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Rates of autoxidations of atactic polypropylene, polystyrene, and several alkanes in solution initiated by azo-
biscyclohexanecarbonitrile were measured at 90 °C in the absence and presence of added hydroperoxide and the
reactivities toward tert-butylperoxyl and tetralylperoxyl radicals were measured. Atactic polypropylene was

found to be oxidized faster than expected from the related alkanes.
The relative reactivities of secondary and tertiary hydrogens toward ¢-butylperoxyl

resistant to autoxidation.

radical were obtained as 1: 9.7 and that for primary hydrogen was estimated to be quite small.

On the other hand, polystyrene was quite

The observed

reactivity of 2,2 4-trimethylpentane was much smaller than the calculated reactivity from the results of simple

alkanes, whereas the observed reactivity of atactic polypropylene was higher than the calculated one.

The high

reactivity of atactic polypropylene for oxidation and toward peroxyl radicals was interpreted as being due to a

fast intramolecular propagation.

Tetralylperoxyl radical was 3.6 times as reactive as ¢-butylperoxyl radical toward

both atactic polypropylene and 2,6,10,14-tetramethylpentadecane.

The oxidation of polymers by molecular oxygen is
probably the most important reaction in the ageing,
deterioration, and degradation of plastics, fiber, rubber,
and food. This autoxidation proceeds by a radical chain
mechanism, in which the chain carrying species are the
peroxyl and alkoxyl radicals.)? We have previously
reported that the reactivities of atactic polypropylene
and polystyrene toward ¢-butoxyl radical are consider-
ably smaller than those of the corresponding simple
model compounds.?? The peroxyl radicals may be a
more important chain carrier in the oxidation of poly-
olefins especially at ambient temperature. However,
the relative reactivities of polyolefins and alkanes toward
a specific peroxyl radical have not yet been reported.
The objective of the present paper is to determine the
relative reactivities of atactic polypropylene, polystyrene,
and several simple low molecular weight model com-
pounds toward i-butylperoxyl and 1-tetralylperoxyl
radicals generated from corresponding hydroperoxide.

Experimental

Moaterials. Atactic polypropylene supplied by Mitsui
Petrochemical Industries was first soaked in benzene at room
temperature for several days and the insoluble fraction was
separated by filtration. Then a soluble fraction was purified
by the conventional method, using benzene and methanol as
solvent and precipitant respectively. Finally it was dried
to a constant weight under vacuum at room temperature. The
glc analysis showed that the dried polypropylene contained
little benzene or methanol. The average molecular weight
of the purified polypropylene was obtained as 8400 from its
intrinsic viscosity. The infrared spectrum of the purified
polypropylene showed strong absorption at 975 cm~%, but
little absorption at 997 cm1, indicating that little isotactic
polypropylene was present.® Polystyrene supplied by Asahi
Dow Industries was purified as described previously.? The
purified polystyrene had an intrinsic viscosity of 0.825 at
45 °C in benzene, and the number average molecular weight
was 2% 105%. A monodisperse polystyrene was also used to
examine the effect of the molecular weight. This polystyrene
standard was obtained from Pressure Chemical Co. and was
used without further purification. Decane, tridecane, 2,6,-
10, 14-tetramethylpentadecane, and chlorobenzene were
washed successively with acid, water, alkali and water, dried,

and distilled. 2,4-Dimethylpentane, 2,2,4-trimethylpentane,
and 3-methyloctane were percolated through an activated
alumina column prior to use.

Commercial t-butyl hydroperoxide was purified by fractional
distillation, 44 °C/27 mmHg, and stored over sodium car-
bonate. The purity determined by iodometric titration was
always higher than 989,. Tetralyl hydroperoxide was pre-
pared by air oxidation of tetralin at 50 °C and by repeated
recrystallization from hexane. Azobiscyclohexanecarbonitrile
(ACN) and 2,6-di-t-butyl-4-methylphenol (BMP) were re-
crystallized from methanol. Commercial oxygen and nitrogen
were used as received.

Procedures. The polymer solutions were prepared by
dissolving a weighed amount of polypropylene or polystyrene
into chlorobenzene in a volumetric tube. All polymers dis-
solved completely both at room temperature and at 90 °C
and the solutions were always homogeneous.

The oxidation was carried out in an ampoule immersed in
a silicone oil bath carefully maintained at constant tempera-
ture (40.02 °C). The rate of oxidation was measured either
by following the pressure change using a pressure transducer
or by measureing the initial and final amounts of oxygen in
the reaction vessel by a Toepler pump and subsequent gas
analysis by gas chromatography or Cu-CuO furnace.® Plots
of pressure change as a function of time gave excellent straight
lines without any noticeable autocatalytic or autoretarding
effect at the initial stage of the oxidation. The rate of de-
composition of ACN was measured from the rate of nitrogen
evolution and the rate of initiation was determined from the
induction period in the presence of inhibitor.) BMP was
used as the inhibitor.

Results and Discussion

Rates of Oxidation of Atactic Polypropylene, Polystyrene, and
Alkanes at 90 °C. The rates of oxidation of atactic
polypropylene, polystyrene, and several alkanes initiated
with ACN at 90 °C are summarized in Table 1. To
obtain the rate of oxidation in the propagation step, the
observed rate of oxidation was corrected for nitrogen
evolution from ACN and oxygen absorption and evolu-

tion associated with initiation and termination by
R 7
Rprop = Robsd + _2;‘ - ZRI (1)

where R, is the rate of initiation and ¢ is the efficiency of
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TaBLE 1. OXIDATION OF ATACTIC POLYPROPYLENE, POLYSTYRENE, AND SEVERAL
ALKANES IN CHLOROBENZENE AT 90 °C

Substrate, M [ACN] x 102, M R, % 108, M/s I;E/](gf’;)(‘l/&s) e

Decane, 2.57 0.996 0.55 0.32

Tridecane, 2.05 1.02 0.56 0.40
3-Methyloctane, 2.79 1.01 0.73 0.57
2,6,10,14-Tetramethylpentadecane, 1.46 1.00 1.76 1.79
2,2,4-Trimethylpentane, 3.03 1.01 0.18 0.041
Polypropylene, 0.999 2.00 1.41 1.48
Polystyrene,® 1.00 1.00 —0
Polystyrene 20400,” 0.975 1.00 —0

a) Polystyrene with M =2x 105,

initiation by ACN.® The ratio of the rate constants,
kp/(2k)V/2, was calculated from the rate of oxidation by

kol (2K.)!2 = Ryoy[RHIR M @)

where k, and k, are the rate constants for the propagation
and termination reactions respectively.

Table 1 shows that k,/(2k;)'/? for tridecane is 1.25
times as large as that for decane, which corresponds well
with the ratio of the number of secondary hydrogens in
tridecane to that in decane, 22/16=1.38. 'This proba-
bly indicates that the rate constants for propagation (per
active hydrogen) and termination reactions are similar
for decane and tridecane. The high £,/(2k.)Y/2 for 2,6,-
10,14-tetramethylpentadecane must be ascribed to a
relatively high k;, and low &, due to the four tertiary hy-
drogen atoms. However, 2,2,4-trimethylpentane has
an extraordinarily low kp/(2k.)/?, apparently due to the
low reactivity of its tertiary hydrogen atom (see later
text and Ref. 2). On the other hand, atactic polypro-
pylene has a rather high k,/(2k.)*/2. It is interesting
that atactic polypropylene is as oxidizable as 2,6,10,14-
tetramethylpentadecane. 'This may be because of a low
k. due to the tertiary alkylperoxyl radicals, but more
probably because of a high £, due to the fast intramolec-
ular propagation. The rates of oxidation of polystyrenes
were too small to permit the calculation of reliable &,/
(2k,)2.  Considering that polystyrene has tertiary ben-
zylic hydrogen, this extraordinarily low oxidizability is
surprising. It may occur because of a very low reac-

b) Monodisperse polystyrene, mw=20400 and M /M < 1.10.

tivity of polystyrene toward oxy radicals? and high
termination rate constants.

Oxidation with Added Hydroperoxide. Hydroper-
oxide is quite reactive toward peroxyl radical and there-
fore it is quite an efficient chain transfer agent in the
autoxidation.® Accordingly, the addition of hydro-
peroxide changes the chain carrying peroxyl radical
from substrate peroxyl radical to the peroxyl radical
derived from the added hydroperoxide. When the
added hydroperoxide (BOOH) gives a tertiary peroxyl
radical (BO,-), the termination reactions proceed as
follows:"

BO,- + BO,- —— BOOB + O, 3)
T} 2BO- 1 0, )
BO- + BOOH — BOH + BO,- )

The alkoxyl radical generated from the non-terminating
interactions of tertiary peroxyl radicals exclusively ab-
stracts hydrogen from the hydroperoxide before it reacts
with the substrate or cleaves. The rate of oxygen evolu-
tion in the termination step (Rie.m) is then given by?

Rnerm = Ri/‘?'“ (6)

where o is the fraction of the interactions of tertiary
peroxyl radicals that are terminating.

The results of the oxidations of atactic polypropylene,
polystyrene, and several alkanes at 90 °C in the presence
of initially added #-butyl and 1-tetralyl hydroperoxides

TABLE 2. OXIDATION OF ATACTIC POLYPROPYLENE, POLYSTYRENE, AND ALKANES IN CHLOROBENZENE
IN THE PRESENCE OF HYDROPEROXIDE AT 90 °C

[ACN]

Fopr® k

Hydroperoxid R

Substrate, M % 102, M yd 1!\’2 € % 10%:°fv[ s (ﬁs) -1 (M'l:)h‘l

Decane, 2.05 1.01 t-Butyl, 1.60 7.72 0.612(0.619)

Tridecane, 1.64 '1.02 t-Butyl, 1.60 8.79 0.863(0.851)
3-Methyloctane, 2.23 1.02 t-Butyl, 0.80 9.12 0.658
3-Methyloctane, 2.23 1.02 t-Butyl, 1.60 10.20 0.736 (0.763)
2,6,10,14-Tetramethylpentadecane, 1.17 1.02 t-Butyl, 1.60 16.80 2.31 (2.02)
2,6,10,14-Tetramethylpentadecane, 1.46 0.992 Tetralyl, 0.102 1.73 8.36
2,2,4-Trimethylpentane, 3.03 0.992 t-Butyl, 1.60 3.15 0.170(0.453)
Polypropylene, 0.717 - 1.00 t-Butyl, 1.60 4.31 0.977(0.453)
Polypropylene, 2.0 2.00 Tetralyl, 0.0513 1.28 3.14
Polypropylene, 2.0 2.00 Tetralyl, 0.100 1.34 29
Polystyrene,® 0.795 1.02 t-Butyl, 1.60 0 0 (0.453)®
Polystyrene 20400, 0.780 1.02 ¢-Butyl, 1.60 0 0 (0.453)%

a) b) See footnote of Table 1.
and k,,,,=0.376 M~1571 (see text).

c) Numbers in the parentheses are kg calculated with £, =0, k,,.=0.0387,
d) The contribution of benzyl resonance is neglected (see Ref. 2).
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are summarized in Table 2. In the presence of #-butyl
hydroperoxide, the rate of oxidation in the propagation
step was obtained by correcting the observed rate of gas
absorption for nitrogen evolution from ACN and oxygen
absorption and evolution associated with the initiation
and termination steps by

SRt 0
The value of « for #-butylperoxyl radicals was deter-
mined from the rate of oxygen evolution in the induced
decomposition of #-butyl hydroperoxide by ACN in
chlorobenzene at 90 °C: the value of 0.059 was obtained.
This shows that only 5.99, of the bimolecular interac-
tions of #-butylperoxyl radicals are terminating and
about 949, are non-terminating to give f-butoxyl radi-
cals. It was assumed that the increase in the macroscopic
viscosity due to atactic polypropylene and polystyrene
had no effect on a.® For the oxidation with added
tetralyl hydroperoxide, which gives a secondary peroxyl
radical, the observed rate of gas absorption was corrected
by Eq. (8) with the assumption that all the bimolecular
interactions of tetralylperoxyl radicals are terminating.®

R R
Rprop = fopsa + -2_;— - ’?l' (8)

Rprop = Robsd +

Tables 1 and 2 show that the addition of &~butyl hydro-
peroxide increased the rate of oxidation for every sub-
strate except polystyrene. This is apparently due to a
low termination rate constant for /~butylperoxyl radi-
cals. 19

The rate constant kgg for the hydrogen atom abstrac-
tion from the substrate by ¢-butylperoxyl radical was
calculated from Eq. (9)®

kar = Ryrop/[RH](R/2k;55)*/? ©

where k.pg is the rate constant for direct termination by
t-butylperoxyl radical.!® The absolute termination
rate constant was calculated as 2kpp=1.2 x 10* M~ s~!
at 90 °C from the literature value,V)

log (2k,ps) = 9.2—8.5/2.303RT (10)

This kgr shows the reactivities of the substrate toward a
t-butylperoxyl radical. The rate constants for hydrogen
atom abstraction from primary, secondary, and tertiary
carbon-hydrogen bonds by #-butylperoxyl radical were
calculated from kgr for decane, tridecane, 3-methyl-
octane, and 2,6,10,14-tetramethylpentadecane. The
best results are kp =0, £.=0.0387, and £;.,.=0.376
M-t s~ (per hydrogen). The rate constant for primary
hydrogen was obtained as a negative value and so is
estimated as zero, since this is obtained as a small dif-
ference between large quantities and a small experimen-
tal error would produce a large error in kp.;,. The cal-
culated kgr from the above Ay i, Ksecs and ki is also
shown in Table 2. The agreement between the observed
and calculated kgr values is satisfactory for decane, tri-
decane, 3-methyloctane, and 2,6,10,14-tetramethylpen-
tadecane. However, the observed kgg for 2,2,4-trimethyl-
pentane is much lower than the calculated kgr. This
lower reactivity of 2,2,4-trimethylpentane toward i-
butylperoxyl radical must be due to its preferred con-
formation as observed toward /-butoxyl radical.? The
observed reactivity of atactic polypropylene was larger
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than the calculated one by a factor of more than 2. Since
atactic polypropylene also has an alternate methyl group
along the main chain, the tertiary hydrogens must be
sterically protected from the attack of #-butylperoxyl
radical. The high kg for atactic polypropylene must
imply the contribution of intramolecular propagation
even in the presence of a high concentration of t-butyl
hydroperoxide. On the other hand, polystyrene was
found to be quite stable toward a f-butylperoxyl radical.
This may be ascribed to a profound steric protection by
phenyl groups on the alternating carbon atoms.

The oxidation of alkanes has been studied by several
investigators. Allara et al.'® estimated the relative
reactivities of primary, secondary, and tertiary hydro-
gens toward peroxyl radicals as 1: 10: 80 at 100 °C. In
the oxidation of isobutane, primary hydrogen was found
to be stable and only tertiary hydrogen was oxidized
selectively.’® Mill et al.¥ obtained the relative reac-
tivities of primary and secondary hydrogens as 1: 45 in
the oxidation of butane at 100 °C. On the other hand,
Van Sickle ¢t al.1% reported that the ratio of attack by
peroxyl radicals at primary and secondary hydrogens
was 1: 38.5 in the oxidation of pentane at 100 °C.
Bennett, Brown, and Milel®) measured the relative reac-
tivities of primary, secondary, and tertiary hydrogens by
product analyses in the oxidation of 2-methylpentane
and obtained the ratio of 1: 18: 133 at 20 °C. Some of
these relative reactivities are not toward a specific per-
oxyl radical but toward composite peroxyl radicals and,
in some cases, the contribution of an alkoxyl radical is
also possible.

From Table 2, the relative reactivities of secondary
and tertiary hydrogens toward #-butylperoxyl radical is
obtained as kg..: kere=1:9.7. This is in satisfactory
agreement with the literature value shown above. Since
the relative reactivities of primary, secondary, and
tertiary hydrogens toward #-butoxyl radical was 0.14: 1:
2.9 at 45 °C,? t-butylperoxyl radical is more selective
than ¢-butoxyl radical, as was expected.

Bennett, Eyre, and Summers'? measured the absolute
termination rate constant in the oxidation of 2,6,10,14-
tetramethylpentadecane and obtained 2k;=3.0x108
M-15-1at 88 °C. With this 2k, and kp/(2k;)¥/2 in Table
1, we obtain k,=3.1 M1 s~1, which is in fair agreement
with kgg in Table2. The fact that &y is about 309, higher
than kgr may be partly because of the contribution of the
secondary peroxyl radicals, which are more reactive than
the butylperoxyl radical.

In Table 2 is shown the effect of addition of 1-tetralyl
hydroperoxide. The rate constants £y for the reactions
of l-tetralylperoxyl radical and 2,6,10,14-tetramethyl-
pentadecane and atactic polypropylene were calculated
from

krr = Rprop/[RH](Ry/2Kxn) '/ (11)

where krr is the constant for the termination reaction of
1-tetralylperoxyl radicals, which was calculated from the
literature value:1®

ko = 4.3 10° exp (—4300/RT) (12)
The calculated k;r are shown in Table 2. The reactivi-

ties of both atactic polypropylene and 2,6,10,14-tetra-
methylpentadecane toward 1-tetralylperoxyl radical are
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higher than those toward ¢-butylperoxyl radical. 1-
Tetralylperoxyl radical is more reactive than #-butyl-
peroxyl radical by a factor of 3.6. Table 2 shows,
however, that the rate of oxidation in the presence of
1-tetralyl hydroperoxide is considerably lower than that
in the presence of #-butyl hydroperoxide. This is due to
a higher termination rate constant for 1-tetralylperoxyl
radical (1.1 X107 M—1s~1 at 90 °C) than that for ¢-butyl-
peroxyl radical (6.0 x 103).

When the rate constans kg and krg are calculated from
the rate of oxidation in the presence of initially added
hydroperoxide as described above (Egs. (9) and (11)), it
is required that all the chain carriers are changed from
the substrate peroxyl radical to the peroxyl radical de-
rived from hydroperoxide.!?-20) In other words, if the
contribution of the substrate peroxyl radical in either the
propagation or the termination step is not negligiblly
small, Egs. (9) and (11) do not hold. 'This complication
is especially important for reactive substrates at higher
temperature. However, the substrates studied in this
work are much less reactive than the hydroperoxide.
Moreover, the contribution of the substrate peroxyl
radical in the propagation or termination step should
give less error, if any, in the relative kzz and kg and
therefore in the relative reactivities of primary, secon-
dary, and tertiary hydrogens.

Another complication that must be considered is the
reaction of #-butoxyl radical in the oxidation with added
t-butyl hydroperoxide. For Eq. (7) to hold, a -butoxyl
radical generated from the non-terminating interactions
of t-butylperoxyl radicals should exclusively abstract
hydrogen from ¢-butyl hydroperoxide before it reacts
with the substrate or cleaves to acetone and methyl
radical. It may well be concluded that this condition is
satisfied in this study from the experimental data that the
observed o« was independent of the concentration of ¢-
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butyl hydroperoxide when it was higher than 0.80 M.
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