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The regularities of interaction of hydrogen molecules with graphene-like planes, where two carbon atoms are
replaced by nitrogen or boron atoms, have been studied by the methods of quantum chemistry (DFT, B3LYP, 6-31G**).
To take into account the dispersion contributions to the energy of formation of intermolecular complexes that occur
during the formation of adsorption supramolecular structures, Grimme’ dispersion correction is used - D3. To study
the effect of the size of a graphene-like cluster on the energy of molecular hydrogen chemisorption, polyaromatic
molecules (PAM) are used of pyrene, coronene and that consisting of 54 carbon atoms, as well as their nitrogen- and
boron-containing analogues where N- and B-atoms are placed in a para-position relative to each other, in the so-
called piperazine configuration.

The insertion of a heteroatom changes the structure of the transition state and the mechanism of chemisorption.
An analysis of the results of quantum chemical calculations showed the highest exothermic dissociative adsorption of
the H, molecule on B-containing graphene-like ones. For N-containing PAM, the exothermicity of the mentioned
reaction is somewhat lower, for it a possibility of desorption of atomic hydrogen desorption the surface of the latter
with subsequent recombination in the gas phase has been also shown. At the same time, for models of pure
graphene-like layer, the data obtained indicate the impossibility of chemisorption of molecular hydrogen. Without a
complete analysis of the results for all the possible locations of the pair of hydrogen atoms (formed due to dissociation
of the H; molecule) bound by nitrogen-containing polyaromatic molecules, it can be noted that the dissociative
chemisorption of the H> molecule, regardless of the nature of heteroatom in the PAM, is thermodynamically more
probable at the periphery of the model molecules than that in their centers.

Keywords: dihydrogen, graphene-like matrix, sorption, doping with N and B-atoms, density functional theory
method, Grimme’ dispersion correction

INTRODUCTION about 10 MPa [8]. To increase the capacity for
hydrogen it is used different methods of pre-
treatment and modification of CNF. Thus, the
activation of CNF by water vapor leads to a
significant increase in their specific surface area
(from 116 to 1758 m*/g). Their sorption capacity
for hydrogen can be increased to 3.5 wt. %, which
corresponds to the coverage of 60 % of the
surface of CNF with hydrogen (77.3 K,
0.65 MPa).

Currently, the most promising carbon
materials for hydrogen storage include carbon
nanotubes (CNT) [9-11], systems with a high
density of micropores, which are folded sheets of
graphene. The 7 electron system of the outer wall
of the CNT is characterized by a lower degree of
conjugation compared to flat graphene and,
consequently, a lower adsorption potential of the
surface relative to the physical sorption of
molecular hydrogen. On the contrary, the inner

To date, due to the depletion of fossil energy
resources, molecular hydrogen is increasingly
considered as an alternative, renewable, energy
carrier [1,2]. However, the transition to
promising hydrogen energy is impossible without
the development of reliable methods of
extraction, transportation and storage of hydrogen
in large quantities [3, 4]. For efficient and safe
storage of hydrogen one of the most promising
methods is its adsorption on carbon materials [5].
Among the adsorbents that are most suitable for
the physical adsorption of molecular hydrogen are
carbon nanofibers, carbon nanotubes and
graphene derivatives [6, 7].

Carbon nanofibers (CNF) are layered
graphite nanomaterials. Sorption capacity for
hydrogen at room temperature of unmodified
CNF reaches only 0.7 wt. % at a high pressure of
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walls have a higher adsorption potential - the
adsorption centers of the inner surface of CNT are
characterized by a fairly high energy of physical
sorption (up to 30 kJ/mol). This is due to the
overlap of the potential fields of the opposite
walls of the CNT due to the very small size of the
micropores, which increases the interaction
energy with the adsorbed molecules in
comparison with the flat surface.

Today, for the sorption of hydrogen using
single-walled and multi-walled CNT, a
significant disadvantage of which is the use of
cryogenic conditions for physical adsorption. In
single-walled nanotubes, the hydrogen capacity at
atmospheric pressure reaches ~ 5 wt. % at 77 K
and <1 wt.% at room temperature and high
pressure, and when using multi-walled nanotubes
—-227wt.% at 77K and 0.3 wt. % at room
temperature. For the CNT sample with a specific
surface area of 2560 m*/g a hydrogen capacity of
4.5 wt. % was experimentally achieved at 77 K. It
should be noted that the maximum possible
surface area of CNT is 2630 m%*g, which
corresponds to the bilateral surface coverage of
graphene sheet.

Interest in the study of the interaction of
hydrogen with carbon nanostructures has
increased significantly with the advent of
graphene, because for single-layer graphene any
atom interacting with it can be considered as
adatom. This interest is caused by two main
reasons: first, at a certain concentration of
hydrogen adatoms in the system there is a
semimetal-semiconductor transition (a gap opens
in the graphene spectrum); secondly, graphene is
promising from the point of view of hydrogen
energy as a convenient object for hydrogen
storage [12—14].

The aim of this work is to elucidate the
regularities of interaction of hydrogen molecules
with models of graphene-like planes in which
several carbon atoms are replaced by atoms that
have different electronegativity from C atoms, in
particular nitrogen atoms (higher electro-negativity)
ones or boron (lower -electronegativity) were
selected.

RESEARCH METHODS

All calculations are performed using the
GAMESS (US) program [15] by the theory of
density functional theory (DFT) with the
exchange-correlation functional B3LYP [16, 17]
and the basis set 6-31G (d, p).
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To account for the dispersing contributions to
the energy of intermolecular complexes
formation [18, 19], which stipulate the formation
of supramolecular structures, the dispersion
correction by Grimme — D3 [20, 21] was applied.

The choice of the DFT method with the
functional B3LYP-D3 is due to the fact that its
application will require less time compared to the
calculations in which the functionals B97D or
wB97XD are used, with that, as evidenced by
literary data [22], all three functionals give similar
results regarding geometric parameters and
binding energy for objects that are similar to those
examined in the work.

As the models for graphene nanoparticles,
polyaromatic molecules (PAM) of the pyrene
(Fig. 1 a), coronene (Fig. 1 ) and a molecule of a
larger composition CssHjs (Fig. 1 ¢) are taken.
Boron- and nitrogen-containing pyrene analogues
had similar structures (Fig. 1 d, e). In order to
study the effects of the nitrogen or boron atoms
on the adsorption of hydrogen by the above-
mentioned structures, where two carbon atoms
are replaced by heteroatoms (because the B- and
N- atoms have an odd number of electrons,
therefore for the preservation of the general
system it is necessary to introduce two atoms into
the graphene).

For coronene molecule it is possible to
introduce heteroatoms in different positions. The
necessary models for further calculations have
been chosen when comparing the total energy of
the most probable models of N- and B-
containing graphene-like particles. According to
the results of optimization of the spatial structure
of N-containing analogues of coronene
molecule, the structures of which are depicted in
Fig. 2 a, b, c: total energies are —954.5289692 (a),
—954.5110171 (b) and —954.5344694 a.u. (c). A
comparison of the total energy of three nitrogen-
containing analogues has proved that the lowest
value will be for the molecule in which the
nitrogen atoms are placed in a para-position
relative to each another (NN1-4 coronene), in the
so-called piperazine configuration (see Fig. 2 ¢).
For the B-containing analogues of the coronene
molecule, there is a similar case — the lowest
total energy (—889.9057155 a.u.) inherent the
structure in which the boron atoms are in para-
position relative to each another (BBI1-4
coronene), (Fig. 2 f). The other two structures
(Fig. 2d, e) are energetically less likely
(—889.8934244 and —889.8717995 a.u.).
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Fig. 1.

Molecules of pyrene (a), coronene (b) and PAM CssH;s (¢); B- and N-containing (d, e) analogues of pyrene,

which simulate graphene nanoparticles with heteroatoms
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Fig. 2.

Therefore, in the subsequent calculations
these models of graphene planes were used, i.e.
‘NN1-4 coronene’ and ‘BB1-4 coronene’
molecules. In addition, to take into account the
impact of the dimensional effect and places of
localization of the atoms of nitrogen or boron on
energy of molecular hydrogen adsorption with
models of graphene planes, except for the above
described (Fig. 2), the carbon PAM of larger size
containing 52 C-atoms and several of their
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1-4 coronene analogues: nitrogen-containing NN (a, b, ¢) and boron-containing BB (d, e, f)

nitrogen and boron counterparts with different
position of heteroatoms have been involved.
N-atoms were placed both in the central part
of the PAM Cs;N,H;s (Fig.3a) and at its
periphery (Fig. 3 b). According to the calcula-
tions for the model in which the nitrogen atoms
are located in the center, the total energy is lower
(-2089.4305039 a.u.) than that for the model in
which the nitrogen atoms are at the periphery
(—2089.4112309 a.u.). Realistically, heteroatoms
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can be placed both in the center of the graphene
plane and closer to the periphery, so it is
important to investigate the adsorptive capability
of molecular hydrogen in the two models
mentioned.

By analogy with the N-containing models, the
B-containing PAM were also built. The total
energy of the B-containing structure with the
boron atoms in the center, as well as in the
previous case, is lower (-2030.0269163 a.u.),
than in the structure with the boron atoms at the
periphery (—2030.0069518 a.u.).

The equilibrium spatial structure of
reagents molecules, product reactions, and the

configuration of transitional states were found
to minimize the gradient norm of total energy.
The stationarity of the points that correspond to
the lows of the optimized structures proved the
absence of negative eigenvalues of the Hesse’
matrices (matrices of power constants), while
the presence of transitional states was
confirmed by the existence of the transitional
vector (iv), according to theorem of Marrell-
Leidler [23]. The correspondence between the
structures ~ of  pre-reactional = complex,
transitional state and reaction products is set by
the internal reaction coordinate (IRC) method
[24].

Fig. 3. PAM Cs;N,H ;s with different localization (allocated by ovals) of the atoms of the nitrogen (or boron): a — in
the central part of the molecule, b — at its periphery

Calculation of physical adsorption energy
(AEph.ads.) of Hy molecules from the gas phase was
conducted according to formula (1):

AEphad& = Ephads‘compl‘ - (Esurf + EHZ), (1)

where Epp ads.compi. — total energy of a complex with
physically adsorbed molecule H», Ey.r and En —

total energy of graphene-like cluster and
hydrogen molecules respectively.
Hydrogen chemisorption energy was

considered in the framework of two approaches.
According to the first one, when examining the
mechanism of dissociative chemisorption Ha, this
energy was defined as the energy reaction effect
(Ereact) by the formula (2). This value takes into
account the energy of breakdown of H-H bond
and stabilization contribution, due to formation of
two new C-H bonds:

2

where Ech.ads.compi. 18 the total energy of a complex
with the chemically adsorbed molecule H,. In
addition, the so-called total energy of

AE!‘eacL = Echad&compl. - Eph.ads. compl.»
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chemisorption, defined as energy released in the
interaction of H, molecules from the gas phase
with graphene-like clusters (AEch.qqs.), 1S similar to
that from the formula (1):

AEch.ads. = Ech.ads.compl - (Esurf + EH2)~ (3)

The activation energy of the reactions (Ec)
was defined as the difference between the values
of the full energy of transition state and the
complex of physically adsorbed molecule H»
(Ephuds,cnmpl‘ ) :

“)

where E7y is the total energy of a transitional state
between the states with a physically and
chemically adsorbed H» molecule.

RESULTS AND DISCUSSION

EacL = ETS - Ephad&comp[ 5

Physical adsorption of molecular hydrogen
on the graphene-like plane. As a result of
optimization of the spatial structure, physical
adsorption complexes of hydrogen molecules
with pyrene molecule and its N- and B-containing
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analogues are localized. They are similar to each
other, namely, in all intermolecular complexes,
the H, molecule is perpendicular to the graphene
plane. It is found out that the shortest
intermolecular distance of C--H (2.66 A) in the
complex with pyrene, and the longest (2.89 A) —
for the complex with the boron derivative of
pyrene. The calculated values of the energy of
physical adsorption (AE).qq4.) for these complexes
by the formula (1) indicate that for all three cases
AEp.qas. 1s almost identical and has insignificant
negative value. For pyrene and its nitrogen-
containing analogue it is —8.5 kJ/mol, and for
boron —8.3 kJ/mol.

With increasing the size of the graphene-like
plane in the adsorption complex from the pyrene
to the coronene and its heteroatomic derivatives it
can be seen that the spatial structure of all
intermolecular complexes is similar to that of
examined above. Distance C--H is somewhat
shorter for all complexes with coronene molecule
(0.1 A) of similar distances in adsorption
complexes with derivative pyrene, and for
complexes with pyrene and coronene this value is
practically the same (2.6 A). Along with the
decrease of intermolecular distances in
complexes with coronene and its N-containing
derivative, the energy of physical adsorption is
increased by about 1 kJ/mol (-9.9 kJ/mol for the
coronene and —9.8 kJ/mol for ‘NN1-4 coronene’,
except for the complex with a boron-derived
coronene, for which this characteristic was
reduced from —8.3 to —7.1 kJ/mol.

Further increase in the size of PAM does not
lead to a significant change in the structural and
power parameters of the physical adsorbed
complexes. The distance between H, molecule
and PAM CsHis is the same as in previously
examined complexes with coronene and pyrene,
and is 2.65 A. And AEp, q4s. is smaller on 2 kJ/mol
from the similar characteristics for the coronene
and is —8.1 kJ/mol.

For N-containing PAM the increase in the
size from pyrene-like structure to the CspN>His
results in a monotonous slight reduction of the
intermolecular distance C--H from 2.82 t02.69 A,
which correlates with the insignificant increase of
energy of physical adsorption from —8.5 to
—10.0 kJ/mol. With further increase in the size of
the B-containing PAM to Cs:BoHig
intermolecular distance is not substantially
increased with 2.80 to 2.87 A. This is also the
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meaning of AEp,.i, which is not expected
increased for 1 kJ/mol to —8.2 kJ/mol.

Consequently, the analysis of the calculations
of complexes with physically adsorbed hydrogen
molecule has shown that the size and nature of
heteroatoms in them weakly affect the physical
adsorption of the hydrogen molecules on the
carbon materials, however, regardless of the size
of the PAM, the best hydrogen molecule
physically adsorption is observed on the
B-containing graphene-like material.

Dissociative chemisorption of molecular
hydrogen on the graphene-like plane. With
further convergence of PAM with hydrogen
molecule, its chemisorption comes with the
formation of chemical bonds C-H and rupture of
bonds H-H, as shown for the example of pyrene
(Fig. 4 a) and its derivatives with atoms of N and
B (Fig. 4 b, ¢). The geometric parameters for all
three complexes are almost the same, however it
should be noted that the longest bonds C-H are in
B-containing pyrene (1.119 A) and the shortest
for pyrene (1.097 A), distances H--H for these
three complexes are more than 2 A.

Analysis of the results of calculations
indicates that the values of total energy of
chemisorption, obtained by the formula (3), are
substantially different for these three structures.
In particular, for the pyrene AE ¢ qas 1s the highest
(+154.1 kJ/mol). Replacement in the molecule
pyrene two C-atoms on two N-atoms leads to a
significant reduction in the energy of
chemisorption (—74.5 kJ/mol), and for the
B-containing derivative (Fig. 4 ¢) AEc.qas. 1s the
lowest (—119.0 kJ/mol).

It is important to note that the spatial
structure of the transition state for pyrene and
its N- and B-containing derivatives (Fig. 5) are
significantly different, indicating that nature of
the heteroatom influences the mechanism of
chemisorption of molecular hydrogen on the
graphene-like plane.

In particular, it is found by the IRC method
that during the convergence of hydrogen
molecule with C-atoms of pyrene molecule,
firstly one of the C-atoms of pyrene comes from
the plane of pyrene molecule, changing the type
of hybridization of their atomic orbitals with sp’
on sp’ at the distance of C-H 1.320 A. In this case
the distance between the 2" H-atom of the H,
molecule and the neighboring C-atom of pyrene
molecule is synchronously decreasing. This
C-atom is obtained from the plane of the pyrene
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molecule, distance H--H continues to increase
and structure is formed depicted in Fig. 5 a.
Confirmation for this structure to correspond to a
transitional state is the presence of a transitional
vector with apparent vibrant mode with a wave
number i2412.58 cm™'.  Calculated energy
activation by the formula (4) is +484.7 kJ/mol.
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The energy response effect in accordance with (2)
has even greater value (+162.4kJ/mol) in
comparison with the value obtained with the
formula (3) AEchaas. (+154.1 kJ/mol) due to the
disregard energy of physical adsorption (about
8 kJ/mol).

- 1. 111 I'::-L
“ - 5 = [ ‘“‘:" i-‘i &
.- % 4 -2
» ™ w -
b c

Fig. 4. Structures of the complexes of chemisorbed hydrogen molecule on pyrene molecule (@) and its N- and B-containing

derivatives (b, ¢)
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Fig. 5. The spatial structure of the complexes of transition state of chemisorption of hydrogen molecule on pyrene

(a) and its N- and B-containing analogues (b, c)

Structure of the transitional state for the
N-containing pyrene (Fig.7 b) is significantly
different from the previous one. It is also differed
a mechanism for the chemisorption of molecular
hydrogen with this PAM. Firstly, a convergence
of one H-atom of H, molecule with one of
C-atoms begins, the last comes out of the plane of
pyrene molecule and at the same time the distance
H--H increases. After the formation of the
chemical bond C-H between not involved H-atom
of H; and other C-atom, the formation next bond
C-H begins. The corresponding transitional state
is characterized by the transitional vector with the
wave number /986.98 cm ™. The activation energy
in this case is twice as lower as compared to the
pyrene (+242.6 kJ/mol). The energy effect of the
reaction is negative (—65.9 kJ/mol), which
indicates the self-validity of this process, as
opposed to the previously considered pyrene
molecule.

A completely different, symmetrical structure
belongs to a transition state in the interaction of
molecules H, with B-containing analogue of
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pyrene (Fig. 5 ¢). Peculiarities of the mechanism
of chemisorption are that when approaching a
hydrogen molecule along a line perpendicular to
the plane of B-containing pyrene molecule in the
pre-reactive complex, at the distance of C-H
approximately 1.6 A the H, molecule returns to
90 ° and is placed in parallel to the graphene plane
of the derivative of pyrene. After that there is
further convergence of the H-atoms of H, with
carbon atoms with a simultaneous rupture of
chemical bond into the hydrogen molecule. The
activation energy for this process is the smallest
of all three examined cases (+182.2 kJ/mol).
However, the energy effect the reaction is also the
lowest (—110.7 kJ/mol). The presence of a
transitional state is confirmed by a transitional
vector with a wave number i1959.02 cm™'.

The next step was to find out the influence of
heteroatoms on the chemisorption of hydrogen
molecule by increasing the size of the PAM to
coronene. As with the study of physical
adsorption of hydrogen molecule, for this case the
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appropriate structures of N- and B-containing composition, in which two atom hydrogen can be
graphene molecules are chosen (see Fig. 2 ¢, f). associated with different C-atoms of carbon of
In case of chemisorption involving nitrogen model molecules. The lowest energy among them
and boron analogues of coronene it may form a is the one in which the hydrogen atoms are
significant number of different reaction products attached to the C-atoms, which are adjacent to the
from different structure, but the same general N-atoms, as shown in Fig. 6.
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Fig. 6. The equilibrium spatial structure of the most probable complexes, formed at dissociative chemisorption of H,
molecule on the N-containing PAM ‘NN1-4 coronene’

For B-containing PAM, similar to the Activation energy (482.8 kJ/mol) and the
previous case, the lowest energy will be for the reaction energy effect (+158.4 kJ/mol) are the
chemisorption complex, in which the H-atoms highest for the chemisorption of H, on the
form chemical bonds in the structure ‘BB1-4 coronene molecule. The lowest absolute values of
coronene’, which is similar to the N-containing Eur (224.4kJ)/mol) and AFEe: (—45.4 kl/mol)
complex, shown in Fig. 6 e. Also, for comparison, have a place for the boron derivative ‘BB1-4
it was localized chemisorption complex of coronene’. However, it should be noted that
coronene molecule (Cy4Hiz), in which the H- these values are slightly higher compared to the
atoms form H-C bonds in such a way as it takes case of pyrene (Eaer. = 182.2 kJ/mol,
place in the complex depicted in Fig. 6e. AFEeqe. =—110.8 kJ/mol). Also higher is the value
Calculations according to the formula (3) for of the activation energy (304.4 kJ/mol) and the
these three complexes of coronene molecule and energy effect of the chemisorption reaction
its heteroatom-containing analogues have shown (-37.5 kJ/mol) for ‘NN1-4 coronene’, compared
that the lowest value of AFEcas 1s for with the similar parameters for the ‘BB1-4
B-containing complex (-52.5 kJ/mol). For coronene’.
coronene this energy is —47.3 kJ/mol and for the In the study of the impact of the size of the
N-containing analogue of coronene molecule graphene cluster on the energy of hydrogen
(Fig. 6 f) it is +148.4 kJ/mol. chemisorption, in addition to the molecules of

After finding out the structure of the physical pyrene and coronene, the PAM of CssHs and its N-
and chemical adsorption systems there were and B-containing derivatives in which heteroatoms
localized complexes of the transition states of the are placed in the center of the molecule and at its
reaction of the chemical interaction of molecular periphery (Fig. 3) were involved. In Fig. 8 the
hydrogen with coronene and its heteroatomic structures are given of chemisorption complexes
derivatives. As can be seen from Fig. 7, the with hydrogen molecule both in the center and
structure of all transition states is similar to the closer to the periphery of the PAM.
structure of complexes with pyrene and its For the structure of general composition
heteroatomic derivatives (Fig. 5). For them, there Cs4Hig it is obtained the value of AE . 445, Which
are a wave number of transient vectors, which is calculated by the formula (3), indicates that
make up i2476.63cm”’, i1166.15cm™ and regardless of the position of the chemisorbed
i1839.65 cm™, respectively. hydrogen molecule (Fig. 8 a, d), the value of

118 ISSN 2079-1704. X®TI 2021. T. 12. Ne 2



Sorption of molecular hydrogen on the graphene-like matrix doped by N- and B- atoms

the chemisorption energy in all cases has a smaller size (coronene: +148.5 kJ/mol; pyrene:
positive value and is more than 100 kJ/mol +154.1 kJ/mol). This indicates a low
(+125.5 kJ/mol for the complex in Fig. 8 a; thermodynamic probability of chemisorption of
+153.1 kJ/mol for the structure, which is shown the hydrogen molecule on carbon clusters under
in Fig. 8 d), which correlates with similar normal conditions, which is possible only at
values AFEcn.qds. for carbon-containing PAM of elevated temperatures.
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Fig. 7. Structure of the complexes of transition states of hydrogen molecule chemisorption on the coronene (a) and
on its N- and B-derivatives (b, ¢)
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Fig. 8. The equilibrium spatial structure of chemisorption complexes as products of interactions of molecule H,
with PAM Cs4Hg (a and d), CspNoNig (b and e) and CspB,H s (C andj)

A completely different pattern is observed for (Fig. 8 ¢, f). It has been found that regardless of
heteroatomic derivatives of PAM. In particular, the position of boron atoms in the cluster
for Cs»N2Nis, in which the N-atoms are located in (Cs2B2Hig), AEch.qas. has a negative value. In this
the center of the PAM (Fig. 8 b), the total energy case, like in the previous two (CssHis and
of chemisorption is +6.5 kJ/mol, and for the PAM Cs2N2Njg) cases, chemisorption at the periphery is
of the same general structure, in which the more likely to be (—54.9 kJ/mol) than in the center
N-atoms are closer to the periphery of the of the PAM (-12.3 kJ/mol), and chemisorption
graphene-like cluster surface (Fig. 8 ), AEch.ads. energy sign coincides with those for the
has negative value (—35.2 kJ/mol), as in previous previously examined cases for B-containing PAM
N-containing PAM of smaller size (AEchags. Of of smaller size (AEchaass 0of CiaBaNjo=-—
C14N2N10 =-74.5 kJ/mol, AECh‘adS‘ Of szNzle) = 119.0 kJ/mol, AEchAads. Of C22N2H12 = —
—47.3 kJ/mol). This is evidence of the greater 52.5 kJ/mol).
thermodynamic probability of chemisorption The structures of localized complexes of
under the normal conditions of the hydrogen transitional state depicted in Fig. 9 are similar to
molecule beside the peripheral N-atoms of PAM the above examined (Fig. 5, 7). For them, as for
in comparison with the central ones. the previously discussed, there are also existing

Similar to the above-examined complexes it transitional vectors with large quantities of the
is investigated the influence of the localization of wave number: i2679.34 cm™' for C-containing
the B-atoms in the graphene-like cluster transition state, i1380.43 cm ™' — for N-containing,
consisting of 52 C-atoms on the total energy of and i1976.01cm™’ — for B-containing,
chemisorption of  molecular  hydrogen respectively. This indicates that the increase in the
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size of the PAM does not change the mechanism
of the chemisorption of the hydrogen molecule,
and the crucial for the mechanism is the nature of
heteroatom within the composition of the
graphene-like plane.

The calculated value of the activation energy
for a boron derivative (Cs,B,Hs) is 270.2 kJ/mol,
which is the highest compared to the previously
considered boron PAM (182.3 kJ/mol for
Ci4B2Hio, 224.4 kJ/mol for C,2B,H12). The energy
effect of the AE,qq.. for Cs2BoHig has a negative
value (—46.7 kJ/mol), which is similar to the
similar value for chemisorption to ‘BB1-4
coronene’ (—45.4 kJ/mol), but is significantly
different from AFE,: for boron pyrene
(-=110.8 kJ/mol). It is evident that the increase in
the size of the PAM is increasing in activation

energy and decreasing the absolute value of
AEreact.-

A slightly higher E,.. value has been proved
for chemisorption to Cs;N>His (305.6 kJ/mol),
which is almost the same as with the participation
of ‘NNI1-4 coronene’ (304.4 kJ/mol), and
considerably higher than that in the case of
pyrene-like N-containing cluster (C14N2Ho), for
which Eq =242.6 kJ/mol. The energy effect of
chemisorption on the Cs;NoH;s is negative
(-26.5 kJ/mol), which is the lowest compared
with pyrene- and coronene-like PAM with N-
atoms (—65.9 and —37.5 kJ/mol). Consequently
(see Table), increasing the size of nitrogen-
containing PAM leads to a slight increase in
activation energy and to reduction of the absolute
value of the energy reaction effect.

. M 'i-l & T rLE & o
- E " ‘-‘l. :.: "’!‘- “.‘_‘ "‘--.; &
s = " g ¥
L J w
b
1101 o T
1387] b % T .‘ﬂ u ‘ "t‘ e
P L i T - & : I 3 q'.‘__"
- v o5 ‘&‘@J‘_ﬁ-—-.‘., "t. < . -
r- & Yo -@—%3 € —& & -
L T— ] - & —E .
L J W & L
a c
Fig. 9. Structure of the complexes of transition state of hydrogen molecule in the PAM of CssHig (@) and its N- (CsxN»His)
and B- (Cs;B;H;3g) derivatives (b, ¢)
Table. Energy of physical and chemical adsorption (in kJ/mol) of molecular hydrogen on carbon, nitrogen- and boron-
containing graphene clusters, of different sizes as well as LVMO energy (in eV) for the corresponding PAM
Content of c | B
adsorbents CiHio CuHrz CuHis CuNoHw C2NeHr  CaNeHis  CuBHiw  CxB:Hi  CaB:His
E(LVMO) -146 -1.40 -2.16 —-1.65 -1.70 -2.20 -4.14 -4.03 =3.75
AEph.ads. -8.5 99 -8.1 -85 -9.8 -10.0 -8.3 -7.1 -8.2
AEch.ads. 154.1 1484 1255 -74.5 —47.3 -36.5 -119.0 -52.5 -54.9
Eact. 484.8  482.8  466.6 242.6 304.4 305.6 182.2 224 .4 270.2
AEreact. 162.6 1584  133.6 —65.9 -37.5 —26.5 -110.8 —45.4 —46.7

The activation energy of the chemisorption of
H, on Cs4Hjs is of 466.6 kJ/mol, which is the
lowest compared to the previously considered
similar values for pyrene and coronene (484.8 and
482.8 kJ/mol). The same reduction in the energy
effect the reaction is observed at the
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chemisorption of molecular hydrogen with
pyrene (162.6 kJ/mol), coronene (158.4 kJ/mol)
and on the CssHig (133.6 kJ/mol). This indicates
that the increase in the size of the pure carbon
graphene cluster slightly reduces the absolute
value of the activation energy and the energy
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response effect. However, despite the size of
carbon PAM, the value of the activation energy
and the energy reaction effect are the highest.

The process of interaction of hydrogen
molecule with PAM can be regarded as
intermolecular oxidation-reduction, in which the
atoms of the PAM are reduced and hydrogen
molecule are oxidized. In this case the change of
degrees of oxidation of atoms of the reacting
system occurs when the transfer of hydrogen
atoms from the molecule of the recovery
(hydrogen molecule) to the atoms of the graphene
plane [25]. Therefore, if a molecule of PAM is
regarded as an oxidizer, its main characteristic is
the capability to join the electron density, namely
the electron affinity, which according to the
Koopmans’ theorem [26, 27] is characterized by
the energy of the lower unoccupied molecular
orbitals (LUMO).

As can be seen from the Table 1, the energy
of lower unoccupied orbitals correlates with the
energy parameters of hydrogen molecule
chemisorption.

It is found that regardless of the size of the
polyaromatic molecule, for a pure carbon
counterpart, the energy value of lower
unoccupied molecular orbital has the smallest
absolute value, and most of all - for boron-
containing, indicating the largest -electron-
acceptor capacity, which means an oxidative
capability to respect the molecule of hydrogen as
a reducer.

CONCLUSIONS

Analysis of the results of quantum-chemical
calculations showed exothermicity of dissociative
adsorption of molecular hydrogen on N- and B-
containing graphene materials. At the same time,

ISSN 2079-1704. X®TI 2021. T. 12. Ne 2
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for pure carbon graphene layer, the calculated
data indicates the low probability of chemical
adsorption of molecular hydrogen on it under
normal conditions.

Dissociative chemisorption of hydrogen
molecules, regardless of the nature of the
heteroatoms in polyaromatic molecule, is
thermodynamically more likely to periphery of
the model molecules than in their center.

The activation energy calculated and the
energy of chemisorption of hydrogen molecule,
regardless of the size of the polyaromatic
molecule, is the lowest for its boron counterpart.

The energy of chemisorption of hydrogen
molecule depends on the size of the model and the
positions of boron and nitrogen atoms, it has
negative value indicating the self-validity of the
relevant process. For all examined cases, energy
chemisorption parameters indicate the inefficient
use of pure carbon material for chemical
adsorption of molecular hydrogen in comparison
with N- and B- containing ones. However, use as
a reusable adsorbent hydrogen of the boron-
carbon material is inappropriate, due to its
considerably negative values of the energy of
chemisorption, and, consequently, the
irreversibility of the process of adsorption-
desorption of hydrogen.
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CopOuist MOJIEKYJISIDHOTO BOAHIO HA rpadeHonoAiOHI MaTpulli, JieropaHniii atomamu N- i B-
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No 55-155 Cui Bai Road, Ningbo, 315016, China
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eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, nikar@kartel kiev.ua

3axoHomipHOCMI 83AEMOOIL MONEKYNL 800HIO 3 2PAQeHONO0OIOHUMY NIOWUHAMU, 6 AKUX 084 AMOMU BY2leyrO
3amiwgeni amomamu azomy abo 6opy, susueno memooamu keaumosoi ximii (T@I, B3LYP, 6-31G**). /[na epaxysanus
OUCNEPCIUHUX 6HECKI6 8 eHepeilo YMEOPEHHS MIJDCMONEKYIAPHUX KOMNIEKCI8, W0 GUHUKAOMb NI0 4ac QOpMYSaHHs
A0COPOYIUHUX CYNPAMONEKYIAPHUX CIMPYKMYP, BUKOPUCMO8YEMbCs Oucnepcitina nonpaska Ipimme - D3. [na
BUBUEHHS 8NIIUBY POIMIDY 2PAPEeHON00IOH020 Klacmepa Ha eHep2ito MOIEKYIAPHOI XeMocopoyii 600HI0, BUKOPUCHIAHO
noaiapomamuyni moaexynu (IIAM) niperny, koporeny ma monexyia, wo ckiaoacmocs 3 54 amomis 8yz2ineyro, a makoic
ixui asom- i 6opemicHi ananocu, amomu N i B posmiwyromscsa 8 napa-nonioxcenHi 00uH 00 00HO20, Yy Max 368aHill
KoHbizypayii ninepazuny.

Beeoenns cemepoamoma sminioe cmpykmypy nepexionoco Cmamy ma mMexanizm xemocopoyii. Ananiz pezynomamis
K8AHMOBO-XIMIYHUX DPO3PAXYHKIE NOKA3A6 HAUGUWY eK30MePMIYHy oucoyiamusHy aocopbdyiro monexyiu H> na
B-emicuux epagernonodionux monexynax. [ns N-emicnux [IAM exzomepmiunicmo 32adanoi peaxyii oewjo Hudxicua, st
HUX THAKOJIC NOKA3AHA MOJICIUGICMb 0ecopOYii amomaprHo2o 600HIO 3 IXHIX NOBEPXOHb 3 NOOALILULOIO PEKOMOIHAYIEIO
6 easzosill asi. Y moil oce uac 0ns mooenell Yucmozo 2pa@eHonodibHo20 wapy 00epiucaHi OaHi 6KA3YIOMb HA
HEeMOJICIUBICIb XeMOCOpOYIL MOAEKYIAPHO20 800HI0. be3 noenoeo ananizy pesyivmamie 018 6CIX MOJNCIUBUX MICYb
PO3MAULYBAHHS NAPU AMOMIE BOOHIO (YMEOpeHUX 3ae0saKku oucoyiayii monexynu Hj), Konu 6oHU nO8’s3aHi
A30MOBMICHUMU NOTIAPOMAMUYHUMU MOLEKYIAMU, MONCHA 3A3HAYUMU, WO OUCOYIAMUBHA XeMocopoyia monexyau H,
He3anedcHo 8i0 npupoou eemepoamoma 6 PAM, € mepmoounamiuno 6inbiu 8ipocioHoro Ha nepugbepii MoOerbHUX
MOJEKY, HIJIC Y IXHbOMY YEeHMPI.

Knwowuosi cnosa: monexynspuuii 600ens, pagpenonodiona mampuys, copbyis, oonyeanms amomamu N ma B,
Memod meopii pynuxkyionany ycmunu, oucnepciina nonpasxka Grimme
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