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SYNOPSIS 

l-Acryloyl-4-acryloyloxy-2,2,6,6-tetramethylpiperidine (AATP) has been covalently at- 
tached to polypropylene under conditions of reactive processing to give substantial con- 
centrations of essentially 100% grafted antioxidant ( AATP-B) . Solution of the concentrates 
showed that at high concentration of grafted antioxidant some homopolymerized AATP 
was present and the polymer undergoes transient cross-linking during processing. Concen- 
trates of bound AATP ( AATB-B) when used as conventional additives for polypropylene 
are very effective photoantioxidants due to conversion to the related polymer-bound nitroxyl 
radicals by photosensitized oxidation. A typical commercial hindered phenol, Irganox 1076, 
when used at low concentration in combination with AATP-B also acts as a photosensitizer 
for nitroxyl formation. Unlike low molar mass-hindered piperidinoxyl, polymer-bound ni- 
troxyls are effective thermal antioxidants that synergize very effectively with low concen- 
trations of Irganox 1076. 

INTRODUCTION 

Antioxidants and UV stabilizers may be lost from 
polymers in the presence of extractive media that 
they contact in the course of their service life.'S2 This 
is particularly significant in the case of packaging 
plastics in contact with oils and fats or in prostheses 
where bio-incompatible additives migrating into the 
body may cause severe toxicity  problem^.^ A second 
reason why migration of antioxidants and stabilizers 
is important to their performance in polymers is that 
the physical loss of the protective agent from the 
polymeric component may substantially reduce its 
effectiveness. This is a cause of considerable concern 
in rubbers and plastics used in engineering com- 
ponents where extraction by mineral oils and syn- 
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thetic fluids may reduce the lifetime of the article 
to that of the unprotected p ~ l y m e r . ~ - ~  

Polyolefin fibers and films are also susceptible to 
antioxidant and stabilizer loss, particularly when 
subjected to cleaning solvents and detergents, and 
these considerations have led in recent years7 to 
considerable research activity directed to attaching 
antioxidants and UV stabilizers to polyolefins. One 
such approach has been described in an earlier 
communication' where it was shown that high levels 
of adduct formation can be achieved without homo- 
polymerization by the use of bis-maleate esters of 
hindered piperidines. However, although levels of 
binding up to 70% can be achieved in this way with- 
out loss of photoantioxidant activity, the latter falls 
away at higher adduct yields. Although 70% adduct 
formation is quite satisfactory from a technological 
point of view for fibers and engineering polymers, 
it is not ideal for biomedical or packaging materials 
where it may be necessary in the future to show that 
no leaching of any additive can occur from the poly- 
meric substrate. 

It is known that acryloyl compounds graft to 
polymers to relatively low  level^,^ and the present 
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study is concerned with an alternative approach to 
substantivity that  involves the attachment of the 
bifunctional hindered piperidine, l-acryloyl-4-a~- 
ryloyloxy-2,2,6,6-tetramethyl piperidine ( AATP) to 
polypropylene under conditions of reactive pro- 
cessing: 

P a  
CH2 = CHCOO 

EXPERIMENTAL 

Materials 

l-Acryloyl-4-acryloyoxy-2,2,6,6-tetramethyl piper- 
idine ( AATP ) was prepared as  follows9: 60 g of ac- 
ryloylchloride in 800 dm3 of dry toluene was added 
dropwise with stirring and ice cooling to 52 g of 
2,2,6,6-tetramethylpiperidine and 70 g of triethyl- 
amine in benzene (1000 dm3). The mixture was 
stirred for 1 h with ice cooling and then a t  room 
temperature for 8 h. Triethylamine hydrochloride 
was removed by filtration and the filtrate washed 
with aqueous sodium bicarbonate and dried over 
K2C03. Toluene was removed under reduced pres- 
sure and the concentrate dissolved in hexane to  pre- 
cipitate byproduct impurities. The clear solution was 
evaporated, leaving a colorless, oily liquid. 

Infrared analysis showed ester carbonyl a t  1725 
cm-' , acrylamide carbonyl a t  1640 cm-' , and vinyl 
unsaturation at  1610 cm-'. 'H-NMR gave the fol- 
lowing chemical shifts, 6 (ppm) : Acryloyl protons: 
a, 6.25-6.22(d); @, 6.20-6.14(d) and 6.5-6.42(d). 
Acrylamide: a, 5.90-5.72 ( d )  , @, 5.47-5.44 (d )  and 
5.32-5.28(d). Methyl protons, 1.57(s), 1.54(s). 
Ring protons, ( 2 )  2.30-2.20 (d )  and 2.06-1.90 ( t )  , 
(3) 5.32-5.20(t). I3C (proton decoupled) NMR gave 
the following chemical shifts, 6 (ppm) : Acryloyl car- 
bons: a, 125.7; p, 131.1. Acrylamide: a, 120.5; @, 
128.2. Methyl carbons: 30 and 30.6. Ring carbons: 
( 1) 55.6; ( 2 )  43; (3 )  66. Acryloyl carbonyl carbon: 
167.1 and acrylamide carbonyl carbon, 163.5. Ele- 
mental analysis: C, 67.9 (67.7); H, 8.62(8.66), N, 
520( 5.27). Mass spectroscopy showed M + ,  265.9; 
M+-15, 251, M+-65, 210.9; M+-88 (base), 178.0. 

Polypropylene (PP) was supplied as  an unsta- 
bilized powder by ICI as Propathene HF22 and was 

Table I Molar Ratio of DCP to AATP 

stored in a freezer a t  -20°C. The hindered amine, 
2,2,6,6-tetramethyl-4-piperidinol and bis-2,2,6,6- 
tetramethyl-4-piperidyl sebacate, Tinuvin 770, and 
Irganox 1076 [ n -0ctadecy1-3- ( 3 5-di-tert-butyl-4- 
hydroxyphenyl ) propionate], were kindly donated 
by Ciba-Geigy. Cyasorb UV 531 (2-hydroxy-4-0~- 
toxybenzophenone ) was kindly donated by Ameri- 
can Cyanamid. These commercial antioxidants were 
used as obtained from the manufacturers. Dicumyl 
peroxide was recrystallized from methanol. Di-tert- 
butyl peroxide ( Akzo Chemie) was used as received. 

Melt Reactions of PP with AATP 

PP and AATP were processed in a closed chamber 
of a Hampden RAPRA torque rheometer a t  60 rpm. 
Torque and temperature were continuously re- 
corded. AATP and radical generators were tumble 
mixed with PP before processing. Concentrates of 
5 ,  10, and 20% were processed for 10 min using dif- 
ferent initiators/ AAPT molar ratios as indicated in 
Table I. Temperature conditions were chosen (150- 
180°C) to ensure that the initiator was essentially 
decomposed. For subsequent testing of polymer 
samples, containing the required concentration of 
AATP, were compression molded ( 180"C/2 min) 
into films (250 p m  thick) in an electric press between 
stainless-steel glazed plates. 

Measurement of Binding 

Polymer films of AATP concentrates were hot 
Soxhlet extracted with dichloromethane until their 
IR spectra showed no further change (Perkin-Elmer 
Fourior transform infrared, FTIR model 1710). 
Thermal aging was carried out in individual cells of 
a Wallace oven with an air throughput of 85 L/h.  
The sunlamp blacklamp (S/B) UV exposure cabinet 
has been described previously." Embrittlement 
times for each formulation was measured in tripli- 
cate with an accuracy of +5%. ESR measurements 
were carried out on samples of standard dimensions 
on a JEOL JE-PE spectrometer using MnO con- 
taining thermally diffused Mn2+ ions as a marker. 
The radical concentration was estimated as de- 
scribed previously." Gel permeation chromatogra- 
phy was carried out by the RAPRA Polymer Char- 
acterisation Centre. 
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RESULTS AND DISCUSSION 

Grafting of AATP to PP by Reactive Processing in 
the Melt 

Unstabilized PP was melt processed with various 
concentrations of AATP at different molar ratios of 
dicumyl peroxide (DCP) to AATP, as indicated in 
Table I, for 10 min a t  180"C, and the resultant films 
were extracted with dichloromethane until no fur- 
ther change could be detected in the infrared spec- 
trum of the film. 

Figure 1 compares FTIR spectra of a 10% con- 
centrate of AATP in PP processed in the absence 
( a )  and presence ( b )  of DCP before and after 
Soxhlet extraction. Absorptions due to AATP 
(acrylamide carbonyl, 1640 cm-'; C=C, 1610 cm-'; 
ester carbonyl, 1725 cm-' ) decreased dramatically 
when AATP was used as a conventional additive 
(processed in the absence of peroxide). By contrast, 
the samples processed with a radical generator 
showed the absence of the unsaturation peak (at  
1610 cm-') , whereas the ester carbonyl and amide 
carbonyl absorptions remained unchanged in inten- 
sity even after exhaustive extraction [see Fig. 1 (b )  1 .  
Almost identical spectra were obtained from samples 
processed at  higher concentrations of AATP and 
replacement of DCP by tert-butyl peroxide (TBP)  
gave very similar results. Figure 2 shows the vari- 
ation in torque in the mixer as a function of pro- 
cessing time for several different concentrations of 
AATP at ratio C (Table I ) .  In each case, there is 
an increase in torque between 1 and 3 min at 180"C, 
which becomes more marked as the concentration 
of AATP is increased. It was not found possible to 
process the 30% sample at  all. A powdery product 
was obtained that could not be melted or incorpo- 
rated into PP. The effect of decreasing temperature 
was to displace the torque peak to longer times (2.5 
min a t  170°C; 3.5 rnin at  150°C for 20% concen- 
trates ) , but behavior was otherwise identical. 

It is evident from Figure 2 that both cross-linking 
and chain scission reactions are occurring concur- 
rently during the processing of AATP in PP in the 
presence of DCP. The former dominates the early 
stages of processing, but the latter determines the 
ultimate viscosity of the polymer. Figure 3 shows 
that increasing [ DCP] / [ AATP] decreases both the 
height of the torque peak and the ultimate viscosity 
of the polymer. However, provided processing was 
continued well past the torque peak, no difficulty 
was experienced in incorporating the concentrates 
into unstabilized PP as additives (see below). 

It is not clear from the results reported above 
whether the additive is unextractable from the poly- 

mer because it is covalently bound or whether it is 
present as a polymerized but separate phase. This 
is important because it has been previously shown 
that macromolecular antioxidants made by the vinyl 
polymerization route are much less effective than 
are conventional additives containing the same 
functional group due to phase separation." 

Figure 4 shows a gel permeation chromatograph 
of DCP-treated PP in the presence and absence of 
AATP. In the presence of AATP and DCP (ratio 
C )  , the molecular weight distribution is sharpened 
compared to unprocessed PP, indicating some chain 
scission of the longer molecules. There was no evi- 
dence of a separate phase: DCP alone reduces M ,  
(see Table 11) and sharpens M,/M,. 

Solutions of 5, 10, and 20% AATP concentrates 
in xylene showed that there was a small amount of 
xylene insoluble material in the higher concentrates 
(see Table 111). This material had similar properties 
to homopolymerized AATP (see below), and after 
filtration and repeated recrystallization of the PP, 
over 80% of the hindered amine was retained in the 
polymer as indicated from its IR spectrum (see Ta- 
ble 111). 

To investigate the mechanism of the grafting 
process, AATP was reacted with an equimolar 
quantity of methylcyclohexane (MCH) with DCP 
at ratio C in a sealed ampule at  180°C. Within sec- 
onds, the originally clear solution became a white 
solid. Heating of the solid in a vacuum oven at 80"C/ 
10 h led to no loss of weight, indicating that all the 
MCH had reacted with the vinyl compound. Poly- 
mers with identical appearance and behavior were 
obtained using isooctane and dodecane as substrates. 
The polymer obtained was in all cases completely 
insoluble in the common organic solvents and de- 
composed at  350°C without melting. The reaction 
with MCH was repeated at  95"C/24 h. Low molar 
mass materials remained and were removed by hex- 
ane washing. About 15% of this product was found 
to be soluble in DCM, and GPC examination in THF 
indicated that the M,, was 8000. The product ob- 
tained at  180°C is clearly highly cross-linked and is 
chemically attached to the hydrocarbon substrate. 
The AATP-MCH reaction product was incorpo- 
rated into PP by a conventional processing opera- 
tion. After dissolving the polymer in xylene as de- 
scribed above, 80% of the additive was recovered as 
an insoluble residue and only 5% of the AATP 
moiety was found in the recrystallized PP. 

It seems clear from the processing and model ex- 
periments that the acrylate polymer is essentially 
attached to the hydrocarbon substrates. Moreover, 
it is clear that all the hindered amine is attached 



100 1 I I I I I 

a 

A 

J 

1 I 1 1 I 

1800 1600 
Cm' 

Figure 1 Fourier transform infrared spectra in the region 1850-1550 cm-' of AATP 
concentrate ( 10% ) in PP in the absence ( a )  and the presence ( b )  of DCP (molar ratio of 
DCP/AATP = 0.005) before (-) and after ( -  - -) exhaustive Soxhlet extraction. 
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Figure 2 Effect of concentration of AATP (numbers 
on curves, in % ) on the torque developed during melt pro- 
cessing of PP in the presence of DCP (molar ratio of DCP/ 
AATP = 0.005) at 18OOC. 

Figure 3 Effect of concentration of DCP (numbers on 
curves expressed as molar ratio of DCP/AATP) on torque 
developed during melt processing of PP in the presence 
of 10% AATP at 180°C. 
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Figure 4 Molecular mass distribution of P P  samples: 
( 1 ) unprocessed PP, ( 2 )  P P  processed in the presence of 
1.5 X lo-' mol/100 g DCP, and (3) P P  processed in the 
presence of 10% AATP in the presence of DCP (molar 
ratio of DCP/AATP = 0.005). 

through one or other of the vinyl groups and that 
the remaining vinyl group is involved partly in graft 
polymerization and partly in cross-linking of PP, 
since a negligible amount of unsaturation remained 
in the polymer after the reaction. On average, then, 
more than one AATP vinyl group is attached to the 
polymer, thus accounting for the torque peak during 
processing. The effect of processing beyond the 
torque peak is to reduce the M,/M,,  by preferentially 
breaking the high molar mass cross-linked polymer. 
In the work described in the next section, no prob- 
lems were encountered in incorporating the concen- 
trates as additives in unstabilized polypropylene 
provided the torque returned to the lower stationary 
level during its preparation. 

Photostabilization of PP with AATP-Bound 
( AATP-B) Concentrates 

A 10% concentrate of AATP-B in polypropylene 
made using [ TBP] / [ AATP ] ratio C was diluted to 
0.4 g/ 100 g in unstabilized PP. Part of the film was 
exhaustively extracted, and as indicated above, no 

Table 111 Gel Content of AATP 
Concentrates in PP 

AATP Added AATP Retained 

(%I (%) Recrystallization 
to PP Gel Content in PP After 

5 0 > 90 
10 5 90 
20 12 80 

significant amount of hindered amine was extracted. 
When the films were exposed to UV light, the unex- 
tracted sample embrittled at 2150 h, whereas the 
extracted sample embrittled in 400 h (see Table IV) . 
AATP as an additive is significantly inferior to 
AATP-B before extraction, but on extraction, which 
removed the additive almost completely, it was sim- 
ilar to the unstabilized control. Poly (AATP) had 
little activity as a photoantioxidant even without 
extraction. The very low activity of the exhaustively 
extracted AATP-B sample is surprising in the light 
of the fact that the AATP is not lost from the poly- 
mer by extraction. It is known13-16 that hindered 
piperidines themselves are not photoantioxidants, 
but, rather, the derived nitroxyl radicals formed by 
oxidation. It seemed important, therefore, to com- 
pare the rate of nitroxyl radical formation in the 
samples listed in Table IV during photooxidation. 
Figure 5 shows that when AATP is used as an ad- 
ditive, nitroxyl radical generation begins very 
quickly and is very substantial within the unstabil- 
ized lifetime of the film (90 h )  . AATP-B (U)  behaves 
similarly but the nitroxyl concentration rises to a 
higher level. In the case of AATP-B(E) and 
poly ( AATP) , nitroxyl generation is much slower. 
It seems clear then that extraction has removed a 
necessary reagent for the formation of nitroxyl. The 
possibility that this might be a small amount of un- 
reacted AATP was investigated by adding a small 
molar proportion (5 mol % ) of AATP to the fully 
extracted masterbatch. The results, given in Table 
V, show clearly that a very small amount of AATP 
does fulfill the function envisaged. 

AATP was incorporated into PP as an additive 
and exposed to UV with concomitant formation of 

Table I1 GPC Characteristics of DCP-Treated PP 

Sample lo-' M ,  10-~ M ,  M, M w I W  

Unprocessed PP 4.27 4.48 2.63 10.48 
DCP at  ratio C 4.4 1.80 0.70 4.1 
10% AATP, DCP at ratio C 6.52 4.84 2.26 7.43 
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Table IV 
Containing 1.51 X 
of Hindered Piperidines 

UV Embrittlement Times of PP Films 
mo1/100 g (0.4 g / l O O  g)  

Sample 
Embrittlement Time 

(h) 

Control, no additive 
AATP additive, U 
AATP additive, E 
AATP-B, U 
AATP-B, E 
Poly(AATP), U 
Tinuvin 770 

90 
1900 

150 
2150 
400 
250 

1400 

nitroxyl in the first 5 h of UV exposure. Kurumada 
et al.17 have reported that 1-acryloyl-4-benzoyl 
2,2,6,6-tetramethylpiperidine is almost twice as  ef- 
fective as a UV stabilizer than is the 1-acetyl analog. 
They suggest that the saturated amides are con- 
verted to  nitroxyl by reaction with “oxyl” radicals 
derived from hydroperoxides. This would account 
for the slower formation of nitroxyl shown in Figure 
5. The mechanism of this process is being investi- 
gated and will be reported in a later communication. 

Synergism between AATP-B and Conventional UV 
Stabilizers and Antioxidants 

Table VI reports the cooperative photoantioxidant 
effects observed between a fully extracted AATP-B 
concentrate and a typical UV absorber, UV531, and 
a hindered phenol, Irganox 1076, thermal antioxi- 
dant. It is clear that both antioxidants synergize 
powerfully with the fully bound AATP. Particularly 
surprising is the effect of the hindered phenol, Ir- 
ganox 1076. At concentrations where it has no UV 

Table V UV Embrittlement Times of PP Films 
Containing AATP in Bound and Unbound Form 

Concentration Embrittlement Time 
Sample (g/100 g) (h) 

AATP additive 
AATP-B, E 

AATP-B, E 
+ 

AATP additive 

Poly (AATP) 
+ 

AATP additive 

0.02 
0.4 

0.4 
+ 

0.02 

0.4 
+ 

0.02 

320 
400 

1850 

550 

I 

50 100 150 200 
UV Irradiation Time, h 

Figure 5 Effect of UV irradiation on nitroxyl radical 
development in PP samples containing 0.4% AATP di- 
luted from 10% AATP concentrate processed in the pres- 
ence of 0.005 DCP/AATP molar ratio, 1 PP processed 
with 0.4% AATP as an  additive, 2 AATP-B(U), 3 AATP- 
B(E), 4 Poly(AATP). 

stabilizing effect alone, it increases the effectiveness 
of AATP-B by over one order of magnitude. This 
does not appear to be normal synergism since the 
optimal amount of thermal synergist required is 
quite extraordinarily low. Figure 6 shows that the 
concentration of nitroxyl in the sample increases 
most rapidly and to a higher level in the PP film 

Table VI Photoantioxidant Synergism between 
AATP-B and Conventional Stabilizers 

UV Embrittlement 
Concn Time 

Sample (g/100 g) (h) 
~ ~~ 

No additive 
AATP-B (E) 

AATP-B (E) 
f 

Irganox 1076 

AATP-B(E) 
+ 

Irganox 1076 

AATP-B(E) 
+ 

Irganox 1076 

AATP-B(E) 
+ 

UV531 

Irganox 1076 
Irganox 1076 
UV531 

- 
0.4 

0.4 
+ 

0.04 

0.4 
+ 

0.1 

0.1 
+ 

0.4 

0.4 
+ 

0.1 

0.1 
0.04 
0.1 

90 
150 

1980 

1600 

650 

2050 

160 
100 
350 
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Figure 6 Effect of UV irradiation on nitroxyl radical 
development in PP samples; processed with Irg. 1076 
+ AATP-B at ratio of 0.25 (curve 1 ) ; UV531 + AATP-B 
at ratio of 0.25 (curve Z ) ,  and Irg.1076 + AATP-B at ratio 
of 0.1 (curve 3). 

with the lowest [ 10761 / [ AATP-B ] ratio, and, in- 
deed, no nitroxyl signal was recorded up to 250 h of 
UV exposure at  a [ 10761 / [ AATP-B ] ratio of 4. The 
growth of nitroxyl in the sample containing 0.04 g 
Irganox 1076 (curve 1) is very similar to that of 
unextracted AATP-B in Figure 5. The hindered 
phenol at very low concentration thus appears to 
sensitize the oxidation of AATP to nitroxyl. The 
mechanism of this process is not at  present fully 
understood, but it is clear that at higher concentra- 
tion Irganox 1076 is actually retarding the same 
process. It is known that oxidation products of hin- 
dered phenols are potent sensitizers for photooxi- 
dation. Of these, the peroxydienone ( I )  is an early 
oxidation product and the radicals produced by 
phytolysis (reaction 1) are clearly potential initia- 
tors for the oxidative transformation of the N-acyl 
piperidine to the corresponding nitroxyl discussed 
above: 

0 0 

where R = alkyl or H. 
Figure 6 shows that UV531, like the hindered 

phenol at the same concentration, actually retards 
nitroxyl formation. It seems likely that the main 
function of UV531 is to extend the lifetime of the 
polymer long enough for the critical concentration l9 
of nitroxyl to develop by hydroperoxide photolysis. 
Table VI shows that the embrittlement time of PP 

containing 0.1% of UV531 alone was 350 h, and this 
is much longer than the time necessary for the for- 
mation of a substantial nitroxyl concentration in 
the polymer (see Fig. 6 ) .  

AATP-B as a Thermal Antioxidant 

AATP-B, like low molar mass hindered piperdines, 
has no activity as a thermal antioxidant for poly- 
propylene (air oven at 140OC) (see Table VIII) , but 
preaging in air a t  85°C was found to considerably 
improve high-temperature thermal aging. Table VII 
shows that this is associated with the formation of 
nitroxyl radicals in the polymer. In view of the pro- 
found synergism observed between AATP-B and a 
hindered phenol in photooxidation, it was of some 
interest to see whether a similar effect was observed 
in thermal oxidation. Table VIII compares the an- 
tioxidant activity of Irganox 1076 and AATP-B both 
alone and in combination. It is clear that at relatively 
low concentration the phenolic antioxidant converts 
AATP-B to a very powerful thermal antioxidant. 
The synergistic effect (the difference between the 
actual effect and the sum of the effects of the indi- 
vidual components'') in the case of the lowest 
[1076]/[AATP-B] ratios is well over 1000%. Al- 
though much of this activity is lost on solvent ex- 
traction due to removal of the Irganox 1076, preaging 
at 85°C restores a proportion of it, suggesting that 
a small amount of AATP-B is converted to antiox- 
idant under these conditions. 

The development of nitroxyl radicals during oven 
aging at 14OoC is shown in Figure 7 for two of the 
combinations in Table VIII. Nitroxyl was observed 
earlier ( Y 200 h )  in the sample with the higher (0.1 / 
0.2) [1076]/[AAPT-B] ratio, but the highest an- 
tioxidant activity and most effective synergism was 
obtained from the sample with the lower ratio (0.1 / 
0.4). It is clear, then, that AATP-B is a reservoir 
from which the effective antioxidant, the nitroxyl 
radical, is formed by oxidation. The phenolic an- 
tioxidant performs two conflicting roles. In the first 
place, it protects the polymer long enough for the 
critical concentration of nitroxyl to develop, but at 
the same time it inhibits the formation of nitroxyl 
by scavenging the reactive species (e.g., oxyl radi- 
cals ) that bring this about. Optimal synergism 
therefore occurs at  low hindered phenol/AATP ra- 
tios. 

DISCUSSION 

The very high antioxidant activity of nitroxyl rad- 
icals reported in this study has not been previously 
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Table VII 
Stability of PP-containing AATP-B (1 g/100 g) 

Effect of Low-Temperature Preaging on the High-Temperature Heat 

Time of Preaging at 85°C (h) 

Embrittlement time at 140°C (h) 0.5 3 8 15 15 
[N - 0 - ]generated in sample by 

preaging ( lo6 moI/IOO g) Too low to measure quantitatively 3 3.4 

Table VIII Synergism between AATP-B and Irganox 1076 in PP at 140°C 

Time to Embrittlement (h) 

Concentration Extracted After Synergism*' 
Antioxidant (g/100 g) Unextracted Extracted Preaging 48 h/85'C (%) 

None 
1076 
1076 
1076 
1076 
1076 

AATP 
AATP-B 
AATP-B 
Tinuvin 770 

AATP-B 
+ 

1076 

AATP-B 
+ 

1076 

AATP-B 

1076 
+ 

AATP-B 
+ 

1076 

AATP-B 
+ 

1076 

AATP-B 
+ 

1076 

AATP-B 
+ 

1076 

0.5 
5.0 
95 

160 
260 
500 

0.5 
0.5 
0.5 
0.5 

0.5 
1.5 
2 
2 
2 
2 

0.5 
0.5 
0.5 
0.5 

- 
0.02 
0.1 
0.2 
0.4 
1.0 

0.4 
0.2 
0.4 
0.4 

0.2 
+ 

0.02 

0.2 
+ 

0.1 

0.2 
+ 

0.2 

0.4 
+ 

0.1 

0.4 
+ 
0.2 

0.4 
+ 
0.4 

0.4 
+ 

1.0 

- 
1.5 

- 
3 

- 
1200 50 

650 5.5 15 787 

570 

1051 

850 

750 4.4 35 

950 30 

1200 65 

1300 20 600 

400 1500 5 
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Figure 7 Effect of oven aging ( a t  140°C) on nitroxyl 
radical development in PP samples processed with 0.4% 
AATP-B + 0.1% Irg.1076 (curve 1) and 0.2% AATP-B 
+ 0.1% Irg.1076 (curve 2 ) .  

noted in the literature of the low molar mass hin- 
dered amines. Thus, for example, bis- ( 2,2,6,-tetra- 
methyl-4-piperidinyl) sebacate (Tinuvin 770) has 
virtually no thermal antioxidant or melt-stabilizing 
activity in the saturated hydrocarbon  polymer^.'^^^^ 
The explanation normally advanced to account for 
the lack of activity of the derived nitroxyl radicals 
as thermal antioxidants in a high-temperature air 
oven test is that, under these conditions, the alkyl- 
peroxyl radical concentration is high and the alkyl 
radical concentration relatively low. However, al- 
kylperoxyl is not trapped by nitroxyl, and in liquid 
hydrocarbons, the concentration of alkylperoxyl re- 
mains unchanged when nitroxyl is introduced.22 An 
alternative way of looking at this is that when ni- 
troxyl reacts with an alkyl radical it does so in com- 
petition with oxygen, and since the rate constant 
for reaction (2a) is generally higher than that for 
(2b),  22,23 inhibition will occur only at low oxygen 
pressures or when the alkyl radical is particularly 
stable, as in the case of olefinic polymers21,22: 

/-* ROO. propagation 
0, 

RON< inhibition 

However, Denisovz4 has pointed out that in solid 
polymers the concentration of oxygen is not only 
intrinsically lower than in liquid hydrocarbons, but 
under steady-state conditions in an autoxidizing 

polymer, it is limited by the rate of diffusion of ox- 
ygen through the polymer, again a much slower pro- 
cess than in liquid hydrocarbons. It is not surprising, 
then, that a t  high temperatures, as under photoox- 
idative conditions, when the rate of initiation is high, 
the oxygen concentration will be low and reaction 
( 2b) will be able to compete with (2a) .'l It must be 
concluded, then, that the lack of thermal antioxidant 
activity of the low molar mass hindered amines in 
an air oven results from the physical loss of the ad- 
ditives and of their derived nitroxyls from the poly- 
mer by volatilization under these conditions. Chem- 
ical attachment of nitroxyl precursors to the polymer 
backbone then appears to be a desirable objective 
not only from the standpoint of removing the hazard 
of migration of the potentially toxic materials into 
foodstuffs and directly or indirectly into biological 
processes, but also because it allows the antioxidant 
to achieve its full potential as a catalytic chain- 
breaking a n t i ~ x i d a n t . ~ ~  

CONCLUSIONS 

1. 1-Acryloyl-4-acryloyloxy-2,2,6,6-tetramethyl 
piperidine (AATP) can be chemically at- 
tached to polypropylene by reactive process- 
ing to give antioxidant concentrates from 
which the antioxidant cannot be physically 
removed. 

2. Concentrates obtained in this way are effec- 
tive photoantioxidants for polypropylene in 
unextracted form. However, extraction ap- 
pears to remove a small amount of a sensitizer 
(possibly an N-acrylate) that facilitates 
the formation of nitroxyl by oxidation of 

3. A hindered phenol (Irganox 1076) also sen- 
sitizes the photooxidation AAPT-B to ni- 
troxyl and acts as a powerful synergist in 
photoinhibition. 

4. A UV absorber (UV531) synergizes with 
AATP-B, but it seems likely that this is due 
to its ability to extend the life of the polymer 
until nitroxyl is present in a critical concen- 
tration. 

5. AATP-B, like the low molar mass hindered 
piperidines, has no thermal antioxidant ac- 
tivity, but unlike the latter, it is converted to 
a powerful thermal antioxidant by thermal 
oxidation in the presence of a very small 
amount of hindered phenol. The latter prob- 
ably protects the polymer from thermal oxi- 
dative degradation until the critical concen- 

AATP -B . 
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tration of polymer-bound nitroxyl has been 
formed. 
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