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The results of the study on the properties of carbon nanotubes-polymer nanocomposites have shown that the use
of nanotubes (CNT) to fill the polymer matrices of different species significantly alter their physical properties
compared to the original polymers. However, the influence of CNT on the properties of nanocomposites obtained at
the molecular level has not been completely ascertained yet. Therefore, the purpose of this work was to examine the
interaction of CNT with fragments of polymers with the same nature, but the different structure, for example,
polyethylene and polypropylene using quantum chemistry.

By method of density functional theory with the exchange-correlation functional B3LYP, the basis set 6-31G(d,p)
and the Grimme dispersion correction, the energy values have been calculated of interaction between carbon
nanotube fragments and oligomers of polyethylene and polypropylene, the most probable structures of their
intermolecular complexes being optimized.

A graphene-like plane of 40 carbon atoms and 16 atoms of hydrogen was chosen as a model for the outer
surface of the multi-walled nanotubes (MWNT). In addition to the above described, two larger models were used,
with the general formula Cs,H ;s and CosH,,in order to take into account the dimensional effect of the surface of the
nanotube fragment model on the interaction energy.

1t has been found that the interaction energy of a carbon nanotube fragment with an oligomer of polypropylene
is greater, compared with polyethylene, which is consistent with the experimental data on melting temperatures of
pure polymers and nanotube-polymer composites.

The polymer with an outer surface of a carbon nanotube forms an intermolecular complex do not bound
covalently and retained by intermolecular dispersion forces. Oligomers of polymeric matters and nanotube surfaces
in nanocomposites formed are located closer to each other than separate polymeric links between them.

Keywords: nanocomposite, carbon nanotube, polyethylene, polypropylene, density functional theory method,
cluster approximation, dispersion forces of interaction

INTRODUCTION coagulation of graphite mesh surfaces [5, 6],
considered to be an ideal reinforcement material
for polymers [7]. To ensure the uniform
distribution of CNT in the polymer matrix,
surface-active substances are selected that
prevent the formation of carbon nanotubes
agglomerates [8].

It has been found that the addition of 1 to
5 wt. % of nanotubes to thermoplastic polymers
increases the elasticity and strength of the
material by 3642 % [9].

However, the inclusion of carbon nanotubes
in the polyethylene matrix in small amounts (up
to 5% by weight) leads to a nonmonotonic
change in both degrees of crystallinity of the
polymer matrix, the electrophysical and

One of the most promising directions for the
development of modern science is nanotechnology
[1]. Development of the principles of obtaining
polymer nanocomposites is actual [2], the creation
of which is based on fundamental research of
physico-chemical processes of formation of
materials and their structure at the atomic level,
which ensures the possibility of obtaining
nanocomposites  with  predefined functional
properties. A number of papers shows the
effectiveness of using compounds of different
chemical nature, having a uniform size as
modifiers of polymer matrices [3-5].

In recent times, as a filler, carbon nanotubes
are often used, which are cylinders formed by
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thermodynamic properties [10]. In this paper, it
is also found that the leakage threshold in
polyethylene - CNT systems is determined by
experimental data on electrical conductivity, is
within 0.0015-0.0020 in volumetric lobes. In
this case, the content of CNT up to 2 wt. %
increases the temperature of thermooxidative
degradation of the polymer by almost 60 °C. The
greater degree of CNT deagglomeration, the
more significant effect of CNT on the structure
and properties of the composite. Polypropylene-
carbon nanotubes (PP - CNT) composites were
described in [11], and features were examined of
their structure, melting and crystallization
processes, mechanical, electro- and
thermophysical characteristics. It is shown that
the presence of CNT in a composite of PP - CNT
for insignificant content (up to 2 wt. %) leads to
a nonmonotonic change in the degree of
crystallinity of the PP, as in the previous case
[10], which is most clearly reflected in the
thermophysical properties. It has been found that
the content of 0.5-5.0 wt. % CNT results in the
formation of a continuous grid with CNT lead to
a significant increase in the compression
strength, reduction of the deformation rate,
increase in electrical conductivity to five orders
of magnitude with a slight increase in the
thermal conductivity.

Carbon nanotubes in polymer matrices
significantly affect electrical conductivity,
viscosity moving another transport properties. In
particular, in [12] a study was carried out on the
complex permittivity and electrical conductivity
both in the ultrahigh-frequency range (9 GHz)
and at low frequencies (0.1, 1, and 10 kHz) of
two systems of  polytetrafluoroethylene-
multilayered carbon nanotubes, output and
dispersed in an aqueous medium. It has been
found that the introduction of dispersed
nanotubes into a polymer reduces the percolation
threshold from 4.5 to 2.6 % due to the uniform
distribution of the filler in the polymer, which
leads to an increase in the interphase surface of
the interaction of polymer-carbon nanotubes,
which manifests itself in increasing the values of
the real and imaginary components of the
complex dielectric constant. In another paper
[13], studies on the electrophysical properties of
polymeric composites (PCs) filled with MWNTs
synthesized on the surface of the basalt scales
based on polychlorotrifluoroethylene in the ultra-
high frequency range and at low frequencies. It
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is shown that the values of the real and
imaginary components of the complex
permittivity in the ultrahigh-frequency range and
the electrical conductivity at low frequencies are
nonlinearly dependent on the bulk content of
MWNT in the PC.

It is also necessary to study the structural,
thermal, and electrophysical characteristics of
polymer composite materials based on
polypropylene and polytetrafluoroethylene filled
with multilayered carbon nanotubes and fine
silica [14]. In this work, deviations were detected
of heat and electrical conductivity from the
additive values for low-filled (up to 1.5 % by
weight) materials correlated with the degree of
crystallinity of polymers. It was found that
reducing the size of aggregates of nanotubes in a
polymer matrix can significantly reduce the
percolation threshold and increase absorption of
electromagnetic energy by nanocomposites in
the ultrahigh frequency range by increasing the
phase separation surface.

The results of the study on the properties of
CNT - polymer nanocomposites have shown that
the use of nanotubes to fill the polymer matrices
of different species significantly alter their
physical properties compared to the original
polymers. However, the influence of CNT on the
properties of nanocomposites obtained at the
molecular level has not yet been completely
ascertained.

The interaction and properties of composites
of organic polymers with nanotubes are
successfully investigated by methods of
computer simulation [15-19]. In addition, the
interaction of nitrogen-containing molecules
(1,1-diamino-2,2-dinitroethylene, hexahydro-
1,3,5-trinitro-s-triazine, octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine, 3,3"-azo-bis(6-
amino-1,2,4,5-tetrazine, 3,6-diazido-1,2,4,5-
tetrazine etc.) with single-carbon nanotubes of
small diameter (up to 1.0 nm), it has been found
that the interaction energy of the molecule-off-
piecemeal complex is dependent on the
dispersion forces between the molecules and
carbon nanostructures, and also, in some cases,
on Coulomb interactions due to charge transfer
and intermolecular H-bonds. In [21], the
importance of proper consideration in quantum
chemical simulation, the influence of
sp>-hybridized carbon atoms on the formation
energy and the geometric parameters of
intermolecular complexes of organic molecules
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and carbon nanotubes or graphene-like planes
are discussed. Also, in our previous article [22] it
is shown that when molecules are adsorbed
physically on a carbon nanotube, a substantial
redistribution of electron density between them
occurs in contrast to chemisorption in the case of
the formation of covalent bonds between a
molecule and a nanotube. Consequently, the
above considerations suggest the successful use
of quantum chemistry to study the interaction of
fragments of  polymers  with  carbon
nanostructures. Therefore, the purpose of this
work was to examine the interaction of CNT
with fragments of polymers of the same nature,
but different structure, for example, polyethylene
and polypropylene using quantum chemistry.

OBJECTS AND METHODS OF
EXAMINATION

Within the framework of the density
functional theory (DFT) with the functional
B3LYP [23, 24] and the basis set 6-31G(d,p), the
modeling of "fragment of the outer surface of a
multilayer carbon nanotube with oligomers"
containing one, two, and three elementary units
(further monomers, dimers, and trimers) of
polymers such as  polyethylene  and
polypropylene, for which there are available
experimental physical properties [10, 11]. The
calculations used the GAMESS (US) program [25].

Fig. 1.

In order to take into account the dispersion
effects of binding [26,27] that arise in the
formation of non-covalent intermolecular
complexes, the dispersion correction Grimme D3
[28,29] was taken into account in the
intermolecular interaction energy calculations.

The choice of the DFT-D method, namely,
B3LYP-D3 for our study, can be justified by the
fact that it is not time-consuming, compared to
the calculations using the B97D or wB97XD
functionality. According to the literature data
[30-32], all three methods give comparable
results with respect to geometric parameters and
binding energy for objects similar to ours.

When creating nanocomposites based on
polyethylene and polypropylene, multilayer
nanotubes were used that had an outer diameter
of 10 to 20 nm [10, 11] (Fig. 1 a). As shown by
the results of the simulation of a cross section of
a nanotube with the diameter of 20 nm (Fig. 1 b),
it turned out that when the fragments of a small
size, approximately 0.93 nm (trimers) of selected
polymers interact, the outer surface of the
nanotube looks almost without a positive

curvature of the cylinder (see Fig. 1 d), which
allows us to consider as a result of the interaction
of small size oligomers of these polymers with
the outer surface of MWNT as intermolecular
complexes of oligomers of selected polymers
with a graphene-like plane.

Comparison of the size of a typical multilayer nanotube with those of the oligomers of selected polymers:

a — TEM image of a fragment of a multilayer carbon nanotube [11], » — a transverse section of a carbon
nanotube, ¢ — a polyethylene trimer, and d — a polypropylene trimer
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Therefore, a graphene-like plane of 40
carbon atoms (Fig. 1 a) was chosen as a model
for the outer surface of the MWNT, as was done
in [15]. In this case, the distance between the
most remote carbon atoms in this graphene-like
cluster is 1.2nm. Therefore, to equalize
uncompensated valences and to preserve
sp*-hybridization at carbon atoms, 16 atoms of

hydrogen, one to each carbon atom were added
to peripheral atoms (see Fig. 2 a). In addition, in
order to take into account the dimensional effect
of the surface of the nanotube fragment model on
the interaction energy, in addition to the above
described, two larger models were used, the
general formula Cs4H;g and CosHa4 (Fig. 2 b, ).

Fig. 2. Models for the fragment of the outer surface of a multilayer carbon nanotube by the gross composition:

a— CyHy6, b — CssHyg, ¢ — CosHos

Equilibrium spatial structures of reagent
molecules and reaction products were found by
minimizing the gradient norm to 0.0001 Hartree.
The stationary power minima of relative
structures is proved by the absence of negative
eigenvalues of Hesse matrices (matrices of force
constants) [33].

RESULTS AND DISCUSSION

Examination of the interaction between
polyethylene and polypropylene oligomers. 1t is
known [34-36] that for thermoplastic polymers,
the intermolecular binding energy between their
structural units correlates with the melting
temperature of the corresponding matter. In the
study of intermolecular interactions of the
fragments of polymers with the outer surface of
carbon nanotubes, magnitudes of the energy of
intermolecular interaction of the fragment of
polymers of different sizes for polyethylene
polymers (Fig.3a—) and polypropylene
(Fig. 3 d—f) were estimated. Fig.3 shows the
most probable intermolecular complexes, the
total energies of which were minimal. In
addition, we have shown that, regardless of the
size of the fragment of polymers of polyethylene
and polypropylene, the average distance between
the carbon atoms is about 0.390 nm, which
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indicates the absence of chemical bonding
between different oligomers [35].

The results of the analysis of calculations are
shown in Fig. 6 a, from which it is evident that
the energy of interaction between two identical
monomers for polyethylene (Fig.3a) is
—8.0 kJ/mol, and for polypropylene (Fig.3 d)
—14.4 kJ/mol, respectively. With an increase in
the size of the oligomeric units to two for each of
the polymers (Fig. 3 b, e), the energy of their
interaction is also twice as high, while the energy
is —20.3 and -25.9 kJ/mol, respectively. By
increasing the size of the oligomers studied by
another (Fig.3 ¢, f), the energy of the
intermolecular interaction increases (Fig. 4): for
polyethylene it is —32.9 kJ/mol, and for
polypropylene it is 40.6 kJ/mol. In this case, for
a linear chain of polyethylene, an increase in the
length of the fragments that interact with each
other results in a monotonical decrease in the
distance between the oligomers (0.390, 0.382,
0.378 nm). This is also consistent with the
energy of interaction per number of elemental
links of the polymer. In particular, for the
complex depicted in Fig. 3 b (consisting of two
double-polymer units) to find out this value, it is
necessary to divide —20.3 kJ/mol into two and
we so obtain the value of —10.1 kJ/mol, which is
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2 kJ/mol less than the similar value for a
complex of two monomeric parts of polyethylene
(—8.0 kJ/mol). For the complex consisting of two
trimers (Fig. 3 ¢), this value is even larger and is
divided into three (—32.9/3 = —-11.0 kJ/mol).

For polypropylene, a similar trend of change
in distance is not observed. The energy of
intermolecular interaction per one elementary
polypropylene link also does not increase with
an increase in the number of elementary units:

compared to the complex consisting of
polypropylene monomers and having the
intermolecular interaction energy value of

—14.4kJ/mol. For a link consisting of two
this

elementary units, value is -26.0/2=

—13.0 kJ/mol and for the trilmeric polypropylene
fragment —40.6/3 =—13.5 kJ/mol, respectively.
This can be explained by the fact that
polypropylene has a more complex structure (the
presence of a methyl group in each elementary
chain), compared with polyethylene.

Consequently, with an increase in the
number of elemental units in the polypropylene
oligomer, the energy per polypropylene unit will
not differ by more than 3 kJ/mol from the above
considered quantities. Therefore, for the study of
intermolecular interaction between individual
groups of polymeric units, it is enough to use
oligomers consisting of two or three elementary
units.

Fig. 3. The most probable intermolecular complexes of polyethylene oligomers (a—c) and polypropylene (d—f)

Consequently, based on the analysis of the
calculation results, it can be argued that,
regardless of the size of the fragments of these
polymers, comparing the value of intermolecular
energy for the same number of elementary units
of these two polymers, the polypropylene
fragments are more tightly bound than those of
polyethylene, which means that in order to
disconnect the polypropylene links, which are
connected by non-covalent bonds, more energy
is needed than for polyethylene. The calculation
results obtained are consistent with experimental
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data on the melting temperature of polymers,
since the melting temperature of the
polyethylene is  120-140°C, and for
polypropylene this value is higher (130 to 170 °C
as dependent on the polymer grade [37—40]).
Interaction of fragments of a carbon
nanotube with polyethylene oligomers. In
connection with the choice of a graphene-like
plane as a fragment of the outer surface of a
nanotube  interacting ~ with  polyethylene
oligomers, it is crucially important to confirm the
reliability of the calculated energy values of
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intermolecular interaction. Therefore,
intermolecular complexes with different amounts
of polymeric units (one, two, three) and
graphene-shaped planes of various sizes (C4Hjs,
Cs4Hs, and CogHys, Fig. 4) were modeled.

For complexes where the fragment of the
outer surface of a nanotube has the smallest
graphene cluster CyH;s (Fig.4a, d, g), the
intermolecular distance between of the fragment
of polymers and the graphene-shaped plane
increases slightly from 0.329 to 0.345 nm with
an increase in the size of the fragment of
polymers from monomer to dimer, and for the
trimer this value is slightly reduced to 0.342 nm.
The energy of the intermolecular interaction of
the polyethylene monomer with the graphene
plane is —31.5 kJ/mol, for dimer this value is
—54.6 kJ/mol, and for the trimer —80.4 kJ/mol
(Fig. 6 b). For intermolecular complexes with the
graphene-like cluster CssH;s (Fig. 4, b, ¢, ), a
tendency arises to decrease the intermolecular
distance due to an increase in the size of the
polyethylene fragments (0.346 nm for the
monomer, 0.343 nm for the monomer, and
0.339 nm for the trimer).

The energy of the intermolecular interaction
between the polyethylene monomer and the
Cs;Hig cluster is 30.0 kJ/mol, which is
1.5 kJ/mol less than the value for the complex
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with the C4H;¢ cluster. For dimer, this value is
—56.4 kJ/mol, that is, the energy per polymeric
link is slightly smaller than the value for the
monomer (—28.2 kJ/mol).

When using as a fragment of the outer
surface of a carbon nanotube of a graphene-like
cluster, the gross composition of CosH,4, nO
similar tendency arises in shortening the distance
compared to the length of the oligomeric chain in
previous case with the CssH;g cluster. For the
polyethylene monomer complex, the
intermolecular  distance is the smallest
(0.329 nm, see Fig. 4 ¢), and is similar to that in
the complex monomer of polyethylene (CgHjs,
Fig. 4 a), unlike that for the complex with dimer
(Fig.4f). The energy of intermolecular
interaction for the monomer is 33.0 kJ/mol, for
the dimer —57.4 kJ/mol, and for the trimer
81.3 kJ/mol.

Comparing the distances between the carbon
atoms for the complexes between two identical
oligomers (Fig. 3) and the distance between the
graphene planes and the carbon atoms of
polyethylene fragments (Fig. 4), it is seen that,
regardless of the size of the graphene cluster, this
distance is approximately 0.05 nm smaller than
similar value for the complexes consisting of two
fragments of polyethylene (Fig. 4 a—c).

Fig. 4. The structure of different length of polyethylene fragments in intermolecular complexes with graphene-like
clusters of different sizes, modeling a fragment of the outer surface of a carbon nanotube
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Interaction of a fragment of a carbon the monomer with the smallest carbon cluster
nanotube with polypropylene oligomers. In the (C40Hyg) is —41.3 kJ/mol. Increasing the size of
study of the interaction of polypropylene the cluster to CssH;g results in an increase in the
oligomers with fragments of the outer surface of energy of the interaction, which in this case has a
a carbon nanotube, the same three graphene-like value of —45.0 kJ/mol, and a further increase in
clusters were used, as for oligomers of the size of the graphene-like plane to CosHoy
polyethylene with CNT. These intermolecular increases the magnitude of the intermolecular
complexes are depicted in Fig. 5. interaction energy to —46.3 kJ/mol (Fig. 6 b).

For complexes of polypropylene monomer Considering the interaction of graphene-like
with graphene-like clusters of different sizes, as clusters of different sizes with a two-link
shown in Fig. 5 a, ¢, the distance between the polypropylene oligomer, it can be seen that
carbon atoms of the monomer and the graphene- increasing the size of the carbon cluster increases
like plane almost does not change, in contrast to the inter-molecular distance from 0.339 nm for
the similar value for the complex with the C4oHj¢ cluster, 0.340 nm for Cs;H;s and
polyethylene, and make up 0.34 nm. This is 0.343 nm for CosH,4 (Fig. 5 d—f) . This distance
probably due to the larger size of the monomer is almost the same as for a complex with a
of polypropylene compared with polyethylene. monomer (Fig. 5 a—c).

The energy of the intermolecular interaction for
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Fig. 5. The structure of different length polypropylene fragments in intermolecular complexes with graphene-like
clusters of different sizes, which simulate a fragment of the outer surface of a carbon nanotube

The energy of intermolecular interaction for With an increase in the size of the graphene-
a complex with the smallest graphene-like like cluster up to Cs4H;s for a complex with a
cluster and dimer is —66.4 kJ/mol, and for the trimer, the binding energy of 1.6 kJ/mol is
dimer oligomer of polypropylene with a larger greater than that for trimer and CyHe
cluster (Cs4H;s), the interaction energy is (—89.2 kJ/mol), which is not consistent with the
—69.3 kJ/mol (Fig.6). The energy of the fact of increasing the intermolecular distance in
interaction of dimer with a graphene-like cluster these complexes, as can be seen in Fig. 5 g, A.
of maximum size CysHp4 has an even greater Using the maximum size of the CosHyy
absolute value of —71.0 kJ/mol. cluster in the intermolecular complex with the
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trimer slightly increases the energy of the
intermolecular interaction (-92.1 kJ/mol)
compared with those for smaller clusters (C4oH ;¢
and C54H18).

To illustrate the dependence of the binding
energy on the size of the graphene-like cluster
and on the number of polymeric units for
polyethylene and polypropylene, graphic
dependences were plotted shown in Fig. 6. It can
be seen from these that both lines for the pure
polymers (Fig. 6 a) and for their nanocomposites
(Fig. 6 b) show the dependences of the
intermolecular interaction energy on the number

0 n (number of chains)
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of elementary units in the oligomers of these
materials are parallel to each other, indicating a
direct proportional dependence and the fact that
these lines will not intersect with the increase in
both the lengths of these oligomers and the size
of the graphene-like cluster simulating the outer
surface of the multilayer carbon nanotube.

The summary Table shows the numerical
values of intermolecular binding energy between
two identical oligomers for polyethylene and
polypropylene, as well as for their complexes
with graphene-like clusters of different sizes.
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Fig. 6. The dependence of the energy of intermolecular interaction on the number of interacting units for
polyethylene and polypropylene: (a) for pure polymers and () for nanocomposites with different fragments

of the outer surface of carbon nanotubes

Table. Intermolecular binding energy values for pure polymers and nanocomposites (kJ/mol)
Number of Pure polymers Nanocomposites
links in the Polyethylene Polypropylene
. Polyethylene Polypropylene
oligomer yery ypropy CyHis  CsyHyjs  CoHyy  CyHy CssHyg CocHag

1 —8.0 —14.4 =31.5 -30.0 -33.0 —41.3 —45.1 —46.3
2 -20.3 -25.9 —54.6 -56.4 -57.4 —66.4 —69.3 -71.0
3 -33.0 —40.6 —80.5 —80.6 —81.3 —87.6 —89.2 -92.1

Comparing these data (Table), it can be seen
that irrespective of the size of the graphene-like
clusters, the intermolecular interaction between
the graphene-like cluster and the fragments of
polyethylene and polypropylene is greater than
those for the pair of these fragments with each
other. Consequently, it can be argued that the
introduction of carbon nanotubes into
polyethylene or polypropylene increases the
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strength and melting point of the resulting
nanocomposites compared to pure polymers,
which is confirmed by experimental data
[10, 11].

It can be seen from Fig. 6 and Table that for
pure polymers and for their nanocomposites
(CNT-polymer), the energy of intermolecular
interaction is greater for polypropylene than for
polyethylene.
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CONCLUSIONS

According to the results of simulation, due to
addition of multilayered nanotubes to polyethylene
and polypropylene, the energy of intermolecular
CNT - polymer interaction increases, what is
consistent with the increase in the melting
temperature of the nanocomposites obtained. The
energy of intermolecular interaction for polymer-
carbon nanotube complexes is greater by
18.9 kJ/mol for polyethylene, and by 22.5 kJ/mol
for polypropylene, as compared to those of pure
polymers.

The fragment of polymer with an outer
surface of a carbon nanotube forms an

intermolecular complex not bound covalently
and retained by intermolecular dispersion forces.
Oligomers of polymeric matters and nanotube
surfaces in nanocomposites formed are placed
closer to each other than separate polymeric
links between them.

The magnitude of the energy of interaction
between a carbon nanotube fragment and
polypropylene oligomers is much greater than
that of polyethylene, which is consistent with
experimental data on greater strength and
thermal  stability of polypropylene-based
nanocomposite than on polyethylene-based ones.
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Pesynomamu euguenns enacmusocmeti HAHOKOMNO3UMIE Gyeneyesi HAHOMPYOKU - NONIMEp NOKA34U, WO
sukopucmantsa gyaneyesux namompyoox (BHT) Ons nmanogmenHs NONIMEPHUX MAMpuyb pi3HUX 6UOI8 CYMMEBO
3MIHIOE X isuuni enracmusocmi 6 NOPIeHAHHI 3 euxiOHumu noaimepamu. Oouax, eénaue BHT na eracmueocmi
00epAHCAHUX HAHOKOMNOZUMIB HA MOACKYIAPHOMY Pi6HI OCIMAMOYHO He 3 SICO8AHO, MOMY Memoio danoi pobomu OY10
docnioumu 83aemo0dito BHT 3 onicomepamu nonimepie 00HaKogoi npupoou, aie oeujo 8iOMiHHOI 6y008u Ha NPUKIAOL
noaiemunexy i NOAINPONiieHy Memooamu K8AHMOBOT XiMii.

Memooom meopii pyHkyionany eycmunu 3 0OMiHHO-Kopenayiunum Qyukyionarom BILYP, 6azucnum nabopom
6-31G(d,p) i oucnepciiinoro nonpaskow I pimme pospaxoeani gerudunu enepeii 63aemooii gpasmenmis gyeneyegol
HaHOMpYOKU 3 OjicoMepomMamy Nojiemunieny ma NOXnPOniNeHy, OnmuMizo8ani HaubiIbW UMOBIPHI CMPYKMYpU iX
MICMONEKYIAPHUX KOMNAEKCIB.

3a moldenv 306HiwHbOI nosepxni Oazamowaposux eyereyesux nanomompyoox (BILIBHT) 6yno eubpano
epaghenonodiony naowuny cknaoom CyHps /Jlna epaxysanns posmipnoeo eghexmy nogepxui mooeni ¢paemenmy
HaHOMPYOKU HA eHepeilo 63aeMOO0il, KpiM Guuje ONUCAHOL, OYI0 GUKOPUCMAHO 08I MOOeli OLbulo20 po3mipy,
sazanvroro opmynoro CsH g i CosHoy.

Bemanosneno, wo eenuuuna enepeii  63aemooii  ¢pacmenma  8yeneyesoi HAHOMPYOKU 3 ONieOMeEpPOM
noainponineny Oiibuid, 8 NOPIGHAHHI 3 NOJIEMUTIEHOM, WO Y3200HCYEMBCA 3 eKCNEPUMEHMATbHUMU OAHUMU U000
memnepamyp niaeieHHs YUCMUX NoiMepie i KOMHO3Uumie HAHOMPYOKa-noaimep.

Tonivep 3 308HIUIHLOIO NOBEPXHEND BVeNeyeoi HaHOMPYOKU YMBOPIOE MINCMONEKVIAPHUL KOMNILEKC, AKUL He
36 A3GHUU KOBANIEHMHO [ VMPUMYEMbCA MIHCMONEKYIAPHUMU Oucnepcitimumu cunamu. Onicomepu nonimepis i
NOBepXHi HAHOMPYOKU 8 YMBOPEHUX HAHOKOMNO3UMAX pPOIMIWYIOmubcsa Onudcue 00uH 00 00HO20, HIdHC OKpeMi
NOIMEPHI TAHKU MidC c00010.

Knwowuosi cnosa: nanoxomnozum, eyeneyesa HAHOMPYOKA, NOdeMuieH, NONNPONiIeH, Memoo meopii
@YHKYIOHALY 2YyCmUtY, KI1aCmepHe HAOMUNCEHHS, OUCNEPCIUHI CUTU 63AEMOOLT
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KBanToBOXMMHYeCKOe HCIeI0BAaHHE B3aUMO/CICTBUSA YIICPOJIHOI HAHOTPYOKH ¢
0JINroMepaMM MOJUITH/ICHA U NMOJUIIPONHIIeHA

M.U. Tepen, E.H. lemsanenko, C.B. Kypascbkuii, O.A. YUepniok, B.C. Kyn,
A.I'. I'pedeniok, F0.U. Cemenuos, JI.M. Koxtuu, H.T. Kaprean

Hucmumym xumuu nogepxnocmu um. A.A. Yyiiko Hayuonanvnoii akademuu nayx Yxpaumnol
ya. 'enepana Haymosa, 17, Kues, 03164, Yxpauna, Demianenko _en@ubkr.net
Hnemumym ¢usuxu Hayuonanvhot akademuu Hayk Ykpaurvl
np. Hayxu, 46, Kues, 03680, Yxpauna

Peszynomamol  usyyenusi CGOUCME HAHOKOMNO3UMOG YeAePOOHble HAHOMPYOKU - ROIUMED NOKA3AIU, YMO
ucnonb308aHue yenepooHvlx Hamompybox (YHT) Onsa HanonneHus NOIUMEDHLIX MAMpuy pasiuyHbIX U008
CYWeCmBEHHO USMEHSIIOM UX (DU3UYecKue C8OUCmead No CPAGHEHUIO ¢ UCXOOHbIMU noaumepamu. OOHako, enusiHue
VHT na ceoticmea noniyueHHbIX HAHOKOMNO3UMOS HA MOJLEKVISIPHOM YPOBHE OKOHYAMENbHO He BbISICHEHO, NOIMOMY
yenvio 0anHol pabomsl 6bLI0 Uccredosams g3aumooeticmeue YHT ¢ onucomepamu noaumepos 00HAKOB8OU npupoobsl,
HO HECKONIbKO PA3IUYHO20 CIPOEHUS Ha npuMepe NOTUIMULEHA U NOIUNPONULEHA MeMOOaMU K8AHMOBOU XUMUU.

Memodom meopuu pynxyuonana niomHocmu ¢ 0OMeHHO-KOPPeryuouHvim @yukyuonanom B3LYP, 6azuchvim
Habopom 6-31G (dp) u Oucnepcuonnou nonpasxou Ipumme paccuumanvl GeIUHUHbL IHEPISUU B3AUMOOCUCTEUS.
@Dpacmenmos yenepooHoU HAHOMPYOKU C ONUSOMEPAMU NOAUIMUNEHA U NOIUNPONULEHd, ONMUMUSUPOBAHDL
Haubonee 6eposmHble CMPYKMYPbl UX MENCMONEKYIAPHBIX KOMIIEKCOB.

B rauecmee mooenu euewinell nogepxHocmu MHO2OCAOUHBIX Yenepoouvlx Hanomompybox (MCYHT) 6winia
evibpana epaghenonodobras niockocms cocmasa CyH s [ns yuema pazmepnozo sgpgpexma nosepxnocmu mooenu
(pazmenma HaAHOMPYOKU HA IHEPIUIO G3AUMOOEIICBUSL, KPOMe 6blite ONUCAHHOU, ObLIU UCNOIb308AHbI 08 MOOEU
boavwezo pazmepa, ooweti popmynou CsH g u CosH,y.

Yemanoegneno, umo eenuuuna snepeuu 63aumooelicmeus hpacmenma yenepoOHo HAHOMPYOKU C ONUSOMEPOM
HOMUNPONUIEHA OObULe, NO CPAGHEHUIO C NOMUIMULEHOM, YIMO CO2NACYEMCsl ¢ IKCHePUMEHMATbHBIMU OaHHbIMU
memMnepamypam niaeieHus YUCmvlx NOAUMEPOS U KOMNO3UMO8 HAHOMPYOKA-NOIUMED.

Ionumep ¢ 6Hewnell NOBEPXHOCMBIO YeAePOOHOU HAHOMPYOKU 00pazyem MeNCMONEKYIAPHbIU KOMNIEKC,
KOMOPbILl He CBS3aH KOBAIEHMHO U YOEPIUCUBAETNCA MENCMOLEKVIAPHbIMU OUcnepcuonnbimu cunamu. Onucomepuvl
HOIUMEPOB U NOBEPXHOCTL HAHOMPYOKU 00PA306AHHBIX HAHOKOMIO3UMOS pasmewaiomces oaugice opye K opyey, uem
omaoebHble NOUMEPHBLE 36eHbIL MeAHCOY COOOIL.

Knrwouegvle cnosa: nanokomnosum, yerepooHas HAHOMPYOKA, NOAUIMUNLEH, NOIUNPONULEH, MemOO meopuu
dyHKYUOHANA NIOMHOCIU, KIACMEPHOe NpUubaudIceHe, OUCNEePCUOHHbLE CUTbL 83AUMOOEUCMBUS]
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