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Examples of the application of the methods and ideas of chemical kinetics in various branches of chemistry and biology are
considered and the results of studies on the kinetics and mechanisms of atuoxidation and inhibited and catalysed oxidation
of organic substances in the liquid phase are surveyed. Problems of the kinetics of the ageing of polymers and the principles
of their stabilisation are discussed and certain trends in biological kinetics (kinetics of tumour growth, kinetic criteria of the
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I. INTRODUCTION

Approximately half a century ago a new branch of natural
science began to be formulated in various countries, namely
chemical physics, which deals with the physical principles of
chemistry and includes the physics of the structure of matter
and of chemical reactions (chemical kinetics).

In 1931 Academician N.N.Semenov founded in the USSR the
Institute of Chemical Physics of the USSR Academy of
Sciences which has since celebrated its 50th anniversary. In
this Institute, which has a long tradition in the field of
kinetic research, general kinetics have been developed in
many directions. At the time of the organisation of the
Institute the studies of a group of scientists working under
Semenov's supervision at the Physicotechnical Institute in
Leningrad led to the discovery of branched chain reactions
and laid the foundations of the theory of chain inflammation
and thermal explosion. These scientific advances rapidly

received high recognition in world science. They have occu-
pied an important place as the foundation of Soviet chemical
physics, which is distinguished by specific research into the
kinetics and mechanisms of chemical reactions and combustion
and explosive processes.

A quantitatively rigorous general theory of chemical chain
reactions was created. This theory deals with the quantita-
tive aspects of unbranched chain processes which have
become the object of studies in chemical kinetics at the
beginning of this century as a result of the outstanding
research of Bodenstein and Nernst. The theory of chain
termination on walls and within the space of the reaction
vessel has been developed in the Institute of Chemical Physics
of the USSR Academy of Sciences for unbranched chain reac-
tions and the general case of chain termination in space and
on the surface has been considered theoretically. Differen-
tial equations and their integral forms, whereby chain
propagation can be described as a function of time, i .e . the
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kinetics of chain reactions can be described, have been
obtained. A theory of branched chain processes has been
particularly thoroughly developed for the case of chain
branching as a result of the multiplication of active centres
(atoms and radicals) in the chemical interaction of active
centres with molecules as well as a theory of energetic
chain branching due to the excess energy of the reaction
products (in the 1960's). Many new phenomena characteristic
of branched chain processes have received a clear physical
interpretation and a theoretical foundation. These are in the
first place a theory of the lower and upper inflammation limits
and the discovery of an unusual form of the regions of the
chain inflammation of combustible gases in the form of
"peninsulas" in terms of pressure—temperature variables.

A theory of degenerate branched chain reactions has been
created. This theory made it possible to understand and
describe quantitatively many instances of the slow develop-
ment of a chain avalanche which does not lead to the inflamma-
tion of the combustible gas mixture. Subsequently many slow
oxidation reactions of organic substances, initially in the gas
phase and then in a condensed phase (in the liquid state and
in solid polymers) were examined from the standpoint of this
theory.

Much attention has been devoted to the study of the
detailed chemical mechanisms of chain reactions, the identifi-
cation of free atoms and radicals, the determination of their
concentrations, and the study of elementary processes
involving them.

The Institute of Chemical Physics has made a fundamental
contribution to the theory of combustion and explosive pro-
cesses, the thermal explosion of gases and condensed explo-
sives, the propagation of flame in connection with the
kinetics of chemical combustion reactions, and the detonation
theory.

The mathematical apparatus of general kinetics consist of
systems of differential kinetic equations including time as an
independent variable.

A system of the type

At
t , . . . Fn,f,alta2, . . . am)

taking into account, when necessary, also heat and mass
transfer, makes it possible to describe the kinetics of a
wide variety of processes in chemistry, physics, biology,
and geology. In this equation Ff are quantities varying with
time and characterising the properties of the system, t is the
time, and alt az am is a set of constant parameters. If
the equations can be integrated in terms of quadratures, a
set of formulae is obtained for the description of the kinetic
curves for the process under consideration:

dF,
i-dt

df

The laws governing the development of gas-phase reactions
represent the most complete field of general kinetics. Despite
their enormous theoretical and practical importance, the
kinetics of chemical reactions in condensed systems (liquid
and solid) have been less thoroughly developed. The kinetics
of biological processes have been still less developed.

This review is devoted to the kinetics of liquid-phase
reactions in relation to the oxidation of organic substances,
the chemical physics of the ageing and stabilisation of poly-
mers, and the kinetics of certain biological processes.

I I . KINETICS OF THE LIQUID-PHASE OXIDATION REAC-
TIONS OF ORGANIC SUBSTANCES

During the last quarter of the century, considerable pro-
gress has been achieved in the kinetics and mechanisms of
the oxidation processes of organic substances in the liquid
phase.

1. Chemical Oxidation Mechanism

As a result of numerous studies throughout the world, the
fundamental oxidation mechanism has been established. It
includes elementary stages involving chain initiation (the
formation of primary free radicals), chain propagation—the
so-called "degenerate" branching, which lags behind the
time of propagation of the main chain, the molecular decom-
position of the peroxide with formation of a wide variety of
oxidation products, and chain termination, which consists as
a rule in the recombination of the radicals RO2.

The oxidation reaction does not always occur in an "unper-
turbed" form of this kind. In many instances the oxidation
takes place in the presence of various inhibitors and cata-
lysts, so that the overall oxidation mechanism is significantly
complicated. In the general case account must be taken of
the reactions of the active radicals R0 2 and R as well as
hydroperoxides with inhibitors and their reaction products,
the set of elementary processes occurring in the presence of
more than one inhibitor in the system, the complex formation
reactions of homogeneous and heterogeneous catalysts with
virtually all the starting materials, intermediates, and final
products, and the reactions of the resulting complexes.

Thus the oxidation mechanism can be represented by the
following set of elementary reactions in the most general
form1"4.

Autoxidation

2RH + O2 h 2R + H2O ,

RH + O2 Λ R + H02 ,

R + O2 4- RO2 ,

R - R 1 + P l ,

R02 + RH ̂ V ROOH + R ,

ROj -*. R'COH + R"O ,

RO2 + ROOH (ROH, R'COR") -*- R' + P 2 ,

ROOH -+• RO + OH ,

ROOH + RH (RiCOOH, R'COR", . . . ) -4- 2R" + P 8 ,

ROOH + ROOH - > RO + RO a + H 2 O ,

ft' (R", RO, OH) + RH -* R",+ R'H (R"H, ROH, H 2Oj

ROOH -* P 4 ,

RO.-P .

Inhibited oxidation

ROS + InH ->- In' + ROOH ,

(0)

(0')

(1)

d')

(2)

(2r)

( 2 " )

(3)

( 3')

( 3")

( 4)

(5)

(6)

(6')

( 7)
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Κ + InH ->- In' + ΚΗ ,

R + Q •* Ρβ ,

ROOH + ^>SH ()>PH) -* Ρ, ,

R02 + In" -» InOOR .

Catalysed oxidation

Cat + O2 =̂ Cat... O2 - i ^ U R f

Cat + RH =̂ Cat ... RH +°'-> ft ,

( 7 ' )

(7")

(7 ' " )

(8)

(9)

(10)

Cat + R02 -+ Cat ... R02

-±B»-+Pe+R,

*- chain termination. (12)

Here ρ is an inactive radical, InH a phenol or an amine,

Q an inhibitor reacting with alkyl radicals, Cat a homogene-

ous or heterogeneous catalyst, ^>SH(^>PH) a sulphur-contain-

ing (or phosphorus-containing) inhibitor which reacts with

hydroperoxides, and Pj- are products .
For a Song time, the detection and identification of the

active centres of chain reactions (free radicals and atoms)
were regarded as a kind of unique achievements. The wide-
scale application of electron paramagnetic resonance (EPR)
method altered the situation. The existence of free radicals
has been detected by EPR in low-temperature oxidation reac-
tions of various hydrocarbons. In many cases the spectra
consist of a singlet with a g-factor of 2.015; the absorption
line width depends on the s t ructure of the peroxy-radicals
and varies from 6 to 30 G ( F i g . l , Table I ) . 5 " 7

Figure 1. EPR spectra of peroxy-radicals in the oxidation
of various substances: a) of cumene, catalysed by cobalt
s tearate, [CoSt 2] = 1 g l i t re" 1 , 90 °C; b) of decalin,
initiated by dicyclohexyl percarbonate, [PC] = 0.1 M,
85 °C; c) of 1, l '-diphenylethane, initiated by dicyclohexyl
percarbonate, [PC] = 0.13 M, 69 °C; d) of iso-octane,
initated by dicyclohexyl percarbonate, 78 °C. 5

The formation of free radicals (chain initiation) in liquid-
phase oxidation processes takes place as a rule in the bimo-
lecular interaction of oxygen with the organic compound via
reaction ( 0 ' ) . 3 A termolecular chain initiation reaction
[reaction (0)] was discovered in the 1960's in relation to the
oxidation of cyclohexanol and cyclohexanone 8 " 1 0 . The possi-
bility of this reaction was subsequently confirmed in relation
to the oxidation of n-decane 1 1 , t e t ra l in 9 ' 1 2 , and indan 1 2

(Table 1) .

The termolecular mechanism of chain initiation can involve
an intermediate stage in which a complex is formed in
accordance with the scheme

RH + O2 ii RH ... O2 }

RH ... O2 + RH ->- 2R + H2O2 .

The formation of such complexes has been demonstrated
spectrophotome t r ically 1 2.

In a fully developed oxidation process radicals are formed
via degenerate chain branching. The rate of degenerate
branching can be determined from the consumption of the
inhibitor introduced into the reaction mixture at various
stages of the oxidation process. It has been shown by this
method, for example, in the study of Knorre et a l . , 1 6 that in
oxidation of n-decane the hydroperoxide is the only branch-
ing product . The chain branching rate constant k3 = 6 χ 10θ

exp (-24 800/ΚΓ) ( s " 1 ) . 1 6

Table 1. The rate constants for chain initiation in the
oxidation of various organic compounds.

Substance Ao, litre moH r 1

Bimolecular reaction (0')

Cyclohexane
Isopropylbenzene
o-Xylene
Ethyl methyl ketone
Ethanol
Phenol
p-Methoxyphenol
p-Cresol
a-Naphthol
(3-Naphthol
a-Naphthylamine
a-Naphthylphenylamine
(J-Naphthylphenylamine
Tetralin
Indan
Cyclohexanol
Cyclohexanone

8.0· 1012

3.5-109

2.0-108

3.0· 109

6.0-10'
7.0-1012

7.5· 109

30-10"
2.2-109

4.5·10'°
1.5-1010

2.8· 1010

3.5- 10 i0

kcal moH

40.0
27 4
31.0
30.0
30-0
35.0
27.0
32.0
25.0
29.0
30-0
31.0
32.0

Ao, litre2 m o H Εθι ^cai m o j-l
s"' 1

Termolecular reaction

4-103

3.9-103

8.3
2.1 -102

20.7
18.8
16.0
17.5

Refs.

(0)

[15]
[15]
[15]
[13]
[13]
[14]
[14!
[14]
[14]
[14]
[14]
[14]
114]

[9]
[12]
[10]

[9]

Degenerate chain branching can occur not only as a result
of the unimolecular decomposition of the hydroperoxide via
reaction (3) but also via the bimolecular reaction ( 3 ' ) with
participation of the hydrocarbon. According to reaction ( 3 ' ) ,
the rate of branching decreases linearly with increasing
hydrocarbon concentration 3 .

With the decrease of the C-H bond strength in the hydro-
carbon molecule in the sequence decane > 2, 7-dimethyl-
octane > ethylbenzene > methyl oleate, the rate of decomposi-
tion of n-decyl hydroperoxide into radicals increases, which
constitutes yet another piece of evidence for the occurrence
of the bimolecular chain branching reaction ( 3 ' ) . 1 7

At high hydroperoxide concentrations, which are part ic-
ularly characteristic of the oxidation of α-olefins, the
decomposition of the hydroperoxides and hence the degenerate
chain branching take place via reaction (3")> the occurrence
of which is promoted by the formation of hydrogen-bonded
associated species:

ROOH + HOOR ̂  [ROOH ... HOOR] -*• RO + R02 + H2O .

For high degrees of reaction, the products accumulating in
the reaction mixture begin to participate in the chain branch-
ing. Organic acids, capable of forming a 2 : 1 complex with
hydroperoxides, are important in this sense. Under the



904 Russian Chemical Reviews, 50 (10), 1981

influence of intermolecular hydrogen b o n d s , the dissociation
of the Ο—Ο bond in the hydroperoxide molecule in such a
complex is facilitated, which leads to the formation of free
r a d i c a l s 1 8 ' 1 9 :

ROOH + 2RCOOH £ [ROOH ... 2RCOOH] + RO + OH + 2RCOOH .

A s tudy of the mechanism of chain propagat ion established
t h a t , as for gas-phase react ions , the l iquid-phase oxidation
react ions of organic compounds include in certain cases ,
together with the main chain propagat ion reaction

RO2 + RH -* ROOH 4- R ( 2 )

also the isomerisation of peroxy-rad ica l s accompanied b y t h e
decomposition of t h e radical with dissociation of t h e C—C
bond and the formation of carbonyl compounds and r a d i c a l s :

RO2 -+ R'CHO + RO (2')

The chain propagation in the oxidation of α-olefins consti-
tutes two parallel reactions, in one of which the peroxy-
radicals interact with the C-H bond [reaction (2)] with
formation of hydroperoxides, while in the other peroxy-
radicals add to the unsaturated bond [reaction ( 2 " ' ) ] . 2 0 This
reaction pathway leads to the formation of oxides, polyper-
oxides, and other products:

R02 + -C-H (RH) -+ ROOH + R

RO2
RO, products.

( 2 )

(2'")

The rates of reactions (2) and (2'" ) have been determined
from the accumulation of hydroperoxides and the consumption
of double bonds 2 1 ' 2 2 in the oxidation of cyclohexene and
phenylcyclohexene.

The rate constants k2 and k2'» were calculated from the
parameters kz/kl'2 and k2m/kg/2and t n e r a t e constant k 6 for
the recombination of peroxy-radicals (determined by the
method of interrupted illumination). The corresponding rate
constants have the following values (in litre ιτιοΓ1 s" 1 ):
k2 = 5.7 χ 10"exp [(-6300 + 300)/RT], k2,,, = 1.4 χ 109exp
[(-14 000±600)/RT], and k6 = 1.5 χ 106 for cyclohexene2 1 '2 2

and kz - 2.2 χ 105exp [(-5000 + 300)/RT], k2,,, = 1.4 χ
108exp [(-8400 + 300)/RT], and k6 = 2.5 χ 10s for phenyl-
cyclohexene2 1 '2 2.

The conjugation of the C=C bond with the phenyl group
increases the reactivity of the α-olefin, which is manifested
by a considerable decrease of the activation energy for the
addition of the peroxy-radicals to the unsaturated bond in
phenylcyclohexene relative to cyclohexene. It is also strik-
ing that there is a considerable increase of k6 following the
introduction of the phenyl substituent into the cyclohexene
molecule, whereas by analogy with the corresponding alkanes,
a lower value of k6 for phenylcyclohexene relative to cyclo-
hexene should have been expected in view of the steric
effect of the substituent (the values of k6 for cyclohexane
and phenylcyclohexane are respectively 1.6 χ 106 and 1.6 χ
105 litre mor1 s" 1).

In the oxidation of 6-ethoxy-l,2-dihydro-2,2,4-trimethyl-
quinoline (ethoxyquin) the rate-limiting stage in the chain
propagation reaction is the decomposition of the primary
free radical accompanied by the elimination of the methyl
radical 2 3" 2 5:

CH3 CH8

l/C H s

X C H 3

(RN)

CH3 (13)

The rate constant for this reaction is k1 3 = 1.3 χ 1013exp
(-20 800/RT) (litre mol"1 s""1).

At elevated temperatures this reaction leads to the forma-
tion of 6-ethoxy-2,6-dimethylquinoline (X) (Fig.2) with a
a selectivity up to 90% in chlorobenzene and more than 60%
in n-decane, cumene, styrene, and phenylacetylene. At
t > 100 °C the oxidation of ethoxyquin is a chain process.

180 min

Figure 2. Kinetic curves for the consumption of ethoxyquin
(curve 1), the accumulation of the quinoline product (curve
2), and the accumulation of methyl hydroperoxide (curve 3)
in the autoxidation of ethoxyquin in chlorobenzene (110 °C,
oxygen flow rate 0.5 litre h" 1). 2 1*

The active centres for the chains are the free radicals RN,
CH3, and CH302 participating in the reactions

CH3

C H 3 0 2 ( 1 4 )

CH3 + CH3O2(R02, RN + CH3O2H (RO2H, ROH> 5 ( 1 5 )

RN+ RN -»- RN-NR . ( 1 6 )

The rate constant for the reaction of peroxy-radicals with
the N-H bond of ethoxyquin is very high (k 1 5 i 106 litre
mol"1 s"1) and does not limit the rate of oxidation. The rate
constant for the recombination reaction (16), measured by
flash photolysis, is 2k6 = 9.8 χ 106 litre mol""1 s"1 (20 °C,
benzene). 2 6 Chain branching proceeds via a reaction of
type (3 ' ) :

RNH + CH3OOH (ROOH) ->- RN +CH sO(RO) + H 2O .

In inert solvents this reaction proceeds with participation of
methyl hydroperoxide.

At low temperatures, where the rate of decomposition of
the radical RN via reaction (13) is low, ethoxyquin is one of
the most effective antioxidants, since the rate constant for
the interaction of peroxy-radicals with ethoxyquin [reaction
(15)] is significantly greater than, for example, the corre-
sponding constant for ionol (k = 2 χ 101* litre moP1 s"1,
60 °C 3) and the RN radical formed is relatively inactive.

In hydrocarbons undergoing oxidation the RN radicals
partly undergo a cross recombination reaction:

RN + ROa -v products,
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as a result of which the stoichiometric inhibition coefficient
for ethoxyquin is greater than unity (f s 1.3 for the oxida-
tion of phenylacetylene, styrene, ethylbenzene, and
β-carotene; 50-60 °C).

Above 100 °C, the inhibiting efficiency of ethoxyquin falls
in the oxidation of ethylbenzene, n-decane, and styrene,
since the methylperoxy-radical formed in stage (15) is
involved in the transfer of the hydrocarbon oxidation chain.
The interaction of ethoxyquin with hydroperoxides plays a
significant role in decreasing its efficiency as an inhibitor.

Ethoxyquin is an effective antioxidant for phenylacetylene
even at a relatively high temperature. The inhibition is then
due to the ethoxyquin reaction product—the corresponding
quinoline.

The reactivity of the R02 radicals with respect to the
oxidation products [reaction (2")] was determined by special
kinetic procedures2 7 '2 8; it was shown that, in the oxidation
of n-decane, the ratios of the rate constant for reaction (2)
(k2) and the rate constants for the chain propagation as a
result of the interaction of the radical RO2 with the alcohol
(kz,f RQH) a n c * t n e hydroperoxide CV.ROOH) a r e

kz • &2",ROH : ^".ROOH = 1 : 6 : 13. The activation energies
for the elementary stages29'30 are E2 — 14.5 kcal mol""1 and

£2»,ROH = £2»,ROOH = 1 0 k c a l mo1'1·
Thus the oxidation products are extremely reactive and

have a significant influence on the oxidation mechanism.
The reactions of the RO2 radical with peroxides, alcohols,

and ketones involve the interaction of two dipoles, which is
significantly influenced by the dielectric constant of the
medium.

The composition of the products of the oxidation of ethyl
alcohol and ethyl methyl ketone at a pressure of 50 atm and
a temperature of ~150 °C in a stainless steel reactor3 2 '3 3 is
determined by the competition of two elementary chain
propagation stages [reactions (2) and (2 ')] . The principal
oxidation products of ethyl methyl ketone are acetic acid,
ethyl acetate, and diacetyl. In the oxidation of ethyl alco-
hol the products of the bimolecular reaction of the RO2 rad-
ical, namely acetic acid and ethyl acetate, constitute 80% of
the total oxidation products. When ethyl methyl ketone and
ethyl alcohol are diluted by a non-polar substance (benzene)
the amount of the decomposition products of the R02 radicals
increases, because the addition of benzene diminishes the
dielectric constant of the medium and the rate of reaction (2)
falls.

The activation energy for reaction (2) in the oxidation of
ethyl methyl ketone and ethyl alcohol increases with decrease
of the dielectric constant .of the medium31*. The dipole
moment of the activated complex μ^ = 8.4 D, obtained from
experimental data for the oxidation of ethyl methyl ketone,
agrees well with the value calculated for one of the struc-
tures of the activated complex (8.1 D), i.e. in the case of
ethyl methyl ketone the rate of reaction (2) is influenced
solely by the dielectric constant of the medium. Not only
the polarity of the medium but also the association of the
alcohol via intermolecular hydrogen bonds plays an important
role in the oxidation of the alcohol.

Chain termination in liquid-phase chain reactions takes place in
the vast majority of cases via a quadratic recombination or
disproportionation [reaction (6)] mechanism. The quadratic
chain termination in the oxidation of hydrocarbons is appa-
rently a complex process proceeding via a multistage mech-
anism35"37. According to Russell38, the disproportionation of
primary and secondary peroxy-radicals proceeds via an
intermediate stage involving the formation of a cyclic complex,
although it has been suggested that the process proceeds via
a more complicated mechanism involving a zwitterion forma-
tion stage37.

Tertiary peroxy-radicals probably interact via the mech-
anism

2ROO

ROOR + O2 ,

2RO + O a

(17a)

(17b)

The t-alkoxy radicals decompose with formation of a ketone
and a low-molecular-weight primary radical, which is subse-
quently involved in disproportionation cross-reactions with
the radicals ROO.

For example, the radical CH3 is formed in the decomposition
of the cumenyloxy-radical:

QH6C (CHs)a 0 -* CeH5 (C=O) CH3 + CH3 ,

GH3 + O a -* CH3Oa ,

CH3Oa + ROa -» H2CO + O, + ROH .
(18)

It is noteworthy that much attention has been devoted
recently in the literature on the liquid-phase oxidation
mechanism to the R02 disproportionation reaction [reaction
(17b)] as the chain propagation stage in the oxidation of
hydrocarbons with tertiary39 and secondary1*0 C—Η bonds.

A recent study1*1 of the quadratic chain termination in the
oxidation of cumene by the chemiluminescence method showed
that the primary cumenylperoxy-radicals C6H5CH(CH3)CHOO,
involved in the disproportionation cross-reactions

ROO + QH5CH (CH3) CHaOO -> ROH + O2 + CeH5CH (CH3) CHO , (19)

play a major role in chain termination. Despite the low con-
centration of the primary peroxy-radicals, the contribution
of reaction (19) to the overall rate of recombination is then
comparable to the contribution of reaction (17) and greatly
exceeds that of reaction (18) in the chain termination mech-
anism.

Various non-stationary methods are used to measure k6,
including rapid chemiluminescencs (CD methods35'1*2. A
novel chemiluminescence method has been recently developed
for the determination of the recombination and disproportion-
ation constants of free peroxy-radicals in cases where the
relevant processes are not accompanied by intense lumines-
cence sufficient for its measurement under non-stationary
conditions1*3. The method is based on the measurement of
the non-stationary chemiluminescence in the coupled oxida-
tion of the test substance RH with a small amount of an
added "standard" compound R-Ji characterised by fairly high
chemiluminescence yields in chain termination processes.
Non-stationary conditions are obtained as a result of the
rapid introduction of an initiator into the system. The
chemiluminescence arising in the coupled system is due to the
reactions

R02 + Rio2 -*• products,
Ri02+ Ri02 ->- products.

The ratio of the concentrations of the radicals R02 and R102

is determined by the rates of the chain propagation cross-
reactions

RO, + RiH -* ROOH + Ri ,

RiOj + RH -» RiOOH + R"| .

(22)

(23)

The effective rate constant for the recombination of radicals
eff

k6 in mixtures of different composition is described by the
formula

In ^ - 5 7 -

1 - Μ'Jv'
= 2 (wtk, Y' t

(i is the chemiluminescence intensity and JOT the limiting value
of / for the given rate of chain initiation Wj·), analogous to
that used to decribe the non-stationary kinetics in the oxida-
tion of pure hydrocarbons1*2. The constant fce^ varies
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linearly with mixture composition and is given by an expres-
sion of the form

k'« = k + 2 -*&. (fe20 - *„) JBsiiL ,
* * fe23

 2 0 2 1 [RH]

which makes it possible to calculate the required constant k6

from the dependence of fc|^ on the ratio [RjH]/[RH]. The
method has been used1*1* to determine k6 for the oxidation of
substituted 3-phenylindans.

In certain special cases there is apparently a possibility
also of linear termination together with quadratic chain ter-
mination in liquid-phase oxidation reactions. A change of the
chain termination reaction1*5"1*7 from quadratic to linear with
increase of temperature has been established in a study of
the kinetics of the oxidation of unsaturated compounds:
4-( 2,6,6-trimethyl-l-cyclohexenyl)but-3-en-l-one (β-ionone)
and the acetoacetate ester of the corresponding alcohol
(β-ionol acetate). At temperatures below 70 °C the rate of
oxidation of these compounds w varies in proportion to w^ 2,

which is a kinetic feature of quadratic chain termination; at
70—80 °C the variation of w is proportional to Wj, which indi-
cates the predominance of linear termination in this case
(Fig.3). Kinetic analysis has shown that the linear chain
termination is due to the isomerisation of the free peroxy-
or alkyl-radicals involved in the chain propagation1*5:

(6')

The change in the chain termination mechanism is accom-
panied by a relative decrease of the rate of reaction.

107w,·, mol litre ! s 1

4 8

16 -

| 12 -

- 1.0

I 6
104w*, mol* litre"* s"

Figure 3. Dependence of the rate of absorption of oxygen in
the initiated oxidation of β-ionone at 60 °C on w r 2 (line 1)

and at 85 °C on W{ (line 2); ρ-ionone concentration (M):
1) 0.09; 2) 0.1; initiators: 1) azobisisobutyronitrile;
2) benzoyl peroxide; solvent—chlorobenzene1*6.

2. Oxidation Kinetics

In order to analyse the characteristics of the degenerate
branched chain oxidation reactions of organic compounds
occurring over a period of time, it is possible to examine a
simplified mechanism reflecting the principal kinetic types of
the elementary reactions of the initial compound (RH), the
active centres—peroxy-radicals (R0 2 ), and the intermediates
(ROOH) involved in the formation of free radicals. In con-
formity with the detailed mechanism presented above, the
following reactions are involvedt:

RH + ROa

-*!_* ROa + ROOH,
(chain propagation)

RO2 + products;

(chain termination)
RO2 4 - ρ .

RH X RO2 , )

ROOH

ROQH + ROOH -+· R 0 2 .

(chain initiation)

The kinetic equations for the rate of a reaction proceeding
via the above mechanism at quasi-stationary concentrations
of free radicals are

wt - kt [R02]
2 - A:6-[RQ2] = 0 , (24)

- d [RH]/d t = k2 [R02] [RH] , (25)

- d [ROOH]/d t = ak2 [R02] [RH] - k3 [ROOH] - k3» [ROOH]2, (26)

wt = fe0 [RH] + 6fc3 [ROOH] + ftfc3» [ROOH] , (27)

where δ is the number of free radicals per ROOH molecule
decomposed and α is a parameter defining the fraction of
ROOH in the sum of products formed in the chain propagation
stages.

It follows from Eqns.(24) and (25) that in quadratic chain
termination, where fc6[R02] » k6, we have

[R02] = {wdk,)v\
- d [RH]/d t = k2 [RH] {Wilktf', ( 28)

while in linear termination, where k6i » k 6 [RO 2 ], we have

[ROe] =
(29)

The study of the kinetics of the oxidation of organic com-
pounds of different classes led to the derivation of various
functions Wj = W({[RH]} and the corresponding overall
kinetic equations. Up to a certain degree of conversion,
particularly in the initial stages, the amount of compound
consumed may be proportional to the ROOH concentration:

[ROOH]=o([RH].-[RH]).
( 3 0 )

t The following assumptions have been made: all the rad-
icals, including alkyl, alkoxy-, and hydroxy-radicals, are
rapidly converted into peroxy-radicals: R + O2 ->• R0 2 ;

RO(OH) + RH -> R + products; the chain length is small,
which makes it possible to neglect the consumption of RH
associated with the formation of free radicals other than
peroxy-radicals in the stage involving the decomposition of
the intermediates (chain initiation). The product (ROOH)
involved in chain branching is formed in one of the chain
propagation reactions.
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(31)

In this case Eqn.(27) can be p u t in the form

w,=* e [RH] +ofi*,([RH]«—[RH]) +
+«26A:3»([RH]0-[RH])2 .

E q n . ( 3 1 ) holds when the consumption of ROOH can be n e g -
lected in E q n . ( 2 6 ) or when t h e r e a r e several compounds
formed consecutively and decomposing into free radicals .

Integrat ion of E q n . ( 2 8 ) or (29) leads to different e x p r e s -
sions, depending on the rat ios of the ra te constants for the
chain initiation s tages . We shall examine several cases .

1. The decomposition of ROOH is a f i r s t-order reaction and
the chain termination is q u a d r a t i c : k3 » 7c3,,[ROOH]; k6, =0.
In th i s case Eqn.(31) and the solution of Eqn.(28) are

a;f=*o[RH]+aeJfe,([RH]<>—[RH])

!
1 _ (1 _ [RHJ/tRH],,)1/·

_cf

(32)

(33)

where c x = k2{a&k3[RH]Q/k6}
1'2 is a parameter .

E q n . ( 3 3 ) holds in the oxidation of 3-carotene and phenyl-
cyclohexene (at t e m p e r a t u r e s below 90 o C). l + 8 > ' * 9 Eqn.(32)
h a s been derived experimentally b y determining Wj d u r i n g the
reaction by the method of inhib i tors . In most cases Eqn.(32)
holds in the initial s tages of the reaction where i ts ex tent is
low and one can assume t h a t [RH] = [ R H ] 0 ; formula (33) can
then be fitted by the equation of a parabola:

[ROOH] = <:,"*» (34)

where c " = O.25a2k|[RH]o6ic3//c5 is a parameter . Hydroper-
oxides accumulate in accordance with a parabolic law in the
oxidation of aromatic a lkyl-subst i tuted h y d r o c a r b o n s and
paraffinic h y d r o c a r b o n s in the initial s tages of the react ion 5 0 .

2. The decomposition of ROOH is a second-order reaction
and the chain termination is q u a d r a t i c : k3(f[ROOH] » k3;
kQ « k 3 , ,[ROOH]; k6i = 0.

Function (31) and the solution of Eqn.(28) then become

(35)

Using E q n . ( 3 0 ) , it is possible to obtain from Eqn.(35) an
express ion for the accumulation of the h y d r o p e r o x i d e :

«x*l(eifc3»)'4fRHj,
ln- [ROOH]

α [RH]0 - [ROOH]
• t + const (36)

Eqns.(35) and (36) have been obtained for the consumption
of cyclohexene and the accumulation of cyclohexenyl hydro-
peroxide in the autoxidation of cyclohexene1*9 up to a degree
of conversion of -20% (Fig.4).

The main pathway in the consumption of cyclohexenyl
hydroperoxide involves its oxidation via a chain mechanism
with participation of the C-H bonds, as in the initial cyclo-
hexene:

H O O -
\ _

>—OOH (37)

This process determines the maximum concentration of the
intermediate and the rate of formation of free radicals. The
main product of the reaction of a monohydroperoxide is the
dihydroperoxide (Fig.4, curve 3).

Cyclohexenyl hydroperoxide is more reactive in reactions
with peroxy-radicals than is cyclohexene. Thus, for a
degree of reaction in excess of 20% (at 70 °C), the cyclo-
hexene undergoing oxidation is a multicomponent system in
which the initial compound is consumed under the conditions
of its joint oxidation with the primary reaction product.

3. The product ROOH and the initial compound have similar
reactivities in the formation of free radicals and the chain
termination is linear: 5fc, = kn; k, = 0.

hours

Figure 4. a) Kinetic curves for the consumption of cyclo-
hexene (curve 1), the accumulation of cyclohexenyl hydro-
peroxide (curve 2), the accumulation of dihydroperoxide
(curve 3), and the sum of peroxides (curve 4) in the oxida-
tion of cyclohexene in a closed vessel under the conditions of
the saturation of the liquid phase with oxygen; b) trans-
formed kinetic curves for the consumption of cyclohexene
(curve V') and the accumulation of cyclohexenyl hydroper-
oxide (curve 2') in terms of the variables of Eqns.(35) and
(36) up to a 20% degree of conversion of the hydrocarbon;
70 °C; Jx = 2 + lg({[RH]0 - [RH]}/[RH]); I2 = 2 +
lg([ROOH]/{a[RH]0 - [ROOH]}) for a = O.7.-9

In this case the decrease of w0 as a consequence of the
consumption of the compound is compensated by the increase
of Wp and as a result the overall rate of formation of free
radicals hardly changes in the course of the process. Eqn.
(29) and the solution of Eqn. (28) have the form

(38)

( 3 9 )[RH] = [RH]oexp (~c3t) .

where c3 = k2&k3[RH]0/ksr is an effective first-order rate
constant.

Eqn. (38) and the first -order kinetic equation (39) have
been obtained1*5 for the oxidation of the unsaturated com-
pound 4-(2,6,6-trimethyl-l-cyclohexenyl)but-3-en-2-yl
acetate (β-ionol acetate) (Fig. 5). In this case the first-
order equation merely simulates a complex chain mechanism.
This is indicated, for example, by the dependence of the
effective rate constant c 3 on the initial concentration of the
compound (Fig. 5).

Phenylacetylene is apparently oxidised in accordance with
a first-order equation with linear chain termination. This
process constitutes oxidative polymerisation with a very small
contribution by stages of the oxidative-degrative type 5 1 .
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In the oxidation of ethyl methyl ketone the rate of forma-
tion of free radicals ŵ  remains constant up to the complete
decomposition of the compound with quadratic chain termina-
tion 5 2:

a)j=c=const.
(40)

This feature of the chain initiation is associated with the
thermal decomposition in the course of the reaction of two
consecutively formed intermediates—a ketohydroperoxide and
diacetyl.

Figure 5. Kinetic curves for the consumption of β-ionol
acetate (A) (curves 1 and 2) and the semilogarithmic forms
of the curves (curves V and 2'); solvent—chlorobenzene;
80 °C."5

Integration of Eqn.(28) leads to the expression

= [RH]0exp(-c3'f)

where c3» = kziWf/kg)1/2 is the effective rate constant. Thus
we have a first-order equation, like Eqn.(39), but with
another structure of the effective constant C3L

4. Free radicals are formed only with participation of the
initial compound and the chain termination is quadratic:
k0 » k3, k0 » fc3if[ROOH], k6r = 0. According to Eqn.(31),
the rate of chain initiation decreases in the course of the
process:

tw0=*o[RH] . (42)

Integration of Eqn.(28) leads to the expression

(43)

where ch = 0.5k2(kg/kg)1/2 is a parameter.
Evidently Eqn.(43) is the kinetic equation of an unbranched

chain reaction. Eqns.(42) and (43) have been obtained for
the autoxidation of phenylcyclohexene above 90 °C.1*9 For
this cyclo-olefin, a change in the oxidation process condi-
tions from degenerate branched (at t < 90 °C) to unbranched
(at ί > 90 °C) is observed due to the characteristics of the
reactions of the intermediates.

The autocatalytic nature of the process at low temperatures
is due to the formation in reaction (2) of unsaturated hydro-
peroxides, which readily decompose into free radicals. The
main cause of the change in process conditions with increase
of temperature is the oxidation of unsaturated hydroperoxides
with participation of C=C bonds, leading to the formation of
thermally stable compounds. At the same time the rate of

reaction of phenylcyclohexene with oxygen (chain initiation)
and the activity of the free radicals in chain propagation are
sufficiently high for the reaction to develop at a high rate
and without chain branching.

Thus the type of kinetic equation for the reaction is
determined by the nature of the decomposition of the inter-
mediates and the ratio of the reactivities of the initial com-
pound and the intermediates in the formation of free radicals.

The overall kinetic equations contain the parameters c l t c 2 ,
etc., which can be determined from transformed kinetic
curves. For autocatalytic reactions, the parameters of the
equations contain the rate constants for chain propagation,
termination, and degenerate branching: c = k 2 (a5k 3 /k 6 ) 1 ' 2 .
These parameters can serve as characteristics of the reac-
tivity of organic compounds in oxidation processes.

3. Oxidation of Multicomponent Mixtures. Coupled Oxidation

In the coupled oxidation of binary mixtures of hydrocar-
bons RjH and R2H, two types of radicals, R J P J and R 20 2,
which can interact with both hydrocarbons, are involved in
chain propagation and termination3. As a result, together
with the chain propagation and termination reactions occur-
ring in the oxidation of the pure hydrocarbons RXH and
R 2 H, 5 3 " 5 6 i .e.

R A RXOOH + Rx ,

» products,

(1)

(2)

( 6 )

(44)

+ R 2 oj products,
chain propagation and termination cross-re actions also take
place:

(45)

(46)

R A + R2H ~v RXOOH + R, )

R A + RiH -» RaOOH + Rj t

RiOa + R2Oa ->- products.

*~ [ethylbenzene]

[pinene] •*-

r z

(47)
(48)
(49)

Λ 10 s

Ζ if 6 Μ

[ethylbenzene] -
-*- [n-decane]

Figure 6. Dependence of the rate of oxidation on the com-
position of the mixtures of hydrocarbons: 1) pinene—ethyl-
benzene (70 °C); 2) n-decane-ethylbenzene (77 °C).
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The occurrence of reactions (47)-(49) leads to the non-addi-
tive dependence of the rate of oxidation on the mixture com-
position (Fig.6).

Under the conditions of initiated oxidation, when the above
joint oxidation mechanism is valid, the rate of absorption of
oxygen is described by the formula

Wo, =
Η [RiH]» + 2 fl^H) [R,H] + ra [RaH]a

(50)
! + 2Φ(Λ

where &! = k2/k\l2, b2 = k^^/kl^, rx = k2/kk7, r2 = /c^5/fc48,
and Φ = kttg/ikgkt^)1'2. This equation is used widely in the
determination of the reactivity of peroxy-radicals with
respect to a series of hydrocarbons (Table 2). Together
with the chain propagation and termination "cross-reactions",
reactions involving alkyl radicals can play a significant role
in the oxidation of multieomponent mixtures 5 9" 6 2:

Rj + R2H ^

R2 + R1H

Table 2. The rate constants for the reactions
R2 (75 °C).

(51)

(52)

R 2 H

o-Xylene
o-Xylene
o-Xylene
Cumene
Cumene
Cumene
Ethylbenzene
Ethylbenzene
Ethylbenzene
Ethylbenzene
Allylbenzene
Allylbenzene
Tetralin
Tetralin
o-Methylstyrene
a-Methylstyrene
2,7-Dimethyloctane
l-Methyl-3-phenylindan
l,3-Dimethyl-3-phenylindan
1, l-Dimethyl-3-phenylindan

Rj02

allylbenzene
tetralin
o-methylstyrene
allylbenzene
tetralin
a-methylstyrene
allylbenzene
tetralin
a-methylstyrene
2,7-dimethyloctane*
tetralin
a-methylstyrene

allylbenzene
o-methylstyrene
allylbenzene
tetralin
ethylbenzene*

ethylbenzene**
ethylbenzene**
ethylbenzene**

£47, litre mol-1 s~l

4.0
2.0
0.9
6.5
2.6
1.0
6.2
3.9
1.4
0.12

19
9.2

44
12

400
100

4.8
39.2
17.8
30.4

References

57
57
57
57
57
57
57
57
57
58
57
57
57
57
57
57
58
44
44
44

*At 77°C.
**At 60 °C.

If account is taken of the possibility of competition between
react ions (1) and (51) and between (44) and (52) in initiated
oxidation, then E q n . ( 5 0 ) is transformed i n t o 6 3

c (kia [RiH] + *4s [RaH])
(53)

where
[O2]) (k2 i7 [R2H]) + ki7 [R2H]

(£5 [R2H]) + ki8

Analysis of Eqn.(53) shows that reaction (51) influences
most strongly the kinetics of the oxidation of nearly equi-
molar mixtures. The overall rate of oxidation is sensitive to
reaction (51) with k51 S 103 litre moP1 s"1.

As a result of the large difference between the activation
energies for the reactions of free radicals R^ with O2 and R2H,
reaction (51) occurs to a large extent at high temperatures.

Degenerate chain b r a n c h i n g react ions also play an impor-
t a n t role in the non-init iated oxidation of multieomponent
systems at 100—140 °C. The r a t e of degenera te b r a n c h i n g is
then determined b y the r a t e s of unimolecular and bimolecular
decomposition of the hydroperox ides RjOOH and R 2OOH:

RiOOH -»- RxO + OH,)
(3)R2OOH -^

R,OOH + RjH

R2OOH + R2H

RiOOH + R2H

R2OOH + RiH

H 2 O ,

R20 + R2 + H2O,

RjO + R2 + H2O,

R20 + Ri + H2O.

(3')

The occurrence of the new chain transfer reaction (51) as
well as the branching reactions results in a sharp difference
between the characteristics of the oxidation of multieomponent
mixtures under these conditions and those of initiated oxida-
tion. Thus, in the degenerate branched chain oxidation
reaction of mixtures of ethylbenzene with paraffins (n-decane,
2,7-dimethyloctane, 130 °C), one observes an acceleration of
the oxidation of n-decane by small amounts of added ethyl-
benzene instead of its retardation (as in initiated oxidation)
(Fig. 7). On further increase of the content of ethylbenzene
in the mixture to 7.5 vol.%, the consumption of n-decane
begins to be inhibited strongly and virtually ceases in the
presence of -10 vol.% of ethylbenzene in the mixture6 0. Under
these conditions, virtually only ethylbenzene is oxidised. The
maximum rate of oxidation of ethylbenzene is observed in the
range of ratios of mixture components in which the maximum
rate of oxidation of n-decane is attained.

w, mole % h"

2

0 50 100
[n-decane], vol.%

0 50 100
Lethylbenzene]. vol.%

Figure 7. Dependence of the initial rate of oxidation of
n-decane (curve J) and ethylbenzene (curve 2) on the composi-
tion of the n-decane-ethylbenzene mixture; 130 °C. 6 0

Mathematical analysis of the kinetic scheme of the coupled
oxidation of two hydrocarbons (in relation to the oxidation of
a mixture of n-decane and ethylbenzene at 130 °C), taking
into account the chain transfer reaction (51) and the degen-
erate branching reactions ( 3 ) - ( 3 ' ) , showed62 that the exper-
imental dependence of the rates of oxidation of the mixture
components on the mixture composition cannot be explained
without taking into account reaction (51).

Thus, under the conditions of the high-temperature
coupled oxidation of hydrocarbons, the set of elementary
reactions making up the process mechanism greatly increases.

Reaction (51) must be taken into account particularly in the
thermo-oxidative degradation of polymers, where the diffu-
sion of O2 into the polymer is difficult.



910 Russian Chemical Reviews, 5 0 (10), 1981

On the basis of coupled oxidation reactions, it is possible
to devise technological processes in which the oxidising
agents are highly reactive peroxy-radicals and not molecular
oxygen. One of the substances being oxidised is then the
source of peroxy-radicals, which interact with the second
mixture component.

An example of such a reaction is the formation of epoxy-
propane and an organic acid by the joint (coupled) oxidation
of aldehydes and olefins61*'65. This process proceeds via the
mechanism of a chain reaction and the main epoxidising agent
is the acylperoxy-radical66:

RCOOO + CH2=CHCH3 + [RCOOO · C3H6] - C C - + RCOO ,

RCOO + RH -» RCOOH + R

Together with t h e radical react ion, t h e r e is also a molecular
pathway in t h e epoxidation of p r o p e n e with peracet ic acid
( t h e Pri lezhaev r e a c t i o n 6 7 ) . However, t h e contr ibut ion of
t h i s react ion in t h e coupled aceta ldehyde—propene p r o c e s s
does not exceed 15 mole % of t h e overall r a t e of formation of
e p o x y p r o p a n e . The concentrat ion of dissolved oxygen h a s a
significant influence on the r a t e of formation of epoxy-
p r o p a n e 0 8 .

w, mol litre"1 h

Ο 0.2 0.6

Figure 8. Dependence of the rate of consumption of benz-
aldehyde (curve 1) and accumulation of epoxynonane (curve
2) on the concentration of non-1-ene in chlorobenzene;
2') calculated curve for the rate of epoxidation of non-1-ene
with perbenzoic acid; 3) variation of the yield of epoxy-
nonane relative to the benzaldehyde which has reacted.
Temperature 90 °C; rate of supply of oxygen 3 litres h " 1 . 6 9

The coupled oxidation of non-1-ene and benzaldehyde69 is
characterised by a nearly 100% selectivity in the formation of
1, 2-epoxynonane relative to both initial reactants which have
reacted—the olefin and the aldehyde. There is an extremum

in the rate of formation of 1,2-epoxynonane as a function of
the initial concentration of non-1-ene (Fig.8). The ratio of
the rates in the two pathways leading to the formation of
1,2-epoxynonane (epoxidation by acylperoxy-radicals and the
peracid) is determined by the composition of the initial
mixture and the kinetic parameters of the system. At rela-
tively low concentrations of the aldehyde the formation of
epoxynonane has a radical mechanism, while at high values
of [RCHO] the main epoxidising agent is the peracid.

In the coupled oxidation of olefins (C n H 2 n ) and aldehydes
(RCHO) an important role is played by the addition of acyl-
peroxy-radicals to the double bond [reaction (60)], which is
the main chain termination pathway, because the relatively
inactive polyperoxy-radical M02 formed under these condi-
tions cannot enter into the exchange reaction (54) during
the period of the propagation of the primary chain, i .e. the
condition l/k 5 9 [C n H 2 n ] < l/k51([RCHO] holds. The overall
process mechanism can be formulated thus:

M02 -f RCHO ->- RCOOO + MOOH ,

RCHO + O2 ->- RCO + H 0 2 ,

RCO + O2 -* RCOOO ,

RCOOO + RCHO -v RCOOOH + RCO ,

RCOO + RCHO -* RCOOH + RCO ,

RCOOO + CnHa n

(54)

(55)

(56)

(57)

(58)

(59)

MO2 — · * Μ - ^ Μ02 -^molecular products, ( 6 0 )

RCOOOH + RCHO ->- 2RCOOH , ( 6 1 )

RCOOOH + CnH2 r l ^ RCOOOH .. . CnH a n

χ ( 6 2 )

RCOOH + VjOs + CrtH ,„ , ^ g 3 ̂

RCOOO + RCOOO ->- molecular products. (64)

When the proposed mechanism holds, the rate of formation
of the epoxide (we) is described by the formula

[C,,H2fl] wt _ kblkr,2 [RCHO]2 ou(- (1 + Ka3 |C n H 2 ,])

+ ki3)K63[CnHm]} i65)
- + •

(k + fee
ζβι [RCHO]k + keo [CnHJ

where Jc = Jc 6 JRCOOO]. The first term in Eqn.(65) c h a r a c -
ter i ses the epoxidation of the olefin by the RCOOO radicals
and the second character i ses i ts epoxidation by the peracid
(the Prilezhaev r e a c t i o n ) .

The extremum in the relation between the ra te of epoxida-
tion and the olefin concentrat ion is due to the molecular
stage in the epoxidation of the olefin by the peracid, because
in zone Β (Fig. 8) t h e r e is a sharp decrease of the s teady-
state concentrat ion of the peracid in proport ion to the square
of the concentration of the olefin. The constancy of w e as
[ C n H 2 n ] increases (zone C, Fig.8) is due to the radical
component of the ra te of oxidation; the role of the peracid
becomes negligible. A 100% yield of 1, 2-epoxynonane relative
to the unconsumed benzaldehyde is character i s t ic of zone C.
At low olefin concentrat ions (zones A and B, Fig.8) the
incomplete utilisation of the active oxygen in epoxidation
(Fig. 8 c u r v e 3) is associated with reaction (61) and also with
the molecular decomposition of the peracid induced by the
olefin.

The r a t e constant for the epoxidation of the olefin by
acylperoxy-radicals h a s been obtained for the joint oxidation
of benzaldehyde and n o n - 1 - e n e : k5h = 1.8 χ 101* l i tre πιοΓ1 s"1.

The mechanism of t h e coupled oxidation of olefins and
aldehydes shows t h a t t h e interaction of the RCOOO radical
with an olefin leads to the formation of two new r a d i c a l s — t h e
active radicals RCO and t h e radicals MO, which determine t h e
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development of the polymerisation pathway in the system
resulting in a decrease of the yield of the epoxide.

Analysis of the system showed that when the radicals M02

are relatively inactive compared with RCO and do not
participate in chain transfer to the aldehyde, the relative
contributions of reactions (59) and (60) can be altered by a
special procedure, which has come to be called selective
inhibition70 and thus the selectivity of the oxidation can be
significantly increased by suppressing the undesirable reac-
tion pathway as a result of the introduction of the appropri-
ate inhibitor.

The selective inhibition method has been used to increase
the yield of styrene oxide in the coupled oxidation of styrene
and acetaldehyde71 and to increase the yield of epichloro-
hydrin in the coupled oxidation of allyl chloride and acet-
aldehyde72. The inhibitor used was tanol (the 4-hydroxy-
2, 2, 6,6-tetramethylpiperidin-l-yloxy-radical). In the
presence of this inhibitor, which interacts with the radicals
M, the polymerisation reaction pathway [reaction (60)] is
almost completely arrested (Fig. 9).

leads to the following condition for selective inhibition in the
system7 0:

666*60 [O2] (69)

The selective inhibition method has also been used to
develop a new procedure for the synthesis of methacrylic
acid (MAA) 73 by the liquid-phase oxidation of methacroleine
(MA), which can be regarded as a coupled reaction involving
two reaction centres of the same molecule:

ο

RCOOO + CH 2=C-Cf

CH3

(MA)

• CHa=C—Οζ

CH3

—> Μ -*• M 0 2

OH

II .
+ RCO

polyperoxide •

CH3COOH, CHaO, CO2 .

The use of tanol a s the inhibitor and of a heterogeneous
catalyst (TiB 2 ) made it possible to devise a process with a
selectivity of 84 mole % (with respect to the aldehyde which
h a s reacted) for a degree of conversion of 40 mole % (Table 3).

c, Μ

1.0

0,6

O.Z

-V

A 3d'
0—-O7-,, f

0 CO

Figure 9. Kinetic c u r v e s for the consumption of s t y r e n e
(curve 1), the accumulation of benzaldehyde (curve 2) ,
s t y r e n e oxide (curve 3 ) , and the polymer (curve 4) in t h e
joint oxidation of s t y r e n e and acetaldehyde in benzene at
70 °C; the primed numerals denote the corresponding quan-
ti t ies in the p r e s e n c e of 2 χ 10~5 Μ tanol . The end of the
induction period was adopted as the s t a r t i n g point of the
time r e a d i n g s 7 1 .

A necessary condition for selective inhibition is the ability
of the inhibitor to interact preferential ly with one of the
radicals of t h e chain . This can be achieved both by select-
ing an inhibitor and with markedly different cons tants for
interaction with different t y p e s of radicals and by maintain-
ing an optimum inhibitor concentrat ion in the system. The
calculation of the optimum inhibitor concentrat ion r a n g e ,
based on the coupled oxidation mechanism given above and
supplemented by elementary s tages with part icipation of tanol
( I m ) , i . e .

RCO + Im •— RCOIm ,

A + Im -*• MIm ,

MIm (RCOIm) + MO3 (RCOOO)

MO2M + Im ,

molecular products,

MO2 + MO,, ->- molecular products,

(66)

(67)

(68)

Table 3. The influence of tanol (T) on the composition and
yields of methacroleine oxidation products (70 °C; air
pressure 25 atm; solvent—benzene; TiB2 catalyst).73

Starting materials

[ΜΑ], Μ

0.50*
0.46 **
1.00***
1.00***

1θ5[Τ], Μ

0.29
1.16

—

Reaction
time, h

7
7
3
3

Degree of

mole %

10
3.5

41
62

ΜΑΑ]/Δ(ΜΑ]

%

_

82.0
84.0
32.0

CH3COOH
/Δ[ΜΑ], %

13.5
16.0
27.0

*In the absence of the catalyst.
**Catalyst at a concentration of 1.0 g litre"1.

***Catalyst at a concentration of 2.5 g litre"1.

1. Kinetics of Oxidation Reactions in Open Systems

The study of the kinetics of chemical reactions in open
systems as a theoretical basis for continuous processes in
chemical engineering has made a definite contribution to the
solution of problems of the optimisation of technological
processes. The results of studies of the kinetics of liquid-
phase oxidation reactions of hydrocarbons in open systems
are considered below. The complex radical chain oxidation
mechanism can be represented by the following sequence of
transformations :

RH — ^ ROOH >- R'COR" -
hydrocarbon hydroperoxide ketone

R'COOH

acid
(70)

Here /cj, ku, and km are the overall reaction constants
representing sets of rate constants for elementary stages.

In a continuous process the substance RH to be oxidised is
introduced into the reactor at a constant rate and part of
the reacting mixture is removed. The attainment of steady-
state concentrations of products is characteristic of reactions
in open systems. The steady-state concentration of the
final product is then higher the lower the specific rate# of

# The specific rate ν is the volume of the initial liquid
component supplied per unit time per unit volume of the
reactor and has the dimension of reciprocal time.
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supply of the starting materials v . 7 5 For intermediates, for
example, the hydroperoxide7 5, this relation has an extremum
(Fig. 10) and, in conformity with the simplified mechanism
(70), can be formulated thus:

d [ROOH] *i R H ] 0 ( u a — fetfen)

The rate of accumulation of all the oxidation products also
passes through a maximum as a function of ν and the maxi-
mum rate of accumulation of the more extensive oxidation
product is attained at lower flow rates v. The maximum rate
of accumulation of the final reaction product is attained at the
same flow rate as the maximum steady-state concentration of
the precursor. This property of an open system suggested
a method for determining the pathways leading to the forma-
tion of the final reaction products 7 5 . It consists in compar-
ing the positions of the maxima in the relations between the
rates of accumulation of the final products and the steady-
state concentrations of intermediates, on the one hand, and
the flow rate, on the other. When these maxima are attained
for the same flow rate, one can assume that the intermediate
is a direct precursor of the given final product.

c, Μ

0.05 -

D

Figure 10. Dependence of the stationary concentrations of
acids (curve 1) and hydroperoxides (curve 2) on the rate of
supply of n-decane in the oxidation of the latter in an open
system at 140 °C. 7 5

A characteristic feature of reactions in open systems—the
attainment of steady-state concentrations of the starting
materials and reaction products—made it possible to develop
a new kinetic method for the determination of the rate con-
stants for the formation and consumption of intermediates in
complex reactions involving free radicals. The method is
based on the variation of the steady-state concentration of
the intermediate, the rate of consumption of which is to be
measured, keeping constant the steady-state concentration
of free radicals. This is achieved by supplying into the
reaction vessel initially the pure starting material and then
its mixtures with the given product Ρ at the same flow rate.
Since ν remains constant, the steady-state concentrations of
free radicals are the same in both cases. The effective rate
constant /C2H[RO2] for the consumption of the product Ρ can
be calculated from the difference between the steady-state
concentrations established whenthese solutions are intro-
duced into the vessel, namely [P] and [ P ^ respectively:

where [P] o is the concentration of Ρ in the mixture entering
the vessel.

This method has been used to determine the reactivity of
products with respect to the radicals R0 2 in the oxidation
reactions of ethylbenzene and n-decane 2 8. As an example,

Fig. 11 presents the steady-state concentrations of methyl-
phenylmethanol and acetophenone for different contents of
methylphenylmethanol in the ethylbenzene supplied to the
vessel. The effective rate constant for the consumption of
methylphenylmethanol (k2» ROH^ w a s determined from the
slope of the relation between [ROH]! -[ROH] and [ROH]0

(Fig. 11, curve 4). The reactivity of the R02 radical with
respect to the n-decane oxidation products was determined
by the same method.

10[ROH]0,M

2.0

1.0

I I I I I

0 0.05 0.1

c M [ROH]!-[ROH], Μ

0.05 -

- 0.1
I I I I I I
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Figure 11. Kinetic curves for the accumulation of methyl-
phenylmethanol (curve I ) , hydroperoxide (curve 2), and
acetophenone (curve 3) in the oxidation of ethylbenzene in
an open system with supply into the reaction vessel of ethyl-
benzene (A) and solutions of methylphenylmethanol in
ethylbenzene containing 0.05 Μ (Β) and 0.1 Μ (C) alcohol;
ν = 0.215 h" 1; 4) dependence of the difference between the
stationary concentrations of methylphenylmethanol on its
concentration in ethylbenzene [ROH]0; ν = 0.102 h" 1 ;
118 °C. 2 8

If several isomers containing a functional group in different
positions are formed in the reaction, the proposed method
makes it possible to determine the rates of formation and
consumption of each isomer separately without determining
the concentrations of the individual isomers77.

5. Catalysis of Oxidation

The most important method for increasing the rate and
selectivity of oxidation involves the use of homogeneous and
heterogeneous catalysts. Catalytic hydroperoxide oxidation
and decomposition reactions as well as the problem of using
catalysts to increase the selectivity of liquid-phase oxidation
have been examined in detail recently in a number of reviews
7 8~ 8 1 and we shall therefore deal only very briefly with
studies on catalysis.

The acceleration of liquid-phase oxidation processes by the
addition of variable-valence metal compounds is associated
with the participation of the catalysts in the chain branching
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(radical decomposition of the hydroperoxide), chain initiation
(activation of oxygen), and chain propagation stages. The
decomposition of hydroperoxides, leading to the formation of
free radicals, is the stage of the oxidation process involving
the catalyst which has been studied in greatest detail. In
most cases this reaction ensures the acceleration of the oxida-
tion in the presence of both homogeneous79 and heterogene-
ous 8 1 catalysts based on variable-valence metals.

The decomposition of hydroperoxides proceeds via an
intermediate stage involving the formation of complexes
between the catalyst and the hydroperoxide. To demonstrate
this, a combination of kinetic and physicochemical (ultraviolet
and infrared spectroscopy, NMR, EPR, etc.) methods for the
quantitative investigation of catalyst—hydroperoxide systems
under various conditions was used82"81*. The simplest mech-
anism of the decomposition of a hydroperoxide, taking into
account the formation of intermediate complexes between the
catalyst and the hydroperoxide, is

nMn+ + mROOH ++ [nM"+/nROOH] -> nM | n + l H+ RO+Oir+(m—1)ROOH;

H+
- 1)ROOH .

The quantities m, m1( n, and n x depend on the nature of the
catalyst and the hydroperoxide 8 3" 8 5.

In the decomposition of the hydroperoxide in the presence
of heterogeneous catalysts the process proceeds via a homo-
geneous-heterogeneous mechanism: the radicals formed in
the decomposition of the hydroperoxide on the catalyst sur-
face escape into space, where they can propagate the oxida-
tion chain or recombine:

ROOH + :

[ROOH . . . S] - RO + [OH . . . S]

->- [ROOH . . . S] -*- ROj + [H . . . S] .

This hydroperoxide decomposition mechanism has been
demonstrated by the method of inhibitors8 6 and by measuring
the chemiluminescence of solutions87 in the decomposition of
cumenyl hydroperoxide in the presence of iron oxides.

The method proposed8 9 for the investigation of the conduc-
tivities of transistor semiconducting structures has been used
successfully to investigate complexes with partial charge
transfer between the hydroperoxide and the heterogeneous
catalyst. It makes it possible to identify the intermediate
complexes and to determine their polarities and formation
constants. The method is based on the change in the con-
ductivity of the semiconducting triode structure of the type
p—n—p or n—p—n following the adsorption of electron-donat-
ing and electron-accepting molecules. The adsorption of
acceptors widens the base (the narrow middle band) in
structures of the type n—p-n and is accompanied by a
decrease of conductivity. The adsorption of electron donors
leads to an increase of η-type conductivity in the surface
region of the base; for structures of the type p-n—p,
donors and acceptors have the opposite effects.

The quantitative parameters of complex formation in the
interaction of organic hydroperoxides with catalysts—copper
and potassium hexacyanoferrates(III) and germanium oxide—
have been obtained with the aid of this method90. The hexa-
cyanoferrates(III) were deposited on the oxidised surface of
a silicon structure of the n—p-n type by adsorption from
aqueous solutions. Fig. 12 illustrates the variation of the
conductivity M/Io of the structure with deposited hexacyano-
ferrates(III) (Jo is the conductivity of the initial structure)
under the influence of the adsorption of the hydroperoxide.
It follows from the analysis of these curves that, in relation
to both catalysts, ct-phenylethyl hydroperoxide behaves as
an electron donor. The limiting change in conductivity Δί,

observed when the catalyst surface is saturated with the
hydroperoxide, is almost an order of magnitude higher for
Cu 3[Fe(CN) 6] 2 than for K3[Fe(CN)6]. Thus the charge
transferred from the hydroperoxide molecule to the first
catalyst is much greater than for the second catalyst.

Z0 30
104[ROOH],M

Figure 12. Variation of the conductivity of a transistor
structure of the type n-p—n with deposited metal hexacyano-
ferrates(III) as a function of the concentration of a-phenyl-
ethyl hydroperoxide in solution: 1) Cu 3[Fe(CN) 6] 2;
2) K3[Fe(CN)6]; solvent—heptane; 30 °C. 9 0

The equilibrium constant for the formation of the complex
of α-phenylethyl hydroperoxide with the catalyst, found
from Fig. 12 for K3[Fe(CN)6], exceeds by a factor greater
than 20 the equilibrium constant for Cu 3[Fe(CN) 6] 2 (Table 4).
9 0 It is significant that the equilibrium constant for the com-
plex of the Cu 3[Fe(CN) 6] 2 catalyst with α-phenylethyl hydro-
peroxide, obtained by the method of transistor structures,
virtually agrees with independent measurements of the same
quantity by the kinetic method (5.5 χ 102 litre moF 1 ). 9 0

Table 4 also lists the parameters of the complex formation
reactions of α-phenylethyl and t-butyl hydroperoxides with
germanium oxide. In this case the activation of the hydro-
peroxide is associated with the transfer of an electron from
the catalyst to the hydroperoxide.

Table 4. Physicochemical parameters of hydroperoxide—
catalyst complexes (30 °C; solvent—heptane; gas phase—
argon). 9 0

Cu 3[Fe(CN) e] 2

K3fFe(CN)6]
Cu«+/GeO2

Cu2+/GeO2 ·
GeO2

a-Phenylethyl
hydroperoxide

K, litre mol-1

7.0· 102

].7·104

7.7-104

6.1 104

3.0· 104

80.0
14.0
100
18.5
4.5

t-Butyl hydroperoxide

K, litre mol-1

_

—
—

5.810'
—

Δ///ο

_

—
—

36-0
—

Cumenyl hydroperoxide

K, litre mol-1

1.4-104

—
—
—

_

3 0

—
—

*Gas phase—oxygen.

Comparison of the physicochemical characteristics of com-
plexes of various hydroperoxides and heterogeneous cata-
lysts with the activities of the catalysts in the hydroperoxide
decomposition reaction shows that the highest rates of decom-
position correspond to the formation of more polar and weaker
reactant-catalyst bonds.
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Together with the decomposition of the hydroperoxide, the
formation of free radicals in the interaction of the catalyst
with the starting materials—oxygen and the hydrocarbon
(activation of oxygen and the hydrocarbon)—can play a
major role in the presence of catalysts. The activation of
oxygen apparently plays the main role in the initiation of
the oxidation chain in the presence of catalysts. The possi-
bility of the process via the mechanism

M n + + O 2 ->- M"+ . . . Ο, ,

M r i + . . . O2 + RH -*• M"+ + R + H 0 2 ,

was f irst demonstrated b y t h e method of inhibi tors for t h e
oxidation of e thylbenzene in t h e p r e s e n c e of nickel acetyl-
a c e t o n a t e 9 1 and was subsequent ly confirmed for a number of
homogeneous and heterogeneous c a t a l y s t s .

The activation of oxygen on t h e catalyst with subsequent
increase of the r a t e of chain initiation a p p a r e n t l y p lays an
important role in oxidation react ions in t h e presence of
copper complexes of o - p h e n a n t h r o l i n e 9 2 . The s tudy of the
influence of oxygen on the r a t e of oxidation of cumene in
the p r e s e n c e of copper complexes of o-phenanthrol ine at
30-40 °C demonstrated a s t r o n g dependence of t h e r a t e of
oxidation on the oxygen p r e s s u r e u p to 760 mmHg 9 2 (Fig.13).

0.3

\ar

0.8

0.6

0Λ

0.7,

0 ϊθϋ SCO
ρθ2, mmHg

Figure 13. Dependence of the rate of oxidation of cumene in
the presence of the complex Cu(acac)2 with o-phenanthroline
on the partial pressure of oxygen (curve 1) and the trans-
formed version of this relation (curve 2); 30 °C.9 2

The relation obtained can be readily explained by the
involvement of the catalyst in the chain initiation reaction.
Indeed the rate of oxidation of cumene should be described
by the following equation in this case:

which holds satisfactorily in the experiment (Fig. 13). Fur-
thermore, the rate of oxidation of cumene is in this case
three times higher than the rate of oxidation calculated by
the formula w = (k|/ic6)[RH]2, which takes into account the
involvement of the catalyst only in chain branching.

The formation of charge-transfer complexes between
Rh(PPh3)3Cl and oxygen has been detected by EPR. In the
presence of oxygen the diamagnetic catalyst species are
converted into the complex Rh(II).O2, in the EPR spectrum
of which it is possible to identify groups of lines due to
Rh(II) and Ο2 (Fig.14).2 1 The role of these complexes in
the oxidation process has been established by introducing
into the systems certain specific additivies, which make it

possible to increase the concentration of the oxygen com-
plexes, the rate of oxidation increasing in the presence of
such additives (Fig.14).

1.0

0 GO 80 100 min

Figure 14. Kinetic curves for the absorption of O2 in the
oxidation of solutions of cyclohexene (line 1), ethylbenzene
(line 2), and nonene (line 3) in toluene in the presence of
the modified complexes Rh(PPh3)2COCl at 25 °C and kinetics
of the absorption of O2 by a solution of cyclohexane in the
presence of the unmodified catalyst (line 4). A) EPR spec-
trum of the modified catalyst at 77 Κ.

The activation of oxygen and the involvement of the cata-
lyst in the chain initiation reaction are apparently largely
responsible for the catalytic effect in the presence of
variable valence metal oxides93. For a series of metal oxides,
the initiating function in oxidation processes apparently
reduces solely to their involvement in chain initiation. Thus
the oxides ZnO, FeO, and NiO hardly decompose the hydro-
peroxide. In the presence of these catalysts virtually the
only oxidation product is the hydroperoxide (Table 5). 9 3

Table 5. The oxidation of cumene and the rate of decom-
position of cumenyl hydroperoxide in the presence of metal
oxides at 73 °C.9 3

Catalyst

MnO
CO2O3
F e A
FeO
NiO
Cr 2O 3

ZnO
B12O3

Amount of
catalyst,
mg ml"l

0,10
2.50
2.50

30-0
1-5
2.5

20.0
10.0

[ROOH],
mole %

54
52
78
90
87
89
96
90

[DMPA],
mole%

17.0
16.0
10.0

3.0
4.2
2.0
2.0
2.0

[AP], mole %

2.0
1.6
1.2
0.25
0.13
0.1
0.1
0.1

'PfROOH·
mol litre-1 miirl

100
55
24

2
2
0.5
0
0

[It is not clear from the context what DMPA and AP are (Ed.
of Translation)].

To increase the rate and selectivity of the liquid-phase
oxidation of organic compounds in the presence of homo-
geneous and heterogeneous catalysts, the principle of the
donor-acceptor modification of these catalysts is used9 4.
Thus the selectivity of the oxidation of isopropylbenzene
to the hydroperoxide can be increased from 82 to 92% (rela-
tive to the absorbed oxygen) with the aid of the preliminary
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adsorption of carbon dioxide or dicyanomethylene-2,4,7-tri-
nitrofluorenone [DTF] on the surface of the heterogeneous
catalyst (AgO).9 4 Electron-donating modifying agents (CO,
NH3) increase in this process the rate of oxidation and the
rate of accumulation of the product (alcohol), while electron-
accepting modifying agents (CO2, DTF) decrease the rate of
oxidation and ensure a high process selectivity with respect
to the hydroperoxide.

An example of the modifying effect of solid additives is
provided by the oxidation of ethylbenzene on silver catalysts
containing 0.02 at.%of various metals (Ca, Mo, Cl, Bi, and
C o ) . 9 5 The catalyst may be modified in the course of the
oxidation process itself as a result of the accumulation of
certain reaction products. Thus, in the liquid-phase oxida-
tion of tetralin in the presence of the Ag2O catalyst depos-
ited on SiO2 (Fig. 15), 9 6 the composition of the products
initially agrees with the composition of the products of the
non-catalysed oxidation: the three main reaction products
(tetralyl hydroperoxide, 1-tetralol, and 1-tetralone) accumu-
late at comparable rates. As the process develops, the
accumulation of the ketone and alcohol stops completely and
the only reaction product becomes the hydroperoxide, i.e.
the catalyst is modified with participation of oxygen-contain-
ing products. The modified catalyst ensures the inhibition
of the chain reaction and can activate molecular oxygen.

8

6

Ζ

b

-

J1

^ _ Δ Δ - J

\ ι

1 hours

Figure 15. Kinetic curves for the accumulation of tetralyl
hydroperoxide (curve 2), 1-tetralone (curve 2), and
1-tetralol (curve 3) in the oxidation of tetralin: a) without
catalyst; b) in the presence of 0.4 g litre"1 of deposited
heterogeneous catalyst; 130 °C. 9 6

The efficiency of the donor-acceptor modification when
homogeneous catalysts are used has been demonstrated in
relation to the oxidation of ethylbenzene in the presence of
nickel bis(acetylacetonate) 9 7 and the oxidation of cyclo-
hexane catalysed by the rhodium complex Rh(PPh 3 ) 3 Cl. 9 8

The decomposition of the hydroperoxide without the forma-
tion of free radicals (molecular decomposition of the hydro-
peroxide) can play an important role in the mechanism of the
catalytic oxidation of hydrocarbons and other organic com-
pounds. Such decomposition can lead to the formation of new
products uncharacteristic of the non-catalytic oxidation. On

the other hand, the intense molecular decomposition of the
hydroperoxide, which is an important source of free radicals,
can lead to the inhibition of the oxidation process.

Direct evidence for the molecular pathway leading to the
decomposition of the hydroperoxide in the presence of the
catalyst has been obtained with the aid of the method of
inhibitors in relation to the decomposition of n-decyl
hydroperoxide in the presence of copper stearate 8 5 . The
considerable (up to 90%) molecular decomposition of the
hydroperoxide is characteristic of the decomposition of tetra-
linyl hydroperoxide in the presence of cobalt stearate 9 9 .

The study of the dependence of the rate of decomposition
of the hydroperoxide and of the consumption of the inhibitor
(radical decomposition) on the catalyst and hydroperoxide
concentrations established that both decomposition pathways
proceed via the formation of the same complex1 0 0 '1 0 1. The
"cage effect" of the solvent plays an important role in the
molecular mechanism of the decomposition of the hydroper-
oxide 1 0 2. The radicals formed in the decomposition of the
complex Mn+.ROOH can either recombine in the solvent cage
(molecular decomposition of the hydroperoxide) or can diffuse
from the cage (radical decomposition). The ratio of the
radical and molecular hydroperoxide decomposition pathways
depends greatly on the viscosity of the medium (η) : with
increase of η, the contribution of the molecular decomposition
of ROOH increases. The molecular decomposition of the
hydroperoxide in the presence of heterogeneous catalysts
takes place via an analogous mechanism98.

In the non-catalytic decomposition of the hydroperoxide,
the involvement of solvent molecules [reaction (3')] in the
process leads to an increase of the rate of formation of free
radicals. In the presence of the catalyst the addition of
organic solvents with a mobile C—Η bond acclerates the
molecular decomposition98'102. Thus, in the decomposition
of cumenyl hydroperoxide in the presence of Co(acac)2, the
rate of decomposition of the hydroperoxide is almost indepen-
dent of the concentration and nature of the solvent. The
contribution by the molecular decomposition increases greatly
with increase of the hydrocarbon concentration in the solvent
and to a greater extent the smaller the C—Η bond strength
in the hydrocarbon1 0 2, which is apparently associated with
the interaction of RH with the hydroperoxide activated by the
partial electron transfer to the catalyst-ROOH complex:

(acac)2 Co . . . Ο . . . Η » Co (acac)2 + H2O + ROR'

O . . . R '

R

The decomposition of t-butyl hydroperoxide in the presence
of oxide catalysts is significantly inhibited by the addition of
hydrocarbons with a mobile C-H bond. A change in the
composition of the reaction products is then observed—the
accumulation of a new product, namely an asymmetric hydro-
peroxide containing the t-butyl group and the alkyl group
forming part of the composition of the solvent. The hydro-
peroxide decomposes in this case without the release of free
radicals into space and is apparently a "concerted" process
(simultaneously dissociated of the bonds in the starting
materials and the formation of new bonds in the hydroper-
oxide s) .

The catalytic oxidation of organic compounds in alkaline
media by molecular oxygen is apparently a promising reac-
t ion 1 0 3 " 1 0 5 . Copper complexes of o-phenanthroline and
bipyridyl can serve as catalysts in such systems. Alcohol
and ketones capable of forming ions in alkaline media are
oxidised. The rate of oxidation of these substances is
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independent of the nature of the base and increases with
increase of the pH of the medium in the pH range from 10 to
12 (Fig. 16). At pH > 12 the rate of oxidation falls owing to
the deactivation of the catalyst.

105w, mol litre"1 s"1

5

0 11.0 IIS 12 6 ρ Η

Figure 16. Dependence of the rate of oxidation of ethyl
methyl ketone (EMK) on the pH of the medium in the pres-
ence of various bases: 1) Mg(OH)2; 2) Na2CO3; 3)(C 2H 5) 3N;
4) NaOH; 5) Ca(OH)2; 10 ml H2O, 0.5 ml EMK; [CuCl2]0 =
5 x 10~3 M; [o-phen]0 = 1.5 x 10~2 M; 50 °C. 9 2

6. Metal Complex Inhibition

Approximately three decades ago, the phenomenon of the
dual function107 of variable-valence metal compounds in
liquid-phase oxidation reactions was discovered. It consists
in the fact that, with increase of the initial concentration of
the metal complexes, there is a sharp (critical) change in the
rate of reaction—a transition from the catalytic to inhibited
oxidation conditions. Recently there has been a considerable
growth of interest in the use of metal complexes as inhibitors
of liquid-phase oxidation and in the study of the mechanism
of the metal complex inhibition.

The inhibition of oxidation in the presence of metal com-
pounds is due to two causes: the decomposition of the
hydroperoxide into non-radical products and the interaction
of free radicals with metal complexes. The latter type of
inhibition is most common. The mechanisms of the reactions
of R02 radicals with metal compounds, leading to the ter-
mination of oxidation chains, are considered below.

The inhibition by the sulphur-containing metal complexes,
namely bis(dialkyl phosphorodithioates) [M(dtp)n] , i n ~ 1 1 8

bis(N.N-dialkyldithiocarbamates) [M(dtc)2], 1 0 9 ~ 1 1 5 bis(8-
mercaptoquinolinates) [M(toq)n] , 1 1 9 and bis(ot-thiopicolin-
anilides) [M(tpa)2]

 1 0 8 > 1 0 9 takes place as a result of chain
termination by the complexes. The stoichiometric inhibition
coefficient f and the rate constant for the reaction of RO2

with the metal complexes depend greatly on the decomposition
of the chelate unit, the nature of the metal, the coordinating
atoms of the ligand, and the oxidation potential of the com-
plex and its geometry (Table 6).

The alkali + CuCl2 + o-phenanthroline catalytic system is
capable of ensuring at pH > 9 rates of oxidation of alcohols
and ketones up to 50—80 mole % per hour and more (at 30° to
50 °C), which are virtually unattainable in the catalytic
oxidation of organic substrates in neutral media.

The main products of the oxidation of alcohols and ketones,
i.e. acids, are the primary reaction products under the con-
ditions of alkaline oxidation. The anions are the active form
of the substrate. The strong influence of the medium on the
electron-donating capacity of the anions makes it possible to
alter the rate of the process and the selectivity of the oxida-
tion by changing the solvent. Thus the rate of oxidation of
a 40% solution of methanol in benzene is almost an order of
magnitude higher than the rate of oxidation of methanol in
bulk. The oxidation apparently develops via a non-chain
mechanism without the release of free radicals into space and
proceeds as a result of the interaction of O2 with the anion A~
activated by its incorporation in the complex Cat.A" with the
catalyst.

In the general form, the oxidation mechanism consists of a
sequence of the following stages 1 0 6 :

Cu»+ + R'CHC (Ο) R

Cu J + · RCHC (O) R" + O2 -+ Cu

Cu+ + R'CHC (O) R" s Cu

Cu+ · R'CHC (O) R" + O2

In the oxidation of ketones the interaction of the coor-
dinated anion with O2 proceeds at very high rates and does
not limit the rate of oxidation. In the oxidation of alcohols
oxygen participates in the rate-limiting stage of the process
and in this case the rate of oxidation greatly depends on the
oxygen pressure101*.

Cu2 +

+ 1 '

:u+·

• R'CHC (O) R",

R'Cf + R"C<

R'CHC (6) R"

^ O H

\OH

/°»
X O H

Table 6. Dependence of the effectiveness of inhibition (fk7)
by sulphur-containing complexes on the oxidation potentials
(Ex/2) (oxidation of ethylbenzene; 75 °C ; initiator—azobis-
isobutyronitrile; w; = 1 χ 10~6 mol litre"1 s " 1 ) . 1 1 9

Compound

Zn(toq)2
Ag(S-toq)
Co(S-toq)3
Ni(S-toq)2

Cu(toq)2

Zn(dtc)2

Bi(dtc)3

Pb(dtc)2

Ni(dtc)2

Cu(dtc)2

Ni(tpa)2

Cu(tpa)2

io-3fe/,, litre mol-1 s-1

M(toq)n

2.3
1.3

11
7.5

>60

M(dtc)n

1.6
5.7
6.3

23
60

M(tpa)2

2.6
13

+£•/,. V

1.10
0 9 3
0.59
0.56
0-48

1.01
0-86
0.80
0.60
0.43

0.88
0.75

Table 6 shows that the inhibiting activity of the metal com-
plexes is higher the greater the ease of oxidation of the
complex109»119. An increase of the degree of covalence of the
metal-ligand bond in the complex also promotes an increase
of its inhibiting activity in the oxidation reaction 1 2 0. The
mechanism of the inhibition includes in this case the forma-
tion of a complex of R02 with the chelate and subsequent
electron transfer to the peroxy-radical1 2 1. The central metal
ion plays the role of an agent transferring an electron to the
peroxy-radical from the ligand, which is also split off in the
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form of a radical incapable of par t ic ipat ing in t h e chain p r o p -
agation react ion. The degree of oxidation of the metal remains
u n c h a n g e d .

For M ( d t c ) 2 , t h e reaction mechanism can be formulated a s
fol lows 1 0 9 ' 1 1 0 :

Μ (dtc)2 {Μ (dtc)2 . . . RO2) -> {{M (dtc)2]+ .

(IM (dtc)2]
+ .. . ROI} -ν Μ (dtc) RO2 + 2dtc

2dtc -»- disulphide.

An analogous mechanism has been proposed for the inhibition
of oxidation by the copper (I) complexes of triphenyl phos-
phi te 1 2 2 as well as a number of phosphorodiothioates 1 1 5" 1 1 8.

The electron transfer reaction between R0 2 and the metal
compounds can lead in some cases to a change in the oxida-
tion state of the metal ion. Thus the oxidation of the Co2 +

and Mn2+ ions has been observed in the interaction with
radicals1 2 3 '1 2 1*. The phenomenon of repeated chain termina-
tion by metal ions has been observed in the oxidation of
cyclohexanol and other secondary alcohols as well as amides
in the presence of salts and certain complexes of copper,
iron, cobalt, magnesium, and cerium 1 2 5. This phenomenon is

due to the fact that the hydroxyperoxy-radicals C ,

formed in the oxidation of secondary alcohols, can interact
with metal ions in both valence states:

V ; (OH) OO + Cu2+ -* H+ + Cu+ + O2 -(- ^>C=O ,

yC (OH) 0 0 + Cu+ -> >̂C (OH) OO- + Cu2+ .

In this system the quantity f may increase to 103.
The oxidation-reduction potential of the metal ion is very

important for the operation of the mechanism presented above.
At high oxidation-reduction potentials the degree of involve-
ment of the metal in the decomposition of the hydroperoxide
increases; at low oxidation-reduction potentials the rate of
reaction of M n + with R02 falls.

For certain types of metal complex inhibitors, the inter-
action with peroxy-radicals takes place via a mechanism
involving the abstraction of a hydrogen atom from the ligand.
The inhibition of the oxidation of cumene and cyclohexa-1,3-
diene by cobalt(III) complexes [as well as iron(II), nickel(II),
and copper(II) complexes] with dimethylglyoxime and other
dioximes1 2 6 '1 2 7 and also by nickel bis(a-phenylanthranilate)
apparently involves this mechanism128.

A hydrogen atom is abstracted from the ligand in the
complex much more readily than from the free ligand, which
indicates the activation of the ligand in the complex. Thus
/c12 = 9 χ 102 litre mol"1 s"1 (at 90 °C) for N-phenylanthranilic
acid in ethylbenzene, while k12 = 4.5 χ 103 litre mo!"1 s"1 for
the nickel complex of N-phenylanthranilic acid 1 2 8.

7. The Mechanism of the Inhibited Oxidation

The study of the mechanism of the action of inhibitors and
the establishment of theoretical principles for the selection
of effective antioxidant additives is an important task in
chemical kinetics. New classes of antioxidants have been
investigated, rapid methods for the estimation of their
efficiency have been proposed, and the details of the ele-
mentary stages of the inhibition process have been deter-
mined in recent years. Many fundamental results have been
obtained with the aid of modern physical research methods—
the chemiluminescence method, EPR, NMR, flash photolysis,
and chemically induced nuclear polarisation (CINP).

The oxidation process is usually inhibited by adding to the
system inhibitors which interact with free radicals and ter-
minate oxidation chains 1 2 9 . The most common inhibitors of
this type are phenols and aromatic amines. They cause chain
termination via reaction (7).

Together with amines and phenols, 2-arylindan-l,3-diones,
which have a reactive C-H bond, also serve as inhibitors1 3 0:

£—<ζ ν \ + KOOH

A

The constants k7 for these inhibitors depend on the substi-
tuent in the benzene ring and amount to 1 χ 102—6 χ 101*
litre moP1 s"1 (Table 7). The substituents in the ρ-position,
both electron-donating and electron-accepting, increase k7,
while those in the o-position decrease it. The influence of
ρ-substituents is described by the Hammett equation in the
form131

Table 7. The rate constants, activation energies, and stoi-
chiometric coefficients (f) for the reactions of cumenylperoxy-
radicals with 2-arylindan-l,3-diones at 60 °C. 1 3 1

R *

p-Br

P-a
p-N(CH3)2

P-OCH3
O-OCH3, P-OCH3
0OCH3, P-OCH3
P-CH3
0-CH3
0-Naphthyl
a-Naphthyl
Ionol

10"*,,
litre mol'l g-1

1.95
2.9
2.8
2.25
2.0
0.12
0.01
1.60
0.09
2.5
0.88
0.89

f

1.0
1-7
1.2
2.0
1.8
—

1.6
—
1.8
1 0
2.0

kcal mol-1

7.3
5.0
6.0
5.0
5-5
—

7.8
—
5.5
9.5
5.3

*Substituent in the 2-diphenyl[2-phenyl?] ring.

The subscript st refers to the unsubstituted 2-phenylindan-
1,3-dione and σ and ER are the polar and resonance con-
stants of the substituents.

Together with reaction (7), there is also a possibility of
recombination inhibition mechanisms. A new example of an
inhibitor of this type is 1, 2-bis(p~dimethylaminophenyl-l,2-
diphthaloylethane) (PP). The inhibiting activity of PP is due
to the equilbirium

^
*(-)

(71)

and the irreversible reaction

ROj+ Ρ ^products. (72)

The radical Ρ has been detected by EPR. The equilibrium
constant is k71 = 6.16 χ 102exp (-17 300/ί?Γ) mol l itre" 1, the
rate constant for the recombination of Ρ radicals at 20 °C is
fc(a) = 2 χ 108 litre mol"1 s"1 and k72 Ϊ; 108 litre mol"1 s" 1 . 1 3 3

The question of reactivity with respect to alkyl radicals is
important for the mechanism of the action of inhibitors:

InH + R -> In + RH , (7')

R + R -* products. ( 73)
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Estimates of the parameter k 7/k 73 for the interaction of
16 inhibitors (amines and phenols) with alkyl radicals
derived from ethhlbenzene showed 1 3 7 that its maximum pos-
sible value is (0.4-3.5) χ ΚΓ 1 l i t r e l / 2 πιοΓ ι / 2 s " l / 2 . For k 7 3 =
2.8 χ 108 litre mol"1 s"1, we have k 7 < (1-6) χ 103 litre moF1 s"1.
For N-phenyl-B-naphthylamine, k^/k1/2 = (3.2 + 0.2) χ 10"2

l i t r e l / 2 m o r l / 2 s~ l/2 and k 7 = 6.7 χ 102 litre m o r 1 S" 1 .
Thus phenols and aromatic amines interact with alkyl

radicals much less vigorously than with peroxy-radicals,
for which as a rule k 7 = Kf-10 5 l itre mol"1 s" 1.

The stable aliphatic nitroxy-radicals are effective acceptors
of alkyl radica l s 1 3 5 :

+ R -v NOR (74)

Aromatic nitroxy-radicals, which are capable of reacting
with both the radicals R and RO2, act less selectively.
Repeated chain termination in the oxidation of certain unsatu-
rated hydrocarbons 1 3 7 and polypropylene 1 3 8 has been demon-
strated for both types of nitroxy-radicals, apparently as a

result of the regeneration of / N O when the ether derivatives

of aliphatic nitroxy-radicals ^ N O R interact with peroxy- and
alkoxy-radicals and with oxygen 1 3 6 :

\ N 0 R + RQ, (RO, + product.

250 300 350 kOQ nm

Figure 17. Ultraviolet absorption spectra of the 4-methyl-2-
spiro-cyclohexyl-3,4,2' ,3' -tetrahydrofurano-1,2,3,4-tetra-
quinolin-1-yloxy-radical (curve 1) and its reaction products
(curves X, Y, a n d Z ) . Solvent—ethanol; [AIBN] = 4 . 9 χ
10~2 M; [N0] o = 5.2 χ 10"1* M; 60 °C. Spectra X and Ζ
were obtained in oxygen and spectrum Υ was obtained in
nitrogen 1 3 9.

Repeated chain termination in the inhibition by the aromatic
4-methyl- 2- spirocyclohexyl- 3,4,2', 3 '-tetrahy drofurano-
1,2,3,4-tetrahydroquinolin-l-yloxy-radical of the oxidation of
β-carotene139 is due to a relay of radical reactions of the
nitroxy-radical and its conversion products (Fig. 17), which
interact alternately with peroxy- and alkyl-radicals. The
first stage involves the reaction of ^NO with the radicals
RO,:

+ BO, + ROH
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The resulting quinone-nitrone (X) is an acceptor of the
radicals R:

X + 2R -> Y; Y + R02 + Ζ .

The product Υ then reacts with RO2.
As a result of the sequence of these reactions, five chains

are terminated by t h e \ N O fragment.

The radicals In formed in the interaction of InH with R0 2

via reaction (7) interact with peroxy-radicals to form recom-
bination products—quinolide peroxides (QP) [reaction (8)].

The values of k8 for phenoxy-radicals depend little on the
structure of In and R02 and are in the range (1.7-7.2) χ 108

litre mol"1 s"1 (at 60 o C ) 140-1̂ 2 T h e p r o D abi l i ty α of the
formation of QP depends on the concentration of the phenol,
the rate of initiation, the rate constants k7 and k8, and the
rate constant for the reaction

in' + in- -*• products, (75)

and is defined by the equation143

A ,,
a2(l

A =
k* [InH]2

Quinolide peroxides are formed with the highest probability
(a = 1) in inhibition by sterically hindered phenols whose
phenoxy-radicals are stable and whose constants k 7 5 are low.
In the oxidation of low-molecular-weight hydrocarbons11*1* in
the presence of 2,4,6-tri-t-butylphenyl the yield of quinolide
peroxide reaches 100%. Under the conditions of the inhibited
oxidation, quinolide peroxides are capable of decomposing
into radicals11*3.

The initiating capacity of quinolide peroxides is comparable
to that of azobisisobutyronitrile and benzoyl peroxide and is
greatly superior to that of t-butyl hydroperoxide (Table
8).11*3'11*1* The probability of the emergence of radicals from
the cage in the decomposition of quinolide peroxides is close
to unity. Their decomposition leads to a decrease of the
antioxidant effectiveness of sterically hindered phenols in the
autoxidation of hydrocarbons and polymers11*3.

Table 8. Kinetic parameters of the thermal decomposition of
quinolide peroxides (QP) [In = 2,4,6-tri-t-butylperoxy-
radical, R = C(CH3)3] and certain initiators11*3.

Compound

o-QP
P-QP
Azobisisobutyronitrile
Benzoyl peroxide
(CH3)3COOH

Decomposition rate constant, s"l

l.M0uexp[(—30500±1000)//?7Ί
9.8· 1013 exp[(—33000±2000)«7Ί
1.6· 1015 exp(—30800/Λ7")
3.0· 1014 exp(—30800/ΛΓ)
3.6· 1012 exp(—33000/ΛΓ)

6-6
0.18

57
11
0006

*At 93 °C.

Extensive information about the kinetics of reaction (75)
for phenoxy-radicals has been obtained by flash photolysis11*5"
1 4 8 . The process mechanism can be represented by the fol-

lowing set of s tages:

Pho + PhO -> ρ , (76)

D ->- PhO + PhO ,

D -<- products.

(77)

(78)
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The stage involving the irreversible transformation of the
dimer [Eqn.(78)] is characteristic of radicals having at least
one unoccupied o- or p-position. In this stage there is a
possibility of the regeneration of the inhibitor. For the
majority of phenoxy-radicals, k76 = ΙΟ9—107 litre mol"1 s"1. l l f 8

The introduction of bulky substituents into the p-position
relative to the O-H group causes a decrease of k7S. For
example, the rate constant for the recombination of "gal-
vinoxyl" radicals at 90 °C is 4.8 χ 10" litre mol"1 s"1.11*9 The
comparatively slow recombination of sterically hindered
phenoxy-radicals is limited by molecular mobility. The cause
of this effect consists in the low value of the steric factor for
the interaction of these radicals 1 4 5.

The kinetic characteristics of the side processes involving
inhibitors, i.e. the reactions of the inhibitor and its radicals
with the hydrocarbon, the hydroperoxide, and oxygen, have
been obtained. The kinetic parameters k79/kB, characterising
the participation of the radical of N-phenyl-g-naphthylamine
in the chain propagation reaction with a hydrocarbon (ethyl-
benzene), i .e.

In + RH ->-

measured by the chemiluminescence method, is 3
The rate constants for the reaction

In' + ROOH -»• InH + RO2 ,

χ 10~

(79)

(80)

involving t-butyl hydroperoxide and 2,6-di-t-butyl-4-R-
phenols increase with increasing strength of the O-H bond
in the phenol (the activation energy then falls). Thus, on
passing from R = OCH3 (DOH = 73.9 kcal mol"1) to R' = CN
(°OH = 8 1 · 9 k c a l mol"1), the values of Jc80 at 60 °C increase
from 0.07 to 170 litre mol"1 s"1 and the activation energy falls
from 18 to 8.8 kcal mol"1.

The formation of phenoxy-radicals in the reaction of a
hydroperoxide with phenols1 5 1,

InH + ROOH
>. molecular products,

--*• RO + PhO + H2O ,
(81)

has been demonstrated by EPR for 2,4,6-tri-t-butylphenol.
The constant ksl depends strongly on the structure of the
phenol. For the interaction of cumenyl hydroperoxide with
2,6-dimethoxyphenol at 140, fc81 = 6.5 χ 10~3 litre mol"1 s"1

has been found, while the constant for the reaction with the
sterically hindered 2,4,6-tri-t-butylphenol is k8l = 7.5 χ 10~5

litre mol"1 s"1.
It has been shown 1 5 2 that the reaction of aromatic amines,

phenols, and naphthols with molecular oxygen,

InH + O2 -+ in + H03 ,

requires an activation energy of 25—35 kcal mol"1. The con-
tribution of this reaction to the initiation of the oxidation
must be taken into account only above 180 °C and at high
oxygen pressures .

For a long time, the question of the mechanism of the
interaction of phosphites with a hydroperoxide [reaction (7"')]
remained controversial. The yield of radicals in this reaction
is very low151*. It was suggested that the reaction is either
limited via a cryptoradical mechanism, with a low degree of
liberation of radicals into space, or that two reactions take
place in the system, involving radical and non-radical decom-
position. Since the reaction products are the same in both
cases, it was not possible to determine which of the two
alternative mechanisms operates. It has been demonstrated
unambiguously with the aid of CINP 1 5 3 that the reaction
proceeds via two competing channels—radical and non-radi-
cal. The radical pathway, induced by the polarisation of
the 3 1 P nuclei, makes an extremely small contribution (10~2 to
ΙΟ"1* of the overall decomposition).

A special method using computers—an automatic system
for testing inhibitors (ASTI), which takes into account the
set of elementary stages in the action of inhibitors in the
oxidation process—has been recently developed and intro-
duced (Fig. 18). Tests are performed simultaneously on four
highly sensitive differential manometric sets of apparatus,
with automatic recording of the rate of oxidation, located in
the experimental section. The experimental data are t rans-
mitted to the intermediate memory of the computer—an
autonomous accumulator on a magnetic drum (section B ) .
Sections A and Β are linked by a communication line. On
command of the experimentor, the data are introduced into
the computer for treatment; the results of the computation
are transmitted to the laboratory and are reproduced in the
form of tables and graphs with the aid of a graph plotting
apparatus.

Figure 18. Schematic illustration of the automated system for
testing the efficiency of stabilisers (ASTI): A) experimental
section; B) section for the interpretation of data.

8. Synergism

The effects of synergism, which is manifested by the fact
that the inhibiting effect of a mixture of two inhibitors
exceeds the sum of the effects of each separately, is of
practical importance. The mechanism of the synergism in the
inhibition of oxidation by a mixture of inhibitors, each of
which reacts with the radicals R0 2, has been most thoroughly
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investigated. The mechanism of the action of a mixture of
inhibitors includes, together with the main elementary stages
of the inhibited oxidation process [reactions (0) , (2) , (3) ,
and ( 6 ) - ( 8 ) ] , also the following react ions 1 5 5 " 1 5 7

ΙηΊ + RH -> IthH + R (RO2) ,

Ini + In2H ->- IniH + Ιπ2 ,

(82)

(83)

(84)

The synergism is based on the phenomenon of the radical
interaction of the inhibitors 1 5 5" 1 5 8 consisting in the reduction
of the more active inhibitor In^H as a result of the transfer
of a hydrogen atom to the radical In 1 from the molecule of the
less active inhibitor In2H [reaction (83)]. The inhibitors
Ιη-,Η can be primary and secondary aromatic amines, sub-
stituted pphenylenediamines, hydroxylamine ethers, and
sterically unhindered alkylphenols159. The reducing inhib-
itors can be phenols and bisphenols containing bulky substi-
tuents in the 2,6-positions. The effective reduction of I n ^
occurs only when the radical Iii2 formed is inactive and does
not enter into the reversible reaction (84).

The influence of reaction (83) on inhibition by mixtures is
enhanced due to the suppression, as a result of its occur-
rence, of reaction (79), which lowers the inhibiting activity of
aromatic amines and unshielded phenols.

It has been shown by computer calculations that this mech-
anism describes satisfactorily the dependence of the syner-
gistic effect on the overall concentration of inhibitors1 6 0, the
kinetic characteristics of the substrate being oxidised1 5 6, the
efficiency of the action of each inhibitor in the mixture 1 5 6 ' 1 5 7 ,
and the mixture composition161. For mixtures of the same
inhibitor In2H with inhibitors Ιη-,Η having the different anti-
radical activities, the synergistic effect increases with
increase of the rate constant for the reaction of R02 with
Ιη-,Η and the maximum on the plot of the dependence of τ on
the mixture composition shifts in the direction of mixtures
containing a higher percentage of I n 2 H . 1 6 1

A similar mechanism of the regeneration of the inhibitor
explains in many instances the synergistic effect of a mixture
of aromatic amines and sulphur-containing compounds, for
example, mixtures of N-phenyl-B-naphthylamine and bis(2-
hydroxy-5-methyl-3-t-butyl) sulphoxide1 6 2. The product of
the thermal transformation of the sulphoxide (P) behaves as
the reductant for the amine. The same mechanism is possible
in inhibition by mixtures containing sulphides, where the
product Ρ can be obtained by the reaction of the sulphides
with the hydroperoxide and subsequent decomposition of the
resulting sulphoxide. The synergistic effect of a mixture of
copper and nickel bis(N,N'-diethyldithiocarbamates) with
thiuram disulphide—the product of the reaction of these
complexes in liquid-phase oxidation—is due to the regenera-
tion of the initial form of the metal-complex inhibitor Μ(dtc) 2 . 1 6 3

Together with the mechanism of the synergism discussed
above, which is due to the regeneration of the active inhib-
itor, cases are possible where the synergism is due to the
formation of a new active inhibitor in the system. This appa-
rently happens in the inhibition of oxidation by mixtures of
aromatic amines and copper compounds161*. The formation of
a new copper complex of the amine is responsible in this
instant for the inhibiting effect1 6 5. The mechanism of the
action of the synergistic mixture of an amine (AmH) with
copper salts includes, together with the reactions known for
each component, new stages 1 6 5 involving the complexes:

AmH + Cu (II) zt Cu (II) · AmH ,

Cu (II) · AmH + R02 ->- Cu (II) · Am + ROOH ,

Cu (II) • Am + RO2 ->- Cu (II) + product,

Cu (II) · AmH + ROOH -*- Cu (II) · AmH •+ product.

(85)
(86)
(87)

The mechanism describes quantitatively the characteristics
of the initiated oxidation of ethylbenzene in the presence of
a mixture of CuSt2 and p-toluidine. An interesting feature
of the action of such mixtures is the marked increase of their
activity with increase of temperature 1 6 6. The enhancement
of the inhibition is caused by the formation of a new product
of the thermal transformation of the primary complex, which
has a higher inhibiting activity. It has been shown in recent
years that the synergistic effect can be exhibited by mixtures
of inhibitors reacting with the radicals RO2 (aromatic amines
and phenols) and with acceptors of the radicals R (quinones
and nitroxy-radicals) , 1 6 7 as well as mixtures of u .v . absorb-
ers and antioxidants1 6 8. As a consequence of the diffusion of
the inhibitors from the bulk of the specimen to the surface
layer, the synergistic effect greatly increases in the solid
phase (diffusion synergism) 1 6 9.

9. Critical Phenomena in Liquid-Phase Oxidation

Analysis of kinetic equations for degenerate branched
chain reactions with linear chain termination (for example., by
an inhibitor) has demonstrated the possibility of the existence
of limiting phenomena170 of the kind observed in fully
branched chain processes.

At a constant rate of initiation of the free radicals, the
inhibitor is consumed linearly at a rate

—d[lnH]/dt=wJf . (88)

In a degenerate branched chain reaction the inhibitor is
consumed during the period of inhibition with self accelera-
tion [in contrast to reaction (88)] as a consequence of the
increase of the rate of initiation of chains during the reaction.
For certain values and ratios of the rate constants for the
elementary stages, there is a possibility of a progressive
increase of the inhibition periods up to a sharp arrest of the
reaction at a certain inhibitor concentration [ I n H ] c r .

For branched chain processes, the concentrations of the
hydroperoxide and free radicals under the conditions of
chain termination by the inhibitor are given by the equations

[RO2] =
w0 + 6fep [ROOH]

d [ROOH]

At
= vw0 -|- φ [ROOH] ,

(89)

(90)

where ν = k2[RH]/fk7[InH] is the chain length, Wj = w0 +
6kp[ROOH] the rate of chain initiation, and φ = 6 k p ( v - 1/6)
the reaction self-acceleration factor.

It follows from Eqn.(90) that, for φ > 0, i.e. when ν > 1/6,
the hydroperoxide accumulates with self acceleration:
d[ROOH]/dt > 0. For φ > 0, i.e. when ν < 1/6, conditions in
which the hydroperoxide concentration may be assumed to be
quasi-stationary, i.e. d[ROOH]/dt = 0, are established after
a time interval. The change in conditions occurs at φ = 0
(ν = 1/6), which determines the critical inhibitor concentra-
tion:

[RH]

f*7
(91)

The limiting phenomena were first observed in the oxidation
of n-decane catalysed by copper s teara te 1 0 7 .

The characteristic features of the critical phenomena for
metal complexes can be seen in relation to the kinetics of the
oxidation of n-decane in the presence of bis{3-hydroxo-2-
benzo[b]thenylideneanilinato}copper (CuL2) (Fig. 19). At low
concentrations the copper chelate greatly accelerates the
reaction. At high concentrations inhibition periods appear
and increase sharply at a critical concentration [ C u L 2 ] c r . 1 7 2
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However, at the end of the inhibition periods the process
takes place under catalytic conditions, owing to the consump-
tion of the chelate down to low concentrations 1 7 2. Since the
rate constants for chain termination by metal complex inhib-
itors depend on the structure of the chelate unit, the critical
inhibitor concentration depends on the nature of the chelate
[according to Eqn.(91)].

product is removed from it, also continuously, at the same
rate. Evidently a sharp change in the process conditions
occurs for a slight alteration of the InH concentration in the
entering solution—from 9.0 χ 10~6 to 9.05 χ 10~6 Μ. 1 7 6

102[ROOH], Μ

8 30 J4- 58 68 Tf hours.

Figure 19. Kinetic curves for the accumulation of hydroper-
oxides in the oxidation of n-decane (120 °C) without a cata-
lyst (0) and in the presence of bis{3-hydroxy-2-benzo[b]-
thenylideneanilinato}copper(II) at different concentrations
(M): 1) 1.5 x 10Γ6; 2) 9.0 x 10~5; 3) 1.1 x ΙΟ"";
4) 1.2 x 10"*; 5) 1.5 x 10~\ 1 7 1

The existence of critical concentrations of transition metals
has been established for simple and complex compounds of
manganese, cobalt, and other metals 1 7 0 . Critical phenomena
are also observed for phenols and aromatic amines 1 ' 1 7 3.

Limiting phenomena occur in the oxidation of n-butane
under pressure when the hydrocarbon is diluted with ben-
zene. The reaction proceeds at a high rate only when the
mole fraction of butane is ^0.28, the process undergoing a
sharp arrest when butane is consumed to give this dilution 1 7 \
By taking into account the limiting phenomena, it is possible
to explain the arrest of the oxidation of n-decane in the
presence of potassium permanganate 1 7 5.

Limiting phenomena should be observed for a fairly high
rate constant for the decomposition of hydroperoxides into
free radicals and a low chain initiation rate constant 1 7 1 . In
this case there are short inhibition periods τ in the region of
inhibitor concentrations below the critical value and there is
a sharp increase of τ following the attainment of limiting
conditions where the rate of the process is determined mainly
by the rate of chain initiation. The critical phenomena for
organic inhibitors and metal complexes are therefore observed
in most cases when the hydroperoxides decompose with par-
ticipation of metal-containing catalysts.

Distinct limiting phenomena are observed in the continuous
inhibited oxidation of hydrocarbons (open systems). 1 7 6 The
critical inhibitor concentration is in this case given by 1 7 7

[InH] c r = i c r -

where ίψ= 0 is the inhibitor concentration defined by Eqn.(91)
and w0 is the rate of chain initiation.

Fig. 20 illustrates the accumulation of hydroperoxides in the
oxidation of n-decane under conditions where the hydrocar-
bon with different concentrations of α-naphthol is continu-
ously supplied into the reaction vessel and the oxidised

[ROOH],mole%

ae

0.6

az

[ROOH], mole%

0,0ψ · •

O.it

lu.
o.z ο.δ /.a

10s[InH]0,M
— L. f ft 7

σ /ζ

Figure 20. a) Kinetic curves for the accumulation of the
hydroperoxide in the oxidation of n-decane in an open
system in the presence of α-naphthol. Inhibitor concen-
tration in the solution entering the vessel (M): 1) 0.0;
2) 3 x 10~6; 3) 7.5 x 10"6; 4) 9.0 x 10~6; 5) 9.05 χ 10~6;
6) 1.2 χ 10~5; 7) 1.4 χ 10~5; £>) dependence of the
stationary concentration of the hydroperoxide on the
inhibitor concentration1 7 5.

I I I . KINETICS OF THE AGEING OF POLYMERS AND THEIR

STABILISATION

Much attention has been devoted to the chemical kinetics of
the ageing of polymers and to problems of their stabilisation
as one of the branches of the modern science of macromolec-
ular compounds. The knowledge of the kinetics and principal
parameters of ageing makes it possible to predict the useful
life and the optimum utilisation of polymeric materials. The
results of kinetic studies of the ageing of polymers also make
it possible to put forward the fundamental principles of the
selection of effective stabilisers, increasing the quality of
polymeric materials and their useful life.

During two decades, this field has greatly developed. It
has become a special branch of the chemistry of the solid
state in which studies are made of complex coupled radical-
chain, ionic, and molecular reactions under the conditions of
solid polymeric matrices with participation in the chemical
process of the polymeric molecules of the matrix 1 7 8 ' 1 7 9 .

Specific types of the ageing of polymeric materials-thermal
and thermo-oxidative ageing, ageing under the influence of
light, penetrating radiation, and mechanical degradation,
ageing under the influence of corrosive chemicals, biochem-
ical and microbiological ageing, etc.—have been examined in
a large number of monographs 1 8 0" 1 9 0. The experimental
results obtained in recent years at the Institute of Chemical
Physics of the USSR Academy of Sciences have been pub-
lished recently 1 7 8 ' 1 7 9 . In the present section we shall there-
fore briefly summarise the principal ideas of the chemical
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physics of the ageing of polymers and the principles and
problems of the stabilisation of polymers and polymeric
materials.

1. The Ageing of Polymers as a Multifactorial Problem

The ageing of polymers can be defined as a set of chemical
and physical transformations occurring in the polymer during
its use, processing, or storage and leading to its losing a
set of useful properties. Here one must bear in mind that
the polymer is acted upon by numerous factors: heat, light,
penetrating radiation, oxygen moisture, corrosive chemical
compounds, and mechanical loads; therefore the ageing of
the polymers must be considered as a multifactorial problem.

From the point of view, a system of equations for a multi-
dimensional space can be proposed for the description of the
time variation of the properties Υχ of a polymeric material
under conditions XJ: 1 7 8

Y=i(X, (92)

The material is suitable for use in the course of a certain
period τ, after which, under conditions X, the point Υ leaves
the region of operational suitability ε0 in this space (Fig.21).
The solution of Eqns.(92) would make it possible to determine
the useful life of the polymer τ . In principle, this problem
is susceptible to solution in a general form by modern com-
puter techniques. The following processes are usually con-
sidered: thermal degradation, photodegradation, mechano-
degradation, oxidation, hydrolytic degradation, etc.—these
are limiting cases of the ageing process in which the changes
in the properties of the material are determined by one factor
only.

Figure 21. A qualitative picture of the time variation of the
set of properties of a polymer Υ (special case—point in a
three-dimensional space); ε 0 —the region of the operational
suitability of the polymer178.

In the general case ageing involves three stages: initia-
tion—the stage in which active ageing centres are formed;
development of ageing—the principal stage determining the

changes in the properties of the polymeric material; the
stage in which the active ageing centres are destroyed.

The physicochemical nature of the initiation of ageing can
be various. For example, in photoageing this involves the
formation of free radicals or ions under the influence of light,
the appearance of ions, electrons, and radicals under the
influence of radiation, and in mechanodegradation the initia-
tion consists in the dissociation of molecules by mechanical
forces with formation of free radicals.

External factors determine in the first place the initiation
stage. Certain influences act also on the development of
ageing. For example, the presence of oxygen converts the
entire process into an oxidative reaction (thermal degrada-
tion becomes thermal oxidation, photolysis becomes photo-
oxidation, and mechanodegradation becomes oxidation in the
field of mechanical forces). Temperature influences all the
elementary stages with the exception of processes whose
activation energy is close to zero.

2. The Nature of the Active Centres

One of the principal problems of the chemical physics of
ageing and the stabilisation of polymeric materials is the
determination of the nature of the active centres responsible
for the ageing of polymers and the mechanisms of their
migration. It can now be regarded as to a large extent
solved: the principal types and chemical nature of the active
centres and their electronic structure have been determined,
methods have been developed for the identification and mea-
surement of the number of active centres, and the principal
reactions and in many instances also their quantitative char-
acteristics (rate constants on activation energies) are known
191,192

The chemical reactions in the ageing of polymers proceed in
most instances with participation of three types of active
species: free radicals, excited species, and, to a lesser
extent, ions. It has been shown in many studies that free
radicals play the main role in the ageing of polymeric
materials, which is due to the fact that reactions involving
either the homolytic dissociation of the main molecular chain
or the homolytic abstraction of atoms or radicals from side
groups are characteristic of the majority of polymers. The
structure and properties of the free radicals participating
in the ageing of polymers and polymeric materials have been
thoroughly investigated by EPR. 1 9 3 The central and terminal
macroradicals and polymer radical-ions have been identified,
the formation of low-molecular-weight radicals in the decom-
position of macroradicals and the formation of radicals from
stabiliser molecules have been demonstrated, and the forma-
tion of radical pairs has been observed.

Ions are formed in polymers usually only at the stage
involving the initiation of the radiation processes associated
with the degradation of polymers in corrosive media. Unfor-
tunately, owing to the lack of special methods resembling
EPR, it is much more difficult to identify the active centres
in degradation by an ionic mechanism. In this field there
have been virtually no systematic studies, with the exception
of those concerning the degradation of certain natural
polymers in solution1 8 9.

Electronically excited molecules in the lowest excited singlet
or lowest triplet states can play the most important role in
the photochemical ageing of polymers. Two-quantum photo-
chemical processes with participation of the highest triplet
states as well as certain labile species in an excited state,
for example, "hot" free radicals, are important 1 8 6 ' 1 8 7 .
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3. Kinetics of the Polymer Ageing Processes

The thermal oxidation and photo-oxidation of polymers
have been most thoroughly investigated, apparently because
these processes are very close to the liquid-phase oxidation
reactions of organic substances, which have been thoroughly
studied.

The rate constants for the elementary reactions in polymers
have been usually measured by modifications of methods
developed previously for liquid-phase processes 1 7 8. The rate
of initiation w^ has been measured by the method of inhibitors
in various versions and also by determining the induction
period of the inhibited oxidation. The chain termination rate
constant has been determined from the equation k ( = Wi/[RO2]|t,
if the stationary concentration of peroxy-radicals is known,
or by a non-stationary method based on the kinetics of the
destruction of the radicals RO2 formed in the polymer, for
example, after brief exposure to ultraviolet light. The
parameter kp/kf2, characterising the susceptibility of the
polymer to oxidation, has been determined from the rates of
the initiated chain oxidation (w^ = const.).

The kinetic parameters obtained showed that, compared
with the liquid phase, the absolute values of the rate con-
stants for the elementary processes in the solid polymer are
usually smaller and the activation energies are higher. In
addition, the differences between the relative reactivities
of substances of different chemical types involved in isotypi-
cal chemical processes diminish ("level off"), which is due to
the difficulty of the transport of reactants and the stability
of the walls of the cage surrounding the reaction centres,
which are characteristic of the solid phase 1 7 8 .

The kinetics of the thermo-oxidative and photo-oxidative
ageing processes for polymers in a highly elastic state and
many semicrystalline polymers above their glass points qual-
itatively differ little from the kinetics of the oxidation of
melts and low-molecular-weight organic substances. As an
example, one may quote the oxidation of a polypropylene
powder at low temperatures using a highly sensitive mano-
metric apparatus which permits the measurement of the
amount of absorbed oxygen from the very earliest oxidation
stages (Fig.22).1 9 1 t

The oxidation of films of isotactic polypropylene at 130 °C,
investigated up to more advanced reaction stages, proceeds
similarly (Fig. 22b). The process takes place with self-
acceleration: its rate increases from the very beginning and
at a degree of oxidation of -15% reaches a maximum, after
which it gradually falls. The variation of the rate of oxida-
tion parallels the accumulation of hydroperoxides (Fig. 22b,
curve 3), which indicates the decisive role of hydroperoxides
in the propagation of polymer oxidation processes 1 9 5.

Thus the oxidative ageing of polymers is a degenerate
branched chain reaction. It has been shown at a quantitative
level that the photo-oxidation of polyolefins (PH) is
described by the following kinetic scheme1 9 6:

PH -+ P0 2,

Ρ02+ΡΗ -ί^-». POOH + P02 (propagation),

POOH —^_* PO + OH ->• 2P02+ S (branching),

[C=O] —--> P02+ S,

P0 2 +P0 2 — - > [C=O] (termination),

where [C=O] are carbonyl compounds and S represents the
step involving the dissociation of macromolecules. The rate
constants for all the elementary reactions in the above
scheme, which are required for the description of the kin-
etics of the accumulation of products, were determined by
independent methods. The agreement between calculations
and experiment confirmed the reliability of the proposed
scheme.

In the course of their ageing, processes characteristic
only of high-molecular-weight compounds take place in the
polymers: degradation and cross-linking, the formation of
cross-linked three-dimensional structures, and the propaga-
tion of reactions along the polymer chain.

The specific features of the structure of macromolecules are
manifested, for example, in the kinetics of thermal degrada-
tion. The presence of two macroscopic thermal degradation
stages is characteristic of the majority of polymers1 9 7. In the
initial stage the process proceeds at a relatively high rate
and with a low activation energy. At advanced stages the

zua ζβσ
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Figure 22. a) Kinetic curves for the absorption of oxygen in the autoxidation of polypropylene
powder at 92 °C (the inset shows the initial stages of the process) 1 9 I f; b) kinetic curves for the
autoxidation of polypropylene films at 130 °C: 1) absorption of O2; 2) variation of the rate of
oxidation; 3) accumulation of hydroperoxides 1 9 5.
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rate of degradation falls and the activation energy increases.
The fraction of the substance decomposing in the first stage
depends on the method of synthesis of the polymer (Fig,23).

E, kcal mol"1
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Figure 23. Dependence of the activation energy for the
thermal degradation of polyvinyltoluene obtained by radical
(curve J) and anionic (curve 2) polymerisation on the
degree of conversion (weight loss) AW/W. 1 9 7

where A(k) is the density of the distribution of the concen-
tration of substance A with respect to its reactivity, charac-
terised by the chemical reaction rate constant k. The dis-
tribution A(k) varies with time both due to the chemical
transformation of substance A, described by Eqn.(93), and
due to relaxation and diffusion processes, which alter the
local properties of the medium around the reaction centre.

21ZK

0 8 10
hours

Figure 24. Kinetic curves for the thermal decomposition of
central macroradicals in polymethacrylic acid in the tempera-
ture range 175-212 K. 2 2 1

The low activation energy for the initial stage is evidently
associated with the fact that at this stage weak bonds or
defective sites in macromolecules are ruptured. Only after
they have been used up does the degradation of the normal
strong bonds in the polymer begin. The artificial creation of
defects in the polymer by its photolysis or preliminary oxida-
tion can lead to the complete disappearance of the second,
slower stage of the process. On the other hand, the forma-
tion of a defect-free structure makes the concentration of
weak bonds insignificant, which has been achieved in poly-
caproamide.

4. Characteristics of the Chemical Reaction in the Polymer
Matrix

The non-equivalence of the local properties of the environ-
ment of the reactive centres and correspondingly their spa-
tially different chemical reactivities are characteristics of
polymers as structurally inhomogeneous systems. Chemical
reactions therefore occur in the first place in those regions
where the conditions are most favourable. As a result, at a
certain degree of conversion, the reactions are strongly
retarded—the so-called "kinetic arrest of the reaction" is
observed. A change of conditions, for example of tempera-
ture, leads to the renewal of the reaction. As an example,
Fig. 24 illustrates the kinetics of the destruction of macro-
radicals in polymethacrylic acid under the conditions of a
stepwise variation of temperature. The phenomenon of the
"kinetic arrest" of the reaction has been observed in a wide
variety of processes in solid polymers1 7 8. Methods have now
been developed for the description of processes of this kind
with the aid of the so-called polychromatic kinet ics 1 9 8 ' 1 9 9 ' 2 0 0 .
The variation of the macroscopic concentrations of the reac-
tants is described by an integro-differential equation, which
assumes the following form in the case of the simplest uni-
molecular reaction:

At temperatures considerably below the glass point of the
polymer the process proceeds, as it were, in microreactors
with unaltered local properties. Solution (93) then has the
form of an integral Fredholm equation of the first kind:

[A]= f
(94)

d[A]

at
= - t (93)

Thus the kinetic curve for the variation of the concentration
of A is a representation (in the sense of a Laplace transfor-
mation) of the initial distribution function A(k). The form of
the function A(fc) can be obtained from the kinetic curve
[A](t) by the reverse Laplace transformation.

The principles of polychromatic kinetics made it possible
to calculate the distributions of species with respect to rate
constants, activation energy, and activation entropy and to
establish the fundamental mechanisms of the averaging out of
the kinetic non-equivalence of the species and the conditions
for the transition from polychromatic to monochromatic
kinetics 1 9 1.

The kinetics and direction of chemical reactions in solid
polymers are influenced significantly by the molecular
dynamics and physical structure of the polymer, which
occurs as a consequence of a change in the translational
diffusion coefficients of the low-molecular-weight reactants
or a change in the frequencies and amplitues of the seg-
mental movements of the macromolecules and macroradicals,
which influence directly the chemical reaction step itself.

It is well known that mobility influences the kinetics of the
destruction of macroradicals in solid polymers—the rate of
destruction decreases on transition from the amorphous to
the crystalline phase, the rate constant for the destruction
in oriented specimens is lower than in non-oriented specimens,
the stability of macroradicals increases when the polymer is
cross-linked, the rate of destruction of macroradicals in
three-dimensional polymers increases with increase in the
length of the oligomeric block, etc.

The molecular mobility has been varied 2 0 1 ' 2 0 2 by altering
the external pressure and by introducing into the polymer
chemically inert solvents, which induced plasticisation. Under
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these conditions, the rate constants for the recombination of
radicals in amorphous polymers decreased with increase of
pressure at temperatures above Tg. The destruction of
peroxy-radicals in polystyrene2 0 3 and polypropylene201* was
accelerated by the addition of small amounts of benzene.

The influence of molecular mobility on the rates of reaction
of phenoxy-radicals with polyolefin hydroperoxides 2 0 5 ' 2 0 6 and
of nitroxy-radicals with phenols2 0 7 in solid polyolefins has
also been studied. It was found that the rates of these reac-
tions are independent of the nature of the polymer and
increase following the addition of aromatic solvents, whose
role reduces to increasing molecular mobility. The increase
of the rate constants for the above reactions is correlated
with the increase of the frequency of rotation of the para-
magnetic probe 2 0 5 ' 2 0 7 .

In mechanodegradation the change in the lifetime of the
polymers cannot be described by taking into account only the
changes in the rate constant for the elementary chemical
processes in accordance with the Zhurkov equation

E-ya
RT

(95)

where Ε is the activation energy, σ the mechanical stress,
and γ a proportionality coefficient. A radical chain mech-
anism agrees only qualitatively with the experimental results.
It has been shown 2 0 8 ' 2 0 9 (Fig. 25) that mechanical stresses do
not exert an appreciable influence on the rate of formation of
radicals in chemical or radiation-chemical initiation and hence
on the rate of degradation of macromolecules initiated by
these radicals. At the same time the lifetime of polymers
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Figure 25. Variation of the lifespan of the polymer (τ) under a mechanical stress (σ) due to the introduction of an inhib-
itor (a) 2 2 2 and initiators (b—i) 2 0 9 of radical reactions: a: 1) pure nitrocellulose; 2) nitrocellulose with added 0.3% of the
4-ethyl-4-hydroxy-2, 2,6,6-tetramethylpiperdin-l-yloxy-radical; b) 1, 2-polycarbonate and 3,4[sic]-triacetylcellulose
containing added FeCl3, without (curves 1 and 3) and with (curve 2) photolysis of the additive; c) l,2-poly(ethylene
terephthalate) and 3,4-polycaproamide containing added FeCl3, without (curves 1 and 2) and with (curve 3) photolysis of
the additive; d) photodecomposition of triacetylcellulose without additives [1) 314 K; 2) 360 K; unfiltered light of

DRSh-500 lamp; I = 1.6 χ 1021 ™-2 „-!s ] ; e) photodecomposition of triacetylcellulose with 0.6 wt.% of naphthalene [1) 286 Κ;
2) 301 Κ; 3) 323 Κ; nitrogen; I = 2.6 χ 1021 m-Z „-!. λ > 300 nm]; f) photodecomposition of triacetylcellulose with 9.1
wt.% of benzoyl peroxide [1) 303 K; 2) 325 Κ; 3) 348 Κ; air; I = 0.4 χ 1021 m~2 s"1; λ > 300 nm]; q) photodecomposi-
tion of triacetylcellulose with 0.16 wt.% of HFeCl,, [1) 293 K, air depleted in oxygen; 2) 293 K; 3) 308 K; air; I = 0.6 χ
1020 m"2 s"1; λ > 340 nm]; h) photodecomposition of triacetylcellulose with 1.1 wt.% of naphthalene [1) 304 K; 2) 329 K;
3) 360 K; air; I — 1.6 χ 1021 m~2 s"1; λ > 300 nm]; i) thermal decomposition of triacetylcellulose with 9.1 wt.% of benzoyl
peroxide [1) 378 K; 2) 388 Κ; 3) 393 Κ; a i r ] .
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diminishes with increasing stress, i .e. a smaller number of
breaks in macromolecules becomes sufficient for their decom-
position . The breakdown of the specimen is not therefore
related to the occurrence of a critical number of breaks, as
suggested previously. The decomposition of the polymer is
determined not only by the kinetics of its chemical degrada-
tion but also by the kinetics of the physical relaxation pro-
cesses as a result of which the structure of the polymer
changes after the breaks in the molecules.

5. Relation Between Practically Important Properties of the
Polymers and the Kinetics of Ageing

Knowledge of the kinetics of the changes in their physico-
mechanical characteristics, for example, the relative elongation
on rupture, the ultimate tensile strength, etc., is important
in the practical utilisation of polymeric materials. The
determination of the detailed ageing mechanism made it pos-
sible to relate the changes in these properties under various
operating conditions for the polymers to the kinetic charac-
teristics of their ageing. In particular, this relation has been
established for the photo-oxidation of polypropylene2 1 0.

Fig. 26 presents kinetic curves for the variation of the rela-
tive elongation in the photo-oxidation of various specimens of
polypropylene (PP) under the influence of light of different
intensity and spectral composition. Despite the fact that the
curves have different shapes, they can be made to coincide
when the number of breaks in the macromolecular chain Ω
during the process time is plotted along the abscissa axis.

The number of breaks is defined as the sum of steps involv-
ing the photodecomposition of branching products—hydro-
peroxides and carbonyl compounds:

Ω =* f (α [ΠΟΟΗ] + a' [C=O]) d t (96)

Thus the dynamics of the variation of the physicomechan-
ical properties of the polymer is related to the kinetics of the
chemical ageing process and calculations can be made on the
latter using measurements of its kinetic characteristics.

6. Fundamental Principles of the Stabilisation of Polymeric
Materials

The known methods of stabilising polymeric materials can
be classified in terms of the stage of the ageing process on
which they act. A large group of stabilisers comprises sub-
stances which decrease the probability of the formation of
active centres at the initiation stage. They include agents
quenching excited states ("quenchers")—substances which
react with admixtures catalysing the decomposition of poly-
mers. Stabilisers which deactivate chemically active reaction
products, for example, substances which decompose hydro-
peroxides, are particularly important.

The stabiliser influencing the propagation stage of the
ageing process, for example, the oxidation chain propaga-
tion stage, include substances which prevent the penetration
of oxygen into the polymeric material or lower its concentra-
tion in the material.

ο ζ ο ζ w ο ζ ff ro
10~20/f, quanta cm"

1

O.JJ

ο αζ ο.6 ιο ο

Figure 26. Variation of the relative elongation on rupture in the course of the photo-oxidation of polypropylene:
a)—c) dependence on the amount of light with λ = 254 nm incident on the specimen [light intensity (10~15 I, quanta
cm"2 s" 1): 1) 4; 2) 0.7; 3) 0.24]; d)—f) dependence on the number of breaks in the macromolecules of the specimen in
a given time; a) and d) isotropic specimen; b) and e) oriented annealed specimen; c) and f) oriented specimen (950%).178
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The class of stabilisers accelerating the stage involving the
destruction of active centres, for example, the acceptors of
free radicals or the inhibitors of free radical processes InH,
is most widely used in practice and has been most thoroughly
investigated. The mechanism of the action of such substances
and the criteria used to estimate their efficiency were
examined in detail above (Section II, 7). As in the liquid-
phase oxidation of hydrocarbons, critical inhibitor concentra-
tions have been observed in the oxidation of polymers, above
which the inhibition period of the oxidative degradation
increases sharply. A synergistic effect, arising when vari-
ous stabilising compositions are used, has also been
o b s e r v e d 2 1 1 ' 2 1 3 .

The kinetic characteristics are usually determined at com-
paratively low stabiliser concentrations. The region of
extensive inhibition of autoxidation at sufficiently high con-
centrations (much higher than the critical concentration),
usually employed under technological conditions, is of prac-
tical interest. Kinetic analysis is significantly simplified
under these conditions by the fact that the quasi-stationary
principle becomes applicable not only to free radicals but also
to the branching product—the hydroperoxide. For example,
the mechanism of the inhibited oxidation by sterically hin-
dered phenols can be described as follows211*:

initiation —
+O_,; k.PA + RH

^ R O 3 ,

ROOH + R

ROOH 2/ ROij + product,

- + ROOH + PhO ,R02 + PhOH

R02 + Ph0 — ^ QP (quinolide peroxides),

PhO + PhO — ^ - > PhOH + products,

QP L_U-->. 26RO2 + products.

In the presence of the effective antioxidant used in practice,
the contribution of the remaining reactions is usually small.

Table 9 presents analytical expressions for the induction
period τ, the critical concentration [PhOH] c r , and the rate
of consumption wphOH of the inhibitors—phenols of two
types: (I) /c9 is small and the radicals PhO are destroyed
only via reaction (8); (II) k9 is large and the radicals PhO
are destroyed only via reaction (9). Evidently the charac-
teristics of the antioxidant activity (τ and wphOH) under the
conditions used depend little on the antiradical activity of
the inhibitors (on the constant k7) and are largely determined
by the constant for the interaction of the inhibitor radicals
kg and the probability of the emergence of radicals from the
cage in the decomposition of hydroperoxides (f) and quinolide
peroxides (δ). In solid polymers f and δ are relatively low,
which is consistent with the high antioxidant activity of the
inhibitor. On passing to a melt, the antioxidant activity
diminishes owing to the increase of / and δ, which is some-
times formally interpreted as a result of the additional for-
mation of free radicals by inhibitor molecules.

In practice it is important to obtain from standard tests
on stabilisers information necessary for predicting their
effectiveness under the operating conditions. As mentioned
above, on passing from the liquid phase to a solid polymer,
the reactivity of stabilisers levels off. The relative reactiv-
ities of the species in the solid polymer (kg) and in the liquid
phase (k^) are linked by the relation2 1 5

= ——.— (97)

Eqn.(97) makes it possible to select stabilisers for polymeric
materials (antioxidants, quenchers) on the basis of much less
laborious experiments, carried out in model liquid-phase
systems.

The influence of molecular physics on the chemical reactions
in polymers leads to the discovery of new physical principles
of the stabilisation of polymeric materials by specific struc-
tural-physical modification of the material (deformation,
stress, orientation, isotropic compression, regulation of the
supermolecular structure and morphology, e tc . ) . For example,
the rate of formation of the branching product (the hydro-
peroxide) diminishes in oriented polyolefins, which leads to
an increase of the thermal stability of the oriented filaments
compared with isotropic films216. There are many factors
governing the stabilisation and the increase of the strength
and lifetime of polymeric materials as a result of their struc-
tural-physical modification191.

Table 9. Characteristics of the antioxidant activity of
stabilisers under the conditions of extensive inhibition of
oxidation211**.

Parameter

[PhOH] c r

Type of phenol

I

(1-/-6)*,
2(1—/—6) (γ—I) 2 [PhOH]

w0

2 ( 1 - 6 / - 6 )

2 ( 1 -

II

2/£a ]RH]

(1-2/)* ,

2/) (V- l)a [PhOH]

V* !<*O
Wo

2(1-26/)

Jc2[RH]
*Here b = 1 + , r _ ; γ = [PhOH]/[PhOH]c r.

7. Special Procedures for the Stabilisation of Polymers

Many stabilisers cannot be used at sufficiently high con-
centrations for a variety of reasons. In particular, some of
them impart an undesirable colour to the polymeric material.
Thermal stabilisers can be effective photosensitisers. The
free radicals formed from stabiliser molecules in some cases
enter into reactions promoting the decomposition of the poly-
mer. Furthermore, the stabiliser can be consumed in useless
side processes.

It is therefore desirable to produce stabilising compositions
in such a way that the effective inhibitor acts in accordance
with the in statu nascendi principle, i.e. in such a way that
its main bulk is in a bound state, in a kind of "depot", and
the active form of the stabiliser is released by it gradually or
when necessary.

A quantitative criterion of the efficiency of the action of
the inhibitor is in statu nascendi can be formed by analysing
a simplified kinetic mechanism of the action of such an
inhibitor on an initiated chain process.

—h- r—initiation of the formation of the active radical;
k

Ζ —>• R—the formation from the "depot" of the active form
of the inhibitor R, which behaves as a stabiliser (for
simplicity, the stabiliser in a radical form is considered);

k
R + r \—inhibition reaction;

k
R 1° f*—the generation of the active centre by a reaction

involving the inhibitor.
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The effectiveness of the stabilisation is characterised by
the ratio of the rate of initiation to the rate of consumption
of the active form of the inhibitor (for k 1 0 » k ) :

Ψ = (98)
d[R]/df k[Z]

If the inhibitor is introduced into the system at the initial
instant at a concentration [Z] o , the efficiency of its action is
determined by the expression

(99)

Since k1 0 » k by hypothesis, it follows that Ψ > Ψο. The
ratio Ψ/Ψο = Q can serve as a criterion of the efficiency of the
action of the inhibitor in statu nascendi:

wi + 2kl0{Z](, .2*io
k

(100)

Sterically hindered piperidines protect polymers from the
action of light by the "depot" mechanism217. The mechanism
of the light stabilisation of polymers by sterically hindered
piperidines is more complex than that considered above. The
piperidines themselves are not stabilisers but are converted
under the influence of radiation into a mixture of nitroxy-
radicals and other compounds which act as inhibitors.

Phosphorus acid esters, whose hydrolysis gives rise to the
corresponding phenols or catechols, also function as a
"depot": 2 1 8

-OH
+ H.P03.

Clathrate compounds, from which the stabiliser is liberated
on thermal decomposition and photodecomposition, can appa-
rently also act via the "depot" mechanism.

Not only compounds from which the stabiliser is synthe-
sised in the course of ageing but also the diffusion of the
stabiliser to the degradation zone from another, undecom-
posed part of the polymer can be used as a stabiliser "depot".
The diffusion phenomenon has been recently observed in the
study of the photo-oxidation of polybutadiene films2 1 9 '2 2 0. In
the presence of an ultraviolet absorber light does not pene-
trate into the bulk of the polymer specimen. Photo-oxidation
takes place only in the surface layer, which results in the
consumption of the antioxidant (A). A concentration gradient
of A is produced and the antioxidant diffuses from the bulk of
the polymer to the surface layer. Since the deep layers serve as
a source of inhibitor, thick specimens are oxidised more
slowly than thin ones. It has recently been shown that this
phenomenon is the main cause of the synergism observed in
the stabilisation of polymers by mixtures of u .v . absorbers
(UVA) and antioxidants, which interact with free radicals2 1 9

or decompose hydroperoxides2 2 0.

In the diffusion mechanism the synergistic effect depends
on the ratio of the rates of reaction (w r) and diffusion (wd).
For w r » w^, there is insufficient time for the diffusion of
antioxidants to affect the process and synergism is not
observed. The maximum effect can be obtained for the
opposite condition: W(j » w r . Here the entire oxidant is
consumed in the inhibition of the photo-oxidation process in
the photoreaction zone and the oxidation induction period is
τ = T O (L/1), where τ 0 is the induction period for w r » W{j
and I and L are the thicknesses of the photoreaction zone and
of the polymer films respectively.

The ideas developed concerning the mechanism of the
synergism have created a scientific basis for the selection of
effective synergistic mixtures which protect polymers from

light-induced ageing, taking into account the properties of
the polymer and the stabilisers, as well as the operating
conditions. Within the framework of the mechanism examined,
the requirements for the thickness of the specimens and for
conditions under which accelerated tests of the light sta-
bility of polymers stabilised by synergistic mixtures must be
performed also become understandable.

IV. KINETICS OF THE BIOLOGICAL PROCESSES

The living organisn is regarded as the most complex sys-
tem of coupled chemical reactions under the influence and
with participation of a multiplicity of chemical and physical
factors, which initiate, catalyse, inhibit, and regulate these
processes. This is responsible for the possibility of employ-
ing in biological and medical research methods and ideas
characteristic of chemistry, physics, and mathematics.

Kinetic studies in biology permit quantitative estimates
of the rate of propagation of the most important biological
processes and of the influence on the latter by various fac-
tors as well as the establishment of quantitative criteria for
the estimation of the efficiency of such influences. The
mathematical description of the kinetics then involves a
series of parameters which can be used to model the proces-
ses investigated and to analyse them using modern computer
techniques.

Figure 27. Plots of the functions used to described the
kinetics of tumour growth. The analytical forms of the
curves are presented in Table 10. 2 2 6

Extensive kinetic studies on many pathological processes
and phenomena—carcinogenesis, malignant growth, radiation
damage, as well as the ageing of the living organisms—are
being prosecuted at the present time 2 2 3 " 2 2 6 . The broad
principles of the kinetic approach to the study of biological
objects can be examined in relation to experimental tumour
processes 2 2 6.



Russian Chemical Reviews, 50 (10), 1981 929

1. Kinetics of Tumour Growth

The differential equation for the growth of a tumour can be
formulated as follows:

F at (101)

where φ(ί) = φχ(ί) - φ 2 ( 0 and F is the volume, diameter, or
weight of the tumour, the number of tumour cells,or any
other quantity characterising the growth of the tumour. The
quantity ( l/F)(dF/dt) is the specific rate of growth, φ χ(ί) iO
characterises the overall rate of multiplication of the cells,
and φ 2 (ί) £ 0 characterises the overall rate of their destruc-
tion. The function φ(ί) can be both positive and negative.

The overall form of the solution of the differential equation
(101) is given by the expression

_ _ U>«)d< <"in?">

Different deterministic models of the growth of a tumour can
be reduced to the selection of the corresponding functions
φ(ί). Fig. 27 illustrates schematically the types of kinetic
curves corresponding to the model functions frequently
employed. Table 10 presents the corresponding kinetic
equations. After the selection of the most suitable functions
approximating the experimental data, regression analysis is
carried out by standard methods. A linearising transforma-
tion is usually performed for the function F, which simplifies
the calculation of the kinetic parameters.

An exponential relation is fairly frequently used both in
experimental studies and for the analysis of the growth of
human tumours. Fig.28A presents generalised kinetic curves
for exponentially growing animal tumours in terms of the
dimensionless coordinates η = e9, where η = F/Fo and
θ = φί.

In principle, the most general type of kinetic curve is an
S-shaped curve, because it is natural to expect that F tends
to a limiting value in the course of the growth of the tumour
by virtue of the characteristics of the development of tumours
in the organism. In those cases where a logistic function of
the type F = Fm/(1 + ae~bt) i s applicable to the description
of the kinetics of the growth of such tumours, it is possible
to construct a generalised plot in terms of the variables of
the equation η = 1 / ( 1 + e e ) , where η = F/F^ and θ = In α =
bt (Fig.28B).

For a comparative analysis of the rates of growth of dif-
ferent experimental tumours, one can use the maximum spec-
ific rate of growth <pmax·226 For tumours growing exponen-
tially, φηιβχ = φ.

Analysis of the distribution of 62 experimental tumours
with respect to Φπιαχ showed that the cumulan of the dis-
tribution in the range from $max = 0 to 0.7 day"1 is linear,
i.e. that the distribution of Φπιβχ i n this range is virtually
uniform. From this it follows that tumours can apparently
exist with arbitrarily small specific rates of growth. Approx-
imately 80% of the tumours examined in terms of their values
°f <i>max fall within this linear range. There are many fewer
tumours for which φ Ι Ώ & χ > 0.8 day"1.

Table 10. Functions used to describe the kinetics of tumour
growth.

Name of function

Exponential

Exponential with a con-

stant term

Power

Gompertz function

Logistic function

Bertalanphi function

Polynomial function

Asymmetric polynomial
exponential function

Typeofv(f)

φ = const

1
ψ~1/α4-ο·β"α/

b
f = < + a

b

φ = ae~bt

b

be'bt

„ - , . + „< + ...

Differential equation*

F = F^at + Fj

F = Fooexp j — £ e ~ w l
F

F = F M (1 - fle-w)

ί *
F = Foexp |φ0» + 2 Vih +

No. of
curve in
Fig.27

1

2

3

4

5, 6

7, 8, 9

*Here a, b, and c are constants.

Extensive experimental data on the kinetics of the growth
of tumours have now accumulated2 2 6. More than 60 experi-
mental strains of solid and ascites transplantable and
spontaneous animal tumours and leukaemias have been inves-
tigated. The equations presented above are used for a formal
kinetic description of the development of these malignant
processes.

2. Kinetic Criteria for the Estimation of the Effictiveness of
Antitumour Preparations

The study of the kinetics of the development of tumour
processes has made it possible to develop a series of criteria
of the effectiveness of a particular therapeutic agent. For
this purpose, it is necessary to compare control and experi-
mental kinetic curves.

In the simplest case where tumour growth takes place
exponentially both in the control,

and in the experiment,

the ratio

(103)

(104)

x=qW<Pc , ( 1 0 5 )

showing by what factor the rate of development of the exper-
imental process is reduced compared with the control, can be
used as a measure of the effectiveness. For exponentially
growing tumours,this criterion was introduced in 1962 2 2 7

and was subsequently used in many investigations.
A series of criteria, used independently of the type of

kinetic curves for the tumour growth in the control and in
the experiment, have also been proposed 2 2 6. In particular
the criterion

κ/=1—(FJFt.) 100 (106)

which is called the percentage inhibition, is frequently used
in the USSR. Here F i e is the average experimental value of
F and F^ c is the value for the control.
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Figure 28. A) Generalised kinetic curve for the exponential growth of tumours η = e 9 for various types of transplanted
tumour processes: 1) tumours in rat skin induced by radiation; 2) adenocarcinoma 755; 3) sarcoma 180; 4) sarcoma CCK;
5) haepatomas; 6) Ehrlich ascites carcinoma; 7) Svec erythromyelosis; 8) Waler carcinosarcoma; 9) reticulosarcomatosis;
10) leukaemia La; 11) leukaemia L-1210; 12) spontaneous leukaemia in mice of AKR strain; 13) leukaemia La;
B) generalised S-shaped kinetic curves for the growth of solid (a) and ascites (b) experimental tumours; a: 1) Walker
carcinosarcoma; 2) Geren carcinoma; 3) sarcoma 45; 4) adenocarcinoma 755; 5) haepatomas; 6) melanomas; 7) sarcoma
180; 8) other models (osteogenic Ridgeway sarcoma, sarcoma T241, adenocarcinoma EO-771, and carcinoma C1025); 9) Svec
erythromyelosis; b ) : 1) sarcoma 180; 2) Ehrlich ascites carcinoma; 3) leukaemia L-1210.226

It should be noted that the kinetic criterion κ [Eqn.(105)]
for exponentially growing tumours characterises the tumour
process much more satisfactorily than the percentage inhibi-
tion criterion κ'9, since κ is the independent of the time of
completion of the experiment. The relation between κ and Kg
is given by§

{1—exp [(1— !κ]φε']}Γ0 (107)

The advantage of the kinetic criterion consists in its high
"sensitivity" in the assessment of the most effective prepara-
tions. The criterion κ therefore makes it possible to solve
one of the main problems of experimental chemotherapy—to
establish a relation between the chemical structure and the
antitumour activity of the most effective preparations.

§ The numbering of the criteria is based on that in a
monograph2 2 6.

Other kinetic criteria, based on the estimation of the
average specific rates of tumour growth φ(ί), can also be
proposed for the estimation of the effectiveness of the anti-
tumour treatment. The average specific rate of growth in
the time interval (tlt t2) is

(108)
At

and, as can be seen from the above equation, depends only on
• the values of F at the ends of the interval. Thus the quantity

<Ktlf t2) is equal to the exponent of the "equivalent exponen-
tial function", which passes through the ends of the kinetic
curve F(t) in the time interval considered.

The ratio of the average specific rates of tumour growth in
the control and in the experiment can be adopted as a mea-
sure of the effect:

In Fc (tx) - In Fc (tlc)

(109)
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It is natural to adopt the instant ix when the therapeutic
action begins as the common starting point for reckoning the
time intervals (tic. *2c) a n < * (*ie> *2e) ^ o r * n e averaging.
The ends of the time intervals can be chosen in different
ways: (a) the ends of the average kinetic curves for tumour
growth U are adopted as the ends of the time intervals for
the averaging, whereupon

tfc) ^ tft (110)

(b) any instant t 2 at which both kinetic curves to be com-
pared exist can be selected as the common end of the time
intervals for the averaging. In this case

i. h) In Fc
— In Fc (111)

If the development of the tumour processes in the experi-
ment and in the control proceeds in accordance with exponen-
tial laws, then

<Pe fe, ^κ) = f>c> φ« (̂ ΐι tie) — φβ and

κ ιο = = " π = = "ι

i.e. the criterion derived previously is obtained.
The fact that the quantities < 1 0 and κ η become infinite

following the complete inhibition of tumour growth (at φ = 0)
constitutes a definite disadvantage (Fig.29a). It is therefore
more convenient to employ modified criteria <*„ and κ*χ which
are free from this disadvantage:

K o = 1 - — · (112)

X u = = ~ IS" ' (113)

Since both modified criteria are linear functions of the aver-
age specific rate of tumour growth in the experiment, i .e.

Ko(u> = l - " ^ Φ·· (114)

the value κ1 0 = κ ι χ = 0 corresponds to the absence of an
effect, positive values of κ1 0 and κ η correspond to effective
treatment (inhibition of tumour growth), and negative values
correspond to treatment stimulating tumour growth (Fig. 29b).

The kinetic criterion < proposed at the Institute of Chem-
ical Physics of the USSR Academy of Sciences in 1962 has
been used to investigate the antitumour effectiveness of a
large number of chemical compounds of different classes,
which made it possible to discover four new highly active
preparations: 2,6-di-t-butyl-4-methylphenol (ionol or
dibunol), nitrosomethylurea (NMU), 2 3 0 > 2 3 1 1,2-bisdiazo-
acetylethane (diazan), 2 3 2 and PAT-1, a paramagnetic analogue
of Thio TEPA.2 3 3 Fig.30 illustrates the antitumour effective-
ness of a series of preparations in relation to the experi-
mental leukaemia La in mice. Under the same "dibunol", ionol
is nowadays used in clinical practice in the treatment of the
cancer of the bladder and radiation cystitis in man231* and
NMU is used in the treatment of the undifferentiated cancer
of the lung, lymphogranulomatosis, and melanoma2 3 1"2 3 5.

control

u

0.8

η 76 Z0
t, days

Figure 30. Inhibition of the growth of leukaemia La in mice
under the influence of various chemotherapeutic preparations:
1) thiophosphamide, carminomicin; 6) mercapturopurine;
2) sarcolysine; rubomycin; 3) HMM; 4) dibunol, cyclo-
phosphane; 6) PCNU [ l-(2-chloroethyl)-3-(2,6-dioxo-3-
piperidinyl)-l-nitrosylurea]; 7) diazan.

1.0

effective

rel. ineffective

stimulating

highly effective^
(regression of
tumours)

7.Z7

highly effective
(regression of
tumours)

Figure 29. The regions in which therapeutic treatments are effective; <& = 1.25 and
are conventional quantities separating relatively ineffective and effective treatments 2 2 6 .
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effective

rel. ineffective

10 fe
stimulating

= 0.2
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The development of kinetic approaches to the description
of tumour growth processes in chemotherapeutic treatment is
closely related to the problem of the pharmacokinetics of
antitumour agents. The parameters of the pharmacokinetic
equations are quantitative characteristics of processes
involving the entry, distribution, transformation in the
organism, and secretion of substances and their estimation
makes it possible to relate the intensity of the: therapeutic
effects to the active concentration of the active forms of the
preparation and not to the dose. This permits rational plan-
ning of chemotherapeutic regimes 2 3 6 ' 2 3 7 .

3. Kinetics of the Survival of Patients and the Effectiveness
of Chemotherapy

The most important and most evident index of the effective-
ness of the treatment of malignant tumours is the survival
time of the patients. The survival time is a random quantity
the statistical characteristics of which are determined by the
type and stage of the development of the tumour, the
theropeutic regime, and other factors.

Survival can be regarded as the kinetics of the change in
the number of living patients determined by the distribution
of the survival time in the initial group. The view that
survival is a kinetic process makes it possible to apply to it
standard mathematical methods adopted in kinetic studies
and to obtain a complete quantitative description of survival
with the aid of a small number of parameters having a
definite physical significance. This is an advantage of the
kinetic method over the traditional statistical method in which
the percentage survival of patients is estimated solely in rela-
tion to a single specific time (for example, the five year
survival) 2 3 8.

As a result of systematic studies on the kinetics of the
survival of patients subjected to radical operations and
untreated patients with malignant tumours in different loca-
tions, based on observations on several tens of thousands
of patients, it has been established that the entire wide
variety of forms of kinetic survival curves can be satisfac-
torily fitted by a small number of simple analytical relations.

If the factual data permit a detailed analysis of the survival
curve, it is found that it is as a rule S-shaped. This is due
to the unimodality of the corresponding distribution density
f(x) of the survival time, since the kinetics of the change in
the fraction of surviving patients P(i) are determined by
integrating this density:

(115)

It has been shown that in many cases this distribution is of
the lognormal type 2 3 8 :

(116)

so that the survival function is

(117)

where Τ is the median of the survival and σ2 is the variance.
The survival of patients suffering from cancer of the
stomach, the mammary gland, the neck of the uterus, the
lung, the mouth and the pharynx, and the tongue, as well
as bone tumours can be described in terms of this relation.

In cases where clinical data are insufficiently detailed, it
is useful to use a simpler one-parameter family of functions.
Families of exponential and hyperbolic functions have been
used for this purpose. In the first case the survival function
is of the form P(t) = e~*t and describes, for example, the
survival of patients with cancer of the stomach. In the
second case the survival function is of the form Ρ(ί) = 1/(α +
kt); this case refers to cancer of the lung, the mammary
gland, the rectum, the kidney, and the bladder.

It was shown that each location of the tumour is character-
ised by its own type of kinetic survival curve, which is the
same for different hospitals and different times and is deter-
mined solely by the type of tumour2 3 8. This makes it pos-
sible to compare the effectiveness of different methods of
treatment by comparing the different kinetic parameters.

Analysis of the influence of various clinical-morphological
factors on the parameters of kinetic survival curves estab-
lished that, for each type of tumour, the spread (stage) of
the tumour process at the instant of diagnosis or the begin-
ning of treatment plays the main role. The remaining factors
such as sex, age, histological structure of the tumour, etc.
are secondary.

The parameters of the functional relations for survival can
be estimated along a comparatively short section of the
kinetic curve, for example from data for the first 2-3 years
of observation on patients subjected to a radical treatment or
the first 3—6 months for non-operable patients. Knowing
these survival constants, it is possible in its turn to
extrapolate the kinetic curve to longer times and thus
obtain a prognosis of survival at any time. Such prog-
nosis is extremely important for practical medicine, since
it makes it possible to accelerate the assessment of the
effectiveness of new methods of treatment of malignant
tumours. The observed 5—10 year survival of patients sub-
jected to radical operations for cancer of the stomach, the
lung, the mammary gland, the rectum and the large intestine,
the kidney, and the bladder hardly differs from the calculated
values obtained from data for 2—3 year survival.

The availability of stable kinetics relations for each type of
tumour makes it possible to apply standard statistical proce-
dures and to obtain estimates of the parameters for the gen-
eral set of survival data for patients with tumours of a par-
ticular type. The analytical relations used to describe the
factual data can be linearised in terms of appropriate coor-
dinates and their parameters can be estimated by the method
of linear regression. Such estimates have been obtained for
patients who have undergone a radical operation for cancer
of the stomach, the lung, the mammary gland, the bladder,
and the rectum and for non-operable patients with cancer of
the stomach and the lung 2 3 8 .

These results have served as a theoretical and methodolog-
ical basis for the development of a kinetic method for com-
parative estimates of the effectiveness of treatment in which
the enormous amount of information accumulated in various
clinics in the world is used as the "historical" control. The
method makes it possible to abandon the simultaneous estab-
lishment of special control groups of patients and significantly
accelerates the study of new medicinal compounds and the
practical application of the most effective preparations.

As an example of the practical application of this method,
Fig.31 presents survival data from 33 clinics, generalised
with the aid of the kinetic method, for patients with inoper-
able cancer of the lung who had not been subjected to a
special treatment ("historical control") and survival data for
168 similar patients receiving chemotherapy. Fig.31 shows
that data for the 3 and 6 months survival of patients for
whom a direct improvement was observed after chemotherapy
(the majority of the patients were treated with nitrosomethyl-
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urea) lie outside the 95% confidence zone of the "control". On
the other hand, the survival of patients in which there was
no improvement after treatment did not differ from the con-
trol. Thus kinetic analysis made it possible to observe that
the use of prepations leading to a direct improvement of
patients with cancer of the lung reliably increases their
survival time, but the improvement is so far restricted to
only 6 months.

fraction from survival data, i.e. to estimate the factor by
which the treatment reduces the mass of the tumour. As an
example, Fig.32 presents kinetic curves for the survival of
patients subjected to radical operations for cancer of the
lung. For some patients, the treatment was confined to the
operation, while others were given an additional chemo-
therapy with cyclophosphane [data from the Gertsen Moscow
Institute of Oncology (MNIOI)]. Evidently the combined
treatment led to an improvement of survival.

Figure 31. 1) Generalised survival curve for patients with
inoperable lung cancer who have not been receiving chemo-
therapy, calculated from data from 33 clinics by the method
of linear equation and transformed into a plot in terms of
logarithmic statistical coordinates. The circles denote data
for patients receiving chemotherapy: 2) cases involving
improvement; 3) remaining cases 2 4 0.

The survival of patients is evidently closely related to the
nature of the growth of the corresponding type of tumour,
so that the study of this relation makes it possible to estimate
from survival data parameters of tumour growth which cannot
be derived by direct measurements239.

A mathematical model relating to the survival of patients
to the rate of growth of the mass of the tumour has been
developed. The following expression has been obtained for
the survival time:

Vm) (118)

where τ is the time required for the doubling of the volume
of the tumour and γ the coefficient of growth which depends
on the nature of the growth of the tumour and on the rate of
the initial (Ve) and final (Vm) masses.

The model makes it possible to estimate the mass of the
tumour in the organism for different extents of the tumour
process. It has been shown, for example, that the organisms
of patients subjected to radical operations for cancer of the
stomach without regional metastases, who subsequently died
from the tumour, contained after the operation on average
ΙΟ7—108 residual tumour cells, while in non-operable patients
there are 1011 tumour cells, etc. Such data can probably be
used in the planning of the therapy of patients with different
extents of the process.

Subject to the condition that the increase in survival as a
result of treatment of the tumour (irradiation or chemother-
apy) is due to the destruction of a specific proportion of
tumour cells, the model makes it possible to estimate this

20 -

Figure 32. Kinetic survival curves for patients after radical
operations for lung cancer; 1) surgical treatment alone;
2) chemotherapeutic treatment after operation 2I*°.

According to the model, the decrease of the mass of the
tumour as a result of the additional treatment is defined by
the expression

In -ϋ- = γ (1 - -L
V V { Τ

(119)

where V and V are the average masses of the tumours in
patients belonging to the groups being compared and Τ and
T' are the medians of the survival times of the patients in
these groups.

The calculations showed that in the example presented in
Fig. 32, the increase of survival was a result of the decrease
of the mass of the tumour by a factor of 400 (the average for
the group considered). This can be regarded as a quantita-
tive index of the effectiveness of cyclophosphane in the com-
bined treatment of cancer of the lung.

Similar parameters can be used also for comparative esti-
mates of the effectiveness of different preparations.

1. Application of Factorial Analysis in the Quantitative
Estimation of the Joint Action of Combined Preparations

The greatest effect in the chemotherapy of cancer is usu-
ally attained when two and more antitumour preparations are
used. In practice optimum chemotherapeutic regimes are
chosen empirically at the present time. The number of pos-
sible combinations is then extremely large and it is difficult
to count on finding the objectively optimum regime. The
possibility of a rigorous determination of the mutual influence
of the preparations as a basis for the optimisation of com-
bined chemotherapy then becomes particularly important.
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The method of factorial analysis was used for the first time
to assess quantitatively the joint action of diazan and cyclo-
phosphamide in the treatment of leukaemia R-388.232 This
made it possible to determine the contribution of each prepa-
ration (factor) to the overall final result of the therapy and
also to find a quantity characterising the interaction of the
factors (λ) .

The effectiveness and interaction of the factors can be
expressed in an analytical form by the equation

(120)

where k1 = 1, 2, . . . , I, k2 = 1, 2, . . . , i, q = l o r 2, and
Tj.· is the lifetime of the animal.

The application of factorial analysis led to the discovery of
different degrees of therapeutic synergism for identical
activity indices of the preparation. In Fig.33 the experi-
mental results are presented in the form of equieffective
curves. A point in the plane represents the results of the
combined action of two preparations taken in specific doses.
The numerals in the graph represent the activity coefficients.
By interpolating the values of the effectiveness on the basis
of the experimental points, it is possible to calculate the
values for other points and then to plot curves on which
each point corresponds to the same effectiveness. Fig.33
presents equieffective curves of < ranging from 2 to 6.

ZOO

Τ 150

6 100

y

50 100 150 ZOO

cyclophosphane dose, mg kg"1

Figure 33. Equieffective curves for the combined treatment
with diazan and cyclophosphane calculated for κ ranging
from 2 to 6.21*0

The equieffective curves make it possible to determine
the region of the maximum effectivness and to estimate the
optimum treatment, i.e. to determine the minimum doses of
the preparation sufficient to achieve the maximum effect.
Evidently the point (represented by an asterisk) at which
the diazan dose is 120 mg kg"1 and the cyclophosphane dose
is 110 mg kg"1 corresponds to these conditions. Indeed
subsequent experiments showed that the maximum effective-
ness of the treatment is then observed.

This approach to the analysis of the results of poly-
chemotherapy leads to the possibility of rigorously justified
clinical recommendations and permits the solution of the prob-
lem of optimising combined therapy.

5. Classification of Antitumour Preparations in Terms of the
Principle of Chemical Reactivity

The synthesis of substances with antitumour properties
specified beforehand constitutes an insignificant fraction of
the enormous amount of research throughout the world into
the synthesis of new chemical compounds. To some extent,
this is a consequence of traditional self-limitations, as a result
of which the search for new effective antitumour preparations
is usually prosecuted within the limits of a few empirically
discovered classes of chemical compounds such as alkylating
agents, antimetabolites, antibiotics, and hormonal prepara-
tions .

In terms of the mechanism of their action, these substances
can be divided into two main groups—compounds characteris-
tic of the metabolic processes in normal or tumour cells or
derivatives similar to such compounds (biochemically func-
tionally active compounds) and substances for which a purely
chemical interaction with the cell molecules plays the main
role (chemically functionally active substances).

A condition for the most effective application of the anti-
tumour preparations of both groups is in most cases a natural
or artificially created enhanced sensitivity of tumour cells to
the action of preparations relative to normal cells.

Biochemically functionally active preparations. Enzymes
(L-aspartase and ribonuclease), hormones (cortisone, pred-
nisolone, testosterone, and diethylstilboestrol), certain
metabolites from a series of membrane-active regulators of
metabolic processes and structural analogues of metabolites—
the antimetabolites of nucleic acid exchange (mercaptopurine,
thioguanine, 5-fluorouracil, ftorafur, 5-azacytidine, etc.),
and antimetabolites of folic acid metabolism (methotrexate
and aminopterin) should be included among biochemically
functionally active antitumour compounds.

It is possible to discover new effective preparations among
biochemically functionally active substances. This is indi-
cated particularly by the unexpectedly successful application
in tumour chemotherapy of synthetic analogues of bioanti-
oxidants—ionol, ambunol, etc.

Chemically functionally active compounds. It is known that
the total number of specific substances with which chemists
have dealt for one reason or another is almost ten million in
the field of organic chemistry alone and there are no funda-
mental difficulties in multiplying this number by a large
factor.

The classification of antitumour preparations generally
adopted at the present time is based on several different
principles: the mechanism of biological action (antimetabo-
lites and hormones), the source (antiobiotics, alkaloids, and
enzymes), and chemical properties (alkylating agents). Syn-
thetic preparations the mechanism of whose action has not
yet been established constitute a large group, which is not in
fact included in the above classification. Such classification
of the antitumour preparations is inadequate as a basis for
the rational planning of the synthesis of new preparations
or for the selection of potential antitumour agents from the
enormous number of chemical compounds known at the
present time. Furthermore, from a purely chemical stand-
point, it is possible to put forward a more systematic class-
ification based on the types of structures and the types of
chemical reactivities of these compounds21*0. Indeed they
can all be divided into five main groups in terms of their
characteristic reactions:

(1) electrophilic reactions;
(2) free-radical reactions;
(3) complex formation reactions;
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(4) nucleophilic reaction;
(5) cycloaddition.
In this section the chemical structures and mechanisms of

the action of antitumour agents will be considered from the
standpoint of the classification based on this principle.

(1) Electrophilic reactions. In the modern arsenal of effec-
tive antitumour agents the greatest proportion consists of
chemical compounds reacting via the mechanism of electro-
philic interactions, which include the formation of electro-
philic species (carbonium ions which alkylate or acylate the
nucleophilic centres of principal chemical components of the
cell).

3-Chloroethylamines, β-chloroethyl sulphides, epoxides,
aziridines, sulphonate and phosphate esters, halogeno-
methyl ketones, chloromethyl ethers, ammonium and sulpho-
nium compounds, β-lactones, diazoketones, and nitrosocarb-
amides behave as alkylating agents in vivo.

Table 11 presents the structures of the compounds encoun-
tered most frequently in practice and of the carbonium ions
formed from them. Further progress in the synthesis of
antitumour preparations with an alkylating activity is asso-
ciated with the finding of new types of cytotoxic groups and
also with the modification of transport fragments ensuring
the selectivity of the action of the preparations. New effec-
tive antitumour preparations have been synthesised recently:
nitrosomethylurea containing the functionally active nitroso-
carbamide group231, prospidin in which a spiro-heterocycle
with quaternary nitrogen atoms serves as the carrier of the
bis-3-chloroalkylamino-group241, and 1,2-bisdiazoacetylethane
(diazan) containing two diazoacetyl fragments226:

Η,Ν—C—N—CH,
II IΜ Ι
0 NO

nitrosomethylurea

0
| |

N7HC—C—C

a— CH

H,=CH,

j,CHCH2—Ν

OH

0
Μ

,—C—CHN,

Ν Ν—CH,CHCH,C1

prospidin

Table 11. Alkylating agents.

Overall formula
Carbonium

ions

Name of
preparation

R-N/

IR-N

.CH2CH2C1

XCH2CH2C1

/ C H a C H a I

2C1 J

[R-NH-CHaCHa]

Ο

R _ S _ O C H J , R ' -* [R'—CHaJ
Π
Ο

R—C—CHNa -+• [R-C—CH a ]
II II

ο ο

R'HN—C—Ν—
II I
Ο Ν

- R -

embichin

chlorobutin

sarcolysine

dopan

lofenal

cyclophosphane

dipin

thiodipin

thiophosphamide

benzotef

imiphos

myelosan

DON
diazan
nitroso-
methylurea

CCNU

BCNU

C H 3 -
O

HO—C (CH2)3—ζ' Ν

Ο ΝΗ 2

 = = = /

II I /,-
H O - C - C H - C H o — f

<—C-CH—NH—C—CHa-: A_

NH 2

HOOC—CH—CH a -O—

NH a

HOOC—CH—CHa—CHa—
—Cxi«—Crio—
- C H ,

-CH a CH a Cl; R' = - < ( )>

—CHjCHjCl; R' = —CHaCHaCl

Nitrosomethylurea, proposed in 1964 as an antitumour
preparation, and its homologues and analogues exhibit a dual
electrophilic reactivity, in contrast to other alkylating
agents, involving not only an alkylating activity but also a
carbamoylating activity, which is responsible for the charac-
teristics of the mechanism of the biological activity of com-
pounds of this class:

O NO n,

II I /

nitrosocarbamide

carbamoylation r ^ _ N = c = O ] rmcleophile Nu . R—NH—CO—Nu

alkylation nucleophile Nu

carbamoylation product

R ' \">CH—Nu

alkylation
product

Chloroethylamino-derivatives of nitrosocarbamides contain
several reaction centres, in particular the familiar prepara-
tion BCNU has a single carbamoylating centre and three
different alkylating centres:

ο NO
I

C!—CHaCH2—NH—C—Ν—CHaCHaCl
/ I \ \

alkylation carbamoylation alkylation -

Prospidin also contains two types of alkylating centres—the
ammonium and chloroalkyl groups. The ionic centres of
spiro-heterocycles ensure the specific binding of the prepara-
tion to the chemical components of the cell. Prospidin is
used in the treatment of cancer of the larynx, retinoblasto-
mas, papillomatesis of the upper respiratory tract, and
Kaposi's angiosarcoma21*2.

(2) Free-radical reactions. Free-radical reactions con-
stitute an appreciable proportion of the chemical processes
occurring in living systems. It is therefore to be expected
that compounds capable of being involved in these proces-
ses— stable radicals and antiradical agents (inhibitors)—
should exhibit a physiological activity.
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The antitumour effect of stable free radicals was first
observed by ourselves in 1964 for nitroxy-radicals and
triarylhydrazyls21*3 and then for polysulphophenylenesemi-
quinone2'*'*:

o·

SO,H SO8H

^
- H

nitroxy-radical tiiarylhydrazyl
polysulphophenylenesemiquinone

The radiosensitising effect of nitroxy-radicals has also been
demonstrated2 2 5.

The use of stable radicals for the structural modification of
certain known antitumour preparations is extremely promising.
The paramagnetic derivatives of thiophosphamide, phospham-
ide, and triethylenemelamine synthesised and investigated at
the present time are characterised by a toxicity lower by
more than an order of magnitude than that of the initial com-
pounds, while retaining the same or even higher antitumour
activity (Table 12).

Table 12. The antitumour activities of paramagnetic ana-
logues of antitumour agents21*0.

Formula

V
s

Thiophosphamide

Υ /<
[>-|-*H-<gVo

y
Γ>—ρ—ΐίΜ

Phosphamide

V -A·

γ j^_

18

187

15

150

280

< β ε

20

80

-

170

80

κ
*
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m
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 L
a)

0.3

0.5

—

1.0

0.4

'Inhibition of tumour growth*, %

WCS

100

100

65

100%
grow

SEM

100

100

—

inhibiti
th

EAC

45

70

50

3Π of tU

S-180

50

—

mour

100% inhibition of tumour
growth

Notation: a) dose of the preparation for which 50% of the
animals die due to its toxicity; b) increase of the average
lifespan of the animals; c) WCS = Walker carcinosarcoma 256;
SEM = Svec erythromyelosis; EAC = Ehrlich ascites car-
cinoma; S-180 = sarcoma 180.

The synthesis of chemically polyfunctional antitumour
preparations, incorporating a stable nitroxy-radical as the
carrier of the alkylating group, leads to a fundamentally new
type of preparations with a combined mechanism of action,
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which combine the properties of substances with electrophilic
reactivity and substances undergoing free-radical reactions.

(3) Complex formation. Complex-forming agents capable of
donor-acceptor interactions of various types (the formation of
charge-transfer complexes, hydrogen bonding, hydrophobic
interactions, and the formation of metal complexes) constitute
a large and structurally varied group of antitumour prepara-
tions. Many antibiotics, which combine with the nitrogen-
containing DNA bases as intercalating agents (antibiotics of
the anthracycline [anthramycin? (Ed.of Translation)] series—
adriamycin, rubomycin and carminomicin, antibiotics belong-
ing to the aureolic acid group—olivomycin and mithramicin,
as well as actinomycins) should be assigned to this group.
The intercalation mechanism can be proposed for many poly-
cyclic compounds and ionic forms of polyheterocycles (phen-
othiazines, phenoxazines, and acridines).

Metal salts and complexes (gallium nitrate and platinum
group metal complexes) constitute a special group of anti-
tumour preparations. The mechanism of their biological
action is due to their ability to combine with information bio-
macromolecules. This field of tumour chemotherapy has in
essence only begun to develop.

In the future one may expect the synthesis of new anti-
tumour preparations consisting of a series of mononuclear
and dinuclear complexes of various metals:

cw -, N O 3

Ga

N O , N O ,

(4) Nucleophilic reactions. Nucleophilic reactions have not
been considered at all in the literature as reactions of
importance from the standpoint of the antitumour effect.
Nevertheless the electrophilic centres of metalloenzymes
(carbonyl and azomethine groups) can serve as targets
for preparations with nucleophilic reactivity. Indeed, among
antitumour preparations classified as substances with differ-
ent (or even unelucidated) mechanisms of action, it is pos-
sible to distinguish derivatives of hydrazine, carbamide, and
nitrogen-containing bases which are strong nucleophiles:

C H 3 - N H - N H - C H a — i >-CO-NH—CH(CH3)2 -2HC1

HN.

(CH3)2

Ν Ν

,N (CH3)2

H a N - N H 2 · H2SO4

hydrazine sulphate
V NH

I I
HN—C=NH |

Ν (CH3)2

guanazole hexamethylmelamine
HO—NH-CO-NH, HjN—CO-OQH5

hydroxyurea urethane

(5) Cycloaddition. Direct data indicating the possibility of
cycloaddition reactions in the organism involving antitumour
preparations are not at present available. However, the
presence of activated double bonds in many metabolites does
not rule out the Huisgen or Diels—Alder reactions. N-Ethyl-
maleimide and diazoketones can be included among antitumour
agents capable of participating in these reactions:

II Θ Θ

R-C-CH-N=N

diazoketone

^

C2H5-N<( I

N-ethylmaleimide

The new classification of preparations in terms of types of
reactivity, which the present author proposed, is more
general than the traditional classification, permits a more
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detailed treatment of the chemical and biochemical mechanisms
of the action of antitumour preparations, and provides a
basis for the rational planning of their synthesis. Prepara-
tions with hybrid structures and correspondingly with hybrid
reactivities fit satisfactorily within the framework of this
classification.

the diazoketone fragment. It was found that the antitumour
effect is correlated with the charges on the C and Ο atoms
and the Wiberg indices and also with the Hammett constants σ
and the energies of the highest occupied molecular orbitals

and the lowest unoccupied molecular orbitals
(Fig.34)].

6. Correlation between the Chemical Structure and the
Antitumour Activity of Compounds

Quantum-chemical calculations can be used to predict the
biological activity and to select the optimum structures of
antitumour preparations. Among the many methods for the
determination of quantitative relations between the structures
of compounds and their biological activities, those of Free and
Wilson21*5 and Hansch and Deutsch246 are most widely used.
The Hansch equation makes it possible to establish a correla-
tion between the biological activity A and the physicochemical
characteristics of the substance:

]δΛ=ρσ+απ +yEs + B , (121)

where σ characterises the polar effects in the molecule (in
particular it can be Hammett constants or quantum-chemical
characteristics of the electronic structure), Eg are steric
factors (for example Taft constants), and π represents the
distribution of the preparation in the lipid-water system
(π = lgP, where Ρ is the partition coefficient in the 1-octa-
nol—water system). The polar factors σ depend on the dis-
tribution of electron density in the molecule and on the free
valence indices of the reactive atoms, which determines in its
turn the chemical reactivity of the molecule as a whole.

BDP BDA diazan BDP BDA diazan

-0.150 -0.160 -0340 -0.3B0

BDP BDA diazan BDP BDA diazan

- 0.2
_i ,_o 1 1 LJ

0.06 0.0S O.ZZ 0.2Ϊ

Figure 34. Correlation between the negative charges (a) and
free valence indices (b) of the oxygen atoms (I) and carbon
of the methine group (II) and the antitumour activity κ* in
a series of bisdiazoketones; BDD = bisdiazoacetyl; BDP =
bisdiazoacetylpropane; Ο —Ehrlich ascites carcinoma;
Φ—leukaemia La; Δ—sarcoma 180.21*0

Quantum-chemical calculations of the structure of bisdiazo-
ketones by the semiempirical CNDO/2 method21*7 showed that a
change in the electron-donating properties of the substituents
influences significantly the distribution of electron density in

7. Free Radicals and Tumour Growth. Inhibitor-antioxidants
as Anticarcinogenic and Antitumour Preparations

A little more than two decades ago, the author put forward
ideas concerning the possibility of biophysical shifts associ-
ated with changes in the content of free radicals in tissues in
various pathological states (malignant growth, radiation
damage, and the effect of toxic substances).

Paramagnetic centres—free radicals (FR) and transition
metal complexes (Mn, Fe, Mo, etc. complexes)—have now
been detected in many tissues of animal and plant organisms
functioning normally and their nature has been determined.
Fig. 35 illustrates the characteristic EPR spectrum of liver
cells. The narrow EPR singlet with a gr-factor of 2.0031Γ cor-
responds to free radicals of the semiquinone type,
observed in many other organs and tissues. Mainly flavins
in the semioxidised state and the semiquinone form of
ubiquinones, functioning as electron transferring agents in
the respiratory and energy chains of mitochondria, are
responsible for this signal.
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Figure 35. Paramagnetic centres in tissues of normal liver
and in transplanted haepatomas: a) EPR spectra of frozen
specimens of normal liver tissue ( i ) , haepatoma 46 showing
a minimal deviation (2), rapidly growing haepatomas 60 and
22a (3 and 4); b) relative content of free radicals in normal
(R/Ro = 1.0) and regenerating livers (5) and also in haepa-
tomas with different rates of growth226.

The EPR signal of flavin radicals in tissues has a half-width
of 14-15 G,21*8'21*9 and for ubiquinone radicals ΔΗ =10-11G.250

Depending on the ratio of the amounts of flavin, ubiquinone,
and other free radicals, the EPR signal half-width for the
tissue can vary from 10 to 16 G.

The signal with g = 1.94 is due to iron sulphur complexes
in mitochondria. The haem iron of cytochrome P-450 in
microsomes in a low-spin state gives rise to an anisotropic
signal with g = 1.91, 2.25, and 2.42; the component with

1i In certain studies a different value of the gr-factor of the
free radical signal has been reported (up to 2.005).
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g = 2.25 is most intense. A signal with gr = 1.97, due to
molybdenum compounds of xanthine oxidase and sulphate
redutase, can also be observed.

It is natural to expect that, in the development of patho-
logical processes in the organism, the content of free radicals
and other paramagnetic centres can differ from the norm and
that EPR signals not characteristic of the organism under
normal conditions may appear. Indeed, i» many pathological
processes such as radiation damage, cancer, virus diseases,
and various stresses on the organism (hypoxia, hyperoxia,
etc.) , the content of free radicals (g = 2.003) and other
paramagnetic centres in the tissues changes and new signals
appear, for example, a signal with g = 2.03 2 5 1~ 2 5 3 and a
triplet signal with the centre at g = 2.007. 2 5 " . 2 5 5

A quantitative relation has been observed between the
intensities of individual signals in the EPR spectra and the
level of metabolic activity of the tissues 2 5 6 . This served as a
basis for the study of the kinetics of the change in the para-
magnetic properties of organs and tissues in carcinogenesis
and tumour growth. The change in the content of paramag-
netic centres in the tumour is one of the physicochemical
characteristics of tumour growth.

/, arb. units

Ο 4 ff\ JZ /6 20

200 mg kg"1 ThioTEPA

Figure 36. Variation of the content of free radicals (curves
1, V, and 1") in tumour tissue and of the weight of the
tumour (curves 2, 2', and 2") in the course of growth
(curves 1 and 2), regression (curves V and 2'), on treat-
ment with ThioTEPA (200 mg kg" 1 ), and relapse (curves 1"
and 2") of adenocarcinoma 755 in mice. The arrow indicates
the instant of administration of ThioTEPA (J = amplitude of
signal with g = 2.00 in EPR spectrum).

In all cases (approximately 25 experimental tumours) the
kinetic curves for the variation of the content of free radicals
in the tumour passed through a maximum near the point of
the maximum tumour growth 2 5 7 . As an example, one may
consider curve 1 in Fig.36, which reflects the characteristics
of the variation of the number of radicals in an experimental
tumour (adenocarcinoma 755) on the 4th—12th day of its
development (the EPR spectra were measured at 77 K). Tak-
ing into account the concentration of radicals in the tumour
tissue on the 9th day, when the tumour was transplanted,
one may postulate that in the first three days after trans-
plantation the content of free radicals increases (shown by
circles) up to the maximum values observed on the 4th—5th
day. Evidently the maximum in the kinetic curves for the

variation of the content of radicals is determined by consis-
tent biophysical changes in malignant growth. The content
of free radicals in developing tumours is appreciably below
the norm (sometimes by a factor of 2-3).

The process of the development and growth of a malignant
tumours induces specific biochemical changes in various
organs and tissues of the animal tumour carrier. In particu-
lar, the decrease of the functional activity of the liver in the
course of the growth of transplanted tumours is reflected in a
decrease of the concentration of paramagnetic metal complex
and free radical centres relative to the norm. It has been
shown for six types of experimental transplanted leukaemias
that the content of radicals in the livers of mice remains at
the normal level in the course of the latent period of the
development of the leukaemic process and then falls2 5 8.

In the chemotherapy of tumours the EPR spectra of tumour
cells and the organs of tumour carriers shown an increase of
the intensity of EPR signals corresponding to the magnitude
of the antitumour effect. Such data have been obtained, for
example, when leukaemia La was treated with diazan, haepa-
toma 46 was treated with dibutyryl-cAMP, and melanoma B-16
was treated with thiophenosphamide. The observed increase
of signal intensity in the EPR spectra under these conditions
is probably associated with the growth of the metabolic activ-
ity of the tissues.

In the chemotherapy of adenocarcinoma 755 with cyclophos-
phane an increase of intensity (by 30—40%) and of the half-
width of the free radical signal (from ΔΗ = 10 G to ΔΗ =
12—13 G) was observed in the tumour regression stage, while
in the subsequent recovery of the tumour the opposite effect
was noted (see Fig.36). This can be accounted for by
changes in the ratio of the paramagnetic forms of flavin and
ubiquinone and their different contributions to the measured
EPR signal of the tumour tissue 2 5 9 . An analogous result was
obtained also under clinical conditions: in the therapy of
cancer of the rectum the decrease in the size of the tumour
was accompanied by an increase of the intensity of the EPR
signal of the free radicals in the specimens.

Thus the study of the kinetics of the changes in the para-
magnetic properties of tissues can be used to investigate
the development of tumours and to assess the effectiveness
of the therapy.

Free-radical shifts have also been observed in kinetic
studies of the paramagnetic properties of animal tissues in
the course of chemical carcinogenesis. Fig. 37 shows that
complex multistage changes in the content of free radicals
take place in rat livers in the course of the malignant degen-
eracy under the influence of diethylnitrosamine (DENA).2 5 1

Analogous curves have been obtained in the carcinogenesis
under the influence of other carcinogens: dimethylaminoazo-
benzene (DAB),2 6 0 3,4-benzopyrene261, and Teflon262.

The study of the kinetics of the variation of the concen-
tration of radicals in tissues and cells in the course of viral,
chemical, and spontaneous carcinogenesis made it possible to
observe many common features, despite the different nature
of the agents inducing this process, and to put forward
hypotheses concerning the nature of these shifts. The most
characteristic feature is a maximum on the curves for the
content of free radicals in tissues in the initial period of
carcinogenesis regardless of the species, sex, and age of
the animals, the type of cells undergoing malignant degener-
acy, and the experimental conditions.

An analogous maximum in the content of radicals in liver
tissues has been observed when animals were treated with
non-carcinogenic toxic substances—benzene, DDT, and
oxidised sunflower oil (Fig.37b). Evidently the observed
maximum is associated with a non-specific response of the
organism to the introduction of the toxic compound.
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The free-radical shifts observed in animal livers and also
brains under the influence of toxic substances can serve as
a measure of the influence on the organism of particular
agents in the environment.

The experimental data obtained give rise to the problem of
the development of methods for the prophylaxis of malignant
diseases.

3Ζ J5 55

t, days

Figure 37. Variation of the content of free radicals (g =
2.003) in rat liver in carcinogenesis induced by diethyl-
nitrosamine (a) and under the influence of toxic agents (b):226

1) oxidised sunflower oil; 2) benzene; 3) DDT.

The ideal of a significant role of free-radical shifts in
tumour growth and carcinogenesis served as a basis for the
hypothesis that inhibitors with a low toxicity which suppress
the development of radical processes can prove to be effec-
tive anticarcinogenic agents. Numerous experiments have
shown that the familiar inhibitor of radical processes and
antitumour preparation 2,6-di-t-butyl-4-methylphenol
(dibunol) does indeed exhibit an effective anticarcinogenic
activity. Rat liver tumours have been induced by including
dimethylaminobenzene (DAB) in the diet2 6 3. Under the influ-
ence of DAB, tumours arose in 90% of the animals after 90
days. When 0.3 wt.% of ionol was added to the food together
with the carcinogen, tumours did not develop even after
treatment with DAB for 150 days. Pre-tumour changes in
the animal livers were completely absent.

The anticarcinogenic activity of radical process inhibitors
which we established was confirmed by other workers2 6 4 '2 6 5.

We have investigated the molecular aspects of this
extremely important problem260. We observed that the
introduction of ionol together with the carcinogen prevents
an increase of the concentration of free radicals in the initial
stage of the action of the carcinogen, maintaining it at a
level close to that in the normal liver tissue (Fig. 38).
Tumours did not arise in the course of twelve months of
observation in animals receiving 2,6-di-t-butyl-4-methyl-
phenol.
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Figure 38. Variation of the concentration of free radicals
in rat liver under the influence of DAB (I) and under the
joint influence of DAB and ionol (2). 2 2 6

8. The Antioxidant Activity of Lipids in Normal and Tumour

Tissues and Chemotherapy

Approximately two decades ago, the concept of the anti-
oxidant activity (AOA) of tissue lipids, characterising the
involvement of bioantioxidants in metabolic processes, was
introduced into biochemistry2 6 6.

The value of AOA (in ml h g"1) is determined from the
ability of lipid fractions to inhibit the oxidation of a standard
substrate, for example, methyl oleate, which is oxidised at a
rate suitable for measurement even at physiological tempera-
tures:

(AOA) =
τ ~ τ stand

(122)

where τ and T s t a n ( i is the time of attainment of the same
degree of oxidation of the substrate with the lipid fraction
and of a standard substrate and Ρ is a sample of the lipid
fraction. The quantity AOA is extremely sensitive to various
normal physiological and pathological states of the organism
and also to the action of physical and chemical factors.

The growth of transplanted tumours is accompanied by a
change in the AOA of the lipid fractions of the tissues and
organs of animal tumour carriers and in the tumour tissues
formed compared with the norm (for organs) and with the
initial value of AOA for the transplanted material267'268. This
change passes through an extremum as a function of the time
of development of the tumour process. In successful chemo-
therapy the retardation of tumour growth is accompanied
also by the retardation of the increase of AOA. This can be
used for monitoring the course of the therapy.

The study of the changes in AOA in animal tissues under
the influence of chemical and physical factors leads to
important conclusions. All the effective antitumour prepara-
tions reduce AOA compared with the normal level after
administration to healthy animals269 (Fig.39).
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This effect is observed for all alkylating compounds and
synthetic antioxidants when they are administered in doses
ensuring the antitumour activity of hormones and antimet-
abolites. In the case of hormones the suppression of AOA
after a certain time is replaced by an increase of AOA to
which corresponds an acceleration of tumour growth in
chemotherapeutic experiments. However, repeated admini-
stration of these preparations, ensuring the maintenance of
the AOA level below the norm, results in the retention of the
antitumour activity. These observations are fully consistent
with clinical data concerning the application of hormones and
antimetabolites as antitumour agents. Non-specific influ-
ences such as irradiation with X-rays and stress also cause
a decrease of AOA and the corresponding antitumour effect.
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Figure 39. The influence of various preparations [a) alkylat-
ing agents; c) antimetabolites; d) hormones; e) physical
factors] on the AOA of the lip ids in the livers of healthy
animals: 1) ThioTEPA; 2) phenylacetic acid; 3) myelosan,
sarcolysine, spirazidine; 4) antioxidant; 5) nitrosomethyl-
urea; 6) 6-mercaptopurine; 7) 5-fluorouracil; 8) adrena-
line; 9) irradiation with a dose of 450 r; 10) cold; the
horizontal dashed line indicates the normal value of AOA;
i r = the recommended instant for repeated administration21*0.

The study of the antioxidant properties of tissues can be
used also for a rational selection of preparations with anti-
carcinogenic properties. The changes in the AOA of tissues
in carcinogenesis correspond to the morphological stages of
the latter (Fig.41). 2 7 1 It has been shown that, in the stage
involving a decrease of AOA, anticarcinogenic activity is
shown by preparations which increase AOA to values close to
the norm; at later stages of carcinogenesis it is necessary to
decrease AOA.2 7 1 '2 7 2 Thus at a given stage of carcinogenesis
the AOA test makes it possible to establish the dose in which
the antioxidant will exhibit an effect retarding carcinogenesis.
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Figure 40. Dependence of the inhibition coefficient K<J for
transplanted leukaemia La on the reciprocal of the minimum
AOA of lipids under the influence of antitumour preparations
and other types of treatment 2 6 8.
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Figure 41. Variation of the AOA of mouse liver lipids in
carcinogenesis; 1) o-aminoazotoluene; 2) γ-radiation;
3) 3,4-benzpyrene.2 6 8

An inverse correlation between antitumour activity and
(AOA)min—the minimum value of AOA which can be attained
by a given antitumour treatment (Fig.40)—has been estab-
lished for the model of the transplantable leukaemia La. On
the basis of this correlation, it is possible to develop a new
principle of the screening of antitumour preparations in
which healthy animals are used to determine their effective-
ness.

9. Kinetic Aspects of the Ageing of Living Organisms.
Physicochemical Principles of Increasing the Life Span

The ageing of man is one of the most dramatic laws of
nature. A wide variety of processes in the living organism
take place in open heterophase chemical systems under the
influence of numerous chemical and physical factors. Many
of the undesirable and "harmful" phenomena in chemistry are
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also referred to as ageing processes. These are, for example,
the ageing processes in polymers and articles made from them,
examined above, the spoiling of food products and medicinal
preparations, etc. Many processes with analogous elementary
process mechanisms (molecular, ionic, and free-radical) take
place both in the ageing of "non-living" chemical systems and
in the ageing of living organisms. The entire experience
concerning the control of chemical reactions gained in the
study of chemical kinetics should be reasonably employed for
the inhibition and suppression of ageing processes in living
organisms.

There is as yet no single accepted method for the measure-
ment of the rates of ageing of individual organisms in geron-
tology, although various procedures have been proposed for
the determination of "biological age". Instead, statistical
ageing indices, referring to a group of similar individuals,
are usually employed. The main effect of ageing is that the
probability of death in the forthcoming period of time (year,
month, etc.) increases with age. The principal statistical
ageing indices are therefore derivable from the survival
curve. The survival curve P(i) represents a function
describing the dependence of the fraction of surviving
organisms Ρ on their age t. The principal mortality indices
such as the mortality rate dP/dt and the quantity Rm = (1/P).
.(dP/dt), which has come to be referred to as the strength,
intensity, or index of mortality, can be derived from the
survival curve. In the absence of ageing Rm = const., i .e.
is independent of the age; ageing processes are manifested
by the fact that Rm increases with age. The survival curve
also yields other indices, such as the average and maximum
lifespans, the average remaining lifespan, e t c . 2 3 9

Survival curves have the usual complex S-shape. For
humans and certain laboratory animals, they can be fitted,
for example, by the empirical Gompertz—Makeham formula:

(123)

where A, Ro, and α are constant parameters. Other empir-
ical formulae are also used for laboratory animals.

The application of the probit method273 in the treatment of
these data makes it possible to represent the survival curve
by a straight line making an intercept on the time axis equal
to the age of the animals corresponding to 50% mortality
("median"); the average rate of mortality as a percentage
can be determined from the slope of the straight line 2 7 4 . This
method of representing data is particularly clear in those
cases where the rate of the ageing process is altered by
means of some kind of influence in the course of the experi-
ment, as will be shown below (see also Fig.43).

In the case of effective influences leading to an increase of
the lifespan of animals and to a change of particular param-
eters, the survival curves for the experimental group can
differ in shape from the curves from the control group. The
group of animals used to determine the survival curve can be
divided to a first approximation into two subgroups: "short-
lived" and "long-lived". Geroprotectors can have different
effects on these subgroups and the nature of the changes in
the overall survival curves is accordingly also different2 7 5.

I. If the lifespan of all the members of the group increases
by the same amount, the average and maximum lifespans also
increase and the survival curve shifts to the right parallel
to itself (Fig. 42a). The mortality rate may not then change.

II. The influence may decrease the mortality rate in the
group of "long-lived individuals". In this case the average
and maximum lifespans also increase and the survival curve
has the form shown in Fig.42b.

III. If the lifespan of the subgroup of short-lived individ-
uals increases and the maximum lifespan remains unaltered,
the curves have the form shown in Fig. 42c. The mortality

rate then increases but the average lifespan nevertheless
also increases.

The proposed subdivision of the experimental group into
two subgroups can serve as a basis for the classification of
effective influences increasing the lifespan of animals.

Numerous data indicating the involvement of free radicals
in ageing processes suggested that inhibitor-antioxidants
should exhibit a prophylactic and therapeutic effect and
should increase the lifespan of organisms. By preventing
the development of different kinds of pathological processes,
antioxidants can reduce the amount of damage in organisms
and hence can prevent ageing.

Figure 42. Various types of changes in the survival curve
observed experimentally when the organism is treated with
agents decreasing the rate of ageing: 1) control; 2) treat-
ment with geroprotector2 7 5.

Harman276 observed that the addition to food of ionol (2,6-
di-t-butyl-4-methylphenol), a well known radical process
inhibitor, increases the lifespans of mice on average by 40%.
2-Mercaptoethanolamine, butylhydroxyanisole, and cysteine
cause a somewhat smaller increase, the result depending on
the breed of the animals. It has been shown277 that the
introduction of the antioxidant santoquin into food also
increases the lifespan of mice. The lifespan of animals
does not then exceed the maximum known for mice of the
given strain under optimum conditions.

The lifespan of laboratory animals is also increased by
the relatively non-toxic water-soluble antioxidant 2-ethyl-3-
hydroxy-6-methylpyr.idine hydrochloride, a structural ana-
logue of vitamin B 6 : 2 7 8 " 2 8 0

OH

HC!

SHK and C3HA mice were given the geroprotector starting
from the age of two months. In experiments with two month
old SHK animals (Fig. 43a) an increase of the latent period on
the survival curve (the time of attainment of 10% mortality)
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and an increase of the maximum lifespan from 25.4 months in
the control to 29 months under the influence of the gero-
protector were observed. The entire survival curve then
underwent a parallel shift to the right. The average lifespan
increased to 17.8 ± 6 months compared with 13.7 ± 0.5 months
in the control. As a result of the probit transformation for
the control and experimental groups, parallel straight lines
were obtained. The mortality rate determined from them was
6.2% month"1.
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Figure 43. The influence of 2-ethyl-8-hydroxy-6-methyl-
pyridine on the lifespan of SHK (A) and C3HA (B) mice.
Treatment begun at the age of 2 months: a) survival
curves; b) probit transformation; 1) and 2) control and
experimental groups respectively 2 7 9 ' 2 8 0.

Other results were obtained for two month old mice of the
C3HA strain (Fig.43b). The average experimental lifespan
reaches 27.05 ± 0.80 months and the maximum lifespan is
41.2 months compared with 21.90 + 0.75 and 32 months respec-
tively in the control. Line 2, observed by the probit trans-
formation, has a break in the region of 16 months. The

mortality rate decreases to 3.7% month x compared with 4.7%
month"1 for the control group.

Comparison of the experimental data with the above analy-
sis of the form of survival curves (Fig.42) shows that the
nature of the action of 2-ethyl-3-hydroxy-6-methylpyridine
hydrochloride depends on the strain of the animals. The
effect of the geroprotector in experiments with two month old
SHK mice can be assigned to type 1, since it exerts the
same influence on all members of the population. In the case
of 2 month old mice of the C3HA strain an effect of type 2 is
observed, whereupon the mortality rate of the long-lived
section of the population diminishes.

The influence of 2-ethyl-3-hydroxy-6-methylpyridine
hydrochloride on the ageing of the Drosophila fly has also
been observed reliably. The effectiveness of the geropro-
tector depends on its concentration, the stage of development
of the Drosophila, and the age of the flies at the beginning
of the experiment2 8 1.

Experiments on the application of the geroprotector in the
larval stage only are of particular interest. It was found
that an increase of the lifespan of the adult fly is then
observed. It has been suggested that defects leading subse-
quently to ageing accumulate in the tissues of the larva from
which the organs of the adult fly are produced (the nervous
tissue and the imaginal buds). The rate of ageing of adult
individuals can be retarded by decreasing with the aid of the
geroprotector the rate of accumulation of these defects during
the larval period. It may be that the DNA molecules retain a
"memory" of the geroprotecting effect.

The data obtained show that the kinetic approaches to the
study of ageing are promising and that wide possibilities
arise in gerontology from the application of antioxidants as
geroprotector s.

—oOo—

This review has dealt with only a few examples of success-
ful application of the methods and ideas of chemical kinetics
to various branches of chemistry and biology. There is no
doubt that chemical kinetics will make an increasing contri-
bution to the solution of theoretical and practical problems of
modern chemistry, chemical engineering, biology, and
medicine.
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