hydrogen onto the carbon atoms in the V2

divacancy region, an activation energy Eact = 1.16 eV is required for adsorption on the atoms
C17 and C20; Eact = 1.66 eV for adsorption on the atoms C17, C16 (C20, C21) and 1.45
eV for adsorption on the atoms C17, C4 (C20, C4). All calculated values of activation energy
of hydrogen chemisorption are much lower than the binding energy in the H2 molecule (Eb =
4.47 eV), which indicates that there is a weakening (loosening) of chemical bonds in the
molecule at the surface. Moreover, in the divacancy area, the weakening of H – H bond in a
hydrogen molecule is more pronounced than on an ordered surface.

For dissociative chemisorption of a water molecule, the same pairs of the atoms were
chosen as adsorption sites as in the previous case (for a hydrogen molecule). The results for the
calculations of energy adsorption characteristics are presented in Table 1.
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TABLE 1. Energy characteristics of adsorption of molecules on the C(111) – 2×1
surface with a V2 divacancy

XXXXXXXXXXXXAds. centers
Molecule C17 and C20 C17 and C16 C17 and C4

Eact (eV) q (eV) Eact (eV) q (eV) Eact (eV) q (eV)

H2 1.16 −1.42 1.66 −1.18 1.45 −1.28
H2O 0.31 −1.65 0.43 −1.47 0.40 −1.58

We detected a state of physical adsorption of a water molecule at a distance r(C−O) =
3.7 Å, characterized by the activation value Eact = 0.10 eV, and the heat of adsorption
q = −0.12 eV. It should be noted that physical adsorption of water molecules for the ordered
C(111) – 2×1 surface is not observed.

Let us consider the dissociative chemisorption of the molecules on the C(111) – 2×1
surface with a V – C = C – V defect. The C18 and C19 atoms may form both mono- and
dihydride states. In a monohydride state (Fig. 2a), each of the carbon atoms is bonded to one
atom of hydrogen and the C18 – C19 connection becomes a double bond. When a dihydride
state forms, for example, on a C18 atom, the C18 – C19 bond becomes single, and the C19 atom
forms a new bond with C21, while C18 forms two bonds with hydrogen (Fig. 2b). This state is
characterized by the highest value of the heat of adsorption (Table 2).

FIG. 2. Fragment of a cluster modeling a C(111) – 2× 1 surface with a
V – C = C – V defect: a) monohydride states of atoms C18 and C19; b) dihydride
state of the atom C18; c) results of water chemisorption by the H2O→ O + H + H
mechanism. Light-gray color indicates carbon atoms of the cluster, dark-gray
stands for the upper surface Pandey chain atoms, black – atoms in the defect, V
are vacancies in the upper surface Pandey chain
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TABLE 2. Energy characteristics of adsorption of molecules on the C(111) – 2×1
surface with a V – C = C – V defect

H
HHH

HHH
HH

Ads.
centers

Molecule C18 and C19 C19 and C21 C18 and C16
C18,

dihydride

Eact (eV) q (eV) Eact (eV) q(eV) Eact (eV) q (eV) Eact (eV) q (eV)

H2 1.41 −2.71 1.53 −2.54 1.65 −2.23 1.63 −2.85
H2O 0.12 −3.1 0.09 −2.82 0.07 −2.90 — —

Dissociative chemisorption of a water molecule by the H2O → OH+H mechanism on
the V – C = C – V defect requires little activation energy (Table 2), indicating the high chemical
reactivity of the atoms acting as adsorption sites. The H2O → O+H+H chemisorption of water
is available, however, this process requires an activation energy Eact = 0.52 eV and heat of
adsorption q = −4.48 eV. In this case, oxygen binds to one of the C18(C19) atoms forming a
double bond with it, and hydrogens saturate the bonds of the neighboring atoms in the defect
region (Fig. 2c).

5. Conclusion

Thus, the search for stable configurations of the V2 and V – C = C – V divacancy defects
on the C(111) – 2×1 diamond surface leads to states with a minimal total energy where the
vacancies are located in the upper surface chain. The total energy of the surface with a V2

divacancy is nearly 3.8 eV lower than the total energy of the surface with a V – C = C – V
defect. However, the divacancy configuration transition from the V2 to V – C = C – V is not
possible due to atomic thermal motion, possibly even as a result of annealing.

Divacancy defects on a diamond surface have an increased reactivity in comparison to
an ordered surface. Potential adsorption centers are atoms in the area of divacancies with un-
saturated bonds (involved in the formation of delocalized electron clouds) and atoms with
a double (triple) bond. It has been found that the C(111) – 2×1 diamond surface with a
V – C = C – V defect allows for the creation of both monohydride and dihydride states.
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Since their discovery in the early 1990’s, carbon nanotubes (CNTs) have become the subject of numerous investi-

gations into their electronic structure and energy spectrum parameters as well as their physico-chemical properties.

Due to their high surface activity, nanotubes can be used as base components for the fabrication of various types of

composites. However, along with carbon nanotubes, current research also focuses on theoretical and experimental

investigation of non-carbon nanotubes, namely recently discovered boron-carbon nanotubes with different concen-

trations of boron in them (25 % or 50 %). This article presents the results of theoretical research into the properties

of boron-carbon nanotubes (BCNTs) within the framework of an ionic-built covalent-cyclic cluster model and an

appropriately modified MNDO quantum chemical scheme, as well as DFT method. The authors studied mechanism

of Cl and O atoms sorption onto the external surface of single-walled armchair nanotubes. As result of the study,

geometrical optimization of the sorption complexes was defined, and sorption energy values were obtained.
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1. Introduction

Since their discovery in the early 1990’s, carbon nanotubes (CNTs) have become the
subject of numerous investigations into their electronic structure and energy spectrum param-
eters as well as their physico-chemical properties. Along with studies of nanotube properties
researchers have begun to search for ways to modify NTs and fabricate structures that could
possess new mechanical, electronic and other properties. Due to their high surface activity,
nanotubes can be used as a base component for the fabrication of various types of composites.
In particular, it was found out that pure carbon nanotubes might be used for gas storage because
of their excellent adsorption properties [1–3].

As the properties of pure carbon nanotubes are well known, the researchers decided
to investigate other types of the nanotube-based structures. One of the most useful type of
nanotubes is one based on boron carbide. Earlier studies have shown that the physical and
chemical properties of boron-carbon nanotubes (BCNT) are better than those of the correspond-
ing CNTs [4–8].

The nanotube’s adsorption process attracts the attention of our research group as well as
other researchers around the world [9–13]. The calculations for the adsorption processes of the
oxygen atom and O2 molecule on the surface of BC3 zig-zag nanotubes have been performed
previously [14].

2. Oxygen adsorption on the surface of BCNT

The possibility of interaction between an oxygen atom and the external surfaces of A
and B type BC3 nanotubes was studied. The calculations were carried out using a molecular
cluster model with the semi-empirical MNDO scheme. As a cluster model of a boron carbon
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nanotube, a fragment that consisted of 30 atoms of boron and 90 atoms of carbon for A type,
and 84 atoms of carbon and 36 atoms of boron for B type were chosen. There are four hexagon
layers along the nanotube axis, and twelve boron carbon hexagons on its perimeter. The borders
of the nanotube are isolated with pseudo atoms – hydrogen atoms. Length of bonds B–C, C–C
and B–B totaled 1.44 Å.

The different adatom orientations were simulated: for A type 1) above the boron atom,
2) above the carbon atom, 3) above the B–C bond, 4) above the C–C bond, 5) above the
hexagon center, 6) above the B–B bond (see Fig. 1).

FIG. 1. The different types of adatom orientation were simulated: for A type
1) above the boron atom, 2) above the carbon atom, 3) above the B–C bond, 4)
above the C–C bond, 5) above the hexagon center, 6) above the B–B bond

In the first and second types of orientation, the oxygen atom approaches the surface of
B or C atoms that are located in the center of the molecular cluster of boron carbon nanotube in
order to avoid the influence of edge effects. The boron-carbon nanotube fragment with adsorbed
oxygen atom is shown in Fig. 2. The adsorption process was simulated by an oxygen atom in a
step-wise approach to the nanotube surface with 0.1 Å increments perpendicular to the axis of
the nanotube. The geometry of the system was optimized at each step. The calculations allow
one to generate potential energy curves for each type of nanotube (see Figs. 3 and 4). Analysis
of the energy curve shows that the oxygen atom is adsorbed onto the nanotube’s surface. The
minimum on the energy curve proves the fact of adsorption. The type of the bond between the
adsorbed atom and the carbon atom of the nanotube surface is chemical. Therefore, the type
of adsorption is chemical. The basic characteristics of these processes are shown in Tables 1
and 2. The location of oxygen atom above the B–C for A type and B–B bond for B type is
energetically favorable. Geometrical analysis shows that the approaching of the oxygen atom
causes a surface deformation for the A type BCNTs. The boron and carbon atoms leave their
usual location and approach the adsorbed atom. The chemical bond between oxygen atom and
nanotube surface occurs at a distance of 1.3 Å from the nanotube surface by means of so-called
‘bridge structure’. Geometrical analysis of B type boron carbon nanotube shows that there is
no adsorption above B–B bond at a distance of 3 Å. Further approach causes boron atoms to
leave their location: one boron atom penetrates 0.2 Å inside the nanotube, and the other one
approaches the adsorbed atom by 0.4 Å. The oxygen atom bonds with boron atom at a distance
of 1.5 Å, and then this complex moves 0.5 Å into the nanotube.

The adsorption processes for other types of adsorbed atoms were simulated in the same
manner. The oxygen atom approached the fictive atom located above B–C, B–B, C–C bonds
or above the hexagon center. The chemical adsorption for these variants is possible, and the
energy curves have similar trends (see Figs. 3 and 4). The basic characteristics of the adsorption
processes are shown in Tables 1 and 2.
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Type A Type B

FIG. 2. Fragment of boron-carbon nanotube (6,6) A and B type with adsorbed
oxygen atoms

FIG. 3. Potential energy curve of the interaction between oxygen atom and the
A type (6,6) BCNT surface for all oxygen atom locations

FIG. 4. Potential energy curve of the interaction between oxygen atom and the
B type (6,6) BCNT surface for all oxygen atom locations
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TABLE 1. Basic electron energy characteristics of oxygen adsorption process on
the A type BCNT surface

Variant of
adsorption

Activation energy Adsorption distance Adsorption energy

B–B — — —
B–C 2.07 1.3 −9.56

C–C 6.09 1.3 −11.66

C 7.94 2.2 −5.67

B 0.89 1.5 −8.4

To center 2.15 2.4 −6.44

TABLE 2. Basic electron energy characteristics of the oxygen adsorption process
on the B type BCNT surface

Variant of
adsorption

Activation energy Adsorption distance Adsorption energy

B–B — 1.3 −11.69

B–C 2.3 1.3 −9.63

C–C — 1.3 −11.51

C 1.85 1.4 −6.62

B — 1.4 −9.54

To center 3.74 2.2 −6.06

3. Chlorine adsorption on the surface of BCNT

The possibility of chlorine adsorption on the external surface of A and B type BCNTs
was investigated in the same manner as the oxygen atom. The calculations were made using
molecular cluster model with the semi-empirical MNDO scheme. The approaching of the
chlorine atom and variants of adsorption were simulated in the same way as for the oxygen
atom.

The calculations generated potential energy curves for chlorine adsorption onto the sur-
face of a BCNT.

Analysis of the energy curves shows that there is no adsorption of the chlorine atom
onto the external surface of the BCNT (Fig. 5). There are two types of adsorption for the
chosen atom: above the hexagon center for nanotube A type, and above the B–B bond for B
type (Fig. 6). This type of adsorption is physical.

Geometrical analysis of the system shows that the interaction between chlorine atom
and the nanotube surface begins at a distance of 2.5 Å (Fig. 7). Both boron atoms approach
the chlorine atom. The chlorine atom moves to one of the boron atoms. The chemical bond
between them occurs at a distance of 1.9 Å. Then, the boron atoms return to their initial location.
The length of the chlorine–boron bond is 1.2 Å. Therefore, chlorine adsorption does not cause
nanotube deformation.

The optimal adsorption distance and activation energy are represented in the Table 3.
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FIG. 5. Potential energy curve for the interaction between chlorine atom and the
A type (6,6) BCNT surface for all chlorine atom locations

Type A Type B

FIG. 6. Fragment of A and B type (6,6) BCNT with adsorbed chlorine atoms

FIG. 7. Potential energy curve for the interaction between a chlorine atom and
the B type (6,6) BCNT surface for all chlorine atom locations

4. Conclusion

The MNDO calculations for the adsorption of chlorine and oxygen atoms onto the BCNT
surface were carried out. The most energetically favorable mechanisms for these processes were
determined.

Oxygen and chlorine atoms were adsorbed onto the BCNT surface. It was determined
that these processes depended on the orientations of atoms surface.
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TABLE 3. Basic electronic energy characteristics of the chlorine adsorption pro-
cess on the A type BCNT surface

Variant of
adsorption

Activation energy Adsorption distance Adsorption energy

To center 0.39 1.6 −3.43

B–B 0.37 1.9 −4.58

There is a high possibility for the adsorption of oxygen atom when the adsorbed atom
is located above the B–B bond for the B type BCNT and above B–C bond for A type.

There is a high possibility of adsorption of chlorine atom when the absorbed atom is
located above the B–B bond for the B type BCNT and above the hexagon center for the A type.
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The kinetics for the dissolution of fullerene C60 in N-methyl-2-pyrrolidone (NMP) solvent are investigated through

measurements of the stirring speed and temperature dependence of the UV-Vis absorption spectra. We develop a

model for the kinetics of simultaneously occurring processes in the solution, employing a system of simple kinetic

equations and obtain the corresponding parameters dependence on preparation conditions. The obtained results

will allow one in the future to consider these effects when modeling the slow growth kinetics of large clusters in

C60/NMP solutions.
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1. Introduction

Presently, a third allotropic form of carbon, called fullerenes, has attracted the interest
of scientists in different areas, due to their unusual properties. Fullerenes are soluble in many
various liquids, non-polar, organic, polar etc. Much research is being continuously published
on the subject [1–4]. One of the most interesting phenomena studied is the cluster formation
of fullerenes C60 and C70 in solutions. The large, stable clusters were detected in nitrogen
containing solvents (aggregates size up to 500 nm) [5–7]. In addition to cluster growth, solva-
tochromic effects are observed, which are associated with complex formation between fullerene
and solvent molecules [7–9].

In our previous work [10], the kinetics of fullerene dissolution were investigated in
solvents such as benzene, toluene and N-methyl-2-pyrrolidone (NMP) by UV-Vis spectrometry.
As is well known, the stable characteristic absorption peaks (e.g. at ∼ 330 nm) disappear for
C60/NMP solutions, due to the formation of fullerene-solvent complexes. This fact does not
allow one to directly measure the kinetics of dissolution in C60/NMP via spectrophotometry. In
the present work, we report new results for the analysis of the evolution kinetics of the UV-Vis
spectra of C60/NMP solution during the dissolution process.

2. Materials and methods

Solubility of fullerene C60 (Neo-Tech Product, purity > 99.5 %) is 0.89 mg/ml [6] in
NMP (Merck, purity > 99.5 %). UV-Vis absorption spectra were obtained using Nanophotometer-
P330 spectrometer (wavelength range of 200 – 950 nm, quartz cells with 1 mm light path). For
this device, the convenient concentration for direct UV-Vis measurements was obtained to be
0.3 mg/ml. During different runs, the solution was stirred at 4 different speeds (Vs of 0, 100,
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200, and 400 rpm), various temperatures were applied (room temperature (25 ◦C), 50, 60, 75
and 100 ◦C).

3. Method of UV-Vis spectra analysis

The effect of complex formation in C60/NMP on the UV-Vis spectra permits the direct
application of the Lambert-Beer law for evaluating the concentration kinetic curves. Thus, if
one aims to extract the proper kinetic parameters, some method must be proposed to account
for these phenomena.

The typical well-known evolution of the C60/NMP UV-Vis spectra is presented in Fig.
1a for room temperature and a stirring rate of 400 rpm. To extract the kinetic constants from the
measurements, we suppose that the dissolution of fullerene is governed by the Noyes-Whitney
equation (with dissolution rate k1), and that the complex formation proceeds simultaneously
(rate of reaction k2). Thus, a system of kinetic equations can be introduced:

dc(t)

dt
= k1(Cs − c(t)),

dy(t)

dt
= k2(c(t)− y(t)),

(1)

where c(t) is the concentration of ‘free’ fullerene molecules in the solution (those, that have not
yet formed complexes), y(t) – is the concentration of C60-NMP complexes in the system, Cs – is
the saturation concentration or the available concentration of C60, if the solution is unsaturated.
For the experiments performed, where the initial stage was the addition of fullerene to NMP,
the initial conditions for Eqs. (1) should be: c(0) = y(0) = 0.

a b

FIG. 1. a – Absorption spectra of C60/NMP for 400 rot/min at room temper-
ature with time, b – Fitting curve for evolution of peak high of C60/NMP for
400 rot/min at room temperature with time

From Fig. 1a, one can see that after all of the fullerene molecules form complexes with
NMP in the solution, the UV-Vis spectrum presents a monotonically decreasing curve. The
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observed peak at ∼ 330 nm corresponds to the concentration of ‘free’ C60 molecules. Thus, this
peak’s height at any moment of time is proportional to (ε1c(t)−ε2y(t)), where ε1 and ε2 are the
absorption coefficients for the ‘free’ molecules and the complexes, correspondingly. The values
of these coefficients are not known, and for the present modeling, we roughly estimate them to
be of the same order. This supposition allows one to directly relate the height of the ∼ 330 nm
peak above the monotonically decreasing type of the UV-Vis spectra to concentration of the
‘free’ C60 molecules, equal to (c(t) − y(t)). In Fig. 1b, a typical evolution of the respective
peaks height is presented for T = 25 ◦C and Vs = 400 rpm. The absorption is normalized to
the respective solution concentration, thus it estimates the difference (c(t) − y(t)), that can be
obtained straight from Eqs. (1):

c(t)− y(t) = f(k1, k2, t) =
Csk1

(
e−k1t − e−k2t

)
k2 − k1

. (2)

The quality of the fit of experimental data, presented in Fig. 1b, reflects the applicability
of the method proposed. The obtained expression was used for fitting the different experimental
curves in order to obtain the values for k1 and k2 at various temperatures and stirring rates.

4. Results and discussion

Experimentally, measurements of the absorption spectra were performed apart from the
stirred sample. This ensured that the amount of the solution taken for the measurements was
small enough to not affect the dissolution kinetics. Measurements were taken at 5, 10, 15, 20,
30, etc. minutes after addition of fullerite soot to the solvent. At high temperatures, especially at
T = 100 ◦C the maximum of the dependency of f(k1, k2, t), occurs at times prior to 5 minutes,
thus only the ‘tail’ of the evolution was captured and the quality of the fit is well reduced. As
can be derived from (2), the maximum of f(k1, k2, t) occurs at:

tmax =
log (k1/k2)

k1 − k2
, (3)

i.e. must exist for any rate constant values.
From the performed measurements, it can be concluded, that the typical character of

dissolution kinetics, accompanied by the complex formation, takes place for any temperature up
to 100 ◦C and stirring rates up to 400 rpm. Yet, for confident estimates of k1 and k2 at various
points of this range, a series of reproducible measurements would be required. Moreover, after
inspection of Eq. (2) one can conclude, that scaled dependencies f(k1, k2, t) can be obtained if
one replaces k1 and k2 values. This fact shows that additional equation or supposition would
improve the quality of the model. With respect to this approach, we depict some of the obtained
results in Figs. 2 and 3.

In Fig. 2, typical temperature dependencies of rate constants, introduced in Eqs. (1), are
presented for Vs = 100 rpm. The expected increase of k1 and k2 values with temperature of the
Arrhenius type is obtained within experimental error.

The stirring speed dependencies are presented on Fig. 3. Here, we see that the non-
stirred solutions tend to dissolve fullerene and form complexes much more slowly than those
samples that were subjected to stirring. While the low rate constant values ensure that the peak,
similar to the one presented on Fig. 1a, occurs at larger time intervals after initial dissolution, its
amplitude, as was observed in the experiments, is very small. Additionally, the solvatochromic
effect is not pronounced. For a stirring speed Vs ≥ 100 rpm, the values of k1 and k2 increase by
an order of magnitude. As we have obtained, the value of Vs above 100 rpm does not further
strongly affect the dissolution character.
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a b

FIG. 2. Temperature dependencies of dissolution rate constant k1 (a), and rate of
complex formation k2 (b) for the stirring speed of C60/NMP solution equal to
100 rot/min

a b

FIG. 3. Stirring speed dependencies of dissolution rate constant k1 (a), and rate
of complex formation k2 (b) of C60/NMP solution equal at T = 50 ◦C
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The obtained values of k1 and k2 can also be used in the modeling of cluster growth in
the C60/NMP solution. As it was proposed in [11], a model of fullerene aggregation in polar
solvents may imply the formation of clusters of C60-solvent molecule complexes. Thus, the
kinetic equations developed in [11] directly require one to estimate the rate constant values for
a given temperature and other external conditions. As we have obtained here, the approximate
values for stirred samples of k1 ∼ (0.50± 0.15) · 10−4 s−1, k2 ∼ (1.0± 0.2) · 10−3 s−1 for room
temperature, and k1 ∼ (0.8± 0.2) · 10−3 s−1, k2 ∼ (0.8± 0.2) · 10−2 s−1 for higher temperatures
should be used in further theoretical modeling.

5. Conclusions

In the present work, a model for evaluating the C60/NMP dissolution UV-Vis spectra has
been proposed, based on the supposition of simultaneous dissolution and complex formation in
the solution. The proposed method allows one to estimate the values of the rate constants k1
and k2 – the speed of fullerene dissolution, and the rate of new complex formation from the
time evolution of the ∼ 330 nm peak in the absorption spectra. The dependencies of these
parameters on the solution stirring speed and temperature were obtained and presented. Further
careful measurements in the emphasized ranges of T and Vs can be performed in order to obtain
the k1(T, Vs) and k2(T, Vs) dependencies.
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The solvent-exchange process from toluene was used for preparing aqueous dispersions of C60 and C70 without

preconcentration with final concentrations of 180 ± 2 and 62 ± 1 µM, respectively, which exceeds the previously

reported maximum concentrations for C60 more than 6-fold; for C70 such an aqueous dispersion is prepared for

the first time. The residual quantity of the organic solvent and low-molecular compounds determined by headspace

GC-MS was not more than 1 ppb. The procedure for the determination of fullerenes in aqueous dispersions is

developed using a total organic carbon analyzer and absorption spectra; LOD, 50 nM, LOQ, 200 nM by TOC.

Spectrophotometric determination of fullerenes in their aqueous dispersions was optimized: for C60 at 268 nm:

LOD, 0.1 µM, LOQ, 0.3 µM, for C70 at 218 nm: LOD, 0.1 µM, LOQ, 0.3 µM. RSD mixture quantification by

Vierordt’s method in the range of 2 – 20 µM does not exceed 0.14 for C60 and 0.09 C70. RSD for toluene fullerene

mixtures by Vierordt’s method in the range of 2 – 20 µM does not exceed 0.10 for C60 and 0.06 for C70.

Keywords: fullerene C60, fullerene C70, fullerene mixture, UV/vis. fpectroscopy, GC/MS.
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1. Introduction

Aqueous fullerene dispersions (AFDs) are powerful antioxidants that adsorb free radi-
cals and possibly prevent various pathologies [1–3] and might have utility at the cellular and
organism levels for the immobilization and transport of medicines [1, 4, 5]. However, the rele-
vant question is to understand the composition of the initial and target fullerene materials [6].
Currently, the most common approaches are UV/vis-spectrometry and liquid chromatography;
for mixture analysis in organic solvents, UV/vis and Raman spectroscopies are also used [7, 8].
However, these approaches were not used for AFDs. In addition, the use of organic solvents
in AFD production calls for controlling the residual solvent and low-molecular compounds as
these components contribute to the chemical behavior and safety of the materials [9–12]. Thus,
the aim of this study is to (i) develop procedures for the determination of fullerenes and their
mixtures in AFDs and (ii) to carry out the chromatographic characterization of the dispersions
and residual solvents.

2. Experimental

2.1. Materials and methods

Fullerene C60, 99.5 % and fullerene C70, 99 %, (LLC Neo Tech Product, Russia), and an
unseparated extract (technical mixture, lot PD-1) of fullerenes C60 (90± 5 %, estimated value)
and C70 (10± 5 %, estimated value) from Fullerene Technology Company (Russia) were used.
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Chemically pure toluene and benzene (Reakhim, Russia) were used throughout. Reagents were
weighed on an Ohaus Discovery analytical balance (Switzerland). Solution preparation and
sampling were done with Biohit Proline Plus mechanical automatic dispensers (Biohit Group,
Finland). All solutions were prepared in Class A glass volumetric flasks with volumes of 25 and
50 mL (Labtekh, Russia). For sampling, 15 mL polypropylene test tubes were used (Axygen,
Mexico). A GRAD 180-35 ultrasonic bath (Grad-Technology, Russia) was used to improve the
dissolution of fullerenes and to prepare aqueous fullerene dispersions. Dynamic light scattering
was measured using a Malvern Zetasizer nano ZS. Spectrophotometric measurements were
made using an Agilent Cary 60 spectrophotometer (Australia). A liquiTOC II from Elementar
Analysensysteme GmbH (Germany) was used for total organic carbon analysis and calibrated
with standard solutions of potassium hydrogen phthalate in the range of 1 ppm to 200 ppm.
The calibration plot of total organic carbon is c(ppm) = (10.3 ± 0.1)S (P = 0.95, n = 7,
r = 0.9986), where S is the area of the peak of carbon, a.u. The limits of detection (3σ) were
calculated using a standard protocol. The measurement results are presented in accordance with
the requirements of ISO 5725:1994 (2012) [13].

2.2. Experimental Techniques

Procedure 1. Solvent-exchange aqueous fullerene dispersions [6]. A weighed portion of
fullerene (0.5 – 0.6 g) was placed into a 200 mL volumetric flask, dissolved in 100 mL of
toluene, and sonicated at 0.30 kW for 2 h at 353 K; next, the solution was diluted to mark
with toluene. After sonication, the toluene solution was placed into a conical flask, 1 L of
Milli-Q water was added, and the solution was sonicated at 0.90 kW for 3 days (12 h per day)
at 353 K until complete elimination of toluene. Next, the solution was heated for 30 min, boiled
for 15 min, and filtered through a Schott filter followed by a 0.45-µm microporous membrane
filter. The concentration of fullerene was measured by the total organic carbon technique.
Additionally, the residual toluene was measured by headspace gas chromatography technique.

Procedure 2. Analysis of residual organic solvent in aqueous fullerene dispersion by headspace
gas chromatography. The test specimen (2 ml) was placed into a vial which was then sealed by
a crimper. The instrumental parameters were as follows: temperature control time for sample –
20 min; thermostat temperature – 80 ◦C; sample injection volume – 1 ml. Conditions of gas
chromatographic separation: column ZB-5 MS (30 m × 0.25 mm × 0.25 µm). Injector
temperature – 250 ◦C; volumetric flow rate – 1 ml/min; septum purge flow – 6 ml/min. The
initial column temperature was 40 ◦C (isothermal for 3 minutes), then the temperature was
raised at a gradient of 2 ◦C/min to 60 ◦C (1 min isothermal). Sample input was done without
dividing the carrier gas flow. Conditions of mass spectrometric detection: chromatograms
registration mode by selected ion m/z 78 (benzene), 91 (toluene); the registration data 0.2 s.
Source temperature 200 ◦C; interface temperature 250 ◦C.

Procedure 3. Stock fullerene C60 and C70 solutions preparation in (a) aqueous media (b)
toluene media for the analysis by Vierordt’s method.

(a) Aqueous dispersions were analyzed using TOC and GC-MS to determine fullerene con-
centration. Next, the aqueous samples were diluted to 10 µM. The aqueous fullerene
mixture solutions were prepared with the following ratios of C60 : C70 fullerenes: 1 : 1,
1 : 2, 2 : 1, 1 : 3, 3 : 1 in deionized water (Table 1). Next, the Vierordt’s method for
analysis at wavelengths 420 and 320 nm was used. The content of fullerenes in the
mixture was checked by UV/vis spectroscopy.

(b) A weighed portion of fullerene C60 (21.6 mg) and C70 (25.2 mg) was placed into a 100
mL volumetric flask, dissolved in 50 mL of toluene, and sonicated at 0.30 kW for 0.5 h
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at 353 K. Next, the sample was cooled to room temperature and diluted up to volume
with toluene. For analysis, solutions were diluted 10-fold. The concentration of fullerene
was 30 µM. The toluene fullerene mixture solutions were prepared with the following
ratios of C60 : C70 fullerene: 1 : 1, 1 : 2, 2 : 1, 1 : 3, 3 : 1 in toluene (Table 1). Next,
Vierordt’s method was used to determine fullerene content by UV/vis spectroscopy at
337 and 406 nm.

TABLE 1. Composition of working solutions of fullerenes in toluene and aqueous
mixtures for the analysis by UV/vis for Vierordt’s method

Ratio c(C60) · 105, M c(C70) · 105, M c(C60) · 105, M c(C70) · 105, M
C60 C70 Toluene Aqueous
1 1 1.50 1.50 0.500 0.500
1 2 1.00 2.00 0.333 0.667
2 1 2.00 1.00 0.667 0.333
1 3 0.75 2.25 0.250 0.750
3 1 2.25 0.75 0.750 0.250

Procedure 4. Preparation of the toluene solution of technological mixture of the C60 and C70

for the analysis by Vierordt’s method. A weighed portion of C60 and C70 mixture (30.2 mg)
was added to a 100 mL volumetric flask, dissolved in 50 mL of toluene, and sonicated at
0.30 kW for 0.5 h at 353 K. The sample was then cooled to room temperature and diluted to
volume with toluene. For the analysis, solutions were diluted 10-fold.

3. Results and discussion

3.1. Characterization of aqueous fullerene dispersions

The aqueous fullerene dispersions were made by the standard protocol [6] from toluene
by a solvent-exchange process. The fullerene concentrations were 180 ± 2 and 62 ± 1 µM,
respectively, which exceeded the previously-achieved maximum concentrations for C60 by more
than 6-fold, and for the C70 fullerene, this was the first time that such an aqueous was prepared.
This was confirmed by the TOC-analyzer. We postulate that the high fullerene concentrations
were achieved by optimization of the sonication conditions and ratio of the organic to the
aqueous phase. The total yields were calculated for C60 and C70 54 ± 2 % and 45 ± 1 %,
respectively. The absorption spectra are in a good agreement with existing data for C60 (see
Fig. 1A), C70 (see Fig. 1B). The absorption spectra for the aqueous fullerene dispersion of the
technical mixture were obtained for the first time (see Fig. 1C). The AFD were characterized
in terms of the physico-chemistry parameters: size clusters distribution, ζ-potential, PDI-indices
(see Table 2). These data are in good agreement with existing data for the solvent-exchange
process [9, 14–16]. The slight differences may be a result of different preparation conditions or
changes in the preparation technique.

3.2. Residual organic solvent analysis in aqueous fullerene dispersions

The residual organic solvent content has an effect not only on human health, but also
on the total fullerene concentration in aqueous dispersions (TOC-analysis). We estimated the
residual quantity of the solvents by GC-MS analysis. The organic compounds in AFD hardly
ever detect and quantify. However, in [17] an effort was made to quantify the residual solvents
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(A) (B) (C)

FIG. 1. Absorbance spectra A(λ) of the aqueous fullerene dispersions:
(A) 35± 2 µM; (B) 23± 2 µM; (C) C60 59± 2 µM, C70 4.4± 0.3 µM

TABLE 2. The main colloidal parameters of the aqueous fullerene dispersions

Characteristics AFD-60 AFD-70 AFD (C60/C70)
c, µM 180± 2 62± 1 60± 1 (C60 + C70)
ζ , mV −32.9± 1.4 −34.4± 0.7 −41.8± 1.2

%RSD(ζ) 1.24 1.58 0.65

d, nm 145± 3 175± 5 89± 5

%RSD (d) 1.98 1.32 0.56

PDI 0.10± 0.01 0.11± 0.02 0.26± 0.01

TABLE 3. The GC-MS analysis of the aqueous fullerene dispersions (n = 3, P = 0.95)

c, ppt Retention time, min AFD-60 AFD-70
Toluene 2.38 97± 8 69± 6

Benzene 4.15 55± 5 46± 6

using solid-phase extraction with GC-analysis. The LOD of the THF was 1 ppb. Analysis of the
samples showed that the AFDs samples contained solvents (benzene and its derivative toluene)
below 100 ppt (see Table 3 and amount in AFDs by TOC (vide infra) Fig.2). Thus, the solvent
analysis allowed us to determine the total fullerene levels much more precisely.

3.3. UV/vis Spectroscopy of individual aqueous fullerene dispersions

The concentrations of fullerenes in the resulting aqueous dispersions were determined by
TOC-analyzer with preliminary residual solvent characterization by GS-MS (vide supra). The
parameters of the fullerene determination are LOD, 50 nM, LOQ, 200 nM by TOC. Comparison
of the calculated LOD and LOQ (see Table 4) at 268 and 349 nm shows a decrease in the LOD
3 times at 268 nm, and at 349 nm, the LOD was the same, as was discussed in [18,19] for C60.

3.4. Application of Vierordt’s method for C60, C70, and their technological mixtures

The dependences obtained for ελ1/ε
λ
2 = f(λ) rely on the absorbance spectra of the

fullerene in neat solvent over the range of 300 – 850 nm according to procedure 3b. It is char-
acterized by the following extreme points, maximum at 355, 406 nm, a minimum at 320 and 337
nm, at these wavelengths, the ratios of the molar absorption coefficients have maximum great
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(a) (b)

FIG. 2. GC-MS analysis of the aqueous fullerene dispersions sample. Character-
istic chromatogram obtained by m/z analysis (a) m/z 78 benzene; (b) m/z 92
toluene

TABLE 4. Metrological parameters for the aqueous fullerene dispersion determi-
nation (P = 0.95, n = 10)

AFD 60
λ, nm Calibration curves LOD · 107, LOQ · 107,
220 A = (6.0± 0.6) · 104c, r = 0.9977 2 8

268 A = (6.7± 0.6) · 104c, r = 0.9975 1 3

349 A = (4.9± 0.2) · 104c, r = 0.9969 4 10

AFD 70
218 A = (7.5± 0.2) · 104c, r = 0.9970 1 3

248 A = (6.4± 0.6) · 104c, r = 0.9916 3 12

387 A = (3.5± 0.3) · 104c, r = 0.9940 5 16

486 A = (2.5± 0.2) · 104c, r = 0.9934 8 25

difference between ελ11 /ε
λ1
2 – ελ21 /ε

λ2
2 [20]. Analysis of the mixture by Vierordt’s method at 355,

406 and 320, 337 nm showed that the deviation of the calculated concentration in the mixture
was more than 15 %. For 337 and 406 nm, the relative error (δc %) concentration ranged from
5 – 10 % (see Table 5). Therefore, for analysis of selected absorption maxima, the fullerene
mixture in toluene was evaluated at 337 and 406 nm. Currently, the combination of UV/vis
and cumbersome calculation permitted an accuracy of a hundredth of a percent [8]. However,
for the technological purposes, such a value for the relative error is sufficient for monitoring
fullerene mixture composition after synthesis. We confirmed this by analyzing a real sample
of an unseparated fullerene mixture with a known mass ratio. We have calculated the ratio as
C60 92± 3 % and C70 8± 2 % , and this data was in a good agreement with the real sample’s
certificate. Thus, analysis of the organic solutions permitted expansion to the analysis of the
aqueous dispersions. The usage of a TOC-analyzer allowed to us to determine the fullerene
content in the dispersions. The combination of the TOC and UV/vis-spectroscopy allowed cal-
culation of the apparent molar absorptivity and then analysis of the aqueous dispersion mixture
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TABLE 5. C60 and C70 determination in aqueous dispersion by Vierordt’s method
at 320/420 nm

Concentration Calculation δC, %
c(C60) · 106, M c(C70) · 106, M c(C60) · 106, M c(C70) · 106, M C60 C70

5.14 5.30 5.75 5.14 11.9 3.0

5.14 2.65 5.70 2.38 10.9 10.2

2.57 5.30 2.91 5.10 13.3 3.9

6.17 2.12 6.82 1.92 10.5 9.3

2.06 6.36 2.32 6.25 12.9 1.7

by Vierordt’s method. The dependences ελ1/ε
λ
2 = f(λ) were obtained based on the absorbance

spectra of the fullerene in neat solvent from 300 – 850 nm according to procedure 3(a). This
was characterized by maxima at 241, 320, 420 nm, and at these wavelengths, the ratios of
molar absorptivities had the maximum difference between ελ11 /ε

λ1
2 – ελ21 /ε

λ2
2 [20]. Analysis of

the mixture by Vierordt’s method at 241 and 320 nm showed that the deviation of the calculated
concentration in the mixture was more than 25 %. Therefore, analysis was done at 320 and 420
nm for the selected absorption maxima of the fullerene mixture in toluene. For the maxima at
320 and 420 nm, the value of relative error (δc %) was below 15 % over the of 2 – 7 µM range
(see Table 5).

The determination of fullerenes in toluene by Vierordt’s method enabled us to proceed
with our mixture analysis of the AFDs. Data obtained for the fullerenes in AFD showed that
the relative error in the determination of fullerenes was higher than for toluene solutions of
(1.5 times), due to the high light scattering by clustered structures in the AFDs. However, this
relative error is acceptable to aim at biology and medicine for establishing the reinforcing action
of fullerene in the mixture [21, 22]. This was the first time Vierordt’s method for analysis was
applied to a two-component system of AFDs (C60 and C70).

4. Conclusions

The technique of organic solvent determination is applicable for biological purposes
and total AFDs characterization, which can be successfully used for a number of biomedical
applications. The results obtained here indicate that we may apply the developed technique for
mixture analysis with satisfactory accuracy. Continuing research into this field appears fully
justified because no one method totally characterized such object akin to AFDs; rather, this
was accomplished by applying a few physico-chemical analytical methods. In our opinion,
for biological purposes, we should apply a number of physico-chemical methods to completely
describe these aqueous fullerene systems.
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Four CF3 derivatives of C78, C78(2)(CF3)10/12 and C78(3)(CF3)12/14, have been isolated via HPLC from the

products of high-temperature trifluoromethylation of a C76–C96 fullerene mixture or a C78 fraction. Their molecular

structures were determined by single crystal X-ray crystallography using synchrotron radiation. The addition

patterns of the new compounds are compared with each other and with the previously known C78(2)(CF3)10 and

C78(3)(CF3)12.
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1. Introduction

Higher fullerenes are characterized by the existence of multiple cage isomers and rela-
tively lower abundance compared to those of C60 and C70, and thus their isolation and further
study of their structure and properties are much more difficult. Among the family of higher
fullerenes, C78 is present in moderate abundance in fullerene mixtures because it, along with
C84, C90, and C96, belongs to the group of C6n fullerenes, which have richer isomeric distri-
bution and have been more comprehensively investigated [1]. The C78 fullerene possesses five
topologically-distinct isolated pentagon rule (IPR) isomers, D3-C78(1), C2v-C78(2), C2v-C78(3),
D3h-C78(4), and D3h-C78(5) [2]. The C78(2) – C78(5) isomers can be converted into each other
by Stone – Wales rearrangements (SWR) of the pyracylene type, whereas C78(1) cannot be
transformed into other isomers of C78 by SWRs. The abundances of C78(1) – C78(3) isomers in
the fullerene soot are comparable, being dependent on the method of fullerene synthesis [3, 4].
The D3-C78(1) and C2v-C78(2) isomers were isolated chromatographically and their cage struc-
tures were confirmed by 13C NMR spectroscopy [3]. At the same time, isomer D3h-C78(5)
is elusive because of a small band gap resulting in a very low solubility; its presence in the
fullerene soot could be unambiguously confirmed by the structural study of a CF3 derivative,
C78(5)(CF3)12 [5]. The D3h-C78(4) isomer possesses the lowest stability; it has never been
found in the fullerene soot. These differences are satisfactorily explained by the differences in
the relative formation energies of the C78(1) – C78(5) isomers [3].

The chemical reactivity of C78 fullerene was studied in cyclopropanation, halogena-
tions, trifluoromethylation, and other reactions [6–14]. Structural characterization of the deriva-
tives was carried out by 1H, 13C, and 19F spectroscopy as well as by X-ray crystallography.
Among the most structurally investigated compounds are the bromides, C78(2,3)Br18 [8], chlo-
rides, C78(2,3,5)Cl18 [9–11] and C78(1,2)Cl30 [12, 13], and several trifluoromethylated deriva-
tives, C78(CF3)2n [14]. For the latter group, structural data obtained by 19F NMR spec-
troscopy and/or X-ray studies are available for compositions C78(3)(CF3)8, C78(1,2)(CF3)10,
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and C78(3,5)(CF3)12. The only structural X-ray study of a pentafluoroethyl derivative concerns
the compound C78(2)(C2F5)10 [15]. Investigations of the structural chemistry of CF3 derivatives
have been restricted to only several examples, which hampers a comprehensive comparison,
even within the derivatives of a distinct isomer of C78. The aim of the present study is to ex-
pand the chemistry of trifluoromethylated C78 derivatives for different isomers. The synthesis,
HPLC isolation, and X-ray crystallographic study was performed for several CF3 derivatives of
C78(2) and C78(3) with 10 – 14 CF3 groups, which enables comparison with previously known
C78(2,3)(CF3)n isomers. Addition patterns are discussed in terms of the partial of full occupation
of 12 pentagons and formation of aromatic substructures and isolated double C=C bonds on the
fullerene cage.

2. Results

Two different starting higher fullerene mixtures were used for trifluoromethylation with
gaseous CF3I in quartz ampules following a previously described procedure [16–18]. The
mixture of higher fullerenes C76 – C96 (45 mg; MER Corp.) was trifluoromethylated at 560 ◦C
for 1 h, whereas a C78 fraction (60 mg) obtained by HPLC from the C76 – C90 mixture
(Suzhou Dade Carbon Nanotechnology Co.) was reacted at 450 ◦C for 1.5 h. In both cases,
the trifluoromethylation products were sublimed into the colder parts of the ampoules and
were collected from there. The products obtained from the C76 – C96 mixture contained a
complex mixture of fullerene(CF3)2n compounds with 2n in the range of 12 – 20 according to
MALDI TOF mass spectrometric analyses, whereas CF3 derivatives of C78 were represented
by C78(CF3)10−16 with the maximum abundance of C78(CF3)12 species. Thifluoromethylation of
the C78 fraction gave a mixture of C78(CF3)12−18 with the highest abundance of C78(CF3)14 and
C78(CF3)16. It can be concluded that the lower reaction temperature (450 vs. 560 ◦C) somewhat
shifts the composition in the mixture to the compounds with a large number of CF3 groups. This
effect can be explained by the increase of the compound volatility with the increasing number
of CF3 groups which influences the kinetics of sublimation in the reaction ampoule [19].

Both products were dissolved in toluene and subjected to HPLC separation in toluene
(Buckyprep column, 10 mm i.d. × 250 mm, Nacalai Tesque Corp.) with a flow rate of
4.6 mL·min−1 monitored at 290 nm. A typical HPLC trace for the C76−96(CF3)n product is
shown in Fig. 1a. The fractions obtained were further separated by HPLC using toluene/n-
hexane mixtures or pure n-hexane. The second-step separation of the toluene fraction, which
eluted at 6.4 min, was carried out in a toluene/hexane mixture with v/v = 1/1 and a subfraction
eluted at 20.2 min gave a compositionally pure C78(CF3)10 compound. Recrystallization from
o-dichlorobenzene and p-xylene afforded small crystals which were then investigated by X-
ray diffraction with the use of synchrotron radiation, thus revealing molecular structures of
C78(2)(CF3)10 in the form of solvates with o-dichlorobenzene and p-xylene, respectively. HPLC
separation of the toluene fraction eluted at 6.8 min was performed in a toluene/hexane (v/v =
1/1) eluent and a subfraction eluted at 23.1 min afforded a compositionally pure C78(CF3)12
compound. Slow evaporation of solvent gave small crystals which were studied by X-ray
crystallography revealing the molecular structure of C78(2)(CF3)12.

Trifluoromethylation products of the C78 fraction were also separated by two-step HPLC
using the same Buckyprep column. The second-step HPLC of the first toluene fraction in a
toluene/hexane 15/85 v/v mixture (not shown) gave a compositionally pure C78(CF3)12 frac-
tion according to MALDI TOF mass-spectrometry. Recrystallization from toluene afforded
small crystals of C78(3)(CF3)12 · 1.5 (toluene). Finally, the second-step HPLC separation of the
first toluene fraction in hexane at flow rate of 1.5 mL·min−1 allowed the isolation of several
C78(CF3)12−18 compounds (Fig. 1b). A fraction eluted at 17.7 min (indicated by the arrow),
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FIG. 1. HPLC trace of a fullerene(CF3)2n mixture in toluene (a) and of a
C78(CF3)2n mixture in hexane (b). The collected C78(CF3)2n fractions are in-
dicated by arrows. The compositions of C78(CF3)2n derivatives are given as
78(N)/2n, where N denotes the number of a C78 isomer according to the spiral
algorithm

which contained predominantly C78(CF3)14 admixed by small amount of C78(CF3)16/18, afforded
crystals after recrystallization from p-xylene. X-ray diffraction revealed the structure of a sol-
vate, C78(3)(CF3)14 ·2.5 (p-xylene). Most other peaks of this separation also gave crystals which
were shown to be CF3 derivatives of C78(1) with 12 – 18 attached groups. These data will be
presented in a separate publication elsewhere later.

Synchrotron X-ray data for the obtained crystals were collected at 100 K at the BL14.2
at the BESSY storage ring (PSF at the Free University of Berlin, Germany) using a MAR225
CCD detector. Crystallographic data, along with some details of data collection and struc-
ture refinements, are presented in Table 1. The structures were solved with SHELXD and
anisotropically refined with SHELXL [20]. All crystal structures except C78(2)(CF3)12 show
disordering phenomena, most of which concern disorder of solvent molecules and CF3 groups.
The latter was caused by the librational movement of CF3 groups around the C–CF3 bonds
or due to statistical overlap of similar molecules in the same crystallographic site. In the
crystal structure of C78(2)(CF3)10 · 0.5 (o-dichlorobenzene), one CF3 group and the solvated
molecule of o-dichlorobenzene are disordered over two positions each. In the crystal struc-
ture of C78(2)(CF3)10· p-xylene, the molecule of solvation is strongly disordered over several
positions. In the crystal structure of C78(3)(CF3)12 · 1.5 (toluene), there is a disorder of two
CF3 groups and one toluene molecule. In the crystal structure of C78(3)(CF3)14· p-xylene, there
is an overlap of the main molecule with its enantiomer (ca. 16 %) and the molecule of an
epoxide, C78(3)(CF3)14O (ca. 33 %), in the same crystallographic site, which is accompanied
by a disorder of seven CF3 groups. Crystallographic data are deposited under CCDC 1408116
– 1408120.

3. Discussion

Mass spectrometric MALDI TOF analyses of the raw trifluoromethylation products
demonstrate the presence of C78(CF3)2n species with 2n ranging from 10 to 18, however, with-
out information concerning C78 cage connectivity and CF3 addition patterns. HPLC separation
supported by subsequent MALDI MS analyses of separated fractions indicated the presence of
several different C78(CF3)2n isomers of the same composition, whereas their assignment to spe-
cific C78 frameworks remained unknown. Crystal growth from separated fractions, followed by
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TABLE 1. Crystallographic data and details of data collection and refinement for
C78(CF3)2n compounds

Compound C78(2)(CF3)10 C78(2)(CF3)10 C78(2)(CF3)12 C78(3)(CF3)12 C78(3)(CF3)14
1

Solvate 0.5 o-C6H4Cl2 p-C6H4(CH3)2 —
1.5

C6H5(CH3)
2.5 p-

C6H4(CH3)2
Mr 1700.38 1733.04 1764.90 1903.10 2174.44

Crystal
system

triclinic orthorhombic monoclinic triclinic monoclinic

Space group P 1̄ P212121 P21/n P 1̄ C2/c

a [Å] 11.537(1) 11.218(1) 11.490(1) 11.878(1) 21.280(2)

b [Å] 14.421(1) 19.022(1) 26.243(1) 12.374(1) 17.637(1)

c [Å] 18.038(1) 28.842(2) 19.154(1) 24.267(2) 42.567(3)

α [◦] 85.60(1) 90 90 89.485(9) 90

β [◦] 84.155(9) 90 91.409(10) 86.869(8) 90.02(1)

γ [◦] 73.83 90 90 66.236(8) 90

V [Å3] 2863.7(4) 6174.6(8) 5773.8(6) 3259.1(5) 15976(2)

Z 2 4 4 2 8

Dc [g·cm−3] 1.972 1.870 2.030 1.939 1.807
Crystal

size [mm]
0.02×0.02
×0.01

0.03×0.03
×0.01

0.03×0.02
×0.01

0.03×0.03
×0.01

0.03×0.03
×0.01

λ [Å] 0.9050 0.8434 0.8434 0.8434 0.8551
Tempera-
ture [K]

100 100 100 100 100

θ(max)[deg] 36.66 33.70 34.21 34.74 34.75
Refls col-

lected/R(int)
37547 / 0.064 87675 / 0.025 91568 / 0.028 51625 / 0.026 84029 / 0.073

Data /
parameters

10391 / 11148 14259 / 1144 13460 / 1135 13634 / 1252 18585 / 1463

R1[I ≥ 2σ(I)]/
wR2 (all)

0.087 / 0.233 0.048 / 0.114 0.054 / 0.135 0.077 / 0.174 0.116 / 0.290

∆ρ(max /
min)[e Å−3]

0.90 / –0.49 0.57 / –0.44 0.56 / –0.39 0.55 / –0.55 0.67 / –0.50

1The crystal structure contains ca. 30 % admixture of an epoxide, C78(3)(CF3)14O, localized
in the same crystallographic site.

single crystal X-ray structure determination using synchrotron radiation was successful for only
some cases of C78(CF3)10−14, which are additional examples of unambiguous structural charac-
terization of CF3 derivatives for the most abundant isomers 1 – 3 of C78 fullerene (Fig. 2). CF3

derivatives of the elusive C78(5) have not been detected, most probably, due to its very low
content (or perhaps very low solubility), whereas the isolation of CF3 derivatives of C78(4) was
not even expected because of its obvious absence in the fullerene soot.

Two of the three CF3 derivatives of C78(2) isolated and structurally characterized in this
work contain the same Cs-C78(2)(CF3)10 molecule, which is known from Ref. [14] and desig-
nated there as 78-10-2. The differences concern only the solvate molecules, o-dichlorobenzene,
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FIG. 2. Projection of the Cs-C78(2)(CF3)10 molecule parallel to the mirror plane;
the C2v-C78(2)(CF3)12 molecule is shown along the C2 axis, whereas the C1-
C78(3)(CF3)12 and C1-C78(3)(CF3)14 molecules are presented along the C2 axes
of the C78(3) carbon cages

p-xylene, and toluene in [14]. The formation of a toluene solvate with similar unit cell param-
eters and the space group P21/m was also observed in one of our crystallization experiments.
The addition pattern of 10 CF3 groups contains a single ribbon of para attachments in nine
edge-sharing p-C6(CF3)2 hexagons, which is designated as p9 (Fig. 3). This addition pattern is
additionally stabilized by the formation of two nearly isolated benzenoid substructures on the
fullerene cage. An isomeric p4, p4 structure of C2 symmetry (78-10-3), which differs by the po-
sition of only one CF3 group (in the same pentagon near the C2 axis), has been proposed in [14]
based on 19F NMR spectroscopy data. Note that the proposed 78-10-3 also contains two stabi-
lizing nearly isolated benzenoid substructures. According to DFT calculations, Cs-C78(2)(CF3)10
is 21.3 kJ·mol−1 more stable than the isomer with C2 symmetry.

FIG. 3. Schlegel diagrams of Cs-C78(2)(CF3)10, C2v-C78(2)(CF3)12, C1-
C78(3)(CF3)12, and C1-C78(3)(CF3)14 molecules. Cage pentagons are highlighted
with gray. Black triangles denote the positions of attached CF3 groups. The
isolated C=C bonds are denoted by double lines. Aromatic nearly isolated and
isolated benzenoid as well as triphenylene substructures are also indicated

The addition pattern of 12 CF3 groups in the structure of C2v-C78(2)(CF3)12 is interest-
ing in several aspects. Importantly, the structure of C2v-C78(2)(CF3)12 retains the symmetry of
the pristine C2v-C78(2) cage (Fig. 3). Its addition pattern contains the addition patterns of both
Cs-C78(2)(CF3)10 and C2-C78(2)(CF3)10 as substructures. Most probably, both molecules serve
as precursors of C2v-C78(2)(CF3)12 in the course of trifluoromehylation. The attachment of two
CF3 groups transforms the p9 ribbon into a p12 loop. At the same time, two nearly isolated
benzenoid rings become fully isolated and one carbon-carbon bond becomes an isolated double
C=C bond, both acting as additional stabilizing factors. It should be noted that the addition
pattern of C2v-C78(2)(CF3)12 exhibits an extremely rare example of a fullerene(CF3)12 structure
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where not all pentagons are occupied by CF3 groups. In fact, two pentagons remain unsubsti-
tuted in the experimentally determined structure. If the addition of two more groups occurs in
these pentagons (for example, in the left-most and right-most positions of free pentagons), the
hypothetical Cs-C78(2)(CF3)12 molecule with all 12 pentagons occupied by CF3 groups would
contains two groups attached in isolated positions, which can be considered as a destabilizing
feature. Indeed, DFT calculations of the formation energies of the hypothetical and the exper-
imentally determined C78(2)(CF3)12 molecules revealed that the former is 10.1 kJ·mol−1 less
stable than the latter.

Structural relations between C78(2)(CF3)10 and C78(2)(CF3)12 molecules are very similar
to those reported for C84(18)(CF3)10 and C84(18)(CF3)12 [18]. The addition pattern of Cs-
C84(18)(CF3)10 contains a single p9 ribbon which is very similar to that in Cs-C78(2)(CF3)10.
Though the experimentally determined structure of Cs-C84(18)(CF3)12 is characterized by the
attachment of twelve CF3 groups in all pentagons (with two additional groups in a separate
p-C6(CF3)2 hexagon), a theoretically predicted structure with a p12 loop (84(18)/12−3 in [18]),
i.e., an analog of C78(2)(CF3)12, is only 6 kJ·mol−1 less stable so that its presence in the
trifluoromethylation products of C84(18) cannot be excluded. In fact, the only example of
addition-free pentagons in the molecule with more than 12 addends on a fullerene cage has
been reported for C88(17)Cl16 containing two such pentagons [21]. The stabilizing factors of
this structure include the formation of one isolated benzenoid ring and three isolated C=C bonds
on the fullerene C88(17) cage.

The crystal structure of C78(3)(CF3)12 · 1.5(toluene) contains the C1-C78(3)(CF3)12 mole-
cule, which is known from the previous structure determination for a solvate with bromobenzene
(78-12-2) [14]. Its asymmetric addition pattern of 12 CF3 groups occupying all 12 pentagons
is characterized by the presence of a short p3 ribbon and a longer p5mp ribbon (m for a
meta-C6(CF3)2 hexagon) on the fullerene cage (Fig. 3). Thus, it differs considerably from
the additions pattern of C78(2)(CF3)12 which comprises a loop of exclusively para additions
in C6(CF3)2 hexagons (p12) and containing two unoccupied pentagons. For comparison, the
addition pattern of C2-C78(5)(CF3)12 [5] contains a single p11 ribbon of 12 CF3 groups on the
C78(5) cage which differs from the C78(3) cage by the position of only one C–C bond.

The molecular structure of C78(3)(CF3)14 was determined for the first time. Its addition
pattern consists of a short pmp ribbon and a long p10 ribbon of edge-sharing C6(CF3)2 hexagons
(Fig. 3). There is an isolated double C=C bond and an isolated triphenylene-like substructure on
the fullerene cage. 13 of 14 CF3 groups are arranged mirror-symmetrically on the cage. This fea-
ture explains the existence of packing errors with a number of enantiomeric molecules located in
the same crystallographic sites as the main molecules in the crystal structure. C1-C78(3)(CF3)14
and C1-C78(3)(CF3)12 possess only seven CF3 groups attached in common positions. Therefore,
the latter cannot be regarded as a precursor of the former.

4. Conclusions

Trifluoromethylation of a higher fullerenes mixture and a C78 fraction followed by HPLC
separation, crystallization, and X-ray diffraction studies resulted in structure determination of
several CF3 derivatives, C78(2,3)(CF3)10−14. Although the carbon cages of C2v-C78(2) and C2v–
C78(3) differ by the position of only one C–C bond [2], the addition patterns of the derivatives
with equal numbers of CF3 groups, C78(2,3)(CF3)12, differ significantly. A similar phenomenon
has also been found for (CF3)12 derivatives of isomers C84(22) and C84(23), which also differ
by the position of one bond on the carbon cages [16, 17]. In contrast, the addition patterns
of C78X18 (X = Cl, Br) are the same for isomers C78(2), C78(3), and even C78(5) [8–11]
which give rise to co-crystallization phenomena for these halides [8, 11] thus demonstrating the
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levelling effect for a large number of addends on the addition patterns of fullerene derivatives
with similar carbon cages. The existence of similar effects for CF3 derivatives of isomers of
C78 could be clarified by structural study of compounds with 16 – 18 attached groups.
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Star-shaped macromolecules with C60 fullerene branching centers were used as modifiers of poly(2.6-dimethyl-

1.4-phenylene oxide) matrix to obtain mixed matrix membranes. Two types of star modifiers were synthesized i)

six-arms star with six polystyrene arms grafted onto C60 center and ii) twelve-arms hybrid star with six polystyrene

arms and six copolymer poly(2-vinylpyridine)-block-poly(tert-butylmethacrylate) arms grafted onto C60 center. The

membrane structures were studied by scanning electron microscopy. The transport properties of the membranes

were determined by using sorption and pervaporation tests toward methanol and ethylene glycol over a wide

concentration range. All membranes showed high affinity for methanol. The separation factor reached its maximum

level at 5 wt% modifier concentration in the membrane. Polar hybrid arms were shown to change the membranes’

morphologies and considerably improve their transport properties.
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1. Introduction

The development of membrane technologies promotes the search for novel effective
membranes to solve important industrial ecological problems. The up-to-date methods consist
of creating mixed matrix membranes generally obtained by the inclusion of nanoparticles into
a polymer matrix. However, agglomeration of small nanoparticles (fullerenes, nanotubes, etc)
may create selective delamination on the interface between the polymer matrix and the agglom-
erated nanoparticle phase, which can result in membrane structural defects. To prevent the
agglomeration, different methods of nanoparticle modification could be applied.

In the present work, a C60 fullerene molecule was modified by anionic polymerization in
order to serve as a branching center for polymer stars with six or twelve arms; these star-shaped
macromolecules were used as fillers for mixed matrix membranes for pervaporation. In recent
years, pervaporation, a widely-used membrane technique for the separation of nearly inseparable
liquid mixtures (e.g. isomeric, azeotropic, etc.) [1]. The mechanism of the pervaporation process
consists of the following steps: selective sorption of liquid molecules into the membrane surface
on the feed side, selective diffusion of them through the membrane and desorption from the
permeate side of the membrane as a vapor. Separation of organic liquids by pervaporation is
based upon the selective permeation of one of the components.

Among the industrially important tasks that can be solved by pervaporation is the separa-
tion of methanol – ethylene glycol mixtures, regeneration of these alcohols, and their utilization.
This task arises from the joint involvement of these alcohols in a number of syntheses or
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technological processes; it is aggravated by the fact that these alcohols are very toxic. To sep-
arate the methanol – ethylene glycol mixture, membranes based on homopolymers (cellophane,
polyphenylene oxide) [2,3], copolymers [4], and binary polymer blends with additional chemical
linkage [5] were proposed. The most simple and available of them is poly(2.6-dimethyl-1.4-
phenylene oxide) (PPO), however, it is not effective enough as membrane material [3].

To improve the membrane transport properties, a novel approach based on physical
modification of PPO matrix by including C60 fullerene containing star-shaped macromolecules
with arms of a different nature is proposed in the present work. Two samples of modifier were
used. They are i) six-arms star with six polystyrene (PS) arms grafted onto the C60 branching
center (C60(PS)6) [6, 7] and ii) twelve-arms hybrid star with six PS arms and six copolymer
poly(2-vinylpyridine)-block-poly(tert-butylmethacrylate) (P2VP-PTBMA) arms grafted onto C60

branching center (C60(PS)6(P2VP-PTBMA)6) [8].

2. Experimental

PPO with molecular weight 172,000 and density 1.06 g/cm3 (Brno, Czech Republic) and
C60 fullerene of 99.9 % purity (Neo Tech Product, Research & Production Company, Russia)
were used. Chloroform, methanol, and ethylene glycol were purchased from Vecton (Russia).

The six PS arms star on C60 branching center C60(PS)6 and twelve-arms hybrid star
C60(PS)6(P2VP-PTBMA)6 (Fig. 1) were prepared by synthesis [9, 10].

FIG. 1. C60 fullerene-containing polymer stars (1) C60(PS)6 and
(2) C60(PS)6(P2VP-PTBMA)6

The composites containing 1, 3, and 5 wt% PPO/C60(PS)6 or PPO/C60(PS)6(P2VP-
PTBMA)6 were prepared by mixing solutions of 3 wt% PPO in chloroform and 3 wt% star-
shaped polymer in chloroform. Thin film membranes (∼ 40 µm thickness) were obtained
by casting the 3 wt% polymer solution in chloroform on a cellophane surface. Membrane
morphology was studied by scanning electron microscope (SEM) Zeiss SUPRA 55VP (Carl
Zeiss AG, Germany).

Pervaporation experiments were performed using a laboratory cell with an effective
membrane area of 14.8 cm2 at 50 ◦C, downstream pressure below 10−2 mm Hg was main-
tained. The permeate was collected into a liquid nitrogen-cooled trap, weighed and analyzed by
chromatography “Chromatec–Crystal 5000.2” (Chromatec, Russia) with a thermal conductivity
detector and refractometer IFR–454B2M. The total flux through the membrane was determined
as the amount of liquid penetrated through the membrane area per time unit. The separation
factor αmethanol/EG was defined by the following equation:
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αmethanol/EG =
Ymethanol

YEG

/
Xmethanol

XEG

, (1)

where Y and X are the weight fraction of component in the permeate and feed, respectively.
Sorption experiments were performed by immersion of membrane samples in the in-

dividual liquid (methanol or ethylene glycol) at 20 ◦C. The weight change was determined
gravimetrically. The sorption degree S was calculated by equation:

S =
Ms −Md

Md

· 100, (2)

where Ms is the weight of a swollen membrane upon equilibrium state and Md is the weight of
a dry membrane.

Kinetic curves for the sorption as a function of Mt/M∞ = f
(
t1/2/l

)
were plotted, where

Mt is the amount of desorbed substance per time t, M∞ is the equilibrium amount of desorbed
substance that was determined as the difference between the weight of a swollen membrane
and the weight of membrane dried to a constant weight, and l is the membrane thickness. The
effective diffusion coefficient D was calculated by the equation:

D =
π

16
(tan β)2, (3)

where tan β is the initial linear slope of the desorption kinetic curves when Mt/M∞ < 0.4.

3. Results and discussion

Preparation of C60(PS)6 and C60(PS)6(P2VP-PTBMA)6 star shaped macromolecules
through covalent binding of the fullerene molecule with polymer chains prevents agglomer-
ation of the modified nanoparticles and leads to their dispersion on the molecular level in the
PPO matrix. PS and PPO blends are completely inter-soluble and the phase separation of these
blends does not occur up to the temperature of their thermal destruction [11]. Therefore, one
can expect that PS arms of both star types will be compatible with PPO matrix and this will
facilitate the uniform distribution of star modifiers in the film.

The morphologies of the membranes containing 1, 3, and 5 wt% star modifiers were
studied by scanning electron microscopy. Fig. 2 shows that the inclusion of star modifiers in
the PPO matrix leads to changes in the top surface and cross-section structures of membranes
containing 5 wt% C60(PS)6 or C60(PS)6(P2VP-PTBMA)6.

Figure 2(b) shows that the inclusion of C60(PS)6 stars in the PPO matrix does not af-
fect the top surface structure as compared to the PPO membrane (Fig. 2(a)). On the contrary,
inclusion of C60(PS)6(P2VP-PTBMA)6 hybrid stars changes the membrane’s morphology con-
siderably (Fig. 2(c)). One can observe domain structures of a rounded shape formed due to the
segregation of hybrid star-shaped macromolecules. In the previous work, data from small-angle
neutron scattering analyses gave evidence for supramolecular structure formation in the case of
these types of hybrid star-shaped macromolecules [10]. As can be seen from micrographs of
the membrane cross-section (Fig. 2(d, e, f)), they acquire a cellular structure after modification.

The transport properties of hybrid membranes were studied by pervaporation and sorp-
tion tests toward two elementary alcohols: monohydric methanol and dihydric ethylene glycol
(EG). The separation of a methanol – ethylene glycol mixture by pervaporation was studied over
a wide concentration range of feed mixtures for both mixed-matrix membrane types at 50 ◦C.
All membranes were more permeable for methanol than for ethylene glycol, thus the permeates
were enriched by methanol. For both membrane types, the effect of methanol concentration in
the feed was the same, namely, the growth of methanol concentration led to a decrease in the
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FIG. 2. SEM micrographs of (a, b, c) top surface and (d, e, f) cross-section
of three membranes: (a, d) PPO, (b, e) PPO/C60(PS)6 (5 %), and (c, f)
PPO/C60(PS)6(P2VP-PTBMA)6 (5 %)

separation factor and increasing flux through membrane. However, the type of star modifier
does have an effect on the quantitative characteristics of the membrane’s transport properties.
Fig. 3 shows the effect of C60(PS)6 content on the PPO matrix on the main pervaporation param-
eters: the total flux through the membrane and the separation factor (methanol/ethylene glycol).
One can see that the separation factor increases but the flux through membrane decreases with
increased star modifier content in the PPO/C60(PS)6 membrane.

(a) (b)

FIG. 3. Dependence of (a) separation factor and (b) total flux on methanol con-
centration in the feed for pervaporation of methanol – ethylene glycol mixture
using PPO and PPO/C60(PS)6 membranes, 50 ◦C
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A similar study of PPO/C60(PS)6(P2VP-PTBMA)6 membranes showed that both the
total flux and the separation factor increase with the inclusion of the hybrid stars. It should
be noted that the magnitudes of both flux and separation factor are higher for membranes
containing C60(PS)6(P2VP-PTBMA)6 as compared with PPO/C60(PS)6. The best separation
properties were obtained for membranes containing 5 wt% star modifiers. The PPO/C60(PS)6
(5 %) membrane exhibits a separation factor of 260, which is more than twice the level for the
unmodified membrane (125).

Figure 4 shows data on the total flux and separation factor for the most efficient mem-
brane, PPO/C60(PS)6(P2VP-PTBMA)6 (5 %). The use of this membrane makes it possible to
double the value of the total flux and to raise the separation factor more than four-fold in perva-
poration of the feed containing 10 wt% methanol as compared with the unmodified membrane.
The preparation and properties of PPO/C60(PS)6(P2VP-PTBMA)6 membranes are claimed in the
RU patent [12].

FIG. 4. Dependence of (1) total flux and (2) separation factor on methanol
concentration in the feed for pervaporation of methanol – ethylene glycol mixture
through PPO/C60(PS)6(P2VP-PTBMA)6 (5 %) membrane, 50 ◦C

In pervaporation, the transport of small molecules through a membrane proceeds ac-
cording to the “solution-diffusion” model i.e. the permeability is directly proportional to the
solubility (sorption) and diffusivity [1]. Therefore, to explain pervaporation results, sorption and
diffusion characteristics were determined on the basis of sorption experiments. Table 1 lists the
data obtained for the sorption degree and diffusion coefficient for membranes containing 5 wt%
star modifiers. The inclusion of C60(PS)6 stars into PPO matrix resulted in decreased values for
the sorption degree and the diffusion coefficient for both methanol and ethylene glycol. Con-
versely, the inclusion of C60(PS)6(P2VP-PTBMA)6 hybrid stars into the PPO matrix resulted
in an increase in these parameters. The increase of the sorption degree may be related to the
composition of hybrid stars which contain arms of copolymer poly(2-vinylpyridine)-b-poly(tert-
butylmethacrylate) that are capable of higher affinity for alcohols than the PPO matrix.

Table 1 shows that the sorption degree for methanol is more than twice that of ethylene
glycol for all mixed matrix membranes. The higher diffusion rate of methanol in comparison
with ethylene glycol makes membranes selective for methanol. The enhancement effect is
related to the architecture of the C60 containing polymer stars and structural peculiarity of C60
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TABLE 1. Membrane sorption and diffusion characteristics for methanol and
ethylene glycol

Membrane

Sorption degree (%)
Diffusion coefficient D

(m2/s)

Methanol EG
Methanol,
D · 1012

EG,
D · 1014

PPO 14.0 5.2 2.27 0.37

PPO/C60(PS)6 (5%) 12.4 5.0 2.10 0.05

PPO/C60(PS)6(P2VP-PTBMA)6 (5%) 16.1 7.0 4.52 0.69

branching centers, which contain attached arms of different chemical nature which confer the
ability to form different types of self-organization.

4. Conclusion

Two fullerene C60 containing star-shaped modifiers C60(PS)6 and
C60(PS)6(P2VP-PTBMA)6 were used for modification of PPO matrix to develop novel mem-
branes for the pervaporation of methanol – ethylene glycol mixtures. The high affinity of
the mixed matrix membranes for methanol and higher selectivity in separation of methanol –
ethylene glycol mixtures were established as compared to that of unmodified membrane.

The improvement of transport properties occurs due to the favorable combination of
matrix and filler properties. The effect of star-shaped modifier on the structure and trans-
port properties requires an additional study, but the obtained results show that star modifiers
provide a good compatibility for PS arms with matrix polymer, moreover, the segregation of
C60(PS)6(P2VP-PTBMA)6 polar arms promotes the formation of polar zones (domains) that
provide high permeability and selectivity.

The fullerene C60 branching center and the nature of polymer arms of star modifiers
have an effect on the interaction between the membrane and separable liquids, thereby affecting
pervaporation transport properties of membranes. An appreciable effect of the C60 fullerene
branching center on gas transport properties of membranes composed of the star shaped PS with
C60 center has been established in our previous work [13]. We believe that the introduction of
star shaped macromolecules with C60 branching centers in PPO matrix changes the system and
the properties of transport channels, which leads to significant improvement of the membrane’s
transport characteristics.
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The photopolymerization process and the stability of the C60 photo-oligomers at elevated temperature in the molec-
ular donor-acceptor fullerene complex {Pt(dbdtc)2}·C60 (C60 complex with platinum dibenzyldithiocarbamate) and
pristine fullerite C60 are studied by Raman spectroscopy. Fast polymerization, manifested by the appearance of
additional peaks in the frequency region of the Ag(2) pentagon-pinch (PP) mode of the C60 molecule, was observed
upon sample illumination at 514.5 and 532 nm, even at low laser power density as well as at 785 nm at higher
power density. The frequencies of the new peaks are in accordance with the empirical dependence of the PP-mode
frequency on the number of the sp3-like coordinated carbon atoms per molecular cage. The temperature depen-
dence of the polymer content under constant laser power density reveals the decomposition of the photo-oligomers
to monomers at ∼ 350 K in the fullerene complex {Pt(dbdtc)2}·C60 and at ∼ 410 K in the case of the pristine
C60. These values are considerably smaller than the decomposition temperature of 525 – 565 K for the crystalline
polymers of C60.
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1. Introduction

The photo-induced polymerization of C60 was observed, for the first time, under intense
illumination by visible light. To explain this reaction, a [2+2] cyclo-addition mechanism was
proposed for the creation of covalent bonds among adjacent fullerene molecules [1,2]. The pho-
topolymerization effectively occurs in thin films or surfaces of bulk samples, owing to the small
light penetration depth (∼ 1 µm near 500 nm), resulting in rather disordered materials consisting
of various oligomers [3,4]. Therefore, structural analysis techniques are relatively inefficient for
studying the photopolymers and thus, Raman spectroscopy become very important. In contrast
to photopolymers, X -ray diffraction (XRD) measurements are very effective in the study of
the ordered crystalline C60 polymers obtained by the treatment of C60 fullerite under various
conditions of high pressure and high temperature (HPHT) [5, 6]. XRD studies of the polymeric
phases prepared under carefully controlled conditions of HPHT treatment have identified their
crystal structures as follows: one-dimensional orthorhombic (1D-O), two-dimensional tetragonal
(2D-T) and two-dimensional rhombohedral (2D-R). IR absorption and Raman scattering studies
have revealed important changes in the vibrational spectra of the HPHT polymers with respect
to that of the C60 fullerite precursor, related to the splitting and softening of the intramolecular
modes due to the lowering of the C60 molecular symmetry caused by intermolecular covalent
bonding [5–9]. The spectroscopic identification of the C60 polymers is mainly based on the be-
havior of the Ag(2) PP-mode of the C60 cage, corresponding to the in-phase stretching vibration
that involves tangential displacements of carbon atoms with a contraction of the pentagonal rings
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and an expansion of the hexagonal rings. The PP-mode downshifts in all C60 polymers are due
to the decrease of the mean intramolecular bond strength. Its softening depends on the number
of the sp3-like coordinated carbon atoms per C60 molecular cage that arise due to intermolecular
covalent bond formation. In the case of the fcc crystal structure of the C60 monomer, the Ag(2)
mode is observed at 1468 cm−1. In the 1D-O polymer (linear polymer, 4 sp3-like coordinated
carbon atoms) this mode is observed at 1458 cm−1. In the 2D-T polymer (planar tetragonal
polymer, 8 sp3-like coordinated carbon atoms), the peak downshifts to 1446 cm−1, while in the
case of the 2D-R phase (planar rhombohedral polymer, 12 sp3-like coordinated carbon atoms)
the Ag(2) mode exhibits the strongest softening and is observed at 1408 cm−1 [9].

The stability of the HPHT C60 polymers at elevated temperature has been studied by
differential scanning calorimetry (DSC) [10–12]. Under a heating rate of 10 – 20 K/min, DSC
measurements show a strong endothermic peak between 525 and 565 K, but no signal was
observed during the cooling scan [10]. The transition temperature depends on the polymeric
phase and somewhat on the scanning rate, indicating that the polymer decomposition process is
kinetically-controlled. The change of enthalpy related to the complete polymer decomposition
is the highest for the C60 dimers, decreases for the linear polymeric chains and attains its
smallest value for planar polymeric networks. The decomposition kinetics of the planar C60

polymers was studied by IR absorption and Raman scattering and the formation of intermediate
oligomeric states was observed in the case of the rhombohedral polymer [12, 13]. Note that in
the case of photopolymers, their small amount on the surfaces of bulk samples makes the DSC
measurements practically impossible. Thus, Raman spectroscopy becomes very important in the
study of their stability at elevated temperatures.

We report the comparative Raman study of photopolymerization in the molecular donor-
acceptor fullerene complex {Pt(dbdtc)2}·C60 and pristine C60. The fullerene complex
{Pt(dbdtc)2}·C60 possesses a layered structure in which the close-packed fullerene layers with
nearly hexagonal arrangement of C60 molecules alternate with layers of molecular donor. In
the fullerene layer, each C60 molecule is surrounded by six C60 neighbors with the shortest dis-
tances between the centers of molecules being 9.97 Å (four neighbors) and 10.02 Å (two
neighbors). Fast photopolymerization, manifested by the appearance of a number of new
peaks in the frequency region of the PP-mode, was observed in the fullerene layers of the
{Pt(dbdtc)2}·C60 under low laser power density at λexc = 514.5 nm which becomes much
slower under λexc = 785 nm even at high laser power. The frequencies of the new bands are in
accordance with the empirical dependence of the crystalline polymer’s PP-mode frequencies on
the number of the sp3-like coordinated carbon atoms per C60 cage [14]. The polymer content
can be inferred by the ratio of the sum of the integrated intensities for the new PP components
to the total spectral intensity in the frequency region of the PP-mode. This value grows expo-
nentially with laser exposure time while the time constant decreases with increasing laser power.
The stabilities of the photo-induced oligomers in the fullerene complex {Pt(dbdtc)2}·C60 and
pristine C60 were studied at elevated temperatures after saturation of the phototransformation
process under constant laser power density. The temperature dependence of the polymer content
probed by the same constant laser power density shows the decomposition of photo-oligomers
to monomers near ∼ 350 K in the fullerene complex and at ∼ 410 K in the pristine C60.
These values are considerably smaller than the decomposition temperature of 525 – 565 K for
crystalline polymers of C60 [10].

2. Experimental details

The samples of the donor-acceptor complex {Pt(dbdtc)2}·C60 were obtained by evaporat-
ing solutions containing fullerene C60 acceptors and platinum dibenzyldithiocarbamate donors by
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the technique described in Ref. [15]. The {Pt(dbdtc)2}·C60 complex adopts a monoclinic struc-
ture (space group P21/c). The parameters of the unit cell are a = 15.957(5), b = 17.241(5),
c = 10.018(5) Å, β = 92.356(5) ◦, V = 2753.7(5) Å3. The fullerene molecules are in
monomeric form under ambient conditions. No covalent or coordination bonds were found
between the platinum dibenzyldithiocarbamate molecules and the fullerenes; furthermore these
structures were arranged such that the benzyl substituents of Pt(dbdtc)2 were adjacent to the
C60 [16].

The samples of the {Pt(dbdtc)2}·C60 complex were flat, well-facetted crystals with
typical in-plane dimension of ∼ 50 µm. The samples of 99.98 % purity pristine C60 were vapor-
grown small single crystals with typical dimensions of ∼ 100 µm, nearly mirror-like surface
and truncated cubic outline. The crystal structure of the C60 fullerite at room temperature is
face-centered cubic with lattice parameter 14.17 Å and a nearest-neighbor C60 – C60 distance
of 10.02 Å [17]. The Raman spectra were recorded in the back-scattering geometry using
LabRam HR and LabRam ARAMIS micro-Raman setups as well as an Acton SpectraPro-2500i
spectrograph, all equipped with Peltier cooled (−70 ◦C) CCD detectors. The 514.5, 532 and
785 nm laser lines and Olympus 50×/100× objectives were used for the Raman scattering
excitation and activation of the phototransformation.

3. Results and discussion

Raman data related to the phototransformation in the {Pt(dbdtc)2}·C60 complex are
shown in Fig. 1. The top right inset shows five Raman spectra in the PP-mode region recorded
consecutively at λexc = 785 nm, laser power 16 µW and 100× objective during 3000 s with
600 s exposure time for each spectrum. These spectra do not show any changes while the
spectra recorded under similar conditions but with a laser power of 160 µW (bottom right
inset) clearly show the appearance of new bands at lower frequencies. These bands are related
to various photo-oligomers of C60 with different number of the sp3-like coordinated carbon
atoms per molecular cage. The phototransformation is accompanied by the splitting of the Hg
degenerate modes of the C60 molecule (not shown in the figure). The ratio of the sum of the
integrated intensities for the new PP components to the total spectral intensity in the frequency
region of the PP-mode provides a measure for the polymer content. The dependence of the
photopolymer content on the laser exposure time is shown in Fig. 1 (circles) along with the
fitting of the data by an exponential growth function (dotted line):

P (t) = Psat{1− exp (−t/τ)}. (1)

Here, P (t) is the time-dependent content of the photopolymer, Psat is the content of the pho-
topolymer attained after saturation of the phototransformation, and τ is the exponential growth
time constant. The phototransformation parameters are Psat = 44.5 % and τ = 320 s for the
illumination conditions shown in the bottom right inset, while the increase of the laser power
results in an increase in Psat and a decrease in τ . In fact, the time constant τ depends on the
laser power density, which implies the necessity for careful and reproducible focusing of the
laser beam on different sample sites. The top left inset of Fig. 1 shows the Raman spectrum
of the {Pt(dbdtc)2}·C60 complex recorded under λexc = 514.5 nm, laser power 25 µW and
100× objective. Four spectra recorded consecutively under continuous laser illumination during
360 seconds with 60 seconds exposure time for each spectrum show very fast transformation
despite the relatively low laser power. In this case, the polymerization rate increases drastically
due to the considerably higher absorption of the C60 layers near 514.5 nm than at 785 nm,
leading to a vanishingly small exponential growth time constant while the saturated polymer
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FIG. 1. Photopolymer content in the {Pt(dbdtc2)}·C60 complex, excited at λexc =
785 nm and a power of 16 µW, as a function of the illumination time (circles)
fitted by an exponential growth function (dotted line). The molecular arrangement
in the fullerene complex viewed along the a-axis of the unit cell is also included.
Insets: Time evolution of the Raman spectra of the {Pt(dbdtc2)}·C60 complex in
the region of the PP-mode excited through a 100× objective and λexc = 785 nm,
laser power 16 µW (top right), λexc = 785 nm, laser power 160 µW (bottom
right), as well as λexc = 514.5 nm, laser power 25 µW (top left)

content reaches Psat = 96.1 %. This is in accordance with the much smaller penetration depth
for C60 crystals at 514.5 nm than at 785 nm [18].

It is interesting to compare the photopolymerization in the {Pt(dbdtc)2}·C60 complex
with that of the pristine C60 with respect to the photo-oligomer content and stability at elevated
temperatures. The Raman spectra recorded in the region of the Ag(2) PP-mode under excitation
by λexc = 532 nm, laser power 60 µW and 50× objective are shown in the bottom right inset of
Fig. 2. The initial spectrum recorded with 600 s exposure time contains only the Ag(2) PP-mode
of the C60 monomer. The following spectra recorded with 3600 s exposure time after continuous
laser illumination for 7200, 14400, 21600 and 28800 s show a gradual decrease of the PP-mode
intensity of the monomer as well as the appearance and gradual increase in the intensities of the
corresponding photo-oligomer modes. The intensity distribution between the PP-modes of the
photo-oligomers differs from that of the {Pt(dbdtc)2}·C60 complex but the peak frequencies for
both materials are similar. The experimental dependence of the photopolymer content on the
laser exposure time is shown in Fig. 2 by circles while the dotted line is the exponential growth
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fitting. Its time constant is relatively high (∼ 6000 s), suggesting that the almost instantaneously
transformed complex is more sensitive to light. However, the time constant of C60 being longer,
may also be partly related to the larger laser spot under the 50× objective focusing as well
as to the somewhat higher transmittance of C60 near 532 nm with respect to 514.5 nm. The
dependence of the exponential growth time constant on the laser power is shown in the bottom
left inset. The measurements were performed at a number of neighboring sites of the same
C60 sample and under reproducible focusing conditions. The dependence is quasi-linear and the
time constant decreases with increasing laser power as in the case of the fullerene complex.

FIG. 2. Photopolymer content in the fullerite C60, excited through a 50× objec-
tive at λexc = 532 nm and laser power 60 µW, as a function of the exposure time
(circles) fitted by an exponential growth function (dotted line). Right inset: Time
evolution of the Raman spectra in the region of the PP-mode. Left inset: Laser
power dependence of the exponential growth time constant (circles) fitted by a
linear function (dotted line)

Figure 3 shows the frequencies of the PP-mode for various crystalline polymers of
C60 (circles) vs. the number of the sp3-like coordinated carbon atoms per fullerene molecular
cage [7–9, 19]. The Raman frequencies of the photo-oligomers in the pristine C60 crystal
(squares) and {Pt(dbdtc)2}·C60 complex (open stars) are also shown in Fig. 3. The structural
arrangements of the intermolecular covalent bonds in the different HPHT crystalline polymers, as
deduced by detailed XRD measurements, are also illustrated [5,6,20]. The empirical dependence
of the PP-mode frequency of the crystalline C60 polymers shows a gradual decrease with
an increase in the number of the sp3-like coordinated carbon atoms per C60 molecule. The
Raman data for the photo-oligomers in the {Pt(dbdtc)2}·C60 complex and pristine C60 agree
well with those of crystalline polymers, which clarifies the origin of the new PP-modes as
dimers, fragments of linear chains, conjugated linear chains, planar tetragonal and rhombohedral
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polymeric networks. Note, that the Raman band ∼ 1452 cm−1 observed in the Raman spectra of
the phototransformed {Pt(dbdtc)2}·C60 complex and pristine C60 does not exist in the crystalline
C60 polymers and is related to conjugated linear chains that were observed under pressure- and
photo-induced transformations in the linear orthorhombic C60 polymer [19–21]. In addition,
the phototransformed {Pt(dbdtc)2}·C60 complex and pristine C60 exhibit a Raman band near
∼ 1432 cm−1 which may be related to the PP-mode of an exotic photo-oligomer with 10 sp3-
like coordinated carbon atoms per fullerene molecular cage.

FIG. 3. The frequencies of the PP-mode of the HPHT crystalline polymers of
C60 (circles), the photo-transformed pristine C60 (squares) and {Pt(dbdtc)2}·C60

complex (stars) vs. the number of the sp3-like coordinated carbon atoms per C60

molecular cage. The arrangement of the intermolecular covalent bonds in HPHT
crystalline polymers is also shown

The stability of the photo-oligomers at elevated temperatures was also studied in a
series of Raman measurements under excitation by λexc = 514.5 nm, laser power 20 µW and
50× objective. The photopolymer content attained after saturation of the phototransformation
process is shown as a function of temperature in Fig. 4 for the {Pt(dbdtc)2}·C60 complex
(solid circles) and pristine C60 (open circles). The inset in Fig. 4 shows the Raman spectra
of the {Pt(dbdtc)2}·C60 complex in the region of the PP-mode recorded with 240 s exposure
time for each spectrum at various temperatures from 318 to 413 K. The data were acquired
after 1440 s illumination time, where the saturation of the photopolymer content has occurred.
The spectrum recorded at the lowest temperature of 318 K exhibits the typical photopolymer
features and is characterized by a suppressed monomeric PP-mode. The maximum content of
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polymer at this temperature is ∼ 90 % and decreases to ∼ 7 % at the highest temperature of
413 K, where the PP-mode of the monomer becomes dominant. The rapid reduction of the
photopolymer content begins at ∼ 340 K and is halved at ∼ 350 K. This temperature can
be considered as the temperature limit of the photo-oligomer stability in the {Pt(dbdtc)2}·C60

complex. Similar Raman measurements were also performed at elevated temperatures for the
pristine C60. The photo-oligomers in pristine C60 show somewhat higher stability: the rapid
decrease of the photopolymer content begins near ∼ 400 K and becomes half at 410 K. These
data are very close to those obtained in a previous Raman study of the thermal decomposition
of photopolymerized C60 thin films [22].

FIG. 4. The photopolymer content attained after saturation of the phototransfor-
mation process as a function of temperature for the {Pt(dbdtc)2}·C60 complex
(solid circles) and pristine C60 (open circles). Shaded areas indicate the de-
composition temperature of the photo-oligomers. Inset: Raman spectra of the
{Pt(dbdtc)2}·C60 complex in the PP-mode region recorded at various tempera-
tures

Summarizing, we have revealed the photopolymerization of the C60 layers in the molec-
ular donor-acceptor complex {Pt(dbdtc)2}·C60. Various aspects of this process were compara-
tively studied by Raman spectroscopy with those of the pristine C60. The photopolymerization
rate and polymer content attained after phototransformation saturation depended on the laser
excitation wavelength, laser power and focusing. The photo-oligomers are, most likely, dimers,
fragments of linear chains, conjugated linear chains, as well as planar tetragonal and rhom-
bohedral polymeric networks. The stability study of photo-oligomers at elevated temperatures
showed that their decomposition to a monomer occurred near 350 K in the fullerene complex
{Pt(dbdtc2)}·C60 and at ∼ 410 K in pristine C60. These values are considerably smaller than
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the decomposition temperature 525 – 565 K for crystalline C60 polymers [10]. This difference,
to a significant extent, may be related to the structural transformations and the deformation of
the fullerene molecular cage during the creation of the HPHT crystalline polymers, whereas the
photopolymerization is less energetically demanding because of the disordered structure of the
photo-oligomers and their small fragment size.
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The pressure-assisted photopolymerization in the fullerene complex {Cd(dedtc)2}2·C60 (fullerene complex with

cadmium diethyldithiocarbamate) observed in the pressure region between 2.24 and 5.99 GPa was studied in detail.

After a phase transition near ∼ 2 GPa, the Raman spectra exhibit time-dependent changes under prolonged laser

illumination regarding the appearance of new peaks in the frequency region of the Ag(2) mode of the C60 monomer.

These peaks are related to the fullerene oligomers with a different number of sp3-like coordinated carbon atoms

per molecular cage. The polymer content increases with the laser power density and exposure time, while for a

fixed laser power, its saturated value is independent of pressure. Outside the pressure range 2.24 – 5.99 GPa,

photopolymerization is suppressed.

Keywords: high pressure, fullerene, molecular complexes, Raman scattering, photopolymerization.

Received: 20 November 2015

1. Introduction

The high pressure behavior of donor-acceptor fullerene complexes is of interest due to
their layered structure in which the close-packed fullerene layers are alternated with layers of
the molecular donor. At high pressures, the reduction of intermolecular distances in fullerene
complexes increases the overlap of the highest occupied molecular orbital (HOMO) of the
molecular donor and the lowest unoccupied molecular orbital (LUMO) of the fullerene acceptor.
This may cause charge transfer, particularly in the case where the molecular complex at ambient
conditions is close to the ionic state. Alternatively, the decrease of intermolecular distances
within the fullerene layers may result in the formation of covalent inter-cage bonds. The X -ray
diffraction (XRD) and Raman studies of ionic and neutral donor-acceptor complexes of C60

have revealed the formation of covalent bonds between fullerene molecules at low temperature
or elevated pressure [1–8]. Recently, the photo-induced transformations at high pressure were
observed in the Raman spectra of the molecular complex {Cd(dedtc)2}2·C60 which take place
immediately after the pressure-induced phase transition near 2 GPa [9]. The time-dependent
changes in the Ag(2) mode region are reminiscent of those in the Raman spectra of C60 fullerene
under light irradiation [10].

The ability of C60 to form inter-cage covalent bonds is due to the existence of 30 unsatu-
rated double C=C bonds in the C60 molecule. C60 fullerite polymerizes under illumination [10],
alkali metal doping [11] and high-pressure/high-temperature (HPHT) treatment [12, 13]. The
polymerization of C60 is realized through the creation of covalent bonds among adjacent
fullerene molecules via a [2+2] cyclo-addition mechanism that necessitates the rotation of
molecules to attain a suitable mutual orientation [10, 14]. The photopolymerization is effi-
cient in thin films or the surfaces of bulk samples, owing to the small light penetration depth
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(∼ 1 µm near 500 nm); the photo-transformed material is rather disordered and contains var-
ious oligomers [15, 16]. For these reasons, the XRD method is unsuitable for the analysis of
the photopolymers and the role of the Raman spectroscopy becomes crucial. Unlike the case
of the photopolymers, XRD is very useful in the study of the ordered crystalline C60 poly-
mers obtained by HPHT treatment of the C60 fullerite whose structures have been identified as
one-dimensional orthorhombic (1D-O), two-dimensional tetragonal (2D-T) and two-dimensional
rhombohedral (2D-R) [12, 13]. The Raman spectra of the crystalline polymers exhibit splitting
and softening of the bands related to the lowering of the C60 molecular symmetry caused by
the intermolecular covalent bonds [12, 13, 17]. An important probe of the C60 polymers is the
behavior of the Ag(2) pentagonal pinch (PP) mode of the C60 molecule, related to the in-phase
stretching vibration that involves tangential displacements of carbon atoms with contraction of
the pentagonal rings and expansion of the hexagonal rings. The PP-mode frequency is down-
shifted due to the lowering of the average cage stiffness with an increase in the number of the
sp3-like coordinated carbon atoms per C60 molecule, associated with the inter-cage bonds. Thus,
the Ag(2) mode of the C60 monomer, observed at 1468 cm−1, shifts to 1458 cm−1 in the linear
chains (1D-O polymer, 4 sp3-like coordinated carbon atoms), while in the planar polymers, the
peak downshifts further to 1446 cm−1 (2D-T polymer, 8 sp3-like coordinated carbon atoms) and
1408 cm−1 (2D-R polymer, 12 sp3-like coordinated carbon atoms) [17].

In this paper, we present the detailed study of the pressure-assisted photopolymerization
in the fullerene complex {Cd(dedtc)2}2·C60. We have carefully defined the pressure region in
which the phototransformation takes place; we have studied the photopolymerization kinetics
and its dependence on pressure, and identified the final products of the reaction as fullerene
photo-oligomers. Starting at a pressure of 2.24 GPa, immediately after the pressure-induced
phase transition [9], photopolymerization occurs up to 5.99 GPa, after which it is abruptly
suppressed. In this pressure range, the Raman spectra exhibit time-dependent changes associated
with the appearance of new bands in the frequency region of the Ag(2) mode of the C60

monomer. Their intensity increases exponentially with the laser exposure time and saturates at
a value that does not depend on pressure. The peak frequencies indicate that the new peaks are
related to photo-oligomers with four and six sp3-like coordinated carbon atoms per molecular
cage.

2. Experimental details

Samples of the donor-acceptor complex {Cd(dedtc)2}2·C60 were obtained by evaporation
of a solution containing fullerene acceptors and cadmium diethyldithiocarbamate donors by the
method described in [18]. The XRD data show that the {Cd(dedtc)2}2·C60 complex acquires a
monoclinic structure, space group P21/c with unit cell parameters a = 16.368(3), b = 17.056(2),
c = 10.6650(15) Å, β = 100.058(14) ◦ and V = 2931.63 Å3 [7]. In the fullerene layers, each
C60 molecule is surrounded by six neighbors in a nearly hexagonal manner with the shortest
distances between the centers of the fullerene molecules being 10.058 Å (four neighbors) and
10.665 Å (two neighbors). No C–C bonds were found between the fullerenes and, therefore,
the fullerene molecules of the complex are monomeric at ambient conditions. The Raman
spectra were recorded in the back-scattering geometry using a LabRam HR micro-Raman setup
equipped with a Peltier cooled (−70 ◦C) CCD detector. The 514.5 nm laser line was used for
Raman excitation and the activation of the phototransformation. The laser beam was focused
on the sample by a 50 objective with a laser power of ∼ 200 µW, before the diamond-anvil cell
(DAC). Measurements of the Raman spectra at high pressure were carried out using a Mao-Bell
type DAC. The 4 : 1 methanol/ethanol mixture was used as pressure transmitting medium and
the ruby fluorescence technique for pressure calibration [19].
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3. Results and discussion

Figure 1 illustrates the peculiarities of the pressure-assisted photo-induced transformation
in the {Cd(dedtc)2}2·C60 complex as evidenced in its Raman spectra and their pressure and
exposure time dependence. The bottom inset shows the time evolution of the Raman spectra
of the {Cd(dedtc)2}2·C60 complex recorded at pressures 1.63, 4.37 and 6.37 GPa in the region
of the PP-mode under fixed excitation conditions of λexc = 514.5 nm, laser power 200 µW
and 50 objective. For each pressure, a different, fresh site of the sample was used to probe
the spectra evolution with the illumination time. Raman spectra were recorded consecutively
at 1.63 GPa under continuous laser illumination for 1800 s and with 300 s exposure time for
each spectrum. The spectra do not evolve with time regarding their structure and intensity
distributions. The Raman spectra at 4.37 GPa, recorded under continuous laser illumination
for 9900 s and 900 s exposure time for each spectrum, exhibit gradual time-dependent changes
associated with the appearance of new bands shifted to lower energies with respect to the Ag(2)
mode of the C60 monomer. The initial Raman spectrum, recorded with 900 s exposure time is
similar to the Raman spectra at 1.63 GPa, while longer time laser illumination leads to a photo-
induced transformation manifested by changes in the band structure and intensity distribution.
Similar changes were also observed in a number of the degenerate Hg modes for the fullerene
molecule. The Raman spectra at 6.37 GPa were recorded under the same laser illumination
conditions as the spectra at 4.37 GPa but they do not show any time-dependent changes.
The series of Raman measurements at various pressures have shown that the photo-induced
transformation takes place in the pressure region 2.24 – 5.99 GPa. The relative intensities of the
new bands increase with exposure time, indicating an increase in the photo-oligomers content in
the fullerene layers, as in the case for photopolymerization in pristine C60 and {Pt(dbdtc)2}·C60

complex at ambient conditions [14,20]. The ratio for the sum of the integrated intensities of the
new PP-mode components to the total spectral intensity in the frequency region of the PP-mode
provides a measure for the polymer content. The dependence of the photopolymer content on
the laser exposure time is shown in Fig. 1 (circles) along with the fitting of the data by an
exponential growth function (dotted line):

P (t) = Psat{1− exp (−t/τ)}. (1)

where P (t) is the time-dependent content of the photopolymers, Psat is the content of the
photopolymer attained after saturation of the phototransformation, and τ is the exponential
growth time constant. The phototransformation parameters at 2.77 GPa are Psat = 64 % and
τ = 889 s. As shown earlier in the photopolymerization study of {Pt(dbdtc)2}·C60 complex at
ambient conditions [20], the parameter Psat increases, while the time constant τ decreases with
an increase in the laser power. In fact, these parameters depend on the laser power density, which
implies that it is necessary to carefully focus the laser beam during measurements. The top inset
shows the dependence of the photopolymer content Psat on pressure. The Raman measurements
in all pressure values were performed under the same conditions. The photopolymerization was
initiated abruptly at 2.24 GPa after the phase transition near 2 GPa [9], occurs up to 5.99 GPa
and disappears at 6.37 GPa. The value of Psat varies between 60 % and 80 % despite the fixed
illumination conditions, which may be attributed to somehow different focusing of the laser
beam in different measurements.

Figure 2 illustrates the pressure dependence of the Raman bands of the {Cd(dedtc)2}2·C60

complex at pressures up to 6.5 GPa. The open circles mark the frequencies of the peaks related
to the Hg(7) and Ag(2) modes recorded after short exposure time in the time-dependent set
of Raman measurements, whereas the semi-filled circles correspond to the frequencies of the
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FIG. 1. Photopolymer content in the {Cd(dedtc)2}2·C60 complex at 2.77 GPa,
excited with 200 µW at 514.5 nm, as a function of the illumination time and fitted
by an exponential growth function (dotted line). The molecular arrangement in
the fullerene complex viewed along the a-axis of the unit cell is also included.
Bottom inset: Time evolution of the Raman spectra of the {Cd(dedtc)2}2·C60

complex in the region of the PP-mode at 1.63 GPa (left), 4.37 GPa (center) and
6.37 GPa (right). Top inset: Pressure dependence of the saturated photopolymer
content

split PP-mode components recorded after long exposure time when the photopolymer content
is saturated. The solid lines are linear fits of the experimental data related to the Hg(7) and
Ag(2) modes, while the dotted lines are fits of the split PP-mode components. Stars denote
the frequencies of the split PP-mode components extrapolated to ambient pressure. The pres-
sure evolution of the main PP-mode frequency exhibits an irregularity near ∼ 2 GPa: the
pressure coefficient between 2 and 3 GPa is almost zero, whereas before and after this region
it is ∼ 5 cm−1/GPa. Thus, the Raman data recorded after short laser exposure time show
the pressure-induced phase transition near ∼ 2 GPa was most likely associated with covalent
bonding between C60 molecules in fullerene layers. The phase transition was confirmed inde-
pendently by XRD measurements which showed a distinct change in the material compressibility
along the fullerene layers [9]. The intriguing result of the high pressure Raman study is that the
pressure-induced phase transition activates the photo-induced transformation as it follows from
the appearance of the split PP-mode components under prolonged laser illumination.

Figure 3 shows the frequencies of the Ag(2) PP-modes of various crystalline polymers
of C60 (circles) vs. the number of the sp3-like coordinated carbon atoms per fullerene molecular
cage [17, 21]. The Raman frequencies of the photo-oligomers in C60 fullerite (hexagons) are
also included [20]. The structural arrangements of the intermolecular covalent bonds in different
HPHT crystalline polymers, as deduced by detailed XRD measurements, are also illustrated in
the insets [12, 13, 22]. The empirical dependence of the PP-mode frequencies of crystalline
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FIG. 2. Pressure dependence of the {Cd(dedtc)2}2·C60 complex Raman peaks
related to the Hg(7) and Ag(2) modes of the C60 molecule at pressure up to
6.1 GPa. The open circles denote the peak frequencies recorded under short ex-
posure time, while the semi-filled circles the frequencies of the split components
of the PP-mode recorded under long exposure time. The lines are linear fits of
the experimental pressure dependencies, while the stars show the extrapolated
frequencies of the split PP-mode components to ambient pressure

C60 polymers and the photo-oligomers in C60 fullerite exhibits a monotonic decrease with an
increase in the number of the sp3-like coordinated carbon atoms per C60 molecule. Note, that
the Raman band at ∼ 1452 cm−1 in phototransformed C60 is related to the conjugated linear
chains that were first observed in the pressure-assisted photo-induced transformation of the linear
orthorhombic C60 polymer [21–23]. The frequencies of the pressure-induced dimers, as well as
the pressure-assisted photo-induced oligomers in the {Cd(dedtc)2}2·C60 complex extrapolated
to ambient pressure are also shown in Fig. 3 (stars). These data agree well with those of the
HPHT crystalline polymers and the photo-oligomers of C60 fullerite and may be attributed to
dimers, fragments of linear chains and conjugated linear chains.

Summarizing, we have studied in detail the pressure-assisted photopolymerization of the
fullerene molecules in the C60 layers of the molecular donor-acceptor complex {Cd(dedtc)2}2·C60,
activated immediately after the pressure-induced phase transition near 2 GPa. The phototrans-
formation process occurs at pressures ranging from 2.24 – 5.99 GPa. The photopolymerization
rate and the saturated polymer content depend on the laser excitation wavelength, laser power
and focusing but they are independent of pressure within this region. The photo-oligomers
are, most likely, fragments of linear chains and conjugated linear chains whereas the pressure-
induced phase transition results in the creation of C60 dimers. The photopolymerization of C60,
which requires the rotation of the molecules in order to attain a suitable mutual orientation of
the neighboring cages necessitated in the [2+2] cycloaddition reaction [14], may serve as the
basis for the interpretation of the observed behavior. Then, the stability of the studied com-
plex upon laser illumination at ambient and low pressure suggests that the molecular rotations
are hindered. However, in the high pressure phase (above 2 GPa), the inter-cage distances
are redistributed due to the pressure induced formation of dimers, leading to relatively large
inter-dimer distances. This may allow some rotational degree of freedom that would explain the
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FIG. 3. The frequencies of the PP-modes of the HPHT crystalline poly-
mers of C60 (circles), the photo-transformed C60 fullerite (hexagons) and the
ambient pressure extrapolated frequencies of the photo-induced oligomers in
{Cd(dedtc)2}2·C60 complex at high pressure (stars) vs. the number of the sp3-
like coordinated carbon atoms per C60 molecular cage. The arrangement of the
intermolecular covalent bonds in HPHT crystalline polymers is also shown

photosensitivity of the material. Further volume reduction, for pressure above 6 GPa, freezes
the rotations and renders the dimer phase immune to the laser irradiation.
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This paper describes the technique for rapid determination of endohedral metallofullerene (EMF) content in a

fullerene mixture (FM). The methods of mass spectroscopy and atom emission element analysis underlay at the

technique. By the method of mass spectroscopy, the type of EMF with atom-guest is registered and by the method

of emission spectroscopy, the quantity of that element which is contained in the FM is determined. The technique

may be used for rapid determination of EMF weight percents in the FM in the specific case if only one type of

EMF is present, and of EMF average content if there are different types of EMF are present. The technique is

demonstrated through the example of analysis of FM with Y, which was extracted from the carbon condensate

(CC) by different solvents (C5H5N and CS2).
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1. Introduction

If common fullerenes, such as C60, C70, and type C2n in general are widely studied
and have already been frequently used, then we cannot say the same about EMF. Although it is
theoretically predicted that they have unique features, able to resolve a number of problems with
electronics, computing technologies, medicine, mechanical engineering etc [1]. Of particular
significance is the future implementation of EMF with enclosed magnetic and radioactive atoms
which may have utility in medicine for diagnostic and therapeutic purposes [2].

Insufficient knowledge of these substances’ features is a result of their lack of pro-
duction in quantities sufficient for full-scale research. In the literature, there are results given
for obtaining a carbon condensate (CC) containing EMF, and methods for their isolation [3].
Nevertheless, the search for synthesis and isolation methods is ongoing, as known methods of
today are inadequate. The situation is exacerbated by the complexity and significant amount
of time required for the analysis of EMF in the selective FM. This slows down the process
of determining how synthetic parameters exert influence upon the content of the EMF formed
under these parameters and the efficiency of the used fabrication method. The direct method
involves chromatographic separation, analysis and determination of the weight fractions by per-
centage of EMF. There are works in which the extinction of solutions containing a certain type
of EMF is determined [4]. However, this method also requires the use of a direct method as
well as a chromatographic separation method. Determination of EMF content in the fullerene
mixture by our method obviates the need for the time-consuming procedure of chromatographic
fractionation with subsequent mass spectroscopic investigation and weighing. The developed



Express analysis of endohedral fullerenes... 141

method has been applied by us to study the contents of EMF with Y in fullerene mixture,
synthesized at different helium pressures and separated by the solvents C5HC5N and CS2.

2. Experimental part

CC was synthesized using a high frequency (HF) arc plasma for sputter graphitic elec-
trodes (graphitic rods) [5,6]. Graphitic rods, with an axial hole in which Y2O3 was placed, were
annealed at 1800◦C for 20 min. Current arc was 190 A, frequency – 66 kHz, and chamber
pressure was: 353, 98, 64.8 or 32.4 kPa. CC with Y synthesized under different pressures were
portioned into two parts. Extraction of one part was carried out with C5H5N and the other –
with CS2. According to our technique, the FM, after careful filtering, was dried. With the help
of emission spectroscopy, the metal content (the atoms of which were the atoms-guests in the
EMF) was determined for the FM.

Atomic-emission analysis was performed on the setup, consisting of plasma atomizer –
HF discharge in a stream of argon with copper and graphite electrodes, the spectrograph PGS-2
and a computerized spectral registration. Samples were made and concentration-response curves
were constructed for Y over a concentration range from 1·10−5 to 1.0 g/l. Samples were made as
follows: in graphite rods with a diameter of 6 mm were drilled apertures of 4 mm diameter and
5 mm of depth. Apertures with a solution containing a substance with a known concentration
of Y were dried. Thus, prepared samples act as graphite electrodes. Based on the analysis of
the emission spectrum at the Y 324.23 nm line, an analytical curve was constructed (Fig. 1).
The analytic curve is relevant for all types of compositions because samples are completely
atomized during analysis [7].

FIG. 1. Analytical curve for Y determination at the carbon

Fullerene extracts from the CC with a known concentration of Y were also applied in
the apertures of the graphite rods, as was done in the preparation of samples, and they also
acted as graphite electrodes. The content of yttrium in the sample was then determined by the
intensity of the yttrium 324.23 nm line and the concentration curve was generated (Figs 3a, 4a).
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The mass spectra of FM samples (Bruker BIFLEXTM III Time-of-Flight mass spectrom-
eter with laser desorption) shows the presence of pure fullerenes and fullerene with Y. However,
Y(88.9 m/z), YC2(112.9 m/z), Y3C (278.7 m/z) and etc. were not registered (Fig. 2)

FIG. 2. Mass spectral (positive-ion) analysis of FM synthesized with Y2O3

Mass spectroscopic investigation provided information on the qualitative composition of
the synthesized EMF (Figs. 3b, 4b). For pressure 353 and 98 kPa, it was discovered that the
yttrium occurs in the obtained fullerene mixture only in the form Y@C82. Accordingly, the
content of Y@C82 was easily calculated by the content of Y.

This technique allows one to obtain a quantitative assessment, if electromagnetic filter
with one metal atom molecule was formed. However, with metal addition, there are often
several types of EMF that are formed simultaneously. Mass spectroscopic investigation shows
that there are three types of EMF: Y@C82, Y2@C82, Y2C2@C82 (Figs. 5a, 5b and 6a, 6b) in
the CC synthesized under 64.8 kPa pressure. In this instance, this technique may also be used,
but for average assessment only. We have a qualitative assessment of EMF formation efficiency
for those synthesis parameters, but have no information about the amounts of the specific types
of EMF synthesized in the process.

Table 1 shows the results of Y and Y@C82 content in the fullerene mixtures extracted
from CC synthesized at different pressures and extracted by different solvents (C5H5N or CS2).

Accordingly, the quantitative assessment of EMF may be carried out without fractiona-
tion using HPLC, with future determination of fraction characteristics and weighing.

There are the following possible scenarios: 1 – if mass spectral investigation showed
that only one type of EMF was formed, then it is easy to calculate the quantitative assessment of
EMF by determining the percent content of inputting element; 2 – if mass spectral investigation
showed that there are several types of EMF, then to determine the percent content of inputting
element, we have only the average assessment of EMF content. In subsequent work, we plan to
remove that ambiguity by adding photoelectron spectroscopy to our technique for quantitative
assessment of several types of EMF content that was contained in the analyzed FM.
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FIG. 3. Results of atom emission and positive-ion mass spectral analysis of FM
synthesized with Y2O3 under 98 kPa and extracted by C5H5N: a) part of atom
emission spectrum, b) part of mass spectrum (on insertion – Y@C82)

FIG. 4. Results of atom emission and positive-ion mass spectral analysis of
FM synthesized with Y2O3 under 98 kPa and extracted by CS2 a) part of atom
emission spectrum, b) part of mass spectrum (on insertion – Y@C82)
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FIG. 5. Results of atom emission and positive-ion mass spectral analysis of FM
synthesized with Y2O3 under 64.8 kPa and extracted by C5H5N a) part of atom
emission spectrum, b) part of mass spectrum

FIG. 6. Results of atom emission and positive-ion mass spectral analysis of FM
synthesized with Y2O3 under 64.8 kPa and extracted by CS2 a) part of atom
emission spectrum, b) part of mass spectrum
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TABLE 1. Analysis results of FM samples contained Y, synthesized under differ-
ent pressure

Pressure under which EMF synthesis was carried out
353 kPa 98 kPa 64.8 kPa 32.4 kPa

C5H5N CS2 C5H5N CS2 C5H5N CS2 C5H5N CS2

Y content at 1 mg FM, mg1

0.99·10−3 0.41·10−3 12.1·10−3 9.7·10−3 10.6·10−3 8.0·10−3 5.17·10−3 2.4·10−3

Content Y@C82, wt% Y@C82, Y2C2@C82, Y2@C82
1.2 0.5 14.5 11.2 – – – –

1Methodic error less than 5 %.
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1. Introduction

Radiochemical technology allows the creation of new carbon-based materials and the
study of their properties, stability and structure. The application of radiolabeled fullerenes, en-
dohedral metallofullerenes (EMFs) and their water-soluble derivatives is of particular importance
in modern nuclear medicine and biology, due to their potential utility as radiopharmaceuticals.
Fullerene and EMF functionalization, by the attachment of different groups permits the tar-
geted delivery of drug molecules and the use of radioactive EMF properties for diagnostic and
therapeutic purposes. There are many published reviews describing endohedral fullerenes and
methods for their preparation, for example [1-3].

Recent results from stability studies of endofullerenes and their water-soluble deriva-
tives undergoing irradiation by fast and thermal neutrons in the reactor WWR-M (PNPI) are
presented in this article. Non-phonon excitation mechanisms were proposed for understanding
the fullerenols’ interactions with fast neutrons. In particular, fast electron shaking is suggested
as the most probable process [4,5].

It is clear that EMFs irradiations at different neutron fields may lead to their destruction
and cause the formation of new chemical substances. A molecule with daughter nucleus may
also change the original chemical form leading to such instabilities as oxidation, degradation,
crosslinking, etc. For example, there can be a reaction with oxygen due to ionizing radiation
accompanied by the formation of reactive radical intermediates.

Although the stabilities of fullerenes and EMFs have been thoroughly investigated [6-9],
the stabilities of water-soluble fullerene derivatives are less documented. This is why the present
investigation is necessary.

The studies seem to be very prospective for advanced medical applications of metallo-
fullerenes and their isotopic forms for the diagnostics (MRI) and tumor therapy. The active
component (heavy metal, isotope) in such molecules is screened from surrounding tissues and
toxicity risks are minimized.
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2. Experimental and discussions

The substances in the series (C2n, Gd@C2n, Gd@C82 and Gd@C2n(OH)38−40) were
synthesized for these studies. The fullerene-containing soot was produced by subjecting graphite
rods to electric arc treament. Subsequently, the soot was extracted with o-xylene. The C2n

extract’s composition was determined by high-performance liquid chromatography (HPLC).

High purity (99 %) sample Gd@C82 was extracted from soot using the solvents o-xylene
and N,N-dimethylformamide (DMF). The subsequent transfer of DMF in o-xylene allows the
use of chromatographic separation and final Gd@C82 purification [10,11].

The Gd@C2n fullerenes were isolated from soot using DMF extraction with the addition
of a reducing agent to enhance the ability of the extractant. The Gd@C2n obtained in this
manner was the initial compound to yield the hydroxylated Gd@C2n(OH)38−40 sample in dilute
aqueous hydrogen peroxide solution at 65◦C. According to X-ray fluorescence analysis (XRF),
water-soluble fullerenols contained 4.8 wt% of gadolinium. The number of hydroxyl groups in
a fullerenol molecule (x = 38–40) was determined gravimetrically (thermal analysis [12]). The
resulting product contained 55% of the gadolinium component according to calculation based
on the Gd@C82(OH)38 formula.

The powder samples were soldered in quartz ampules and irradiated for 0.5 – 32 h in
integral flux of up to 1019 neutrons/cm2 in the WWR-M. The temperature in the reactor channel
was 70 ◦C.

The irradiated samples stability was determined as follows: the water soluble
Gd@C2n (OH)38−40 was dissolved in a determined volume of water, assuming the previously-
determined solubility. The solution was then stirred for 4 h at 25 ◦C and was then centrifuged.
Irradiated C2n, Gd@C2n and Gd@C82 samples were dissolved in o-xylene and stirred for 24 h.
The insoluble precipitates were dried and weighted. The differences between the C2n original
weights and the insoluble portions, normalized to the initial weights provided product stability
data. The stability was defined for the Gd@C2n(OH)38−40, Gd@C2n and Gd@C82 samples as
the radioactivity ratio for the soluble and insoluble portions.

A Shimadzu LC-20 HPLC with Lab Solutions software and system for data processing
and output analysis was used for both analysis and separation. The fullerene fractions sepa-
ration and final purification were performed using three types of chromatographic columns: a
BuckyPrep 4.6 × 250 mm analytical column, a Buckyrep 10 × 200 mm semi-prep column,
and a Buckyrep 10 × 200 mm semi-prep column. Pure toluene was used as a mobile phase
(eluent) in standard analyses. The peaks were detected by the absorption at 330 nm.

Mass-spectrometric analysis of the high-purity Gd@C82 sample was performed with a
Varian Fourier transform ion cyclotron resonance mass spectrometer and with an Ultraflextreme
device (Bruker), respectively. The Gd@C82 sample spectra were recorded at standard device
tuning (500 – 4500 Da) without the use of a matrix. The positive ions were recorded at a mini-
mal laser power near the ion appearance threshold, so as to suppress the possible fragmentation.
The obtained mass-spectrum is shown in Fig. 1.

Chemical bonding information on the hydroxyl groups was obtained using Fourier trans-
form infrared spectroscopy (FTIR). The measured product FTIR-spectrum showed characteristic
frequencies corresponding to chemical bonds in fullerenols. The spectrum is dominated by a
broad band at 3412 cm−1, presumably due to the stretching mode of the OH-groups, as well as
other peaks at 1620 cm−1 (C=C), 1390 cm−1 and 1150 cm−1 (C–OH).

The γ-spectra were recorded using a semiconductor spectrometer with a detector based
on high-pure germanium HPGe (Ortec, EG & G) as done in previous work [13]. The detector
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FIG. 1. Mass-spectrum of Gd@C82, Varian mass-spectrometer

efficiency for the 1 MeV range was 5 %. Resolution for 122.06 keV γ-line of 57Co was
0.57 keV. The diameter of the detector was 25 mm and the thickness was 13 mm.

The stability dependence of C2n, Gd@C2n, Gd@C82, Gd@C2n(OH)38−40 upon irradiation
time is shown in Fig. 2.

FIG. 2. The fullerenes and fullerenols stability dependence upon irradiation time
at an integral flux of 8·1013 neutron/s·cm2
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As it can be seen in Fig. 2, the C2n fullerenes have the higher survival as compared
with others. It is no wonder, since the C2n composition (Fig. 3) contains predominantly C60

and C70 [14] possessing a high survival.

FIG. 3. Fullerenes C2n chromatogram

Meanwhile, the Gd@C2n(OH)38−40 has shown a higher survival compared with Gd@C2n

and Gd@C82. This stability of fullerenol can be interpreted as the effect of its shell containing
OH-groups and absorbed water. Really thermal neutrons undergo very intense incoherent scat-
tering on the protons in the shell of fullerenol that prevents neutron absorption by the gadolinium
atoms and the subsequent cage destruction due to recoil.

Gd@C2n survives better than Gd@C82, because it contains mainly C60 which has a more
stable framework and lower amounts of higher fullerenes such as C82. This testifies to the fact
that the main reason for EMF destruction is a result of the Szilard-Chalmers reaction.

The high survival of Gd@C2n sample as compared to Gd@C82 can be associated with
a difference in metal atom localization inside the carbon cage, with the electron-donating prop-
erties of the surrounding molecular environment and etc. It is known that the EMF properties
are strongly dependent upon the metal atom’s position inside the carbon cage. It has been noted
that even a slight shift inside the carbon atom framework can lead to significant changes in the
EMF’s molecular properties [15-18].

It should be noted, there is a substantial charge transfer between Gd and the nearest
carbon atoms in a Gd@C82 molecule. This value was found to be almost 2.5 times higher than
in La@C82 molecule [19]. Such a high charge density suggests a strong bonding for Gd with the
nearest carbon atoms (i.e. covalent bonds). Obviously, this circumstance makes the molecule
Gd@C82 and Gd@C2n more resistant to various physical and chemical, and, in our opinion,
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radiation effects. It should be noted that the charge transfer of Gd, and La are drastically
different, even though they have very similar oxidation potentials Mo0/M3+ (−2.4 V). It is
known that with such potential lanthanides donate three electrons to the fullerene cage and
become trivalent.

In EMF molecules and their derivatives [20-22] the electron structure is modified not
only via an internal charge transfer but also due to exterior effects, for example, by the presence
of attached hydroxyl groups. For fullerenes, EMF and fullerenols such a combination makes
the treatment of their resistance to irradiation very complicated and dependent on molecular
symmetry, size, carbon framework electronic structure, the atom’s localization inside a carbon
cage, the atom’s recoil energy, and at last on the presence of impurities and damage in the
irradiated material.

It is worth noting that except for destruction, the irradiation may induce opposite pro-
cesses, i.e. a synthesis of some molecular forms. When the recoil high-energy metal atom can
leave molecule and then collide with other molecules to destroy them, this recoil energy of the
atom is reduced and it can insert itself into another carbon cage, thus creating a new EMF.

Table 1 shows some previously obtained endometallofullerenols’ stability data under
different conditions. Such factors are the samples’ composition, the metal atom radius, the
nuclear recoil energy upon neutron capture. Although the various factors cumulative effect
greatly smoothes, the presence C2n(OH)x fullerenol influence apparently predominates.

TABLE 1. The endometallofullerenols survival dependence from different factors [23]

Element
Mixture content, % Atom radius, Recoil energy,

Survival, %
M@C2n(OH)x C2n(OH)x pm eV

Sm∗∗ 17 (Sm@C2n) 83 (C2n) 181 237 85
Tb 81 19 180 136.1 52
Gd 60 40 179 136.4 94.1
Sc 95 5 162 894.1 82.5
Fe 97,6 2,4 126 393.3 47.0
Mo 12 88 139 123.0 87.2
Pr 70 30 182 126.9 45.0

C2n – 100 – – 85
∗The samples irradiation are proceeded during 8 h in the integral flux 8·1013 neutron/s·cm2.
∗∗ The sample Sm@C2n survival is shown for comparison. The irradiation are proceeded
during 2 h in the integral flux 8·1013 neutron/s·cm2 [24].

Another feature of endometallofullerenols behavior under neutron irradiation is the rel-
atively high stability value as compared to the EMF. As it is seen from Table 1, all fullerenols
showed significantly greater stability (from 45 to 94 %) than the corresponding M@C2n (from
15 to 20 %). We expected to obtain similar results for irradiated C60, C70 fullerenes and
C60(OH)x, C70(OH)x water-soluble derivatives [14]. However, comparison of the stabilities of
C60, C70 with their water-soluble derivatives of C60(OH)x, C70(OH)x shows that fullerenol sur-
vival decreases by 2 – 3 times under 32 h irradiation as compared with fullerenes. Fullerenol
molecules under irradiation lose some of the hydroxyl groups and are not destroyed, becoming
insoluble. The soluble part weight reduces. The soluble and insoluble parts comparison becomes
incorrect. Therefore additional investigations are nesessary.
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Previously investigated samples M@C2n (M = Sc, La, Nb, Sm, Eu, Tb, Ho, Yb, Tm,
Lu, Pr, Fe, Mo, Gd) have shown the average survival from 15 to 20 % except Sm@C2n and
Gd@C2n [24]. As mentioned earlier, a Gd@C2n high stability to reactor neutron irradiation
can be explained by an abnormal feature of Gd-endohedral fullerene’s electronic structure. The
high stability of Sm@C2n can also be explained in such a way. To determine the anomalous
features of how the bivalent Sm+2@C−2

2n differs from Gd+3@C−3
2n , additional investigations are

nesessary. Although one should bear in mind that under certain circumstances, the bivalent
Sm+2 can be transformed into trivalent Sm+3 [25].

3. Conclusion

The C2n fullerenes, Gd@C82, Gd@C2n endofullerenes and Gd@C2n(OH)38−40 water-
soluble derivatives were synthesized, purified and a comparative analysis of their stabilities
under neutron irradiation has been performed at the PNPI WWR-M reactor.

Various factors have defined the fullerenes’ and fullerenols’ stability to neutron irradi-
ation; among these factors are the Szilard-Chalmers reactions and electronic structural features
which give the largest contribution to these compounds’ destruction.

The survival of water-soluble Gd-fullerenol was found to be an order of magnitude
greater than that of the original EMF which is of substantial importance, assuming fullerenols’
biomedical applications as advanced isotopic preparations.

In general, the investigation of fullerenes and fullerenols behaviors under irradiation
carries not only theoretical but predominantly practical interests, since the knowledge of their
radiation resistance offers a suitable option for a variety of the aforementioned biomedical
applications.
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1. Introduction

Polyhydroxylated fullerenes have been developed as the main derivative of fullerenes
with excellent biocompatibility and biofunctionality [1,2]. Indeed, C60 fullerenols have been
found to have outstanding antioxidant activity, which scavenge almost all reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [3].

Endohedral metallofullerenes, i.e. molecules in which a fullerene encapsulates a metal
atom(s), have shown great promise for use in biomedical science. Although C60 has been the
most commonly studied fullerene in biological systems, a few endohedral materials have been
synthesized using C60 as a cage molecule despite the limited interior volume of C60. There-
fore, most endohedral metallofullerenes are synthesized using C82 or higher molecular weight
fullerenes (presumably with larger interior volumes). Our group has prepared many C82 fullerene
derivatives. Y@C82 is one of the most important molecules in the metallofullerene family [4].
Yttrium endohedral metallofullerenol (e.g., Y@C82(OH)22) is a functionalized fullerene with
yttrium trapped inside the C82 fullerene cage. It was reported that the chemical and physical
properties of endohedral metallofullerenols depend on the number and position of the hydroxyl
groups on the fullerene cage [4]. These results demonstrated that modifying the outer cage of
Y@C82 with a number of hydroxyl groups tunes the electronic properties of the inner metal atom
as well as the electron density and polarizability of the electrons localized on the fullerene’s
cage.

A number of fullerenes, fullerenols, and endohedral metallofullerenols have been shown
to be capable of scavenging free radicals [3,5]. However, much less is known about the antiox-
idant activity of Y@C82(OH)22. It has not been determined if the ROS-scavenging capability of
Y@C82(OH)22 is higher than that of other functionalized fullerenes. In this work, we applied
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the adrenaline autoxidation reaction to determine the antioxidant activity of fullerenols C60 and
their mixture with higher and endohedral fullerenols.

2. Methods

2.1. Preparation of fullerenols

Fullerene mixture with endohedral Y-fullerene was synthesized at the set up with high
frequency (HF) arc plasma for sputter graphitic electrodes (graphitic rods) [6,7]. Graphitic rods,
with an axial hole in which Y2O3 was inserted, were annealed at 1800 ◦C for 20 min. Arc
current was 190 A, frequency – 66 kHz, and chamber pressure was 98 kPa. Extraction was
carried out using CS2.

Synthesized fullerenes were separated by liquid chromatography with turbostratic graphite
(graphite with an interplanar distance 3.42 Å) as stationary phase and toluene/hexane (4:6) mix-
ture as mobile phase (or pure toluene in case of C70 elution). Endohedral Y-containing fullerene
was separated using HPLC chromatography (Agilent 1200-series with Buckyprep column).

The experimental preparation of fullerenols was achieved under acidic conditions by
treatment with nitric acid.

2.2. Antioxidant activity study

Antioxidant activity (AA) of fullerenols was measured according to Hasanova et. al [8]
by the inhibition of adrenaline autoxidation. The reaction mixture contained 0.1 cm3 of 0.1 %
adrenaline hydrochloride, 4 cm3 carbonate buffer, pH 10.55, and 0.1 cm3 of fullerenol solution.
The increase in absorbance due to adrenaline autoxidation was monitored at 347 nm and the
percentage inhibition of the maximal rate of increase in absorbance was determined. According
to [8] more than 10 % inhibition rate shows the AA of investigated solution. This method has
been developed for measuring AA of vegetative gathering and for the first time applied for
fullerenols. The AA was calculated as follows:

AA =
(D1 − D2) · 100

D1
, %, (1)

where D1 is optical density of pure adrenaline and D2 is optical density of adrenaline with
fullerenol.

3. Results

Synthesized Y-containing fullerene mixture was investigated by HPLC (Fig. 1). We
collected fraction with Y-containing endofullerene (30 – 40 min) and investigated it by mass-
spectrometry (Bruker BIFLEXTM III Time-of-Flight mass spectrometer with laser desorption)
(Fig. 2). The fullerene mixture was shown to consist of only one type of endohedral metallo-
fullerene – Y@C82. The fullerene mixture was separated and 3 fractions were received – pure
C60 (99 %), C70 with higher fullerenes (92 and 8 %, respectively), and higher fullerenes with
6 % of Y@C82.

Fullerene fractions were hydroxylated and solutions with concentrations 2 mg/ml of
fullerenols were produced.

Figure 3 shows the dynamics for the adrenaline autoxidation reaction. The decrease
in the optical density showed the inhibitory effect of the fullerenols. To rate the influence of
fullerenols on adrenaline autoxidation process, different exposure times were chosen – 30 s,
3 min, 5 min. Calculation of AA showed that all fullerenols displayed great AA. The AA
significantly increased with increasing concentration of higher fullerenols (Fig. 4).
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FIG. 1. Chromatogram of fullerene mixture with Y-endofullerene

FIG. 2. Mass-spectrum of fullerene fraction with Y-endofullerene (30 – 40 min)

4. Conclusion

Fullerenols were investigated to see if they inhibit the adrenaline autoxidation reaction
and thus show great antioxidant activity. Increasing the higher fullerenol content, as well as
Y@C82 content, resulted in an increase in the antioxidant activity of fullerenol solution.
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FIG. 3. Optical density dependence on reaction time. 1 – pure adrenaline, 2 –
C60 fullerenol, 3 – C70 and higher fullerenols and 4 – endohedral and higher
fullerenols

FIG. 4. Comparative antioxidant activity of fullerenols (where 100 % of AA
means that adrenaline autoxidation doesn’t occur, and 0 % means that there is
no inhibitory effect). Statistically significant changes in AA level (ANOVA,
p < 0.05, n = 3)
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The uptake of superparamagnetic Fe7C3@C nanoparticles into living cells and their behavior once inside the cell

was investigated. The cells used were shown to absorb the nanoparticle aggregates over the first 30 minutes. After

absorption, these aggregates moved towards the center of the cell and accumulated near the cell nucleus. No toxic

effects on cell physiology were observed. In a magnetic field, the particles aligned in the cells along magnetic lines

and shifted to the magnet’s side. During long-term cultivation, Fe7C3@C nanoparticle aggregates were ultimately

discarded via exocytosis.
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1. Introduction

A new type of superparamagnetic nanoparticles (NPs), with chemical formula Fe7 C3@C
was recently obtained by us at high pressure and temperature and studied via physico-chemical
and biological methods [1,2]. Prolonged biological exposure demonstrated that Fe7C3@C NPs
display highly efficient cellular uptake and did not affect cytophysiological parameters for in
vitro cultured pig kidney epithelial (PK) cells.

2. Experimental section

For live imaging, pig kidney cells were placed on glass-bottomed Petri dishes (LabTek,
USA) at a density of 105 cells/ml and incubated with Fe7C3@C NPs for 24 h. Cell obser-
vation was performed in an environmental chamber kept at 37 ◦C and under 5 % CO2. The
chamber was mounted on an Olympus IX70 inverted microscope equipped with CCD-camera
Orca-RT+(Hamamatsu, Japan) and controlled by Micromanager 1.4 software [1]. Illumination
conditions (ND filters, lamp voltage, exposure time) were set to minimize phototoxicity.

For further experiments, PK were washed several times with fresh pre-warmed media
to remove free particles, fixed in 2.5 % glutaraldehyde in 100 mM phosphate buffer (pH 7.4)
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for 2 h with subsequent post-fixation in 1 % OsO4 and embedding in Epon (Sigma, USA).
Serial ultrathin sections (70 nm) were prepared with Leica ultramicrotome and observed with
JEM 1011 (JEOL, Japan) at 100 kV.

3. Results and discussion

Cells were capable of capturing magnetic nanoparticles (MNP) by upper part of the cell
membrane, and from the surface of the cultivation substrate during motion process. Immunoflu-
orescence studies using intracellular endosomal membrane marker showed that MNP aggregates
can be located in endosomes or lying free in the cytoplasm.

During long-term cultivation, cells discarded Fe7C3@C aggregates on the surface of
the plasma membrane via exocytosis. These aggregates were reabsorbed later by the same or
adjacent cells. In the absence of a magnetic field, Fe7C3@C aggregates localized in the central
region of the cells around the nucleus with a uniform distribution (Fig. 1).

FIG. 1. Transmission electron microscopy photos of the cell with Fe7C3@C
nanoparticles aggregates. a) Whole cell image on small magnification; b) High
magnification of selected region. Scale bar: a – 5 µm, b – 1 µm

In a magnetic field, uneven distribution of Fe7C3@C aggregates was observed - it was
advantageously arranged on the side of the cell facing the magnet (Fig. 2). Electron microscopy
analysis of these cells showed that the aggregates are often located in the cytoplasm of cells
along microtubules.

4. Conclusions

Our experiments demonstrated active endocytosis-mediated uptake of Fe7C3@C nano-
particles and the absence of any significant effects of it to cell behavior.

The magnetic properties of the Fe7C3@C NPs are sufficient for successful manipulation
at the intracellular level.

The non-toxic, biologically-compatible paramagnetic Fe7C3@C carbide NPs can be used
as efficient vectors for the targeted delivery of biologically-active compounds both intracellularly
and throughout the entire organism.
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FIG. 2. Light microscopy photo of the cell with Fe7C3@C nanoparticles in
magnetic field. Nanoparticles aggregate oriented along magnetic field lines and
shifted to the magnet side. Scale bar 10 µm
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In this work, multiwall carbon nanotubes (MWCNT) were functionalized with silver nanoparticles using two

different methods of incorporation. Characterization of these composites was done using Raman spectroscopy and

Transmission Electron Microscopy (TEM) and the antibacterial properties were measured using method of dilution

and plating. The four-point probe method was used to measure the resistivity of the nanocomposite thin films

made via the spin coating method.
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1. Introduction

It is well-known that diverse polymers possess antibacterial properties [1], however, this
also applies to several nanoparticles (for example Ag-NPs [2]) or carbon nanotubes (CNTs) [3].
The CNTs can be magnetic if they contain iron nanoparticles inside as a result of the incorpora-
tion of Fe-containing catalysts during their production [4]. It is hoped that once the nanoparticles
are integrated into the polymer matrix that all of the NPs properties will be transferred to the
polymer, resulting in its antibacterial and magnetic properties. There are many applications
reported for polymer-NP nanocomposites with antibacterial properties; however, in the case of
also having magnetic properties, there also exists the potential for an alternative means for drug
delivery or biosensor applications.

The natural polymer chitosan (CS) belongs to the group of antibacterial polymers [1];
it is compatible with tissues and is utilized in biomedicine. In this work, the functionalization
of CNTs with Ag and Fe and their further uniform dispersion in chitosan polymeric matrix is
studied.
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2. Experimental

2.1. Materials

Multiwall carbon nanotubes (MWCNTs) were prepared by spray pyrolysis method in the
presence of iron as a catalyst at two different temperatures, 760 ◦C and 800 ◦C. Chitosan (low
molecular weight) from Aldrich, AgNO3 from Fisher, Luperox R© LP, Lauroyl peroxide, 97 %
from Aldrich, Ethanol 99.2 % from Decon Labs Inc., Acetic Acid (2 %), cetyltrimethylammo-
nium bromide (CTAB) from Aldrich, deionized water (DIW) were used as supplied.

2.2. Functionalization of MWCNTs

Two methods, used for functionalization of carbon nanotubes, were as follows:
For the first functionalization (1NP), the CNTs (0.025 g), synthesized at 800 ◦C, were

ultrasonically dispersed in ethanol (10 mL). Another solution containing DMF (20 mL), sil-
ver nanoparticles (0.08 g), prepared by a more environmentally-benign method, and chitosan
(2 wt.%), was added to the first solution under nitrogen flow and stirred for 48 hrs (see Fig. 1.1).

For the second functionalization (2NP), the CNTs (0.1 g), synthesized at 760 ◦C, were
ultrasonically dispersed in ethanol (400 mL) and lauroyl peroxide (Luperox R© LP, Lauroyl
peroxide) (0.5 g) was added for 30 min. Next, the CTAB (0.2 g) was added and the mixture
was subjected to ultrasonication for 15 min. After this step, one of previously selected silver
compounds (silver(I) acetate, silver(II) oxide or AgNO3) was added and ultrasonication was
continued for an additional 60 min.

FIG. 1. Two methods for carbon nanotube functionalization with silver nanoparticles

2.3. Preparation of CS/Ag/MWCNT nanocomposite

Carbon nanotubes functionalized with silver nanoparticles were then used (0.02 % wt.%)
for the preparation of nanocomposites with different chitosan contents (1 %, 3 % and 5 %) by
mixing using ultrasonication for 1 and 5 min. Films of different nanocomposites were obtained
by a spin coating technique onto glass slides.
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2.4. Characterization

The samples were analyzed by Raman spectroscopy, Transmission Electron Microscopy
(TEM); method of dilution and plating was used for measurement of antibacterial property. The
four-point probe method was applied to measure the resistivity of the nanocomposites.

2.4.1. Method of dilution and plating:

1. A colony of the strain Escherichia coli DH5a was placed in 75 mL of liquid nutrient
medium for 12 h at 37 ◦C (pre-culture).

2. The analyzed samples were Luperox or Lauroyl peroxides, CTAB, mixture of peroxide
and CTAB, ethanol, silver nitrate solution as a reference, carbon nanotubes synthesized at
760 ◦C and carbon nanotubes containing silver nanoparticles. All reagents were introduced into
an ultrasonic bath for 5 min for sample dispersion.

3. 1 mL of the pre-culture of E. coli DH5a was mixed in 15 – 20 mL of melted nutrient
medium agar which was cooled to 40 ◦C, and allowed to solidify undisturbed on a flat table
top.

4. 0.1 mL of the dispersed samples were taken and poured over the filter paper disks
and placed in the center of the Petri dish with the bacteria, for this process, sterilization of
equipment was done using a Bunsen burner (called “disk technique”).

5. 0.05 mL of the scattered samples were taken and poured into a hole made in the
center of the agar plate placed in the center of the petri dish with the bacteria, for this process,
sterilization of equipment was done using a Bunsen burner (called agar hole technique)

6. Both plates (paper disks and agar holes) were maintained at 37 ◦C for 12 h.
Note. The Luperox and CTAB were diluted in absolute ethanol and later dispersed by

ultrasonic treatment for 25 min.

3. Results and discussions

Using Raman spectroscopy and TEM analyses, we confirmed the functionalization of
the synthesized carbon nanotubes (760 ◦C). Fig. 2 shows the Raman spectra of MWCNT
synthetized at 760 ◦C and two characteristic peaks are observed: one peak at a Raman shift
of 1310 cm−1, called the D-band, which is assigned to the disordered graphitic structure of
MWCNTs. The other peak, at a Raman shift of 1600 cm−1, called the G-band, is assigned to
the C=C bond in the graphitic plane.

The Raman spectra of both pristine MWCNT and MWCNT/Ag, obtained with an exci-
tation 284 energy of 2.41 eV, are shown in Fig. 2 (an inset in this image corresponds to the
reported data for SWCNTs/Ag [5]). The details of sample preparation and Raman experiment
have been reported elsewhere [5]. The presence of silver in the Raman spectra is confirmed by
the presence of characteristic peaks in the 1100 – 1600 cm−1 range. These peaks are slightly
shifted and broadened in comparison to the Raman data of the samples without silver. It should
be pointed out that the tangential band (at about 1590 cm−1) is composed of several peaks.
The downshift in the tangential G+-mode from 1600 to 1593 cm−1 indicates that electrons
are transferred from the silver to the MWCNTs; a similar peak amplification was previously
reported for SWCNT/Ag [5].

Figure 3 shows the TEM images of MWCNTs synthesized at 760 ◦C and MWCNT
with silver nanoparticles. Carbon nanotubes synthesized using an iron-containing precursor and
functionalized with silver nanoparticles demonstrate magnetic properties. As it is seen in Fig. 4
using a small magnet, the nanotubes are attracted to the magnet. This confirms that magnetic
properties are not lost upon functionalization.
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FIG. 2. Raman spectra of MWCNT: Raman spectra of MWCNTs made at 760 ◦C
with Raman spectra of functionalized MWCNTs made at 760 ◦C and silver
nanoparticles. An inset contains earlier reported data for SWCNTs/Ag

FIG. 3. TEM micrograph: A) MWCNT made at 760oC and B) functionalized
MWCNT (760◦C) with silver nanoparticles (2NP)

Figure 5 and Fig. 9 show an increase in the resistivity when you increase the number of
layers using chitosan solution for 1 % and 3 % and 1NC and 2NC. In Fig. 7, high contents of
CS (5 %) were used; one layer presented high resistivity to infinity but increasing other layer
resistivity is decreased. In case of addition of nanoparticles (1NC and 2NC), only with 2NC the
similar decrease of resistivity takes place.

Figures 8 and 9 show a decrease of resistivity when there is an increase of percentage
of CS.

3.1. Antibacterial test of carbon nanotubes with silver

The CNT samples with silver nanoparticles at two concentrations (0.0199 g / 0.5 mL
and 0.00199 g / 10 mL) were observed to generate homogeneous foams, while for the remaining
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FIG. 4. Carbon nanotubes with magnet nearby

FIG. 5. Results for solutions
with different percentages
of chitosan

FIG. 6. Results for chitosan
solution of 5 % using only
chitosan and two different
nanoparticles (1NP and 2NP)

FIG. 7. Decrease in resistiv-
ity average (MΩ) of 1NC
nanocomposite with CS solu-
tion (1 % and 3 %)

FIG. 8. Decrease in resistiv-
ity average (KΩ) of 2NC
nanocomposite with CS solu-
tion (1 % and 3 %)
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FIG. 9. Resistivity average for 1 layer and 2 layers of A) CS solution (1 % and
3 %) and nanocomposites B) 1NC and C) 2NC

samples, dispersion was difficult. Because this sample showed foaming due to the surfactant
CTAB used in the reaction, an experimental design was utilized whereby all reagents were tested
in order to rule out that the growth inhibitory activity of Escherichia coli DH5 was attributable
to the effect of one of them.

The CTAB in agar hole in petri dish showed an inhibition halo of 3.0 cm of diameter.
The CTAB in paper filter disk showed in petri dish an inhibition halo of 0.1 cm of diameter.

In Fig. 10, the sample with a concentration of 0.02 g / 0.5 mL in 0.05 mL poured in the
agar holes of the sample MWCNT/Ag showed an inhibition halo of 2.3 cm of diameter in the
E. coli DH5a culture. The samples with a concentration of 0.02 g /0.5 mL in 0.1 mL in disks,
only the sample MWCNT/Ag showed an inhibition halo of 0.5 cm of diameter in the E. coli
DH5a culture (see Table 1).

4. Conclusion

In the present work, we obtained nanoparticles with antibacterial and magnetic properties
using an ultrasonic method for functionalization. We confirm the functionalization with Raman
analysis by comparing the Raman spectra of MWCNT with and without functionalization. In
addition to the antibacterial and magnetic properties of our nanoparticles, we measured the
resistivity of chitosan and the nanocomposites. One of the nanocomposites (2NC) decreased the
resistivity among 33 % (1 layer) and 58 % (2 layers) less for CS (1 %) and 36 % (1 layer) and
46.6 % (2 layers) less for CS (3 %). These mean that multiwall carbon nanotubes with silver
nanoparticles allow increasing the conductivity of the nanocomposite.
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TABLE 1. Antimicrobial growth inhibition

Sample
Antimicrobial growth inhibition

Technique: Agar hole Disk

Control (only agar with bacteria) NO

Peroxide NO

CTAB YES

Mix of peroxide and CTAB NO

Ethanol NO

CNT NO

CNT with Ag YES
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FIG. 10. MWCNT with silver nanoparticles (2NP) with a concentration of 0.02
g / 0.5 mL in 0.05 mL poured in the agar holes with a halo of inhibition of 2.3
cm
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The evolution of the electron transport character in thin films of Mo–C nanocomposites is studied over the metal

concentration range 0.14 – 0.3 at temperatures from 4.2 to 400 K. It is shown that conductivity of the Mo–C

nanocomposites demonstrates the distinct power-like behavior in the two temperature intervals separated at 20 –

25 K. The concentration dependences of the power exponent in both temperature intervals are characterized by

the expressed minimum at Mo content close to 0.2 varying over the range 0.25 – 1.0. The experimental data

are discussed and simulated in the model of inelastic tunneling of the electrons in amorphous dielectrics in the

framework of the effective medium approximation.
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1. Introduction

The interest in nanocomposites is motivated by their potential applications as sensors,
optoelectronic devices, etc. [1]. The technological flexibility of the synthesis gives an easy way
to generate the desired electrical response of the sensors under external excitation. This greatly
broadens the field of application for nanocomposites. On the other hand, the competition
among the number of physical phenomena such as grain-to-grain tunneling of the electrons,
their quantum confinement on a single grain, Coulomb blockade, discrete energy spectrum of
the grains, electron-electron interaction, etc. gives an opportunity to use the nanocomposites as
model objects to study the peculiarities of electron transport in granular materials [1]. The metal-
carbon nanocomposites are materials of particular importance. They combine the extraordinary
mechanical properties typical for the hard forms of amorphous carbons [2] and the functionality
of the nanogranular conducting materials [1]. The complex structure of amorphous carbon
allows one to study the influence of the enhanced hierarchically-scaled disorder on the electron
transport in the nanogranular matter.

2. Samples preparation and methods used

The films of molybdenum-carbon nanocomposites with a thickness of 1 µm were grown
on the polished dielectric substrates in the hybrid deposition setup. The carbon-containing
dielectric matrix was deposited by PCVD of siloxane ((CH3)3SiO(CH3C6 H5SiO)3 Si(CH3)3)
vapors in DC plasma discharge. The DC magnetron co-sputtering of Mo target was used for the
metal phase generation. The substrates were positioned on the RF-biased (1.84 MHz) substrate
holder. The detailed description of the deposition process can be found elsewhere [2]. The
carbon phase of the deposited films is amorphous [4] and highly insulating (1012 – 1014 Ohm·cm
[3]). In accordance with TEM data, the molybdenum phase has a granular structure with the
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typical size of amorphous Mo-rich domains about 1.1±0.3 nm. The peculiarities of the structure
allow one to relate the Mo–C nanocomposites to the disordered nanogranular materials.

The DC conductivity of the nanocomposites was measured over 4.2 – 400 K by the
routine 4-terminal technique in a gas-flow helium cryostat. The samples were patterned in RF
(13.56 MHz) Ar discharge by the use of mechanical mask in a double Hall cross configuration.
The elemental composition of the molybdenum-carbon nanocomposites was studied by EPMA
JEOL JXA-8200.

3. Results and discussions

The experimental dependences of the scaled conductivity on temperature σ(T )/σ(400)
are shown in Fig. 1 (a) over the Mo concentration range 0.14 – 0.3. The Mo concentration is
shown near each curve. It can be seen that conductivity decreases with temperature over the
entire range of Mo concentration. In the nanocomposites studied, the transition to the super-
conducting state is observed. The transition temperature is dependent on the Mo concentration.
However, this phenomenon is beyond the scope of this paper.

The σ(T ) dependences possess the fine structure clearly observed in the temperature
dependences of the derivative of the conductivity on temperature. The σ′(T )/σ′(400) depen-
dences are shown on a double logarithmic scale in the insert to Fig. 1(a). As it can be seen,
the temperature dependences of the conductivity derivative are characterized by the existence
of two distinct temperature intervals (marked in the insert to Fig. 1(a) as I and II) separated at
temperature 20 – 25 K. The extended linear parts of σ′(T ) dependences within each temperature
interval correspond to the power dependences of the conductivity on temperature:

σ (T ) = σ0 + σ1

(
T

T0

)p

, (1)

where T0 is a characteristic temperature.
The principal parameter in the modern models of the electron transport in granular

media, which allows one to discriminate the mechanisms of the electron transport, is the value
of the power exponent p. In the temperature range gT δ < kBT < EC the corrections to the
conductivity of an ordered granular array assume the logarithmic form (p close to 0) [5]:

∆σ (T ) ∼ − 1

gTd
ln

(
gTEC

kBT

)
, (2)

where d is the dimensionality of the sample, the dimensionless intergranular conductance gT =
GT/(2e

2/h) � 1, δ = (gF b
3)−1 – the mean distance between energy levels in a single grain

with size b, kB is Boltzmann’s constant, and EC ≈ e2/2εb – Coulomb charging energy of a
single grain (ε is the effective dielectric constant of the media).

At lower temperatures kBT < gT δ, the corrections to the conductivity in a 3-dimensional
case accept the power form [6]:

∆σ (T ) ∼ − 1

gT

√
kBT

gT δ
. (3)

Figure 1(b) illustrates the concentration dependences of the power exponent p in Mo–C nanocom-
posites obtained by fitting of the conductivity curves (Fig. 1(a)) in temperature intervals I and
II using Eq. (1). The power exponent p varies over the range 0.25 – 1.0 being systematically
higher in temperature interval I. Both dependences are characterized by the minimum at Mo
concentration around 0.2. It follows from this figure that: a) the logarithmic corrections to the
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conductivity (2) are not observed in Mo–C films, b) the square root corrections (3) exist only
at certain Mo concentration values.

(a) (b)

(c)

FIG. 1. (a) Normalized conductivity σ(T )/σ(400) of Mo–C nanocomposite films
vs. temperature, insert - normalized derivative σ′(T )/σ′(400) vs. temperature;
(b), (c) Mo concentration dependence of power exponent p (Eq. (1)) (b) and σ0
(c) of σ(T ) dependences in temperature intervals I and II; Lines are guide to the
eyes only (b). Explanations are given in text

It is generally accepted that the tunneling-percolation model is a good approximation for
disordered granular materials [7]. Within this model the charge transfer occurs via tunneling of
the electrons between the conducting grains. The temperature dependence of the conductivity of
such granular media exists if between at least some conducting grains the temperature-dependent
intergrain tunneling takes place.
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The candidate for the role of the temperature-dependent tunneling may be the inelastic
intergranular tunneling of the electrons proposed as a main charge transfer mechanism in thin
films of amorphous dielectrics [8]. Following this model, the conductivity across the thin
amorphous dielectric is formed in the tunnel channels via the chains of localized states. The
conductivity of the single chain containing more than two localized states n depends on the
temperature by the power way:

〈σ〉n ∼ Se2
(

Λ2

ρc5

)n−1
n+1

gnn2na2n−1ln−1E
2n
n+1

0 T n− 2
n+1 exp

(
− 2l

a (n+ 1)

)
, (4)

where l is a distance between electrodes, S– cross-section area of the sample, Λ – deformation
potential constant, ρ – density of matrix material, c – velocity of the sound in the matrix, g –
density of localized states at the Fermi level, a – radius of the localized state, and E0 is the
depth of localized states inside the barrier.

The total conductance of a sample is the sum of the conductance of all the channels.
The model of the inelastic tunneling of the electrons gives a good basis for understanding the
peculiarities of electron transport in disordered granular materials. In accordance with it, above
the metal insulator transition point, the infinite conducting cluster, which consists of tunnel
junctions with not more than one localized state in the intergrain potential barriers, exists. The
temperature dependence of the conductivity of such a cluster is weak [8]. The parts of the
infinite conducting cluster are shunted by the tunnel junctions with more than two localized
states, giving the principal contribution to the temperature dependence of the conductivity. In
Fig. 1(c), the concentration dependences of the term σ0 in Eq. (1) in intervals I and II are
presented. One can see that both dependences are nearly identical. This means that temperature
dependence of the conductivity in both intervals is formed in the current paths shunting the
same infinite conducting cluster.

In order to check the applicability of this model the σ(T ) dependences of the molybde-
num-carbon nanocomposites were fitted in the framework of the effective medium approxima-
tion [9]. The best results for the fitting were achieved by the following assumptions: the Mo–C
nanocomposite was considered as a three-component mixture of the conducting and insulating
species; the conducting species represent the intergrain tunnel junctions whose conductivity σm
does not depend on temperature; the dielectric domains stand for the intergrain tunnel junctions
with two or three localized states. Their temperature-dependent conductivities were taken in
the form σd1 = σ11(T/T0)

2.5, and σd2 = σ12(T/T0)
1.33 where the power exponents equal to 2.5

and 1.33 appear from the model [8] for the inelastic channels with n = 3 and 2, respectively
(Eq. (4)). T0 is the characteristic temperature introduced to retain the parameters σ11 and σ12
in the units of conductivity. For the simplicity, its value was chosen as 1 K. In the framework
of the effective medium approximation, the conductivity of the nanocomposite σeff , the con-
ductivities of metal σm, dielectric σd1 and σd2 species, metal phase fraction Xm, and dielectric
phase fraction Xd1 (3-localized states junction) are interrelated by equation [9]:

Xm
3σeff

2σeff + σm
+Xd1

3σeff
2σeff + σd1

+ (1−Xm −Xd1)
3σeff

2σeff + σd2
= 1. (5)

The model allows one to trace the evolution of the molybdenum-carbon nanocomposites’
properties with increasing Mo concentration. The results of the fitting of σ(T ) dependences for
the temperature intervals I and II are summarized in Fig. 2 (a), (b), where the Mo concentration
evolution of phase fractions Xm, Xd1, Xd2 = 1−Xm−Xd1, and conductivities σ11, and σ12 are
shown. It follows from the figure that metal fraction Xm monotonically increases while Xd1 and
Xd2 decrease with an increase in Mo concentration (Fig. 2 (a)). The fractions either of 3-state
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(a) (b)

FIG. 2. Mo concentration dependences of: (a) Xm (1), Xd1(2), and Xd2 (3) phase
fractions; (b) conductivities σ11 and σ12 of dielectric species in both temperature
intervals. Explanations are given in text

and 2-state barriers remain well below the percolation threshold (∼0.25) at Mo concentration
far from the metal-insulator transition point in the metallic state (>∼0.15). This means that
the temperature-dependent conducting channels do not form the infinite conducting cluster.
Thus the corrections to the conductivity of Mo–C nanocomposites are formed in the current
paths consisting of the serially-connected elastic and inelastic junctions. The non-monotonic
concentration behavior of σ11 and σ12 prefactors arises from the term ln−1 exp{−2l/[a(n+ 1)]}
in Eq. (4) modulated by the possible variation of the parameters of intergranular dielectric space
by metal concentration increase.

4. Conclusions

The conductivity of the Mo–C nanocomposites was studied at 4.2 – 400 K over the
molybdenum concentration range of 0.14 – 0.3. The conductivity demonstrates the existence of
the two distinct temperature intervals separated at temperature 20 – 25 K. Within each tempera-
ture interval, the conductivity has a power character with a power exponent non-monotonically
dependent on Mo content. It was shown that the model of inelastic tunneling of the electrons
between conducting grains in the framework of effective medium approximation can give an
adequate description of the electron transport in molybdenum-carbon nanocomposites over the
entire metal concentration and temperature ranges.
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1. Introduction

Supercapacitors, also called ionistors, or electric double layer capacitors (EDLC), are
electrochemical energy storage devices. Their application area is rapidly expanding because of
their unique power and energy storage properties. A common supercapacitor device contains a
pair of highly-porous carbon electrodes immersed in an electrolyte solution and divided by a
dielectric membrane. The commonly used electrolyte solutions are aqueous solutions of salts [1],
acids [2] and alkalis [3]. Ionic liquids (either neat or dissolved in polar organic solvents) are
considered to have promising electrolyte properties [4]. This electrode-electrolyte system forms
an electric double layer (EDL) at the interface between conductive electrode and electrolyte.
The electric capacitance of the EDL is defined by formula:

C = S
ε · ε0
d

, (1)

where C is the specific electrical capacitance, S is the specific surface area, ε is the permittivity,
ε0 is the vacuum permittivity and d is the thickness of adsorption layer. Therefore, it is
theoretically possible to reach significant values for the EDL capacitance using a material
with larger specific surface area. However, often the real EDL specific capacitance does not
correspond to a specific capacitance of the “isolated” electric double layer. This is why we
tried to improve the method of measuring of the specific surface area to reach an acceptable
correlation between this data and the actual EDLC capacitance.
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2. Structure and properties of the used carbon materials

The carbon materials investigated in the work are the highly-porous microstructured
forms derived from pyrolyzed rice straw. After the pyrolysis the product was etched in alkali
solution to remove residual of SiO2. All of these materials were prepared and partially char-
acterized in Boreskov Institute of Catalysis, Siberian Branch, Russian Academy of Sciences,
Novosibirsk. These materials have different microstructure because of different processing
conditions. The main parameters of the materials are given in Table 1, and the micrographs
(obtained by SEM method) of some materials are given in Figs. 1 – 3.

TABLE 1. The main parameters of investigated carbon materials

Material (unique name) BET surface area, m2/g Average pore diameter, nm
ME544 544 4.7
ME900 906 3.1
ME991 991 3.0
ME1100 1100 3.0
MI2232 2232 2.2

FIG. 1. SEM micrograph of ME991, scale 50 µm

Micrographs of the materials show a highly-porous structure with different pore depths
and geometries. These factors, such as the average pore diameter, strongly affect the adsorptive
properties of the material.

3. The method of methylene blue adsorption

The conventional method for specific surface area (SSA) measurement is the BET
method, named after first letters of its inventors [5]. This method is based on a liquid ni-
trogen adsorption at a temperature below its boiling point [6]. However, the obtained value for
SSA is strongly affected by the capillary condensation, which sometimes gives very large values
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FIG. 2. SEM micrograph of ME2232, scale 50 µm

of SSA. As a result, the material MI3200 (the same type as material MI2232) has shown SSA
values near 3200 m2/g, ranging down to 2600 m2/g, the highest theoretical value of SSA cal-
culated for single-layer graphene [7]. However, the nitrogen molecule is non-polar, whereas all
the electrolyte and solvent molecules used in supercapacitors are all polar in nature. Assuming
that the polarity of the adsorbed molecules influences the amount of the material adsorbed, we
decided to utilize another method for determining the specific surface area [8]. This method,
which is based on the adsorption of methylene blue dye from 0.2 % aqueous solution, is called
here the “MetB” method.

To define the SSA by “MetB” method, a minute amount (1 – 10 mg, depending on
powder fineness) of the investigated carbon material was added to 5 ml distilled water and 1 drop
(approx. 20 mg) 3 M H2SO4 solution in a 10 ml flask which was then sealed hermetically. Then,
that flask was sonicated in ultrasound bath for 10 minutes to prevent particle agglomeration.
Next, an aqueous methylene blue solution was injected into the flask slowly (approx. 0.05 g
every 30 min) by a previously weighed syringe. When the suspension’s color change (blue)
stopped for 15 min, the syringe was removed and reweighed. The specific surface area (SSA)
is defined by the formula:

S =
V · C ·N · Am

m ·M
, (2)

where V is solution volume (ml), C is concentration of methylene blue (g/ml), N is Avogadro’s
constant (6.023·10−23 mol−1), Am is the size of methylene blue adsorption site 1.06·10−18 m2,
m is mass of carbon material, M is molecular mass of methylene blue (319.9 g/mol). Therefore,
when using solution with 0.2 % concentration, the SSA can be calculated with formula:

S

[
m2

g

]
= 4.0

[
m2

g

]
· M
m
, (3)

where M is mass of methylene blue solution (g), m is mass of carbon material (g).
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4. Preparation of the electrodes and specific capacitance measuring

To define the specific capacitance of supercapacitor electrode materials, we used a cyclic
voltammetry technique which allowed us to determine the capacitance for our experimental su-
percapacitor electrodes. A sample supercapacitor consists of two electrodes (placed on stainless
steel gauze) separated by a paper membrane and immersed in an electrolyte solution. We used
0.5 M Na2SO4 aqueous solution with an additional 2 wt.% ethyl alcohol as surfactant (this was
necessary because of the investigated carbon materials’ hydrophobicity). To make the electrode,
an amount of investigating carbon material (50 mg) was mixed with 0.25 ml 1 % water suspen-
sion of PTFE as binder and transferred onto metal gauze. After that, the electrodes were dried
for 1 h on an open hot plate at 95 ◦C to prevent water boiling, and subsequently, the electrodes
were formed under 30 MPa pressure. A pair of electrodes made from the same material was
assembled in supercapacitor and sealed in polyethylene to prevent electrolyte evaporation and
leakage. The capacitance of these model supercapacitors was measured by a cyclic voltamme-
try method at 5 – 50 mV/s scan rates at 0 – 500 mV voltage window. As an example, the
voltammetric curve for ME991 material is shown in Fig. 3.

FIG. 3. Comparison of real (blue points) and theoretical (red points) capacitance
values of surface area of high-porous carbon materials

To translate the capacitance of supercapacitor into the specific capacitance of the mate-
rial, one can use a formula:

CS = 2 · Cmeas

m
, (4)

where Cs is specific capacitance of material, Cmeas is measured capacitance of model superca-
pacitor, and m is full mass of the both carbon electrodes.

To calculate the theoretical value for the specific capacitance of a material, one can
use a cylindrical pore model, described in [9]. In this model, the authors used the geometric
characteristics of the pore, such as characteristics of the cylindrical capacitor with the solvated
ion’s diameter as the inner diameter and the average pore diameter as the outer diameter for this
cylindrical capacitor:

C = S · ε · ε0
b · ln

(
b
a0

) , (5)

where ε is permittivity of solvent, ε0 is vacuum permittivity, b is average pore diameter, a0 is
solvated ion’s diameter (0.339 nm for sodium ion), S is full surface area of electrode.
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The results for the SSA measured by our “MetB” method corresponded to the measured
and calculated specific capacitance of our materials, which are shown in Table 2.

TABLE 2. The measured and calculated parameters of investigated carbon materials

Material BET surface area, “MetB” surface Measured specific Theoretical specific
m2/g area, m2/g capacitance, F/g capacitance, F/g

ME544 544 345 27 20
ME906 906 411 47 42
ME991 991 320 45 35
ME1100 1100 259 37 28
ME2232 2232 983 120 169

5. Conclusion

The measured and calculated capacitance of carbon materials with 1000 m2/g (BET) and
300 – 400 m2/g (MetB) specific surface area correlate well. However, highly-porous materials
show a worse correlation between these values. We postulate that this divergence is connected
either with some kinetic characteristics of the electrochemical system – low diffusion speed in
pores, or with inactivation of the surface by a binder or pressure processing.

Though a BET method is fairly convenient, it is not fully appropriate for measuring the
specific surface area of highly-porous carbon materials, especially those materials appropriate
for supercapacitor electrodes. The method based on methylene blue adsorption yields results
that are in better agreement with other experimental data.
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1. Introduction

Active research of composite materials, which include nanostructures such as carbon
nanotubes (CNTs) as filler, is being conducted globally. Due to the large surface area of CNT, as
well as significant differences in the physical properties between nanoobjects and macroscopic
material, the properties of nanocomposites are not additive characteristics of each phase and
can be radically different from those of each component’s [1]. The data on the study of the
electrical and other properties of nanocomposites with CNT is provided in these reviews [2,3]. A
particularly urgent task is to study the strongly nonlinear dependence of the composite properties
on the filler concentration, which is necessary for the selection of the optimum functional
properties for the materials (strength, thermal, dielectric and other characteristics). Data on the
influence of impurities on the dielectric properties of CNTs of different composites at microwave
frequencies, associated with the search for promising materials for “stealth”-technologies, have
been presented in the literature [4]. This paper [5,6] investigates the microwave characteristics
of nanocomposite materials via controlled modification of the CNTs. We were also interested
how the positrons will annihilate in materials reinforced with CNTs.

2. The electrical properties of nanocomposite

Our composite is based on SiO2. It is reinforced with multi-walled CNTs at different
concentrations – 0 %, 0.05 %, 0.1 %, 0.5 % (by weight of silica + water), with an aspect ratio
of 10 – 102 (see Fig. 1), obtained by CVD-method.

Silicon was obtained from silicate glue. The chemical reaction is shown below.

Na2SiO3 + 2HCl→ 2NaCl + H2SiO3, H2SiO3 → H2O ↑ +SiO2.

Electrical characteristics of the samples were studied by dielectric relaxation spectroscopy,
according to which, the sample is placed between the plates of the capacitor (area of S = 16 cm2

and the distance between the plates d = 3.3 mm). The sample was then exposed to an alternating
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FIG. 1. SEM images of CNTs

electric field with a frequency varying from 25 Hz – 1 MHz. The measured values were:
electrical capacitance C, the quality factor Q, and the resistance R. The electrical properties of
the composites in electric fields were measured using an immittance meter E7-20.

The microwave properties of the composite are described by the frequency of electrical
field f dependence of the complex permittivity and conductivity:

ε = ε′ − iε′′, ε′ (f) =
(C(f)− C0)d

ε0S
, ε′′ (f) =

d

ε0S

(
C (f)

Q (f)
− C0

Q0

)
, (1)

σ (f) = 2πfε′′ (f) ε0, (2)

where the real and imaginary parts characterize the dielectric polarization and losses in the
composite respectively; C, C0 – capacitance of the cell with the composite and empty cell
respectively and Q, Q0 – quality factor of the filled and empty cells.

According to the table, it can be argued, that there is an optimum concentration at
which maximum absorption and scattering of electromagnetic waves at low frequencies occurs.
It is known that a change in the CNTs concentration leads to a nonlinear modification of the
nanomaterial’s functional properties. This dependence is noted for the mechanical properties
in [7]. The dependence of the silicon dioxide powder’s electrical properties (1), (2) on the
concentration of CNTs at different frequencies is shown in Table 1.

TABLE 1. The dependence of electrical properties upon different frequencies

Composition, CNT, n % REF, 0 0.01 0.05 0.1 0.5
ε′, 104 59.4 53.6 326.3 41.9 8.8

f = 50 Hz ε′′, 104 283 31.5 2331 72.3 8
σ, 10−3 Sm/m 7.87 0.88 64.81 2.01 0.22

ε′, 104 0.95 18.4 22.8 13.3 2.3
f = 500 Hz ε′′, 104 23.8 13 243 12.3 2.4

σ, 10−3 Sm/m 8.66 3.6 71.2 3.4 0.7
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Based on the data (see Table 1) it can be concluded that there is a sharp increase in the
absorption properties of the sample at a concentration ∼ 0.05 % at lower frequencies. There
is also strongly marked maximum in dispersion of electromagnetic waves for all concentrations
over a range of ∼ 10 kHz. The behavior of ε′ is associated with a decrease in the electromagnetic
field change rate in comparison to the typical recharge time (relaxation time) of effective
capacitor consisting of adjacent conductive particles. At higher frequencies, the capacitor does
not have time to recharge, and the dielectric permittivity value tends to approach the same
composite permittivity value with zero concentration of CNTs.

The dependence of the imaginary parts of permittivity and conductivity on the frequency
also shows a clear concentrational nonlinearity. At n = 0.5 %, the transition into a zone of
agglomerate conductivity occurs where there is deterioration in the conductivity of the sample.
With an increase in the electromagnetic field frequency, the conductivity is caused by the bias
current and increases for all samples. This nonlinear dependence suggests a restructuring of a
complex fine powder SiO2 + multiwalled CNTs + H2O (free and bound) system. Structures are
formed (agglomerates) at higher concentrations. The samples dielectric properties support this
hypothesis. Their surface areas are less than the total surface area of their components. The
reason for the formation of these structures is the large difference between silicon and CNTs
surface energies.

Next, we sintered silica powder with CNT in an oven at high temperatures. The con-
ductivity of samples was estimated by the resistance measurement of calibration samples with a
cable tester. It is known [1,2], that CNTs themselves could often be quite good conductors.

We determined the concentration dependence of the conductivity σ. The results of these
measurements are shown in Table 2.

TABLE 2. The dependence of conductivity upon CNT concentration (%)
in a nanocomposite with a SiO2 matrix

n, % REF, 0 0.05 0.5 1 3 5
σ, 10−3·Sm/m < 10−6 < 10−6 < 10−6 10 30 30

Based on data acquired, a conclusion about percolation character of direct current con-
ductivity in the obtained samples can be made. Up to a concentration of 0.1 %, there was
no direct contact opening the conductivity channel. The conductivity significantly increased at
concentrations above 0.1 % . REF is a ceramic sample without CNT. It’s worth noting that the
percolation threshold is clearly expressed only for direct current conductivity. Previously made
alternating current measurements [2], though pointing at a concentration dependence, had no
percolation character. This is explained by the absence of necessity for direct contact between
CNTs at alternating current conductivity. The tubes are recharging, like the plates of a capacitor
separated by an insulator.

3. Positron Annihilation Spectroscopy studies

Positron annihilation spectroscopy (PAS) is a successive method usually recommended
for the detection of open volumes in materials. In order to verify the PAS potential appli-
cation in further studies of our nanocomposites, measurements of the Doppler Broadening of
Annihilation Line (DB) were performed. A variable-energy positron beam (VEP), available at
the LEPTA facility [8] of the Joint Institute for Nuclear Research in Dubna, was used in this
experiment. This is a small linear accelerator (linac) which uses frozen Ne as the moderator of
positrons emitted from a 22Na isotope. Then, it allows them to accelerate to the desired energies
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ranging from 50 eV to 30 keV and implant them into the sample in the form of a beam. The
controllability of positron energies makes it possible to implant the particles at a precise depth.
DB measurements, consisting of registration of energetic spectrum of gamma quanta emitted
in annihilation processes were done using HpGe detector with energy resolution of 1.2 keV
at 511 keV. Analysis of obtained spectra results in extracting so called S parameter. This is
defined as the ratio of area under the central part of 511 keV line to the total area below this
line. S parameter represents a quantity related to the amount and size of free volume. More
information about the method is presented e.g. here [9,10].

In Fig. 2, the S parameter dependence on energy for a reference sample without CNTs
(circles) and a sample containing 1 % CNTs (squares) are presented. It should be noted that
differences between these dependencies are easily visible. The S parameter values for the
specimen containing CNTs are much lower. A similar trend was observed by Chen et. al. [11].
In this case, the decreasing S parameter was explained as the presence of additional carbon
nanofiber particles which have no free volume. Further studies in this area are recommended.

FIG. 2. The dependence of S-parameter of annihilation on positron energy for
ceramic samples with CNTs concentration 1 % – �. REF – sample without CNTs
– •. DALB spectra

4. Conclusions

All the given studies show that a nanocomposites properties are dependent upon the
concentration (mass percentage) of CNTs. Although, during the investigation of the direct
current conductivity, there was a percolation threshold located between 0.5 and 1 %. Other
methods allowed the distinguishing of samples with lower CNTs concentrations.
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provides a significant increase in the ultimate tensile strength of aluminum. The tensile strength of the obtained

composite material is at the tensile strength level of medium-strength aluminum alloys.
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1. Introduction

The addition of carbon nanotubes can significantly improve the mechanical properties of
aluminum and its alloys [1-3]. At the present moment, powder metallurgy methods are mostly
used to produce aluminum-based composites reinforced by carbon nanotubes (CNT). These
methods include the manufacturing of a powder compact followed by its hot deformation [4].
Compacts are produced by spark plasma sintering [4], cold pressing followed by sintering [5],
explosive compacting [6], hot isostatic pressing [7] and hot pressing [8]. The final operation
of composite manufacturing is hot extrusion [4] or hot rolling [9]. There are articles in which
the authors successfully combined powder compacting and hot extrusion, and thus realized the
spark plasma extrusion method [10].

In this work, aluminum composite reinforced by CNT was produced via a hot pressing
and final cold rolling operation.

2. Experimental procedure

For powder mixtures, aluminum powder (preparation standard PA-1) (GOST6058-73)
and multiwalled carbon nanotubes (MWCNT) manufactured by OCSiAl (see Fig. 1) were used.
Powder mixtures containing 1 wt.% CNT were made by high energy milling in planetary ball
mill AGO-2S. Thereafter, powder mixtures were compacted by hot pressing at 50 MPa at a
temperature of 600 – 670 ◦C under argon. During cold rolling, 10 % deformation for each pass
was produced. Approximately 10 – 15 passes were made to obtain each sample of foil. Part of
the foil samples were then annealed at 350 ◦C for 120 min.

For comparison, we made aluminum foil with additions of 1 wt.% of carbon powder
VulkanXC72 and foil without any additives. These foil samples were made in the same way
as those with CNT additives. Analysis of composite structure was conducted by scanning
electron microscope LEO1430-VP. A Bruker d8 Advance diffractometer with parallel geometry
and CuKα1 = 1.5406 Å; Cu Kα2 = 1.54439 Å radiation was used for carbide detection.

Foil samples with 100 µm thickness were cut to obtain samples for tensile strength
determinations. Tensile tests were conducted at room temperature by a servo- hydraulic testing
machine RPM-50U.



186 A. V. Alekseev, M. R. Predtechenskiy

(a) (b)

FIG. 1. TEM photographs of MWCNT

3. Results and discussion

SEM photographs of powder mixtures are shown in Fig. 2. The powder mixture con-
taining CNT consisted of mostly spherically-shaped particles. The diameter of powder particles
is typically 250 – 270 µm and rarely exceeds 900 µm. Detailed analysis of powder surface by
high resolution SEM did not reveal CNT agglomerates but showed separated CNT embedded
in the metal particles’ surfaces.

(a) (b)

FIG. 2. SEM photographs of powder mixtures containing 1 wt.% CNT

X-ray diffraction spectra of powder mixture containing CNT, and aluminum foil con-
taining CNT are presented in Fig. 3. It is well known that the presence of a large amount of
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aluminum carbides decreases the mechanical properties of an aluminum-CNT composite [12].
Consequently, it is preferable to minimize aluminum carbide formation during the composite
manufacturing process in order to produce materials with improved mechanical properties.

(a) (b)

FIG. 3. XRD spectra of powder mixture containing 1 wt.% CNT (a) and com-
posite foil Al – 1 wt.% CNT (b)

Conversely, the existence of a minute amount of aluminum carbide, in the form of nano-
sized particles positioned on the CNT-aluminum interfaces can increase the adhesion between
CNT and metal matrix [1, 2, 13]. Since aluminum carbide can appear not only during high
energy powder mixing [11] but also during the hot pressing of powder mixtures, it is necessary
to control its quantity at each step of the composite manufacturing process. As shown in Fig. 3,
no aluminum carbide is present in the aluminum-CNT powder mixtures. Only trace amounts of
aluminum carbide was shown to be present in our composite foil.

SEM photographs of fracture surfaces from hot pressed powder compacts are shown in
Fig. 4. Structures of both compacts are homogeneous. One can see that the length of protruded
CNT is not more than 1/10 of the initial CNT length. This indicates good adhesion between the
CNT and the metal [13-16].

Table 1 contains the results of the tensile strength test for cold rolled aluminum foils.
The tensile strength increase for composite foil can be caused not only by CNT addition, but
also by amorphous carbon powder formation during CNT collisions in a high energy ball mill.
In this sense, it is more correct to compare composite foil and control samples reinforced by
amorphous carbon powder. For this reason, we made two types of control samples. The first
one contains amorphous carbon powder additives and the second one has no carbon additives.

TABLE 1. Tensile test results

Sample number Powder mixture type Tensile strength, MPa
1 Al + 1 % CNT 441
2 Al + 1 % carbon powder 360
3 Al 357

From Table 1, it is clear that foil samples that contain powder of amorphous carbon
have strength similar to that of control foil samples without any additives.
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(a) (b)

FIG. 4. SEM photographs of hot pressed powder compact with additives of
carbon powder (a) and CNT (b)

The tensile strength of aluminum foil with 1 % wt. CNT added was increased by
22 % relative to pure aluminum foil. We can conclude that strength increase is caused only
by influence of CNT. All of samples had low plasticity, which may be explained by the high
degree of cold working.

Annealed samples of foil with 1 wt.% CNT also had high tensile strength. Comparative
diagram of our composite foil and standard aluminum foil GOST618-73 are shown in Fig. 5.
These data clearly show that our composite foil surpasses the standard aluminum foil strength
by a factor of 3 under both annealed and cold worked conditions.

FIG. 5. Comparative diagram of composite foil tensile strength and standard foil
tensile strength
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4. Conclusion

Composite foil reinforced by CNT was made by hot pressing and subsequent cold
rolling. The addition of 1 wt.% of MWCNT manufactured by OCSiAl provided an increase in
the tensile strength of aluminum foil by 22 %. Our composite has a tensile strength comparable
to that of medium strength aluminum alloys and is 3-fold greater than standard aluminum foil.
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A comparative study of Cu-C60/70 and Cu-Cg composites obtained by mechanical alloying has been performed

by means of scanning electron microscopy, X-ray diffraction, and Raman spectroscopy. It has been demonstrated

that high stress-related effects, which take place during the mechanochemical synthesis of Cu- C60/70 and Cu-Cg

composites with a nanocrystalline structure, result in the formation of an oversaturated solid solution of carbon in

copper, Cu(C). The morphology and the parameters of the crystal lattice aCu(tMA) and the sizes of the crystallites

L(tMA) of the powders obtained depend on the deformational stability of fullerite and graphite and also on their

reactivity to adsorbed oxygen.
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1. Introduction

At present many of researchers’ attention is devoted to investigations on the preparation
of nanostructured materials for engineering and functional purposes and on the optimization of
their physical and technological properties. An upcoming trend here is the synthesis of metal
matrix composites modified by carbon nanomaterials (fullerenes, carbon nanotubes, etc.), which
have unique physical and mechanical properties.

One of the most widely commercially applied metals is copper – manufacturers like it
for its high electrical and thermal conductivity. However its low hardness, and low corrosion
resistance limit its use in pure form. To improve its structural characteristics, researchers
suggest considering the prospects of preparing of copper-carbon composites. Carbon can protect
copper from oxidation and/or regenerate its already oxidized surface. Also, the problem of
electrochemical copper erosion can be resolved.

Different carbon forms are used to prepare the Cu-C composites. In most cases, graphite
can be utilized [1, 5-8]. Nanotubes [9-13], nanodiamonds [2,5], and fullerites [3, 14-16] are
mentioned in the literature as possible carbon sources. Among the methods used for modification
of copper with carbon are sintering [6, 13], the formation of film coatings by the joint deposition
of Cu and carbon [15, 16], carbon deposition from gaseous phase via the catalytic decomposition
of acetylene and ethylene with subsequent compacting and sintering [12], application of ultra-
high strain [1], and shock-wave loading [14]. Also, a promising technique is mechanical milling
in high-energy ball mills [2,3-5,7]. u-C specimens have higher hardness than that of carbon-free
copper [8,12], which is attributed primarily to the stabilization of copper grain boundaries [8].

Since under equilibrium conditions carbon is practically insoluble in copper, mechano-
chemical synthesis (MS) is considered a promising method for the preparation of such composite
materials – it provides the atomic-level mixing of components and thus increases solubility.
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Since different forms of carbon have different physico-mechanical and -chemical prop-
erties, it is expected that mechanical alloying (MA) of composites with their addition will give
different results. In this regard, it would be especially interesting to conduct comparative studies
on the effect of allotropic forms of carbon on the formation of the structure of copper-based
composites.

So far, comparative studies on the mechanical alloying of copper together with fullerites
and graphite have not been performed. However, the authors in [3] assume that the synthesis of
composites with fullerene particles in a copper matrix will give better results. The investigations
of Fe-C, Al-C, Mg-C systems in papers [14-16] confirm that in contrast with graphite, fullerenes
do exert a more significant strengthening effect both immediately after mechanical alloying [16]
and after the following spark plasma sintering [14,15].

In this paper, we present the results for the comparative study of mechanically alloyed
copper-fullerite and copper-graphite composites.

2. Materials and methods

Copper powders (99.5 %), graphite CgACS (mechanically crushed rods), and fullerite
C60/70 were taken as elemental powders for mechanical alloying. Copper powders had a dendrite
structure formed by spherically-shaped particles ∼ 3 – 5 µm in size, with dendrite branches as
long as ∼ 150 µm (Fig. 1, 0 h MA). Fullerite C60/70 and graphite particles were of a flat and
layered ellipsoid shape, respectively, and had a size of ∼100 – 200 µm. The composition of
C60/70, according to HPLC and thermal gravitational analysis, was as follows: 82.18 % C60;
14.08 % C70; 2.81 % C60O, C60O2, and C70O; 0.93 % C76, C78, C82, C84 %; 1.1 % of residual
toluene.

For copper-fullerite and copper-graphite composites, the copper and carbon powders
were mixed in the proportion Cu-25 at % C (hereafter referred to as Cu-C60/70 and Cu-Cg,
respectively) with the total weight of 30 g. The samples were mechanically alloyed in a
planetary ball-mill AGO-2S (balling drum material was hardened stainless steel, balls 8 mm in
diameter were made of ball-bearing steel) in a pre-evacuated inert atmosphere PAr = 0.1 MPa
(P = 10−3). The duration of mechanical alloying ranged from 15 min to 8 h.

A BRUKER D8 ADVANCE (CuKα radiation) diffractometer was used to perform X-ray
diffraction study of the samples. Magnesium oxide (MgO), prepared as described in [17], was
taken as a reference specimen to account for instrument broadening. The calculations were
made with an error for lattice parameters (aCu) smaller than 0.002 Å, crystallite sizes (L) 0.5
nm, and the level of microdistortions (〈ε2〉1/2) 0.05 %. To measure the changes in particle
morphologies (size and shape) a scanning electron microscope QUANTA 200 3D was used.
Raman spectroscopy was used to study the structural changes of carbon in the mechanically
alloyed Cu-C60/70 and Cu-C composites. The measurements were taken with a Labram HR800
(HORIBA) spectrometer with an exciting laser wavelength λ = 632.81 nm.

3. Results and discussion

Fig. 1 includes microimages of the initial copper powders and Cu-C60/70 and Cu-Cg

samples, and also the images taken after their mechanical alloying for 1 and 8 h. It is seen that
in the process of mechanical alloying of copper-carbon powders, different deformation kinetics
of Cu-C60/70 and Cu-Cg composites are observed, depending on the carbon form. This follows
from the different shapes of the resultant particles and their dispersion. After 1 h of milling, the
particles of the mechanically alloyed composites represent stone-like agglomerates formed from
smaller particles (Fig.1), with Cu-C60/70 powders being more finely-dispersed at the beginning
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FIG. 1. SEM-images of particles of Cu-25 %C powders in their initial state and
after 1 and 8 h of mechanical alloying
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than Cu-Cg powders. With an increase of the mechanical alloying time to 8 h, the particle
sizes in the composites compared tend to level off (Fig. 1). It should be noted that with a
decrease in the composites’ carbon content (to 5 at %), the morphological differences become
more expressed.

Figure 2 demonstrates X-ray diffraction patterns for Cu-C60/70 and Cu-Cg powders that
were mechanically activated for 0.5, 1, 2 and 8 h (tMA). Judging by the appearance of an X-ray
amorphous halo in the area of C60/70 main reflections at angles 2θ = 8 − 35 ◦ (Fig. 2a, insert)
an amorphous fullerite-like phase is formed in the Cu-25 % C60/70 blend after its mechanical
alloying for 0.5 – 2 h. At the same time, Cu2O is formed. As concerns Cu-Cg, after as early
as 0.5 h of mechanical alloying (2θ ∼ 26 ◦), the structural maximum of graphite in the X -ray
diffraction pattern totally disappears; also, the formation of Cu2O is no longer observed.

FIG. 2. X -ray diffraction patterns of Cu-C60/70 (a) and Cu-Cg (b) powders at
different MA times

Figure 3 shows the Raman spectra of Cu-C60/70 and Cu-Cg samples after 1 and 8 h
of mechanical alloying. Since D-band (1332 cm−1) has a higher intensity in comparison with
G-band (1582 cm−1) (Fig. 3, a), we can draw a conclusion that the graphite structure in the
Cu-Cg sample after 1 h of mechanical alloying is characterized by a higher number of defects.
A considerable intensity decrease and broadening of G-band is a consequence of graphite
amorphization [18]. The presence of the main bands of fullerenes C60 and C70 in the Raman
spectra of the C60/70 composite mechanically milled for 1 h indicates the presence of fullerenes
in the sample (Fig. 3, a). Owing to the spherical shapes of C60 molecules, their high compressive
strength and weak intermolecular bonds in a crystal, fullerenes in the process of high energy
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milling presumably act as “molecular bearings” [19]. Due to this, higher dispersion is attained
in the process of mechanical alloying of the Cu-C60/70 system.

FIG. 3. Raman spectra of Cu-C60/70 and Cu-Cg composites after 1 (a) and 8 (b)
h of MA

For long periods of mechanical alloying (8 h), the Raman spectra of both Cu-C60/70 and
Cu-Cg samples correspond to amorphous carbon (Fig.3, b). This is indicative of the destruction
of fullerene molecules and the disordering of graphite’s lamellar structure. As a result, particle
sizes in the compared Cu-C60/70 and Cu-Cg systems level off (Fig. 1). It is to be noted that
smaller particle sizes in Cu-C60/70 powders in comparison with Cu-Cg powders can also be
explained by the formation of a fragile copper oxide Cu2O at tMA = 0.5− 2 h (Fig. 2, a).

Thus, based on the results of Raman spectroscopy, it can be stated that the differences
observed in the Cu-C60/70 and Cu-Cg systems in process of mechanical alloying depend on a
higher deformation stability of fullerite in comparison with graphite. The latter was previously
shown in our research [20].

According to the diffraction maxima of the Cu-C sample profiles, the dependences of
copper crystalline lattice parameter aCu and crystalline sizes L on the mechanical alloying time
(tMA) for Cu-C60/70 and Cu-Cg are different (Fig. 4). At tMA = 1−2 h Cu-C60/70 powders have
smaller grains, 12 nm, in contrast with Cu-Cg powders, at a maximum value of aCu = 3.6169 Å.
In the plot of aCu versus milling time (tMA) we observe the maximum, and in the plot of L
versus milling time, the minimum is observed. In the process of milling for 4 – 8 h crystallite
sizes increase and reach values close to those for Cu-Cg composites. At the same time, aCu

decreases to 3.6162 nm. The change of grain sizes in the samples is seen to correlate with the
scanning electron microscopy data (Fig. 1) for particle dispersion.

In compliance with [21], from a thermodynamics point of view, the presence of adsorbed
oxygen at Cu-C interfaces should not have resulted in the formation of copper oxide, since the
latter should have been reduced by carbon. However, since the energy of attachment for oxygen
atoms to a C60 molecule exceeds that of the heat of Cu2O formation (376.8 and 166.6 kJ/mol,
respectively [22,23]), it is energetically favorable for oxygen to react with copper. As a result,
copper oxide Cu2O is formed in the sample, with part of oxygen additionally dissolved in the
copper matrix to form Cu(C, O). This explains larger value of aCu = 3.6169 Å in comparison
with Cu-Cg (aCu = 3.6162 Å). Furthermore, larger aCu value in the Cu-C60/70 system is also
determined by smaller grain sizes 〈L〉, and hence, larger specific surface area for the particles.

Because of this, the solid phase reactions in the Cu-C60/70 system proceed in two
steps. At the beginning (within 2 h) copper oxide (Cu2O) is formed, with fullerene molecules
remaining uninvolved. At the same time, an oversaturated solid solution of carbon and oxygen
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FIG. 4. Dependence of microstress (a), crystallite sizes (b), and lattice parameter
(c) of copper in composites Cu-C60/70 and Cu-Cg on MA time

in copper Cu(C, O) is formed. The second stage is initiated by the destruction of fullerene
molecule frameworks caused by high energy deformation. This results in amorphous carbon
formation. At 4 – 8 h of MA, the formed copper oxide is reduced:

2Cu2O + C→ 4Cu + CO2 ↑ −Q

and a partial diffusional decay of the oversaturated solid solution Cu(C, O) occurs with the
formation of Cu(C). This decay can be explained by the reaction proceeding between its com-
ponents:

[C]Cu + [O]Cu → CO ↑
where [C]Cu and [O]Cu are carbon and oxygen dissolved in copper. As a result, an oversatu-
rated solid solution of Cu(C) is formed with Cu = 3.6161 Å, and this is accompanied by the
recrystallization of the sample (〈L〉 increases from 12 to 20 nm).

Unlike the case with Cu-C60/70, the mechanical alloying of Cu-Cg is a one stage process.
As a result of this process, an oversaturated solid solution Cu(C) is formed. Because of a
faster amorphization of graphite and its high reducibility neither oxide formation nor oxygen
dissolution in copper is observed here.

Thus, it can be stated that the differences in the dependence aCu(tMC) observed between
Cu-C60/70 and Cu-Cg at the initial stage of their MA (up to 2 h) are not only determined by the
different deformational stability of fullerite and graphite, but also by their different reactivity
with oxygen.
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4. Conclusion

Regularities of structural and phase conversions in the mechanical alloying processes of
copper-fullerite and copper-graphite composites have been identified. It has been demonstrated
that the mechanical alloying of Cu-C60/70 and Cu-Cg composites with a nanocrystalline structure
results in the formation of an oversaturated solid solution of carbon in copper, Cu(C). The
formation kinetics of this solution, together with the powder morphology has been shown to
depend on the deformational stability of fullerite and graphite, as well as their reactivity with
adsorbed oxygen.
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A ceramic matrix composite based on zirconium dioxide doped with carbon nanotubes (CNTs) and metallic silver

as a plastic binder was produced by hydrothermal synthesis from ceramic precursor and a CNTs suspension

followed by critical point drying of the synthesized hydrogel and metallic silver deposition on ceramic composite

aerogel fragments from a AgNO3 solution. Multi-indentation loading of the composite has revealed two types of

mechanical response: 1) hardness decreasing with an increasing of number of cycles and 2) significant increasing of

hardness with an increasing number of indentations. Local chemical composition analysis has revealed correlations

between the composite hardness and the presence oxygen atoms for first type and silver and yttrium atoms for

second type of mechanical response respectively.
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1. Introduction

The production of ceramic composites reinforced by carbon nanotubes (CNTs) is one of
rapidly developing area in modern material science because of their ability to enhance ceramic
structure, intensify sintering processes and decrease crystallite size [1-3]. Although addition
of CNTs can change electromagnetic, electro- and heat-conductive properties of convenient
ceramics, the current work is focused on mechanical properties of CNTs-modified zirconia
composite. There is discrepancy in the literature concerning the ability of CNTs to improve
the mechanical properties of such a composite [4,5], which apparently occurs because complete
dispersion of CNTs agglomerates and their optimal arrangement in ceramic matrix can hardly
be achieved. That is why reports about several orders of magnitude improvement of mechanical
properties (fracture toughness, hardness, ets.) for CNTs-doped ceramics in comparison with
conventional ceramics, as well as reports showing the absence of any significant effect of
CNTs, can be found in literature. The aim of the present work is the development of the
optimal mutual configuration of CNTs and ceramic crystallites in ceramic/CNTs composite and
estimation of its mechanical behavior under multiple indentation loading.
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2. Composite preparation

Preparation of the composite includes the following steps: hydrothermal synthesis of
dense hydrogel from suspension of zirconium salt and CNTs (0.2 wt% concentration of CNTs);
critical point drying of hydrogel and thermal treatment of obtained ZrO2/CNTs aerogel (these
steps are described in detail in [6]); addition of metallic binder between aerogel fragments; and
final consolidation of them into bulk samples by hot pressing. Critical point drying provided
ceramic crystallites size less than 20 nm (Fig. 1, left) and preserves CNTs mutual configuration
formed during hydrothermal synthesis.

FIG. 1. Crystallite structure of synthesized aerogel (left), aerogel fragments be-
fore (center) and after (right) silver deposition

Metallic binder was added to the ceramic composite in order to increase material tough-
ness. Such effect of small amount of titanium in zirconia ceramics was reported more than 50
years ago [7], but at that time, convenient ceramic powder with several hundred micron crystal-
lites size and metallic powder with comparable grain size were used. In our case, with tiny size
of ceramic crystallites, another method of metal particle addition was implemented; fragments
of ZrO2/CNTs aerogels were immersed in AgNO3 solution and exposed to ultraviolet radiation
with simultaneous sonication for process homogeneity. Such treatment leads to metallic silver
precipitation on ceramic fragments (see: Fig. 1, center, Fig. 1, right); metal/ceramics ratio in
final composite is controlled by ceramic powder size (its surface area), AgNO3 concentration
and ultraviolet radiation intensity.

Consolidation of ZrO2/CNTs aerogel fragments after metal deposition was carried out
by hot pressing in a graphite die at 1500 ◦C and 53.5 MPa maximum pressing stress with 15
minutes dwelling time at the maximum temperature and pressure. X-ray spectroscopy of the
sintered composite samples indirectly confirms the preservation of the ultrathin size of ceramic
crystallites; there are peaks which correspond solely to the cubic phase of zirconium dioxide
(Fig. 2). Since the sintering temperature was much higher than the melting point of silver, the
latter becomes liquid, covering nearby ceramic composite fragments and fills the space between
them (Fig. 3). There are different scales of porosity in the sintered composite: the lower
scale (from ten to a few hundred nanometer size) which corresponds to the ZrO2/CNTs aerogel
fragments’ structure (Fig. 3, right) and is provided in the initial steps of composite production
(hydrothermal synthesis and critical point drying of hydrogel). The higher scale of porosity
(from a few to several tens of micrometers, Fig. 3, left) is due to incomplete consolidation of
ceramic composite fragments during sintering as long as the applied pressure and temperature
are not sufficient to reach complete densification of the material.

Transmission electron microscopy (TEM) analysis of composite fragments after hot
pressing confirmed the presence of CNTs in the material (Fig. 4, left), however other nanocarbon
objects were found, namely carbon nanotoroids (Fig. 4, right). One of the possible reasons
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FIG. 2. X-ray spectra of ZrO2/CNTs composite (blue) and ZrO2/CNTs aerogel
with metallic binder (black)

FIG. 3. Polished sample surface. Optical and scanning electron microscopy
images demonstrating the common structure on the periphery of the sample (left)
and the linkage between two ceramic aerogel fragments (right)

for their appearance is the high gradient magnetic field which occurred during heating of
the graphite die by induction currents. CNTs toroidal and coiled structures are under keen
investigation, since they are expected to have rather special electromagnetic properties [8].

The synthesis of ZrO2/CNTs aerogel and its preliminary structural characterization were
conducted at the University of Louisville, USA. Metallic silver deposition on ZrO2/CNTs aerogel
fragments was carried out at the Institute of continuous media mechanics, Perm, Russia. Hot
pressing of aerogel fragments after silver deposition, X-ray spectroscopy and TEM of the
sintered composite were performed at the Institute of Physical Foundations of Strength, Tomsk,
Russia.

3. Indentation experiment

Mechanical experiments on multiple indentation of composite were realized on the basis
of indentation system NanoTest (Perm State University, Perm, Russia) and consisted of the
following steps: loading the sample with Berkovitch indenter to maximum force Fmax, dwelling
the material at this load for 60 seconds, unloading the sample to 0.2Fmax, dwelling at this load
for 60 seconds and repeating of the loading cycle again. Several series of experiments were
produced varying the loading velocity (2, 4 and 8 mN/s) and number of cycles (20 and 40)
with the same maximum load 500 mN. For each loading conditions 30 experiments with 50 µm
istance were carried out. Fig. 5 shows the scanning electron microscope (SEM) image of the
examined composite with a fragment of the indents map. Structural inhomogeneity provides
some variation in measurement of mechanical properties, but comparison of force curves with
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FIG. 4. CNTs with ZrO2 crystalites (left) and CNTs with carbon nanotoroids
(right) in sintered material

SEM images of indents can help to eliminate unreliable points like indentation on the boundary
between ceramic fragments and to analyze only the valuable points.

FIG. 5. Three series of indents on the composite produced under different loading
conditions. Indents with first and second types of mechanical response are framed
in squares and rounds respectively

The synthesized composite exhibits two types of mechanical response under multiple
indentation: the first type has decreasing hardness (penetration depth increasing) with each
indentation cycle (Fig. 6), and opposite one, namely increasing hardness (penetration depth
decreasing) with increasing number of indentation cycles (Fig. 7). Analysis of local chemical
composition near indents has shown correlations between the structural elements composition
and mechanical properties of the material. Indeed, for the first type of mechanical response,
there is a correlation of oxygen concentration with hardness values: the lower the oxygen
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concentration, the higher the hardness of material. For the second type of mechanical response,
with anomalous composite hardening, the correlation of silver and yttrium concentrations with
hardness values has been found, namely, the higher the silver and yttrium percentage, the higher
the hardness of material.

FIG. 6. Force curve (left), SEM image of indent (center) and evolution of hard-
ness during the multiple indentation experiment (right) for the first type of mate-
rial response

FIG. 7. Force curve (left), SEM image of indent (center) and evolution of hard-
ness during the multiple indentation experiment (right) for the second type of
material response

One of the possible explanation for this can be the following: the first type of mechan-
ical response is governed mainly by oxygen vacancies in the ceramic matrix, while anomalous
hardening is the result of the phase composition of ceramics composite (which is governed by
yttrium concentration) and the presence of silver atoms. Analysis of mutual configuration of
metallic particles and CNTs in ceramic matrix as well as investigation of additional chemical
bonds forming between them can prove this hypothesis. Also, there is no increasing of hard-
ness during multiple loading of conventional ceramics, so one can conclude that CNTs play a
significant role in such type of mechanical response.

4. Conclusions

The ceramic matrix composite based on CNTs-doped zirconium dioxide and metallic
silver as a plastic binder was produced. Ultrathin ceramic crystallites (size less than 20 nm)
were formed by means of hydrothermal synthesis and critical point drying of the ceramic com-
posite precursor. Multi-indentation loading of composite has revealed two types of mechanical
response: 1) hardness decreasing (penetration depth increasing) with each cycle of indenta-
tion, and 2) increasing of hardness (penetration depth decreasing) with increasing number of
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indentations. Such different mechanical behavior is attributed to both chemical and structural
inhomogeneity of material. Local chemical composition analysis has revealed correlations be-
tween hardness changes and the presence of silver and yttrium or oxygen atoms for different
types of mechanical responses.
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1. Introduction

As is known, the hydrogen spillover effect can be characterized by three major steps, the
first being where molecular hydrogen is split via dissociative chemisorption into its constituent
atoms on a transition metal catalyst surface, followed by migration from the catalyst to the
substrate, culminating in their diffusion throughout the substrate surfaces and/or in the bulk
materials.The mechanism behind the hydrogen spillover effect has been long disputed, up to
currently.

As is noted, for instance in [1-10], the hydrogen spillover effect manifestation in carbon-
based nanomaterials has been not studied thoroughly, which is particularly relevant for solving
the current problems of on-board hydrogen storage efficiency and safety.

2. Experimental/methodology

A thermodynamic analysis approach [11,12] for the related experimental data (including
Figs. 1 – 4 from [12]) has been used.

3. Results and discussion

3.1. The physics for the intercalation of high density H2 gaseous nanophase into
graphene nanoblisters in HOPG and epitaxial graphenes (under atomic hydrogen
treatment)

Figure 1 shows the two steps ((a) and (b)) of hydrogenation (at 300 K and the atomic
hydrogen pressure P(Hgas) ≈ 1 · 10−4 Pa, without any catalyst) of surface graphene layers of a
highly oriented pyrolytic graphite (HOPG) resulted in intercalation of a high density H2 gaseous
nanophase into surface graphene nanoblisters.

If we assume that the nanoblister approximates a semi-elliptical form, we obtain a
blister area of Sb ≈ 2.0 · 10−11 cm2 and a volume of Vb ≈ 8.4 · 10−19 cm3. The amount of
retained hydrogen in this sample becomes Q ≈ 2.8 · 1014 H2/cm2 and the number of hydrogen
molecules captured inside the blister becomes n ≈ (QSb) ≈ 5.5 · 103. Thus, within the
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ideal gas approximation, and accuracy of one order of the magnitude, the internal pressure of
molecular hydrogen in a single nanoblister at near-room temperature (T ≈ 300 K) becomes
PH2 ≈ {kB(QSb)T/Vb} ≈ 1 · 108 Pa. The hydrogen molecular gas density in the blisters (at
T ≈ 300 K and PH2 ≈ 1 · 108 Pa) can be estimated as ρH2 ≈ {(QMH2Sb)/Vb} ≈ 0.045 g/cm3,
where MH2 is hydrogen’s molecular mass.

FIG. 1. Model {from STM and AFM data} showing the hydrogen accumulation
(intercalation) in HOPG, with the formation of blister-like surface nanostructures;
hydrogenation was done at 300 K and the atomic hydrogen pressure P(Hgas) ≈ 1 ·
10−4 Pa, without any catalyst. (a) Pre-atomic hydrogen penetration (intercalation)
step. (b) Molecular gaseous hydrogen, “captured” inside the surface graphene
nanoblisters (at P(H2gas) ≈ 1 · 108 Pa), after the intercalation step. Sizes are not
drawn exactly in scale. The hydrogen compression effect is of 12 orders (from
P(Hgas) ≈ 1 · 10−4 Pa to P(H2gas) ≈ 1 · 108 Pa). According to analysis [11,12],
it occurs at the expense of the energy of association of hydrogen atoms to the
“captured” molecules, Eqs. (1), (2)

These data (Fig. 1) can be quantitatively described, with an accuracy of one order of
magnitude, and interpreted within the thermodynamic approach [11,12], by using the conditions
of thermo-elastic equilibrium for the reaction of (2H(gas) → H2(gas in blisters)), as follows:

(PH2/P
0
H2) = (PH/P

0
H)2 exp {[∆Hdis − P ∗

H2∆V ]/kBT}, (1)

where P*H2 is related to the blister “wall” back pressure (caused by PH2) – the so called
surface pressure (P*H2 ≈ PH2 ≈ 1 · 108 Pa), PH is the atomic hydrogen pressure corresponding
to the atomic hydrogen flux (PH ≈ 1 · 10−4 Pa), P 0

H2 = P 0
H = 1 Pa is the standard pressure,

∆Hdis = 4.6 eV is the dissociation energy (enthalpy) of one molecule of gaseous hydrogen (at
room temperature), ∆Sdis = 11.8kB is the dissociation entropy, ∆V ≈ (Sbrb/n) is the apparent
volume change, rb is the radius of curvature of nanoblisters at the nanoblister edge (rb ≈ 30 nm,
Fig. 1), NA is Avogadro’s number, and T is the temperature (T ≈ 300 K). The quantity of
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(P*H2∆V ) is related to the work of the nanoblister surface increasing with an intercalation of
1 molecule of hydrogen.

The value of the tensile stresses σb (caused by P*H2) in the graphene nanoblister “walls”
with a thickness of db and a radius of curvature rb can be evaluated from another condition
(equation) of the thermo-elastic equilibrium for the system in question, which is related to
Eq. (1), as follows:

σb ≈ P ∗
H2(rb/2db) ≈ (εbEb), (2)

where εb is a degree of elastic deformation of the graphene nanoblister walls, and Eb is the
Young’s modulus for the graphene nanoblister walls.

Substituting in the first part of Eq. (2) the quantities of P ∗
H2 ≈ 1 · 108 Pa, rb ≈ 30 nm

and db ≈ 0.15 nm results in the value of σb ≈ 1 · 1010 Pa.
The degree of elastic deformation for the graphene nanoblister walls, apparently reaches

εb ≈ 0.1 (Fig. 1). Hence, with Hooke’s law of approximation, using the second part of Eq. (2),
one can estimate, with the accuracy of one order of the magnitude, the value of the Young’s
modulus for the graphene nanoblister walls: Eb ≈ (σb/εb) ≈ 0.1 TPa. It is close (within
reasonable error) to the experimental value [13, 14] for the Young’s modulus of perfect (that is,
without defects) graphene (Egraphene ≈ 1.0 TPa).

Similar STM, AFM and other data from different researchers for epitaxial graphenes
(for instance, Fig. 2) can be analyzed and interpreted in a similar manner [11, 12], within the
same physical concept (Eqs. 1, 2).

In this connection, it is expedient to note that a number of researchers (for instance, [15,
16]) have not sufficiently considered the “thermodynamic forces” and/or energetics of formation
(under the atomic hydrogen treatment) for graphene nanoblisters in the surface HOPG layers
and epitaxial graphenes.

It is also expedient to note that very recent experimental data [17] show that a hydrogen
atom can not pass through a perfect graphene network. Conversely, the analysis [11, 12] of a
number of experimental data (including Fig. 1, 2) shows that a hydrogen atom can pass through
permeable defects in graphene, for instance, through triple junctions of grain boundaries. In
Fig. 2 a and b, one can imagine some grain boundary network substituted (obviously, in some
nano-regions at grain boundaries) by some nano-protrusions.

FIG. 2. (a) STM image of hydrogenated graphene/SiC. (b) Same image as in (a)
with inverted color scheme, giving emphasis to preferential hydrogen adsorption
on the SiC surface. Hydrogen dose at T(beam) = 1600 K, t = 5 s, F = 1012 –
1013 atoms/cm2· s (P(Hgas) ≈ 1 · 10−4 Pa [11, 12])
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3.2. The physics of intercalation of the solid H2 nanophase into hydrogenated graphite
nanofibers (with metallic catalysts)

The physics for the intercalation of high density solid molecular hydrogen (ρH2 ≈
0.5 g/cm3, Fig. 3) into closed (in the definite sense) nanoregions in hydrogenated GNFs (Fig. 4)
is related to the same concept, Eqs. of type (1), (2) [11, 12].

FIG. 3. Data on isentropes (S/R) and isotherms for deuterium and protium. The
density (ρ) of protium (H2, H) is increased by a factor of two (for the scale
reasons). The experimental and theoretical isotherms show that at T = 300 K
and the external compression pressure of P = 50 GPa hydrogen exists in a high
density solid molecular state ρH2 ≈ 0.5 g/cm3 [12]

Obviously, it is a manifestation of the spillover effect, relevant to providing the necessary
partial pressure of atomic gaseous hydrogen (with material hydrogenation at an initial molecular
hydrogen pressure PH2 = 8 MPa).

4. Conclusions

The “thermodynamic forces” and energetics of forming of graphene nanoblisters (under
atomic hydrogen treatment, without catalysts) in the surface HOPG layers (Fig. 1) and epitaxial
graphenes (Fig. 2) are quantitatively described, particularly, two conditions of the thermal-elastic
thermodynamic equilibrium – Eqs. (1),(2) – are considered.

The physics for the intercalation of a high density gaseous H2 nanophase (ρH2 ≈
0.045 g/cm3) into graphene nanoblisters (Figs. 1, 2) is considered – Eqs (1), (2). The hydrogen
compression effect of 12 orders of magnitude (from P(Hgas) ≈ 1 · 10−4 Pa to P(H2gas) ≈ 1 · 108

Pa), at the expense of the energy of association of hydrogen atoms to the “captured” molecules,
is shown.

The physics for the intercalation of the high density solid H2 nanophase (ρH2 ≈
0.5 g/cm3, [18]) into hydrogenated graphite nanofibers with Pd-catalyst (Figs. 3, 4) is con-
sidered.
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FIG. 4. Micrograph of hydrogenated graphite nanofibers (GNFs), with Pd-
catalyst (hydrogenated at 300 K and an initial pressure of P(H2gas) ≈ 8 MPa), after
release from them, at 300 K, for 10 min, of the intercalated solid H2 nanophase
(17 wt%) of a high density of ρH2 ≈ 0.5 g/cm3 (analysis [11, 12]). The arrows
in the picture indicate some of the slit-like closed nanopores of the lens shape,
where the solid H2 intercalated nanophase (under pressure of ∼50 GPa, according
to data on Fig. 3) was localized. Such a pressure level can be also evaluated by
the consideration of the material deformation and the necessary stresses for form-
ing the lens shape closed nanopores (at the expense of the energy of association
of hydrogen atoms to molecules “captured” inside the nanopores, Eqs. of type
(1), (2)

In the light of analysis [11,12], the spillover effect is obviously manifested in the
extraordinary data [19].

This effect can be used for solving of the current problem of the efficient and safe
hydrogen on-board storage [20].
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1. Introduction

One of the more intriguing types of non-crystalline carbon occurs in the shungite rocks
of Karelia (Russia), from which the first natural occurrence of fullerenes was reported [1] and
hollow nanospheres and fibers were described [2]. Shungite rocks are remarkable for very
complex genesis defined by an alternation of sedimentary and volcanic processes with diabase
and hydrothermal intrusions [3]. There is no consensus in the literature regarding the origin
of shungite rocks. Many hypotheses have been proposed, including biogenic, metasomatic,
metamorphic and volcanogenic modes of origin together or separately. Shungite rocks are
natural composite materials with interpenetrating carbon and mineral matrices. Carbon from
shungite rocks is of the non-graphitizable variety and is characterized by turbostratic stacking
of the carbon layers. Furthermore, carbon from shungite rocks demonstrates some fullerene-like
characteristics on different structural and physical levels. For example, a distinctive feature of
some shungites is the considerable increase in the diamagnetism at liquid-nitrogen temperatures
with a temperature range and amount of change similar to that of CuC60 [4]. The effect is likely
sensitive to the structure of the carbon layers and the presence of trace elements and has not been
reported for amorphous natural carbon and graphite but has been observed for doped fullerites.
All types of shungite rocks have variable physico-chemical properties depending on the shungite
structure, C content, the composition and characteristics of minerals and distribution of carbon
and minerals. Unfortunately, there are no direct structural data sustaining an occurrence of
faultiness of carbon layers in shungites. The goal of this study is to clarify structural features
of carbon layers of the natural carbon.

2. Experimental and results

A JEOL 4000 EX and HB-5 electron microscopes were used for the high-resolution
electron microscopy (HRTEM) and for nanodiffraction study [5]. Samples of shungites from
Nigozero, Shunga, Maksovo, Zazhogino and Chebolaksha deposits were powdered in water and
precipitated onto lacey carbon films placed on copper grids. Images were recorded photograph-
ically and processed, as reported elsewhere [5].
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All high-resolution transmission electron microscopy (HRTEM) images of shungites
contain well-defined fringes, and these occur in packets of 5 to 14 sheets (Fig. 1). Those
suggest that some 3-dimensional closed shells occur but, more commonly, there are fractions of
such shells or regions of graphene structure that are highly disordered into short bent stacks and
enveloped nano-sized pores. Some graphene layers form irregular closed shells, similar to those
in carbon nanotubes [5]. A number of nanodiffraction patterns obtained in the stationary beam
with a diameter of 0.7 nm, contains several spots corresponding to the distance of 0.34 nm,
indicating the presence in the illuminated areas of packages consisting of graphene layers that
are almost parallel to the incident beam. For some areas, the obtained nanodiffraction pictures
with hkl reflections that meet the 3-dimensional order in the packing of layers, including, for
example, hexagonal (ABABA..) and rhombohedral (ABCABC..) graphite [5]. However, their
hkl where these reflexes are observed, are weak, diffuse, and are parallel to the 00l reflections,
which would seem to indicate poorly structured packing layers. In general, for shungites, there
are typical nanodiffraction patterns from graphene layers, approximately perpendicular to the
incident beam and containing, reflexes, close to the 100 and 110 reflections of graphite, i.e.
azimuthal disordered layers.

FIG. 1. HRTEM image of a thin region at the edge of Zazhogino shungite

No single extended carbon layers, which could represent graphenes were found. The
exception to this were smoothly curved short-length layers up to 10 nm, forming open and closed
structures, including, similar in configuration and size, fullerenes C240 and C560 (Fig. 2) [6].

Two types of carbon layers have been revealed in shungites by HRTEM (Fig. 3). Note
that both types of layers in Fig. 3 form packets including at least eight and three layers. The
first type, graphite-like carbon layers are characterized by strongly marked hexagonal symmetry,
but are corrugated layers. The layers consist of domains about 1 nm in diameter, some of those
are elevated and form hillocks and others are down and form hollows. The distance between
hillocks and hollows is about 2 nm (left image in Fig. 3).

Imperfections of the latter type of carbon layers on the molecular level connected with
irregularities of 100 fringes that suggest a disorder of the carbon layers from HRTEM images.
Some of those are connected with essential disorder of fringes that may result from the presence
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FIG. 2. HRTEM images of a thin regions at the edge of Chebolaksha (left) and
Maksovo shungites. The left figure demonstrates smoothly curved short-length
carbon layers (arrowed), right one shows objects (arrowed) that are similar in
form and size to higher fullerenes

of impurity atoms or clusters in the stack of carbon layers (i in Fig. 3). Other imperfections
connected with insignificant disorder in the direction of fringes and the distance between them
are a result of the pentagonal and heptagonal carbon rings. Those can be deduced from the
electron density distribution and the number of adjacent carbon rings bonded with the pentagonal
and heptagonal ones (p and h respectively in Fig. 3). The change of the electron microscopy
contrast testifies to the effect that the layers are also corrugated.

FIG. 3. HRTEM images (after Fourier filtration) of graphite-like (left) and
fullerene-like carbon layers (p – pentagonal, h – heptagonal carbon rings, i –
noncarbon inclusions) in Maksovo shungite

3. Discussion

HRTEM studies have shown that in shungites, usually 5 to 14 carbon layers are stacked
together with 3.4 Å spacing, but no single extended carbon layers were observed at all. There
are short-length layers, forming open and closed nano-sized structures, among them similar in
configuration and size to higher fullerenes. Extended carbon layers forming packets in shun-
gites are corrugated to a greater or lesser extent. Two types of the carbon layers have been
established in shungites by HRTEM. Carbon layers of the first type are characterized by clear
two-dimensional hexagonal symmetry without any significant amount of impurity atoms and
may be specified as graphite-like ones. It should be noted that the corrugation leads to an in-
crease of the cohesive energy between adjacent carbon layers owing to the formation of potential
wells and may result in the characteristic properties of graphene quantum dots [7]. Carbon layers
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of the latter type consist of not only hexagonal but also pentagonal and heptagonal carbon rings
that are signs of fullerene-like structures [8]. Thus, those may be specified as fullerine-like
carbon layers. The left Fig. 3 image offers no a single carbon layer but a packet enclosed
three layers. Additionally, the HRTEM image of those demonstrates some clusters that have
essentially more electron scattering then an ambient carbon layer and therefore might contain
metal atoms. After the Fourier filtration, the clusters present as isolated contrasting dots (i in
Fig. 3) that on the basis of their sizes are not only the intralayer, but also interlaminar defects.
The clusters also change the band structure of shungites and may alter some physicochemical
properties [4, 7].
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1. Introduction

Shungite rocks are ancient carbonaceous volcanic-sedimentary rocks found in Karelia.
Shungite rocks consist of a carbon matrix (shungite) with micro- and nano-dispersed mineral
components and can be regarded as carbon-mineral composites. On the assumption of the
molecular, permolecular and band structure, shungite can be described as a natural nanostruc-
tured fullerene-like carbon with some unique physical and chemical properties [1,2].

Electromagnetic properties are of special interest, as they are the most informative and
relevant characteristics of carbon materials necessary for modern technologies. These proper-
ties of carbonaceous materials are closely related to their band and atomic structures and are
directly determined by the degree of graphitization, the size of the crystallites, the length and
imperfection of the graphene layers, etc. For a particular carbon-bearing material, some struc-
tural characteristics that largely affect its electromagnetic properties can be distinguished. For
example, deficiencies and nanotube chirality have a significant influence on their conductivity
type [3]. Also, the deficiencies of carbon nanotubes have an influence on their temperature
effect for the transition from metallic to a semiconducting type of conductivity [4].

It is also possible to identify some structural characteristics for shungites which have
a great effect on their electromagnetic properties. The conductivity type of shungites, for
example, can be significantly determined at low currents by the intercalation of elements on
the boundaries of graphene layers [5]. Also, the intercalation of carbon materials may have a
significant impact on their electromagnetic properties. For example, the intercalation of pyrolytic
graphite with copper and oxygen results in a temperature effect for the transition from metallic
to a semiconducting conductivity [6].

One of the most sensitive physical properties to band and atomic structure of solids is
magnetic susceptibility [7]. The magnetic susceptibility of shungites with different permolecular
structures differed significantly at temperatures from 90 to 150 K [8]. The diamagnetic effect
is the greatest for samples with preferable orientation of carbon layers and is not observed for
shungites with chaotic layer orientation.
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2. Experimental

Shungite rocks with high carbon content (shungites) of different origins from Maksovo,
Nigozero, Zazhogino, Chebolaksha and Shunga deposits were selected. The samples were pow-
dered and electrophysical parameters, such as the conductivity and the shielding effectiveness
were measured at low and room temperatures. The electrical conductivity (σ) was measured
in a coaxial line by the E7-8 meter at a frequency of 1 kHz. The shielding effectiveness (SE)
was determined using a selective microvoltmeter SMV 8.5 and SMV 11 at frequencies ranging
from 100 kHz to 1 GHz. Cooling of the coaxial line was carried out by liquid nitrogen. For
comparison, the same measurements were performed for pyrolytic graphite, pyrobitumen of the
“Iron river” deposit and carbonaceous matter of “Erickson gold mine” deposit. The Philips 400
FEG electron microscope with Gatan PEEL spectrometer was used to reveal the π+ σ plasmon
energies of various shungites.

The electrical conductivity-temperature dependence of shungite from the Shunga deposit
has been defined as a nonmonotonic function. First, the electrical conductivity decreases as
temperature increases from 130 to 180 K, which is remarkable for metals, and then it is
increases from 220 to 260 K, which is typical for semiconductors (Fig. 1). The same effect was
also observed for carbonaceous matter from the Erickson deposit with carbon structure similar
to that of shungites.

FIG. 1. The electrical conductivity-temperature dependence of pyrolytic graphite,
shungite, pyrobitumen of the Iron river deposit and carbonaceous matter of Er-
ickson deposit

Cooling of all samples by liquid nitrogen generally leads to lower values of the shielding
effectiveness over the entire measured frequency range. Thus, a slower increase in the shielding
effectiveness with electromagnetic field frequency was observed at temperatures less than room
temperature. The revealed frequency dependence of shielding effectiveness as function of
temperature is different for various shungite rocks as shown in Fig. 2.

To quantify the observed effect, the value ∆ as a rate of change of the shielding
effectiveness against frequency has been calculated. Those values as a result of the shielding
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FIG. 2. Dependence of shielding effectiveness of shungite rocks on electromag-
netic field frequency. 1a – deposit Maksovo T ∼ 300 K, 1b – deposit Maksovo
T ∼ 77 K, 2a – deposit Shunga T ∼ 300 K, 2b – deposit Shunga T ∼ 77 K

TABLE 1. The shielding effectiveness (SE), the ∆ values and the π+ σ plasmon
energies for various shungites

Deposit SE (750 MHz, 300 K), dB SE (750 MHz, 77 K), dB ∆ Energy π + σ, V

Maksovo 48 32 0.55 24.9

Nigozero 46 31 0.60 25.1

Zazhogino 60 42 0.70 25.3

Chebolaksha 48 33 0.90 26.3

Shunga 49 32 0.95 26.0

effectiveness – frequency change at different temperatures (∆ in Fig. 2) have a fairly good
correlation with the π + σ plasmon energies of shungites, which are responsible for the bond
strengths of valence electrons (Table 1). Namely, as can be deduced from the table, the higher
the energy, the slower the shielding effectiveness growth with frequency at lower temperatures.

Studies of the shielding effectiveness at 750 MHz as a function of temperature (ranging
from 77 K to 300 K) showed that the change in the shielding effectiveness is not monotonic for
the studied shungites. At least three differing regions of the function occur for the shungites and
carbonaceous matter from the gold Erickson deposit. An increase in the shielding effectiveness
from 77 K to about 180 K was observed, then in the 180 – 200 K temperature range, it
decreases, and at about 230 – 250 K temperature it once again increases. Similar variations for
the shielding effectiveness versus temperature were not observed for graphite and pyrobitumen
from the Iron river deposit, where the shielding efficiency increases for those materials were
more monotonous (Fig. 3).
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FIG. 3. Temperature dependence of the shielding effectiveness for pyrolytic
graphite, shungite, heat-treated (1400 ◦C) shungite, pyrobitumen of the Iron river
deposit and carbonaceous material of the Erickson deposit

To define the possible effect of bound water on the shielding effectiveness growth
function, similar studies of the heat-treated shungite (1400 ◦C) have been performed. The
1400 ◦C boundary temperature is one that leads to complete water extraction without causing
any structural change to the shungite carbon. The shielding effectiveness at 750 MHz from 77
to 300 K for the heat-treated shungite has demonstrated a function similar to that of untreated
shungite (Fig. 3). This result provides evidence against water having an effect on the shielding
effectiveness growth function.

3. Discussion of the results

Changes in electrical conductivity as a function of temperature obtained in our experi-
ments is similar to that described in [9] for semiconductors, in which the charge carrier can be
small radius polarons (Fig. 4). Based on the presented model, it is shown that at low tempera-
tures electrons are mainly related to the donors (area 1). At temperatures below 1/2Θ (where Θ
is the Debye temperature) an electron transfers a charge like a heavy particle, being scattered
by impurities or lattice vibrations, so the electrical conductivity decreases with increasing tem-
perature (area 2). At temperatures above 1/2Θ the electrical conductivity becomes hopping and
increases with temperature increasing (area 3) [9]. Based on values of Θ, determined from the
heat capacity curves for Shunga and Maksovo shungites, respectively 420 and 530 K [10], the
temperature ranges over which the effect was observed in our experiment and was described
in [9] are similar. An anomaly of the temperature dependence of the electrical conductivity
has been reported for shungites as a jump in its growth at about 180 K [11]. The effect was
accounted for by the occurrence of fullerenes in shungites. In our studies, a jump in the growth
of the shungites’ electrical conductivity was not observed, rather a smooth change occurred over
a similar temperature range.
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FIG. 4. Typical dependence of electrical conductivity on temperature for a crys-
talline semiconductor, when the carriers are polarons [9]

We believe that, the behavioral features of the electrical characteristics revealed in
our experiments may be a result of many factors. In addition to the influence of structural
parameters, such factors as shape and condition of the surface of particles, the presence of
moisture and other contact phenomena may also have an effect. The fact that temperature
relationships with electrical conductivity and shielding effectiveness were observed only for
shungites and Erickson carbonaceous matter (which is similar to shungite in structure) provides
evidence for the carbon structure’s influence on the effects. The correlation of energy values
for the π + σ plasmon with a change in the frequency dependence of shielding effectiveness
on temperature indicates the participation of valence electrons in the shielding mechanism.
The similarity of the electrical conductivity dependency on temperature for shungite, and that
described for semiconductor materials, in which charge carriers can be polarons, suggests that
the detected temperature effect may be associated with the mechanism for the interaction of
phonons with charge carriers. Thus, it can be noted that the presence of such temperature
effects may be associated with structural features of the shungite carbon, and with the presence
of trace elements and non-periodic structural defects in shungite carbon layers, specifically.
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Carbon is represented in modern nanomaterials by a large variety of modifications. Various methods and tech-

nologies have been developed to create these various forms. Methods utilizing laser irradiation constitute a large

portion of these techniques. The action of laser pulses upon graphite may result in the exfoliation of graphene

layers. This paper presents the results of implementing method of laser-induced cleavage of graphite in liquid

nitrogen using femtosecond laser radiation pulses. The process of obtaining graphene from the laser processing of

graphite is accompanied by the formation of various types of low-dimensional carbon structures.
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1. Introduction

Carbon is the basis for many of nanostructures and nanomaterials. Carbon nanotubes,
fullerenes and graphene are the most well-known carbon nanostructures, however, this is not an
exhaustive list of such materials. Graphene has attracted the attention of many scientists and
industrial researchers due to its unique physical and chemical properties. However, the lack
of a universal and inexpensive method for its synthesis hampers investigation of its properties
and wide application of this promising material. Currently, numerous methods are available for
the fabrication of graphene [1]. Among them are such basic techniques as micromechanical
exfoliation of graphite, liquid phase exfoliation of graphite, graphite oxidation, chemical vapor
deposition method, electric arc graphene production, thermal decomposition of silicon carbide,
epitaxial growth of graphene on a metal surface and others. All these methods have their par-
ticular advantages and disadvantages. Therefore, research towards the development of methods
for graphene fabrication has been extensively carried out.

The liquid phase exfoliation of graphite is a logical development of the classical method
of micromechanical graphene fabrication [2]. The use of special chemical and technical con-
ditions makes this method more efficient. Liquid surfactants weaken the bonds between the
graphite layers. Ultrasonic treatment or centrifugation are then used to separate the graphene
sheets. The development of the liquid-phase graphite exfoliation method has occurred with the
aim of finding new solvents which may offer novel approaches for the separation of graphene
sheets, which can provide increases in the synthetic yields and purity of the obtained graphene.
We propose to use the liquid nitrogen and laser-induced exfoliation for these purposes.

The interaction of femtosecond laser radiation with materials is often accompanied by
the formation of micro- and nanostructures on the irradiated surface [3]. The formation of
nanorods or nanotips arrays in the case of structuring on the surface of carbon targets is a
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distinct sub-interest. Such structures have potential for use in field emission displays or for
hydrogen storage [4]. We have registered the formation of arrays of nanorods on the stage
preceding the separation of graphene. These results are also presented in this paper.

2. Methods

Laser-induced liquid-phase exfoliation of graphite has been realized using a femtosecond
laser radiation pulse. During this exfoliation the aim is to heat only the surface layer of a
graphite target with the minimum possible thickness required to separate the surface from the
graphene sheet layers underneath. Lasers with the least possible pulse duration of radiation can
provide such conditions. Currently, femtosecond-pulse lasers are best suited for this purpose.
Two femtosecond laser systems have been used in experiments for the fabrication of graphene.
They are ytterbium industrial setup TETA-10 and experimental Ti:sapphire femtosecond laser
system.

The irradiation parameters of TETA-10 were as follows: laser radiation wavelength
λ = 1029 nm, pulse with τ = 300 fs, energy per pulse ε = 0.15 mJ and pulse repetition
frequency f = 10 kHz. This laser system was used in the first series of experiments. The reason
for beginning this research with the TETA-10 laser system was because it is widely available
for commercial industrial use. The energy characteristics of Ti:sapphire laser are larger and
the radiation pulse is shorter than similar parameters for the ytterbium laser. These facts were
the basis for theorizing about the possibility of increasing the speed of the graphene generation
process when using such laser. Therefore, this latter system was used in the second series
of experiments, which was performed to verify of the proposed hypothesis. The irradiation
parameters for the Ti : sapphire laser system were as follows: laser radiation wavelength
λ = 800 nm, pulse with τ = 50 fs, energy per pulse f = 1 mJ and pulse repetition frequency
f = 1 kHz. The laser beam was focused on the target surface in a spot with a diameter of
100 µm in both series of experiments. The laser beam was moved along the target surface at a
speed of 0.01 m/s to 1 m/s.

Samples of the highly oriented pyrolytic graphite (HOPG) and glassy carbon were used
as sources for obtaining the graphene. Laser processing of carbon targets was carried out in
liquid nitrogen. The depth of a liquid nitrogen layer above the target surface was ∼ 10 mm. The
liquid nitrogen molecules easily penetrate into spaces between graphite layers. Once in between
the graphene layers, the cryogenic liquid then undergoes evaporation during laser exposure. The
gas phase expands, thus separating sheets of graphene. Successful application of liquid nitrogen
in the liquid phase exfoliation of graphite was displayed in [5]. The authors of this paper used
a Q-switched Nd:YAG nanosecond laser system. The process for obtaining graphene material
lasted 20 minutes. Using femtosecond laser radiation allowed us to significantly enhance the
rate of grapheme fabrication while maintaining comparable characteristics.

Moreover, liquid nitrogen also serves another function; it provides the rapid cooling
of the irradiated target surface and attenuates the results of laser irradiation. Thus, potentially
destructive laser processing side-reactions are minimized. We have successfully applied this
approach to study the interaction of femtosecond laser radiation pulses on metals [6]. This
has also shown good results in experiments on the synthesis of graphene and low-dimensional
carbon structures.

The structures formed under femtosecond laser irradiation in liquid nitrogen were inves-
tigated by analyzing the images obtained using a scanning electron microscope (SEM) Quanta
200 3D.
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3. Experimental results

Multi-layer graphene was obtained in both series of experiments. Exposure to a single
laser pulse did not exfoliate the graphene sheets. Doing so only modified or destroyed the
target surface (depending on the laser radiation intensity). Exfoliation graphene takes place
under the influence of four laser pulses. Examples of obtained graphene structures are shown
in Fig. 1. Exposure of fifth pulse femtosecond radiation leads to the destruction of obtained
nanostructures. Irradiation with a required number of pulses has been provided by appropriate
overlap of areas of laser action. The required overlap (75 %) corresponds to the velocity for the
movement of the laser beam along the target surface 0.25 m/s at using of a ytterbium laser and
0.025 m/s in the case of treatment of graphite by of Ti : sapphire laser irradiation.

Graphene ribbons with a width up to 50 µm and a length of more than 150 µm and also
an arbitrary shape graphene plates with a characteristic size up to 150 µm were registered after
treatment of HOPG by ytterbium laser irradiation. The obtained graphene ribbons have folds
but also have sufficiently extensive smooth surface portions (an area up to 2000 µm2).

The graphene material fabricated with the use of Ti : sapphire laser consisted mainly of
structures with linear dimensions on the order of a few micrometers. Typically cleaved sheets
have numerous folds, although the individual sheets were characterized by a smooth surface and
small number of folds. Some registered graphene structures ranged in size from 10 to 30 µm.

(a) (b)

FIG. 1. Graphene structures on the HOPG surface: a – processing of graphite by
radiation of ytterbium laser; b – processing of graphite by radiation of Ti : sap-
phire laser

Analysis of the SEM images of end faces of obtained structures allowed us to estimate
their transverse dimensions. Graphene sheets with a thickness of 10 nm were detected (Fig. 2).
It should be noted that traditional methods of micromechanical or liquid-phase exfoliation of
graphite basically provides fabrication of a multilayer graphene sheets with a thickness of about
16 nm (according to [1]).

Laser treatment of surface of a glassy carbon samples in liquid nitrogen resulted in
the fabrication of graphene in the form of crumpled sheets with characteristic structural sizes
ranging from 1 to 2 µm and sheet thickness of about 20 nm.
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FIG. 2. Measuring the thickness of graphene structures. SEM image corresponds
to an area that is highlighted by black rectangle in Fig. 1b

Carbon nanostructures in the form of vertical nanorods were formed on the surface of
a graphite target when the number of pulses of laser radiation was less than that necessary
for graphene sheet exfoliation. Areas with a random and regular arrangement of the nanorods
are registered on the laser modified surface. In the latter case, nanorods are arranged in rows
(Fig. 3). Here, nanorods have a diameter of ∼ 100 nm, with a distance between rows (period
of a total structure) of ∼ 100 nm. The distance between the rods in a row is ∼ 100 nm. The
periodicity of the rows is 8 times smaller than the wavelength of the light used in the laser
irradiation experiment. This ratio corresponds to the concept about the discrete changes in the
periodicity of the regular structures of the relief, which is formed via the interaction of laser
radiation with condensed media. This concept exists in the framework of the universal polariton
model (see, for example, the review [7]). Moreover, the spatial changes must be multiples of
the main period, which is determined by the wavelength of incident radiation.

(a) (b)

FIG. 3. The array of vertical carbon nanorods: a – SEM image; b – reconstruc-
tion of a single nanorod

Nanorods have a diameter of about 30 nm in regions with an irregular arrangement.
The distance between the individual rods has a comparable value. Violation of the regularity
of the registered nanorods is explained by some deviation from strict linearity, which is always
present in the laser-induced periodic structures. For large-scale structures, these deviations
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are not critical, but their influence is noticeable with decreasing periodicity of the structures.
Nevertheless, the tendency to form rows is visible, even in the system of irregular nanorods.

The produced nanorods have been characterized by means of nanolaboratory Ntegra
Spectra (NT-MDT, Zelenograd, Russia). The Raman spectrum for these structures is shown
in Fig. 4. The spectrum was recorded under ambient conditions using a He–Ne (632.8 nm)
laser source. The strong G-peak (1581 cm−1) corresponds to small crystals of graphite. This
significantly exceeds the dispersive D-peak (1344 cm−1), which is dominant for glassy carbon
under ambient conditions [8]. Thus, registered nanorods may be characterized as vertical
graphite crystals with a small amount of lattice defects. The broadening of the Raman peaks is
a consequence of the effect of the numerous edges in arrays of nanorods [9]. The weak 2D-band
is shifted to 2700 cm−1. This is typical for small-scale but the multilayer carbon structures [10].

FIG. 4. Raman spectrum for array of nanorods

4. Conclusions

Experiments on the laser-induced liquid-phase exfoliation of graphite have demon-
strated the possibility for effective application of femtosecond laser radiation pulses to produce
graphene. The proposed approach not only allows short laser processing times, but also, in
principle, the exclusion of a purification step for the obtained graphene, which is necessary for
other methods which use additional chemical substances in their synthetic scheme. The geo-
metric characteristics of the obtained graphene had similar parameters to that produced using
currently-available experimental and commercial large scale syntheses. Also, the femtosecond
laser processing of graphite in cryogenic liquids allows the formation of vertical carbon nanorod
arrays on its surface.
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We extend our method formerly suggested for structure refinement of the amorphous sp2 carbon, based on neutron

or x-ray diffraction, and applied to amorphous fullerene and its derivatives produced by vacuum annealing. To

diagnose heterogeneous media, the method uses the rigid body molecular dynamics simulations of the domain-like

packing for a predefined set of structural blocks. Previously, the sensitivity of the results to the variability of

mutual positions of these structural blocks was analyzed in two limiting cases: (A) any domain contains only

identical structural blocks and (B) all domains are the identical mixtures of many different structural blocks with

variable packing of the blocks. Here, we extend this analysis to intermediate cases which correspond to domains

of the type “B” with the subdomains of the type “A”. Such a structuring corresponds to a partial destruction of the

nanoscale structure of the sample (e.g. by low-temperature annealing).
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1. Introduction

The neutron diffraction study [1] of amorphous C60 fullerene derivatives produced by
vacuum annealing has shown the complete destruction of the initial sample structure at annealing
temperatures higher than 850 ◦C. To obtain the quantitative characteristics of the resulting
sample’s structure for various annealing temperatures, one has to solve an inverse problem,
which is known to be a complicated task (see e.g. [2]): the lack of spatial ordering, typical to
crystalline media, leaves much freedom in the reconstruction of structural content. The widely
used Reverse Monte-Carlo (RMC) method [3], applied to the structure refinement of the similar
material (annealed C60 fullerenes) [4] enabled the authors to quantify the structure of amorphous
samples in terms of the number of edges in its carbon rings. The characterization of the structure
on the space scale larger than the distances between neighboring atoms was impossible because
the structure, recovered by the RMC modeling, was fully chaotic on that space scale. Despite
it being possible to fit the atomic pair-distribution function (or the diffraction pattern) with a
model structure of carbon sample, where the order is preserved only on the space scale of the
nearest neighboring atoms, the respective model structure is not a unique solution of the original
inverse problem.

In [5], we suggested a method for estimating the structural properties of amorphous sp2

carbon and applied it to the samples studied in [1]. This method enabled us to quantify the
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structural properties of the samples in terms of the average size and curvature of the sp2 carbon
structures (graphene-like flakes of 14 – 285 carbon atoms) as well as to estimate the fraction of
the intact C60 fullerenes in the samples for each annealing temperature.

The main features of the method [5] are as follows: (i) we consider the fitting of the
neutron or x-ray powder diffraction patterns for the scattering wave vector’s modulus q in the
range of a few to several tens of inverse nanometers (the inverse problems are formulated
similar to that suggested in [6]); (ii) the sp2-structured component of a sample, including the
flat and curved carbon flakes with graphene-like arrangement of atoms, is described with a
limited number, Nstr, of structural blocks of a limited number of atoms, Natom; (iii) the above
structural blocks in a sample are packed heterogeneously, in the domains of linear size exceeding
10 nm (for q in the above-mentioned range, the interference of scattering by such separate
domains may be neglected), with various average atomic density and various types of spatial
ordering of structural blocks, defined by the total potential energy of the ensemble, Utot; (iv)
packing of structural blocks in a domain is modeled using the rigid body molecular dynamics
(RBMD) [7] with the Lennard-Jones potential of atom pair interactions in the neighboring rigid-
body structural blocks with variable distance Ropt at which the potential reaches its minimum.
The simulation starts with a random distribution of blocks and the highest value of Utot, and the
simulation ends with an ordered steady state which naturally possesses the lowest value of Utot

for given initial conditions.

In [5], we interpreted the neutron powder diffraction patterns from [1] for the amorphous
C60 fullerene obtained by mechanical grinding and subsequent annealing in vacuum at various
temperatures (600, 800, 850, 900 and 1000 ◦C). Hereinafter, we reference the annealed samples
as S600, S800, S850, S900, S1000, respectively, and the un-annealed sample (i.e. after mechanical
grinding only) as S25. The set of the candidate structural blocks of the total number of Nstr =
36 included the C60 fullerene molecules and the sp2 carbon flakes with graphene-like atom
arrangements of various curvatures and sizes. The sensitivity of the results to the mutual
positions of these structures was analyzed in [5] in the two limiting cases: (A) any domain
(taken as an ensemble ranging in number from a few dozens to several thousand nanostructures)
containing only identical structural blocks (mono-structural domains) and (B) all the domains are
the identical mixtures of many different structural blocks with the structural content of blocks
taken from the solution of the inverse problem in the case “A” (multi-structural domains). All
the domains in both cases, “A” and “B”, have multiple variants of number of Nvar, which are
generated by the variance of the Ropt value (which determines the average density of atoms in
the domain) and of the Utot value (which determines both the density and the mutual spatial
orientation of structural blocks). The total number of different domains to calculate in the case
“A” is equal to Nstr ·Nvar and Nvar, in the case “B” (because the structural content of blocks for
the multi-structural domains “B” is taken from the solution of the inverse problem in the case
“A”). The results for the S800, S850, S900 and S1000 samples were insensitive to the types of the
domains (i.e. the theoretical diffraction pattern in the case “B” fits the experimental one almost
as good as in case “A”). At low values of q (< 25 nm−1), fitting of the diffraction patterns for
the S25 and S600 samples in the case “A” was significantly better than that in the case “B”.

Here, we extend our analysis to the intermediate cases that correspond to the type “B”
domains with type “A” subdomains. Such a domain-like structuring enables us to analyze the
difference of inverse problem solutions in cases “A” and “B” for the S25 and S600 samples
from [1].
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2. Sensitivity of characterization to domain-like packing of nanostructures

In [5], we found that the fraction of carbon atoms, which belong to the intact C60

fullerenes, in the total number of carbon atoms (we excluded the contribution of gas impurities
of N, O and H from our quantitative analysis) in the S25 and S600 samples is equal to 59 % and
49 %, respectively. For the samples annealed at high temperatures, this fraction is significantly
lower. We suggested that the poor fitting of diffraction patterns for the S25 and S600 samples in
the case “B” (multi-structural domains) is caused by the structuring peculiarities of the intact C60

fullerenes when their fraction is high. The approach in [5] implies a uniform random distribution
of structural blocks in the domain’s volume (and thus in the entire sample) on the space scale
of a few-several nanometers. The clustering of structural blocks of the same kind, that can
produce a mono-structural subdomain during the RBMD simulation of multi-structural domains,
is not possible in the case of such a short-range potential as the Lennard – Jones ones. All the
structural blocks from the predefined set, except the C60 fullerenes, have the similar structure:
carbon flakes of 14 – 285 atoms with a graphene-like atom arrangement. Even if we assume
that the samples actually contain the mono-structural domains of some of these structural blocks
(except the C60 fullerenes), it would be impossible to determine this from the diffraction data
only. The latter was proven in [5] for the samples annealed at high temperatures: the theoretical
neutron diffraction patterns, calculated in the mono-structural and multi-structural domain cases,
appeared to be identical. However, for the samples S25 and S600 with a high fraction of intact
C60 fullerenes, the situation is different.

The easiest way to identify the presence of the mono-structural C60 fullerene domains in
the samples S25 and S600 is to fit the experimental diffraction patterns with the calculated ones
for the multi-structural domains of the sp2 carbon flakes and mono-structural domains of the C60

fullerenes. Since we use the structural content of blocks found in the case of the mono-structural
domains, the number of domains in the latter case is equal to Nvar(flakes) +Nvar(C60). In [5],
it was enough to simulate Nvar = 12 variants of mono- or multi-structural domains (4 different
values of Ropt parameter and 3 different values of Utot parameter), thus Nvar(flakes) = 12. For
the mono-structural C60 fullerene domains, it is enough to model only Nvar(C60) = 4 variants,
because, in the case of spherical molecules, the Utot parameter will affect only the mutual
orientation of the neighboring fullerenes, that should be taken random to allow for the effects
that are visible on the diffraction patterns and caused by thermal rotation of fullerenes. In
Figs. 2, 3 and 4, the calculations for this structure of the sample is labeled as “mono (C60) +
multi (flakes)”.

Another way is to introduce manually the mono-structural subdomains of the C60

fullerenes into the multi-structural domains. In this case, the subdomains should be calcu-
lated separately and then introduced into the RBMD simulation of multi-structural domains as
rigid bodies in order to prevent subdomain breakdown during the RBMD simulation. Fig. 1
shows the example of the calculated multi-structural domains for ∼ 25000 carbon atoms that
include the C60 fullerenes subdomains of different sizes. The content of the structural blocks
in these domains is taken as that obtained in [5] for the S600 sample (note that this structural
content differs from that for the S25 sample) and includes (besides the intact C60 molecules)
the decomposition products of C60 molecules in the amount indicated in the Fig. 1 caption.
The domains in Fig. 1 are calculated with the Ropt parameter value which, for each pair of
structures in the ensemble, is set as random in the range: 0.35 – 0.4 nm. These domains
have the lowest value of Utot for given Ropt (i.e. correspond to the final time step of RBMD
simulation). We also calculated the domains for the following ranges of Ropt: 0.25 – 0.3, 0.3
– 0.35, 0.4 – 0.45 nm, for higher values of Utot that correspond to the intermediate stages of
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the RBMD simulation. The total number of the calculated domains for each size of the C60

subdomains and for each sample is equal to Nvar = 12. Depending on the relative size of
the C60 subdomains these model samples are labeled in Figures 2, 3 and 4 as follows: “sub
XL”, for extra-large subdomains (see Fig. 1 (a)); “sub L”, for large subdomains (see Fig. 1
(b)); “sub M”, for medium subdomains (see Fig. 1 (c)); “sub S”, for small subdomains (see
Fig. 1 (d)). The number of C60 molecules in each type of subdomain is shown in the captions
of Fig. 1 for the S600 sample and Fig. 2 for the S25 sample. The distances between the C60

molecules in the subdomains are different for different values of Ropt; this affects the linear
sizes of the subdomains. The linear sizes of the subdomains for the Ropt = 0.35 – 0.4 nm are
approximately 7.5 nm, 5.8 nm, 4.8 nm, 3.8 nm for “sub XL”, “sub L”, “sub M” and “sub S”
subdomains respectively. Note, that the sizes of the simulated domains were taken to be large
enough (∼ 25000 atoms) to avoid disturbance of the diffraction patterns at q > 5 nm−1, i.e. in
the region that is under consideration both in [5] and here. Therefore, no periodic boundary
conditions are needed.

Figures 2 and 3 show the results of fitting (by solving the inverse problem (2) – (5)
in [5]) the experimental diffraction pattern with theoretical simulations for the S25 and S600

samples, respectively, for various sample structural contents. The curves for mono-structural
(labeled as “mono”) and multi-structural (labeled as “multi”) domains are taken from [5], while
the other curves are new. Figs. 2 and 3 show that it is possible to fit the experimental data in
the case of mono-structural domains of the C60 fullerene and the multi-structural domains of the
sp2 carbon flakes almost as good as in the case of mono-structural domains.

Figure 4 shows the quality of the fitting for different cases in terms of the normalized
values of the optimal objective function which describes the difference between the experimental
and theoretical data (i.e. the residual, see Eqs. (2) – (5) in [5]). The case of mono-structural
domains (“mono”) has the lowest residual among all cases. This is not surprising, because in
this case, the solver tries to fit the data with Nstr · Nvar = 432 calculated curves. The case
of mono-structural domains of the C60 fullerene and the multi-structural domains of the carbon
flakes (“mono (C60) + multi (flakes)”) holds for the second S25 and the third S600 samples.
In this case, the solver tries to fit the data with just 16 calculated curves. The case of multi-
structural domains that include the relatively small C60 fullerene subdomains (“sub S”) holds
for the third S25 sample and for the second S600 sample. Only 12 curves are used in this case to
fit the data. Among four variants of subdomains size, the smallest size provides the best fitting.

From this analysis, we can conclude that the partial destruction of the nanoscale structure
of the amorphous C60 fullerene sample, resulted from the low-temperature annealing in vacuum,
appears to be heterogeneous on the nanoscale. Not only do individual C60 molecules survive
the annealing at 600 ◦C, but their clusters of a size of few nanometers also remain intact.

3. Conclusion

The structure refinement method [5] formerly suggested for characterization of amor-
phous sp2 carbon, based on the neutron or x-ray diffraction, and applied to amorphous fullerene
and its derivatives produced by vacuum annealing [5], has been extended to analyze the partial
destruction of a sample’s nanoscale structure (e.g. by the low-temperature annealing). To eval-
uate heterogeneous media, the method uses rigid body molecular dynamics simulations of the
domain-like packing of the predefined set of the structural blocks. Previously, the sensitivity of
the results to the variability of mutual positions of these structural blocks has been analyzed in
the two limiting cases: (A) any domain containing only identical structural blocks and (B) all
the domains are the identical mixtures of many different structural blocks with variable block
packing. The extension of this analysis to the intermediate cases that correspond to type “B”
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FIG. 1. The model multi-structural domains of ∼25000 carbon atoms of the
following structural content: 49 % C60 fullerenes and 51 % products of decom-
position of C60 in the form of sp2 carbon flakes (27 % C58 molecules, 16 %
C52 molecules, 6 % C34 molecules and 2 % C14 molecules). The C60 fullerenes
are present in these domains in the form of subdomains (highlighted) of different
size: one subdomain with 205 molecules (a), two subdomains with 102 – 103
molecules (b), four subdomains with 51 – 52 molecules (c), and eight subdomains
with 25 – 26 molecules (d)
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FIG. 2. Fitting of the experimental (“exp”) diffraction pattern for the un-annealed
sample (S25 sample) with theoretical simulations, in various cases of sample’s
structural content: mono-structural domains (“mono”); mono-structural domains
of the C60 fullerene and the multi-structural domains of the sp2 carbon flakes
(“mono (C60) + multi (flakes)”); multi-structural domains (“multi”); multi-
structural domains that include the C60 fullerene subdomains of different size:
extra-large (as in Fig. 1(a) but for 247 molecules, “sub XL”), large (as in Fig. 1(b)
but for 123 – 124 molecules, “sub L”), medium (as in Fig. 1(c) but for 61 – 62
molecules, “sub M”), small (as in Fig. 1(d) but for 30 – 31 molecules, “sub S”).
The inset magnifies the results in the range of q values from 5.5 to 17 nm−1.
The curves labeled with “sub XL”, “sub L”, and “sub M” are shown in the inset
only to ease the readability of the main plot

domains with type “A” subdomains enables us to improve the quantitative description of the
structure for amorphous C60 samples after the mechanical grinding and subsequent annealing
at 600 ◦C. The partial destruction of the nanoscale structure of the amorphous C60 fullerene
sample, resulted from the low-temperature annealing in vacuum, appears to be heterogeneous
on the nanoscale. Not only do the individual C60 molecules survive the annealing at 600 ◦C,
but their clusters of a size of few nanometers also remain intact.
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FIG. 3. The same as in the Fig. 2 but for the sample annealed at 600 ◦C (S600

sample). The parameters of the C60 subdomains are indicated in the caption of
Fig. 1

FIG. 4. Normalized values of the optimal objective function (i.e. relative residu-
als, see Eq. (2) – (5) in [5]) that characterize the quality of fitting the experimental
diffraction patterns in different cases of the sought-for structural content of the
two analyzed samples. The values are normalized to the minimum, which for
both samples is found in the case of mono-structural domains (“mono”). See the
caption of Fig. 2 for the annotations
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Thermal stability in combustion reaction for natural graphite, graphene and several expanded graphite phases

were studied; the kinetic parameters of the oxidation reaction were calculated for two samples. Natural graphite

(crystalline particles 200 – 300 µm) has the maximum stability (E1 = 201 ± 2 kJ/mol, lgA1 = 7.1 ± 0.1), while

multilayer graphene is the most reactive (E2 = 120± 1 kJ mol−1, lgA2 = 4.3± 0.10). The different sample grain

sizes and their different structures result in different thermal stabilities: both in the reaction zones location (i.e. in

the topochemical equation forms), and in the kinetic parameters’ values.
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1. Introduction

A very noticeable difference is known to exist between a compound’s thermodynamic
properties for its bulk crystal form versus that of its nanosized particles. For example, the
melting point for single nanoparticles of Au with a mean diameter of 4 nm is lower than the
bulk value by over 400 ◦C [1]; the melting temperature of aluminum decreases from 660 ◦C
to 650 ◦C and to 620 ◦C respectively for the bulk crystal, 30 nm and 6 nm nanoparticles,
respectively [2]. Potassium nitrate nanoparticles melt at a lower temperature (313 ◦C) than the
crystal (333 ◦C) [3].

It was demonstrated that the intense mechanical treatment of coal (i.e. grinding of
particles) causes an increase in its reactivity, which is exhibited both as a decrease in the
temperature interval of the combustion, and a decrease in the activation energy [4]. The
difference in reactivity can be expected for graphite phases consisting of particles with different
sizes and structures.

The oxidation of natural graphite was considered in several detailed papers [5–7]. It
was shown that for a prismatic graphite structure, the fraction of edge sites increases, and the
fraction of basal plane sites decreases, as the particle size decreases. This confirms that the ratio
between edge sites and basal sites has a strong influence on all thermal parameters for graphite
oxidation [7].

The activation energy for basic graphite or carbon material follows a distribution similar
to that of a probability density function and this will be greatly enhanced by the imperfections
in the char structures [5].

There are no direct comparisons of natural graphite, expanded graphites and graphene
with regards to the ease of their oxidation in the literature.



Reactivity in combustion process for expanded graphites... 235

2. Experimental

2.1. Synthesis of graphite phases

Dicarbon polyfluoride with the intercalated chlorine trifluoride was synthesized by the
vigorous fluorination of graphite with the liquid chlorine trifluoride using the well-known proce-
dure [8]. Graphitic oxide was synthesized by the oxidation of graphite in concentrated sulfuric
acid according to the methods of Hummers and Offeman [9]. The syntheses of graphitic nitrate
and graphitic bisulfate were carried out by the electrochemical oxidation of the graphite in of
sulfuric or nitric acid media [10–12].

The multilayer graphene (phase I) was produced by the thermal shock-loading at 800 –
1000 ◦C. Calculations using the Scherrer equation [13] showed that the graphene stock thickness
(along the c-axis) was 3 nm. The expanded graphites (phases II, III and IV) were produced
from graphitic oxide, nitrate and bisulphate by the thermal shock loading at 800 – 1000 ◦C.
Scherrer equation calculations showed that the graphene stock thicknesses (along the c-axes)
were 17, 42 and 83 nm, respectively.

The natural graphite (phase V) (from Zavaljevskoje deposit) had particles of 200 –
300 µm and the ash content was less than 0.1 wt%.

2.2. Thermal analysis

The oxidation of the graphite phases was studied in the standard experimental conditions:
Netzsch thermal analyzer TG 209 F1, corundum crucible, argon + oxygen mixture flow (40 +
10 cm3·min−1), sample masses ≈ 2.0 mg. TG curves were obtained with the heating rates of 3,
5, 10, 20 and 40 K/min.

2.3. Kinetic analysis under non-isothermal conditions

Thermogravimetric data were processed using the computer program Netzsch Thermo-
kinetics 2 (Version 2004.05) [14,15]. A special program module, “Model-free”, based on
well-known studies [16–25], allows multiple thermogravimetric curves, obtained with different
heating rates, to be processed and the activation energy to be calculated without preliminary
information about the kinetic topochemical equation. The Friedman method was used to calcu-
late the activation energies for each experimental point of fractional conversion (in the range
0.005 < α < 0.995).

If the activation energy is variable in compliance with the Friedman method, the decom-
position process is a multi-step reaction.

We then used the same set of experimental data to search for the corresponding topochem-
ical equation (the selection was made from 16 equations: chemical reaction at the interface,
nucleation and diffusion). This calculation was made by the improved differential procedure of
Borchardt-Daniels [14, 26] within the multiple linear regression approach. It is very important
that the range for the degree of conversion (α) for this calculation be chosen based on the
relative constancy of the calculated kinetic parameters from the prior Friedman analysis.

The Fisher test [14] was used to search for the best kinetic description and for statistical
control of the obtained equation. This tested the residual variance of the individual models
against one another and answers the question of whether the models differ significantly (statisti-
cally) or not. If Fexp(1) ≈ Fexp(2) for two equations, there is no reason to assume the first model
is better at characterizing the experiment. The statistical quantile Fcrit is obtained for a level of
significance of 0.05.
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If the calculation results in two or three kinetic equations with close values in their
correlation coefficients and on the F test, but with noticeably different values in kinetic param-
eters, it is most correct to choose the equation with activation energy values closest to the data
from the “Model-free” module program. Discrimination between the two steps is relative in
this search for topochemical equations, but helps to identify the most reliable ones. The special
program of nonlinear regression is useful in searching for a full set of kinetic parameters for
multi-stage processes. The closest fit between the activation energies from the “Model-free”
analysis and the nonlinear regression calculation is important from a physicochemical point of
view. Therefore, the authors of the computer program used recommend fixing E values (ob-
tained by linear regression and congruent with E from the “Model-free” analysis) in calculations
with this program.

The random error in the activation energy values for such a reversible decomposition
reaction is usually about 10 % in these experiments, which we took into consideration. The
computer program Netzsch Thermokinetics 2 enables estimation for the contribution of each
stage (as ∆m portion) following this nonlinear regression calculation.

Well-known recommendations for performing kinetic computations on thermal analysis
data [27,28] were used; new studies on non-isothermal kinetics were taken into account [29,30].

There were several important assumptions and limitations. The kinetic equations to
calculate the kinetic parameters are topochemical and the calculated parameters (E and A) are
formal and conventional from the standpoint of the classical chemistry of solids.

However, the general trend in the variation of these values within a specially selected
series of compounds (either isostructural or genetically related) is very important because the
expected disorder in the reaction zones can be identical for them; all other errors and simplifi-
cations will be minimized and smoothed in such a comparison. The best series are coordination
compounds with volatile ligands (with one central atom and different ligands or with different
central atoms and the same ligand) or inclusion compounds [31–34].

The studied series are several graphite phases with the modified structures; the temper-
ature intervals of the combustion, topochemical equations and the kinetic parameter values can
be compared in such series.

3. Results and Discussion

Thermogravimetric curves for the combustion of several graphite phases are shown in
Fig. 1. So, as the curves’ temperature intervals are directly connected with the rate constant of
the thermal decomposition processes [31,32], the positioning of curves in the temperature series
fully correlates with the kinetic stability. Therefore, the thermal (kinetic) stability of the phases
under the oxidation (combustion) increases in the series: I<II<III<IV<V (Fig. 1). This fully
correlates with the stock thicknesses of the samples (3, 17, 42, 83 nm and 200 – 300 µm). Two
phases, the multilayer graphene and the natural graphite (the leftmost and the rightmost of the
series), were chosen for detailed kinetic study.

3.1. Combustion of multilayer graphene (I)

Thermogravimetric curves, obtained using heating rates 10, 20 and 40 K·min−1, were
used for kinetic analysis (Fig. 2). “Model-free” data are given in Fig. 3. The activation
energy can be considered a variable in compliance with the Friedman method; therefore, the
decomposition reaction is a multi-step process. The best description of the reaction is a two-step
process (A→ B→ C) with an order equation (Fn) and Prout-Tompkins equation (B1) (Table 1).

The most probable estimate is two consecutive reactions (Fig. 4):
A → B. Fn, f1(α) = (1–α)0, E1= 120 ± 1 kJ mol−1, lgA1 = 4.3 ± 0.1.
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FIG. 1. TG curves of the combustion processes for multilayer graphene (I), the
expanded graphite phases (II, III, IV) and natural graphite (V). The heating rate
was 10 K·min−1

FIG. 2. TG-curves of the combustion process of the multilayer graphene (I). The
heating rates were 10 (1), 20 (2) and 40 (3) K·min−1

B → C. B1, f2(α) = α·(1–α), E2= 31 ± 5 kJ mol−1, lgA2 = 0.7 ± 0.3.
Corr. coeff. = 0.993421.
The time dependencies of the yield for each reactant in the decomposition are shown

in Fig. 5. The computer program used enables estimation of the contribution of each stage
(as ∆m portion) after the nonlinear regression calculation. Therefore, the first stage (A → B)
corresponds to 82 %, and the second stage (B → C) corresponds to 18 % of this combustion
reaction.

The zero order reaction (i.e. the constant decomposition rate) can be connected with the
reaction zone, formed on the grain’s surface and moving perpendicularly to the graphene layers.
The final oxidation step (18 % of the mass loss) was described by the Prout-Tompkins equation
(E2 = 31 ± 1 kJ· mol−1, lgA2 = 0.7 ± 0.3); this part of the combustion takes place with the
reaction acceleration (as the rapid ignition of the particle nuclei).
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FIG. 3. Friedman analysis of the combustion process of the multilayer graphene
(I): activation energies depending on the degree of conversion α. Perpendicular
lines SD of calculation

FIG. 4. Data processing for the combustion process of the multilayer graphene
(I). TG curve fitting of non-linear regression, simulated with two consecutive
reactions (equations Fn and B1). The points are the experimental data; the lines
are the calculated data. The heating rates were 10 (1), 20 (2) and 40 (3) K·min−1

3.2. Combustion of natural graphite (V)

Thermogravimetric curves, obtained with the heating rates 3, 5 and 10 K· min−1, were
used for kinetic analysis (Fig. 6). “Model-free” data are given in Fig. 7. The activation
energy can be considered a variable in compliance with the Friedman method; therefore, the
decomposition process is a multi-step reaction (Table 2).

The most probable estimate is two consecutive reactions:
A→ B. An, f1(α) = (1−α)/[− ln(1−α)]0.1, E1 = 203±1 kJ· mol−1, lgA1 = 9.7±0.1.
B→ C. An, f2(α) = (1−α)/[− ln(1−α)]0.2, E2 = 201±3 kJ· mol−1, lgA2 = 7.0±0.1.
Corr. coeff. = 0.998606.
The computer program used enables estimation of the contribution of each stage (as ∆m

portion) after the nonlinear regression calculation. Therefore, the first step (A→ B) corresponds
to 1 %, and the second step (B → C) corresponds to 99 % of this combustion reaction. So as
the first step’s contribution is negligible, we recalculate the data as a one-step process (Fig. 8):
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TABLE 1. Multilayer graphene combustion. Data on the F-test of fit quality/to
identify the best kinetic description

Fcrit Fexp Fact Equation Equation
A→B B→C

1.10 1.00 1103 An An
1.10 1.05 1102 An Bna
1.10 1.77 1104 An B1
1.10 2.49 1102 Fn Bna
1.10 2.49 1104 Fn B1
1.10 2.50 1103 Fn An
1.10 2.85 1106 Fn Fn
1.10 5.25 1107 An

Notes: Fexp – experimental F–value; Fcrit – critical F–value, calculated for the degree
of freedom of current model Fact and the degree of freedom of the best model, at the
one-sided level of confidence of 0.95. Fact is the degree of freedom (number of data
points - number of optimized parameters) of the current model.
The used topochemical equations are Avrami-Erofeev (An), n-th order (Fn) and Prout-
Tompkins (B1 and Bna) equations [14-15].
The parameter calculation for An-An, An-Bna, Fn-An, Fn-Fn equations combination
includes both one mass loss stage, and one mass increase stage, so these mathematical
solutions have no physical-chemical meaning for the mass loss TG-curves.

TABLE 2. Natural graphite combustion. Data on the F-test of fit quality/to
identify the best kinetic description

Fcrit Fexp Fact Equation Equation
A→B B→C

1.10 1.00 1174 An An
1.10 1.05 1178 An
1.10 1.41 1178 Fn
1.10 1.45 1178 C1B
1.10 2.36 1179 D3
1.10 71.02 1179 B1

Notes: Fexp – experimental F -value; Fcrit – critical F -value, calculated for the degree
of freedom of current model Fact and the degree of freedom of the best model, at the
one-sided level of confidence of 0.95. Fact is the degree of freedom (number of data
points – number of optimized parameters) of the current model.
The used topochemical equations are Avrami-Erofeev (An), n-th order (Fn) and Prout-
Tompkins (B1) equations [14–15].
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FIG. 5. The combustion process of the multilayer graphene. Time dependence
of the yield of each reactant in the decomposition. The calculation corresponds
to two-stage consecutive reactions (A→B→C) in Fig. 4. The heating rate was
40 K·min−1

FIG. 6. TG-curves of the combustion process of the natural graphite sample (V).
The heating rates were 3 (1), 5 (2) and 10 (3) K·min−1

A → B. An, f(α) = (1− α)/[− ln(1− α)]0.2, E = 201± 2 kJmol−1, lgA2 = 7.1± 0.1.
Corr. coeff. = 0.999120.
Avrami-Erofeev topochemical equation denotes the evident diffusion contribution.
The calculated activation energy stays within the known broad averaged value: E =

167.5 ± 50 kJ· mol−1 for natural graphite oxidation [5,6]. Such a broad estimation of the
activation energy can be explained by the different properties of natural graphite samples from
different locations.

4. Conclusion

The different sizes of sample particles and their different structures result in different
thermal stabilities: both in the reaction zones location (i.e. in the topochemical equation forms),
and in the values of kinetic parameters.
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FIG. 7. Friedman analysis of the combustion process of the natural graphite
sample (V): activation energies depending on the degree of conversion α. Per-
pendicular lines SD of calculation

FIG. 8. Data processing for the combustion process of the natural graphite sam-
ple (V). TG curve fitting of non-linear regression, simulated with the single stage
reaction (equation An). The points are the experimental data; the lines are the
calculated data. The heating rates were 3 (1), 5 (2) and 10 (3) K·min−1

Graphite is a very anisotropic layered substance. For an ideal single crystal, the ratio of
the reaction rates on the different crystal faces must reach a factor of 1015 times, but for the real
graphite single crystal, this ratio is reduced to only 102 [35]. This fact can be connected to the
reaction zone composition. The actual structure of the crystal surface is disordered; the bond
lengths are increased, and the reaction zone formed on different crystal faces is rather uniformly
arranged.

Therefore, we can expect the close–ratio kinetic parameters for different crystal faces [31],
even through such anisotropic crystals of graphite particles. The calculated kinetic parameters
for the natural graphite sample stay fairly close to the known averaged value [56].

The flat (quasi two-dimensional) morphology of the multilayer graphene particles ex-
hibits the peculiarity in the kinetic topochemistry: the zero order reaction (which is the constant
rate of the combustion).



242 V. A. Logvinenko, V. G. Makotchenko, V. E. Fedorov

We think that the formal kinetic approach used does not give one the possibility to
discuss the difference in the kinetic stability based on the distribution of basal and edge active
sites with different energies and of the formation of semiquinone and epoxy groups as the
reaction progresses [5,7].

The thermal stability of the phases under the oxidation (combustion) increases in the
series: I < II < III < IV < V. This demonstrates the direct influence of the dimensional effect
on the kinetic stability in the combustion chemical reaction.

It is worth noting that this generalized series of thermal stabilities is loosely based on
the constant rates, but such a series is not the same as for that of the activation energy values.
For the extreme terms: EI < EV actually, the stability level for the expanded graphites (II, III
and IV) can be connected with the entropic contribution (e.g. with the pre-exponential factor
value).
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The evolution of paramagnetic centers (PMC) and conductivity of graphite oxide (GO) during its thermal reduction

has been studied by electron paramagnetic resonance (EPR) at 150 and 165 ◦C. The GO samples for the study were

prepared by systematically varying the KMnO4/Graphite weight ratios in the oxidation reaction. It has been shown

that the PMC concentration increase in GO correlates with the intense evolution of gaseous products originating

from the former oxygen-containing species of GO. The PMC concentration decrease has been described by the

kinetic equation of the first order with an effective ke and an activation energy value of 33 kcal/mol. The values

of ke decreased with increasing the quantities of KMnO4 used in graphite oxidation reaction. The changes in

GO conductivity were followed by measuring the microwave power absorption in the EPR-spectrometer resonator.

The conductivity changes correlated with the decay of the radicals and occurred after the decomposition of the

oxygen-containing groups was complete.
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1. Introduction

The interest in graphite oxide (GO), first synthesized in 1859 [1], has immensely grown
in the last decade due to the discovery of graphene’s unique properties [2]. The key factors
explaining the burst of interest to GO are: (i) simplicity of GO synthesis; (ii) capability of
GO to breaking down to few- and even mono-layer particles in proper liquid media; and
(iii) practical feasibility of mass production of graphene-like materials from GO by thermal or
chemical treatment of the latter. The GO-based materials have already been employed as thin
transparent conductive layers, sensors, batteries and capacitors electrodes, etc. [3]. Numerous
experimental and theoretical studies have been published regarding GO synthetic procedures,
its molecular structure, optimizing the GO reduction and studying the properties of the reduced
GO (rGO). The nature of the oxygen-containing groups as well as their formation during the
thermal and/or chemical reduction of GO have been investigated with the aid of spectroscopic
(IR, Raman, XPS, NMR) and analytical (elemental analysis, XRD, TGA) methods [4]. Owing
to their importance in many potential applications, the electrophysical properties of GO-based
materials have received much attention recently. In a kinetic study of the monolayer sheet rGO’s
conductivity, it has been shown [5] that when raising the GO reduction temperature to 200 ◦C,
the conductivity of the product was increased by 3 orders of magnitude. Such conductivity
growth infers that polyconjugation of the C=C bonds system was effectively restored during
the course of GO reduction. It is also known that under such thermal conditions, the oxygen-
containing groups of GO undergo a rapid exothermic decomposition with the release of gaseous
CO2, CO and H2O. However, despite much work having already been done to formulate the
mechanisms for GO reduction, these potential mechanisms remain a matter of debate and,
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in particular, the sequence of steps in chemical reactions or the restructuring of the carbon
framework during chemical and thermal treatment of GO still need to be clarified [6-8].

Different samples of GO have been studied by EPR and it has been shown that the
paramagnetic centers residing on GO are represented by some localized states and, probably, by
dangling bonds. It has also been shown that the concentration of the PMC tends to decrease
over the course of thermal or chemical GO reduction processes [9-11].

In the present work, with the aid of EPR spectroscopy measurements at 150 and 165 ◦C,
we have followed the evolution of the PMC in the samples of GO having different degrees
of oxidation. The temperature interval for the study was chosen based on the results of our
earlier volumetric kinetic study of the gaseous products that were released during the thermally
stimulated decomposition of GO and are closely associated with the emission of the oxygen-
containing functional groups residing on GO [12]. At the initial stage of thermal treatment,
when oxygen-containing groups are undergoing vigorous decmposition, the concentration of
PMC was found to increase. Under further heating, a reduction of the PMC concentration
was observed. Since the emergence and/or increase in an analyte’s conductivity brings about
an excess absorption of microwaves within EPR resonator, EPR spectrometry was used in this
work to measure the variance of electro conductivity for different GO samples. Accordingly, an
apparent correlation between the PMC concentration decay and the growth of GO conductivity
has been found. The obtained results infer that radical reactions take an active role in the
thermally stimulated reduction of GO.

2. Experimental

2.1. Materials

Graphite powders having the particles size in the range of 10 – 20 µm (ash content <1.0
%) were used throughout this study. Sulfuric acid (94 %), NaNO3, KMnO4, water and H2O2

(3 % water solution) used for GO preparations all had a Reagent Grade purity.

2.2. Preparation of GO

The samples of graphite were oxidized to various predetermined extents via the methods
of Hummers [13, 14]. In the standard procedure, 2 g of particulate graphite was charged into a
solution of 1 g of NaNO3 in 46 ml of H2SO4 and stirred for 60 minutes at room temperature.
Then, the reactor was placed into an ice bath and, under vigorous stirring, a measured quantity
of KMnO4 (3.0, 4.0, 5.0 or 6.0 g) was charged to the suspension in small portions. Thus, in
different experiments, the samples of GO with different degrees of oxidation were provided
(the samples labeled GO15, GO20, GO25 and GO30, respectively). Upon completion of the
permanganate introduction, the reactor temperature was raised to 35 – 40 ◦C, and stirred at
that temperature for additional 30 – 40 minutes. After diluting the reaction mixture with water
followed by treatment with hydrogen peroxide, the oxidized graphite was repeatedly washed
with distilled water until a GO/water paste having neutral pH was obtained. The resulting paste
was freeze-dried in the form of balls (diameter of ∼ 2 – 3 mm) followed by further vacuum
drying at 70 ◦C. The dried paste was then stored in a sealed container.

2.3. ERP spectroscopy

EPR spectra were acquired with the aid of an EPR-B spectrometer (ICP RAS, X-range)
at microwave power less than 2 mW and RF amplitude modulation of 0.1 – 0.2 mT. A small
sample of MgO with Mg2+ ions was kept in the spectrometer resonator as a lateral calibration
standard. For the experiment, a GO sample (2.5 – 3.5 mg) was placed in a short thin-walled
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glass capillary (inner diameter of ∼1 mm) which in turn was placed in a glass ampule having
a vacuum joint, the inner diameter of which was close to the outer diameter of the capillary,
thus providing precise centering of the sample in the resonator. A pre-vacuumed sample was
placed in the thermostat and was held at a constant temperature for a preset period of time (30 –
60 min in different experiments). Before acquiring the spectrum, the sample was subjected to
vacuum again to remove the gaseous products.

Registration of the EPR spectrum involved presetting the microwave channel of the
spectrometer so that the input to the synchronous detector reference and the reflected power
from the resonator balanced each other, the synchronous detector current would thus be zero.
When placed into the resonator, the sample absorbs the microwave radiation and a mismatch
occurs, producing a synchronous detector current, which is observed and is proportional to the
power absorbed by the sample. Thermal reduction of GO leads to lowering of the sample’s
resistance and the sample begins to absorb microwave radiation. The registration of the EPR
spectra proceeds under changing conditions. The changes in the spectra were then corrected
for the corresponding signal intensity changes of the lateral standard which was present in the
resonator throughout analysis. At the same time, the detector current allows one to estimate
the change in the conductivity of GO samples during heating. The conductivity measurement
procedure had several steps. In the first step, the ampule with a pristine GO sample was
placed in the spectrometer resonator and the power within the microwave tract was adjusted
by the attenuator to the desired level. When one cycle of thermal treatment was finished,
the sample was cooled to room temperature and then inserted into the spectrometer resonator
again. Shortly after the attenuator was reset to the predetermined position, the detector current
was observed and fixed. After readjustment, the EPR spectrum was recorded. The above
procedure was repeated after every thermal treatment cycle. Thus, in every experiment, not
only an EPR spectrum was acquired but also the conductivity variability was registered for GO
thermal treatment. The total value of the absorbed power was obtained by summing the detector
currents. The power absorbed due to the electro conductivity was divided by the weight of
the sample. Obviously, the initial conductivity magnitude taken as the zero at the start of the
experiments differed from sample to sample, and, therefore, the registered values of emergence
and conductivity increase should be treated only as relative (not absolute) ones.

3. Results and discussion

The GO samples, characterized by different degrees of oxidation, did provide rather
similar EPR spectra. In general terms, these are represented by slightly asymmetric singlets
having the line width of 2 – 2.5 G, similar to that described in [9]. Comparison of GO samples
having various oxidation degrees (Fig. 1) shows that, with increased oxidation, the initial PMC
concentration in GO decreases by 4- to 5-fold. Note the high concentration of the localized
PMC in the samples amounting to ∼ 1018 g−1. The latter high value may infer that the PMC can
effectively form and be accumulated in GO starting from the very early stages of the oxidation
process and, hence, the dependences depicted in Fig. 1 may represent only the falling branch
of the whole graphite oxidation process.

Figure 2 below shows two sets of experimental kinetic curves depicting the change of
PMC concentration depending on time for the samples of GO subjected to reduction at 150
and 165 ◦C. It can be seen that (i) indeed, both the formation and the decay of PMC can
proceed during the thermal GO treatment at these temperatures; and (ii) in the samples of
GO characterized by different oxidation degrees, the processes for PMC accumulation or decay
proceed differently. During the initial stage, a significant increase of the PMC concentration was
observed for all samples except GO15, the latter being characterized by the lowest oxidation
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FIG. 1. The dependence of relative PMC concentration in GO samples (two
series of measurements) on the relative amount of potassium permanganate used
in the oxidation process. The value [R] = 1 corresponds to PMC concentration
of about 3·1018 g−1

level. The PMC concentration in GO15 began to decrease either from the very beginning of the
thermal treatment (at 165 ◦C) or after a short delay (at 150 ◦C).The ratio of the maximum PMC
concentration to the initial one for both temperatures was found to be in the range of 2.3 – 2.6
for GO20, 3.8 – 4.5 for GO25 and 3.8 – 3.9 for GO30. From the data shown in Fig. 2, it also
follows that, with increased GO oxidation levels, the time needed to reach the maximum PMC
concentration also increases while PMC decay are processes markedly decreased.

The falling branches of the curves shown in Fig. 2 above are presented in Fig. 3a in
different coordinates, ln[R]/t. This new representation of the data shows that the PMC decay is
described by a first order kinetic equation. The corresponding calculated values for the effective
rate constants are shown at Table 1.

TABLE 1. Values of the effective rate constant

Sample Kee103, s−1

150 ◦C 165 ◦C
GO15 0.23 0.95
GO20 0.16 0.58
GO25 0.13 0.52
GO30 – –

The data shown in Fig. 3b permits evaluation of Arrhenius parameters for PMC decay
processes in GO since the straight line connecting the two temperature points is close to parallel.
The evaluation gives an activation energy of, Ea, of ∼ 33 ± 2 kcal/mol and a pre-exponential
factor, lgA (s−1), value of ∼ 12.8 – 14.2. The kinetic aspects of GO reduction processes have
been addressed in a few papers only. In one of the above-mentioned works [5], the kinetics of
resistance changes and a thermo-programmed desorption of gaseous products have been studied
for a monolayer GO. The activation energy values calculated in that work were found to be
38±1 and 32±4 kcal/mol. Furthermore, the activation energies values of 38.1 and 32.5 kcal/mol



248 M. V. Gudkov, V. P. Melnikov

(a)

(b)

FIG. 2. The changes of PMC concentration depending on time as measured for
different GO samples subjected to thermal treatment at 150 (a) and 165 ◦C (b).
Curves 1 – 4 represent the samples GO15, GO20, GO25, GO30, respectively

(a) (b)

FIG. 3. Linear anamorphoses of kinetic curves for PMC decay in different sam-
ples (a) and the Arrhenius-type dependences of the effective rate constants for
corresponding temperatures (b). Line numbers correspond to samples 1, 1’ –
GO15, 2, 2’ – GO20, 3, 3’ – GO25
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have been reported in another work [15], where thermogravimetric analysis (TGA) data were
used for calculations based on diffusion and autocatalytic models for the GO reduction process
respectively. In yet another paper [16], an activation energy of 40 kcal/mol has been found
based on differential scanning calorimetry (DSC) data interrelating the maximum heat release
temperature and the heating rate. Our results are in good agreement with those reported in the
literature.

The curves in Fig. 4 depict the observed time dependence of the PMC concentration
and that of relative conductivity for different GO samples. The electro conductivity detection,
or rather, the conductivity increase of the sample GO15 having the lowest oxidation degree is
observed at the initial stage of thermal treatment together with the PMC concentration decrease.
The match of the observed conductivity initiation with PMC concentration decrease is also seen
for the samples GO20 and GO25, which suggests the existence of a relationship between these
two processes. In the case of GO30, which has the highest oxidation degree among all samples,
no absorption of microwave power that could be related with the emergence of conductivity
was observed. Moreover, the decay of PMC centers at 165 ◦C proceeds much more slowly in
this case than for other samples. Also, the PMC concentration at 150 ◦C remained at the same
level for a long time during treatment, thus qualitatively distinguishing it from other samples.

FIG. 4. The dependence of PMC concentration (1, 2) and the relative conduc-
tivity (1’, 2’) of the samples upon the time of heat treatment at two different
temperatures of 150 ◦C (1) and 165 ◦C (2)

From the very outset of permanganate oxidation, the originally well conductive plane
of a single sheet of graphite (consisting almost entirely of sp2-hybridized polyconjugated car-
bons) becomes more and more populated with different oxygen-containing moieties, chemically
emerging at the expense of sp2-carbons. Thus, eventually more and more carbon atoms within a
single “graphene” layer attain sp3-hybridization, which leads to a gradual loss of the material’s
conductivity. Investigations of the resulting GO sheets with the aid of scanning transmission
electron microscopy (STEM) and scanning tunneling microscopy (STM) have shown that GO
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layer consists of chaotically alternating clusters of oxidized (sp3) carbons and practically un-
affected by oxidation (sp2) carbon clusters [17-19]. By estimates of various authors based on
the intensity ratio of D and G bands in the Raman spectra, the average size of such clusters
is around 2.5 – 6.0 nm. It has been noted [20] that the size of these clusters has remained
actually the same independently of the thermal or chemical GO reduction mode subsequently
employed. The electrical conductivity of graphene (graphite) is attained by virtue of regaining
the effective polyconjugation (which was impaired due to oxidation), and hence the GO reduc-
tion must be associated with the formation of percolation channels for connecting the separated
sp2-hybridized domains. Our results suggest that the conductivity recovery is associated with
the decay of localized paramagnetic states. It is known that the translational mobility is needed
for recombination of unpaired electrons, but the implementation mechanism for this process in
GO is not clear. It can be assumed that an unpaired electron’s motion becomes feasible ow-
ing to thermally-assisted transition (hopping) of the electron onto the conjugation domain with
subsequent migrating along the latter. Mono- or bi-molecular processes obey first order kinetic
equations. For bi-molecular reactions, it is true only in those cases when the second reactant is
present in considerable excess relative to that observed. Under these assumptions, the increase
in the graphite oxidation level should lead to a lessening in the total area of polyconjugated car-
bon domains, that is, the oxidation diminishes the concentration of polyconjugated sites which
are potential acceptors of unpaired electrons. This, in turn, leads to lowering the effective rate
constants of the radical decay.

The number of the oxygen-containing functional groups in GO is a measure of the
oxidation degree of the graphite. In an attempt to quantify this parameter, we have used gas
volumetry [12]. The method consisted of collecting and segregating the well-known gaseous
products (CO2, CO and H2O) that are released during the thermal treatment of GO at tem-
peratures up to 250 ◦C, as well as measuring the partial pressures of the gases in a constant
volume, i. e., determining the number of moles of each product per the weight of the GO
sample (Fig. 5).

The data in Fig. 5 show that the incremental addition of each extra portion of KMnO4

(0.5 g) resulted in an increase in the total amount of released gaseous products from 4.8 (GO15)
to 8.7 (GO20), 10.4 (GO25) and finally to 10.7 (GO30) mmol/g, respectively. The first portion
of 1.5 g potassium permanganate introduced per 1 g of the graphite has been consumed with
rather low efficiency (it was difficult to initiate graphite oxidation). Addition of the next 0.5 g
portion of permanganate (GO15→GO20) gave an additional 3.9 mmol/g of oxygen-containing
functional groups. Under further incremental additions of KMnO4 oxidative effectiveness of the
latter was progressively lowering: GO20→GO25 – 1.7 mmol/g, GO25→GO30 – 0.3 mmol/g.
The significant increase in the oxidation efficiency seen after the addition of the second KMnO4

portion (GO15→GO20) may be associated with both physical (facilitated access of oxidant
into the interlayer space of graphite) and chemical (increased reactivity of the carbon atoms
neighboring the oxidized sites) reasons. The fact that GO sheet surface consists of sporadi-
cally spread, strongly-oxidized domains and those unaffected by the oxidation [17-19] provides
evidence in favor of the chemical causes. Indirectly, this hypothesis is also supported by the
increased reactivity of the carbon atoms located nearby the deformed regions of the graphene
sheet, that has been observed experimentally [21].

Figure 5 shows that the largest decrease of the effective radical decay constant is ob-
served when switching from GO15 to GO20, which coincides exactly with the significant in the
degree of functionalization for the graphene sheet’s surface. Further changes of the effective
radical decay constant for the GO20 to GO25 transition were less pronounced because only
comparatively small increase in the degree of functionalization of the graphene sheet occurred
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FIG. 5. The yield of typical gaseous products released in the result of thermal
reduction of GO by heating the latter at 200 ◦C: 1 – the total amount of gaseous
products, 2 – CO2, 3 – H2O, 4 – CO, 5 – unknown impurity. The change of the
relative effective radical decay constant on the severity of oxidation of graphite
(the amount of KMnO4, used for graphite oxidation): 6 – at 150 ◦C, 7 – at 165 ◦C

at that time. The next increment in the degree of oxidation (sample GO30), having only an
insignificant effect on the released gas products leads to a qualitative change: the rate of free
radical decay abruptly slows down and the emergence of the electrical conductivity is not de-
tected. This is consistent with the observations of Hummers [13, 14], who pointed out that the
use of 3 g of potassium permanganate per 1 g of graphite is optimal for thorough oxidation and
the use of an additional amount of oxidizing reagent would be unnecessary.

4. Conclusion

The functional groups arising during graphite oxidation on the periphery as well as on the
basal surface of graphene particles emerge arise via the formation of covalent C–O bonds, the
new bond formation inevitably accompanied by the appearance of an unpaired electron (PMC)
at one of the three neighboring carbon atoms. It is possible that such paramagnetic centers can
then participate in certain chemical reactions that take place during the oxidation process, thus
justifying the decrease in the PMC concentration observed with increased oxidation. At the
early stages of graphite oxidation, these unpaired electrons can be capable of migrating through
the polyconjugated sp2-carbon system and have a good chance to recombine since the system
is still not badly damaged. At deeper stages of oxidation, when more and more former sp2-
carbon atoms have been transformed to oxygen-containing functionalities and thus have attained
sp3 hybridization, the above opportunities are lost and the unpaired electrons are stabilized.
The growth of PMC content at the initial stages of heat treatment, at temperatures providing
the intense release of gaseous decomposition products originating from the oxygen-containing
functionalities of GO, reveals the important role of the homolytic bond cleavage during the GO
reduction process. Further behavior of the PMC (e.g., their decay under continuing thermal
treatment) correlates with the incidence of electrical conductivity that has been detected by
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the absorption of microwave radiation in the EPR spectrometer resonator. At the moment, it
is difficult to give priority to any single mechanism among all possible ones explaining this
relationship. From one side, it well may be a transfer (hopping) of the localized state onto
a polyconjugated domain of GO, the migration through the polyconjugation system and the
recombination. Alternatively, the occurrence of electrical conductivity may also be induced
by the transition of the unpaired electron in the conduction band and by the increase in the
carrier number. However, the results of the present work provide evidence that the thermal
GO reduction process consists of several consecutive stages and proceeds through intermediates
which give rise to paramagnetic states.
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1. Introduction

Oil changes its physico-chemical and functional properties during long-term service (i.e.
it “ages”); and its quality parameters reach their limits with respect to the norms [1]. When
oil decomposes as a result of oxidation or under the influence of other factors, its acidity
increases. Acids are the major products of the aging process for oil. These acidic products can
cause metal corrosion, and in order to neutralize generated acids alkali additives are required,
therefore negatively affecting the dispersive properties and detergency of oil, as well as its
operational life. Active sulfur compounds that penetrate oil after combustion of fuel with high
sulfur content frequently cause oil aging [2]. Inorganic contaminants come in contact with
oil as a result of mechanical friction of rubbing engine parts and consist mainly of quartz,
feldspar, metal oxides and metal particles [3,4]. The detergents, which are the part of engine
oil, are organometallic compounds. When oil enters the combustion chamber and is burned,
ash particles are formed, consisting of metal oxides and salts belonging to the additives. Ash
particles clog the pores of the ash filter, and do not allow it to regenerate completely. For this
reason, the search for a means to remove these products of oil aging is relevant and of practical
use.

One of the ways of cleaning and removing the undesirable oil by-products which are
formed is the introduction of various active additives. It is assumed that carbon nanotubes
[5,6] can be used as an admixture that will significantly improve the properties and operational
characteristics of lubricating materials. The essential peculiarity of carbon nanotubes arises as a
result of their unique sorption characteristics [7-9]. Due to the fact that a nanotube is a surface
structure, its weight is enclosed in surfaces of its layers. This defines an abnormally high
specific surface area of tubules, and that, in turn, determines their electro-chemical and sorption
characteristics [10]. We assume that harmful impurity (acids, oxides of metals, etc.) can be
adsorbed onto the nanotubes’ surfaces and subsequently removed from the oil via filtration.

In order to prove the feasibility this process, it is necessary to execute theoretical
calculations for the adsorptive interaction of a carbon nanotube and some metal oxides resulting
from the degradation of oil and its additives. As a result, different-valence oxides of iron
and aluminum were chosen, and interaction process between carbon nanotube and a molecule
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of sulfurous acid, hydroxyl group were modeled. The top-priority objective in this case was
the calculation of the optimal geometrical structure for a nano-sized molecular cluster, which
is clearly considered an important quantum chemistry issue [11-14]. Due to complexity of
investigated molecular systems, density functional theory (DFT) has been used in this study to
calculate the structure for the molecular cluster [15].

2. Quantum-chemical study of carbon nanotubes interaction with contaminants in
petroleum, oil and lubricants

The paper presents the results of a study for modeling the interaction of a type (6,0)
carbon nanotube with several base products generated during oil aging, such as a molecule
of sulfurous acid, a hydroxyl group, iron and aluminum oxides. The molecular cluster of a
nanotube containing 96 atoms of carbon is considered. The clusters’ boundaries were closed
with pseudo-atoms; in this case, they were hydrogen atoms.

Processes of adsorptive interaction of the chosen type for single-layer nanotubes with a
hydroxyl group, with a molecule of sulfurous acid H2SO3, with structural units (elemental frag-
ments) of iron oxides (FeO & Fe2O3), with structural units (elemental fragments) of aluminium
oxide (Al2O3) were also studied. Process was simulated by means of a stepwise approximation
(one step equals 0.1 Å) towards the surface of a carbon tubule, located approximately in the
middle of the cluster. Perpendicular connection to the surface of a nanotube with use of active
center of a structural unit – an oxygen atom was considered. The oxygen atom, due to the
presence of a double bond, can provide adsorptive interaction with the nanotube. Examples of
a adsorption complexes “cluster of nanotubulene (6, 0) – molecules (structural units) of harmful
components of fuel” are presented in Fig. 1.

Based on the results of theoretical calculations, the potential interaction energy profile
for a CNT with a hydroxyl group has been constructed. Analysis of this profile allows one to
define the main adsorptive characteristics of this process, which are presented in Table 1.

TABLE 1. General adsorption characteristics of interaction of a single-layer (6,0)
CNT with chosen contaminants

Contaminant
Adsorption distance Adsorption energy

r, Å Eads, eV
FeO 3.1 −8.43

Fe2O3 2.0 −6.66
OH 2.4 −0.8

H2SO3 2.6 −0.51
Al2O3 3.1 −0.43

It is stated that hydroxyl group is adsorbed onto the surface of a (6,0) CNT, which is
illustrated by the presence of the minimum on the interaction curve (Fig. 2). The distance
between the carbon atom of the tube surface and oxygen atom (adsorption distance) amounts
to r = 2.4 Å; the adsorption energy in this case is Eads = −0.8 eV. The correlation between
our obtained results and those from a study on the adsorption of water molecules onto graphene
[16] should be noted. The large value of adsorption energy, in our case in comparison with the
values, which are presented in [16], due to the curvature of the nanotube surface, contributing to
more active adsorption, and the presence of free communication in the hydroxyl group, which
isn’t present in the H2O molecule.
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FIG. 1. Model of a single-layer (6,0) CNT molecular cluster interacting with: a)
hydroxyl group; b) molecule of sulfurous acid; c) fragment of aluminium oxide
Al2O3; d), e) fragments of aliovalent iron oxides: Fe2O3; FeO, correspondingly

FIG. 2. Surface profile for the potential energy of adsorptive interaction between
a (6,0) CNT and a hydroxyl group
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As a result of theoretical calculations, the potential interaction energy profile of nan-
otubule with chosen molecule of sulfurous acid was constructed (Fig. 3). Analysis of this
profile allowed definition of the main adsorptive characteristics of the process. The presence of
a minimum on the curve indicates the implementation of the adsorption interaction between the
H2SO3 molecule and the surface of the CNT.

FIG. 3. Surface profile of potential energy of adsorptive interaction between a
nanotube (6,0) and sulfurous acid

The adsorption distance was r = 2.6 Å, and the adsorption energy in this case was
Eads = −0.51 eV. As a result of theoretical calculations, the potential interaction energy profiles
of nanotubules with elemental fragments of iron oxides acid were constructed. It is stated
that fragment Fe2O3 is adsorbed on the surface of a (6,0) CNT. The adsorption distance was
r = 2.0 Å, while the adsorption energy was Eads = −6.66 eV (Fig. 4).

It is stated that the FeO fragment is adsorbed onto the surface of a (6,0) CNT. The
adsorption distance was r = 2.1 Å, and the adsorption energy was Eads = −8.43 eV (Fig. 5).

Also the interaction process of a (6,0) CNT with an aluminum oxide fragment was
investigated. A surface interaction potential energy profile for a CNT with an aluminum oxide
fragment was developed (Fig. 6) using a step-by-step approximation of Al2O3 approaching to
the selected carbon atom on the CNT surface. Analysis of this profile allowed us to define the
main adsorptive characteristics of the process. The adsorption distance was r = 3.1 Å, and the
adsorption energy in this case was Eads = −0.43 eV.

A summary is shown in Table 1 for the general adsorption characteristics for the in-
teractions between a single-layer (6,0) CNT with contaminants that would be expected to be
generated during the normal operation of an oil-lubricated internal combustion engine. The
comparison of these adsorption energy values shows that the adsorptive process is most active
with ferrous oxide, FeO. This can be explained by the structure of elementary structural units,
namely, higher activity of the oxygen atom in the structure. However, other harmful compo-
nents resulting from the aging of fuel, are also adsorbed onto the CNT surface. Thus, it can
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FIG. 4. Surface profile of potential energy for the adsorptive interaction between
a (6,0) CNT and a Fe2O3 fragment

FIG. 5. Surface profile of potential energy of adsorptive interaction between a
(6,0) CNT and a FeO fragment
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FIG. 6. Surface potential energy profile for the adsorptive interaction between a
(6,0) CNT and an Al2O3 fragment

be argued that it is possible to use CNTs as active additive in both fuels and lubricants, the
main mechanism by which this positive effect on oil is exerted, is the adsorption of harmful
components onto the CNT surface.

3. Summary and conclusions

The theoretical quantum-chemical study of the adsorptive interaction of CNTs with a
molecule of sulfurous acid, hydroxyl group, ferrous oxides and aluminum oxide proves the
possibility CNTs interacting with the contaminants generated during the operation of an internal
combustion engine using oil as a lubricant. Analysis of the results shows that the adsorptive
process is most active with ferrous oxides. Therefore, the hierarchy for the petroleum oil
and lubricant (POL) contaminants chosen with respect to CNT activity can be presented as
follows: FeO, Fe2O3, OH, H2SO3, Al2O3. The main mechanism by which the CNTs exert a
positive effect upon the lubricant during its degradation via normal operation, is the adsorption
of harmful components onto the surface of the CNTs.
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