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Conclusion 

We can conclude that the effect of chain interdepen- 
dence and cross-link mobility in this simple non-Gaussian 
network system is to reduce the number of “elastically and 
photoelastically effective chains” but the number of links 
in these “effective chains” differs for each case. Previous 
extrapolations to more realistic network  model^^-^ do not 
appear to be well founded and hence we have not attempt- 
ed it herein. A new approach is needed which incorporates 
the main features of this simple calculation: cross-link mo- 
bility and chain interdependence. 
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Communications to the Editor 

I3C Nuclear Magnetic Resonance Observation of the 
Oxidation of Polyethylene 

The oxidation of polyolefins is a problem of considerable 
technological importance and scientific interest. The litera- 
ture is voluminous (see ref 1-3 for reviews) and the general 
outlines of the thermal reaction are now generally felt to be 
quite well understood. Lingering doubts persist, however, 
as to the details of the mechanism, particularly from the 
quantitative standpoint, and the exact nature of the oxida- 
tion products is by no means completely ~ l e a r . ~ - ~  This is in 
large part due to heavy reliance on ir spectroscopy in stud- 
ies reported to date. Informative as it is, ir spectroscopy 
suffers from the difficulty of band overlap, particularly in 
the important carbonyl stretch region near 1725 cm-l, and 
from the troublesome necessity of establishing reliable ex- 
tinction coefficients. 

Because of the wide range of I3C chemical shifts, over 
200 ppm for the resonances of interest, peak overlap does 
not present a problem. In addition, because of the sensitivi- 
ty of 13C chemical shifts to local structure, much more posi- 
tive and detailed identification of oxygen-containing 
groups is possible. A third major advantage of FT 13C 
NMR is that with due attention to spin-lattice relaxation, 
i.e., by selecting pulse intervals equal to a t  least 3T1, quan- 
titative estimation of the oxidation products can be carried 
out directly from peak intensity measuremenh8 

We wish to report in a preliminary fashion our utilization 
of FT I3C NMR for the observation and measurement of 
the oxidation products of low density (Le., branched) poly- 
ethylene. The polymers employed were commercial materi- 
als from Union Carbide having the properties shown in 
Table I. The branch contents were determined by 13C 
NMR as described hy Dorman et al.1° and by Bovey et al.ll 
Spectra were observed at  25 MHz at a temperature of 
1 1 O 0 . l 2  The polymers were exposed to 1 atm of oxygen in 
the form of 5-in. diameter circular films of 5-mil thickness 
(ca. 1.4 g) placed in flat-bottomed conical oxidation cells 
held in a 140’ oil bath and connected to mercury manome- 
ters. After the desired volume of oxygen was absorbed, the 
oxidized polymer was dissolved as 30% (w/v) solutions in a 
4:l (by volume) mixture of 1,2,4-trichlorobenzene and deu- 
teriobenzene. The solutions were placed in 12-mm NMR 
tubes which were then flushed with argon and stoppered. 

Figure 1 shows the I3C spectrum of polymer B (Table I) 
before (a) and after (b and c) thermal oxidation. The prin- 
cipal peak a t  30 ppm (vs. TMS) is that of the methylene 

Table I 
~ ~~ ~ 

Polymer A Polymer B 

Melt index 

Density, g cmh3 
Branch content0 

a, 

Methyl 
Ethyl 

n-Amyl 
“Long” 

n-Butyl 

0.3 

0 .9175 

0 
2.6 
11.4 
4.4 
4.1 

3.50 x 105 
21.9 

0 .9245 

0 
1.9 
9.7 
2.1 
3.4 

1.43 x 105 

Total branch points 22.5 1 7 . 1  
a Branch points per 1000 CH,. 

carbons which are four or more carbons removed from any 
branch, chain ends, or oxidized groups. The resonances as- 
sociated with branches are knownlO,” and are indicated on 
spectrum (a). In spectra (b) and (c) the new peaks resulting 
from oxidation are shaded. Most of these have been une- 
quivocally assigned. This was done by comparison with ap- 
propriate long-chain model compounds14 which were indi- 
vidually observed as 20% (w/v) solutions under identical 
conditions. In order to simulate the polymer solutions still 
more closely, mixed solutions of model compounds were 
also observed. Deviations from the chemical shifts of the 
pure compounds were less than 0.1 ppm in the alkyl region 
and ca. 1 ppm in the carbonyl region. (Smaller deviations 
are to be expected for the actual polymer solutions, in 
which functional group concentrations were smaller.) 

As Figure 1 (b and c) shows, the groups believed to be 
unequivocally assigned were: long-chain ketones, long- 
chain carboxylic acids, long-chain secondary alcohols, long- 
chain secondary hydroperoxides, esters of long-chain car- 
boxylic acids with long-chain secondary alcohols, and long- 
chain y-lactones. Not observed at  our present level of de- 
tection (ca. 0.3%) were the following groups: aldehydes, 
conjugated ketones, olefins, peresters, primary and tertiary 
hydroperoxides, and primary and tertiary alcohols and 
their esters. The presence of all of these has been proposed 
or reported by various a ~ t h o r s . ~ , ~ , ~ , ~  

In other respects, our data agree in a general way with ir 
 finding^,^ but provide considerably more detailed structur- 
al information as well as a sounder quantitative basis for 
mechanistic conclusions. In Figure 2, the distribution of es- 
tablished oxidation products is depicted as a function of 
time and extent of oxidation. The highest extent of oxida- 
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Figure 1. C13 spectra of polymer B: (a) before oxidation, where 
Bu, Am, L refer respectively to butyl and amyl branches and long- 
chain ends; (b) and (c) after being oxidized to 108 ml/g. The oxi- 
dized products are identified by numbers as follows: 

0 0 
II II 

... C,-C,-C,-C-C ... ... C,-C,-C,-OH 
1 =ketones 2 = acids 

OOH OH 
I I 

"' c.,-c,,-c*-c-C ... "'C,-C,,-C*-C-C '.. 
3 = secondary hydroperoxides 4 = secondary alcohols 

0 
II 

. ' ' c$j-c,, --c*-o-c,tc,,-c,~~~~~, 
5 = esters of acid and secondary alcohols 

0 
II c*-c~-c/j-c~-c~-c2 
L o -  

6 = y-lactones 

At the oxidation level shown, the hydroperoxides have mostly de- 
graded; however, the appropriate resonances are indicated by dot- 
ted lines. 

tion, 108 ml per gram of polymer, corresponds to a degree 
of advancement of about 4.5% toward total oxidation to 
HzO and COz. (Some H20 is lost up to this stage of reaction 
but considerably less COz.) The secondary hydroperoxides 
reach a maximum at  ca. 40 ml g-l and then decrease as 
other products accumulate. The results appear to agree 
well with those of model reaction  calculation^,^^ and to 
support the presently accepted oxidative scheme for linear 
chains (Scheme I). 

t ( h r )  

5 10 20 
I I I 

acid / 
10 20 30 40 50 60 70 00 90 1 0 0  

ml. O1 -bed per g. polymer 
0 

Figure 2. Distribution of oxidation products of polyethylene as a 
function of the extent of oxidation (lower scale: 0 2  absorbed; 
upper scale: time of reaction). The vertical scale refers to the in- 
tensity of the backbone CH2 resonance at 30 ppm; no correction is 
made for CH2 groups neighboring the functional groups. The hy- 
droperoxide decomposes gradually a t  110OC; the concentrations 
shown above are the estimated values extrapolated back to zero 
time assuming first-order decay. 

Scheme I 
0 

-CH&HCHZ- -CH2CHCH2- 
I 
00. 

-CH2CHCH*- + -CH2- -+ 

I 
00.  

-CHZCHCHZ- + -CH- 
I 

OOH 
(secondary hydroperoxide) J 

-CH2CHCHj- 

0. + 
I 

OH( recombine) 

scission / 
-CH,CHO + *CH2- 

\ /  

--CH - \ 
-CH2CCHz- + H20 

(ketone) 
--CH,COOH <HZ$HC'H,- + -CH- 

(acid) I 
, OH I (secondary alcohol) 

/ 
II \ 

,I 
- CH,-C- 0 - CH 

0 
(secondary ester)  
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Over 80% of the oxygen consumed can be accounted for by 
the known products observed.16 However, it  appears a t  
present that this scheme is not complete, as there are prod- 
ucts for which it does not account. For example, y-lactone, 
also reported by Adams in the oxidation of polyolefins, may 
be formed either via intramolecular attack by the peroxya- 
cy1 radical5 or alternatively via an intrachain “back-biting” 
scheme parallel to that suggested by Rust1’ and by Chien 
et  al.ls 

00. 

OOH 

In addition, it is important to reiterate that not all the ob- 
served peaks are as yet assigned. Some of these may repre- 
sent products resulting from intrachain reactions initiated 
as above. Particularly conspicuous is a peak a t  43.7 ppm, 
and two keto carbonyl resonances a t  206.8 and 208.0 ppm. 
These appear to correspond to products not yet recognized 
in any published oxidation scheme. The resonance at 175.0 
ppm is tentatively assigned to the carbonyl of peracid, 
-C(=O)OOH, generally accepted as an intermediate in the 
oxidation of aldehyde to carboxylic acid. 

Our data also provide an estimate of the ratio of reactivi- 
ty to oxidative attack of branch points compared to linear 
hydrocarbon chains. I t  is observed that the butyl C-2 car- 
bon resonance intensity a t  23.4 ppm (Figure lb) decreases 
from 9.7 to 6.6 per 1000 CH2 upon absorption of 53 ml g-’ 
of oxygen. Oxidative cleavage at  an n-butyl (or longer) 
branch point is believed to occur as f o l l o w ~ ~ ~ J ~ J ~  (the terti- 
ary alkoxy radical having been generated by steps parallel 
to those shown above): 

I 
0 .  

0 

Reactions (a) and (b) occur with statistical probability giv- 
ing long-chain ketone and butyl ketone, which are indeed 
observable in our experiments. Model compound measure- 
ments show that in the n-butyl ketone group the butyl C 2  
carbon resonance moves from 23.4 to 22.7 ppm, becoming 
coincident with the C1 resonance of “amyl + long” branch- 
es, the intensity of which correspondingly increases upon 
oxidation. By comparing these results quantitatively with 
the overall production of oxidized structures, it  can be 
shown (by calculations which we shall not detail here) that  
the reactivity ratio of branch points to linear chains is 9.8 f 
1.0, a result in good agreement with the value of 8 derived 
from model hydrocarbon oxidation studies.15 

Preliminary studies of the photoxidation of low-density 
polyethylene, to be reported in detail later, indicate a sub- 
stantial production of terminal vinyl groups together with a 
decreased appearance of oxygen-containing groups in the 
polymer chains as compared to thermal oxidation. 
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A New Class of Synthetic Polyelectrolytes. Acidic 
Polyesters of Phosphoric Acid, 
(Poly( hydroxyalkylene phosphates)) 

We have previously’ discussed the possibility of prepara- 
tion of the acidic polyesters of phosphoric acid (poly(hy- 
droxyalkylene phosphates)), starting from polymers of 2- 
aryloxy-2-oxo-1,3,2-dioxaphosphorinanes. These mono- 


