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The hexagon-shape graphene nanoflakes (GNFs) limited by zigzag edges only (with doubly
and triply coordinated atoms) have unique increased reactivity. Despite the high systems symmetry
(Desn) the Carbon atoms in GNF's occupy non-equivalent positions. Can such physical and chemical
characteristics of GNFs, which depend of the atom position in the cluster, definition? This
characteristic together with the simplicity of its calculation makes it possible to predict the
properties of nanoflakes obtained from GNFs by introducing single and multiatomic vacancies
into them or by replacing Carbon atoms with electron withdrawing and electron donating atoms.
This characteristic includes the Cls core-level binding energy shifts, the maxima of which
characterize the C atoms of a certain type.

The proposed work is devoted to quantum chemical calculations of the electronic density
of states (DOS) of pristine hexagon-shape GNF Cos (multiplicity, M=5), their saturated
counterpart —polycyclic aromatic hydrocarbon(PAH) CosH24 (M=1) and their derivatives with one
and two single vacancies in the ground electronic state (GES). All calculations were performed
using the density functional theory (DFT) method with the involvement of the valence-split basis
set 6-31G (dp). Systems with open shells were considered using the UB3LYP exchange-
correlation functional. The obtained spectra were fitted using Gaussian curve fitting program to
determine the binding energy for each peak.

The Gaussian function distribution of the theoretically calculated Cls core-level binding
energy shifts of GNFs testified the presence of six peaks, each of which refers to a certain type of
Carbon atoms. The Cls peak with the highest binding energy (-285.57 eV) is caused by
contributions from the doubly coordinated edge cyclic chain (ECC) Carbon atoms. The Cls
orbitals of the central hexagon (CHex) atoms and the first cyclic chain (FCC) atoms form
delocalized molecular orbitals (MOs) in different parts of the cluster.

The analogous spectrum of PAH CosH24 is slightly shifted to the region of lower binding
energies and contains only two well-defined peaks. The peak with a higher binding energy (-
284.36 eV) is generated by the Is states of the CHex atoms and the atoms of the FCC, which are
bounded to the CHex atoms.

The electronic DOS difference in Cls core-level spectra of GNF Cos (M=5) and their
saturated counterpart PAH CosH>4 is established due to the presence of two weakly bounded r-
systems in GNF and common conjugated system in PAH.

The electronic DOS of defect-containing cluster Cos-11) (M=3) (one CHex atom has been
removed from the Cosnanoflake) is generated by the Cls core-level atoms of the second cyclic
chain (SCC), which are located at the different distances from the center of the nanoflake. The
peak of the lowest intensity (-284.63 eV) appears in the spectrum as a reflection of the appearance
of doubly coordinated Carbon atoms surrounding the single vacancy in the Cos-1(1) nanoflake.

The analysis of the electronic DOS of the Cls core-level spectrum of the Cos-2¢1) nanoflakeis
shown, that doubly coordinated Carbon atoms, concentrated around two single vacancies, are
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essentially non-equivalent. If the MO with the lowest binding energy is localized on two of them —
the MO with the highest binding energy is localized on the third atoms (one around each single
vacancy).

The electronic Cls core-level DOS spectrum of defect-containing molecular systems with
one Cos-1(1)H24 and two Cos-2(1)H24 single vacancies are similar to the analogous spectrum of PAH
CosH24. In the first of them — one additional maximum appears due to Cls atoms surrounding the
single vacancy. In the second — there are two additional maxima, each of which is generated by
Cls core-level atoms adjacent to individual vacancies.

Keywords: hexagon-shape graphene nanoflake(GNF), polycyclic aromatic hydrocarbon (PAH),
electronic density of states (DOS), Cls core-level shift, density functional theory (DFT), defect-
containing nanoflake, single vacancy, Gaussian curve fitting.

Introduction

Graphene is a two-dimensional (2D) structure composed of Carbon (C) atoms located in
the nodes of a crystal lattice of the honeycomb type and connected to each other exclusively by
covalent bonds.

Graphene itself, as an infinite two-dimensional system of carbon atoms, is a chemically
inert substance that is not very suitable for the needs of microelectronics, due to the zero density
of one-electron states at the Fermi level and the absence of a band gap. It is possible to get rid of
these shortcomings in several ways, namely: making the graphene-like systems of finite size, i.e.
limiting the graphene sheet with edges of a certain type; creating adjustable sets of single and
multiatomic vacancies, or holes (defects) of a certain size in the graphene lattice; substituting the
C atoms in the graphene lattice by electron withdrawing or electron donating hetero-atoms;
violating the periodic structure; atoms and molecules adsorption on the graphene plane.

The information of the link between the C atoms position in the graphene sample and its
physical and chemical properties is important when each of the listed methods or a sequence of
several of them is applying. The finite graphene-like samples with zigzag edges are the most
interested due to theirs increased reactivity of doubly coordinated C atoms. The creation of
different types of vacancies lead to an increase the number of C atoms types.

The existence of two weakly interconnected conjugated systems in hexagon-shape
graphene nanoflakes (GNFs), and a single m-system — in polycyclic aromatic hydrocarbon (PAH)
with similar structure, was established in our previous works [1 — 4] using quantum chemistry
study. To confirm the existence of different types of Carbon atoms in GNF compared to PAH, was
decided to calculate the electronic density of states (DOS) and study the Cls core-level binding
energy shifts of both structures. In the future, it is possible to predict the structure of systems with
optimal reactivity to facilitate their experimental studies based on the obtained theoretical data.

All calculations were performed using the software module US GAMESS [5] by the
density functional theory (DFT) method [6, 7] with exchange-correlation functional by the B3LYP
[8, 9] in the 6-31 G(d,p) basis set.

The Cl1s core-level binding energy peaks of GNFo

In [1] was shown — the size of hexagon-shape GNFs Cos with zigzag edges is enough to
pass the properties of the larger size structures. The fig. 1 shows the curve of atomization energy
(Ea*, kJ/mol) depend from the number of Carbon atoms in hexagon-shape GNFs Cs — C294. The
atomization energy was calculated for the ground electronic state(GES) and refers to one C-C
bond. The Eaf* decreases exponentially for first three GNFs (Cs—Cs4) and then it linearly depends
on the cluster size starting from Cos nanoflake. The line moving to the nanoflake Czi6 reaches a
plateau. The analysis of the results of the calculation properties of GNFs Ce—Ca94 testified to their
similarity and weak dependence on the number of Carbon atoms in the nanoflake. Therefore, in
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the future (as typical illustrations), the data obtained for GNF Cosin the quintet GES (M=5) and
their saturated counterpart PAH CosH24 (M=1) in the singlet GES will be considered in detail.
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As known from literature [9, 10], devoted to electronic DOS calculations, the core-level
binding energy shifts depend on their chemical environment in molecular system. To comparing
the theoretically obtained values with experimentally measured values, the correction coefficients
were introduced to compensate the quantum chemical methods errors for various types of atoms
and atomic orbitals.

To reproduce the electronic DOS of GNF Cos (M=5) in the Cls core-level binding energy
range, the correction coefficients of the energy scale 1.024 was used. Its value was found as the
ratio of the value of 284.3 eV obtained in the experiment [9] (characteristic of the 1s core level of
the sp’-hybridized C atom) to 277.6 €V, which is given by the calculation of this binding energy
level of the C atom in the approximation used in the work (TFG, B3LYP, 6-31G (d, p)). The same
value 1.022was given in [10].

In GNFCys atoms occupy several non-equivalent positions. For example, fig. 2 (which
shows the atoms numbering in GNF Cosnanoflake) shows the edge cyclic chain (ECC) contains of
three types Carbon atoms: doubly and triply coordinated and those that participate in the formation
of almost triple C=C bonds at the junctions of zigzag edges.

The non-equivalence of the Carbon atoms in the GNF is determined by the degree of
hybridization of the atomic orbitals (AQO), the chemical environment (the number of neighboring
Carbon atoms), and possibly, their distance from the nanoflake center. The ten types of C atoms
were determined in GNF Cos (M=5) depending on the specified factors. So there are 6 atoms of
type «2», type «4» — 6, type «14» — 12, type «18» — 12, type «34» — 12, type «6» — 6, type «8» —
6, type «50» — 12, type «22» — 12 and type «38» — 12 atoms. For the Cos nanoflake (fig. 3), which
in the experiment is identified with the photoelectron spectrum, the number of certain atoms type
determines the intensity of lines in the theoretically calculated DOS spectrum in the Cls core-level
binding energy range.

When Carbon atom is a part of a molecule or GNF, the binding energy of its 1scoreorbital
undergoes a certain shift depending on the chemical environment of the C atom. At the same time,
the Cls AO, in many cases, is almost 100% localized on one of the atoms, which leads to the fact
that some of the lowest-energy molecular orbitals (MOs) of the nanoflake consist exclusively of
the Cls orbital of one or another atom. So, for example, the a-MO GNF Cos (M=5) number one is
with the lowest energy -285.86 eV (in the binding energy range with correction coefficients), the
contribution of Cls AO with number 38 is 98% (fig. 4).
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Fig. 2. Structure of GNF Cos nanoflake with
number of main type of atoms and
designation of the cyclic chains of
Carbon atoms: CHex - Central
Hexagon, FCC — First Cyclic Chain,
SCC — Second Cyclic Chain, ECC —
Edge Cyclic Chain

E Fig. 3. Cls core-level DOS spectrum of GNF
£ Cos (M=5) and its fitting by Gaussian
g functions
284.5 285.0 . 285.5 N 286.0
Binding energy (¢V)
(GRG]
®@ ®-®
o® ©@ 6
o) @ ® (RG] ©-e
©e® ©
©@ ©© ©© @© ©® e o9 Fig. 4. Spatial localizatiop of number.one‘MO
© ©®©0® ©e© e o GNF Cos (M=5) in GES, which is on
®® ©© 6o ¢ 98 % represented by Cls orbital with
@ »<¢ »< P p number 38 (numbering of atoms is
® ® @ © © @ @@ h A
6 o6 ©66 o6 © shown in fig. 2)

Applying the above-described procedure for determining the energy of MOs localized on
certain atoms of GNF Cos (M=5), the peak assignment of the theoretically calculated electronic
DOS spectrum in the Cls core-level binding energy range was performed. Thus, the peak with an
energy of -285.86 eV refers to Cls core-level (fig. 4) of type 38 atoms, i.e., triply coordinated C
atoms of the ECC. There are 12 atoms of this type in total. The peak with a binding energy of -
285.57 eV is caused by contributions from Cls core-level state of doubly coordinated Carbon
atoms (type 22), their number is also 12. The maximum in the electronic DOS spectrum with a
binding energy of -285.38 eV is formed by contributions from the local Cls electronic DOS of 12
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carbon atoms of type 34 (binding energy -285.42 eV) and contributions from of the local Cls
electronic DOS of 12 atoms of type 18 with an energy of -285.38 eV. The three maxima in the
core-level electronic DOS spectrum of GNF Cos (M=5) with the lowest binding energies of -
285.14, -284.83, and -284.77 eV are due to the Cls-electron states of types 6, 8, and 50,
respectively.

Analysis of MO structure and binding energies showed that Cls AO of types 2, 4, and 14 form
MOs that are delocalized within one or another area of the Cosnanoflake. In such cases, it makes no sense

to assert the possibility of attributing each peaks in the electronic DOS spectrum to a specific type or types
of atoms. The structure of one such nodeless delocalized MO is shown in fig. 5.
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The obtained data of the Cls electronic DOS spectrum of Co¢ GNF (M=5) have an
independent value for establishing the link between the position of the C atoms in the Cos nanoflake

and the position of Cls binding energy peak. The data will be used in considering the chemical
shifts in GNF with different types of vacancies in the future.

The C1s core-level binding energy peaks of PAH Cos H24

The Cls core-level binding energy peaks of PAH CosHo4 (Fig. 6) is somewhat shifted to
the region of lower binding energies and is much simpler in comparison with the similar spectrum
of GNF Cos (M=5). It contains two well-defined peaks (-284.36 and -284.07 V).
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In contrast to the case of GNF Cos (M=5), for PAH CosH24n0o MOs composed of Cls core-
level states were detected and localized on one specific atom. As an example, in fig. 7 shows the
structure of the lowest-energy MO composed of AO Cls, which is delocalized on a group of 12
Carbon atoms in the central part of PAH. This MO, together with MOs localized on other groups
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of atoms of the central part of PAH CosH24, determine the peak with a binding energy of -284.36
eV in the ls DOS spectrum. MOs distributed over the C atoms of ECC of PAH CocH24 are
responsible for the peak with a binding energy of -284.07 eV (fig. 8). The difference between the
Ls core-level electronic DOS spectra for GNF Cos (M=5) and PAH CosH24 is obviously caused by
the presence of two weakly bounded n-systems in the first of them and one conjugated system in
PAH.
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The position of Carbon atoms within the nanoflake Cos, based on the theoretically
calculated energies of Cls core-level spectrum, can be determined only for Carbon atoms of the
ECC and SCC (see fig. 2). The localization of atoms within the FCC and the CHex cannot be
established, since their 1sorbitals are not localized on atoms, but form delocalized MOs.

For the PAH CosH24 the Cls core-level DOS spectrum can distinguish only the Carbon
atoms located on the periphery of the molecule from the atoms of the inner part of the molecule.

The Cl1s core-level binding energy peaks of defect-containing GNFs

The Cls core-level DOS spectrum of the defect-containing nanoflake Coe-1(1) (M=3) (one
CHex atom has been removed from the Cos nanoflake) is similar to the Cls core-level DOS
spectrum of the defect-free nanoflake Cos (M=5) (fig. 6 and 9). As in the case of Cos (M=5)
considered above, the peak with the highest binding energy of 1s-electron (-286.32 eV) refers to
the most deeply placed MOs localized on the triply coordinated Carbon atoms of the ECC.
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Fig. 9. Cls core-level DOS spectrum of
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The next in binding energy (two closely spaced peaks with energies of -285.96
and -285.86 eV) are due to contributions from the Cls states of doubly coordinated Carbon atoms
of ECC, which are in non-equivalent positions. The peak of the highest intensity (-285.57 eV) is
generated by the Cls core-level atoms of the SCC, which are located at different distances from
the center of the nanoflake. As an example, we gives atoms of types 18 and 34 (fig. 9). The peaks
with lower binding energies (-285.38, -285.17 and -284.82 eV) are formed by contributions from
the Cls core-level atoms of types 6 (SCC), 8 (triply coordinated ECC atoms located in the central
part of each border) and 50 (double-coordinated Carbon atoms that take part in the formation of
almost triple bonds). Finally, the peak with the lowest intensity (-284.63 eV) appears in the
spectrum as a reflection of the appearance of doubly-coordinated Carbon atoms in the Cos-1(1)
nanoflake, which surround the single vacancy (fig. 9). This can be considered evidence that the
properties of doubly coordinated Carbon atoms adjacent to the single vacancy differ from the
properties of similar atoms of ECC. Fig. 10 shows one of the three MO localized on one of the
atoms around the single vacancy. Each of the three Carbon atoms surrounding the single vacancy
has a concentrated MO similar in energy and structure.

The Cls core-level DOS spectrum of nanoflake Cos-2(1) (two symmetrically placed Carbon
atoms of the SCC have been removed from nanoflake Cos) in the energy range of the Cls core-
level (fig. 11) is somewhat more complex than the spectrum of nanoflake Cos-1(1) with single
vacancy. This is reflected both in a greater number of intensity maxima and in a significant overlap
of the Gaussian functions, on which the spectrum was fitted. If for nanoflake Coes.1(1) three
degenerate MOs are localized on all three doubly coordinated Carbon atoms surrounding the
vacancy, then for nanoflake Coe-21) the situation is somewhat different. In particular, the MO with
the lowest energy is localized on Carbon atoms concentrated around two single vacancies (fig. 12),
and they correspond to the peak with a binding energy of -286.36 eV.
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In contrast to the case of nanoflake Cos-1(1), two closely spaced peaks (-285.94
and -285.83 eV) in the Cls DOS spectrum of nanoflake Cos-2(1yare caused by triply coordinated
atoms of the twelve-member ring of each of the single vacancies (fig. 13).
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The two peaks with the highest intensity (-285.66 and -285.51 e¢V) in the DOS spectrum of
Coe-2(1) nanoflake are caused by contributions from Cls of the three-fold coordinated Carbon atoms
of the SCC, which is not disrupted during the formation of two single vacancies. Regarding the
peaks with energies of -285.27, -285.15 and -284.83 eV, no definite conclusions can be made due
to the presence of vacancies in the FCC of Carbon atoms. The peak with an energy of -284.49 eV
is due to the MO concentrated on the two Carbon atoms of the CHex, which surround the single
vacancy (fig. 14).
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Thus, from the analysis of the Cls DOS spectrum of nanoflake Cos-2(1) it is clear that the
doubly coordinated Carbon atoms, concentrated around two single vacancies, are essentially non-
equivalent. If on two of them (one around each single vacancy) the MO with the lowest binding
energy is localized, then on the third atoms (one around each single vacancy) — with the highest.

The C1s core-level binding energy peaks of defect-containing PAHs

It was shown above, the moving from the Cos nanoflake(M=5) to the PAH CosH24 the Cls
core-level DOS spectrum is significantly simplified. A similar situation occurs when comparing
the spectra of the Cos-1(1) and Cos-2(1) nanoflakes on the one hand and — the spectra of the Cos-1(1)H24
and Cos-2(1)H24 systems on the another. Fig. 15 shows the Cls core-level DOS spectrum of PAH
Cos-1(nH24 (M=3). It contains two well-defined peaks of high intensity with binding energies
of -284.34 and -284.09 eV and a peak of much lower intensity corresponding to an energy
of-284.70 eV. This peak is generated by the Cls states of unsaturated atoms surrounding the single
vacancy (fig. 16).

The structure of MO, the energy of which corresponds to the peak of maximum
intensity -284.34 eV (fig. 17), is similar to the structure of MO PAH CosHo4 (fig. 7), that is, this
peak is generated by the Cls atoms of the central part of the systemCos-1(1)H24 (M=3). The lower
intensity peak with the energy of -284.09 eV is caused by the Carbon atoms of the peripheral part
of the mentioned system. The spatial distribution of one of these MOs is shown in figure 18.
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The DOS spectrum of PAM Coe-2(1)H24(M=5) in the Cls core-level binding energy range

and its fitting by Gaussian functions are shown in figure 19. It differs from the similar spectrum
of Cos-1(1)H24(M=3) system by the presence of one additional peak of low intensity with a binding

energy of -284.78 eV. This peak refers to the Cls states of unsaturated C atoms that surround each
of the single vacancies (fig. 20).
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The peak with a slightly lower binding energy (-284.58 eV) is generated by Cls states of
triply coordinated Carbon atoms (fig. 21), which are located in twelve-member rings formed when
two C atoms are removed from PAH Cos. Peaks with energies of -284.42 and -284.13 eV
correspond to the MO, composed of Cls states of C atoms that do not border by vacancies (fig.
22), and located on the periphery of the Cos-2(1)H24 system(M=5) (fig. 23).

Fig. 21. Spatial localization of MOs whose
energy corresponds to the peak
at -284.58 eV in the spectrum of the
density of one-electron states of the
Coe-2(1)Ha4system (M=5)

73



od b-ed b-d i B-o Fig. 22. Spatial localization of MOs, the
e ©e e o=@ energy of which corresponds to the
@ @@ ®-®@ @ @-e . . .
v d >d >-d >-d peak  of maximum  intensity
@ ©@ ©e 00 oo of -284.42 eV in the spectrum of the
r| p «ea o density of one-electron states of the
@@ @ @ @ @ o @ @€ C H M=5
g e € o—d 96-2(1)H24 system ( )

Fig. 23. Spatial localization of MOs whose

(30 @ @ ®-@
v 66 60 660 oo energy corresponds to the peak
e 6@ o066 6@ at -284.13 eV in the spectrum of the
@ @@ @@ @@ @@ :
v d b e density of one-electron states of the
@ ©@ o060 00 e Coe-2(1)H24 system (M=5)

Conclusions

The lowest-energy Cls core-level of GNF Cos (M=5) is localized on ECC atoms, excluding
Carbon atoms, which take part in the formation of almost triple bonds at the junctions of zigzag
edges. The position of Carbon atoms within the nanoflake Cos, based on the theoretically calculated
Cls DOS spectrum, can be determined only for the Carbon atoms of the edge cyclic chains and
second cyclic chains. The localization of atoms within the first cyclic chain and the central hexagon
cannot be established, since their lsorbitals are not localized on atoms, but form delocalized
molecular orbitals.

For the polyaromatic molecule Co¢Hz4, the Cls core-level DOS spectrum in the binding
energy range the can distinguish only the Carbon atoms, which are located on the periphery of the
molecule, from the atoms of the inner part of the molecule. The established difference in the Cls
core-level DOS spectra in the binding energy range for GNF Cos (M=5) and PAH CosH24 is
obviously caused by the presence of two weakly bound m-systems in GNF and one conjugated
system in PAH.

The Cls core-level DOS spectrum of the nanoflakeCos2(1) is somewhat more complex than
the spectrum of the nanoflakeCos-1(1) with a single vacancy. This is reflected both in a greater
number of intensity maxima and in a significant overlap of the Gaussian functions, on which the
spectrum was fitted. If for nanoflake Coe-1(1)three degenerate MOs are localized on all three doubly
coordinated Carbon atoms surrounding the single vacancy, then for nanoflake Cos-2(1) the situation
is somewhat different. In particular, the MO with the lowest energy is localized on Carbon atoms
concentrated around two single vacancies, and they correspond to the peak with an energy of -
286.36 eV.

The Cls core-level DOS spectrum of PAH Cos-2(1)H24(M=5) in the binding energy range
differs from the similar spectrum of the system Cos-1(1)H24 (M=3) by the presence of one additional
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peak with a low intensity with a binding energy of -284.78 eV. This peak refers to the Cls states
of unsaturated Carbon atoms that surround each of the single vacancies.

The analysis of the Cls core-level DOS distributions of the GNF Co (M=5) and PAH

CosH24, as well as their defect-containing derivatives allows to identification of different types of
Carbon atoms depending on the degree of hybridization of their atomic orbitals, the availability of
vacancies and, to some extent, their position in the nanoflake.
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JAJIEZKHICTD I'YCTUHHU OCTOBHHUX
OJHOEJIEKTPOHHHUX CTAHIB ATOMIB KAPBOHY (C15)
BIJ] IX MOJIOKEHHSA Y BYTIJIEHEBOMY HAHOKJIACTEPI
Cos TA Y TIOJIIAPOMATUYHINA MOJIEKYJII CosHz4

0.C. Kapnenko, B.B. Jlo6anos, M.T. KapTeanb

Incmumym ximii nosepxui im. O.0. Yyiika Hayionanwnoi akademii nayk Ykpainu,
eyn. I'enepana Haymosa, 17, Kuis, 03164, Yxpaina, e-mail: karpenkooksana@ukr.net

Byeneyesi  nanoxnacmepu (BHK) cexcaconanvhoi  opmu, oOmedxceni  minvku
3U23a20N00IOHUMU KpaaMU 3 0BOKPAMHO MaA MPUKPAMHO KOOPOUHOBaHUMU amomamu Kapoony,
601100110Mb NIOBUWEHOI0 peakyitinoto 30amuicmio. He ousnsuuce na eucoky cumempiro (Den)
makux cucmem, amomu Kapbouy 6 Hux 3aumaioms HeeKeieaieHMHI no3uyii. Y 36 ’a3ky 3 yum
nocmac NUMAHHA WOOO BUSHAYEHHS MAKUX iX (QI3UKO-XIMIUHUX XAPAKMepUCmuK, 4duceivbHe
3HAUeHHs1 SAKUX MOJCHA NO08’sA3amu 3 NoNodceHHam Yy kuacmepi. Hasenicms makoi
Xapaxmepucmuxy pazom 3 NpoCmomoro ii 00YUCIeHHs 0ac 3Mo2y nepeodavumu 61acmugocmi
Hanoxnacmepis ooepacanux 3 BHK, egedennsim 6 Hux 00Ho- ma 6a2amoamomMHux 6aKauci, abo
3amiwenuam amomie Kapbomny enekmponoO0oHopHuMU YU e1eKMPOHOAKYENMOPHUMU AMOMAMU.
o maxoi xapaxmepucmuxu GiOHOCUMbCS CNEKMP O0OHOCAEKMPOHHUX eHepaill, MAKCUMYMU 8
AKOMY OOHO3HAYHO Xapaxmepuzyioms amomu Kapoony nesnozo muny.

Ilpononosana poboma npucssueHa KEAHMOBOXIMIYHUM PO3PAXYHKAM CHEKMpI8 0O0HO-
enexkmponnux euepeii. BHK Cos ecexcaconanvhoi ¢opmu 6 OCHOBHOMY KGIHMEmMHOM)
(mynmuniemuicms, M=5) enrexmponnomy cmamni ma anano2iutoi 3a 6y008010 NOAIAPOMAMUYHOL
monexynu (IIAM) CosHz4, a makooic ix noXiOHux 3 OOHIE Ma 080MA MOHOBAKAHCIAMU. Yci
PO3DAXYHKU BUKOHAHI MemoOoM meopii (YHKYIOHANY eleKMpPOHHOI 2yCmunu i3 3a1yYyeHHIM
BANIEHMHO-PO3UlenIeH020 bazuchHo2o Habopy 6-31 G(d, p). Cucmemu 3 8ioKpumumu 0O0IOHKAMU
PO32NA0ANUCS 3 BUKOPUCAHHAM 00MIHHO-KOpenayitinozo @yukyionary UB3LYP. Oolepoicani
CHeKmpU PO3KAAOATUCS NO HAOOPY 2AYCOBUX (DYHKYILL.
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Posxnadanus no eaycosum @QyHKYismM meopemuyHoO pOo3paxo8aHo20 CNeKmpa OOHO-
eNeKMPOHHUX cmaHie & obnacmi enepeii ocmogrozo pisHa Cls 3ac8iouue npo Hasa6HicmMb wiecmu
NiKi6, KOJCEH 3 AKUX MOJICHA 8iOHecmu 00 nesHo2o muny amomie Kapoony. Ilik 3 natieuuyorw
enepeicto 368 ’s13yeanns (-285.57 eB) symoesnenuil eneckamu 6i0 C1s 0cmosHo20 cmauy 080KPAMHO
Koopounosanux amomie Kapbowny kpatiosoco yuxniunoco nanytoxcka. Cls opbimani amomis
yenmpanvHozo cexcazona (L[I') ma [ yuxniunozo nanyrodrcka ymeoproioms 0e10Kaniz08ani 6 pisnux
dinankax xnacmepa moaexyasapui opoimani (MO).

Ananociunuii cnexkmp IAM CosHz24 Oewjo 3cyHymuil 6 o001acmv HudxiCuux euepeii
38’a3yeanus ocmogrozo Cls-erekmpona i micmums quuie 08a 4imko eusnauenux nixu. Ilix 3
suwoio enepeicto 36’s3yeanns (-284.36 eB) nopoodsicyemvcs 1s-cmanamu amomie L[ ma
amomamu I yukaiuno2o 1anyiodcka, siKi 36 ’sasani 3 amomamu LI

Bcmanosnena giominnicme y cnekmpax 2ycmunu 00HO-eeKMpPOHHUX CIAHIE 8 IHmepeai
enepeii ocmosnozo pisns Cls onss BHK Cos (M=5) ma ITAM CosH24, ouesuono, obymosnena
HASIBHICMIO 080X C1AOKO 36 A3AHUX T-CUCEM 8 NEPULOMY 3 HUX A OOHIECT KOH 10206aHOT cucmemu
6 [TAM.

Cnexmp eycmuHu 00HO-e1eKmpoHHUX cmarie deghexmemicroeo kaiacmepa Cos-i1) (M=3)
(3 knacmepa Cos 6udaneno ooun amom LI') nopoosxcyemovca cmanom Cls amomie Kapbony 11
YUKATYHO20 Nanyioea, SIKI pO3MIWylomubcs Ha pisHux iocmawusx 6i0 yewmpy kiacmepa. Ilix
HatiHudcuoi inmencusnocmi (-284.63 eB) eunuxae y cnexmpi sk 8i000pasicenus noseu y Kiacmepi
Co6-1(1) 080KpamMHO KOOPOUHOBAHUX amomie KapOoHy, AKi omouyoms MOHO 8AKAHCIIO.

I3 ananizy cnexkmpa cycmunu ooHoenekmponunux cmanie knacmepa Cos-2(1) 8 inmepaaii
enepeii ocmoenoeo pienus Cls 6uono, wo 060kpamHo Koopourogani amomu Kapbony,
30cepe0diceHi HABKOIO0 080X MOHOBAKAMCIU, CYMMESO HeeKsiganenmmi. AKujo Ha 060X 3 HUX
nokanizosana MO 3 HaliHudICH010 enepaicio 368'A3Y6anHs, MO HA Mpemix amomax, no OOHOMY
HABKONO KOJNCHOI MOHOBAKAHCIL, — 3 HAUBULLOIO.

Cnexkmp 00HOENeKMPOHHUX CMAHI8 O0eDeKMEMICHUX MONEKYIAPHUX CUCEeM 3 OOHIEI0
Cos-1()H24 ma 0soma Cos-2¢1)H24mono08axanciamu nodioui 0o ananoziunozo cnekmpa IHAM CosH 4.
B nepwomy 3 nux 3’snaemvcsa 00un dodamxositi maxcumym, ooymosnenuti Cls amomis, axi
0moYyloms MOHOBAKAHCII0. B Opyeomy cnexmpi npucymui 06a 000amKo8uUX MaKCUMYMU, KOMHCEH
3 axux nopooddcyemucsi ocmosnumu Cls cmanamu amomis, cycionix 3 iHOUGIOYATbHUMU
B8AKAHCIAMU.

KuarouoBi cnoBa: epaghenonodioni uamoxnacmepu 2eKcacoHAIbHOL Gopmu, NOTTYUKTIYHUL

apomamudnull 8yee600eHb, 2YCMUHA eleKMpOoHHUX cmaHis, 3cye C1s ocmoenoeo pieHs, meopis
@yuKkyionany sycmutu, 0eg)ekmemicHull HaHOKAACmep, MOHOBAKAHCIS, 2a)CcO8a ANPOKCUMAYis
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