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ABSTRACT: The present study has shown that the pa-
rameter � can be accepted as a characteristic of polymer
(stabilized or nonstabilized) resistance to thermooxidative
degradative action. This parameter can characterize the
number of steps number required for a random walk (mol-
ecule or atom of oxidant) to achieve the reactive center of a
polymer macromolecule. The main structural factor for de-

fining polymer resistance to thermooxidative degradation is
effective spectral dimension. It also shows the physical sense
of the term structural stabilization. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 100: 2614–2618, 2006
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INTRODUCTION

Nowadays, a number of methods are used to estimate
the efficiency of thermooxidative degradative stabiliz-
ers for polymeric materials.1,2 Thus, Emanuel1 showed
that the parameter for estimating this efficiency can be
the rate constant of the oxidizability of a polymer. For
the same purpose, Shlyapnikov2 proposed that an in-
duction period, that is, the time during which the
datum concentration of an antioxidant inhibits a poly-
mer oxidation process, be used. In addition, Kopelman
and Argyrakis3 proposed a physical treatment within
which stabilizer efficiency can be described as follows:

� �
n
�

, (1)

where n is the number of sites on the lattice-visited
random walk and � is dimensionless time or the num-
ber of steps in the walk on this lattice.

Within the considered problem, the parameter n can
be treated as the number of macromolecular reactive
centers and the parameter � as dimensionless time,
which a molecule (atom) of oxidant should expend for
the achievement of this reactive center.

It is easy to see that all the suggested methods are
not allowed for the polymer structure. It is necessary
to note that the particular resistance that nonstabilized
polymers have to thermooxidative degradative action
is mainly defined by their structure.4

In the last few years the development of fractal
analysis methods to describe polymers5,6 has provided
hope that these methods could be successfully applied
to the datum problem as well. The purpose of the
present study was to determine the characteristics
capable of describing polymer (stabilized or nonstabi-
lized) resistance to thermooxidative degradative with
allowance for its structure, using the block copolymer
poly(arylate-arylenesulfoxide) (PAASO) as an exam-
ple.7

EXPERIMENTAL

PAASO, obtained by low-temperature polycondensa-
tion, was studied. These block copolymers were syn-
thesized from bisphenol A, a mixture of (1 : 1) dichlo-
roanhydride of tere- and isophthalic acids, dihydroxil-
containing oligoarylenesulfonoxide on the basis of
diene, and 4,4�-dichlorodiphenylsulfone with a molec-
ular weight of 4600, whose chemical composition is
shown in Scheme 1.

The average molecular weight, Mw, of the PAASO
was 7.2 � 104.

The stabilizer used was 4,4�-dimethyl-6,6�-ditertbu-
tyl-2,2�-methylene-bisphenyl ether of phenylphospho-
ric acid (Stafor-2), whose chemical composition is
shown in Scheme 2.

The preliminary thermogravimetric studies allowed
determination of the optimal stabilizer concentration,
which was 0.5 wt. %. Stafor-2 was incorporated into
PAASO by careful blending, subsequently making a
solution of the mixture in chloroform, and precipitat-
ing it by isopropyl alcohol. After precipitation the
stabilized PAASO was dried in the absence of isopro-
panol. The basic block copolymer was conditionally
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designated as PAASO-1 and the stabilized block co-
polymer as PAASO-2.

For investigation of the thermooxidative degrada-
tive processes in air, the ampullary technique was
used. The working volume of ampules was 3 � 10�3 L,
and the average initial oxygen content was 2.5–3.0 mol
O2/basic mol PAASO.

RESULTS AND DISCUSSION

Within the framework of fractal analysis, the param-
eters of eq. (1) can be directly and strictly connected to
a polymer structure. So, the average number of sites
(S) visited by a random walk on a fractal object after N
steps can be expressed as8:

�S� � Nds/2 , (2)

where ds is the spectral (fracton) dimension of a poly-
mer structure characterizing its degree of connectivi-
ty.9

Then, dividing both parts of eq. (2) by N and as-
suming N � t (where t is time), it is easy to obtain a
fractal analog of eq. (1)10:

� � tds/2�1 (3)

The physical sense of parameter � is very simple: it
demonstrates how many steps, N (or what amount of
time), should be taken by a molecule (atom) of oxidant
to achieve the reactive center of macromolecule. Ap-
parently, the higher the N (or t), the higher is polymer
resistance to thermooxidative degradative action and
the smaller is the � (as ds � 2).10

The spectral (fracton) dimension, ds, characterizes
the topology and internal connectivity of a polymer
structure as follows. If on this structure, having the
fractal dimension, df, get a random walk (oxidant mol-
ecule or atom), then the trajectory of its displacement
is described by dimension dw, which is different from
the dimension of structure, df. Then ds is determined
by9

ds �
2df

dw
. (4)

In its turn, the number of steps, N, on a polymer
structure covered by oxidant molecules (atoms) dur-
ing time t is expressed as8

N � t1/dw . (5)

From a comparison of eqs. (4) and (5), it follows that in
a condition where df is constant, a decrease in ds would
mean an increase in dw and therefore a reduction in N
during the same time t. In its turn, from eq. (2), it

Scheme 1

Scheme 2
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follows that a simultaneous decrease in N and ds

would sharply reduce (S) and, therefore, would
sharply inhibit the thermooxidative degradative pro-
cess.

Kopelman11 showed that in chemical reactions, ds

should be replaced by the effective spectral dimen-
sion, d�s, which is connected to ds as follows (the theo-
rem on subordination)11:

d�s � �ds , (6)

where � is the parameter characterizing an energetic
(temporal) disorder of a system.

The general property of reactions proceeding in
fractal spaces is the dependence of its rate, k, on time
t, expressed by10,11:

k � t�h , (7)

where h is the heterogeneity exponent (0 � h � 1).
The condition h � 0 is achieved only for homoge-

neous samples, and the reaction kinetics then becomes
classical (Euclidean): k is constant. The parameters d�s
and h are connected by the following simple equa-
tion11:

d�s � 2�1 � h� . (8)

From eq. (7) it is easy to see that the sure property of
reactions, proceeding in fractal spaces, is their decel-
eration in due time. The dependence of the amount of
oxygen consumed, NO2, on time t for nonstabilized
and stabilized PAASO samples, shown in Figure 1,
demonstrated that the oxygen consumption rate es-

sentially decreased with time. This means that the
thermooxidative degradative of these samples pro-
ceeded in fractal space [in a case of Euclidean space,
the dependence, NO2(t), would be linear and pass
through the origin]. Note that linear dependence,
NO2(t), also occurs in practice.12 In the present study, h
� 0; d�s � d � 2 [from eq. (8)]; and, from eq. (2), the
maximal value of � was 1 (without allowance for the
proportionality coefficient), corresponding to minimal
resistance of the polymer to oxidation.

It is possible to determine the values of h for PAASO
by plotting the dependence k(t) in double log–log
coordinates, where k is determined by13

k �
NO2

i

ti
, (9)

where NO2

i is the amount of oxygen consumed during
time ti.

Figure 2 shows such dependence values for both
PAASO samples at temperatures of 623 and 723 K. As
can be seen, in all cases dependence k(t) values in
double log–log coordinates were straight lines, which
enabled determining h from the slope. It is interesting
to note that the slope increased for samples of stabi-
lized PAASO after approximately 30 min of testing.
From the data in Table I, which lists the values for h,
d�s, and �, for PAASO-2 samples, the heterogeneity
exponent in the range of t � 0–30 min was essentially
smaller than that for PAASO-1; after that, in the range
of t � 30–60 min, it increased substantially (from 0.28

Figure 2 Dependence of rate of oxygen consumption, k, on
time t in double log–log coordinates for: (a) PAASO-1 at T
� 623, (b) PAASO-1 at 723 K; (c) PAASO-2 T � 623, (d)
PAASO-2 at 723 K.

Figure 1 Dependence of amount of oxygen consumed,
NO2, on time t for (a) PAASO-1 and (b) PAASO-2.

2616 KOZLOV AND ZAIKOV



up to 0.64). This observation assumes the influence of
a stabilizer on the polymer structure (increasing d�s
from 1.12 for PAASO-1 to 1.44 for PAASO-2). This
effect is easily observed in the NO2

(t) curves shown in
Figure 1: in the beginning the dependences of
PAASO-1 and PAASO-2 were approximately similar,
and after t � 30 min, the NO2 of PAASO-2 increased
much more slowly than did that of PAASO-1. There is
an interesting aspect of the comparison of the d�s values
obtained at the testing temperatures of 623 and 723 K.
At the former temperature, d�s was greater than 1, and
at the latter temperature, it was less than 1. As is
known,9 a decrease in d�s of less than 1 means connec-
tivity failure (topology failure) of a macromolecular
coil. Intensive thermal degradation of PAASO begins
within the temperature range of 665–693 K.7 There-
fore, at T � 623 K, samples would be influenced only
by thermooxidative degradative, and at T � 723 K, the
samples would be influenced by both thermooxidative
and thermal degradation. Note that the thermal deg-
radation process, leading to the breaking of the poly-
mer chain bonds and to a decrease in connectivity,
that is, to a decrease in d�s, increased polymer structure
efficiency as stabilizer of thermooxidative degradative
(Table I). From this, it can be assumed that the sharp
reduction in d�s at t � 30 min for PAASO-2 occurred
because of the increased thermooxidative degradative
of this polymer within the range of t � 0–30 min, that
is, because of structure loosening when the stabilizer
was incorporated.

Therefore, the results show that the main structural
factor, raising the resistance of a polymer to ther-
mooxidative degradative, is a decrease in the degree
of connectivity, characterized by ds, and in this case it
did not matter by what method this reduction was
achieved. The role of stabilizer in this process was
apparent: it made possible the trapping of an oxidant
molecule (atom) moving on a polymer structure that
was similar to the breakup of the chain because of the
impossibility of further oxidant transport. Figure 3
shows the dependence, �(d�s), demonstrating the
uniqueness of the dependence of � on d�s. At d�s � 0 and
t 3 �, � � 0. In our case the minimal value of � was
estimated in conditions where d�s � 0 and t � 60 min.
From this point the value of � was about 0.033.

As follows from eq. (3), the value of � is a function
of time, decreasing with an increase in t, as ds/2 � 1.

In Table I the relation �30/�120 is shown to characterize
the relation of polymer resistance to thermooxidative
degradative at t � 30 and 120 min. As would be
expected, an increase in this relation was observed
with an increase in t; however, the magnitude of this
was different in different cases, shown in Table I.
Figure 4 shows the dependence �30/�120 (d�s), from
which it follows that an increase in �30/�120 would
occur with a decrease in d�s. Figures 3 and 4 show that
the general dependence levels obtained for stabilized
and nonstabilized PAASO, providing evidence that
the term structural stabilization correctly describes
polymer degradation.

CONCLUSIONS

The results of the present study showed that the pa-
rameter �, as a characteristic of polymer (stabilized or
nonstabilized) resistance to thermooxidative degrada-
tive action, can acceptably characterize the required
number of steps for a random walk (molecule or atom

TABLE 1
The parameters, characterizing a thermooxidative degradative process PAASO

Polymer T, K t, min h ds� � �30/�120

PAASO-1 623 0–60 0,44 1,12 0,223 1,83
723 0–60 0,74 0,52 0,081 2,79

PAASO-2 623 0–30 0,28 1,44 0,385 1,47
623 30–60 0,64 0,72 0,113 2,40
723 0–60 0,52 0,96 0,170 2,05

Figure 3 Dependence of the stabilization efficiency param-
eter, �, on the effective spectral dimension, d�s, for PAASO at
(a) T � 623 and (b) 723 K.
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of oxidant) to achieve the reactive center of a polymer
macromolecule. The main structural factor, defined
polymer resistance to a thermooxidative degradative,
has an effective degree of connectivity of a macromo-

lecular coil, characterized by d�s. A decrease in d�s leads
to increased polymer resistance, in which case it does
not matter by which method the decreased d�s is
achieved. A polymer structure is such a stabilizer of
thermooxidative degradative, like any chain or non-
chain inhibitor incorporated in a polymer for this pur-
pose. Therefore, the term structural stabilization has
been given a clear physical sense.
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