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It is known that the addition of a small amount of carbon nanomaterials significantly improves the mechanical
properties of composites with a metal matrix. One of the most important, promising and available metals as a matrix
for such modification is aluminum. However, at the interface between the carbon material and Al, aluminum
carbides of different composition are formed, which are brittle and have the main disadvantage - solubility in water.
Therefore, the appearance of aluminum carbide is a serious problem, since it contributes to the formation of defects,
which, when the composite is deformed, leads to cracking of the composite due to the presence of microneedles. In
this regard, in order to predict the features of the interaction of aluminum itself with the surface of carbon
nanomaterials, it is advisable to model such processes using quantum chemistry methods.

The aim of the work was to reveal the effect of temperature on the chemical interaction of aluminum clusters
with native, boron-, silicon-, and nitrogen-containing graphene-like planes (GLP).

All the calculated by three methods (B3LYP/6-31G(d,p), MP2/6-31G(d,p) and PBE0/6-31G(d,p)) values of the
dependence of the Gibbs free energy on temperature for different cluster sizes of aluminum and graphene-like
clusters are the highest for native graphene-like planes. In all cases, the values of the Gibbs free energy increase
with temperature.

The lowest values of the temperature dependence of the Gibbs free energy vary as dependent on the size of the
reactant models and research methods, this is especially characteristic of the presence of boron and silicon atoms in
the graphene-like clusters.

Therefore, the absence of heteroatoms in the composition of the nanocarbon matrix contributes to the fact that
aluminum carbide islands should not be formed in the carbon-containing nanocomposite with aluminum, which
negatively affects the physical and chemical characteristics of the resulting nanocomposite.

Keywords: graphene-like plane, coronene, aluminum nanoclusters, density functional theory method, cluster
approximation, aluminum carbide, silicon carbide

INTRODUCTION electrical conductivity, and thermal conductivity
[7,8]. Therefore, the study of carbon
nanomaterials, in particular, based on graphene
as part of metal matrix composites has always
been one of the key areas of scientific research
[9-13]. Available experimental data show that
the addition of a small amount of carbon
nanomaterials  significantly  improves the
mechanical properties of composites with a
metal matrix [14-16], however, the mechanism
of strengthening of carbon nanomaterials in
metal composites, and how various factors affect
it, has not yet been fully elucidated [17-19].

To study such nanocomposites, in addition to
experimental methods, which require a long

In recent decades, new carbon
nanomaterials, in particular nanotubes [1] and
graphene [2-3], have attracted much attention
due to their unique mechanical and physical
properties. In particular, the thickness of
graphene is equal to one carbon atom, which
makes it the thinnest material known today
[4-6]. The theoretical Young's modulus of
graphene is 1.0 TPa and its intrinsic tensile
strength is 130 GPa, which means that the
mechanical properties of graphene are special. In
addition, graphene has some other excellent
properties, such as high specific surface area,
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period and expensive equipment, computer
simulations, in particular methods of molecular
dynamics and quantum chemistry, are also
successfully used [20-23].

Carbon nanoparticles can be both a
strengthening phase and modifiers of the first
kind, changing the crystal structure of the matrix
metal [24]. However, in addition to the influence
of purely geometrical parameters of carbon
nanoparticles on the structure of the composite,
there is a problem of the formation of the
strongest adhesive bonds between the atoms of
the metal and the carbon nanoparticle in the
composition of the metal composite due to the
chemical interaction of the surface carbon atoms
of the nanoparticle with the molten metal.

One of the most important, promising and
available metal as a matrix for such research
work is aluminum. Recently, many publications
have been devoted to nanocomposites based on
aluminum and carbon materials according to
[25-31]. This metal has a low density and its
strength approaches or exceeds that of steel.
Aluminum also has good ductility, which allows
the aluminum alloy to be processed into a variety
of profiles. At the same time, excellent corrosion
resistance, electrical conductivity and thermal
conductivity make aluminum alloy the most
widely used non-ferrous structural material in
industry. With the development of the aviation,
aerospace and automotive industries, higher
requirements are constantly put forward for the
characteristics of various aspects of materials.
Both graphene and aluminum alloy are materials
with  favorable  performance  properties,
according to the law of mixing, aluminum matrix
composites made with graphene as a reinforcing
material will perform better than aluminum
alloys [32, 33]. Aluminum-graphene composite
has a variety of potential applications due to its
high strength, low density, and excellent thermal
and electrical conductivity [34]. It can be used in
the automotive industry, piston combustion
chamber to reduce engine emissions at elevated
temperatures, transport materials, preparation of
defense components, energy carriers, wires and
cables in electric vehicle engines, aerospace,
space and satellite technologies, efc. [35, 36].
This composite can be used to make piston rings,
brake pads and various gears. In the aerospace
industry, brakes and landing gear can be
specially designed. Due to their good electrical
conductivity, they can be used to make antennas.
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Thanks to the increased strength, this composite
is suitable to make light bicycles and tennis
rackets. These composites have good surface
area and high current density potential, making
them wuseful for energy storage. These
composites can be used in anodes and coatings
[37]. Some literature sources suggest that the
addition of graphene increases the electrical
properties and microhardness, when incorporated
into aluminum to form aluminum-graphene
composites, while the literature also reports a
deterioration of such properties. They discuss
some typical literature reports related to the
purpose of this work. Aluminum with 1 wt. %
graphene shows an increase in microhardness up
to 81 VHN compared to pure Al [38]. The
average dispersion of graphene as a reinforcing
phase in the matrix is an important factor
affecting the characteristics of composite
materials [39,40]. There are strong van der
Waals forces between the graphene sheets,
which cause agglomeration of graphene in the
matrix. The method of mixing directly affects the
dispersion of graphene in the matrix. The
strength of the interfacial bond between
graphene and the aluminum matrix is another
important factor that affects the properties of
composites [35].

It is well known that aluminum tends to form
stable carbide (AL4C;) in a wide range of
composition [41,42], therefore aluminum
carbide of different composition can form at the
interface between carbon material and Al
[43, 44]. This substance is fragile and has the
main drawback — solubility in water [45].
Therefore, the process of carbide formation is a
serious problem, since it contributes to the
formation of defects, the presence of which
during deformation of the composite leads to the
appearance of cracks in the composite due to the
presence of AlsCs; microneedles, which leads to a
sharp decrease in the strength of the composite
[46]. However, some authors note that the
formation of this carbide will not be as harmful
as expected when interacting with multi-walled
carbon nanocuts [47], since only the outer layer
of CNT reacts, providing an optimal interface
with the matrix. However, despite the possibility
of effective transfer of the applied load, the use
of composite in structures in a humid
environment will lead to deterioration of the
surface [13]. Therefore, the search for methods
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of reducing the formation of aluminum carbide
in the nanocomposite is underway [43—49].

In most studies, the authors study the
interaction of metal with purely carbon
nanoparticles, while there is a large number of
modified carbon nanoparticles, the surface
chemistry of which is significantly different from
that of pure carbon. Such modified carbon
nanoparticles can interact with the metal matrix
in a different way, and the study of the features
of such interaction by theoretical and
experimental methods is an urgent task in the
modern search for methods of creating new
composite materials. One of the methods of such
modification can be the doping of the carbon
matrix with various heteroatoms, such as N, B,
Si, which can significantly change the reactivity
of the graphene matrix [50]. It was also found
that the influence of such heteroatoms on the
interaction of the carbon surface with metals was
investigated, using examples of the interaction of
carbon fibers with metals in the manufacture of
fiber-reinforced metal composites [51]. It was
found that the presence of heteroatoms
significantly changes the process of interaction
between the carbon surface of the filler and the
matrix. The surface energy, the wettability of the
surface by the molten metal, the reaction rate of

Al—Al,

the metal and the surface layer of the filler, and
the composition of the interphase change. In
view of this, it is likely that carbon nanoparticles
doped with heteroatoms will have excellent
energy characteristics for the formation of
aluminum carbide compared to pure carbon
materials.

In this regard, in order to predict the
specifics of the interaction of aluminum with the
surface of carbon nanomaterials supplemented
with heteroatoms (N, B, Si), it is advisable to
model such processes using theoretical methods.

Therefore, the goal of the work was to find
out the effect of temperature on the chemical
interaction of aluminum clusters with native,
boron-, silicon-, and nitrogen-containing
graphene-like planes (GLP) by means of the
methods of quantum chemistry.

OBJECTS AND METHODS OF
CALCULATION

To study the chemical interaction of a GLP
with aluminum, an elementary reaction was
considered and respective scheme is shown in
Fig. 1, the starting compounds of which are a
pure carbon or modified graphene-like plane and
an aluminum cluster.

C—Al

e >

Fig. 1.

As a result of the reaction, a chemisorption
complex is formed; its feature is the replacement
of one of the carbon atoms in the GLP by an
aluminum atom, and one of the carbon atoms
leaves the plane of the conjugated aromatic
system, which indicates the initial stage of the
destruction of the GLP with the formation of
aluminum carbide [52—54]. Therefore, a number
of identical reactions of joining small Al,
clusters to a graphene-like nanocluster (GLN)

were  considered; they are  depicted
schematically:
Al,+ GLN = Al,GLN. (D

The energy effects of the reaction (AEreact)
were calculated at a temperature of 0 K without
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Diagram of the interaction of a graphene-like plane with aluminum

taking into account the energy of zero
oscillations (ZPE), according to the scheme (1),
due to the following formula (2):

AE o = Eo( ALLGLN) - (Eiof(Aly) + Eo(GLN)),  (2)

where Ewi(AlL.GLN) is the total energy of the
interaction product of the metal cluster with
GLN, Ew(Aly) is the total energy of the metal
cluster, Ei(GLN) is the total energy of the
graphene-like nanocluster.

To take into account the effect of
temperature on thermodynamic parameters, the
values of the Gibbs free energy of reaction
(AGreact) were calculated in the temperature range
from 50 to 1800 K:

AGreaa= G'(ALGLN) - (G'(Al)) + G'(GLN)),  (3)
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where G' = Eq + ZPE + G’ o, Eior total energy
of the corresponding optimized structure, ZPE
(zero point vibrational energy) — energy of zero
vibrations of the optimized structure, G’con —
thermodynamic correction of Gibbs free energy
[55].

A polyaromatic molecule crowned with
Cu4Hi2 was chosen as the parent GLP (Fig. 2 a).
Models for modified GLPs were formed by
replacing two carbon atoms with nitrogen or
boron atoms, forming clusters with the
composition C22N;Hj, and C»:B:H;; (Fig. 2 b, ¢).
The Ci2Sii2Hi2 cluster was used as a model of
silicon carbide (Fig. 2 d).

In addition, to take into account the
dimensional effect of the surface of the GLP on
thermodynamic parameters, we used a GLP with
a gross composition of CsHie (Fig. 2 e), as well
as nitrogen- (C4N2H¢6), boron- (C4B:H;s), and
silicon-containing analogues (Fig. 2 f~h).

When examining the interaction of GLPs
with aluminum, the latter can be modeled in the
cluster approximation, as evidenced by literature
data, with small clusters consisting of several
atoms [56—58]. Therefore, in our case, aluminum
was also modeled by the Al, dimer (Fig. 3 a) and
the Als tetramer, while preliminary calculations
(MP2/6-31G(d,p)) for the aluminum dimer
indicate that the total energy for the triplet is
lower and is -483.726679 Hartree, compared to
the ground singlet (-483.691533 Hartree).

Aluminum tetramer can have two isomers —
rhombic and tetrahedral (Fig. 3 b, ¢); at the same
time, the analysis of calculations using the same
method shows that the Als tetrahedral

configuration has the lowest energy, as well as
for the dimer in the triplet state. Therefore, the
cluster (Fig. 3 ¢) with multiplicity 3 was used for
simulation of the interaction with GLP.
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Fig. 2. Equilibrium geometry of the graphene-like plane (a, e) and its derivatives: nitrogen-containing (b, f), boron-

containing (c, g), silicon-containing (d, /)

a

Fig. 3. Equilibrium structure of aluminum dimers (@) and tetramers (b, ¢)
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Calculations were performed using the
GAMESS (US) program [59] within several
methods, for greater reliability of simulation
results. In particular, by the density functional
theory (DFT) method with the B3LYP functional
[60, 61], which has proven itself well in
modeling graphene-like clusters [62]. We also
used the PBEO functional, which was
successfully used for modeling properties and
chemical reactions involving clusters of various
metals [63—65]. And for comparison, in addition
to the DFT method, the second order Moller—
Plesset perturbation theory (MP2) [66] was used.

RESULTS AND DISCUSSION

At the beginning, the interaction of the initial
GLPs of different sizes with dimers and
tetramers of aluminum was considered. In Fig. 4,
the optimized by B3LYP/6-31G(d,p) method the
interaction products are shown of the aluminum
dimer with the coronene molecule (CxHi2)
(Fig.4a) and with a larger GLP (CsHie)
(Fig. 4 b). When optimized with the PBEO0/6-
31G(d,p) and MP2/6-31G(d,p) methods,
interaction products were obtained with a similar
structure to those considered above using the
B3LYP/6-31G(d,p) method; therefore, the
peculiarities of their structure we do not describe
in detail.

As can be seen from this figure, as a result of
the interaction of aluminum clusters with the
coronene molecule, the plane of the latter is
significantly deformed. One of the aluminum
atoms is simultaneously bonded to three carbon
atoms, and the Al-C bonds are nearly identical
and are between 1.87 and 1.88 A in length.
Another aluminum atom has only one Al-C
bond with a length of 2.02 A, which is less than
the bond length between two aluminum atoms in
the dimer (2.57 A) (Fig. 4 a). The energy effect
of reaction (1) calculated by formula (2) is a
positive value higher than 200 kJ/mol for all
three calculation methods and is +289.2 kJ/mol
using the B3LYP/6-31G(d,p) method; a slightly
higher ~value was found |using the
MP2/6-31G(d,p) method, which is
+352.2 kJ/mol; and the lowest value is
characteristic of the PBE0/6-31G(d,p) method
with a value of +233.8 kJ/ mole (see Table).

When the size of the GLP increases, the
structure of the interaction product changes
insignificantly, as can be seen from Fig. 4 b. The
values of energy effects of reactions during their
formation are characterized by larger values: for
B3LYP/6-31G(d,p) the value increases to
+329.2 kJ/mol, for MP2/6-31G(d,p) it is also
higher and amounts to +414.5 kJ/mol, and for
PBE0/6-31G(d,p) +330.1 kJ/mol, respectively.

Fig. 4. Equilibrium spatial structure of the interaction products of the dimer (a, b) and tetramer (¢, d) of aluminum
with coronene (a, ¢) and the graphene-like C4,H16 plane (b, d)

However, products with aluminum tetramer
are similar to each other and have a slightly

different structure compared to the product of
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interaction of GLPs with aluminum dimer
(Fig. 4 ¢, d). As in the case of the dimer, one of
the aluminum atoms placed in the graphene-like
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matrix is simultaneously bonded to three carbon
atoms in the GLP and two aluminum atoms
above the plane. One carbon atom due to
substitution by an aluminum atom is concentrated
over the aromatic plane and coordinated by three
aluminum atoms. Such a difference in structure
affects the energetic effect of reaction (1). In
particular, for the reaction of aluminum tetrameter
with coronene, AF e, regardless of the method, is
significantly lower than that for similar reactions in
the case of aluminum dimer and is only
+6.6 kJ/mol for B3LYP/6-31G(d,p), for MP2/6-
31G(d,p) it is higher and amounts to +58.7 kJ/mol,
and for PBE0/6-31G(d,p) its value is +70.4 kJ/mol,
respectively.

In the case of using a larger GLP when
interacting with Als (Fig. 4 d), the values of the
energy effect are similar to the case of the
interaction of coronene with Al, considered
above and have the corresponding values (see
Table), namely, for B3LYP/6 -31G(d,p) +252.6,
for MP2/6-31G(d,p) it is also higher and is
+340.2, and for the PBE0/6-31G(d,p) has a
slightly lower value of +214.5 kJ/mol.

The next task was to find out how the above
reactions with aluminum are affected by the
presence of two nitrogen atoms, which are
introduced instead of two carbon atoms in a pair
position relative to each other in the central
hexagon of the coronene molecule (Fig. 2 b, f).

The product of the interaction of an
aluminum dimer with a nitrogen-containing
analog of coronene (Fig. 5 a, b) is structurally

similar to the previous one considered above
(Fig. 4 a, b), in which one of the aluminum
atoms is connected to two carbon atoms by
bonds with a length of 1.86 A, as well as with
the nitrogen atom of GLP by a bond with a
length of 1.81 A. Between the aluminum atoms,
as in the previous case, a carbon atom is placed,
and the second aluminum atom is connected to
the rest of the molecule by one covalent bond,
the length of which is also 1.84 A (Fig. 5 a).
However, the Al-C bond is placed perpendicular
to the plane of the coronene derivative, unlike
the product shown in Fig.4 a. The energetic
effects of the reaction of the aluminum dimer
and the nitrogen-containing  crown-like
molecule, regardless of the chosen research
method, have negative values, in contrast to
those considered in turn. Namely, for
B3LYP/6-31G(d,p) the value is -100.4, for
MP2/6-31G(d,p) it is higher and is -41.8, and for
PBE0/6-31G(d,p) is the lowest and its value is
-168.8 kJ/mol (see Table).

When the size of the nitrogen-containing
GLP increases, the nature of the bonding of the
aluminum dimer with the aromatic part is similar
to that discussed above, but the bond lengths
increased slightly (Fig. 5 b). However, the values
of the energy effect acquired a positive value for
all three research methods: for B3LYP/6-
31G(d,p) +132.0, for MP2/6-31G(d,p) +260.4,
and for the PBE0/6-31G(d,p) method it has a
slightly lower value of +128.0 kJ/mol.

Fig. 5.

Equilibrium spatial structure of the interaction products of the dimer (a, b) and tetramer (¢, d) of aluminum and

the molecule of the nitrogen-containing derivative coronene (g, ¢) and its enlarged analogue CsN>His (b, d)
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When aluminum tetrameter interacts with
nitrogen-containing analogues of coronene and a
larger graphene-like plane GLP (Fig. 5 ¢, d), the
geometry of the products is similar to those
previously considered (Fig. 4 ¢, d). Calculations
of the energy effect for nitrogen-containing
coronene indicate that this reaction, similar to
that with the aluminum dimer, has rather low
values; in particular, for B3LYP/6-31G(d,p) it is
negative and amounts to -76.8, for MP2/6-
31G(d,p) it is slightly positive +6.3, and using
the PBE0/6-31G(d,p) method it has a much
lower value of -185.4 kJ/mol.

Increasing the size of the nitrogen-containing
GLP to (CsNzHie) significantly affects the
magnitude of the energy effect (see Table). As in
the case of using the same nitrogen-containing
GLP, when interacting with an aluminum dimer,
the energy effect acquires a positive value of
more than 100 kJ/mol when using three different
methods; in particular, for B3LYP/6-31G(d,p) it
is +149.6, for MP2/6-31G(d,p) AFEreac« has an
even higher value of +276.6, and the PBE(/6-
31G(d,p) method gives the lowest value of
+129.0 kJ/mol.

Comparing these values with those for pure
GLPs, it should be noted that the presence of
nitrogen atoms in the composition of GLPs
reduces the energy effect of the interaction with
aluminum (see Table).

Next, it was examined how the above
reactions with aluminum are affected by the
presence of two boron atoms (Fig. 2 ¢), which
were placed instead of two nitrogen atoms in the
para-position relative to each other in the central
hexagon of the coronene derivative.

As can be seen from Fig. 6 a, the product of
the interaction of an aluminum dimer with a
boron-containing coronene derivative
significantly differs from the previous nitrogen-
containing derivative (Fig. 5 a). In particular,
aluminum atoms do not form covalent bonds
with boron atoms, but only with carbon atoms,
the length of which is more than 2 A. At the
same time, the central hexagon of the structure
shown in Fig. 1 ¢, as a result of the interaction,
turns into a pentagon. However, similar to the
previous cases, there is a carbon atom between
the aluminum atoms.

The energy effect of the product formation
reaction, which is shown in Fig.6a, has a
slightly negative value, for the B3LYP/6-
31G(d,p) method it is equal to -2.4 kJ/mol,
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which is 98.0 kJ/mol less than the similar value
for a nitrogen-containing product with
aluminum. Calculations by the MP2/6-31G(d,p)
method also indicate an increase in the value of
AEreact to +260.8 kJ/mol, however, the analysis of
calculations by the PBE0/6-31G(d,p) method
shows that in comparison with the atom-
containing coronene the energy effect of the
reaction with boron increases only slightly from
-168.8 to -161.8 kJ/mol.

The wuse of a larger boron-containing
graphene-like surface (Fig. 2 ¢), when interacting
with an aluminum dimer, leads to a change in the
structure of the reaction product; in particular,
the central hexagon of the structure shown in
Fig. 6 a, does not turn into a pentagon, and Al-C
bond lengths are slightly increased for this
reaction product. At the same time, the energy
effect of the reaction becomes positive regardless
of the calculation method: for the B3LYP/6-
31G(d,p), the wvalue is +78.6, for MP2/6-
31G(d,p) it is higher and is +178.0, and for
PBE0/6-31G(d,p) is the lowest and its value is
+59.6 kJ/mol, respectively (see Table).

The interaction products of the aluminum
tetramer, when interacting with boron-containing
analogs of coronene and a larger GLP, have a
similar structure to each other (Fig. 6 ¢, d).
However, despite this, their energy effects differ
significantly. An increase in the size of the
boron-containing GLP, regardless of the chosen
calculation method, increases the value of the
energy effect of the reaction with aluminum
tetramer (see Table). In particular, in the case of
using the B3LYP/6-31G(d,p) method, the value
of AEeat increases from -231.0 to +53.4 kJ/mol,
for the MP2/6-31G(d,p) method - from -72.6 to
+170.7 kJ/mol, and for PBE0/6-31G(d,p) the
values are traditionally the lowest, and when the
size of the GLP increases from C»B:Hi» to
C40B2H16, the AE cact values increase from -384.2
to +19.4 kJ /mol

The reaction parameters of silicon-
containing coronene with aluminum dimer were
also examined. In case of the silicon-containing
coronene molecule, unlike previous
heteroderivatives, not only two carbon atoms are
replaced by silicon ones, but twelve. That is,
there is an alternation of carbon and silicon
atoms, and their equal number in the molecule
allows it to be considered as a model of silicon
carbide.
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The product of the interaction of a silicon
derivative with an aluminum dimer is
characterized by the fact that one of the
aluminum atoms interacts with two silicon atoms
with bond lengths of 2.4 A (Fig. 7 a). Between
aluminum atoms, as in all previous cases, there is
a carbon atom with Al-C bond lengths of 1.85
and 1.94 A. In addition, the second aluminum
atom is coordinated to the silicon atom at the
distance of 2.7 A.

The energy effect of this reaction has a
negative value for the DFT method regardless of
the functional and is -25.1 kJ/mol for the B3LYP
and -128.1 kJ/mol for PBEO respectively.
Calculation by the MP2/6-31G(d,p) method
shows a positive value of the energy effect of
this reaction, namely +65.4 kJ/mol.

When using an enlarged substrate (Fig. 2 4),
the geometry of the product became slightly
different from the previous one (Fig.7b). In
particular, as can be seen from this figure, one of
the aluminum atoms is not bonded to any other
except the carbon atom with a bond length of
1.905 A. Calculations of the energy effect of this
reaction by three different methods differ
significantly from each other. For the MP2/6-
31G(d,p) method it is +78.1, and for PBEO0/6-
31G(d,p) it is negative and its value is -43.7, and

for the B3LYP method /6-31G(d,p) value is the
highest and (+233.2 kJ/mol).

The products of the interaction of the
aluminum tetramer with the silicon-containing
derivative coronene (Fig.7 c¢) and its enlarged
analogue (Fig. 7 d) are visually similar to each
other. In them, aluminum atoms are bonded to
both carbon and silicon atoms. It should be noted
that the values of AFreac for these two interaction
products, regardless of the calculation methods,
are negative and when the size of the GLP
increases, these values become more positive. In
particular, the B3LYP/6-31G(d,p) method shows
that the value of AEie: increases from -158.1
to -134.7kJ/mol, for the MP2/6-31G(d,p)
method - from -81.0 to -22.2 kJ/mol, and for
PBE0/6-31G(d,p), as in the previous cases, they
are the lowest, and when the size of the GLP
increases from CSipHip to Co1SiziHie, the
values of the energy effect of this reaction
increase from -280.0 to -190.3 kJ/mol.

As evidenced by the results of the
calculation of the Gibbs free energy of the
interaction of aluminum dimers with a coronene
derivative (Fig.8a, b, ¢) and its enlarged

analogue (Fig. 8, d, ¢, f), calculated according to
formula (3), in the temperature range from 50 to
1800 K,

increases.

in all considered cases this wvalue

Fig. 6. Equilibrium spatial structure of the interaction products of dimer (@, b) and tetramer (¢, d) of aluminum from
a molecule with boron-containing coronene (CB:Hi») (a, ¢) and boron-containing graphene-like plane

(C40B2Hie) (b, d)
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Fig. 7. Equilibrium spatial structure of the interaction products of the dimer (a, ) and tetramer (c, d) of aluminum
from the silicon-containing derivative coronene (a, ¢) and the enlarged analogue C»:Si>iHis (b, d)

Table.
graphene-like planes (in kJ/mol)

Energy effects (AEract) of the reaction of the interaction of dimers and tetramers of aluminum with

Calculation methods

Reactive compounds

MP2 B3LYP PBE(
AL+CyHis +352.2 +289.2 +233.8
AL+C»nN>Hi» 41.8 -100.4 -168.8
AlL+C»BoHi» +260.8 24 -161.8
AL+Ci5SipHip +65.4 -25.1 -128.1
AL+C4His +414.5 +329.2 +330.1
Al+CsN,H ;6 +260.4 +132.0 +128.0
AlL+C»nBoHie +178.0 +78.6 +59.6
AL+C,Sin1Hie +78.1 +233.2 -43.7
Aly+CosHi +58.7 +6.6 +70.4
Al4+CpnNLHi» +6.3 -76.8 -185.4
Als+CrnBoH -72.6 -231.0 -384.2
Al4+Ci2SipHin -81.0 -158.1 -280.0
Aly+CarHis +340.2 +252.6 +214.5
Aly+CaoNo2Hi6 +276.6 +149.6 +129.0
Als+C»nBoHie +170.7 +53.4 +19.4
Al4+Cy1SinHie 222 -134.7 -190.3

At the same time, as can be seen from Fig. &,
regardless of the research method and the size of
the GLP, the largest value of the Gibbs free
energy of the aluminum dimer interaction is
available for a pure GLP and it increases with
increasing temperature. The position of the
AGreact(T) curve depends on the research method
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and the size of the graphene-like cluster. In
particular, for the horse-shaped plane, the
B3LYP/6-31G(d,p) and MP2/6-31G(d,p)
methods show that the lowest AGreac(T) curve is
characteristic of the nitrogen-containing plane,
and the PBEO0/6-31G(d,p) method, generally
shows that the lowest AGieac(T) curve is
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characteristic of a boron-containing GLP. When
the size of the graphene-like cluster increases, a
different picture is observed, namely, the MP2/6-
31G(d,p) and PBE0/6-31G(d,p) methods indicate
that the lowest curve is characteristic of the

silicon-containing

plane

(Fig. 8¢, f). The

B3LYP/6-31G(d,p) method shows that the curve
for the boron-containing graphene-like cluster is
the lowest (Fig. 8 d).

AG (kdimol)  B3LYP AG (kd/mol) M2 G (kaimol)  [BEO
600 - 700 - 500 1
500 600 400
400 - g P p— 1
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Fig. 8. Temperature dependence of the Gibbs energy of the interaction of aluminum dimers with the coronene
derivative (a, b, c) and its enlarged analogue (d, e, f)
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Fig. 9. Temperature dependence of the Gibbs energy of the interaction of aluminum tetramers with a coronene
derivative (a, b, c) and its enlarged analogue (d, e, f)
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CONCLUSIONS

All plots of the Gibbs free energy on
temperature, regardless of the size of aluminum
clusters and the size of graphene-like clusters,
calculated by three methods (B3LYP/6-31G(d,p),
MP2/6-31G(d,p) and PBEO0/6-31G(d,p)) are the
highest for native graphene-like planes. In all cases,
these values increase with increasing temperature.

The lowest plots of the Gibbs free energy on
temperature vary as dependent on the size of the
reactant models and research methods, however,
the most cases are characterized by the presence of
boron and silicon atoms in the graphene-like
clusters.

Therefore, the absence of heteroatoms in the
composition of the nanocarbon matrix best
contributes to the fact that aluminum carbide
islands will not form in the carbon-containing
nanocomposite with aluminum, which negatively
affects the physical and chemical characteristics of
the obtained nanocomposite.

For a similar reaction when using an
aluminum tetramer, similarly to the previous
case, the plot of the AGreac(7T), regardless of the
research method and the size of the graphene-
like cluster, which belongs to the interaction of
the aluminum tetrameter and a pure GLP without
heteroatoms present in it, is the highest placed
(Fig. 9). In addition, as can be seen from this
figure, all values of the dependence of the Gibbs
free energy, as in the previous case, also increase
with increasing temperature.

For a cluster of a smaller size, all three
methods show that the curve with the crown-like
plane containing the crown is the lowest
(Fig. 9 a, b, ¢). When the aluminum tetramer
interacts with a larger GLP, regardless of the
calculation method, it shows that the lowest
placed curve belongs to the silicon-containing
GLP.

Teoperuune nocaigxenns BijuBy rerepoaromin (N, B, Si) Ha B3aemMozilo kiactepiB
AJIOMIHII0 3 ByrJ1eneBor rpageHonogioHo NJIOINHOI0

€.M. Jlem’sinenko, M.I. Tepeus, JI.M. Ymakosa, C.B. /Kypascbkuii, }0.1. Cemenos,
B.B. Jlo6anoB, O.B. ®inonenko, B.C. Kyus, A.I'. I'pedentok, M.T. KapTeab

Tucmumym ximii nogepxui in. O.0. Yyixa Hayionanvhoi akademii nayxk Yxpainu
syn. I'enepana Haymosa, 17, Kuis, 03164, Vkpaina, demianenko _en@ukr.net
Hinvbo mexnonoziunuil ynieepcumem
eyn. @envxya 201, Hinvbo, 315211, Kumau

Bidomo, wo 0ooasanist Hesenukol KIIbKOCMI 8yeneyesux HaHOMAMepPIAie 3HAYHO NOKPAULYE MEXAHIYHI GIIACMUBOCTE
KoMnosumis 3 memanegoio mampuyero. OOHum i3 HAUOLILUL BANCTUBUM, NEPCNEKMUBHUM A OOCHYNHUM MEMAIoM 5K
mampuyi 0 noodibnoi mooughixayii € amominii. OOHAK Ha MediCi NOOULy MidC GyeneyeuM Mamepiaiom ma
Al ymeoproemucst kapbiou amoMiHiI0 Pi3HO20 CKIAOY, KL € KPUXKUMU [ MAOMb 20106HULL HEOOK — PO3YUHHICb Y 600L.
Tomy nosisa kapoidy anroOMiHIIO € CEPUO3HOI0 NPOOIEMOIO, OCKLIbKU Ye CHPUSE YMEOPeHHIO 0edhekmis, sKi npu deopmayii
KOMNO3UMy HpUBoosinie: 00 pPO3MPICKYBAHHSL KOMNO3UMY GHACTIOOK HAAGHOCMI MIKPO2ONOK. Y 36’s13Ky 3 yum, Ona
nepeobayerms 0cobIUBOCmell 83a€MOOIL came ATOMIHIIO 3 nogepxHeio donosHerux cemepoamomamu (N, B, Si) eyeneyesux
HaHomamepiania, OOYLILHO NPOBeCMU MOOETIOBAHHS MAKUX NPOYecie Memoodamu Keanmoeoi ximii. Memoro pobomu 6yn0
3’acysamu 6nIu8 memnepamypu Ha XimiuHy 63aeMOoO0il0 KIACMeEpi8 amtoMIHil0 3 HamueHolo, 60p-, cumiyui- ma
HimpozenemicHumu epaperonodionumu nrowunamu (LTITT). Bci pospaxosani mpvoma memodamu (B3LYP/6-31G(d,p),
MP2/6-31G(dp) ma PBE0/6-31G(dp)) 3nauenns 3anexcrnocmi einoroi enepeii I'ibca 6i0 memnepamypu K Ot PI3HUX
PO3MIpIE Kiacmepis antoMiHilo, mak i epageHonodionux Kiacmepis, € HAUGUWUMU ONS1 HAMUBHUX 2PADEeHONOOIOHUX
naowun. Y ycix eunaokax, 3Hauenus 6ibHOL ewnepeii libca 3pocmarome 3 memnepamyporo. Havinusicui 3HauenHs
memnepamypHoi 3a1eicHocmi 8iUbHOL enepeii 1ibca 3MIHIOIOMbCS 610 PO3MIPY MOOeIell peazyiouux pewosur i Memooie
00COAHCEHHS, 0CODIIUBO Ye XAPAKMEPHO 3a HASABHOCHI 8 CKIAOI 2pagheHOn00IOHUX KIacmepie amomie 60py ma KpemHiro.
Omoice, GIOCYMHICMb  OOMIWUKOBUX 2emepoamomie Yy CKIadl HAHOGY2neyeoi Mampuyi CApuse momy, wo Y
8Y2NeYbEMICHOMY HAHOKOMNO3UMI 3 AOMIHIEM He OYOYnb YMEOPHOSAMuUc, 0CMpIeYyi Kapoioy amoMIHIo, KUl He2AMUGHO
BNIUBAE HA DI3UUHI MA XIMIYHI XAPAKMEPUCTIUKU 00EPHCAHO20 HAHOKOMIOIUMY.

Knrouosi cnosa: epagenonodiona niowuna, KopoHeH, HaHOKIACmepU, Memoo meopii (hyHKyioHana 2ycmumu,
KAacmepHe HaAOIUNCEHHS, KapOio antoMiHilo, Kapbio KpeMHiio
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