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The equilibrium and spatial structure of the polycyclic aromatic hydrocarbon CosH,y,
chosen as a model of the graphene plane, as well as the systems obtained from it by removing the
diatomic molecule C, (CosH>4) and then replacing four carbon atoms with four nitrogen atoms
(CooN4H>4) have been studied by the DFT method (B3LYP) in the 6-31G** basis using Grimme
corrections to account for dispersion interactions. In the same approximation, the energetics of
the formation of a complex of an iron atom in zero oxidation degree (Feo) with CooN4H>y
(/CooNH,4Fe]’) in the square planar field of the ligand has been studied. The types of molecular
orbitals of the ligand, which correspond to the symmetry of the atomic d-orbitals of the Fe atom,
have been determined. Interaction diagrams of the d-orbitals of the Fe atom with some
molecular orbitals of the ligand CooN4H>4 of the corresponding symmetry are constructed. It is
concluded that the binding of the transition metal atom on the double vacancy of the graphene
plane can be rationally described based on the local symmetry of the coordination center and
molecular orbitals of the ligand and the formed complex.

Keywords: Fe-doped graphene, polycyclic aromatic hydrocarbon (PAH), density functional
theory (DFT), defect-containing graphene, double vacancy, transition metal atom, ligand field
theory.

Immediately after the discovery of the possibility of obtaining a single layer of carbon
atoms (graphene) [1], intensive research was started aimed at the practical use of its unique
properties [2]. Graphene began to be used in various fields, from energy generation in hydrogen
cells [3, 4] to the element base of microelectronics [5], in spintronic devices [6, 7] and sensor
sensors [8, 9]. This versatility is at least partly due to its electronic structure, particularly the zero
density of single electron states, at the Fermi energy level (Dirac point) [10]. This conclusion
was first obtained in several theoretical works operating with graphene of ideal structure [11—
14]. Experimental studies have shown that it is extremely difficult or even impossible to obtain
graphene samples without various types of defects in its structure [15]. This raised the dilemma,
of which is better — graphene of a highly perfect sample or — with controlled deviations from
identity [11].

Since the uniqueness of ideal graphene is due to the zero density of states in the Dirac
point, the introduction of various types of defects in its structure should be directed to the
creation of a forbidden zone of single electron states, which gives it new functional properties.

The most effective methods of graphene functionalization consist of creating different
types of vacancies in its crystal lattice [11] and replacing carbon atoms with heteroatoms, the
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number of electrons that is less or more than that of the carbon atom, which leads to interesting
effects and potential applications. No less fruitful can be the joint use of these approaches,
opening the possibility of creating active centers of different natures, which provide binding of
molecules or atoms, including transition metal (TM) atoms, which have high catalytic properties.
Depending on the nature of the adsorption complex formed, it is possible to control the width of
the resulting forbidden gap of graphene, bandgap, optical, metallic, and chemical (catalytic)
properties [16—19].

To better explain the properties of adsorption complexes of defect-containing doped
graphene with a single TM atom, it is advisable to involve the concepts of classical coordination
chemistry, which will help to elucidate some aspects that are not manifested in the framework of
a simple approach about the interaction between the adsorbent surface and the adsorbed atom
[20, 21]. In this case, the graphene sample can be considered as a multifunctional ligand
concerning the transition d-metal atom or ion. A similar situation is realized in chelate
complexes or metal-containing porphyrin and phthalocyanine complexes.

The d-metal complexes are important in inorganic chemistry, materials science, and
nanotechnology. The method used to describe the nature of the ligand-metal bond is based on
crystal field theory, which uses a clear and simple electrostatic model [22]. The crystal field
theory does not explain many physical properties of TM complexes because it does not take into
account the interaction between the metal and ligand orbitals. In a more sophisticated approach
based on molecular orbital theory, the ligand field theory, it is assumed that the metal atom is
surrounded by ions or molecules from which electron density is transferred to the TM atom to
form a metal-ligand bond [23]. The stability of the complexes is mainly determined by attraction
interactions, but repulsion interactions lead to a secondary effect that accounts for 10% of the
total energy but has significant implications for the trends observed in d-metal complexes.

Molecular orbital theory can be successfully applied to TM complexes to explain both the
covalent and ionic nature of the bonding between the metal atom and the ligands.

A TM atom or ion has a set of nine valence atomic orbitals (AOs) that can participate in
molecular orbitals (MOs) formation. It consists of five nd, three (n+1)p and one (n+1)s orbitals.
For the iron atom, the principal quantum number is n=3 and the electronic configuration can be
written as 15°2s72p®3s3p®3d®4s”. Its d-AOs have energies corresponding to binding to ligands.
The success of the application of molecular orbital theory is determined by the geometry of the
complex and can be used to describe the properties of octahedral, tetrahedral, and square
complexes. Complexes of iron atoms or their ions Fe*', and Fe’*, which are formed by their
binding by graphene-like planes containing vacancies, can be referred to them.

The peculiarities of the application of the molecular orbital theory for d-metal complexes
are as follows:

1) the AO of the metal center and the group abundances of the surrounding ligands or
multifunctional ligand (in the latter case, the MO of the ligand should be considered) unite to
form the MO of the complex;

2) as a result of their additive overlap, bonding MOs are formed, and in subtractive
overlap, anti-bonding molecular orbitals are formed;

3) the energy of the bonding MO is lower than the energies of the constituent AOs, while
the energy of the antibonding ones is higher;

4) the ionic character of covalent bonding arises from the difference in the energy of the
AOs involved in the formation of the MO of the complex;

5) if the energy of the MO of the complex is comparable to the energy of the AO of the
metal atom, then such an MO will not differ significantly from the AO in nature and can be
considered non-bonding.

The anchoring of a TM atom on graphene can be regarded as the formation of a
coordination complex. The combined use of the concepts of solid state theory (Fermi level, zone
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structure, bandgap, bandgap width) and concepts of classical coordination chemistry (central ion
or atom, ligand, splitting in the field of ligands, types of symmetry of the crystal field) allows us
to deepen the knowledge in the field of single-atom functionalization of graphene and to
elucidate the factors affecting the properties of materials based on graphene.

In the proposed paper we present data obtained by the DFT method (B3LYP,
6-31G**) [24, 25] using the software module [26] with the involvement of Grimme corrections
to account for dispersion interactions) [27, 28], regarding the energetics of the formation of a
double vacancy in a carbon material, its decoration with nitrogen atoms, and the formation of a
complex with one iron atom.

The polycyclic aromatic hydrocarbon (PAH) CocHz4 of hexagonal structure, shown in
Fig. 1 a, was chosen as a model of graphene. According to the results of the performed
calculations, the formation of a diatomic vacancy (V,-type defect), i.e., the removal of a two-
atom C; molecule from the CosH,4 molecule, is an endothermic process with a reaction energy
(Ereacr) of 16.73 eV (see Fig. 1 b). The replacement of four carbon atoms by four nitrogen atoms
in the Co4H,4 molecular system containing a double vacancy to form the new CooN4Hy4 system is
also an endothermic process with E,...; = 7.77 eV (see Fig. 2). The ground electronic state (GES)
of the molecular systems CosHp4 and CooN4Ho4 is singlet, i.e., their multiplicity (M) is equal to
one. As a result, based on the PAH CosHz4, a coordination node of symmetry Dy, consisting of
four nitrogen atoms, capable of binding a single iron atom containing four unpaired electrons on
3d-orbitals is formed. The energy of the complex formation [CooN4HasFe]’ (M=3) (see Fig. 3)
involving a neutral iron atom and nitrogen-containing ligand Cg9N4Hy4 is -7.37 eV.

CosHzy (M=1) CosH,4 (M=1)

Fig. 1. Equilibrium structure of the molecule CycH,4 and the system obtained by removing the
diatomic molecule C; from it.

CosHz4 (M=1) CoN4H;4 (M=1)

Fig. 2. Equilibrium structure of Co4H»4 and CooN4H,4 systems.



Fig. 3. Equilibrium structure of the
complex [C90N4N24Fe]0
(M=3).

[CooN4H 4 F elo M=3)

In the equilibrium state of the defect-containing, nitrogen atom-decorated CooNsHo4
system, the N atoms are located at the vertices of a rectangle with sides 2.779 and 2.652 A,
which differs slightly from a square. The diagonal of this rectangle is 3.840 A and, considering
that the radii of Fe and N atoms are 1.26 and 0.71 A, respectively [29], it can be argued that the
size of the cavity under consideration favors the introduction of an iron atom into it and the
planar structure of the [C90N4N24Fe]0 complex.

Classical coordination complexes can be used as a model to understand the chemical and
spectroscopic properties of TM atoms coordinated on graphene functional groups. Macrocyclic
ligands such as porphyrins and phthalocyanine have similar structures compared to sites where
four C atoms on V, defects are replaced by four N atoms (Ns-graphene). The complexes of the
"TM atom-N4-graphene" type show a planar structure with local Dy, symmetry. In this case, the
ligand-field splitting diagram of the d-orbitals level of the free atom will be similar to that of the
square planar complex (Fig. 5). Where dy, and dy, are doubly degenerate orbitals of e, symmetry;
d,, orbital has a;, symmetry; dyo.y» orbital has b, symmetry; d, orbital has by, symmetry. Due to
the absence of ligands at the axial position of the complex, the d,-orbital of the TM atom with
lobes on the z-axis has lower energy compared to the dyy and dy,.y» orbitals. Attention should be
paid to the main difference between the splitting of the d-orbital level in the square planar
complex and the splitting in the octahedral and tetrahedral ligand fields. In the latter two cases,
the d-orbitals are split into two groups of closely spaced levels with a well-defined difference
between the groups, precisely determining the splitting value 10D,, which is not possible for the
planar field.

For the equilibrium spatial structure of the [C90N4H24Fe]0 complex, the diagonal of the
rectangle formed by the four nitrogen atoms of the coordination site is 3.808 A, which is 0.032 A
smaller than in the nitrogen atom-decorated ligand. Such a noticeable decrease in the N---N
distance indicates the formation of the Fe—N coordination bond, the order of which is 0.474.
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Fig. 5. Qualitative picture of the splitting of the five-fold-degenerate energy level of d-orbitals of
the iron atom in a planar square field of ligands: (a) — singlet state; (b) — the lowest in
energy triplet state.



Fig. 6 shows the structure of two frontal MOs of the ligand (C9oN4H24) HOMO-5 (@) and
HOMO-4 (b), localized exclusively in the coordination center region and on which the
o-bonding electrons are concentrated. The other frontal MOs of the ligand have z-symmetry (see
Fig. 7). Analyzing the MO structure of HOMO-5, HOMO-4, and LUMO z-orbitals of the ligand
CooN4H4, it can be stated that the formation of complexes with a single atom of the transition
element is possible only due to o-bonding with its d-orbitals. Binding with the formation of
m-bonds are excluded due to the symmetry conditions. This is confirmed by the structure of the
frontal MOs of the [CooN4Ha4Fe]” complex.
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Fig. 6. Structure of two frontal MOs NOMO-5 and NOMO-4 localized in the vicinity of the
coordination center of ligand CooN4Ho4.
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Fig. 8 shows the structure of the frontal MOs of the complex [C90N4H24Fe]0, formed by
the binding of a single iron atom by the ligand CooN4Hz4. Since the GES multiplicity of the
[C90N4H24Fe]0 complex is three, both, a- and S-subsystems should be considered. Fig. 8 a shows
that in the MO HOMO(a)-2, the predominant contribution is made by the AO dy.y»
(big symmetry) of the Fe atom and the o-orbitals of the nitrogen atom bonding to the nearest
carbon atoms. The MO HOMO(«a)-4 is formed from the AO d, of the Fe atom, and an
insignificant contribution from the orbitals of the four nitrogen atoms.

Direct calculations of the complex [C90N4H24Fe]0 in various spin states showed that, as
already noted, the GES corresponds to the triplet, which is only 1.43 eV away from the singlet
state. Thus, the electron distribution over single-electron levels in the [C90N4N24Fe]0 complexes
is reproduced by Fig. 5 b, indicating that the field strength of the ligand is sufficient for the
electron splitting from one of the doubly degenerate dy, or dy, orbitals.
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Fig. 8. Structure of two frontal MOs HOMO(a)-2 and HOMO(a)-4 localized in the vicinity of
the coordination center of the [C90N4H24Fe]0 complex

Analysis of the MO energies of the ligand CooN4H4 and the complex [C90N4H24F€]0
showed that the orbital dy,» of the iron atom interacts with the MO HOMO-5 (aiz) (energy
-5.92 eV) of the ligand to form two MOs — one bonding (energy -6.72 ¢V) and one antibonding
(energy -5.53 eV) (see Fig. 9). A similar picture takes place regarding the interaction of the
d,» orbital of the iron atom with the MO HOMO-4 (b;,) of the ligand CooN4Hy4, which is shown
in Fig. 10.

It is necessary to make a small remark concerning the choice of the energy level of the
d-orbitals of the iron atom, the GES multiplicity of which is equal to 5. Formally, the iron atom
has two electronic subsystems a and f, i.e., the energies of all 5d-orbitals should be somewhat
different. Therefore, the HOAO energy of the a-subsystem was chosen for the orbital energy
level, and the HOAO energy of the f-subsystem was chosen for the orbital energy level.

-5.53
—_— d.
59 , 5.76
HOMO-5 " HOAO (o)
-6.72
CooN4Ho4 [CooN4H,Fe] Fe'

Fig. 9. MO energy levels of the CyoN4Hy4 ligand, the [C90N4H24Fe]0 complex, and the atomic
orbital of the iron atom.
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Fig. 10. MO energy levels of the CooN4Hy4 ligand, the [C90N4H24Fe]0 complex, and the atomic
orbital of the iron atom.



To summarize, we note:

the binding of the TM atom on graphene can be rationalized based on the local symmetry

of the coordination center and the MOs of the ligand and the formed complex;

d-orbitals of the TM atom can be mixed with MOs of graphene of the same symmetry,

which leads to redistribution of MOs by energy and, as a consequence, to the change of splitting
in the ligand field;

the formation of graphene-like complexes with one Fe atom is possible only due to

o-bonding. Binding with the formation of 7z-bonds is excluded due to symmetry conditions.
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CTIUKICTh OJHOATOMHHUX KOMIVIEKCIB 3AJII3A HA
I'PA®EHI 3 IOABIMHOIO BAKAHCICIO

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

ITnemumym ximii nosepxnui imeni O.0. Yyuixa Hayionanvnoi akademii Hayk Ykpainu,
syn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina. E-nowma: karpenkooksana@ukr.net

Memooom DFT (B3LYP) y o6asuci 6-31 G** i3 3anyuennsm nonpasox I[pime (0ns
8PAXYBAHHS OUCNEPCIUHUX B3AEMOOIL) PO3SIAHYMO PIBHOBANCHY MA NPOCMOposy 6y008y
MONEKYIU  NONIYUKNIUHO20 apomamuunoeo 8yeneeoonio CosHsy, Axa obpana ax mooens
epaghero8oi NIOWUHU, a MAKONC CUCMEM, OMPUMAHUX 3 Hel BUOANEeHHAM 080AMOMHOI MOJIEKY U
C> (Co4H>4) 3 Hacmynnoto 3aminoro womupbox amomie Kapbomny na vomupu amomu Himpoeemny
(CooN4H>4). V yvomy orc nabnusicenni 8ugueno enepeemuxy yYmeopeHHs KOMNAEKCY amoma 3ai3a
8 HYIbOBOMY CHMYNEHI OKUCHEHHs (Feo) 3 CooN4H>4 ([ C9()N4H24F€]0) YV NIACKOMY K8AOPAMHOMY
noni aieanoa. Buswaweno munu monexyaapHux opoimanei Jnieanod, AKI 3a  CUMEmPIED
gionogioaroms cumempii amomuux d-opbimaneti amoma Fe. [lobyoosano diazpamu 63aemo0ii
d-opbimanei amoma 3aniza 3 Oeakumu monekyaapHumu opoimanamu nieanoa CogN4H>y
8i0N06IOHOI cumempii. 3pobaeHo 8UCHOBOK NPO me, WO 368'A3V6AHHA AMOMA NEPEXIOH020 MEemAy
Ha NOOGIUHIL 8AKAHCII 2pageHO0B80I NIOWUHU MONCIUBO PAYIOHATILHO ONUCAMU, BUXO0OSAYU 3
JIOKANbHOI  cumempii KOOpOUHAYIlIHO20 YeHmpy [ MOJeKVIApHUX opbimanei Jnicanoa ma
VMBOPEHO020 KOMNIEKC) .

KarouoBi cnoBa: cpaghern oonoearnuii 3anizom, NOMYUKTIYHUNL APOMAMUYHULL 8Y2lle800EHD,

meopiss  (QyHKYioHany 2ycmunu, OepekmosmicHull 2epageH, NooGiliHA BAKAHCIA, AMOM
nepexiono2o Memay, meopis nojis NieaHois.
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