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Abstract

The possible mechanisms of decomposition of benzoyl peroxide were investigated by the method of density functional theory
with the exchange-correlation functionality of B3LYP, a basis set of 6-31G (d, p). It was carried out a comparative analysis
of the quantum chemical calculations of the electronic structure of carbon nanoclusters simulating the active surface of sp?
carbon materials, including their modifications by the heteroatoms N and O. The energy parameters of the benzoyl peroxide
molecule and all possible products of its decomposition, as well as the interaction of the free radical Ph-COO- with model
graphite-like nanoclusters were considered. The calculations are compared with the experimental results of the catalytic
activity of the varieties of activated charcoal and the catalase enzyme in the reaction of the benzoyl peroxide decomposition
in a non-aqueous medium. It has been established that in the benzoyl peroxide molecule, regardless of the polarity of the
medium, the weakest is the bond (O-0). The greatest ability to decompose benzoyl peroxide, which is much larger than that
of catalase, was detected on the N-containing carbonaceous materials. It is shown that the free radical Ph-COO¢ is lighter and
kinetically, and thermodynamically interacted with the graphite-like plane of the model N-containing carbon nanoclusters.
Copyright © 2018 VBRI Press.
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Introduction

It is known that nanoporous and nanodispersed carbon
materials (CM) have the properties of catalysts in many
chemical processes of red-ox and acid-base types
(halogenation, dehydrogenation, decomposition,
oxidation-reduction, etc.) [1]. Catalytic activity of the CM
is depended on both the structural and sorption
characteristics (specific surface area, nature of porosity),
and surface chemistry (the presence of heteroatoms in the
structure of the carbonaceous matrix, surface functional
groups of acid or basic nature) [2]. CM are able to
influence on the variety of biologically important
processes that make up the metabolic pathways of living
organisms. The researches have established that the
therapeutic action of the CM is related not only to its
absorption properties, but also to the effect on the
enzymatic processes (hydrolysis of proteins, fats and
esters, sucrose inversions, decomposition of hydrogen
peroxide, urea, etc.), that is, carbonaceous materials
exhibit enzyme-like properties [3]. Several papers [4-7]
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showed that the decomposition of hydrogen peroxide on
the surface of a sp>-type carbon cluster (activated carbon
surface, exfoliated graphite, fullerenes, nanotubes,
nanohorns, graphene, etc.) is carried out by transferring
the electronic density from the cluster to peroxide
molecule in the formed complexes "carbon cluster-H,0,".
Such a transfer leads to the collapse of the peroxide
molecule, since the formation of anions OH™ is more
energetically efficient. The mechanism of the process is
represented as the homolytic decay of the H,O, molecule
by the O-O bond onto two free radicals -OH, which are
sufficiently strong electron acceptors (affinity energy
1.825 eV). Additional possibility for radicals -OH is an
interaction with a free radical fragment of a carbon cluster
with the formation of a chemical bond (the formation of
phenolic groups on the surface of the CM). In such
systems, the rate of decomposition reaction is determined
by the ionization potential (or work of the electron output,
or magnitude of the energy of the upper occupied
molecular orbital) of the carbon cluster.
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Recently, the attention of researchers attracts the use
of enzymes in non-aqueous media, since a number
of practically important organic peroxides and
hydroperoxides are not water soluble [8-10]. Therefore,
we consider interesting and relevant studies of the
enzyme-like activity of CM in non-aqueous solutions.

The purpose of this work is to study the mechanism
of decomposition of organic peroxide on the example of
benzoyl peroxide (BP) on the basis of quantum chemical
calculations of the molecular structure in different media,
as well as to simulate the interaction of the benzoate-
radical PhCOO- (product of PB decay) with model sp?
carbon nanoclusters, which include N- and O-
heteroatoms. Results of calculations are compared with
experimental data of the BP decomposition in the
presence of the samples of activated carbon KAU and its
N- and O-modified forms [11].

Experimental

To establish the mechanism of the influence of the
electronic structure of the CM on the BP decomposition,
it is carried out the quantum-chemical calculations of the
energy of the bonds in the molecule of the peroxide itself
Ph-(C0O)-0O-0-(0C)-Ph, located in different media, and
the interaction of the free radical PhCOO-« formed during
the homolytic breakdown of the BP peroxide group with
graphite-like planes of model carbon nanoclusters,
including ones with inclusion in the structure of a certain
number of N- and O-heteroatoms. Calculations were
made using the US GAMESS program [12] by the theory
of function density with the exchange-correlation
functional B3LYP [13, 14] with the use of the dispersion
correction [15] and the base set 6-31G (d, p). The solvent
medium was modeled in the approximation of the
continuum solvent model (polarization continuum model,
PCM) [16]. The free energy of physical adsorption
(4Gpns) Was calculated as the difference between the total
energy of the physically adsorbed complexes
[PhCOO-...CM] and the sum of the total energies of the
individual radicals [PhCOO¢] and graphite-like clusters
[CM], taking into account the corresponding
thermodynamic corrections:

AGins = Gg8[PhCOO-...CM] - G a95[PhCOO] - G o08[CM].

The activation energy was defined by the formula:
AGay = GPgg (transition state) - GCgg (reactants), and the
energetic effect of the reaction (41Gy.), respectively:

AGye = G%ygq (reaction products) - G%5gg (reactants),

where G%g = E; + ZPE + G,_, 051, iN Which E; is the total
energy of the corresponding optimized structure, and the
energy of zero oscillations (ZPE) and the correction value
G208« Were found by calculating the Hessian matrix of
each of these states. For the reliability of the found energy
minima and transition states on hypersurface of potential
energy, a verification was carried out in accordance with
the Merrell-Leydler theory with the additional calculation
of the Hesse matrix [17], which allows to determine
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thermodynamic and kinetic characteristics (free energy of
physical sorption 4Gphs, chemisorption 4Gens and Gibbs®
activation 4Gy,) for reaction of the interaction of the
radical PhCOO+ with graphite-like planes of model
nanoclusters at 298 K.

For objective interpretation of the results of quantum-
chemical calculations, they were compared with the data
of experimental studies of PB decomposition on samples
of activated carbon KAU and its two modifications -
oxidized (O-KAU) and nitrogen-containing (N-KAU)
ones obtained by treatment of 30% solution of nitric acid
and by calcination of urea soaked oxidized carbon [11].
Characteristics of samples are presented in Table 1 [11,
18].

Table 1. Elemental composition, surface chemistry, structural-sorption

and catalytic properties of carbon materials on the basis of activated
carbon KAU.

Parameters Samples of CM
KAU 0-KAU N-KAU
Elemental composition, wt.% (at.%):
Carbon 99.4 (97.3) 06.2 (86.4)  89.2 (72.3)
Hydrogen 0.2 (2.4) 1.1 (11.8) 2.3(22.3)
Oxygen 0.1(0.1) 2.1(1.4) 6.2 (3.8)
Nitrogen 0.3 (0.2) 0.6 (0.4) 2.3 (1.6)
Functional surface groups, meq/g:
Carboxylic 0.04 0.84 0
Lactonic 0.06 0.20 0.45
Phenolic 0.02 1.39 0.05
Total acidic 0.12 2.43 0.50
Total basic 0 0 1.90
Structural sorption characteristics:
Pore volume
(Vs), cm®lg 0.50 0.85 0.90
BET surface area
(Ssp), M?lg 920 790 940
Average pore
radius (), nm 2.1 2.2 2.0
Catalytic activity on BP decomposition*:

Michaelis’
constant, mM/L 480 1120 30
Coefficient of
affinity 2.110° 8.9-10* 3.3.10?

*The catalytic ability of CM in relation to the decomposition of BP were
determined and compared with the activity of catalase by the method of studying
the Kkinetic regularities of the course of enzymatic reactions over the Michaelis’
constants (Ku) [18]. These constants were determined from the dependences of
Laynuiver - Burk in the double inverse coordinates of the initial reaction rate and
the concentration of the substrate (BP solutions in ethyl acetate) [19]. For catalase
K in this reaction was 340 mmol/L (coefficient of affinity 2.9-10).

The analysis of the reaction products of the BP
decomposition was carried out by the method of TPD
mass-spectrometry [20] in the range 1-210 a.m.u. The
most probable products corresponding to certain masses
are given in Table 2.

Table 2. Probable products of the catalytic benzoyl peroxide
decomposition on the carbon materials (samples of activated carbons
KAU) according to the temperature-programmable mass-spectrometry.

m/z Products
17,18 ‘OH , H,0O
28 CcO

44 CO,

77 Ph*
105 PhCO-

121,122  PhCOO:-, PhCOOH
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Results and discussion

The experimental data presented in the methodical part
show that the catalytic activity of CM (activated carbon of
KAU and its modifications) in the BP decomposition is
significantly increased (K decreases) with increasing
volume of sorption pores (Vs) and specific surface area of
(Ssp), and, vice versa, with a decrease in the average pore
radius (7). But the greatest influence on catalytic activity
is observed from the presence of N- and O-heteroatoms.
Thus, the introduction of N-atoms into the carbon matrix
increases, and O-atoms (in the form of surface groups of
acidic nature) decreases the catalytic activity of CM in the
BP decomposition. Similar patterns were observed in
works [6, 7, 21] at study of H,0O, decomposition by
different nitrogen and oxygen-containing CM. It should
also be noted that the enzyme-like ability of N-containing
carbon in a non-aqueous medium was on the order higher
than activity of native catalase. This gives us reason to
suppose that the activity of CM in the reactions of the BP
decomposition in non-aqueous media will be equally
determined by the electron-donor ability of a carbon
catalyst, namely, its ionization potential I, (or the work of
electron output A, or the energy level of upper occupied
molecular orbital of the Ejomo, €tc.).

Quantum-chemical study of homolytic degradation of
benzoyl peroxide

The calculations for optimization of the structure and
energy parameters of the BP molecule and all possible
products obtained at breakage of bonds are made. In
particular, it is considered the homolytic coupling of 0-O
(1) (Fig. la) with the formation of two free radicals
PhCOOQe, the relative molecular weight of which is
121 amwu. In turn (Fig. 1b), radical PhCOO-
can homolytically decompose onto phenyl-radical Phe
(77 a.m.u.) with the release of CO, molecule (44 a.m.u.).
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Fig. 1. Possible ruptures of covalent bonds in the molecule BP (a) and
products of its decomposing (b, c) by the homolytic mechanism.
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The BP molecule can also decompose with coupling
O-C (2) (Fig. 1a) onto two free radicals PhCOOO- and
PhCO- with respective molecular weight of 137 and 105
a.m.u. The first of these can be disintegrated with the
formation of molecule O, and a free radical PhCOs,
which, in turn, can decompose with the breakdown of the
C—C bond to the molecule CO (28 a.m.u.) and phenyl
radical Phe. It is also possible a breakage of the C—C bond
(3) (Fig. 1a). In this case, the phenyl radical Phe and the
radical PhCOOOCO-+ with a weight of 165 a.m.u. can be
formed. The last, like the preceding one, can decay with
the break-up of the O—O bond (5) (Fig. 1c) and the
formation of the PhCOO- radical and molecule CO,. It
should be noted that the radical PhCOOOCO- (Fig. 1c)
did not succeed in locating in general, since optimizing
the structure of it lead to increase of the interatomic
distance of the O—O linkage (5) to 2.5 A and more, which
in effect means its breaking and formation of radical
PhCOO- and molecule CO,. Consequently, the absence in
the experimental TPD of mass spectra of a fragment with
a mass number of 165 a.m.u. is explained by the
theoretically predicted thermodynamic instability of the
mentioned radical (Fig. 1c).

The results of calculations on the values of the energy
of bond breaks in the BP molecule are summarized in
Table 3. As can be seen, regardless of the medium chosen
for calculating, in the BP molecule the bond O-O is
weakest (Fig. 1a), and this results to the formation of two
radicals PhCOOQe-. Significantly stronger bond is between
the carboxyl group and benzene ring C—C (3) (Fig. 1a).
The strongest link is O—C (2) between the peroxide
oxygen and carbon of the carboxyl group (Fig. 1a). The
thermodynamic probability of its rupture is the lowest,
which is confirmed by the absence in the experimental
TPD of the mass spectrum of a fragment with a mass
number of 137.

Table 3. The values of the energy of breaking of bonds in the molecule
of benzoyl peroxide in different media (kJ/mol).

Energy of breakage, kJ/mol

Media (u; &) 0-0 0-C c-Cc ccC

] &) (©) @

Ethyl acetate (6.1; 1.81) 9255 3195 1206 224
Acetone (20.9; 2.84) 96.71 326.2 1231 257
Carbon tetrachloride (2.2; 0) 101.3 3297 1237 259
Butanol (17.1; 1.66) 1045 3279 1368 226
Acetic acid (6.19; 1.74) 1149 3356 1472 205
Vacuum (1; 0) 1055 3922 1235 182

Thus, with the breakdown of the bond C—C (3), four
products of BP decomposition can be formed - stable
molecules CO and CO, (28 and 44 a.m.u.) and two free
radicals PhCOO+ and Phe (105 and 77 a.m.u.), which can
take part in interaction with CM.

The obtained results suggest that homolytic
degradation of the BP molecule, irrespective of the
medium, is most likely to be decomposed into two
PhCOO- radicals, which subsequently interact with
nanoclusters of CM surface or decompose on the phenyl
radical Phe and the molecule CO..
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Quantum-chemical study of the interaction of
free radical PhCOOe« with graphite-like nanocluster of
CM

Coming from the elemental composition, structural-
sorption characteristics and the nature of the surface
functional groups of the studied CM (Table 1), it is
practically impossible to uniquely propose universal
structures that would simulate the reagent plots of the
carbonaceous catalyst surface. The chemical composition
of real catalysts involves the presence of four basic
elements: C, H, O and N. Their ratio can vary widely, and
this affects the identity and properties of the CM. Thus, a
small percentage of H, O, and N in the material make it
possible to consider as pure carbon. A significant
percentage of H converge material to organic compounds
of polyaromatic type. A high content of O in the material
causes the presence of an independent class of substances
called oxidized CM (oxidized carbon, oxidized graphite,
oxidized graphene, oxidized nanotubes, etc.), and they are
often considered as carbonaceous cation exchangers.
Finally, CM with a high content of N (nitrogen-containing
materials) are known as having an increased basicity
and appear anion exchange and electron-donating
properties.

It is known from experiment [11] that oxidation of
CM leads to decrease, while nitrogenation of carbon
matrix to increase of their catalytic activity in the
reactions of decomposition of hydrogen peroxide, benzoyl
and lauryl peroxides, etc. Typically, the value of the
catalytic activity of the studied CM correlates with their
electron donor capacity, which is quantified by physical
parameters: ionization potential (lp), work of electron
output (Ae), energy level of upper occupied molecular
orbitals  (Enomo) for the corresponding  model
nanoclusters. It should be emphasized that the results of
the calculation of I, for model of carbon nanoclusters,
which simultaneously contain N- and O-atoms, strongly
depends on their number and location. The value of I, can
be either smaller or greater than the ionization potential of
pure carbon nanoclusters [21]. For the pure carbon
structure of planar (sp?) carbon nanoclusters the
polyaromatic structure CqsHyo (calculated 1, = 5.246 eV)
was used:

H H
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Since oxidation and nitrogenation of the CM leads to
the formation of O-, N-, and mixed O, N-containing
products, their surface was modeled by appropriate  O-,
N-, and mixed N, O-containing nanoclusters. Selective
structures are presented in Fig. 2. They are grouped so
that the first group of them (1) - (6) has calculated values
of I, less, and the second group (7) - (12) more than for
pure carbon nanoclusters CigHiyo. The results of
calculations are presented in Table. 4

H H
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Fig. 2. Structures of carbon nanoclusters that simulate possible active
plots of the carbon materials surface.

453



Research Article

Table 4. Calculated data for model nanoclusters (1) - (12).

2018, 9(6), 450-455

Elemental content, at.%

N Formula 1, eV
C H O N
1 C12N4Hio 46.2 385 - 153 2.425
2 C12N30:Hq 48 36 4 12 2.748
3 C1NaHyo 538 385 - 7.7 3.108
4 C1N4OzHy0 46.7 333 6.7 13.3 3.241
5 C10N30sHs 435 217 217 131 3.344
6 C12N20zHs 50 333 8.3 8.3 3.589

CisHio 61.5 38.5 - - 5.246

7 C16N104Hs 55.2 27.6 13.8 3.4 5.791
8 C12N206H, 50 16.7 25 8.3 5.932
9 C13N205Hs 52 20 20 8 6.057
10 C160,Hs 61.5 30.8 7.7 - 6.370
11 Ci1sN:OsHs 55.6 22.2 18.5 3.7 7.037
12 C1406H4 58.3 16.7 25 - 7.334

On the Fig. 3 a diagram clearly demonstrates the
dependence of the ionization potential of the calculated
nanoclusters on the content of N- and O-atoms in them.

\onization potential, eV

N, at.g 0

Fig. 3. The dependence of the ionization potential (in eV) of
nanoclusters from the content (in at. %) in them of N- and
O-heteroatoms. The plane shows the potential value of polyaromatic
structure Ci6Hyp that used as a model of pure carbon nanocluster
(I, = 5.246 eV).

From Table 4 and Fig. 2 it can be seen that the
structure (1) - (6) are N- and N, O-containing
nanoclusters, which have higher electron-donor ability
than pure carbon nanoclusters CisHio. Average value I,
for these structures is 3,08 + 0,33 eV, which is very close
to the magnitude of ionization potential of nanocluster (3)
- CuuNoHyg (3,108 eV). Structures (7) - (12) represent O-
and O, N-containing nanoclusters that have lower
electron-donor ability than pure carbon. The average
value I, for them is 6.42 + 0.51 eV, which is close to the
magnitude of the potential of the nanocluster (10) -
C160,Hs (6.370 eV). Therefore, for a detailed definition of
the thermodynamic and kinetic characteristics of the
interaction of free radicals PhCOOe+ with graphite-like
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planes of pure carbon, nitrogen- and oxygen-containing

materials we selected nanoclusters, accordingly, CigHjo,

C1605Hg and C14NoH .

On the basis of quantum-chemical calculations it was
established that the interaction of the graphite-like plane
of the CM with the radical PhCOO- takes place in two
stages:

(1) Formation of a physically adsorbed complex
[PhCOOs...CM]pps;

(2) Formation (after overcoming the energy barrier of the
transition state [PhCOO-...CM],¢) chemical bond
between the reactants [PhCOO*—CM]ps.

The structure of corresponding nanocomplex (on
example of O-containing carbon nanocluster C1,0,Hg and
radical PhCOOQ-) is shown in Fig. 4. For N-containing and
pure carbon nanoclusters the structures of the complexes
are similar. The resulting thermodynamic (4Gphs, 4Gcns)
and kinetic (4Gy) characteristics of the interaction
radical PhCOO+« and nanoclusters CigHyp, C160,Hg and
C1N,yHyq are presented in Table 5.

activated complex
(transition state)

physically sorbed
complex complex of
reaction products

Fig. 4. Scheme of interaction of the radical PhCOO+ with the
nanocluster C160,Hs.

Table 5. Thermodynamic (4G AGes) and  Kinetic  (4Ga)
characteristics of the interaction of the PhCOOe radical with carbon
nanoclusters.

Nanocluster Tonization AGpps, AGue AGg
potential, eV kJ/mol kJ/mol  kJ/mol
CusNaHjo 3,108 -18,7 4,8 -5,30
Ci¢Hio 5,246 -13,5 37,6 -6,60
C160,Hs 6,370 -12,0 35,9 -6,67
X Y, Y, Y;
R*(Yi=a;+ bX) 0,990 0,876 0,930

As it can be seen from Table 5, the strongest
physically adsorbed complex is [PhCOO«...C14N2H10]pns,
since such system has most negative value of the
energy of physical adsorption AGphs. In such
complexes the surface of radical PhCOO- is almost
parallel to the graphite-like plane of the nanocluster
(Fig. 4). The formation of the chemisorption complex
[PhCOO+—C14N,H1g]cns 0ccurs through the formation of a
transition state [PhCOQes...C14NoHyglact, in which the
radical is coordinated with the plane of the nanocluster by
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one of the oxygen atoms of the group -COOs. The
reliability of the existence of transition states is confirmed

by the presence of one imaginary vibration mode (ivy)
that corresponds to the transition vector, which
characterizes the direction of the coordinate shifts of
atomic nuclei at the transition from the starting materials
to the reaction products.

According to the results of quantum chemical
calculations, the chemisorption of radical PhnCOO- is most
easily carried out on the N-containing Cy4NyHyg
nanoclusters, since it requires the lowest activation energy
AGyet (4.8 ki/mol), while for nanoclusters CigHyq and
C160,Hs the activation energy 4Gy is much higher (37.6
and 35.9 kJ/mol, respectively). It is also clear from
Table 5 that the highest value of the thermodynamic
effect of PhCOOQOe< chemisorption is observed on
nanocluster CyNy,Hig with AGgs = -5.3 kd/mol, in
comparison with similar values for CigH;g and C160,Hs.
This means that the surface of the N-containing carbon
catalysts will be the easiest to regenerate for the next
chemisorption acts of benzoyl decomposition products,
first of all with PhCOOQ- radical.

Conclusion

In the benzoyl peroxide molecule, the weakest bond is
(O-0), due to the rupture of which the formation of two
radicals CgHs-COO- is most likely to be. Radicals, in turn,
are able to decompose with the formation of a phenyl
radicals (*CgHs) and CO, molecules.

Thermodynamic (4Gpns, 4Gens) and kinetic (4Gacr)
characteristics of the interaction of PhCOO¢ radical with
carbon nanoclusters are determined by their electron-
donor ability (ionization potential). In non-aqueous media
(solutions) nitrogen-containing carbon materials have
significantly higher catalytic activity compared to the
enzyme catalase.
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