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Introduction
Hydroperoxides play a key role in the oxidative degradation of many

polyoletins. Hydroperoxides are believed to be the first product formed during
oxidative degradation driven by thermal, UV or radiative stresses.’ As
degradation continues, the hydroperoxides react to form a variety of
secondary products including alcohols, ketones, acids and esters.
Characterization of hydroperoxide formation and their subsequent reaction
products has proven to be a vaIuable tool for understanding the aging
mechanism of polymers with and without antioxidants. In this paper we use
magic angle spinning (MAS) ‘3CNMR spectroscopy to study the chemistry of
hydroperoxides in I]C-enriched p01yethylet3e. Hydroperoxides were
generated by y-irradiation of polyethylene in air and their subsequent
degradation was studied as a function of temperature. The environment of the
hydroperoxides generated by y-irradiation of polyethylene was studied by
applying EpR spectroscopy to observe the free-radicals that result from their
degradation.

Because of their importance, methods to detect and quantify
hydroperoxides in aged polymers have received considerable attention. The
study of hydroperoxides is complicated by their low concentration and their
ability to react further under relatively mild conditions. A recent review
outlined the various methods that have been developed to study hydroperoxide
chemistry in polymers.z The approaches can be classified as either direct or
indirect, where indirect requires that the hydroperoxide be chemically
derivatized before detection. The indirect approaches suffer from the
disadvantage of disturbing the sample chemically. Direct methods that do not
rely on derivatization include infrared and NMR spectroscopes. Although the
weak infrared absorption for isolated hydroperoxides has been observed? the
detection of hydrogen-bonded hydroperoxide groups is complicated by the
overlap of their absorption with that of other hydroxyl groups.4 Solution state
13C NMR spectroscopy h= been used successfully to detect hydroperoxides in

dissolved samples of thermally aged polyethyIene!os Hydroperoxides have
also been observed by ’70 NMR spectroscopy of pentacontane that was
thermal[y aged under ’70 enriched moIecular oxygen.’

We have extended the ‘3CNMR studies in two ways: first, the use of
IIC-ennched polyethylene provides an increase in detection sensitivity of

nearly two orders-of-magnitude and second, MAS was employed to eliminate
the need to dissolve or swell the sample. In this way we are able to
conveniently and directly monitor hydroperoxides and their reaction products
in the solid polymer after irradiation and during subsequent annealing
experiments. Analysis of the temperature dependence of hydroperoxide
decomposition enabled the activation energy of the degradation process to be
determined. We have also used electron paramagnetic resonance (EPR) as an
indirect method to examine the environment of the hydroperoxide species.
EPR cannot directly detect the hydroperoxides in irradiated polymers. It is
capable, however, of detecting the radicals that may either be reactants in the
formation of hydroperoxides, or products of the degradation of
hydroperoxides?’g

Experimental
Matcrlals. Polyethylene, ‘3C enriched at $J$J~o, was purchased from

Isotec Inc. The DSC analysis showed the main crystalline melting point at
125 ‘C, corresponding to pure high-density polyethylene.

Radiation Aging. Samples were y-irradiated under flowing air
conditions at 25 “C in a ‘Co y-source at a dose rate of approximately 0.74
kGy/lr for times ranging from 4 to 20 days. Total doses ranged from 71 to 355
kGy, while substantial embrittlement of this materiaI was encountered at
approximately 200 kGy.

Instrumentation. The “C MAS NMR spectra were recorded on a
Bruker AMX-400 spectrometer at 100.6 MHz. Samples of approximately 50
mg were packed into 4 mm rotors and spun at 10 kHz. Direct polarization
spectra with high power ‘H decoupling were recorded with delay time ranging
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Results and Discussion
Figure la shows the ‘3C MAS NMR spectrum of unaged ‘3C-ennched

polyethylene. The two resonances at 33 and 30 ppm correspond to the
crystalline and amorphous components, respectively, of the -CHZ-repeat unit
in the chain backbone. The resonance at 133 ppm corresponds to a spinning
side band of the chain backbone. Small resonances at 14 and 11 ppm are
visible on the spectrum that has been vertically expanded by a factor of 50.
These resonances, which each comprise less than 0.1’7.of the total intensity,
correspond to methyl end groups and methyl groups on isolated ethyl
branches, respectively. The small resonance at 175 ppm corresponds to a
high field spinning side band that has been reflected into the spectrum. The
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Figure 1. (a) The ‘3C MAS NMR spectrum of unaged “C-polyethylene
showing the crystalline and amorphous components of the main chain. SSB =
spinning side band. (b) The ‘3CMAS NMR spectrum of “C-polyethylene y-
irradiated in air for 7 days at 25 “C.

spectrum of ‘3C enriched-polyethylene that was exposed to 7 days of y-
radiation at 25 “C is shown in Figure 1b. The spectrum exhibits the
resonances discussed in the preceding paragraph and has resonances at 72,
172-184 and 207 ppm corresponding to secondary alcohols, acid and esters,

5.6 In addition, the Spechm has a distinct resonanceand ketones, respectively.
at 85 ppm corresponding to hydroperoxides.s’c Minor resonances at 81, 99
and 194 ppm have not been positively identified. The relative concentrations
of the various chemical species as a function of irradiation time are shown in
Figure 2. The concentration of hydroperoxide species formed at 25 “C
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Figure 2. The distribution of fictional groups vs. irradiation time at 25 “C.
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increases rapidly for short aging times, but then Ievels off and decreases
significantly between 11 and 20 days. This behavior is characteristic of a
reactive intermediate.

In addition to observing the formation of hydroperoxides, we are able
to investigate the decomposition chemistry of these reactive species during
subsequent thermal exposure. Figure 3 shows the hydroperoxide region of the

hydroperoxide secondary aIcohols
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Figure 3. The “C MAS NMR spectra of “C-polyethylene annealed at 110”C
in air for the times indicated. The sample had originally been exposed to y-
radiation for 7 days at 65 ‘C in air.

sample radiatively aged for 7 days at 25 “C. The sample was then heated at
110 “C in air for the times indicated, returned to room temperature and its
spectrum recorded. The intensity of the hydroperoxide resonance decreases
rapidly as a function of annealing time. Additional samples that had also been
radiatively aged for 7 days at 25 “C were annealed for various times at 95, 80
and 65 “C. The hydroperoxide concentrations were difficult to accurately
quantify because of the broadness of the resonances and the uneven baselines.
The hydroperoxide resonance also overlaps somewhat with a smaller
unidentified resonance at 81 ppm. For these reasons, each spectrum was
phased identically so that its baseline featores were similar. Peak heights
rather than peak areas of the hydroperoxide resonances were then measured.
The annealing process was continued until the spectrum exhibited no further
change.. The normalized peak heights versus annealing times for the various
annealing temperatures are shown in F]gure 4a.

The best approach to determine the activation energy of the
hydroperoxide composition is achieved by a time-temperature superposition.’”
The advantage of this approach is that it utilizes all of the data from each
temperature experiment and does not require definitive knowledge of the
underlying kinetic behavior. We first select the Iowest temperature, 65 “C, as
the reference temperature, T_f. If increasing the temperature to T equally
accelerates all of the reactions underlying the oxidation, then the time
behavior of the decomposition will be accelerated by a constant multiplicative
shift factor, aT. For each higher temperature, we empirically determine the
value of aTthat results in the best superposition with the data at T~r. Figure 4b
shows the superimposed resrdts for the decomposition of the hydroperoxide
species, If the shi!t factors follow Arrhenius behavior, then Iog(aJ should be
a Iincar function of inverse absolute temperature. Figure 5 shows that such a
plot is consistent with Arrhenius behavior with an activation energy of 98
kJ/mol (25.7 kcal/mol) calculated from the slope. This result agrees quite well
with the value of 105kJ/mol measured by Chien using indirect methods.]1

We have examined non-enriched, 25 ‘C y-irradiated PE samples by EPR
in order to determine the type and relative amounts of radicals that exist at the
time of analysis, and to determine the environment of the hydroperoxide
species based upon the radicaI species observed after UV photolysis. Several
months after irradiation, spectra taken at room temperature show a large
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Figure 4. (a) Normalized peak heights of the hydroperoxide resonance as a
function of annealing time at temperatures ranging from 65 to 110 “C. The
sample had originally been exposed to y-radiation for 7 days at 25 “C. @) The
time-temperature superposition of the normalized peak heights at a reference
temperature of 22 “C.
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Figure 5. Arrhenius plot of the shift factors for loss of hydroperoxidespecies
during thermal annealing. The activation energy is 98 kJ/moL

singlet (g= 2.0045), assignable to the polyenyl radical.]z K-band room
temperature spectra reveal a small peak assignable to the peroxy radical (g -
2.009)! The ratio of polyenyl to peroxy radicaIs is 1000to 1.

During W-light cleavage experiments, we employ high power (20

mW) to saturate the polyenyl radicals so that we can see the peroxy radicals
that are at lower concentrations In Figure 6, we show consecutive EPR
spectra taken at 50 K. Upon exposure to W light, the hydroperoxides are
cleaved to alkoxy and hydroxy radicals that react further to create more
peroxy radicals.9 Subtraction of the spectrum taken before UV-irradiation
from that taken immediately after UV-irradiation shows the rhombic nature of
the nonrotating peroxy radical’s g-values, with g]= 2.026 gz = 2.011, and
g]= 2.003.13 Note that the gl value for the peroxy radicals created by
photolysis is slightly higher than the gl = 2.025 of the peroxy radicals that
already exist in the polymer. A one hour room temperature anneal is
sufficient to cause most of the W-cleaved peroxides to decay. After a three-
day room temperature anneal, the signal is nearly the same as before UV
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Figure 6. Creation of peroxide radicals in y-irradiated polyethylene by UV
cleavage of hydroperoxides. All EPR spectra were taken at a microwave
power of 20 mW and temperature of 50 K. (a) Spectrum of the polyenyl
radicals and the already-existing peroxy radicals in the sample. (b) Spectrum
of the peroxy radicals created after in-situ UV illumination. (c) Spectmm of
the sample after a 1 hour anneal at room temperature. (d) Spectrum of the
sample after a 3 day anneal at room temperature. The signal has returned to
its pre-irmdiated state. (e) Spectrum of (a) subtracted from (b) and a computer
simulation (dotted line) used to discern the g-values of the observed peroxy
radical, g, = 2.026,gz=2.011, g~= 2.003.

imadiation. The peroxy radicals observed immediately after UV irradiation are
believed to come from the amorphous regions of polyethylene for hvo
reasons. First, they are observed to decay much more quickly at room
temperature than either the polyenyl or already existing peroxy radicals,
which are thought to be in either crystalline or inter-facialenvironmerrts.14The
decay rate of the UV-generated peroxy radicals is approximately that reported
for peroxy radicals generated in amorphous regions of PE.g Second, there is a
noticeable shift in the lowest g-value, suggesting a different environment for
the UV-generated pcroxy radicals than for the already-existing peroxy
radicals.

Conclusions
We have shown that the hydroperoxide species in y-irradiated l’C-

poIyethylene can be directly observed by “C MAS NMR spectroscopy. The
experiment was performed without the need for special sample preparation
such as chemical derivatization or dksohrtion. Annealing experiments were
employed to study the thermal decomposition of the hydroperoxide species
and to measure an activation energy of 98 kJ/moL EPR spectroscopy suggests
that residual polyenyl and alkylperoxy radicals are predominately trapped in
interracial or crystalline regions, while the peroxy radicals observed after W-
photolysis of hydroperoxides are in amorphous regions.
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