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The e.s.r. spectrum of acrylic acid, irradiated in the presence of polyethy
lene at 77 K, differs considerably from that previously found at room 
temperature. The major components, ascribed to ionic species, are only 
observed when both acrylic acid and polyethylene are present simultaneously. 
I t is known that under these conditions a sensitized crosslinking occurs, and 
this is ascribed to a novel ion-radical chain reaction, involving the interaction 
of the growing poly (aery lie acid) chain end radical with cations formed on 
the base polyethylene. 

I t is well established that many monomers may be grafted to polymers by mem 
of high energy irradiation [1]. More recently it has been shown that when acrylic acid 
is irradiated in the presence of certain polymers (e.g. polyolefines) in addition to grafting, 
the resultant copolymer is crosslinked, and that a high degree of crosslinking may be 
achieved at doses as low as 0.1 Mrad, well below those needed for conventional crosslinking 
by a random free radical process. We have attempted to determine the mechanism of 
this sensitized crosslinking reaction. 

The high degree of crosslinking at such low doses points to some form of chain reaction 
and evidence for this has been obtained from a study using 14C labelled n-hexadecane 
as a model compound [2]. Acrylic acid polymerizes solely by a free radical mechanism, 
but it is difficult to imagine any reasonable chain reaction involving only free radicals 
which could lead to this degree of enhanced crosslinking. Consequently we looked for 
the possible existence of other reactive species which might be involved in the reaction. 
In this note we wish to present evidence which indicates that the crosslinking proceeds m 
a novel ion-radical interaction, quite distinct from the usual radical-induced grafting. 

Experimental 

For the mutual grafting experiments approximately 0.5 g samples of low density 
polyethylene films, Dixopak and Lay flat tubing (Transatlantic Plastics) of thickness 
0.04 mm, and a high density polyethylene (Metal Box Co) of thickness 0.06 mm, were 
placed in 10 mm I.D. Pyrex tubing and immersed in excess of solutions of acrylic acid 
in benzene. 

The samples were degassed using the freeze-thaw method and sealed under a vacuum. 
The tubes were then irradiated at 77 К in the dark or at room temperature at a dose 
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rate of 1 Mrad/hour to a to ta l dose of 0.6 M r a d s . Following i r radiat ion a t 77 К some 

samples kept a t this t e m p e r a t u r e were exposed t o t h e full s p e c t r u m of a Phil l ips 275 W 

infrared source a b o u t 30 c m d i s t a n t for 10 m i n u t e s , while o ther samples were allowed 

to worm to room t e m p e r a t u r e in t h e d a r k . T h e t u b e s were t h e n b r o k e n open a n d t h e 

polymer samples were thoroughly washed in e t h a n o l t o remove h o m o p o l y m e r a n d dr ied 

in a vacuum oven a t 60°C. T h e percentage graft was de termined from t h e weight u p t a k e , 

and the gel fraction obta ined b y ex t rac t ion in boiling xylene [3]. F o r t h e samples i r radia ted 

at room temperature t h e grafting solutions also conta ined a b o u t 1 % addi t ive as specified 

below and no care was t a k e n t o exclude l ight. 

The e.s.r. samples were prepared in a similar m a n n e r except t h a t t h e y were sealed 

in 5 mm OD Spectrosil t u b i n g . T h e e.s.r. spectra were recorded on a conventional X - b a n d 

spectrometer before a n d after exposure t o t h e Phil l ips infrared source. 

Post-irradiation grafting was carr ied o u t b y first sealing t h e polyethylene u n d e r 

a vacuum, irradiating a t room t e m p e r a t u r e t o var ious doses (at 1 Mrad/hour) t h e n int ro

ducing the degassed grafting solution via a b r e a k seal. T h e sample t u b e s were allowed 

to stand for one h o u r before being broken open for analysis . 

R e s u l t s a n d D i s c u s s i o n 

The effect of photobleaching on t h e yield of graft a n d gel fraction is given in Table 1. 

It can be seen t h a t t h e bleaching produces a m a r k e d r e d u c t i o n in b o t h grafting a n d 

crosslinking, presumably b y t h e decay of some species involved in b o t h grafting a n d 

crosslinking reactions. 

The e.s.r. spectra a t 77 К consist p r e d o m i n a n t l y of a t r ip le t an = 14 gauss wi th some 

additional hyperfine s t r u c t u r e , a n d a s h a r p centra l singlet. I n a d d i t i o n t h e r e is a minor 

contribution from alkyl radicals (Fig. 1). Photolys i s a t 77 К causes a complete decay 

of the triplet a n d singlet c o m p o n e n t s while t h e alkyl radical s p e c t r u m is unaffected. 

It is important t o n o t e t h a t t h e t r ip le t e.s.r. s p e c t r u m is only observed in t h e presence 

of both monomer a n d base polymer a n d n o t w h e n t h e indiv idual c o m p o n e n t s are i r rad ia ted 

Table 1 

Effect of photobleaching a t 77 К following gamma-i r rad ia t ion of polyethylene in acrylic 

acid/benzene solutions a t 77 К 

Sample % Acrylic Dose 
acid (Mrads) 

Conditions % Graft % Gel 

Dixopak LDPE 

Uyflat tubing L D P E 

HDPE 

10 
10 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 

0.6 
0.6 
0.10 
0.10 
0.15 
0.15 
0.45 
0.45 
0.6 
0.6 
0.6 
0.6 

warmed in dark 
photolyzed 
warmed in dark 
photolyzed 
warmed in dark 
photolyzed 
warmed in dark 
photolyzed 
warmed in dark 
photolyzed 
warmed in dark 
photolyzed 

29 
10 
0.7 
0.4 
1.0 
1.17 
2.3 
0.6 
1.9 
0.7 
0.8 
0.3 

81 
39 
19.7 
4 

22.4 
18.3 
25.6 

5.7 
30 

7.7 
31.2 
14.8 
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Fig, 1. First derivative e.s.r. spectrum oí 
irradiated polyethylene in 10% acrylic 

acid/benzene at 77 K. 
immediately following irradi

ation, following bleachinj 
with i.r. lamp. 

separately. The intensity of the spectrum is almost unaffected if the acrylic acid concen 
tration is raised over a wide range (1 — 10% in benzene). 

I t seems to us reasonable to infer that the decrease in the extent of grafting and cross 
linking and the decay of the e.s.r. spectra are related. 

The singlet component in the low temperature spectra is most probably due to trapped 
electrons, and the triplet is thought to be due to some cationic species. This latter ass 
ment is based on experiments using ion scavengers (Table 2). Although the effects are 
not very large it can be seen that the presence of electron scavengers tends to increase 
the relative intensity of the triplet spectrum (measured from the outer lines of the triplet) 
whereas positive ion scavengers produce a slight decrease in intensity. 

The effect of charge scavengers on the percentage graft and gel fractions at room tempe 
rature is given in Table 3. Again the effects are not very large but the general trend indicates 
that positive charge scavengers reduce grafting and crosslinking and electron scavengers 
lead to a slight increase. 

We conclude therefore that these graft and crosslinking reactions involve a positive 
iön which gives rise to the triplet e.s.r. spectrum. Photolysis at 77 К leads to charge 
neutralization, presumably by detrapping of the electrons, and hence terminates these 
graft and crosslinking reactions. 

Table 2 

Effect of 1% additives on intensity of triplet spectrum at 77 К obtained from LDPEin 
10% AA/benzene irradiated to 0.6 Mrads at 77 К 

Additive Relative intensity of triplet 

nil 
diphenyl ( —) 
p-nitro benzoic acid ( —) 
NH,( + ) 
w-butyl vinyl ether ( + ) 

10 
16 
18 
7 

11 

( —) electron trap, ( + ) positive ion t rap. 
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Table 3 

Effect of 1% additives on graft and gel for irradiation of LDPE in 10% AA/benzene at 
room temperature (0.6 Mrads) 

Additive % G r a f t % Gel 

nil 
diphenyl 

NH, 
»•butyl vinyl e t h e r 

30 
34 
13 
14 

60 
67 
45 
45 

We have not as yet definitely identified the species giving the triplet e.s.r. spectrum 
but we have some evidence which indicates that the ion is associated with —CH2 — 
groups on the polyethylene chain, and not with the acrylic acid. Thus the triplet spectrum 
is observed when either acrylic acid or methacrylic acid are used in the solution in the 
presence of polyethylene, nylon 11, or polypropylene, but not when poly(tetrafluoro-
ethylene), and only slightly when 90% deuterated polyethylene are used as base poly
mers [7]. 

The spectrum observed following irradiation at room temperature of the acrylic acid 
solution alone is a broad triplet and is due to propagating chain end acrylic acid radicals 
[4,5]. Irradiation of polyethylene itself yields the usual spectra of alkyl and allyl radicals 
[6]. No evidence of the low temperature triplet spectrum was obtained in either case. 
A consequence of this is that the sensitized crosslinking reaction (if due to these ionic 
species) should not occur during post-irradiation grafting at room temperature. Sur
prisingly it was found that post-irradiation grafting of polyethylene with acrylic acid 

% gel 

% 2. Variation of % gel and % graft for polyethylene samples grafted under various 
conditions. Increasing values obtained with increasing dose up to a total of 0.6 Mrads. 
A post-irradiation grafting, • mutual grafting of LDPE with 0.75% AA/benzene at room 
bperature, • mutual grafting of LDPE with 0.75% AA/benzene at 77 К, о mutual 
grafting of HDPE with 0.75% AA/benzene at room temperature, D mutual grafting 

of H D P E with 0.75% AA/benzene at 77 K. 
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АО % gel 

Fig. 3. Variation of gel with graft for LDPE samples at RT. 
post-irradiation grafting, mutual grafting up to 0.2 Mrads, 
subsequent mutual grafting using fresh solution following pre-irradiation 

grafting up to 0.15 Mrads. 
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Fig. 4. Variation of gel with graft for LDPE at 77 K. 
post-irradiation grafting, mutual grafting at 77 К up to № 

- — — subsequent mutual grafting following pre-irradiation to 0.05,0.10. 
0.15 Mrads respectively, with intermediate warming. 
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does give a gel fraction as measured by xylene extraction, and this seems to preclude 
the possibility of an ionic mechanism being responsible. However the ratio of % gel to 
oj graft is appreciably lower than that obtained by mutual grafting (Fig. 2). 
We therefore considered the possibility of two distinct processes occurring. One is the 

conventional free radical reaction in which the grafting is initiated by radicals produced 
by irradiation of the base polymer; this may lead to a very small number of crosslinks 
due to radical recombination reactions. In addition since the grafted poly aery lie acid 
chains are not soluble in the non polar xylene, at high graft levels extraction in xylene 
may give an apparently insoluble fraction which is not a true measure of crosslinking, 
but rather due to physical entanglements. 

The second process is that which involves the ionic intermediate and which is a much 
more efficient crosslinking reaction. The relatively higher gel fractions at low graft 
levels and low temperature is indicative of this. We have evidence that this is indeed 
the case. We had observed that the extent of grafting and crosslinking was apparently 
limited by the amount of acrylic acid monomer that could diffuse into the polyethylene, 
and which is itself limited by depletion of acrylic acid in the grafting solution due to 
homopolymerization. I t was thought likely that re-irradiation in a fresh solution might 
permit one to extend the linear plots out to give much higher gel fractions. Subsequent 
irradiation however leads to a much lower gel/graft ratio and the curve appears to parallel 
that obtained from post-irradiation grafting (Fig. 3). 

A similar experiment was carried out for samples irradiated at 77 К when homopoly
merization is negligible. Following irradiation to 0.05, 0.10, and 0.15 Mrads at 77 К the 
samples were warmed to room temperature, thus permitting more acrylic acid to diffuse 
into the polyethylene. Subsequent irradiation at 77 К gives results which again parallel 
those obtained by post-irradiation grafting (Fig. 4). I t appears that the reactions occurring 
following preliminary grafting are substantially different to the initial grafting reaction. 

The e.s.r. spectra of samples irradiated at 77 К show the typical ionic triplet which 
grows in intensity up to at least 0.6 Mrads. However, pre-irradiation of similar samples 
to 0.15 Mrads followed by warming to room temperature (to permit some grafting to 
occur) then recooling to 77 К and re-irradiating to an additional 0.15 Mrads does not 
give the ionic triplet (Fig. 5). 

We conclude therefore that two distinct reactions may occur in polyethylene, irradiated 
in the presence of acrylic acid. In addition to the conventional grafting reaction an efficient 
crosslinking reaction occurs which proceeds via an ionic mechanism. The production 
of the ionic intermediate is markedly reduced or even completely eliminated when 
a certain amount of acrylic acid chains are grafted on to the base polymer. This is con
firmed by an e.s.r. study of a polyethylene-acrylic acid copolymer, which shows no ionic 
component in the e.s.r. spectrum, nor does it crosslink when irradiated at 77 К to these 
low doses. 

It should be pointed out that to obtain consistent results care has to be taken to mini-

™*0. 5. First derivative e.s.r. spectrum of irra 
diated polyethylene in 10% AA/benzene follow 
ing pre-irradiation to 0.15 Mrads and inter 

mediate warming. 
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mise post-irradiation grafting particularly for samples irradiated to > 0.2 Mrads. Some 
of the scatter in the results is undoubtedly due to this problem. 

We propose a tentative mechanism for the ionic reaction which seems to accommodate 
the following known facts: 

i) Acrylic acid polymerizes by a free radical mechanism. 
ii) An ionic intermediate is involved in the crosslinking reaction, and the ion appears 

to be associated with the polyethylene chain. 
iii) The crosslinking proceeds via a chain reaction mechanism. 
iv) Acrylic acid is known to form hydrogen bonded dimers [8]. 
v) The e.s.r. spectrum found with polyethylene + acrylic acid is different from that 

seen in high or low density polyethylene alone irradiated under similar conditions. It is 
also different from the copolymer. 

crosslink formed 
R _ C H 2 - ( . H -f (PE)+ > R - C H 2 - C H - ( P E ) -

j with possible j 
Q loss of H« Q 

</ \ < / \ 
í I i 

H H + H H 
{ I л ' 
о о ó о 

\ / \ / 
с с 
I I 

СН = СНо с н = с н 2 
| proton transfer 

across hydrogen 
у bond 

H» abstraction 

R _ C H 2 - C H - ( P E ) . « R - C H 2 - C H - ( P E ) * 
I e.g. from adjacent I 

COOH P E c h a i n с 
i / \ 

initiate further grafting of AA »О О 

H H 
I I 

о о v 
I 

сн=сн2 
transfer of the charge 

' to PE chain 

CH2 = CH -f (PE)" 
I 

COOH 
Chart 1 

Proposed reaction scheme for enhanced crosslinking of polyethylene by the 
incorporation of acrylic acid. 
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The initiation of t h e grafting react ion p r e s u m a b l y occurs a t radical sites on t h e poly

ethylene 

+ AA 
R. + C H 2 = C H -> R - C H o - C H — > p r o p a g a t i o n . 

I I 
C O O H C O O H 

Several t e n t a t i v e react ion schemes m a y be envisaged for t h e crossl inking react ion, 

involving an ionic react ion a n d p r o t o n transfer across h y d r o g e n b o n d s . One of t h e m 

is shown in Chart 1. ( P E ) + a n d ( Р Е ) Ф are n o t precisely defined here, a n d t h e la t te r m a y 

be a polyethylene radical. To obta in t h e l ink between acrylic acid a n d polyethy lene 

a hydrogen a t o m m u s t be released from t h e polyethylene chain. This m a y be envisaged 

in the formation of ( P E ) + which from e.s.r. d a t a differs from P E + (in t h e absence of acrylic 

acid). Thus we m a y pos tu la te t h e following initial react ions 

P E > P E + + e, 

P E + + AA -> (PE) + + H + AA -> (PE)+ + AA-, 

where the la t ter can graft or polymerize. T h e subsequent react ion of ( P E ) + w i th AA» is 

shown in t h e figure, a n d leads t o t h e format ion of fur ther P E + t o c o n t i n u e t h e cha in 

reaction. A further react ion involving H abs t rac t ion also leads t o t h e format ion of radical 

copolymer. 

The net result of such a react ion scheme would be t h e format ion of a crosslink, t h e 

initiation of a second growing chain, a n d t h e transfer of t h e posit ive charge on t o a n o t h e r 

PE chain such t h a t t h e react ion could be repeated . 

The reaction induces a n u m b e r of crosslinks, n o t d i s t r i b u t e d in a r a n d o m fashion, a n d 

eventually is t e r m i n a t e d , e.g. b y c a p t u r e of a n electron. T h e presence of e lectron scavengers 

enhances the degree of crosslinking b y suppressing t h e t e r m i n a t i o n s tep, hence effectively 

increasing the lifetime of t h e posit ive ions. 

Positive ion format ion in polyethylene h a s been r e p o r t e d [9], b u t gives different spect ra 

to those observed in this s t u d y a n d is p r o b a b l y associated w i t h u n s a t u r a t i o n in t h e poly

mer. It is t h o u g h t t h a t t h e posit ive ions observed in th i s s t u d y are stabil ized b y r a p i d 

electron transfer a n d t r a p p i n g in t h e system, facil i tated in some w a y b y t h e acrylic acid. 

At room t e m p e r a t u r e t h e ions would n o t be stable, b u t would h a v e a sufficiently long 

lifetime to enable t h e m t o t a k e p a r t in t h e react ion. 
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