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1. OXIDATION IN GAS AND LIQUID PHASES

After Bakh1 and Engler2 had formulated the peroxide
theory of oxidation, many papers appeared on the oxidation
of hydrocarbons and other organic compounds. Many
oxidations were found to be autocatalytic and characterised
by well-defined induction periods. Work in this field
entered a new phase of development with the theory of chain
branching3, and especially the theory of degenerate explo-
sions4. The principal results obtained on oxidation were
generalised on the basis of the theory of chain reactions5.
Under the influence of the work done by the Semenov and
Hinshelwood schools, a great deal of research effort was
devoted to the mechanism of the oxidation of organic com-
pounds in the gas and liquid phases.

Shortly afterwards it was suggested that the main task of
research in this field was to determine the rate constants
of the elementary reactions in a complicated radical-chain
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process of oxidation, so that the rate of oxidation could be
calculated from its hypothetical mechanism. Comparison
of the experimental results with theoretical calculation
would enable the correctness of the proposed mechanism to
be assessed. Recent monographs by Semenov6 and by
Kondrat'ev7 have summarised the progress achieved on
these lines.

The most important results were obtained in investiga-
tions of gas-phase oxidations. Nalbandyan and Voevodskii
based a radical-chain scheme for the oxidation of hydrogen
on published data and their own results, and showed that all
deductions made from this scheme agreed well with experi-
ment8. Values of many of the constants adopted in this
work have now been verified and refined9.

The development of the electron paramagnetic resonance
(EPR) method has permitted the experimental detection of
several free radicals and atoms formed in the course of
oxidation, and has thus yet again confirmed the correctness
of the accepted schemes for the oxidation of hydrogen and
of several other substances. It has been demonstrated that
hydrogen atoms1 0 '1 1, oxygen atoms1 2, and HO2 radicals1 3

are formed in the oxidation of hydrogen.

JSemenov and his coworkers, having set up a scheme for
the oxidation of methane, used published values for the
rate constants of the elementary reactions to calculate the
maximum concentration of formaldehyde formed in this
process6. The result differed from the experimental
value by less than an order of magnitude, which must be
regarded as good agreement, since only rough values were
known for many of the rate constants used in the calcula-
tions.

Matters are considerably worse than in the gas phase
for research on the mechanism of oxidation in the liquid
phase. In spite of the large amount of work done in this
field, the results of which have been surveyed in several
reviews14"18, it has not yet proved possible to solve the
problem of constructing from elementary reactions a
mechanism for even the simplest liquid-phase oxidations
of organic compounds. Therefore work on the elementary
processes occurring in the liquid phase and on determining
their rate constants becomes of great importance19»20.

The development of work in this field has been consider-
ably accelerated by the application of new methods of
investigation. Much new information has been obtained,
for example, by the use of labelled atoms, especially by
the kinetic tracer method21. This method has yielded the
sequence in which various intermediate products are
formed in the oxidation of cyclohexane and other hydrocar-
bons, and has also yielded the rates of formation and con-
sumption of the intermediate products22?23. The relative
rates of several liquid-phase radical reactions have been
determined by means of labelled atoms2 4"2 7.

Chemiluminescence provides a promising method28 of
investigating the rates of several radical reactions in the
liquid phase, and has recently been successfully employed
to prove that R' and RO2 radicals are involved in the liquid-
-phase oxidation of hydrocarbons29. It has made possible
assessment of the competition between the reactions

R'+O,

R'-fR-

•ROi,

RR.
and

and evaluation of the ratio kx/Tk^for the oxidation of ethyl-
benzene at 60°, for which 2.7 χ 104 litre1 '2 mole"1'2 sec"1 / 2

has been obtained.

By means of the chemiluminescence method it has been
possible to measure the absolute rates of several oxida-
tions, the efficiencies of various initiators, and rate con-
stants for reactions between radicals and several antioxi-
dants. The immense prospects of developing this method
for the investigation of oxidation mechanisms in liquid and
solid phases are easily visualised.

Among other methods, polarography was first employed
to determine peroxides and aldehydes formed in the oxida-
tion of hydrocarbons30; while chromatography has been
widely used for kinetic investigations in gas, liquid, and
solid phases3 1.

Rates of initiation and chain branching in liquid-phase
oxidations are often determined by the so-called inhibitor
method, in which the rate of consumption of an inhibitor is
measured32. The weak points in this method have been
discussed33»34.

The mechanism of the radical-chain oxidation of
n-decane has been investigated in very great detail3 5"3 9.
On the basis of this and the work of other investigators it
can now be assumed that the most probable scheme for the
oxidation of a hydrocarbon RH in the liquid phase is as fol-
lows:

RH+O,- R-f-HOi.

A termolecular initiation react ion 4 0 i s also possible, since
it is less endothermic:

2RH+O, • 2R-+H,O,.

The chain reaction is then propagated as follows:

R'+cv

ROi+RH —

- R O i .

•ROOH+R·.

Chain termination takes place by the recombination of
radicals:

RO;+RO; —

R"+R'

R'+RO;-

, *· inactive products

Degenerate branching occurs as a result of breakdown of
the hydroperoxide:

ROOH RO"+OH.

The sector method41 has yielded values of the rate con-
stants kx-k4 and the rate of initiation w, which has made
it possible to calculate the rate of the complicated reaction
in the early stages of oxidation, when no products other
than the hydroperoxide play a significant part.

Since the values of the constants depend on the structure
of the radical R', and the mechanism of the process changes
as active reaction products accumulate, it is clear what a
large amount of work must first be done before it is pos-
sible to solve the problem of determining the mechanism of
a liquid-phase oxidation from the elementary reactions.

2. OXIDATION IN THE SOLID PHASE

Investigations of the mechanism of oxidation in the solid
phase, in particular of the oxidation of polymers, are in a
still worse situation. Work in this field has begun com-
paratively recently.

14
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Since polymers are obtained from monomers belonging
to different classes of organic compounds, they differ among
themselves not only in the fine mechanisms of oxidation but
even in the character of the overall processes. In the
oxidation of poly(vinyl chloride), for example, an important
part is played by the elimination of HC1 molecules and the
formation of double bonds. The oxidation of polyamides
takes place without an appreciable induction period, and
differs markedly in character from the oxidation of hydro-
carbons. The oxidative thermal degradation of poly-
siloxanes is also distinctive. Condensation polymers —
epoxide resins, polyarylates, and polycarbonates — begin
to oxidise at comparatively high temperatures. The oxi-
dation of unvulcanised and vulcanised rubbers is also very
characteristic.

Let us consider results obtained for the oxidation of
polypropylene, since the process has been investigated in
the greatest detail for this polymer, and its mechanism is
very close to that of the liquid-phase oxidation of hydro-
carbons.

The Ε PR method has shown the formation of two types
of radicals - alkyl R C H 2 6 H C H 2 R and allyl RCH2OHCH:
: CHCH2R — in polyolefins on exposure to y-rays or fast
electrons. It may be assumed that radicals of the allyl
type are formed by the reaction of alkyl radicals with
macromolecules containing double bonds42. The EPR
method has also shown that radicals R in polymers can add
on oxygen to form peroxy-radicals RO2.

4 3

The sector method has been used44»45 to study the oxi-
dation of 2,4,6-trimethylheptane, a model compound for a
segment of the polypropylene molecule. The light-initiated
oxidation took place by the radical-chain mechanism

RH+Av ·

R+0,J
- R O ; ,

ROOH+R'.

' inactive products.

Chain termination on the addition of diphenylamine is repre-
sented by

Values of all the elementary reaction constants were deter-
mined over the temperature range 6-80°. Application of
the EPR method showed the formation of a stable diphenyl-
nitric oxide radical.

The EPR method has shown the formation of a peroxide
radical in the oxidation of ethylbenzene46, and the rate con-
stants of recombination of the radical have been determined.

3. OXIDATION OF POLYPROPYLENE

Isotactic polypropylene and other polyolefins oxidise by
a radical-chain mechanism with degenerate branching.
This is indicated by the presence of a well-defined induc-
tion period and the autocatalytic character of the reaction,
which obeys the law w - AeV*. Branching takes place at
hydroperoxides47. Addition of a peroxide to the polymer
shortens the induction period in proportion to the square

root of its concentration, which indicates the occurrence of
quadratic chain termination.

The accumulation of peroxides in the oxidation of atactic
polypropylene has been studied, and the effective activation
energy of formation of several of its oxidation products has
been determined48»49.

In a more detailed investigation of the kinetics of the
oxidation of isotactic polypropylene50 volatile degradation
products were frozen out in traps cooled in solid carbon
dioxide, and among them were detected water, formalde-
hyde, acetaldehyde, acetone, methanol, hydrogen peroxide,
carbon dioxide, and hydrogen. The aldehydes and the
hydrogen peroxide were determined polarographically, and
other products by gas and gas-liquid chromatography.
Fig. 1 shows one of the chromatograms obtained. The
hydroperoxide formed in polypropylene was determined
iodometrically. The accumulation of C : Ο and OH groups
was followed by means of the infrared absorption spectra.

Fig. 2 shows the oxygen absorption curve obtained in an
experiment at 130° and an oxygen pressure of 400 mm.
The maximum rate of absorption of oxygen corresponds to
the oxidation of 15% of the monomer units in the polymer.
At the same instant the peroxide concentration also reaches
a maximum. During the first 50 min of oxidation almost
the whole of the absorbed oxygen is present as hydroperox-
ides .

Fig. 1. Chromatogram of volatile products
obtained in the oxidation of isotactic poly-
propylene:
1) H2 + CO; 2) CH3CHO; 3) unidentified;
4) CH3COCH3; 5) unidentified; 6) H 2O.
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Fig. 2. Oxidation of polypropylene at
130° and pOi = 440 m m :
1) absorption of oxygen; 2) r a t e of
absorption of oxygen; 3) accumulation
of peroxides.
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Calculation based on the results of several series of
experiments showed that the rate of absorption of oxygen
was proportional to [RH]3/2 x [ROOH]1/2. This conclusion is
confirmed by Fig. 3, in which the experimental results are
plotted as ^ / ( [ R H ] x [ROOH]) against ([RH]/[ROOH])1/a.
The concentration [RH] was taken to mean the number of
unoxidised tertiary carbon atoms in 1 g of polymer. It was
assumed that not more than one molecule of oxygen added
on to each monomer unit.

Determinations were also made of the rates of formation
of water, acetone, aldehydes, hydrogen peroxide, and
methanol. Fig. 4 shows the rate curves for the formation
of water and acetone, those for the other products being of
the same form. The curves for acetone, aldehydes, and
hydrogen peroxide can be compared with that for water by
changing the velocity (vertical) scale, as shown in Fig. 5.
In this way the relation between the rates of formation of
the various products during the process is unaffected.

It may be supposed that all secondary products are
formed by breakdown of the primary oxidation products,
which are the hydroperoxides. The experiments showed
that the rate w of formation of water and the other sub-
stances was proportional to the product [ROOH] x [RH], as
is evident from Fig. 6. This confirms the suggestion that
all the substances formed result from decomposition of a
hydroperoxide. The proportionality of the rate to the

10J

«••ο,

[RHJIROOH]

4

3

2

0 8 16 2* 32 ([RHl/tROOH])'/,

Fig. 3. Dependence of rate of absorp-
tion of oxygen on the concentrations
[RH] and [ROOH].

10 Ά 60SO 100120 WI6U>S0

Fig.4. Variation, during the oxidation of
polypropylene at 130° and />O2 = 400 mm, in
rate of formation of: 1) water; 2) acetone.

10atv, mmolt

3.0

2.0

1.0

0

-

-

g " min*1

/o

xo
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Fig. 5. Comparison of curves for the
rate of formation of oxidation products
of polypropylene with the rate curve for
the formation of water, made by plotting
the rates on different scales: O) acetone;
· ) acetaldehyde; x) hydrogen peroxide.
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Fig. 6. Dependence of rate of formation
of oxidation products of polypropylene on
peroxide concentration.

above concentration product also shows that the hydro-
peroxide breaks down as a result of reaction with the poly-
mer, according to the equation

ROOH+RH- ?O'+H,O+R\

i.e. by a bimolecular mechanism, not by a unimolecular
mechanism as suggested above.

The possibility of such a mechanism for the decomposi-
tion of peroxides had been mentioned earlier 5 1" 5 3, as the
heat absorbed in this reaction (15 kcal mole"1; was less by
25 kcal mole"1 than the quantity absorbed in the unimole-
cular decomposition. Breakdown of a hydroperoxide would
be still more rapid if it reacted with a compound in which
the bond energy of the hydrogen atom were less than in RH.

The energy of the N-H bond in antioxidants is consider-
ably lower than that of the C-H bond in hydrocarbons.
Rates of decomposition of the hydroperoxide formed in the
oxidation of isotactic polypropylene have been compared 54>5!5

in the absence and in the presence of antioxidants. The
rate of decomposition of the hydroperoxide in the presence
of polypropylene at temperatures between 90° and 130° was
found to be considerably lower than the rate of breakdown

16
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of the same hydroperoxide when Af-cyclohexyl-N'-phenyl-
-£-phenylenediamine (0.38 mmole g"1) was added to the
polypropylene (Fig. 7).

The activation energy of the decomposition of polypro-
pylene hydroperoxide in polypropylene was found to be
25 kcal mole"1, and in the presence of the above antioxidant
13 kcal mole"1.

Ingold has recently shown that several antioxidants
belonging to the substituted phenol and aromatic amine
class also accelerate the breakdown of the hydroperoxides
formed in the oxidation of a white mineral oil5 6.

Dialkyl sulphides accelerate the decomposition of poly-
propylene hydroperoxide by a different mechanism. Data
on the effect of added dihexadecyl sulphide on the decom-
position55 at 110° show (Fig. 8) that the hydroperoxide con-
centration falls extremely slowly in the absence of the
sulphide, but considerably more rapidly at the start of the
reaction in its presence. The rate of formation of water

log*

7.5

2.4 2.5 2.6 2.7 WOO/T

Fig. 7. Temperature dependence of rate of
decomposition of polypropylene hydroperoxide:
1) in the presence of iV-cyclohexyl-Af'-phenyl-
-/>-phenylenediamine; 2) in the absence of
this antioxidant; D) results obtained by iodo-
metric titration; x) results obtained from the
rate of formation of the products.

. 1 . »-

0.10

0.03

0.06·

0.04

0.02

0

A
ΙΟ I

f i l l

10 20 30

,2

40 min

0.16

o.n

0.08

ao*

Fig. 8. Kinetics of the decomposition of
polypi-opylene hydroperoxide at 110°:
1) alone; 2) in the presence of dihexadecyl
sulphide (0.29 mmole g"1); 3) rate of forma-
tion of water in the presence of the sulphide
(left-hand scale).

during decomposition of the hydroperoxide in the presence
of the sulphide is characterised by a well-defined maxi-
mum. Such reaction kinetics can be explained by the for-
mation of an addition product between the sulphide and the
hydroperoxide, which breaks down into a sulphoxide, water,
and an olefin as follows:

R,s.

O-H

J»

CHSH

R.SO H,0

CH,H

The bimolecular decomposition of hydroperoxides always
involves the formation of water, alkyl radicals, and alkoxy-
-radicals. Breakdown of the latter radicals can yield,
depending on their structure, formaldehyde, acetone,
acetaldehyde, and other volatile products:

CH3

R-C-CH,O- - . RCHCH,+CH,0
I
Η

CH,

R—C—CH3-»R +CH3COCH3
I

0·
Η

R_C_O--R-+CHjCHO.

CH,

as well as non-volatile alcohols, ketones, and aldehydes,
the presence of which in the oxidised polymer is shown by
the infrared spectra. The non-volatile products contain
about 70% of absorbed oxygen.

The observed facts are well explained by the following
scheme for the oxidation of polypropylene:

R-+HO;.

•Ro;.

' ROOH+R,

ROj+ROj "•—• inactive products,

ROOH+RH-*1—· RO--fH,O+R-~2R·.

From this scheme we derive the following differential
equations representing the variation in concentration of the
radicals R" and ROj

1 = wu + A, [RH] [RO;] + 2A4 [RH] [ROOH] - A, [R·] [O,] .

d |RO; 1

(1)

^ * 3[Ro;]'. (2)

Applying the Bodenstein-Semenov method and combining
these equations, we obtain

wu + 2*4 |RH) [ROOHJ — k, [RO;)« = 0 .

Hence for the concentration of ROj radicals we find the
expression

(3)

(4)

Bearing in mind that fejR'HOj] is equal to the rate of
absorption of oxygen wO2, substituting for [ROj] in Eqn. (1),
and neglecting n<u, we obtain

wo =.A, V2A4/Aj [RHJ-i [ROOHl'^ -f-2A4[RH1 [ROOM]. ( 5 )

Division of both sides of Eqn. (5) by [RHj[ROOH| converts it
into

[RHJIROOH]
= 2A4 + *•

|KH|

IROOH] (6)

17



Vol.33 No.l RUSSIAN CHEMICAL REVIEWS January 1964

If the above mechanism corresponds to the oxidation of
polypropylene-, the dependence of rate of absorption of oxy-
gen on hydroperoxide concentration should give a linear
relation between

[RH] IROOHJ

. W 1«ΗΪ
* " d / IROOH1 '[ROOHJ

Fig. 6 shows that the experimental results agree well with
Eqn. (6).

If water and other volatile products are formed by the
breakdown of hydroperoxides, the rates of formation w of
volatile products in the thermal decomposition of hydro-
peroxides should decrease with time in proportion to the
diminution in the concentration of peroxides. Experimental
results for the rates of formation of water, acetone, and
aldehydes can be made to fit well on a single curve by
appropriate choice of scale (Fig. 9), the equation of this
curve representing the variation in concentration of the
hydroperoxide undergoing decomposition. In Fig. 9 the
scales on which rates of formation of water, acetone, form-
aldehyde, and acetaldehyde are plotted are in the ratios
1:40:72:138.

It is significant that the relative rates of formation of
volatile products in the oxidation of polypropylene and in
the decomposition of hydroperoxides are practically the
same (see Table).

10* «Ή,Ο

\

Λ

Fig. 9. Variation in rates to of forma-
tion of volatile products in the decomposi-
tion of polypropylene hydroperoxide at 130°
O) acetone; (J) water; x) acetaldehyde;
· ) formaldehyde.

TABLE. Relative rates of formation
of volatile products in the
oxidation of polypropylene
and in the decomposition of
hydroperoxides.

Product

H,0
CH,COCH,
CH,0
CH.CHO

Oxidation of
polypropylene

1
0.025
0.017
0.008

Decomposi-
tion of hydro

peroxides

1
0.025
0.014
0.007

The results cited above show that hydroperoxides con-
stitute the primary oxidation product of polypropylene, and
their decomposition yields several volatile and non-volatile
secondary products.

4. CRITICAL ANTIOXIDANT CONCENTRATION

About forty years ago Chris t iansen 5 7 and Backs t rom 5 8

explained the inhibition of oxidation by smal l amounts of
impurities on the assumption that oxidation is a chain p r o -
cess and that the impurities terminate the reaction chains.
This theory was developed by Semenov 5 .

It is generally accepted that carbon-chain polymers
are oxidised by a chain mechanism involving degenerate
branching 3 . Initiation resul t s from the attack of oxygen on
the RH molecule according to the equation

RH+O, - ^ - * R-+HO; .

The chain reaction is propagated via the radicals R* and

ROO-+RH -^—· ROOH+R·.

hydroperoxide molecules being formed as the pr imary r e -
action product, which can then decompose, giving r i se to
branching:

ROOH-^ 1 —ROi + H O .

It is assumed that antioxidants JH react with active ROj
radicals to form inactive products:

RO^+JH— : —* inactive products.

Semenov showed that a consequence of the above mechan-
ism, described by the differential equations

= •„ - fts [JHJ [Ra,] + *« [ROOHJ.

d(ROOH) = ^ [ R H ] [RO;] _ *, [ROOH].
dt

(7)

(8)

is the presence of a "critical" antioxidant concentration6.
In fact, a solution of these linear equations can be written

[RO;] = ΣΛ/eV + Bit (9)

where the >j are the roots of the secular determinant

kt [RHJ _ kt — λ
= 0. (10)

This yields the quadratic equation

λ* 4- {*« + *j [JH]} λ + A4ft, [JH] — ftiftJRH]» 0. ( 1 1 ,

Since the coefficient of λ is positive, the sum of the
roots of the equation is negative. This means either that
both roots are negative or that one root is positive while
the other is negative but larger in absolute magnitude. If
both roots are negative, the values of [ROg] and [ROOH] do
not increase to infinity but tend to a constant value: i.e. we
are dealing with a stationary slow reaction. If one root is
positive, the radical concentration increases all the time,
and we are dealing with a non-stationary accelerating pro-
cess.

Whether a process is stationary or non-stationary can
be determined by finding the sign of the independent term
in Eqn. (11). If

[JH]>A[RH], (12)
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the independent term is positive, and hence both roots of
Eqn. (11) are negative. Thus if the inequality (12) is
observed, the oxidation process is stationary, and con-
sequently the antioxidant is preventing acceleration of the
oxidation. If

(13)

the independent term in Eqn. (11) is negative, and hence one
root of this equation is positive. Hence the radical con-
centration will increase to high values in conformity with
Eqn. (9), and oxidation will be accelerated, i.e. will be
non-stationary.

The antioxidant concentration defined by the equation

[JH]cr = -*L[RH], (14)

is termed the "critical" concentration. At lower antioxi-
dant concentrations the oxidation is a non-stationary pro-
cess, and at higher concentrations it is stationary.

A similar result has been obtained by a somewhat dif-
ferent method59. Κ the number of radicals is n, the rate
of initiation wu, the autocatalytic factor φ, and the con-
centration of antioxidant x,

— = wu + φη — knx,
at

dx .- — -knx.

(15)

(16)

where k is the velocity constant for reaction of the radicals
with the antioxidant. Clearly, when

kx<<?, (17)

the reaction will be autocatalytic; but when

**>φ, (18)

it will be a stationary reaction. Thus the critical antioxi-
dant concentration is given by the equation

Xcr = <?/k. (19)

If condition (18) holds at the start of the reaction, the
radical concentration will soon reach a stationary value,
which will be maintained for a period of time between 0 and
τ, during which the concentration χ will fall comparatively
slowly to the value xa, as shown in Fig. 10. The reaction
will then begin to accelerate, with the radical concentra-
tion increasing rapidly, while the antioxidant concentration
will drop rapidly to zero.

Several workers have shown 4V9-62 that a critical con-
centration is in fact observed in the inhibition of the
oxidation of liquid hydrocarbons and polymers by various
antioxidants (Fig. 11).

In the book by Emanuel' and Lyaskovskaya63 the mech-
anism of the inhibition of oxidation is corrected by replac-
ing the equation

ROj + JH — inactive products,

with

However, the whole of S e m e n o v ' s derivat ion i s repeated •
unchanged, the secular equation (10) and the formula for
the critical inhibitor concentration (14) being given without
change. Nevertheless, if the reasonable correction of
Emanuel' is accepted, Eqn. (8) must be replaced by

d [ROOH]

at
= * s [RH] [RO;] + * 4 [JH] [RO,·] - kK [ROOH].

when the secular equation will become

MJHi-λ

-*ι-λ
= o.

(20)

(21)

Under these conditions the independent term in the quad-
ratic equation for λ will be independent of [JH] and always
negative. This means that one root of the quadratic equa-
tion will be positive, and the oxidation will be non-stationary
at all antioxidant concentrations. Thus the scheme which
has been adopted provides no explanation of the occurrence
of a critical antioxidant concentration.

The generally accepted mechanism of the inhibition
of oxidation is based on the following hypotheses: (l)the
inhibitor terminates reaction chains, but does not affect
the initiation of chains; (2) the hydroperoxide decomposes
with formation of two active radicals. It follows from
these postulates that the inhibitor is consumed according to
a linear law if its concentration exceeds a critical value.
The rate of consumption of the inhibitor is then equal to the
rate of initiation, and the induction period increases in pro-
portion to the inhibitor concentration.

Fig. 10. Variation in concentration
during a chain oxidation: 1) radicals n\
2) antioxidant x.

0 5 W lO'LjH]. mole kg"1

Fig. 11. Dependence of induction period
in oxidation on antioxidant concentration:
1) poly(ethylene oxide) and Stabiliser 22—
46 at 145° and (/>O2) 340 mm; 2) tetralin
and tri-t-butylphenol at 140° and 300 mm;
3) pentane and diphenylamine at 170° and
300 mm; 4) polypropylene and phenyl-2-
-naphthylamine at 200° and 300 mm.
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1OJ[JH], mol. kg
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0 50 tOO 150 min

Fig. 12. Consumption of antioxidants in
polypropylene at 200° and po^ - 300 mm:
1) 2,6-bis-(l,l-dimethylhexyl)-4-methyl-
phenol; 2) methylenebis-2,2'-(4-methyl-
-6-t-butylphenol); 3) phenyl-1-naphthyl-
amine.

300

200

WO

0 0.05 0.10 [JH], mol. kg"1

Fig. 13. Induction period in the oxida-
tion of polypropylene at 200° and^oj =
= 300 mm in the presence of antioxidants:
1) 2,6-bis-(l,l-dimethylhexyl)-4-methyl-
phenol; 2) methylenebis-2,2'-(4-methyl-
-6-t-butylphenol); 3) and 4) mixtures of
these two antioxidants.

Experimental work has shown that the above assump-
tions are not in fact justified. Antioxidants are not usually
consumed according to a linear law64. Thus 2,6-bis-
-(l,l-dimethylhexyl)-4-methylphenol, on addition to poly-
propylene, at first disappears rapidly, then more slowly, and
after that again more rapidly. The antioxidant methylene-
bis-2,2'-(4-methyl-6-t-butylphenol) in polypropylene is
used up according to a first-order law until its concentra-
tion falls to a critical value, after which it vanishes rapidly.
If polypropylene is stabilised with phenyl-1-naphthylamine,
the latter is consumed during oxidation, at first slowly and
then considerably more rapidly. Curves representing the
consumption of these antioxidants are illustrated in Fig. 12.
Similar results have been obtained by Likhtenshtein65, who
has investigated the kinetics of the consumption of diphenyl-
amine in the inhibition of the oxidation of polypropylene,
hexadecane, and other hydrocarbons.

5. INITIATION OF OXIDATION BY ANTIOXIDANTS

The above results indicate the complexity of the action
of antioxidants. It may be thought that they not only
terminate reaction chains but also are able to initiate oxi-
dation. If an antioxidant only terminates chains, its intro-
duction into a polymer cannot shorten "the induction period,
but this can occur under certain conditions if it is able also
to initiate chains.

In order to realise such conditions, methylenebis-2,2'-
-(4-methyl-6-t-butylphenol) was added (0.02 mole kg"1) to
polypropylene, when the induction period at 200° and an
oxygen pressure of 300 mm was increased to 180 min. If
another antioxidant, 2,6-bis-(l ,l-dimethylhexyl)-4-methyl-
phenol, was added to the polypropylene stabilised in this way,
the induction period fell from 180 to 50 min64, as shown in
Fig. 13. Ingold observed a similar effect, which he termed
"antagonistic", on the addition to a hydrocarbon fuel of two
antioxidants, 2,4,6-trimethylphenol and AT-phenyl-l-naph-
thylamine, or methylenebis-2,2'-(4-methyl-6-t-butylphenol)
and NN'-di-s-butyl-/>-phenylenediamine 5β. An antagonis-
tic effect of this kind was observed in the inhibition of poly-
propylene oxidation by several antioxidant mixtures.

The ability of antioxidants to initiate oxidation also pro-
vides an explanation of the fact that, with increase in the
inhibitor concentration, the induction period increases
more slowly than linearly, as shown by the typical curve in
Fig. 14.

The efficiency of an antioxidant will clearly depend on
the relative rates of chain termination and initiation. Since
the latter process is characterised by the higher activation
energy, a rise in temperature produces a more rapid
increase in the rate of initiation than in the rate of chain
termination. Therefore the efficiency of an antioxidant
should diminish with rise in temperature, as is actually
observed experimentally.

Initiation by antioxidants has not yet been subjected to
detailed investigation, but three probable mechanisms can
be suggested for this process. Firstly, initiation may
result from oxidation of the inhibitor by the reaction

JH + O,-HO; + J .

[IH]

Fig. 14. Typical curve for variation
of induction period with antioxidant
concentration.
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with formation of the comparatively active radical HOj,
whose presence during oxidation has recently been proved
by the EPR method13. Secondly, relatively inactive inhi-
bitor radicals J* can sometimes react with polymer mole-
cules:

J*+RH-JH HR\

active radicals being formed. The possibility of such a
reaction has been demonstrated by the EPR method66.
Finally, antioxidants may initiate oxidation by reacting with
hydroperoxides55 >67:

ROOH -f JH = RO· + H,0 + J".

A significant fact indicating initiation of a reaction which
consumes the antioxidant is the fall in molecular weight of
the polymer during the induction period, when the number
of ruptured bonds is proportional to such consumption68.

This phenomenon is seen especially well in the oxidative
thermal degradation of polypropylene to which has been
added di-t-butylcresyl disulphidet, investigated by Lukov-
nikov el al.6e Fig. 15 shows that the induction period is
greatly increased, but the molecular weight of the polymer
drops rapidly.

Thus the assembly of known facts leads to the conclusion
that the first assumption, that antioxidants do not influence
initiation, is incorrect. The second assumption, that two
active radicals are formed on the breakdown of a hydro-
peroxide, is probably also of doubtful validity. Several
papers have shown70»71 that hydroperoxides can decompose
in solution without forming radicals and without initiating
chains.

The conditions under which a "critical" antioxidant con-
centration is possible can be determined, as Shlyapnikov
has shown72, if the hypothesis, that breakdown of a hydro-
peroxide ultimately yields δ active ROj radicals, is intro-
duced into the scheme of polymer oxidation.

0 WO ZOO J00 min

Fig. 15. Oxidation of polypropylene:
1) absorption of oxygen by unstabilised
polymer; 2) absorption of oxygen by
polymer stabilised with di-t-butyl-p-
cresyl disulphidet and catechol naphthol
phosphite; 3) fall in viscosity in latter
case.

t The Russian nomenclature is obscure: perhaps di-(2-hydroxy-
-Γ)-methyl-3-t-butyl) disulphide is meant (Ed. of Translation).

The mechanism of the oxidation of a polymer RH containing
an antioxidant JH can be represented by the following scheme:

JH + Oj-I£— J·

R O
; + RH-ii—

ROOH + RH

RO· + JH .*·. .

+ HO· - RO
1 1

ROOH + R·,

-it-.eRO^,

ROOH + J·.

If a sulphide R2S, capable of breaking down the hydro-
peroxide without forming active products 7 3 , is added to the
polymer, the equation

ROOH -f R,S _*· -• inactive products,

must be added to the above scheme. In this case Eqns.
(7) and (8) become

41E9M! = ft, [RH] [RO;]+Aj[JH] [RO;]—ft«[RH] [ROOH]—A;,[RiS] [ROOHJ,

(22)

(23)

The secular determinant may be written

MRH]

*. [RH] + *. [JH]

-MJHJ-λ
= 0, (24)

or in expanded form

λ* + {*« [RH] + kt [JHl + *• [R2S]} λ + ft4fc, [RH] [JH] + ktk, [JH] [R,S] -

— kju [RH1» — Λ A [RH] [ JH] = 0 . (25)

An analysis similar to that of Eqn. (11) enables us to calcu-
late the critical antioxidant concentration as

UHl c r
(26)

In the particular case in which the concentration [R2S] is
zero, we obtain

[JHJ c r

1 — β
(27)

From Eqn. (27) it is evident that a stationary reaction
and a critical antioxidant concentration can occur only if
δ < 1, i.e. when decomposition of the hydroperoxide yields
on the average less than one active radical. If δ ^ 1, the
reaction is non-stationary at all antioxidant concentrations,
and no critical concentration of antioxidant exists.

6. THEORY OF SYNERGISM

Even if δ > 1, addition to the polymer of the sulphide
R2S in sufficient concentration may make the denominator
on the right-hand side of Eqn. (26) positive, which will
allow a critical antioxidant concentration to be realised.
The correctness of this conclusion has been confirmed
experimentally72.

When the antioxidant 2,6-bis-(l,l-dimethylhexyl)-4-
-methylphenol is added in various concentrations to poly-
propylene, the induction period at 200° and pO2 - 300 mm
increases linearly from 8 min to 65 min: i.e. no critical
concentration of the antioxidant is observed. If didecyl
sulphide is added as well as the above phenol, a critical
concentration is clearly evident, which in conformity with
Eqn. (26) diminishes with increasing concentration of the
sulphide (Fig. 16).
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0.08 0.1Z [JH], mole kg"

Fig. 16. Dependence of induction period in
the oxidation of polypropylene on concentra-
tion of 2,6-bis-(l,l-dimethylhexyl)-4-methyl-
phenol at 200° and po^ = 300 mm in the pre-
sence of different concentration (mole kg"1) of
didecyl sulphide: 1) 0; 2) 0.04; 3) 0.08;
4) 0.12,

0.05

100 ZOO 300 400 min

Fig. 18. Consumption of 2,6-bis-(l,l-
-dimethylhexyl)-4-methylphenol in the
oxidation of polypropylene at 200° and
Pot = 300 mm: 1) alone; 2) in the pre-
sence of didecyl sulphide.

Didecyl sulphide itself is an inefficient antioxidant, its
addition to polypropylene lengthening the induction period
only very slightly. However, addition to the polymer of
2,6-bis-(l,l-dimethylhexyl)-4-methylphenol as well as the
sulphide produces a sharp increase in the induction period
with the appearance of a critical concentration (Fig. 17).

Addition of didecyl sulphide to polypropylene greatly
diminishes the rate of consumption of 2,6-bis-(1,1 -dimethyl-
hexyl)-4-methylphenol (Fig. 18). Similarly, buttoasmaller
extent, the rate of consumption of the antioxidant methylene-
bis-2,2'-(4-methyl-6-t-butylphenol) in polypropylene is
decreased by the addition of didecyl sulphide, as is evident
from the curves in Fig. 19. These facts are fully con-
sistent with the theory developed in Ref. 72.

The mutual strengthening of effectiveness observed in
mixtures of 2,6-bis-(l,l-dimethylhexyl)-4-methylphenol
and didecyl sulphide is due to breakdown of the hydroperox-
ide and the slowing down in the consumption of antioxidant.
Either of these oxidation inhibitors alone lengthens the
induction period only slightly. When mixed, however,
they are able to extend the induction period in the oxidation
of polypropylene to 450 min at 200° and po2 = 300 mm, as
shown in Fig. 20.

[JH], mole kg"

0.075

0.05

0.025

250 500 750 min

Fig. 19. Consumption of methylenebis-
-2,2'-(4-methyl-6-t-butylphenol) in the
oxidation of polypropylene at 200° and
pOi ~ 300 mm: 1) alone; 2) in the pre-
sence of didecyl sulphide.

0.04 0.08 0.12 [R,S], mole kg"

Fig. 17. Dependence of induction period on
concentration of didecyl sulphide at 200° and
/>θ2 = 300 mm in the presence of different
concentrations (mole kg"1) of 2,6-bis-(l,l-
-dimethylhexyn-4-methylphenol: 1) 0;
2) 0.04; 3) 0.08.

R^ 100 IS 50
0 25 50

Fig. 20. Dependence of induction period
in oxidation of propylene at 200° and po^ =
= 300 mm on: 1) concentration of didecyl
sulphide; 2) concentration of 2,6-bis-(l,l-
-dimethylhexyl)-4-methylphenol; 3) mole
fractions of these stabilisers when their
total concentration is 0.2 mole kg"1.
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There can be no doubt that many cases of the mutual
strengthening of effectiveness observed when mixtures of
antioxidants and sulphides are added to polymers 66>74 are
explained by the above theory. The most efficient of the
mixtures investigated to date contains catechol 4-methyl-
-2,6-di-t-butylphenol phosphite and bis-2-hydroxy-4-t-
-butyl-w-tolyl sulphide (SAO-6). At a total concentration
of 0.015 mole kg"1 this mixture lengthens the induction
period in the oxidation of polypropylene at 200° and poz =
= 200 mm to 400 min (Fig. 21).

When an antioxidant radical J* causes the initiation of
oxidation, the effectiveness of the antioxidant can be in-
creased by adding a second substance which captures the
J" radicals. Likhtenshtein has shown73 that such a case
occurs in the stabilisation of polypropylene with diphenyl-
amine if polyphenylene or diphenylpicrylhydrazyl is added
to the polymer as a second substance.

Fig. 22 illustrates the results obtained in this paper.
With increase in the diphenylamine concentration the induc-
tion period τ slowly increases (curve 1). If both diphenyl-
amine and polyphenylene are added to the polypropylene,

the variation of τ with the diphenylamine concentration
(curve 2) shows a well developed mutual strengthening
effect, and the appearance of a critical antioxidant concen-
tration is clearly evident.

The phenomenon of the mutual strengthening of the action
of antioxidants, often termed "synergism", has been dis-
cussed in detail in several monographs and reviews β3,β7,7β,77

The results discussed above clearly show how disadvan-
tageous is the fact that antioxidants are involved in the
initiation of oxidation as well as the termination of chains.
The most important part here is played by the formation
of hydroperoxides in the reaction of peroxide radicals ROj
with antioxidants containing loosely combined hydrogen.
Among such antioxidants are the widely employed deriva-
tives of phenols and aromatic amines.

It seems to the Reviewer that one of the most important
problems in the inhibition of oxidation is the search for
new classes of antioxidants, not containing weakly bound
hydrogen. In this respect, triesters of phosphorus acid78

and also polyphenylenes, polyphenylacetylenes, and poly-
azophenylenes79 are undoubtedly of interest.

7. FREE RADICALS AS STABILISERS

300

200

WO

0.5 0.25
ol« fraction

ο1 0.75
SAC-6.,.

Fig. 21. Induction period in the oxidative
thermal degradation, at 200° and poz =
= 200 mm, of polypropylene, stabilised
with mixtures of SAO-6 and the phosphite
of catechol and 4-methyl-2,6-di-t-butyl-
phenol (total stabiliser concentration
0.015 mole kg"1).

50-

0 t 2 3 [JH], mole kg"

Fig. 22. Dependence of induction period,
in the oxidative thermal degradation of
stabilised polypropylene at 172° and pc^ =
= 200 mm, on the concentration of diphenyl-
amine: 1) in the absence of polyphenylene;
2) in the presence of 3% of polyphenylene.

In connection with the above problem, an attempt has
been made to use as antioxidants, instead of amine deriva
tives, radicals obtained by replacing the active amino-
-hydrogen by an oxygen atom:

R _ N — R ' — R—N—R'

The following radicals have been synthesised80:

These comparatively stable radicals are good antioxidants
for polypropylene and several liquid hydrocarbons.

The fact that the nitric oxide radical obtained by oxidis-
ing diphenylamine is itself an antioxidant was noted by
Thomas, who compared the inhibition of the oxidation of
white mineral oil by small additions of diphenylamine and
of diphenyl nitric oxide81.

Likhtenshtein's experiments have shown65 that diphenyl
nitric oxide is consumed very slowly during the induction
period in the oxidation of hexadecane at 150°, probably at
the same rate as initiation. The rate of consumption of
diphenyl nitric oxide does not increase until the end of the
induction period (Fig. 23).

Aliphatic nitric oxides have also been synthesised82

from 2,2,6,6-tetramethyl-4-oxopiperidine (I), their for-
mulae being given below

H 3 C

H 3 C

,CH.,

VCH,

o·

(ID (III)

The radical (II) is afar better antioxidant for polypropylene62

than is (I), as can be seen from Fig. 24. This is probably
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Ο 500 WOO 1500 min

Fig. 23. Consumption of diphenylnitric
oxide in the oxidation of hexadecane at
150° and P02 = 500 mm with different
initial concentrations of the radical:
1) 0.0038 Mj 2) 0.0018 M.

[brand of 6-polyamide fibre produced in the Soviet Union
(Ed. of Translation)] absorbs oxygen at 180° without an
appreciable induction period, whether it is unstabilised or
has been stabilised with the usual antioxidants, addition of
small amounts of the radical (II) delays by many minutes
the start of appreciable absorption of oxygen.

The consumption of the radical (Π) during the induction
period has been measured by the EPR method. It is only
after the EPR signal has vanished, i.e. after all the radical
has been used up, that autocatalytic oxidation of the capron
begins, as can be seen from the curves in Fig. 25.

The induction period in the oxidation of capron at 200°
and an oxygen pressure of 200 mm becomes longer with
increase in the concentration of radical (Π) (Fig. 26). A
critical antioxidant concentration is observed in this case,
probably indicating the occurrence of a stationary reaction
which is the result of chain termination without simultaneous
formation of hydroperoxides and initiation of oxidation. All
known stabilisers for capron diminish the rate of absorp-
tion of oxygen, as is observed when the radical (II) is em-
ployed as antioxidant.

Since the radical (II) has demonstrated its universality
as antioxidant in the oxidation of several hydrocarbons,
polypropylene, and polyamides, it has been tried as an
inhibitor of the oxidative thermal degradation of polyform-
aldehyde, which is rapid83»84 at 200°. Enikolopyan85 has
shown that degradation of polyformaldehyde begins at the

50 -

Fig. 24. Dependence of induction period in
oxidation of polypropylene at 170° on concen-
tration of: 1) 2,2,6,6-tetramethyl-4-oxopiperi-
dine (I); 2) diphenylamine; 3) nitric oxide
radical (Π) of (I).

associated with the fact that the latter reacts with ROj
radicals as follows:

y2 + Η,Ο
H,C

CH,

Η

whereas (II) adds on R* radicals according to the equation
ο

ο ιι

H 3 C\

Ο.
I

OR

CH 3

CH,

without the formation of peroxide molecules.

The great stability of the radicals (II) and (ΙΠ) is pro-
bably due to effective screening of the NO by the methyl
groups.

The radical (II) is a good antioxidant, inhibiting the oxi-
dative thermal degradation of polyamides. Whereas capron

Apr

25 50 75 100 125

Fig. 25. Induction period in the oxidation
of 6,8-polyamide: 1) consumption of (II);
2) absorption of oxygen (right-hand scale).

Fig.26. Dependence of induction period in
oxidation of 6,8-polyamide at 200° and P02 =

= 200 mm on concentration of (II).
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Fig. 27. Increase in pressure accompany-
ing the oxidation of acelylated polyformalde-
hyde at 200° and p^ = 600 mm: 1) alone;
2) in the presence of 2% of polyamide; 3) in
the presence of 1.2% of polyamide + 0.8% of
(Π); 4) oxidation of Delrin.

6 10'tJH]. moUkg"

Fig. 28. Dependence of induction period
in the oxidation of polypropylene at 200°
and P02 = 300 mm on concentration of:
1) 2,6-bis-(l,l-dimethylhexyl)-4-methyl-
phenol; 2) Stabiliser 22-46; 3) Polygard;
4) ester of SAO-6 and boric acid.

ends of the molecule, with the liberation of formaldehyde,
which reacts with oxygen to give formic acid. In order to
stabilise polyformaldehyde, a polyamide must be added to
it to combine with the formaldehyde, and also a substance
to bind the formic acid. Addition to an acetylated poly-
formaldehyde of 1.2% of a polyamide resin and 0.8% of
radical (Π) provides excellent stabilisation, the resulting
product being more stable than Delrin (see Fig. 27). It can
be supposed that some radicals are formed by the oxidative
thermal degradation of polyformaldehyde, and these are
captured by the radical (II).

Work on radical inhibitors has started only recently,
and the progress achieved in a short time suggests that it
is a promising line of research.

8. BORATE STABILISERS

Another line of work in the search for new stabilisers
for polymers is the use as antioxidants of orthoboric esters
containing no weakly bound hydrogen. Several such esters
have been described86, and the structural formulae of some
of the most effective antioxidants among the esters which
have been tested are given below:

The antioxidants B-l, B-2, and B-3 are esters formed
by catecholboric acid with cyclohexanol, phenol, and
1-naphthol respectively. They are all good antioxidants,
inhibiting the oxidative thermal degradation of polypropyl-
ene at 200°. B-2 and B-3 have well marked critical con-
centrations. B-3 is a strong antioxidant, while B-2 and
B-l are considerably weaker.

It is interesting that the ester of boric acid and the bis-
hydroxyphenyl sulphide SAO-6, which has been labelled

B-S above, has proved the most effective antioxidant among
all the boric esters which we have investigated, in spite of
the presence of a hydroxy-hydrogen in its molecule.

Fig. 28 illustrates experimental induction periods for the
oxidation of polypropylene, stabilised with various antioxi-
dants, at 200° and pO2 = 200 mm. It is evident that B-S
is a far more efficient stabiliser than 2,6-bis(l,l-dimethyl-
hexyl)-4-methylphenol, Stabiliser 22-46, or Polygard. At
a concentration of 0.04 mole kg-1 it inhibits oxidation for
640 min, whereas Polygard delays oxidation by only 50 min,
and Stabiliser 22-46 by about 300 min.

It can be hoped that the search for new antioxidants may
be the starting point for the development of research in
this important field for polymer chemistry.
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I. INTRODUCTION

Soon after its discovery, l,3-dichlorobut-2-ene, one
of the side-products of the manufacture of chloroprene
rubber1~5, attracted the attention of chemists who attempted
to find applications for it. There are several reviews

dealing with the reactions of l,3-dichlorobut-2-ene and its
applications·-·, the last (published in 1954) covering only
certain aspects of this problem. Since in recent years
many papers have appeared, describing various interesting
syntheses based on this compound, we have attempted an
assessment of the importance of the investigations which
have been made.

In the manufacture of chloroprene rubber 1,3-dichloro-
but-2-ene is formed as a result of the addition of a second
molecule of hydrogen chloride to vinylacetylene in the pre-
sence of a copper catalyst1»2:

HCEC-CH=CH2 ^-JCT* [CH,=C=CH-CH,C1] -

— CHi=CCl—CH=CH, g^ i • CH,CC1=CH—CHiCI.

Under the usual conditions of chloroprene synthesis the
yield of l,3-dichlorobut-2-ene does not exceed 3%, but it
can clearly be increased by using an excess of hydrochloric
acid2. Carothers, who first described 1,3-dichlorobut-
-2-ene, quotes the following physical constants for this
compound: b.p. 127-1297756 mm and 53-54°/50 mm;
df 1.1591; η2β 1.4724.2 Distilled 1,3-dichlorobut-2-ene
is a colourless liquid with a sharp smell and lachrymatory
action.

Later it was found that the 1,3-dichlorobut-2-ene obtained
by dehydrochlorination of monovinylacetylene consists of
two stereosiomers (cis and trans). Hatch and coworkers
separated the geometrical isomers of 1,3-dichlorobut-2-ene
by fractional distillation and investigated their properties № 1 3 .
According to their data, the mobility of the allyl chlorine
in the high-boiling /3-isomer (b.p. 131°/748 mm) is higher
than in the low-boiling α-isomer (b.p. 127.8°/745 mm),
while the latter is higher than in allyl chloride11"13. Heating
favours the conversion of the /3-isomer to the α-isomer 1 0»n.

The configuration of the stereoisomers was convincingly
demonstrated by reduction of the a and β forms with
LiAlH4 to the trans- and cis-2-chlorobut-2-enes respec-
tively13:

C1-C-CH3 C1-C-CH3
Cl—C—CH,

C1CH,—C—Η CH3-C—Η Η—C-CH,CI Η—C—CHS.

The high reactivity of 1,3-dichlorobut-2-ene depends
primarily on the mobility of the allyl chlorine atom. Thus
1,3-dichlorobut-2-ene is readily hydrolysed and reacts with
aromatic hydrocarbons, malonic and acetoacetic esters,
ammonia and amines, sodium cyanide, thiocyanate salts,
thiourea, etc.

The double bond in l,3-dichlorobut-2-ene readily under-
goes addition reactions and is ruptured by the action of oxi-
dants. As was to be expected, the chlorine atom at the
double bond cannot be substituted: both in 1,3-dichlorobut-
-2-ene itself and in its derivatives it can be removed as
HC1 by the action of alkali and sulphuric acid. In the first
case an acetylenic compound or its isomerisation product
is formed, and in the second a carbonyl compound (sulphuric
acid hydrolysis):

Cl Η Ο
I I — II

_ C = C - - C - C H , - + HCI.

Thus the possibilities of syntheses starting from 1,3-di-
chlorobut-2-ene are inexhaustable. The compounds formed
(ethers, esters, amines, etc.) by the substitution of the
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