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Kinetics of initiated oxidation of cumene and benzyl alcohol in the presence of Cu (II) bis-
salicylaldiminate complexes containing trifluoromethyl or tetrafluoroethoxy substituents in li-
gand environments was investigated. The inhibitory properties of the complexes were studied
by a gas-volumetric method at 7' = 343 K and P = 0.09-0.1 MPa. 2, 21-Azo—bis—isobutyronitrile
(AIBN) was used as an initiator. During the oxidation of cumene, all studied Me-complexes ex-
hibit catalytic properties at the concentrations of 1-103 — 0.01 mol/lit, accelerating oxidation of
cumene. An increase in the oxygen pressure also does not cause the change of the initial oxida-
tion rate. During the oxidation of benzyl alcohol, all the complexes catalytically terminate the
oxidation chains. It has been established that when storing the reaction solution without access
to air, induction periods are observed on the kinetic curves, increasing with storage time. Theo-
retical and experimental induction periods and factors of inhibition were determined.

Keywords: metal complexes, catalysis, peroxyl radical, hydroperoxides, trifluoromethyl sub-
stituent, tetrafluoroethoxy group, induction period, factor inhibition.

MeTanokomMniekCHUM KaTajli3 iHiiliOBAHHOTO OKMCHEHHSA BYTJICBO/JIHIB Ta CIUPTIB:
ocobnuBocri imrioysamua. HM.0.Onetica, O.0.Benuuro, €.B.Ilenyovro, O.B.Ilasnwok,
P.B.Illenaposuu, B.€.Ienyovrko M.M.Bapar

VY crarTl DOCTIPKeHO KIHeTUKY 1HIIIHOBAHOTO OKMCHEHHS KyMOJIY Ta O€H3MJIOBOTO CIUPTY ¥
IPUCYTHOCTI Oic-caimmaabaiMiHaTHuX Komrtekcis mifil (I1), skl MicTaTh y JriraHIHOMY OTOYEeHH]
BIJIMOBIIHO TPUPTOPMETHIILHUN a00 TeTpadTOPeTOKCUIbHUN 3aMICHUK. [Hri0yiodul BJIacTHUBOCTI
KOMILJIEKCIB BUBYAJIM Ta3oBosrioMoMerpudauM meromom mpu T = 343 K ra P = 0.09 — 0.1 MlIla.
Ax imimiarop BuropucroBysamm 2,2-azo—6ic—izo6yruponitpun (AIBH). ITpu oxucHeHH] KyMOILy
JTOCJTITPKEeH] MEeTAJIOKOMILJIEKCH IIPOSIBJISIIOTh KaTAJITUYHI BJIACTHBOCTI IPU KOHIIEHTPAITIAX
1103 — 0,01 MOJIB/JI, IPUCKOPIOIOUN OKUCHEHHS KyMOJIY. 30LIBIIEHHS THCKY KICHIO TAKOXK He
HPU3BOAUTE J0 3MIiHM II0OYATKOBOI IIBUAKOCTI OKMCHeHHs. [Ipy oxkucHeHH] 6€H3UJIOBOTO CIIUPTY
KOMILIEKCH KaTAJITUYHO OOPHMBAIOTH JIAHIIOTH OKHMCHEHHs. BeTaHOBJIEHO, 1Mo IIpu 30epiraHHi
PeaKIifHOr0 PO3YHHY 0e3 IOCTYIly IIOBITPS HA KIHETHWYHUX KPUBUX CIIOCTEPITAIOTHCS MEPIlOaH
IHAYRINT, AK1 301IIBIIYIOTHCS 13 yacoM 36epiranus. BusHaueHO TeOpEeTUYHI Ta eKCIIepUMEeHTAbHI
mepioau 1HAYKINT, a TakoK PAKTOPY 1HTIOyBAHHS.
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I. Introduction

Antioxidant stabilization of oil products
and fuels contributing to the preservation of
their functional properties has always been
widely studied. Recently, interest in the search
for new systems for the antioxidant stabiliza-
tion of materials has grown in connection with
the development and widespread introduction
of alternative fuels (biodiesel, alcohol fuels)
[1]. It should be noted that during the oxida-
tion process, some inhibitors, for example,
sterically hindered phenols, aromatic amines,
phosphoprous-containing compounds, inter-
act with peroxyl radicals — this is a low-tem-
perature group (up to 150 °C). The high-tem-
perature group (> 150 °C) is characterized by
reactions with alkyl radicals (quinones, metal
chelates, stable nitroxyl radicals). In addition,
a number of inhibitors are capable of destroy-
ing hydroperoxides without the formation of
free radicals (sulfides, phosphites, metal carba-
mates), and act as oxygen acceptors (especially
at high temperatures) through nonchain inhi-
bition. Some ashless heterocyclic compounds
that have multifunctional (antioxidant, anti-
wear, anti-corrosion) characteristics are effec-
tive inhibitors. Among of antioxidant additives,
metal complexes (Me-complexes) are becoming
increasingly important. Studies have shown
that Me-complex additives in many cases are
characterized by higher antioxidant activity
than known organic antioxidants. Me-complex
catalysts for multiple oxidation chain termina-
tion [2] are particularly effective in this regard.
Such compounds are capable of decomposing
hydroperoxides with a low yield of free radicals
and can enhance the antioxidant effectiveness
of known organic antioxidants. As is known [3,
4], free radicals are formed at the initial stages
of oxidation during the interaction of oxygen
with C-H bonds. The continuation of oxidation
chains is as follows:

Re + 0, — ROO- 1)

ROO- + RH — ROOH + Re (2)

Hydroperoxides, which are formed by reaction
(2), are branching agents and the main sources
of free radicals. The reaction of hydroperoxide
decomposition and chain branching in the pres-
ence of homogeneous catalysts is one of the main
stages of the oxidation reaction. To produce ef-
fective oxidation inhibitors, it is necessary to
synthesize such coordination compounds that
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would actively interact with hydroperoxides,
but without the formation of free radicals.

The following mechanisms of decomposition
of organic hydroperoxides are mainly discussed
in the literature: radical, molecular and chain-
induced. Attention is also drawn to the effect
of solvents on the catalytic decomposition of
hydroperoxides and their decomposition in the
presence of compounds of transition metals. Ac-
cording to the proposed mechanism [4] of the
catalytic action of transition Me compounds,
hydroperoxide acts alternately as an oxidizer
and then as a reducer in the reaction with the
reduced or oxidized form of Me, respectively;
this ensures a constant ratio of the valence
forms of the catalyst and determines the effect
of catalysis.

The molecular mechanism of hydroperoxide
decomposition leads to the formation of non-
radical products. Increasing the rate of hydro-
peroxide decomposition along the “molecular
direction” reduces the rate of formation of free
radicals in the system. If the rate of formation
of radicals in the presence of a catalyst is lower
than in the absence of a catalyst, then the in-
troduction of Me-organic compounds leads to
the appearance of induction periods.

The non-catalytic decomposition of hydroper-
oxides is characterized by chain decomposition
induced by free radicals [5]. The chain decompo-
sition of hydroperoxide depends on the nature
of the catalyst. For example, in the presence of
iron phthalocyanine, tret-butyl hydroperoxide
decomposes in a chain direction, whereas in the
presence of Co salts there is no chain direction.
Such influence of the catalyst nature on the di-
rection of decomposition of hydroperoxides may
be a manifestation of the dual function of the
catalyst [6]. This effect consists in the ability
of the catalyst not only to generate the forma-
tion of free radicals, but also to take part in the
chain termination reaction. In this case, metal
compounds can interact with both peroxyl and
alkoxyl radicals, which are formed during the
decomposition of hydroperoxides.

A promising area of research is the use of
metal complexes to catalyze the termination of
chain reactions of the oxidation of organic com-
pounds. This is due to the fact that Me-com-
plexes can act not only as initiators, but also as
inhibitors of radical chain oxidation processes.
In [7], the first example of catalytic reaction
of oxidation chain termination of cyclohexanol
with copper metal complexes was shown, in
which the braking time was 400 times longer
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than in the stoichiometric (single) reaction of
oxidation chain termination. Using the exam-
ple of a large number of amines, and then ami-
no acids, alcohols, alkylsulfoxides, etc., metal
complex catalysis of oxidation chain termina-
tion was proven. Based on the analysis of kinet-
ic patterns, two mechanisms of Me-complex ca-
talysis have been proposed: catalytic reactions
localized at the central atom of the Me-complex
and reactions localized at a coordinated ligand.
The first catalytic cycle of oxidation chain ter-
mination is characteristic of transition metal
complexes, the central atom of which is capable
of one-electron transformations in radical reac-
tions. These are metals Cu (I, II), Co (II, III),
Mn (II, III), Ni, Fe, Ce with different ligands,
for example, carboxylates, porphyrins, B-dik-
etonates, phenolates, Schiff bases, etc.

In reactions of the second type, the reaction
centers are YH-groups (NH, NH,, OH, NOH,
SH) coordinated in the metal, etc. Peroxyl
radicals interact with coordinated YH-groups
to form Y-centered radicals, which are able to
reduce by second radicals =C(OO*)X. In both
the first and second cases, regeneration of the
original Me-complexes occurs.

The effectiveness of inhibition is character-
ized by the value of the gross stoichiometric
inhibition coefficient. For example, it has been
established that substituted copper bis-salicyl-
aldiminates catalyze multiple chain termina-
tion of cyclohexylamine oxidation. In this case,
the values of the gross stoichiometric inhibition
coefficients depend on the nature of the substit-
uents in the imino-fragment of the Me-complex
and are 8104, 5-103, 9102 for NO,, H, OCH,
respectively [8]. It should be noted that the
gross rate constant for oxidation chain termi-
nation depends on both the nature of the cen-
tral atom and the ligand environment. The in-
troduction of electron-seeking radicals into the
imino-component of copper salicylaldiminate
increases the chain termination rate constant
by ~2 orders of magnitude (oxidation of cyclo-
hexylamine) or 5.4 times more in the oxidation
of dimethyl sulfoxide.

Analysis of literature data shows that nu-
merous antioxidant systems have been devel-
oped, and the kinetics of oxidation of various
substrates - hydrocarbons, alcohols, amines,
etc. has been studied. At the same time, an in-
tensive search for new effective antioxidants
continues. Among them, polyfunctional anti-
oxidants whose molecules contain structural
groups of inhibitors that catalyze through dif-
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ferent mechanisms are important for practical
applications. For example, shielded phenolic
fragments or amines block radical chain oxi-
dation by destroying hydroperoxide molecules
(P, N, S) or structures — metal passivators (het-
erocycle derivatives) [9]. The ability to predict
antioxidant activity is being widely studied.
For example, it has been shown that the inhi-
bition effectiveness of phenols and amines is
achieved, if there is a certain balance between
the energy of homolytic decomposition of ArO-H
or ArN-H bonds and the ionization potential [9].
Quantum chemical calculations of the energies
of molecular orbitals of antioxidants (HOMO
and LUMO) [10], methods of molecular dynam-
ics [11] and computer chemistry are promising
and informative methods of forecasting. In the
latter case, the structure-property relationship
is analyzed using characteristic structural fea-
tures and corresponding antioxidant activity,
followed by the development of a mathematical
model [12].

Analyzing the published data, it should be
noted that the oxidation kinetics of hydrocar-
bons and alcohols in the presence of copper sali-
cylaldiminates with fluorinated substituents in
the ligand environment has been practically
not studied.

The aim of this work is to study the kinetics
of the initiated oxidation of cumene and ben-
zyl alcohol in the presence of copper (II) metal
complexes with different ligand environments,
to establish the features of inhibition, and to
determine the functional applications of the ob-
taining Me-complexes.

2. Experimental

To study the resistance of motor fuel to
oxidation in the presence of Me-complex addi-
tives, the following compounds were selected:
the aromatic hydrocarbon cumene as a model
of hydrocarbon (diesel) fuel and benzyl alcohol
as a model of alcohol fuels.

Copper salicylaldiminates Cu(Il) with dif-
ferent ligand environments synthesized by the
reaction of the corresponding Schiff bases with
metal salts were studied as Me-complexes. The
reaction was carried out in ethyl alcohol in the
presence of sodium hydroxide at a molar ratio
of Schiff base : metal salt =2 : 1.

Inhibitory properties of the complexes were
studied in model initiated oxidation reactions
of organic substrates (cumene, benzyl alcohol)
by molecular oxygen using the gas-volumetric
method with constant stirring, T'= 343 K, P =
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0.09-0.1 MPa. The stirring speed was selected
so that oxidation occurred in a kinetic mode (i.e.
the rate of oxygen absorption did not depend on
the frequency of shaking the reaction vessel).
2,21-azo-bis-isobutyronitrile (AIBN) was used
as initiator.

0.0066 g of AIBN was weighted in the re-
actor and 2 ml of a solution of a copper com-
plex in cumene or 1 ml of a solution of a copper
complex in benzyl alcohol was added. Solutions
with lower concentration of copper complexes
in benzyl alcohol were prepared by serial dilu-
tion of the initial solutions. AIBN was cleaned
by recrystallization with ethyl alcohol; cumene
was used without additional cleaning (98%,
Aldrich); benzyl alcohol was boiled with 40-%
water solution of alkali during 2 hours, washed
by water up to neutral reaction, dried by anhy-
drous potash and distilled under vacuum.

3. Results and discussion

It was noted above that the introduction of
substituents of different electronic nature into
the ligand component affects the reactivity of
the inhibitor. In the Me-complexes we have
synthesized, the ligand environment includes
trifluoromethyl or tetrafluoroethoxy groups
(Fig. 1).

The trifluoromethyl group CF5 is a strong
acceptor with the Hammett inductive constant
0; = 0.43. The tetrafluoroethoxy group is weak-
er in its influence — the o; value is 0.34 with a
slight mesomeric effect.

To study inhibitory activity of bis-SACu(II)
complexes we analyzed the process of cumene
initiated oxidation in the presence of these com-
plexes. Kinetic patterns of the relationships are

presented in Fig. 2.

Analysis of kinetic curves (Fig. 2) allows us
to conclude that in the “cumene — bis-SACu(II)”
system the last component exhibits catalytic
properties. Reactions of Me-complexes with hy-
droperoxides make the main contribution to the
chain balance at the initiation stage. [4]. Hy-
droperoxide enters into one-electron redox re-
actions with the central atom of the complex:

Cu?* + ROOH — ROO® + H*+ Cu*  (3)

Cu*+ROOH — RO" + OH+Cu?* (4)

It has been shown [4, 13] that the decom-
position of hydroperoxide is preceded by the
formation of a labile complex between the Me-
complex and hydroperoxide as an intermedi-
ate compound. The coordination sphere of the
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Fig. 2. Kinetic curves of oxygen absorption with
initiated (W; = 5.13:10""mol/lit's) cumene oxi-
dation (7' = 343 K, P(O,) = 0.08 MPa): 1 — [bis-
SACu(Il)] = 0 mol/lit, 2 = [bis-SA3Cu(I)] = 1103
mol/lit, 3 — [bis-SAICu(ID)] = 1103 mol/lit

central atom most often includes one hydroper-
oxide molecule [4]. Thereby, each molecule of
the Me-complex takes a catalytic part in the
decomposition of hydroperoxide[4, 8].

It should be noted that some copper complex-
es can manifest themselves in both antioxidant
and prooxidant mechanisms of action [14].

When the concentration of the bis-SALCu(II)
complex increased by 10 times, no induction
period was observed on the kinetic curve of
cumene oxidation (Fig. 3a). The initial oxida-
tion rate was not changed as well. Increasing
oxygen pressure in the cumene - bis-SA1Cu(II)
system from 0.08 to 0.1 MPa doesn’t lead to a
change in the initial oxidation rate (Fig. 3b).
The obtained results allowed us to conclude
that bis-SACu(Il) complexes cannot inhibit aro-
matic hydrocarbon oxidation.

It was shown [15] that the chain-radical oxi-
dation of alcohols at 80-110 °C is inhibited by
copper complexes of the general composition
CuL,. Therefore, in the further study of the in-
hibitory properties of bis-SACu(Il) complexes,
we used benzyl alcohol as a substrate.

Oxidation properties of peroxyl radicals are
presented by one-electron transformation [16]:

HOO* + M" - HOO" + M"*1 (5)

Functional materials, 31, 2, 2024
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Fig. 3. Kinetic curves of oxygen absorption with initiated (W, = 5.13 -10""mol/lit s) cumene oxidation in
the presence of bis-SAICu(Il) = 1103 mol/lit, T = 343 K: a) 1 — [bis-SAlCu(Il)] = 1103 mol/lit, 2 — [bis-
SAICu(I)] = 1102 mol/lit; b) 1 — P(0,) = 0.08 MPa, 2 - P(O,) = 0.1 MPa.

>C(00")X + M" — >C(0O")X + M1 (6)

where X: OH, NH,, NHR, NR'R?, CHs;, CgHs,
NHC(O)R, SR (R,R1, R2 — alkyl).

Reduction properties of HOO® and >C(00 )X
radicals in solutions are determined by the re-
actions [16]:

HOO' + M1 L HY +MN+0,  (7)

>C(00 )X+ M™1 5 >C*X + M1+ 0,  (8)

The energy of stabilization of the carbonium
center resulting from the interaction with p- or
m-electrons of substituent X, promotes the oc-
currence of reaction (8).

When studying the mechanism of oxidation
of benzyl alcohol [17, 18], it was shown that the
transmitters of the oxidation chains of benzyl
alcohol are both peroxyl radicals, which have
not only oxidative but also reducing properties
(due to the presence of a hydroxyl group in the
a-position to the peroxyl group), and hydroper-
oxyl HOO® radicals which are capable of partic-
ipating in the chain termination reaction due
to the exchange of a radical with a hydrogen
atom:

HOO® + "OOR — O, + HOOR 9)

The presence of of hydroperoxyl radicals in
the reaction explains inhibitory properties of
hydrogen peroxide in the liquid-phase initiated
radical-chain aerobic oxidation of cumene [19].
The reaction (9) along with the reactions (7)
and (8) should be taken into account when ex-
plaining the action of copper complexes in the
oxidation process of benzyl alcohol. The large
role of HOO® radicals may indicate that when
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Fig. 4. Kinetic curves of oxygen absorption with
initiated benzyl alcohol oxidation (W; = 1-10°
6mol/lit s) in the presence of bis-SAICu(l), T =

343 K, P(O,) = 0.09 MPa: 1 — [bis-SA'Cu(I)] =
0 mol/lit; 2= [bis-SAICu(I)] = 1.3-104 mol/lit;
3 — [bis-SAlCudl)] = 2,6-10* mol/lit; 4 — [bis-
SALCu(I)] = 2.6-10* mol/lit in 3 days; 5 — [bis-
SALCu(I)] = 2.6-10"* mol/lit in 21 days

considering the contributions of the reactions
(7) and (8), preference should be given to the
reaction (7).

The kinetic curves obtained of the initiated
oxidation of benzyl alcohol in the presence of
the bis-SAL1Cu(II) complex show clearly defined
induction periods (Fig. 4). The induction peri-
od shortens as the initial concentration of the
bis-SALCu(Il) complex decreases. It was deter-
mined that the induction period is influenced by
the time from the moment of dilution of copper
complexes in benzyl alcohol to the start of meas-
urements. So, with [bis-SAICu(Il)] = 2.6-10%
mol/lit, the induction periods are 26 and 84 min-
utes, respectively, after 10 minutes and 3 days
from the moment of preparation of the solution
(Table 1). When the [bis-SAlCu(Il)] = 2.6-10%
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Table 1. Theoretical (t,) and experimental (t,,) periods of induction and inhibition factors (f ) ob-

served for bis-SACu(Il) complexes

[bis-SACu(ID], mollit | 7, min Ty, Min £, Time between preparation of solutions
bis-SAICu(Il)
1.3-104 2 16 8 10 min
2.610% 4 26 6.5 10 min
2.6-104 4 84 21 3 days
2.6-104 4 - 21 day
bis-SA3Cu(Il)
1.3-104 2 27 13.5 10 min
0.9-104 1.5 25 17 2 days
0.8-10 0.13 8 62 3 days
0.75-10 0.0125 4 320 3 days
mol/l solution was stored without air access for 0,025
21 days, no initiated oxidation of benzyl alcohol
was observed within 120 min (Fig. 4). 0020
When studying the inhibitory activity of the '
bis-SA3Cu(Il) complex in a model reaction of 0.015
benzyl alcohol initiation oxidation, it was found ="
that the bis-SA3Cu(II) complex inhibits stron- g
ger than bis-SA'Cu(IT) one (Table 1). o 0010

It was shown that the induction period of
the bis-SA3Cu(Il) complex depends on the
initial concentration of the complex; and with
[bis-SA3Cu(I)] = 0.8-10"® mol/l (after 3 days)
a slight inhibitory effect is already observed
(Fig. 5).

The theoretical and experimental induction
periods and observed inhibition factors are pre-
sented in Tablel. The experimental induction
periods were obtained from Kkinetic curves as
the points of intersection of tangents to curves
with the abscissa axis. The theoretical induc-
tion periods for f= 1 and inhibition factors were
calculated according to formulas (10, 11) for
W, =110 mol/lit 's:

v=/- [InHIW, (10)

fobs = Tex /T’t’ (11)

where f,, . are the observed inhibition factors,
T, is the theoretical induction periods, T, is the
experimental induction periods.

4. Conclusions

Analysis of the studies showed that in the
examined cumene — bis-SACu(Il) systems, the
complexes exhibited catalytic properties even
at a large concentration (0.01 mol/lit). Cata-
lytic activity depends on the structure of bis-
SACu(ID).

In the benzyl alcohol — bis-SACu(Il) sys-
tems, the complexes participate in catalytic
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Fig. 5. Kinetic curves of oxygen absorption with
initiated (W; =1 10-%mol/lit s) benzyl alcohol oxi-
dation, in presence of bis-SA3Cu(Il), 7= 343 K,
P(O,) =0.09 MPa: 1 — [bis-SA3Cu(II)] = 0 mol/lit;
2 — [bis-SA3Cu(I)] = 0,7510°¢ mol/lit in 3 days;
3 — [bis-SA3Cu(II)] = 0,8-10°> mol/lit in 3 days; 4
—[bis-SA3Cu(ID)] = 0,9 104 mol/lit in 2 days.

termination of chains. The inhibiting activity is
reduced in a row: bis-SA3Cu(Il) > bis-SALCu(Il)
and depends on the initial concentration of the
complexes (it is increased when their concentra-
tion is increased) as well as on the storage time
of benzyl alcohol — bis-SACu(Il) solutions (it is
increased when the storage time is increased).

In practical applications, the studied com-
pounds can be used as stimulants for the com-
bustion of hydrocarbon fuels and effective in-
hibitors of alcohol oxidation.
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