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The effect of phenothiazine (PT) on the oxidation of natural rubber in
the presence of «,x-diphenyl-f-picrylhydrazyl (DPPH) was studied. Their
inhibitory effect was expressed by means of the length of the induction
period of oxidation and the index of the relative inhibitory efficiency Ire.
The synergistic effect on the subsequent oxidation of natural rubber ther-
mally treated in an inert medium could be observed only at higher con-
centrations of phenothiazine and it decreased with increasing total con-
centration of the antioxidative mixture. Antagonism was observed at high
concentrations of DPPH in the presence of PT. At the oxidation of nat-
ural rubber without thermal treatment the mixture of DPPH and PT
appeared to be synergistic and the synergistic effect increased with the
molar fraction of DPPH. The course of the reaction between DPPH and PT,
accompanied by the formation of DPPH-H and phenothiazinyl radicals PT
(>N.), was confirmed and the radicals were detected by the e.p.r. method.
Furthermore, basic reactions between DPPH and PT in the presence of
a thermally treated and subsequently oxidized rubber as well as the rubber
oxidized without a preliminary thermal treatment are described.

Nsy4yanoce eausanue ¢enorunasuna (PT) HA OKUCIeHHE HATYPAJILHOTO
KayuyyKa B IIPUCYTCTBHH o,-RueHui-f-nukpuarugapasuna (JOIIT). Ux uu-
riu6GUOOHHOE BO3MeiicTBIIe ObIIIO BEIPAKEHO C TIOMOLIbIO NJIMHBI HHAYKIMOHHOTO
Mepuofa OHKUCIEHNA M IIOKA3aTeNsd OTHOCHTENBHOTO MHIMOMIMOHHOTO BO3-
meiicrBuA Ios. Hauwmm, uto cusepruyeckunit agdexT mpu Tepmudeckoir obpa-
0oTKe KaydyHKa B MHEPTHOIl cpefe M Jajiee OKICIEHHOTO MOKHO HAOIIOXATH
TOJILKO B 00JaCTH MOBEHIIIEHHBIX KOHIEHTpanuii eHoTHa3MHA, KOTOPHIA C IO-
BHIIIeHUEeM 00Iiell KOHIEHTPALUN CMECH AHTUOKHCIHMTeseil moHmkaerca. Ilpu
BHICOKNX KoHUeHnTpanuax ®@III' B mpucyrcruu OT nHabamomaerca aHraro-
HuaM. Ilpu oxuclIeHMH HATypasJbHOro Kayuyka Ges TepMmuyeckoif oOpaboTku
cmecy JOIIT u OT nposBidercsa KaK CHHEPTUYECKasd, MPMYEM CUHEPrHYeCKuUil
adert ¢ moBmrenueM moubHON momm I@IIT yraybmserca. Ilomrsepmuics
mexanusm peakuun mMexpy QOIT u OT c BosHukHOBeHnem N OIIT-T' u deno-
THABMHUIOBEIX PAIMKAJIOB, MPUCYTCTBME KOTOPHIX MOKaszanoch meromom SIIP
B crarse mamee omuceiBarores ocHoBHEE peakuuu memny [JOIT nu ®T B npu-
CYTCTBUHI TepMu4YecKr 06paboTaHHOTO M IOTOM OKMCIEHHOTO KaydyKa, a TaKe
Kay4YyKa OKHUCJIEeHHOTro 0Ge3 IpemgBapuUTENbHOI TepMuyecKoit 00paboTku.

Chem. zvesti 29 (4) 459 —473 (1975) 459



J.HRIVIKOVSA, A, HRIVIK V. K ELLO

Several authors dealt with the inhibitory effect of phenothiazine as an antioxi-
dant. Murphy et al. [1] used phenothiazine for stabilization of liquid and solid
hydrocarbons. They explained the inhibitory reaction mechanism of phenothiazine
by the formation of free radicals stabilized owing to the resonance. These radicals
can react with peroxides and their partial regeneration is assumed. Colclough [2]
found that phenothiazine acts as a retardant of the uninitiated oxidation of squalene
while a marked inhibitory period was observed at the initiated oxidation with
AIBN. Tarasova et al. [3] obtained similar results; they observed a marked inhib-
itory period at the initiated oxidation of rubber SKI-3 at 130°C. In the study of
the inhibitory effect of phenothiazine on the oxidation of natural rubber, Hrivikovd
and Kells [4] found that an appreciable inhibitory effect appears only at a low con-
centration of phenothiazine (up to 0.6%, w/w) and a different level of free radicals.
A difference in the efficiency of the antioxidant depending on the amount of the
radicals generated before the subsequent oxidation in air was observed only in the
range of higher concentrations of the inhibitor (over 19, w/w).

A number of works found in literature describes phenothiazine as a decomposer
of hydroperoxides and peroxides [2, 3, 5—7], which is a possible explanation for
its antioxidative effect. The inhibitory effect of DPPH on the oxidation of rubber
is described in [8—10].

So far, only few authors have studied the effect of phenothiazine in the presence
of other inhibitors. T'arasova et al. [3] found that the mixture of PT and phenyl-f3-
-naphthylamine with the molar ratio 1 1 shows the synergism at the oxidation
of rubber SKI-3 at 130°C. The authors explained this effect as a consequence of the
influence of thio derivatives on the decomposition of hydroperoxides.

The synergistic effect of phenothiazine in the presence of chloranile [7] on the
oxidation of paraffine oil is explained by the formation of 7 complex with a higher
inhibitory influence. .

The aim of this work was to examine the effect of a mixture of PT and DPPH:
on the oxidation of extracted natural rubber. The physical and chemical changes
of antioxidants in the course of and after the oxidation were not examined.

Experimental

The studied hydrocarbon was a natural rubber deprived of natural antioxidants by
the acetone extraction in nitrogen atmosphere at room temperature for 40 hrs. The
extraction of samples, the preparation of rubber solutions and films for kinetic tests,
the pressurc apparatus for thermal treatment of the samples prior to the subsequent
oxidation together with the necessary manipulation are described elsewhere [8, 9].

DPPH and PT were purified by a recrystallization from benzene (m.p. 144°C) and
from ethanol (m.p. 182°C), respectively. The benzene solution of DPPH and PT was
prepared at first, then the required amount of extracted natural rubber was added, and
a rubber sol was prepared by shaking.

Half of the rubber films (thickness 30 nm) was exposed to the oxidation in air at
130°C. The second half of the same films was freed of the traces of sorbed oxygen and
subjected to generation of free radicals at 130°C for 1000 minutes in an inert atmosphere
before the subsequent oxidation.

. ., y ey 1 3
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The i.r. spectroscopy method was employed to indicate structural changes of rubber
in the process of the oxidation. An increasing absorbance 44¢_o of the band correspond-
ing to carbonyl groups (1720 em~!) was observed. From the time dependence of the
increasing amount of carbonyl groups, kinetic curves with a marked induction period
were determined. The length of the induction period was conventionally characterized
by the time interval in which 44c¢_o reached a value of 0.025.

The efficiency of the inhibitory mixture of antioxidants was evaluated by means of
an index of the relative inhibitory efficiency Ir., expressed by the relationship

To — Tad + Ts
fa i =

Taa — 27s

where 7( is the observed induction period of oxidation of substrate in the presence of
antioxidants, t3q the additive induction period of the individual antioxidants, g the
induction period od substrate.

The case for Ire > 0 is denominated as synergism while for Ire < 0 it is called antag-
onism.

Results and discussion

The effect of a mixture of PT and DPPH on the oxidation of extracted natural rubber

The effect of a mixture of PT and DPPH on the oxidation of extracted natural
rubber was examined with samples thermally treated (130°C, 1000 minutes) and
subsequently oxidized at 130°C as well as with samples not subjected to the thermal
treatment. The resulting effect of these antioxidants was evaluated from the length
of the induction period.

In Fig. 1 the dependence of the induction period on the molar ratio of the mix-
ture DPPH:PT (4 1,3 1,2 1,1 1,1:2, 1 3, and 1 4) for natural rubber
thermally treated and subsequently oxidized in air is shown. An analogous series
of experiments, carried out without the preliminary thermal treatment is shown in
Fig. 2.

Figs. 3 and 4 illustrate the evaluation of the index of the relative inhibitory
efficiency of the mixture of DPPH and PT in a dependence on the molar fraction
of DPPH (z), for the individual total initial concentrations given in Figs. 1 and 2.
Values of 7,4 and 75 were taken from Fig. 5.

The results shown in Figs. 1—4 point at a different effect of the mixture of anti-
oxidants.

The overall course of the oxidation of a thermally treated and subsequently
oxidized natural rubber in the presence of a mixture of antioxidants depends both
on the molar ratio and the amount of the individual antioxidants (Fig. 1). At the
molar ratio DPPH PT ranging from 1 4 to 1 1, the influence of phenothiazine
is manifested and the inhibitory effect of mixture decreases with increasing total
starting concentration. At the molar ratio 1 4—4 1 the influence of DPPH prevails
and the inhibitory effect of mixture increases with its starting concentration.

The induction period of the oxidation of extracted natural rubber in the presence
of the mixture of DPPH and PT (Fig. 2) is independent both of the molar ratio
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Fig. 1. Dependence of the induction period of the oxidation 7 (min) on the molar ratio
of the mixture of DPPH and PT for extracted natural rubber preliminary thermally
treated and oxidized in air (130°C).

Starting total concentrations of the mixture (X cam X 102 mol kg-1): 1. 1.65; 2. 3.3;
3.5.0; 4. 6.6.
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Fig. 2. Dependence of the induction period 7 (min) on the molar ratio DPPH : PT for
extracted natural rubber oxidized in air (130°C).
Starting total concentrations (X cam X 102mol kg-1): 1. 1.65; 2. 3.3; 3. 5.0; 4. 6.6.
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Fig. 3. Dependence of the index of the relative inhibitory efficiency (Ire) on the molar
fraction of DPPH in the mixture of DPPH with PT for extracted natural rubber prelimi-
nary thermally treated and oxidized in air (130°C).

For starting total concentrations X' cau see Fig. 1.

0 01 02 03 04 05 06 07 08 09 10

XopoH DPPH

Fig. 4. Dependence of the index of the relative inhibitory efficiency (Ire) on the molar
fraction of DPPH in the mixture of DPPH and PT for extracted natural rubber oxidized
in air (130°C).

For starting total concentrations X cam see Fig. 1.
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of the components and of the starting concentration of the mixture ranging from
3.3 X 10720 6.6 X 102 mol kg~1. Only for the concentration 1.65 x 10-2 mol kg1,
a variation of the induction period is observed, depending on the molar fraction
of DPPH in the mixture of DPPH and PT.

The effect of a mixture of antioxidants DPPH and PT on the oxidation of the
used substrate is shown in Figs. 3 and 4, as a dependence of the index of the relative
inhibitory efficiency on the molar fraction of DPPH at various concentrations of
the binary antioxidative mixture.

At the subsequent oxidation of thermally treated rubber in the presence of mix-
ture of DPPH and PT, a ‘“‘practical” synergism is observed in the whole range of
molar fractions only at the lowest concentration of the mixture (1.65 x 10-2 mol kg1,
see Fig. 3, curve I). The calculated index of the relative inhibitory efficiency de-
creases with increasing concentration of the mixture, in the further course only
a ‘“‘strengthened’ effect of the mixture is observed at zpppr << 0.5, then it changes
through additive into an antagonistic effect (Fig. 3, curves 2—4).

At the oxidation of the natural rubber without a thermal treatment, the practical
synergism is observed in the whole range of molar ratios and the examined starting
concentrations.

The observed anomalies cannot be sufficiently explained by the achieved results.
Therefore we attempted to examine basic reactions between DPPH and PT in
benzene before the addition of natural rubber.

Spectrophotometric study of the reaction of DPPH with phenothiazine

The reaction of DPPH with secondary amines was studied by several authors
mainly from the aspect of reactivity of the mobile hydrogen atom [11—14] as

4000 1 T T 1 T T

T/min

3000 |- 4 Fig. 5. Dependence of the induction
period t (min) of the oxidation of ex-
tracted natural rubber on starting total
concentrations of the antioxidant (mol
kg-1).
1. Oxidation of extracted natural rubber
preliminary thermally treated (130°C,
1000 minutes) in nitrogen and sub-
sequently oxidized in air at the pres-
ence of PT; 2. oxidation (130°C) without
a preliminary thermal treatment in the
presence of PT; 3. conditions as for
"~ . curve I, in the presence of DPPH;
0 SN e, " 4. conditions as for curve 2 in the presence

i

0 10 20 30 40 50 60 70 80 of DPPH.
Sewy 10%/mol kg
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well as of the reactions of the formed products. o,x-Diphenyl-S-picrylhydrazine
was found to be formed by the reaction of DPPH with all the studied amines, the
reaction rate depending on the nature of the used substrate, this being a secondary
amine. The reaction of DPPH with PT has been studied mainly in the recent years
[15, 16]. Jackson and Patel [15] described the e.p.r. spectrum of the phenothiazinyl
radical and Constantinescu et al. [16] identified some of the reaction products. Since
the samples of extracted natural rubber were prepared for the oxidative tests from
benzene solutions at the presence of a mixture of antioxidants, the effect of the indi-
vidual components on their mutual reaction was to be examined.

A spzctrophotometric method was used for the study of this reaction, which made
it possible to follow the decrease of DPPH in the visible region (Amax = 520 nm).
The reactions were carried out at 25°C in benzene solution at a constant concentra-
tion of DPPH (3 X 10-3moll-1). It was impossible to follow the decrease of PT
in the u.v. region because of the absorption of DPPH in the same region. Mea-
surements were performed using a spectral photocolorimeter Specol (Zeiss, Jena).
The experimental results are shown in Fig. 6.

These kinetic measurements are characterized by a fast reaction in the initial
reaction stage (1 min) corresponding to the time which is needed for carrying out
a measurement. Afterwards, the reaction rate varies very little. Similar reaction
course was not observed with, any of the secondary amines as yet studied.

Absorbance (4) of the solution measured after 100 minutes of the mutual re-
action is shown in Fig. 7; the molar ratios DPPH : PT were 1.6 1 for sample 4,
1 1.25 for sample §, and 1 : 2.53 for sample 6.

A T T T T T
16+ =
14 -
1
1.2 =
2
10 3
o XN\a\A_L |
_ 4
————O—
0.6 4
5
0.4 W
Fig. 6. Kinetics of the reaction of DPPH
with PT at its various concentrations
determined from the time-dependence 02 B
(min) of the absorbance (4).
Concentrations of PT (105mol 1-1): 1. 0 i ) \ L |
0.2; 2. 0.5; 3. 0.9; 4. 2.0; 5. 3.8; 6. 7.6. 0 20 40 60 80 t/min

Chem. zvesti 29 (4) 459 — 473 (1975) 465



J. HRIVIKOVA, A. HRIVIK, V KELLO

From Fig. 7 it is evident that the reaction between DPPH and PT was not quan-
titative under given conditions since the presence of DPPH was observed even at
the excess of PT. When the reaction was carried out at 80°C, the maximum at
A = 520 nm did not appear.

The dependence of the rate of the decrease of DPPH in the initial stage of the
reaction upon the PT concentration is shown in Fig. 8.

The partial reaction order with respect to PT in the presence of a large excess
of DPPH was graphically evaluated as unitary. At an excess of PT, a deviation
from the straight line was observed, this being caused probably by a superposition
of the bands of DPPH and those of the formed products of PT or the bands of
adducts.

The reaction of DPPH with PT resulted in the formation of DPPH-H and pheno-
thiazinyl radical PT(>N.).

The presence of DPPH-H was detected by a reaction with PbOs which, restored
the original violet colour characteristic for DPPH. Intensity and duration of this
colouring depended on the molar ratio DPPH PT.

The spectrophotometric results were also confirmed by the e.p.r. method by which
a measurable level of the free phenothiazinyl radicals was detected.

Reactivity of the PT(>N-.) radical is affected by the molecular structure itself.
From the results of several authors [1, 6, 15, 16], namely those of Constantinescu et al.
[16], it may be assumed that the phenothiazinyl radicals can take part in further
reactions. From these radicals phenothiazine and phenothiazinesulfoxide but
also dimers and other products till now unidentified were found to be formed.
Dimers are formed especially by the C—N 3,10’ or 1,10’ bond, however, the forma-
tion of the N—N dimer is also admitted. In absence of oxygen the phenothiazinyl

0.1
0 L ; : ! | I j

400 420 440 460 480 500 520 540 560 580 A/nm

Fig. 7. Dependence of the absorbance (4) on 4 (nm) at various molar ratios of DPPH : PT.
4.1.6:1; 5.1 1.25; 6.1 2.53.
Temperature 25°C, reaction time 100 minutes, total concentration of the mixture (103 mol
1-1): 4. 2.0; 5. 3.8; 6. 7.6.
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Fig. 8. Dependence of the rate of the 3.2 X T T T T
decrease of DPPH (moll-! min-1) on

the amount of PT (moll-1) at 25°C. 28k _

2.4 =

16 — =
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radicals act as inhibitors in radical reactions, while in oxidative reactions they
form stable iminoxyl radicals NO.. The mechanism of the formation of iminoxyl
radicals was described by Wieland [17] and several authors [3, 15, 18—21] detected
them experimentally by the e.p.r. method. The chemism of the effect of DPPH
on the oxidation of rubber is desecribed in other works [8, 10].

Study of the reaction of DPPH with phenothiazine by the e.p.r. method

The e.p.r. method provides sufficient information on the structure of free radicals
and a direct proof of the detachment of the mobile hydrogen atom from the pheno-
thiazine molecule by the effect of DPPH, ¢.e. the formation of PT(>N.) radical.

In the last decade, several authors published e.p.r. spectra of free radicals derived
from phenothiazine. Gagnaire et al. [22] first obtained a resolved e.p.r. spectrum
of free phenothiazinyl radicals with a hyperfine structure corresponding to the in-
teraction of the unpaired electron with protons of the adjacent aromatic rings.
The analysis of the contributions of all protons was realized by Billon et al. [23],
Odiot and Tonnard [24] and later by Gilbert et al. [25] and by Lhoste and Tonnard [26].

Especially important appears to be the work of Gilbert et al. [25] who analyzed
the experimental spectrum (g = 2.0053) with respect to MO calculations and de-
termined interaction constants for the PT(>N-) radical. They achieved a good
agreement of the experiment with a theory using a computer simulated spectrum
based on interaction constants with the line width 0.33 G. Shine and Mach [27]
obtained analogously the e.p.r. spectrum of the phenothiazinyl radical by irradia-
tion of PT in ethanol. These authors also achieved a good agreement of the expe-
riment with the theory and determined g = 2.0053.
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Iig. 9. The e.p.r. spectrum of DPPH and of the PT(>N.) radical in benzene solution
at a molar rate of components 1 1 in various time-intervals after their mixing.
Total concentration of the mixture 4.0 X 10-4 mol 1-1, 23°C.

1. DPPH; 2. 4 min; 3. 15 min; 4. 45 min reaction time.

Jackson and Patel [15] detected the PT(>N-.) radicals and phenothiazineiminoxyl
radicals PT(>NO-) in the series of oxidative tests with PT in liquid phase, using
various oxidizing agents. The authors demonstrated a depsndence of the spectrum
shape, the line width and the changes of interaction constants upon the nature of
the solvent.

Jackson and Patel [15] obtained the PT(>N.) radicals by a reaction of PT with
DPPH in benzene and they reported the following interaction constants

a¥ =17.05G, aff, =3.66G, afy=285G, daf; =095G, allj =0.95G.

The authors mentioned that incomplete splitting made it impossible to determine
more subtle differences in the interaction constants of hydrogens in the positions 2
and 4.

Our experiments were aimed to the proof of a radical reaction of DPPH with
PT in benzene at room temperature when DPPH-H and PT(>N.) radicals are
formed, prior to the addition of the extracted natural rubber to oxidative tests.

Fig. 10. The e.p.r. spectrum of a mixture of DPPH and PT(>N.) radicals in benzene.
Molar ratio DPPH : PT = 1 1, total concentration of the mixture 4.0 x 10-4 mol 1-1.
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Fig. 11. The e.p.r. spectrum of the phenothiazinyl radical in benzene.
The mixture DPPH PT = 1:4, ¢mix = 4.0 X 10~4 mol 1-1.

The e.p.r. spectra were measured at room temperature using a spectrometer Varian,
Model E-3, with, the field modulation 100 kHz, the simulated spectra with Varian
SS-100 electron optics.

The stable DPPH radical in benzene exhibits a quintet, while the PT(>N.)
radical a triplet. Fig. 9 shows the e.p.r. spectrum of the DPPH radical in benzene
at 4.0 X 104 mol 171 (curve I) and after the addition of PT at the molar ratio1 1
in various times after mixing the components (curves 2, 3, 4). The triplet of the
PT(>N.) radicals is obviously superimposed on the quintet of the DPPH radical.
A convenient adjustment of the instrumental constants enabled us to achieve
a hyperfine spectral structure of this system including line splitting of the triplet
part of the spectrum. The spectrum of the equimolar mixture of DPPH and PT
with a hyperfine structure is shown in Fig. 10.

As mentioned above, at the excess of PT with respect to DPPH (cpr > cpppn),
the DPPH-H and PT(>N-.) radicals and others products with a non-radical cha-
racter are present in the reaction mixture. The spectrum should show the triplet
corresponding to the PT(>N.) radical. This presumption was verified using the
mixture of DPPH and PT with a molar ratio 1 4 and the total concentration of
the mixture 4.0 X 104 moll-1. The obtained spectrum with a hyperfine structure
is shown in Fig. 11. The value of the g factor was determined to be g = 2.0047.

Using the interaction constants of Jackson and Patel [15], the spectrum with
the line width 0.3 G was computed. The calculated spectrum of the phenothiazinyl
radical is shown in Fig. 12. A good agreement of both spectra follows from a com-
parison of Figs. 11 and 12.

The experimental results achieved in the course of theexamination of the inhib-
itory effect of PT in the presence of DPPH on the oxidation of extracted natural
rubber under the condition of the thermal treatment demonstrated a very compli-
cated nature of this inhibitory system which does not enable an univocal interpreta-
tion of the results.

The results of the spectrophotometric as well as the e.p.r. measurements of the
samples of both kinds, the first thermally treated at 130°C for 1000 minutes and
subsequently oxidized — the series 4 of experiments, the second only oxidized
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56

Iig. 12. Calculated spectrum of the phenothiazinyl radical.

at 130°C — series B, point out the following basic reactions which probably take
place from the samples preparation

k
DPPH 4+ PT —» DPPH.-H 4 PT(>N.), 1))
k:
2PT(>N+) —- D-PT (dimers of PT), 2)
k ’
DPPH + PT(>N.) —— products. 2)

Brook et al. [12] admitted also the formation of a complex between DPPH and
amines.

It was found for the reaction (I) that when cpr > cpppm, the inhibitory mixture
contains PT, DPPH-H and reaction products, however, if cpr << cpppr, the inhib-
itory mixture contains DPPH-H, DPPH, and reaction products.

When cpr > cpppu and substrate R-H is present, then, besides the reaction (),
(2), (2), the following reactions may also occur

ks

DPPH + RH <_L——>__ DPPH-H + R, (3), (3)
'3’
ka
R. + PT —— RH + PT(>N.), 4)
k:
Re + PT(>N.) ——» products, ()
k
Re - DPPH —» producis. (6)

It follows from the experimental results that if k; > ks, the reactions (3) to (6)
occur in a smaller extent in comparison with, the reaction ().

If cpr < cpppr and the substrate R-H is present, the reaction (3) as well as re-
actions (4) to (6) cannot be neglected with respect to the excess of DPPH even when
k1> k3.

These reactions take place already during the sample preparation and they are
identical for both the experimental series 4 and B.
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The course of the dependence of the induction period of oxidation upon the molar
ratio of the components at various concentrations of the mixture of DPPH and PT
(Figs. 1 and 2) as well as the resulting inhibitory effect of the mixture of antioxi-
dants, expressed by means of the index of the relative inhibitory efficiency of the
antioxidative mixture (Figs. 3 and 4) are different for the series 4 and B of exper-
iments. The difference is caused by the reactions (I) to (6) [occurring during the
thermal treatment of the substrate RH as well as the products of the reaction of
DPPH with PT.

The analysis of the results of the series 4 of experiments in the step of the thermal
treatment in an inert atmosphere indicates that, besides the reactions (I) to (6),
radicals R+ must be formed by the reaction

k
RH —- Re-+ H., )

and even the presence of radicals formed by a decomposition of hydroperoxides
cannot be excluded

ks
ROOH —°, RO.-+ OH.. (8)

At the presence of antioxidants AH (PT and DPPH), hydroperoxides may also
decompose in a non-radical way

k
ROOH + AH N products. 9)

In the step of the thermal treatment in the series 4 of experiments, where cpr >
> cpppa, the inhibitory mixture contains PT, DPPH-H, D-PT, and some non-
-reacting products. The induction period of the immediate oxidation at the presence
of the same inhibitory system in the series B (Fig. 2) is independent both of the molar
fraction and of the total concentration of the mixture. Thus in the series 4, the
variation of the induction period of oxidation depending on the molar fraction
and the total concentration of antioxidants may be explained, in the region of cpr >
> cpppu, by reactions occurring in the step of the thermal treatment. The free
radicals formed by the reaction (7) or by other transfer reactions, may disappear
owing to the reactions (3'), (4—6) and possibly (10) and (11) while the inhibitory
mixture probably decreases by the reactions (§), (6), and (10). Several authors,
especially Constantinescu et al.[16] found that phenothiazine dimers (D-PT) exert
inhibitory properties and therefore they can take part in the inhibitory reactions

k
Re. + D-PT e products, (10)

k11
Re + Re —-> products. (11)

In the series 4, the observed different course of the dependence 7 = f(xpppn)
on the total concentration of the mixture in the region of cpr < c¢pppg is determined
mairly by the presence of free DPPH. As mentioned above, the original mixture
of the antioxidants PT and DPPH becomes, in fact, a mixture of DPPH, DPPH-H,
and D-PT formed by the reactions (I), (2), and (2'). The free DPPH reacts with
the substrate R-H by the reaction (3) while its decrease in the step of the thermal
treatment is realized by the reaction (6).

For the oxidation of the substrate RH in the presence of the antioxidants PT,
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DPPH-H, DPPH, and D-PT the induction period of the oxidation (7) was found
to be independent both of the molar composition and the total concentration of
the mixture.

The basic reactions taking place in the oxidative step were described for indi-
vidual antioxidants in another works [4, 8—10, 28]. Those works pointed out that
the inhibitory mixture acts as a scavenger of free radicals, a decomposer of hydro-
peroxides, a source of iminoxyl radicals >NO: and, in the case of phenothiazine,
as a source of complexes and oxidation products derived from phenothiazine (pheno-
thiazone, phenothiazinesulfoxide). The function of the last products in the oxidative
step is not yet known.

Considering the index of the relative inhibitory efficiency for the series 4 and B
of experiments (Figs. 3 and 4) it is evident that these products also take part in
the reactions during the thermal treatment as well as in the oxidative step.

In the series 4, the observed antagonism at higher starting total concentrations
of antioxidants (Fig. 3) may be also ascribed to a reaction of the DPPH radical with
the isomeric phenothiazinyl radical with increased electron density at carbon atoms
in positions 3,7 and, to a minor extent, in positions 1,9. A recombination of the
DPPH radical with the PT(>N-) radical is little probable, owing to steric hindrances.
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