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ABSTRACT

Inhibition of thermal oxidation of polypropylene (PP) by three synthesized
aliphatic and aromatic phosphites containing two different antioxidant
functional groups in the same molecule was observed in an air-circulating
oven at 115 °C. The stabilizing effect increases with increasing concentration
of antioxidants. Long-term heat aging of PP is more efficiently reduced by the
prepared phosphites than two available commercial phenolic antioxidants . It
was shown that besides the chemistry of trivalent phosphorus, the reactions
of the secondary structure of the aromatic and aliphatic phosphites also
influence the overall performance . Phosphites containing substituents,
compound (III), able to form non-propagating species, such as hindered
phenols, are able to perform through chain-terminating mechanism as welt.
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INTRODUCTION

Polyolefins are susceptible to oxidative degradation,
leading to deterioration of their physical properties.
Incorporation of oxidation products and scission in
the polymer backbone reduce the fracture toughness
of the polyolefins. Polypropylene (PP) is practically
vulnerable to main chain scission since the backbone
contains tertiary carbons . The oxidative degradation
of polyolefins has been extensively studied [1–4],
which has led to the development of more efficient
stabilizing systems and to materials of better long-
term performance . In many publications [5–7] the
autoxidation behaviour of unstabilized PP is explain-
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ed by the mechanism for the autoxidation of hydro-
carbons postulated by Bolland and Gee [8,9].

The peroxides are primary oxidation products
which decompose to form new radicals . Techniques
for measuring the hydroperoxides have been reviewed
more recently by Gijsman et al . [4, 10] and Stenberg
et at . [I1] . Small amounts of stabilizers (phenolic
and/or phosphite antioxidants) can hinder the
degradation by interaction with hydroperoxides and
the radical species formed during processing.
Whereas, in the case of phenolic antioxidants the
mechanisms of action are quite well defined, in
contrast, in the case of phosphites the picture is not
yet completely clear . In PP stabilization the high
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effectiveness of phosphites has been confirmed and
has been attributed to one or more of the following
mechanisms [3, 12—16]:
(A) Non-radical decomposition of hydroperoxides
[12].

ROOH + P(OR')3	ROH + 0=P(OR')3
(I)

(B) Reaction with alkoxy radicals [14].

—► RO—P(OR')2 + (2a)

-i 0=P(OR')3 + R . (2b)

RO . + P(OR') 3

(C) Reaction with alkylperoxy radicals [13].

ROO . + P(OR')3	O 'P(OR')3 + RO. (3)

(D) Inhibition of the prodegradant effect of catalytic
residues or transition metals through complexation
[16] .
(E) Stabilization by the phenols formed by partial
hydrolysis of aromatic phosphites [15].

P(OR')3 + H2O

	

HOP(OR')2 + R'OH

	

(4)

(F) The phosphites seem to counteract the action of
oxygen ; a direct interaction of the activated phosphite
with molecular oxygen occurs at processing tempera-
tures, higher than 200 'C, producing the correspond-
ing phosphates, as presented in chemical eqn (5) [3].

(RO)3—P E. (RO)3 — l'

The knowledge of possible mechanisms and
contributions of each part of the molecule to the
overall performance represents an important step in
understanding the stabilizing activity of phosphites.
At the same time, it provides a valuable source of
inspiration for the synthesis of new, more efficient
structures. In order to explain the mechanisms of
phosphites in PP stabilization, the following work has
been carried out.

In this paper, the stabilizing effectiveness of
some alkyl and aryl phosphites was studied under
moderate temperature.

EXPERIMENTAL

Materials
The polymer studied was an additive-free PP powder
with a number average molecular weight (Ma) of
400,000 which was supplied by Hoechst Co.,
Germany. Accelerated aging of the PP was made
possible in an air-circulating oven at 115 °C . Thin
films of about 6 µm thickness were made from PP
powder by heating the polymer, e.g . 0.2 g powder, in
toluene (10 mL) in a flat bottom dish on a hot plate at
120 'C to form a viscous solution. After evaporation
of the solvent, an opaque film remained which
became clear by heating at 150 'C for a short time to
vaporize the remaining solvent . The polymer film was
removed from the glass while it was still hot.
Antioxidant was incorporated into the polymer matrix
by wet blending using toluene as solvent.

The same procedure was used for making
polymer film from solution containing antioxidant.

(RO)3— '—00
(RO)3 — P

(5)

(RO)3—1 + 02 (RO)3—P'—00-
(RO)3— P

2(RO)3—P=0

O

(RO)3—P~
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Table 1 . Structure of antioxidants.

Compound Structure

2,6-di-t-Butyl-4-hydroxybenzyl alcohol (BHBA)
tBu

HOH 2C O OH

tBu

2,6-di-t-Butyt-4-hydroxytoluene (BHT)

tBu

H 3C O OH

tBu

tBu

Octadecyl-3-(3',5'-di-t-butyl-4'-hydroxyphenyl)
propionate (Irganox 1076)

OH

	

O

	

CH2—CH Z—COO-C trllr

tB

Tri(1-hexadecyl)-sorbitol-triphosphite
Cul-1 107O 9P 3
R = -O(CH2)15- CH3 (I)
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Tri(1-dodecanethiol-sorbitol4riphosphlte

C42 H81 0 5 P3S3

R = - S (CH 2)11- CH3 (II)

H 3C— CH— CH —CH— CH —CH 2

O

	

0

	

O

	

O

	

O

	

O
`P

	

~P
/

	

P

R

Bis(3,5 di t butyl 4 fiydroxy-benzyl)
phosphite C3oH47O5P (Ill)

tBu

	

tBu

OH O CH Z—O—P--O-CH, O OH

tBu

	

OH

	

tBu

Chemicals such as : sorbitol, phosphorus tri-
chloride, triethyl phosphite and 2,6-di-t-butyl-4-
hydroxy toluene (BHT) were obtained from Fluka;
Irganox 1076 (a commercial antioxidant) was suppli-
ed from Ciba-Geigy, Switzerland.

IR Measurements
The chemical changes in the films were recorded with
FT-IR (Perkin-Elmer 1740) . The IR absorptions were
calculated as the difference between the peak absorp-
tion and the absorption at a base line. For the absorp-
tion at 1720 1/cm the base-line was drawn between
1800 and 15701/cm.

A reference peak at 2720 I/cm (constant during
thermal degradation of polymer) was used for
determination of carbonyl index .

Antioxidants
The antioxidants of different chemical structures used
in this work are presented in Table 1.

Compound (I)
This compound was prepared by modification of
Kirpienikov et at. [17] method. While passing through
dry nitrogen, a mixture of 9 .1 g (0.05 mol) dry sorbi-
tol, 28 mL (0 .16 mol) of triethyl phosphite, 1 mL of
triethylamine and 36 .37 g (0.15 mol) of 1-hexadecanol
were stirred thoroughly at a temperature of about
120 °C in a 500 mL three-necked flask equipped with
a 15 cm long condenser, stirrer and nitrogen gas-inlet.

After 1 h heating, ethanol as a reaction bypro-
duct started to distil over . Thereafter, the temperature
was regulated as such that the outlet temperature of
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Figure 1 . IR Spectrum of compound I.

the distillation column did not exceed the boiling
temperature of ethanol (78 °C). About 24 mL of
ethanol was distilled over . Towards the end of the
reaction the temperature was increased to about
200 C . When the distillation of ethanol had ceased,
the unreacted triethyl phosphite was removed by app-
lying a water jet vacuum for a short period of time . A
white waxy product melting at 42 °C was obtained as
characterized by the following elemental analysis.

C S4H~0 O9 P3 C (%) H (%) P (%)
Found

Calculated

65 .0

65 .0

11 .2

10.7

9 .0

9 .3

The IR spectrum showed a strong band at 1050
km assigned to PSC absorption, and the absorp-
tion band at higher than 3000 1/cm in IR spectrum of
sorbitol which is related to OH groups has

disappeared (Figure 1).

Compound (II)
Under the same conditions of compound I a product
boiling at 215 °C was prepared from sorbitol, triethyl
phosphite and 1-dodecanethiol in the presence of a
catalytic amount of triethylamine, while distilling off
the split ethanol.

C 42Hsi053S 3 C (%) H (%) P (%)
Found

Calculated

58 .2

57 .9

9.8

9.3

9 .9

10 .8

The IR spectrum showed a band at 1034 1/cm
assigned to P—0—C and bands in the region of 500—
700 llcm assigned to P—S—C linkage. The general
course of the reaction for synthesis of compounds I
and II are illustrated by the chemical eqn (6).

+3P(OC2 H 5)3
H2C—CH—CH—CH—CH-- CH 2111111

	

-6C2HSOH
OH OH OH OH OH OH

Sorbitol

H2C— CH — CH —CH—CH—CH2
II

	

I

	

1'1

	

I

OAPOC2H5 POC2HO"POC2H,

H—R
-302 HSOH + O O b

	

6 O
~P

	

\P/

	

\P

R

	

R

	

R

R=—O(CH2)t~ CH y for compound (I);R=—S(CH 2) i1—CH 3 for compound (II)

H 2C—CH—CH— CH--CH—CH2
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Compound 3,5-di-t-Butyl-4-hydroxybenzyl Alcohol
(BHBA)

BHBA was used as a starting material for preparation
of compound III . This compound has been prepared
by the following procedure f 18] : 53 .5 mL (0 .140
mol) of paraformaldehyde (7 .5% solution of
paraformaldehyde in t-butyl alcohol), 50 mL(0 .128
mol) of 2,6-di-t-butyl phenol (500 g in 1 L of t-butyl
alcohol) and 14 mL of potassium t-butoxide (50 g in I
L of t-butyl alcohol) were mixed at 20 'C and stirred
under nitrogen atmosphere for 30 min . The mixture
was then poured into ice-water and two layers were
formed, in which the upper organic layer solidified.
This mixture was filtered and the filtrate was stirred
thoroughly in hexane to form uniform powder . It was
washed several times with hexane and dried in a
vacuum oven at 40 °C . Melting point of 137 °C was
obtained.

Compound (III)
To prepare compound III, 4 .4 mL (0.05 mol) of
phosphorus trichloride in 10 mL of chlorobenzene
was added dropwise during 1 h into a 500 mL three-
necked flask provided with stirrer, dropping funnel,
condenser and 23 .6 g (0 .1 mol) of 3,5-di-s-butyl-4-
hydroxybenzyl alcohol in 50 mL of chlorobenzene ..
After I h of stirring at room temperature, the stirring
was continued for 4 h at 90 °C followed by further 2 h
at 130 °C . The clear solution was converted into a red
viscous liquid after 8 h reflux and then solidifying on
cooling to a product with melting point at 60 °C .

C3H4705 P C (%) H (%) P (%)

Found 68.2 8 .5 5 .4
Calculated 68.1 8 .9 5.8

RESULTS AND DISCUSSION

The performance of the synthesized phosphites (I, II
and III) during aging of PP at 115 °C was studied, and
the results are also shown with two available phenolic
commercial antioxidants (BHT and Irganox 1076).

BHT is one of the most common antioxidants.
It is used for the stabilization of polyolefins because it
is cost effective. However, its one major drawback is
its high volatility. With time it migrates to the surface
of the film and it is then lost to the atmosphere.
Irganox 1076 has also the same antioxidant functional
group as BHT (Table I) . However, it has a higher
molecular weight which prevents it from vaporization
at high temperatures . It is seen in Table 2 that BHT
acts better as an antioxidant for PP therno-oxidative
degradation than Irganoxi076, which must be related
to the higher mole content of BHT (e .g . 4 .5x 10-3 mol
of BHT in comparison with 1 .8xl0-3 mol of Irganox
1076 for the same weight percent of I g).

The phosphorus content in the molecule should
be one of the factors determining the efficiency.

The IR measurements showed bands at 1030
and 950 l/cm
respectively .

assigned to P-0-C and P-0H,

Table 2 . Performance of phosphites in PP during accelerated aging at 115 °C.

Antioxidants Induction period of C=0 (h) Embritlement time (h)
wt . % 0 .5 1 2 3 0.5 1 2 3

BHT 97 170 295 - 130 191 325 -
Irg .1076 90 120 155 205 108 136 162 248
P(OEt) 3 - 25 - - - 40 - -

BHBA' - 110 - - - 125 - -

Compound (I) 320 448 627 - 348 471 860 _

Compound (II) 922 1007 1335 1650 980 1080 1455 1785
Compound (III) x x x x + + + +

(+) More than 3500 h

	

p) More than 3000 h
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Simple alkyl and aryl phosphites decompose hydro-
peroxides by a stoichiometric ionic (non-radical)
mechanism to form an alcohol and a phosphate,
(reaction I) . Although the non-radical decomposition
of hydroperoxides has long been given as the main
mechanism responsible for the phosphites processing
performance, the importance of this mechanism is
rather questionable since alkyl hydroperoxides under-
go rapid thermal decomposition at temperatures as
low as 100 °C.

A rather higher contribution of the above
reaction may be expected at thermal oxidation
temperatures if no competing factors such as light is
involved . The effectiveness of reactions with oxy-
genated alkyl radicals (reactions 2a, 2b and 3) is
determined by the nature of the R substituent of the
phosphite . If the RO' radical released in reaction 2a is
stable and incapable of propagation, a stabilization
effect due to this mechanism occurs . These aliphatic
alkyl-substituted phosphites lack the ability to
perform as chain-terminating antioxidants . Moreover,
only reaction 2a can lead to efficient inhibition of
thereto-oxidation, while reactions 2b and 3 represent
merely a propagation step, involving a non-effective
conversion of phosphite . In a model liquid it was
shown that hindered phenol phosphites react
preferably via 3 and 2a, while aliphatic ones react via
3 and 2b [22] . Phosphites may undergo partial
hydrolysis (reaction 4) due to the traces of water
permanently present in the polymer [15] . Especially,
at higher temperatures the contribution of this
mechanism may be very important . Its effectiveness
derives from the same structural prerequisites as
described in the previous case.

However, in this series, no correlation with the
overall performance could be found because of
different mechanisms of antioxidant action . On the
other hand, similarity in the aliphatic structure of
compounds I and II allows us to observe the
following relationship. Although both possessing the
same sorbitol triphosphite functionalities, but they
basically differ in performance . The embrittlement
time and induction period to carbonyl formation
presented in Figures 2–5 and Table 2 show a domin-
ating superiority of compound II being observed on

Figure 2. The stabilization effect of 0 .5% wt. of antioxidants
in PPat115°C.

different concentrations at 115 °C.
The effect of a class better performance of

compound II may be clearly accounted for by the
presence of sulphur enabling it to perform efficiently
by several mechanisms . The structure of compound I
may not allow stabilization of polymer by mechan-
isms B and C (reactions with alkoxy 2a–2b and
alkylperoxy radicals 3) discussed in the introduction
section . The whole stabilizing effect of compound II
can thus be dependent on both mechanisms of
decomposition and also radicals trapping, while the
stabilizing effect of compound I is dependent on
mechanism of hydroperoxide decomp-osition only,
i .e. on the redox reactions of phosphorus atom (2a and
2b) . The better performance of compound II can also
reflect the high stability of alkyl species released

Figure 3. The stabilization effect of 1% wt. of antioxidants in
PP at1t5°C .
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Figure 4. The stabilization effect of 2% wt . of antioxidants in
PP at 115 °C.

during mechanism E.
All phosphorus compounds destroy hydroper-

oxides in a non-radical way and so are able to
function as secondary preventive antioxidants [19].
All phosphite compounds studied inhibit the
autoxidation of PP at 115 °C showing induction
periods greater than BHT and Irganox 1076 . The
stabilizing effect of compound I is higher than
Irganox 1076, which can be related to the different
mechanisms of action . Phosphites decompose hydro-
peroxides into non-radical products thus suppressing
the chain branching step (hydroperoxide decomp-
osition into hydroxyl and alkoxy radicals), while
hindered phenols act as primary antioxidants by
trapping alkyl peroxy and alkoxy radicals.

In order to act as a primary chain breaking

170

	 4	
126

	 __ _n

	

PP P10EIh BHBA Ing

	

BHT

	

(1)

	

(II)

	

(III)

Figure 5 . Comparison of Induction periods of 1% wt . of

antioxidants in PP at 115 °C .

antioxidant, stabilizer must fulfill two basic require-
ments : it should be able to compete effectively with
the substrate (RH) for the alkylperoxy radical, and it
must form an efficient chain terminating agent in the
reaction with alkylperoxy radicals [19] . The high
stabilizing performance of phosphite compound III
can be related to the both functionalities of primary
chain breaking antioxidant of hindered phenols
reacting with alkoxy and alkylperoxy radicals and of
secondary preventive antioxidant of phosphorus atom
decomposing hydroperoxides into non-radical
products.

Samples of polypropylene containing 1% by
weight of compound III did not show embrittlement
after 3500 h and carbonyl formation after 3000 h
heating at 115 °C, therefore ageing test did not
proceed further for the samples of polypropylene
containing different concentrations of compound III.

Thus in this test the superior performance of
compound III originates almost entirely in the
synergistic action of the two functional groups in a
single molecule . Moreover, the relatively long periods
of times to embrittlement indicate that the release of
phenolic species occurs in a continuous way. Under
the conditions of these experiments the same amount
of non-bonded phenol such as BHT, evaporates
gradually from the polymer during heating at 115 °C.

Compound III which is a phenolic benzyl
phosphite can act with two mechanisms of antioxidant
action : peroxide decomposer (PD), mechanism A, and
chain-breaking (CB) mechanisms (mechanisms B and
C) . The lower efficiency of the aliphatic phosphite
(compounds I and II) compared to the sterically
hindered aromatic phosphite (compound III) is
attributed to the fact that former acts by a PD mech-
anism only, whereas, the latter acts primarily by a CB
mechanism in addition to its peroxidolytic activity.

Aryl phosphites function as antioxidants by
decomposing hydroperoxides to give phosphates and
alcohols and by trapping peroxyl radicals to form
phosphates and alkyl aryl phosphites releasing
sterically hindered phenoxyl radicals which terminate
the oxidation chain reaction [14].

ROOH + P(OAr)3 -Is- ROH + O=P(OAr)3 (7)

600
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30001
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ROO' + P(OAr)3 ---► RO' + O=P(OAr)3 (8)

RO' + P(OAr)3 —► RO–P(OAr)2 + ArO' (9)

Some oxidation products of hindered phenolic
antioxidants, such as quinone methides, may also
contribute to the stability of polypropylene when they
are formed in situ and are present in polypropylene
together with the parent phenolic antioxidant . This
has been reported by Posposil et al. [I].

Combinations of phenolic antioxidants with
hydroperoxide decomposing antioxidants, comple-
menting the chain-breaking activity of phenols, have
become state-of-the-art in polyolefm stabilization.
Although mechanism of the interaction between
phenols and P(III)-compounds is not fully understood,
but chemical reactivity between phenol-derived
quinone methide (IV) and some species derived from
organic phosphites should be taken into account. This
includes hydrogen containing species like diaryl-
hydrogen phosphites (V) formed via thermal or
hydrolytic transformations of P(III)-stabilizers [20].

The 1,6-addition of compound V to quinone
methide should contribute to the improvement of the
colour of aged polymer by breaking the conjugated
quinone methide system and forming an adduct (VI),
where R is an alkyl substituted phenyl . The phenolic
function is, thus, regenerated in synergistic co-opera-
tion between phenol-derived quinone methide and
some species derived from organic phosphites.
Compound VI has also been reported by Starnes et al.
[21], as one of the products formed in the reaction
mixture of BHT in the presence of triethyl phosphite.
The superior performance of compound III can also
be related, in addition, to three possible mechanisms
mentioned above, the contribution of oxidation
products such as reaction 10 in the mechanism of
stabilization of polypropylene.

X

CONCLUSION

The synthesized phosphites (I, II and III) are much
more effective than hindered phenols (BHT and
Irganox 1076) in Thermo-oxidative degradation of PP
in an air-circulating oven at 115 °C. The better per-
formance of phosphites can be due to their different
mechanisms of action . The high performance of
compound [I in this test can be related to the syner-
gistic effects of phosphorus and sulphur atoms in a
single molecule, and also to the stabilizing effect of
alkyl species released during hydrolysis of phosphites
(part E, reaction 4 in introduction' section) . This
superiority in performance of phosphite compounds
has been observed for all concentrations used in the
experiments.

The stabilizing effect of the phosphites has
been attributed to three principal mechanisms : A,
B&C and E given in introduction section . The effect-
iveness of each of them is determined by the
structural features of the molecule, where, besides the
chemistry of trivalent phosphorus, the reactions and
physical behaviour of the secondary structure are
mainly responsible for the overall effect . Phosphites
lacking the appropriate secondary functionalities are
limited to the redox or catalytic reactions on phos-
phorus atoms and exhibit only low performance, such
as compound I.

Phosphites unable to release the active species,
lose a part of their potential performance as well.
Since hydrolyzibility, determined by the steric
hindrance and electrophilicity of the substituents, is
one of the factors directly influencing the perform-
ance, its suppression may limit the ability to react by
one of the mechanisms described and consequently
result in lower efficiency . It can be assumed that
phosphites performing efficiently by all of the three
mechanisms shown are expected also to exhibit a high

X

X

(IV)

P(0)(OR)2

CH
\

subst.

(V)

(10)
CH — subst . + . HP(0)(OR)2	OH
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efficiency of stabilization . The superior efficiency of
the compound III can be related to all three possible
mechanisms which are contributed by each part of the
molecule and also by some of oxidation products of
the antioxidant to the overall performance.
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