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The structure of nano-carbon objects (ball-like, nanotubes, defected graphenes) has been modeled by
a Monte-Carlo computer procedure. The structure of nano-chalcogenides objects based on two-
dimensional network of arsenic sulphide has been modeled. The results were compared to the
experimental data whenever possible. The structural modelling was proved as a powerful method for
predicting new nano-structural elements in various low-dimensional materials.
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1. INTRODUCTION

In spite of the enormous progress in synthesis techniques for fullerenes, nanotubes and other nano-
carbon objects, the theoretical understanding of their formation and growth lags behind. Graphene separation
and investigation is a very recent challenge in nano-physics. Graphene is a one atom thick crystal layer, a
chemically stable, electrically conducting membrane exhibiting a variety of unique properties due to its novel
molecular structure [1]. The problem of formation and growth of nano-configurations of other low-
dimensional materials, as e.g. chalcogenides is still in its infancy. Fullerenes were discovered in 1985 [2],
nanotubes in 1991 [3] and hints on the existence of nano-chalcogenides (As,S; nanotubes) only recently [4].
The presently available simulation techniques (semi-empirical, ab-initio and others) are able to provide
quantitative understanding of the formation and particularities of the structures as a function of the
arrangement of atoms. A microscopic insight into various nano-objects will allow for understanding of the
essential physics of the nanomaterials and will open the way towards various applications.

In this paper we used the Monte-Carlo method for modelling new nano-carbon configurations and
nano-chalcogenide configurations based on the arsenic sulphide chalcogenide. The final purpose was to
predict new configurations in nanomaterials, not yet proved experimentally.

2. MODELLING METHODS

The modelling supposes a procedure for building rational structural models based on calculations
consisting in finding the structure of minimum free energy and on inter-atomic interactions chosen according
to the crystallo-chemistry principles.

Three main methods are well-known:

- molecular dynamics (MD)

- Monte-Carlo Metropolis (MCM)

- Reverse Monte-Carlo method (RMC).

The molecular dynamics is a simulation method which allows to predict the time evolution of a system
with interacting particles and to estimate its relevant physical properties. Thus, the positions and velocity of
the atoms (particles) as well as the forces acting upon them at every time can be known exactly. The particle
trajectories are calculated by resolving the motion equations for equilibrium and non-equilibrium situations.
By using the statistical mechanics are calculated the macroscopic properties of the system as a function of
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time: pressure, energy caloric parameters... [5, 6]. The method permits the simulation of time-dependent
phenomena: transport phenomena, growth processes, etc.

The method consists in several steps:

- choosing of an initial set of parameters (initial positions and velocities of all the particles of the
system)

- choosing the interaction potentials that govern the system and allow for the calculation of the forces
acting between the particles

- finding the evolution in time of the system by resolving the classical Newtonian equations for all the
particles. The equations are expressed as:

N
N 2
Fity=m 3t (1)
dt
where F is the force that acts on the particle i at time t and is equal to the negative gradient of the interaction
potential U, m; is the atomic mass and r; is the position of the particle.

The interaction potentials determine the force field in the system. This force field can be obtained by
quantum methods (e.g ab-initio method, by using the Schrédinger equation), by empirical methods (Lennard-
Jones [7], Morse [8], Born-Mayer [9]) or quantum empirical methods (embedded atom model [10], glue
model [11], bond-order potential [12]). The criteria for selecting the force-field are the accuracy,
transferability and calculation speed. A typical interaction potential could consist of a number of bonding
interaction terms (potential for bond stretching, bond bending and bond torsion) and non-bonding
interactions (van der Waals, electrostatic).

The method has been improved by using the density functional theory (DFT) which leads to more
precise geometry and energies. The MD method that uses DFT (first principles) is successful in the study of
the dynamical processes but requires huge amounts of computing resources.

The Monte-Carlo-Metropolis method has the following characteristics:

- the problem is treated in an analogous-probabilistic or statistical model.

- the probabilistic model is resolved by a numerical stochastic experiment. In a stochastic process there
is not a unique possibility of evolution in time of the processes, as is the case when differential equations are
used. Oppositely, there exists some uncertainty regarding the evolution described by the distribution
probability. This means that, notwithstanding the knowledge of the initial conditions there exists more
possibilities to continue the process, some ways being more probable than others.

- the data are analyzed by using statistical methods.

The simplest procedure is the static Monte-Carlo one. In this method the atoms trajectories are
generated by random shifting in space, which leads, step by step, to the minimization of the free energy of
the system. This method does not permit the investigation of the processes at the time scale. Temperature is
not a variable parameter and the system is, therefore, considered at T = 0 K. To accelerate the finding of the
minimum energy configuration is better to choose firstly a set of initial coordinates.

The reverse Monte-Carlo method proceeds with the following steps:

- An initial configuration of points (atoms) are admitted (e.g. a set of N points within a cube of side L).
It is possible to use random three-dimensional configuration, a special network or a set of coordinates from
previous simulations.

- boundary periodical conditions are applied (e.g. the cube is surrounded by its image) and one
computes the pair distribution function (PDF, or radial distribution function (RDF)): gs(1).

- a new configuration is generated by moving randomly one or more points (atoms). A new PDF (RDF)
is calculated: gs’(r).

- the two PDFs, old and new one, are compared with the experimental g..,(r) for the system under
investigation by using Pearson test (x” criterion) or least mean square estimation of the difference between
the two functions:
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where 1, is the number of points r; and o is the experimental error.

- if x> < x the new configuration is accepted. If ¥’ > yx the new configuration is accepted with a
probability that follows a normal distribution, with width o.

- if the new configuration is accepted, then this one is taken as initial configuration for the next
iterative step.

The procedure is repeated till the % decreases down to the equilibrium value and oscillates around this
value as in the case of the energy in the conventional Monte-Carlo method.

)

3. MODELLING OF NANO-CARBONS

The structural modeling of nano-materials is used not only to understand the structure of the already
found materials but also for imagining new atomic configurations, thus predicting new materials. The
modeling can also play an important role in the prediction of new properties and can be a guide for the
synthesis experiments.

The fullerene Cg is condensed on the basis of dispersion forces and is semiconductor. The way of
formation of fullerene Cg, the most abundant fullerene, has been studied in [13]. There was proposed the
“way of reaction of C,¢ rings”. The fullerene is formed with the help of the Cy, rings. This is because the Cq
rings are very abundant in ashes and the calculations show that the bonding energy per atom is 0.4 eV/atom,
higher than that in the C,, chain and this difference is the highest in the series of the investigated clusters C,
(5<n<17), at the temperature of 2000 K. It was simulated the reaction between two C;, rings where the
carbon atoms are sp hybridized (Fig. 1), as well as the reaction between a planar cluster and a ring (Fig. 2).

3.84 ps 241.19 ps 470.05 ps 542.59 ps 792.13 ps 5544. 16 ps
Fig. 1. Instantaneous configuration of the reaction process Cyy + C;o (T=1500 K) The two rings knock and thereafter

aggregate into a planar C,, molecule where the carbon atoms exhibit sp2 hybridization. The blue and yellow spheres
illustrate the atoms that initially formed the two C,, rings; finally they mix together.

(a) ng + Cm (2000 K) (b) ng + Cm (2500 K)
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Fig. 2. Instantaneous configurations of the reaction processes of Cyy and Cyo (a) at T=2000 K and (b) at T=2500
K (Cyy is yellow, Cy is blue). In (a) the plane C;, consists of sp2 hybridized orbitals made of hexagons and
heptagons. In the reaction (b) the fullerene Cs is formed (sp* hybridization).

The conclusion was that there are several stages in the formation of a fullerene cluster and the
simulation proved that in general the fullerenes are not ideally spherical but strongly asymmetric due to
numerous defected embedded in the structure during formation.

In the paper [14] was simulated the growth of the nanostructures in a carbon plasma by using the tight
binding molecular dynamics at the scale of nanoseconds (Fig. 3). The simulation shows that clusters of
carbons are produced with sp-sp® hybridizations of chains, rings and fullerenes, as a function of temperature
and atom density.
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P.L. de Andres et al. [15] have shown that two superposed graphenes (packing AA) forms a strong
chemical bond when the distance between the graphite planes is 1.56 A (Fig. 4). In the same time the C-C
bonds from every plane are considerably weakened from a partially double bond, 1.41 A, to the single bond,
1.54 A. This structure is metastable, with an activation energy per cell of 0.16 eV higher than the standard
configuration where the bonding is made through Van der Waals forces and the distance between planes is
higher (3.35 A). The calculations are made in the frame of the DFT theory.

(a) 0.2 ns (b) 0.4 ns (c) 0.6 ns (d) 1.0 ns
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Fig. 3 The simulated growing process of the carbon clusters. Initially Fig. 4 A metastable two-dimensional structure
400 atoms are distributed randomly in a cube with the volume made of two graphenes with exactly
of 15 nm® at 2000 K. When the interatomic distance is under superposed atoms. It is shown the
1.8 A abond represented by a continuous line is formed. elementary cell: a=b=2.67 A; y=120°.

Brey and Palacios [16] have studied the waved graphene, because the transmission electron microscopy
experiments have shown that the suspended graphene sheet is not perfectly plane but shows irregularities or
waving at the nanometer scale.

Finally we must remark that the inclusion of five-fold rings or seven-fold rings into the growing
nanotubes determines the changing in the spatial evolution of graphenes during growth. Charlier and lijima
[17] developed a model and demonstrated on its basis that protrusions in the graphene sheet with a diameter
small compared to their height can lead to nanotube nucleation while wider protrusions lead only to strained
graphene sheets and no nanotube growth.

We have modelled several special configurations including the attachement of a fullerene molecule to
the wall of a nanotube and the coupling of two nanotubes linked perpendicularly. We tried to demonstrate
that such configurations are possible from the crystallo-chemistry point of view. We applied the standard
Monte-Carlo static procedure using valence force field theory [18] with the force constants reported recently
for fullerene Cqy configuration [19].

Figure 5 and 6 show the final configurations after energy relaxation of the initial models (fullerene +
nanotube and nanotube + nanotube) built by hand and whose atomic coordinates were measured directly on

the model.
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Fig. 5 The configuration with one fullerene molecule (Ceo) Fig. 6 The configuration with two nanotubes coupled
coupled to a nanotube. perpendicularly. Free energy / (bond and angle) = 0.682 meV

Free energy / (bond and angle) = 2.99 meV.

The results allow to conclude that the change in the free energy during the attachment of the fullerene
to nanotube and the coupling of two (open) nanotubes is enough small to guarantee high stability to the
complex configurations. In the same time the modeling suggest one new mechanism for the formation of
fullerene: the nucleation at the nanotube wall. This is achieved with the help of pentagonal rings accidentally
introduced during growth. Another result is the possibility to grow new nanotubes directly on the external
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part of a nanotube wall by protruding the wall with the help of hexagonal rins of atoms. Last but not least, we
must remark a special aspect of the growth of nanotubes one perpendicular to another: the nanotube, which
nucleate on another nanotube at right angle becomes curved, elliptical in cross-section and twisted.

Further, we have modelled the structure of a defected graphene in different cases.

We have grown graphenes starting from one, two or more clustered pentagonal rings, wich act as
seeds. The growth continues with hexagonal ring, the basic unit of an ideal graphene.

The relaxed structures are very different and demonstrate that the configurations with embedded
pentagonal rings shows the tendency to make curved graphenes, to make tubes and even to make fullerenes
of different size. It was concluded that the main mechanism of graphene developing by including defects is
general and can be put at the basis of the formation of various type of nano-carbon objects. The presence of
heptagonal or higher order rings in the centre of a developing graphene leads to the waving of the graphenes.
The random distribution of the defects in graphene determines the growth of crystals made of defected
graphenes with irregular surface as a function of the type and distribution of the defects. This aspect was
confirmed by simulation: freely suspended graphenes are partially crumpled due to bond bending instability
[20].

We have simulated the simple graphene structure, with various defects embedded in it, and the results
are shown in Fig. 7.
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Fig. 7. Various nanoconfigurations obtained from defected graphenes:
a. ideal grapheme (150 atoms), free energy / (bond and angle) = 3.142*10® meV;
b. one pentagonal ring in the middle of a graphene (80 atoms), free energy / (bond and angle) = 0.332 meV;,
¢. 3 pentagons in grapheme (73 atoms), free energy / (bond and angle) = 1.1 meV;
d. 6 pentagons in grapheme (35 atoms), free energy / (bond and angle) = 4.79 meV,
e. one heptagon in grapheme (175 atoms), free energy / (bond and angle) = 0.0152 meV.

An other structure, not yet evidenced experimentally is the nano-torus structure. Nano-tori can be built
in the frame of nanotube configurations with open ends. A certain minimum length of a nanotube is
necessary in order to close the nanotube. In our simulation the minimum number of unit length was 5. In
order to curve the tube, hexagons and heptagons were introduced during nanotube construction, face to face
(Fig. 8). If the surface of the nano-torus is developed one can see that the torus formation is possible by the
alignment of heptagonal rings embedded in the graphene. The graphene will be distorted out of its plane and
will converge to link both sides along the line of heptagons, thus developing the torus-type configuration.

Fig. 8 Toroid-like carbon configuration (240 atoms).
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Of course, many other configurations can be built according to the distribution of defects in the
graphene sheet. The conclusion is that the ordering of the defects in graphenes can explains the formation of
many configurations based on carbon.

4. MODELLING OF THE STRUCTURE OF NANOCHALCOGENIDES

Chalcogenides are a class of compounds and alloys based on the combination of a chalcogen element
(sulphur, selenium or tellurium) with other elements (arsenic, phosphorous, germanium, silicon, tin, etc.).
One of the typical materials, very stable in the non-crystalline, glassy state is arsenic sulphide (As;S;).
Because arsenic exhibits the valence three and sulphur valence two, the structure is made of layers consisting
in interconnected As,S; pyramids. Taking into account the similarity between carbon (valence three and two-
dimensional structure of graphite layers) and As,S; (that forms easily layers of arsenic (valence three) linked
to sulfur (valence two)), it was logical to suppose that specific nano-objects based on layers could be
obtained.

We have found that only configurations with a strictly determined number of atoms are possible.

We have modelled small clusters, i.e. closed configurations of different sizes, with spherical symmetry
and with the same number of atoms in every ring. It was demonstrated that only three different clusters are
possible. One As,S¢ cluster with four 6-fold rings of atoms (free energy / atom = 0.924 meV), one AsgSi,
cluster with six eight-fold rings (free energy / atom = 0.0007 meV), and one As,¢S;¢ cluster with twelve ten-
fold rings of atoms (free energy / atom = 0.0004 meV).

Trying to build a cluster with only 12 atoms rings (similar to the configuration specific to crystalline
orpiment) failed. In all the cases we have considered only heteropolar bonds (As-S) in the structure. The
coupling between the upper part of a cluster consisting of a 12-fold rings surrounded by six 12-fold atoms
rings was possible only by sulphur bridges, which give rise to 8-fold and 12-fold rings. This cluster, AsssS7,
is the second one in the family of clusters with different spatial extension, having the total number of atoms,
N =30n% wihn=1,2,3, ... (Fig. 9a, b, ¢)
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Fig. 9. a. The small nano-pie cluster (As;,S;g) n=1, free energy / atom = 1.585 meV;
b. The medium nano-pie cluster (As4gS+,) n=2, free energy / atom = 1.606 meV;
c. The large nano-pie (As;gS162) N=3, free energy / atom = 0.189 meV;
d. The medium nano-pie cluster, second family of clusters (As7,S03) n=2, free energy / atom = 0.119 meV
e. The small fullerene-like cluster (AsgSy), free energy / atom = 0.724 meV;

We reveales a new family of clusters made of two parallel planes of atoms, every layer consisting of a
hexagonal packing of As-S, with N atoms in the cluster sequence: N = 30n(n+1) (n = 1, 2, 3, ...). In this
family of clusters the linking between planes at boundaries are characterized by alternated 10-fold and 12-
fold rings of atoms. Fig. 9d shows the second cluster, As7,S;og, for n=2.

The shape of the arsenic sulphide clusters, based on twelve-fold As-S rings, approaches that of a pie.
We called these clusters nano-pie clusters.

Another family of clusters is fullerene-like clusters. The small fullerene-like cluster is AssSy (Fig 9¢),
consisting of two six-fold rings and three eight-fold rings. The next cluster is As;sS.4, consisting of two
eight-fold rings and eight ten-fold rings. The cluster similar with carbon fullerene Cg is AsgySeo.

We have found that chalcogenide nanotubes can be also obtained. Fig. 10 shows an open nanotube and
a closed nanotube.

After finishing the modelling calculation we found in the literature a short report on the formation of
nanotubes of around 100 nanometers in diameter [4] by an exotic way: the growth of nanotubes from
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solution assisted by microorganisms (Shewanella sp. strain HN-41). The image obtained by SEM is shown in

Fig

. 11. This seems to be a good confirmation of the possibility to get nano-chalcogenides tubes, similar to

those existing among the large category of carbon configurations.
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Fig. 10 a. open end nanotube made of As,S; (194 atoms), free

Fig. 11. SEM picture of As-S nanotubes produced

energy / atom = 0.004 meV : )
with Shewanella bacteria.

b. closed end nanotube made of As,S; (230 atoms), free
energy / atom = 0.168 meV.
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