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Using the methods of quantum chemistry, the energy effects of the interaction of partially oxidized graphene-
like planes with each other and the effect on this characteristic of the nature of the functional groups present in the
oxidized graphene-like planes, as well as the dimensions of the graphene-like planes themselves, were clarified. It
was established that the reaction between the hydroxyl and aldehyde groups of two interacting graphene-like planes
is the most thermodynamically probable, regardless of the dimensions of the graphene-like planes. The reaction
between two carboxyl groups of different graphene-like planes is the least thermodynamically probable. To create
nanocomposites by interacting graphene-like planes with each other, it is necessary that the graphene-like planes

contain hydroxyl and aldehyde groups.
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Introduction

Creation of sp-hybridized carbon-carbon composite
nanomaterials is a promising direction of modern science
[1-4]. Nanocomposites with the specified properties, as
evidenced by the literature, can be created in a wide
variety of ways, in particular, in the interaction of sp2-
hybridized carbon materials with inorganic compounds
and metals [5, 6], with polymers [7, 8], as well as with low
molecular weight organic substances [9, 10]. Also, when
obtaining new sp?-hybridized carbon-carbon composite
materials with unique properties, it was recently possible
to obtain functionalized carbon materials [11-14], in
particular, partially oxidized forms of graphene [15, 16].
One of the promising ways of creating carbon
nanocomposites presented in [17] is its result in the
production of large-scale graphene sheets by dispersing
graphene particles with certain functional groups in
organic solvents.

Another approach to the experimental creation of
carbon nanocomposites is based on the so-called
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crosslinking of graphene sheets [18-20], that is, on the
covalent interaction of different graphene-like planes
(GLP). In particular, work [21] even proposed the concept
of so-called conformational engineering, which consists in
the construction of new composites from sheets of
oxidized graphene. It was reported in [22] that
dehydration, for example, by vacuum drying an aqueous
solution of graphene oxide (GO), causes irreversible
spontaneous cross-linking of its sheets. Dehydrated GO
films retain their structural integrity in water, and they can
no longer re-disintegrate into individual layers after
stirring. At the bilayer level, after dehydration, folded GO
sheets are fixed, which do not dissociate together even
after sonication. Spectroscopic studies confirm the
formation of new chemical bonds, suggesting a
condensation-esterification reaction between GO sheets.

To find out the features of the creation of new carbon
nanocomposites, computer modeling methods are
successfully used, in particular, calculation schemes of
quantum chemistry [23-26], as well as molecular
dynamics [27-29].
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It is known that the process of creating a composite
material based on thermally expanded graphite (TRG) and
carbon nanotubes (CNTSs) consists in simultaneous
deagglomeration of CNTs and intercalation of natural
graphite [30]. This procedure can be carried out in two
ways: electrochemical (anodic) or chemical oxidation. In
our previous works [31-33], it was shown that the process
of creating a carbon nanocomposite TRG-CNT occurs as
follows: graphite oxidized to the first stage was
hydrolyzed, washed to neutral pH, dried and heat-treated
at a temperature of ~1000°C in a gas horizontal industrial
furnace. Next, the obtained TRG nanocomposite powder
was rolled on horizontal rolls. It was assumed that the
formation of sp2-hybridized carbon-carbon composites is
related not only to the effect of physical factors (pressure,
temperature) on the starting material, but also to the
chemical interaction of individual partially oxidized GLPs
with each other. Since there are various oxygen-
containing functional groups on the surface of partially
oxidized carbon graphene materials, which are capable of
exhibiting significant chemical activity [34]. But it
remains unknown how covalent bonding of GLPs is
possible during the formation of sp?-hybridized carbon-
carbon composite materials. Therefore, the goal of the
work was to find out the interaction energy of partially
oxidized graphene-like planes with each other and the
effect on this characteristic of the nature of functional
groups that are present in oxidized GLPs using quantum
chemistry methods.
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I. Objects and calculation methods

Polyaromatic pyrene molecules with different
functional groups on their periphery were considered as
models of partially oxidized GLPs, while the functional
groups were chosen so that the carbon atom near them had
a different degree of oxidation, the lowest near the
hydroxyl group (Fig. 1, a,d,qg), higher - in carbonyl (Fig. 1,
b,e,h). and the largest - in carboxyl (Fig. 1, c,f,i).

Inaddition, in order to take into account the size effect
of GLP on the energy parameters of the studied reactions,
graphene-like planes with a gross composition of C24H12
(coronene) were used (Fig. 1, d—e). and Ca2Hae (Fig. 1, e—
9)-

Calculations were performed using the GAMESS
program (US) [35] within the framework of the density
functional theory (DFT) with the B3LYP functional [36,
37] and the 6-31G(d,p) basis set, taking into account the
Grimme D3 dispersion correction [38, 39] . This
calculation method has proven itself well in modeling
graphene-like clusters [40].

I1. Results and their discussion

The first of the considered reactions consists in the
interaction of GLP with a hydroxyl group on the periphery
with the same graphene-like plane (Fig. 2). At the same
time, there is an interaction of two hydroxyl groups of
different GLPs with the release of a water molecule and
the formation of a reaction product in which the GLPs are

i

Fig. 1. Equilibrium geometry of partially oxidized GLPs of different sizes, with hydroxyl (a, d, g),
aldehyde (b, e, h), and carboxyl (c, f, i) groups.
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covalently connected to each other by an oxygen bridge.

GLP-OH + HO-GLP — GLP-O-GLP + H-0.

According to (Scheme 1), a hydrogen atom of one
hydroxyl group (Fig. 2, a) interacts with an oxygen atom
of another hydroxyl group (Fig. 2, b), as a result of which
the bond between C-O atoms of the last group is broken
and a water molecule is formed (Fig. 2, d), and the oxygen
atom of the other hydroxyl group forms a covalent bond

This reaction can be represented by scheme 1:

(Scheme 1)

with the carbon atom of the second GLP. In this way, a
product is formed (Fig. 2, c), which consists of two
chemically bonded GLP planes with the help of an oxygen
bridge.

The energy effect of reactions was calculated
according to formula (1):

AEreact = [Etot(GLP—O-GLP) + Eot(H20)] - 2 Eotf(GLP—OH), 1)

where Eiwt(GLP-O-GLP) is the total energy of the
interaction product of two GLPs with hydroxyl groups,
Etwt(H20) is the total energy of the reaction product — H,0O,
Ewt(GLP—OH) is the total energy of the GLP with a
hydroxyl group.

The energy effect of this reaction (Scheme 1),
calculated by formula (1), has a positive value and is
+22.2 ki/mol (see Table).

When using larger GLP models, the reaction products
are localized (Fig. 3), similar in structure to the previous
case (Fig. 2, c).

As can be seen from Figures3, a and 3, b, despite the
different sizes of the GLP, the reaction products obtained
are similar to each other. It should be noted that the two
GLPs in the reaction products are not located in a common
plane, but placed at a small angle. For the smallest model
(Fig. 2, c), the angle between the planes is 64.4°, for the
product consisting of two coronene planes (Fig. 3, a), this
angle is much larger and reaches 90.2°, and for the largest
by the size of the reaction product (Fig. 3, b), the angle
between the GLPs is similar to the previous one and is
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equal to 90.3°. This may indicate that the further increase
in the size of GLPs with hydroxyl groups will have almost
no effect on the angle between the planes. Therefore, in
the reaction products (Scheme 1), the GLPs are located
almost perpendicular to each other, regardless of the size
of the initial GLPs. This non-coplanarity of the two GLPs
is apparently caused by a significant repulsion of a pair of
closely spaced hydrogen atoms of neighboring graphene-
like planes, one from each of them (see Figs. 2 and 3). As
the size of the graphene-like planes in the reaction product
increases, their mutual repulsion increases, as can be seen
from the distances between the hydrogen atoms of
different GLPs (2.8 A for pyrene, 3.3 A for coronene, and
3.5 A for the maximum size GLP).

The energy effect of the reaction during product
formation (Fig. 3, a), calculated according to formula (1),
also has a positive, but much smaller value, as in the
previous case, and is +1.3 kJ/mol. A similar value of the
energy of the formation of the product of the reaction
involving the maximum-sized GLP among those
considered in the work is even closer to 0, but it is slightly
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Fig. 2. Equilibrium geometry of the molecules of the starting substances (a, b) and reaction products (c, d) of the
interaction of two GLPs with a hydroxyl group on the periphery,
(here and further the distances between atoms are given in A).
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Fig. 3. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(Co4H12 — (a), Ca2H1e — (b)) with hydroxyl groups.
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smaller than the previous one and is only +0.1 kJ/mol (see
the Table).

Next, the reaction between GLP with a hydroxyl
group on the periphery and a graphene-like plane

GLP-OH + HOC-GLP — GLP-OC-GLP + H20.

According to this scheme, the oxygen atom of the
hydroxyl group (Fig. 4, a) interacts with the hydrogen
atom of the aldehyde group (Fig. 4, b). As a result, the C—
O bond between the hydroxyl group and GLP is broken,
and, in turn, the H—C bond in the aldehyde group is broken
with the formation of a water molecule. At the same time,
the carbon atom of the first GLP (Fig. 4, a) interacts with

containing an aldehyde group was considered (Fig. 4). In
this reaction, the hydroxyl group of one GLP interacts with
the aldehyde group of another GLP according to scheme
2:

(Scheme 2)

the carbon atom of the aldehyde group of the second
graphene-like plane (Fig. 4, b) with the formation of a
reaction product (Fig. 4, c¢), in which the two GLPs are
covalently linked between themselves through the
carbonyl group (>C=0).

The energy effect of reactions was calculated
according to formula (2):

AEeacet= [Etot(GLP —OC— GLP) +Et(H20)] - [Etat(GLP —OH) + Eio(HOC-GLP)], (2)

where Ewt(GLP —OC- GLP) is the total energy of the
interaction product of the hydroxyl group of one GLP with
the aldehyde group of another GLP, Eit(H20) is the total
energy of the HoO molecule, Eiwt (GLP—OH) is the total
energy of the GLP with a hydroxyl group, Ew(HOC —
GLP) is the total energy of GLP with an aldehyde group.

As the results of the calculation according to formula
(2) show, the energy effect of the reaction (Scheme 2), in
contrast to similar values for the reaction (Scheme 1), has
a negative value, for the product of the reaction, in which
the graphene-like planes are the smallest, is -17.1 kJ /mol
(see Table).

When using the coronene molecule (Fig. 1, d, €) and
the molecule with the composition Cs2H1s (Fig. 1, €, C) as
starting GLPs for the reaction (Scheme 2), reaction
products are formed (Fig. 5), the molecules of which are
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similar in structure to those considered above (Fig. 4, c).
In the molecules of the reaction products (Scheme 2), as
can be seen from these figures, the GLPs are located
relative to each other not perpendicularly, as in the
reaction products (Scheme 1), and not parallel, but at an
acute angle. In particular, for the structure depicted in
fig. 4, c, this angle is 47.8°, for the product from coronene
derivatives (Fig. 5, a) it is slightly larger and has a value
of 53.3°, and for the product of the reaction with GLP of
the maximum size (Fig. 5, b) , is 54.2°.

The energy effect of the reaction (Scheme 2),
calculated according to formula 2, during the formation of
a product from coronene derivatives (Fig. 5, a), in contrast
to the similar value (-17.1 kJ/mol), where in the molecule
of the reaction product (Scheme 2) graphene-like planes
are the smallest, has a value close to 0 and is +0.5 kJ/mol.
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Fig. 4. Equilibrium geometry of the molecules of the starting substances and reaction products of the interaction of
two GLPs that contain hydroxyl and aldehyde groups.
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Fig. 5. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(C24Hi2 — (@), C42H1s — (b)) with hydroxyl and aldehvde aroups.
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With a further increase in the size of the GLP during hydroxyl group on the periphery and GLP with a carboxyl

product formation (Fig. 5, b), the energy effect slightly group on the periphery was investigated. In it, the

decreases in absolute value to -0.9 kJ/mol. hydroxyl group of one GLP interacts with the carboxyl
Subsequently, the reaction between GLP with a group of another GLP according to Scheme 3:

GLP-OH + HOOC-GLP — GLP-O-OC-GLP + H0. (Scheme 3)

According to this scheme, similar to the reaction the first GLP (Fig. 6, a) interacts with the oxygen atom of
discussed above (Scheme 2), the oxygen atom of the the carboxyl group of the second graphene-like plane
hydroxyl group (Fig. 6, a) interacts with the hydrogen (Fig. 6, b) with the formation of a reaction product
atom of the carboxyl group (Fig. 6, b), as a result of which (Fig. 6,c), in which the two GLPs are covalently linked
the C—O bond between the hydroxyl group and GLP in the between themselves through the ester group (-O-C(=0)—
molecule of the starting substance (Fig. 6, a), while the H— ).

O bond in the carboxyl group breaks with the formation of The energy effect of reactions was calculated
a water molecule. At the same time, the carbon atom of according to the formula:

AEreact = [Etot(GLP-O-OC-GLP) +E(H20)] - [Etat(GLP-OH) + Eiot( HOOC-GLP)], 3)

where Ewi(GLP-O-OC-GLP) is the total energy of the these reaction products is that the GLPs are located in one
interaction product of the hydroxyl group of one GLP with plane, regardless of the size of the graphene-like planes
the carboxyl group of another GLP, E(H20) is the total used, which is due to the occurrence of a hydrogen bond
energy of the H,O molecule, Ei( HOOC-GLP) is the total between the hydrogen atom of one GLP and the carbonyl
energy of the GLP with the carboxyl group. oxygen atom of the other. The length of this bond is

As the results of the calculation according to formula 2.152 A, which is characteristic of the case when the
(3) show, the energy effect of the reaction (Scheme 3), hydrogen atom of the C—H bond takes part in the hydrogen
similar to the analogous reaction values (Scheme 1), has a bond. This approximately O<e*H distance is also preserved
positive value, which is for the product of the reaction, in when using larger GLPs, in particular, in the product

which the GLP is the smallest (Fig. 6, c), +26.0 kJ/mol where coronane is used as the GLP, this distance is
(see Table). 2.118 A (Fig. 7, ), and for the product in which the GLPs
When using larger GLP models (C24H12 and Ca2Hig), are of the maximum size - 2.110 A (Fig. 7, b).
molecules of the reaction products are formed (Fig. 7), The energy effect of the reaction (Scheme 3) when a
similar in structure to the previous one (Fig. 6, c). coronene molecule is used as a GLP is also positive and is
An interesting feature of the molecular geometry of 4.1 kJ/mol smaller than the similar value for the same
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Fig. 6. Equilibrium geometry of molecules of starting substances and reaction products of the interaction of two
graphene-like planes containing hydroxyl and carboxy! groups.
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Fig. 7. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(Ca24Hi2 — (), Ca2His — (b)) with hydroxyl and carboxyl groups.
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reaction, in which a pyrene molecule was used as
graphene-like planes, and is +21.9 kJ/mol. If the GLP is
dominated by a larger molecule, in particular CazHie
(Fig. 7, b), then the energy effect is also a positive value,
which has a value of +19.9 kJ/mol (see Table).

GLP —-COOH + HOOC- GLP — GLP —CO-O-OC- GLP + H,0.

According to this scheme, the hydrogen atom of the
carboxyl group of the molecule of the first starting
substance (Fig. 8, a) interacts with the oxygen atom of the
acid center of the carboxyl group of the molecule of the
second starting substance (Fig. 8, b). As a result, the C-O
bond between the hydroxyl group and the carbon atom in
the carboxyl group of the molecule of the second starting
substance is broken, while the H-O bond in the carboxyl
group of the molecule of the first starting substance is
broken (Fig. 8, a) with the formation of a water molecule.

And finally, for comparison, the interaction of two
GLPs with carboxyl groups on the periphery of each of
them is considered. This reaction can be represented by
scheme 4:

(Scheme 4)

At the same time, the oxygen atom of the acid center of
the carboxyl group of the molecule of the first starting
substance interacts with the carbon atom of the carboxyl
group of the molecule of the second starting substance
(Fig. 8, b) with the formation of a molecule of the reaction
product (Fig. 8, c), in which two GLPs are covalently
connected connected to each other through a symmetric
group (-C(=0)-0-C(=0)-).

The energy effect of reactions was calculated
according to formula (4):

AEreact = [Etot(GLP —CO-O—-OC-GLP) + Eio(H20)] - 2 Eit(GLP —COOH), 4

where Eit(GLP —CO-O-OC- GLP) is the total energy of
the interaction product of two GLP s with carboxyl groups,
Ewt(H20) is the total energy of the reaction product — H»O,
Ewt(GLP —COOH) is the total energy of the GLP with a
carboxyl group.

The energetic effect of the GLP reaction with two
carboxyl groups (Scheme 4) when using pyrene molecules
as graphene-like planes, calculated according to formula
(4), is the maximum of all previously considered and
amounts to +74.5 kJ/mol.

When the size of these graphene planes increases,
molecules of the reaction products are formed (Scheme 4),
which are also similar in spatial structure to each other
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(Fig. 9,a and 9, b) and the reaction product molecule with
carboxylatedpyrene molecules (Fig. 8).

As can be seen from these figures, in contrast to the
molecules of the products of the HP reaction with
hydroxyl and carboxyl groups (Scheme 3), in all these
molecules of the reactio n products (Scheme 4), the
graphene-like planes are not parallel to each other, but
form some angle between them, like and in the molecules
of products of the reaction of HP with hydroxyl and
aldehyde groups (Scheme 2) (Fig. 4, ¢ and Fig. 5). In
particular, the angle between graphene-like planes in the
smallest pyrene-containing reaction product (Fig. 8,c) is
77.2°. In the larger product, in which the GLP was

Fig. 8. Equilibrium geometry of molecules of starting substances and reaction products of the interaction of two
graphene-like planes with a carboxyl group on the periphery.
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Fig. 9. Equilibrium geometry of the molecules of the reaction products of two graphene-like planes
(C24H12 — (@), Ca2His — (b)) with two carboxyl groups.
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Table
Energy effects of the interaction of partially oxidized graphene-like planes with each other.
Nos.cﬁeanitelon Interaction scheme o AEreag’ (IH<J/m0I)C .
16110 241112 4217116
1 GLP -OH + HO-GLP—GLP-O-GLP + H,0 +22.2 +1.3 +0.1
2 GLP-OH + HOC-GLP—GLP-OC-GLP + H,0 -17.1 +0.5 -0.9
3 GLP-OH + HOOC-GLP—GLP-O-OC-GLP + H;0 +26.0 +21.9 +19.9
4 GLP-COOH+HOOC-GLP—GLP-CO-O-OC-GLP+H,0 +74.5 +70.6 +69.3

dominated by coronene molecules, the corresponding
angle is slightly smaller and has a value of 54.7°. For the
reaction product of the maximum size, this angle is almost
the same as the previous one and is 55.9°. Such non-
coplanarity is caused by the presence of closely spaced
oxygen atoms with a significant negative charge on each
of them in the considered molecules.

The energy effect of the reaction (Scheme 4) for the
crown-containing product also has a positive value, which
is +70.6 kd/mol, and for the reaction product of an even
larger size, this value is even smaller and its value is
+69.3 kJ/mol (see Fig. Table).

It can be seen from the table that, regardless of the size
of the GLP, the lowest absolute value of the energy effect
with the participation of the same oxygen-containing
group is characteristic of the reaction of the interaction of
the GLP with hydroxyl and aldehyde groups (Scheme 2).
It should also be noted that for all the considered reactions
except the reaction (Scheme 2), with an increase in the size
of the GLP, the magnitude of the energy effect decreases.
The greatest dependence of the energy effect on the size
of the graphene-like planes is observed for the reaction
(Scheme 1) of the interaction of the GLP with hydroxyl
groups. In this case, the values of AErec.decrease from
22.2 for pyrene-containing GLPs to 0.1 kJ/mol for Cs2H16
GLPs. For the reaction (Scheme 2), with an increase in the
size of the graphene-like planes, on the contrary, the
energy effect increases by 16.2 kJ/mol, from -17.1 to -
0.9 kd/mol. For the reaction of the interaction of a
hydroxyl group with a carboxyl group in graphene-like
planes, AErects differ by 6.1 kJ/mol when the size of the
GLP changes from the minimum to the maximum. And
with the interaction between two carboxyl groups
(Scheme 4), similar values change by only 5.2 kJ/mol.

Conclusions

Therefore, as evidenced by the analysis of the results
of quantum chemical calculations, the reaction between
the hydroxyl and aldehyde groups of two interacting GLPs
is the most thermodynamically probable, regardless of the
dimensions of the graphene-like planes.
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The reaction of the interaction of hydroxyl groups of
two adjacent graphene-like planes is slightly less
thermodynamically probable.

The reaction between two carboxyl groups of
different  graphene-like  planes is the least
thermodynamically probable.

To create nanocomposites by interacting graphene-
like planes with each other, it is necessary that the
graphene-like planes contain hydroxyl and aldehyde
groups.
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KBanToBoxiMiuHi gocaixkeHHS B3a€EMOil YaCTKOBO OKHCHEHHX
rpageHOonoAi0HUX MJIOIUH MiX c00010

Yuemumym ximii nosepxui im. O.0. Yyiika Hayionanvnoi akademii nayk Yxpainu, Kuis, Ypaina, teretsmariya@gmail.com
2Hinbbo mexuonoiunuii yuigepcumem, Hinvbo, Kumaii

Mertonamu KBaHTOBOT XiMil 3°ICOBaHi eHepreTHYHI e)eKTH B3a€MOIi1 YaCTKOBO OKHCHEHHX IPad)eHOMOAIOHIX
IUTOIIUH MiX COOOI0 i IXHS 3aJISKHICTh Bill IPUPOIY OKCUTEHBMICHUX (DYHKI[IOHAIBHHX TPYIL, SIKi HasBHI B HHX, &
TaKOX Bi/l pO3MipiB caMuXx rpadeHonoaiOHNX MIOMKH. BecTaHOBIEHO, 110 HAOIIBII TEPMOANHAMIYHO HMOBIPHOIO
€ peakmis MDK TiIPOKCWIBHOIO 1 albAETiIHOI0 TPyNaMH [BOX B3a€MOAIIOYMX TpaeHONOAIOHMX IUIOIIMH
HE3aJIeKHO Bif TXHiX po3mipiB. HafiMeHin TepMoanHaMiuHO HMOBIPHOIO € peakxilis MK JBOMa KapOOKCHIbHHUMHU
TpynamMH pi3HUX rpadeHonoMiOHNX IUIOMUH. [JI1 CTBOPEHH HAHOKOMITO3UTIB MPH B3a€MOIl rpadeHomoi0HuX
IUIONIUH MIXK 00010, HEOOX1THO 1100 Y CKJIaji rpadeHOmo[iOHUX MIOMKH OYIIU HAsBHI TAPOKCUIIBHI i aJlbJIeriTHI
IpyIH.

KorodoBi cioBa: okucHeni rpadeHononiOHi IUTONIMHM, XiMi4HA peakiis, IipeH, KOPOHEH, METOX Teopil
(yHKLIOHANA TYCTHHY, KIAaCTepHE HaOIMKEHHSI.
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