
Draft 2/24/2000 To be submitted to Radiation Physics and Chemistry

17O NMR INVESTIGATION OF OXIDATIVE DEGRADATION
IN POLYMERS UNDER y-IRRADIATION
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Abstract The y-irradiated-oxidation of pentacontane (C50H102) and the polymer
polyisoprene was investigated as a function of oxidation level using 17O nuclear magnetic
resonance (NMR) spectroscopy. It is demonstrated that by using 17O labeled O2 gas
during the y-irradiation process, details about the oxidative degradation mechanisms can
be directly obtained from the analysis of the 17O NMR spectra. Production of carboxylic
acids is the primary oxygen-containing functionality during the oxidation of
pentacontane, while ethers and alcohols are the dominant oxidation product observed for
polyisoprene. The formation of ester species during the oxidation process is very minor
for both materials, with water also being produced in significant amounts during the
radiolytic oxidation of polyisoprene. The ability to focus on the oxidative component of
the degradation process using 7O NMR spectroscopy demonstrates the selectivity of this
technique over more conventional approaches.
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Introduction

Nuclear magnetic resonance (NMR) spectroscopy has long been a method to probe

degradation in polymers. For example, NMR has been employed to investigate radiation-

induced cross-linking in polymers, including high resolution 13C NMR of model

hydrocarbons (Bovey et al. 1978), polyethylene (Horii et al. 1990; Randall et al. 1983),

and the determination of new end-group formation in irradiated polyisobutylene (Hill et

al. 1996). Solid-state 13C NMR using cross-polarization magic angle spinning (CPMAS)

has been used to study y-irradiated polyethylene (Cholli et al. 1987), polyethylene

irradiated with an e-beam in air (Perez and Vanderhart 1988), and polybutadiene,

polyisoprene and polyisobutylene(Bremner et al. 1995). Solid state *H NMR of y-

irradiated polyethylene (Whittaker 1996), plus *H investigations for a variety of other

polymer systems have also been reported ( see references in the reviews by Charlesby on

T2 NMR relaxation measurements) (Charlesby 1992; Charlesby 1995).

The majority of these NMR investigation have involved irradiation in vacuum or

in an inert atmosphere. It is well known that radiation-induced oxidation can dominate

the resulting chemistry when polymers are irradiated in the presence of air.

Understanding the radiation-oxidation process is important technologically, since most

applications involving polymers and radiation (including both radiation processing and

the use of polymers in environments with ionizing radiation), involve exposure to air

during and/or after irradiation.

There have been numerous investigations of radiolytic oxidation in polymer

systems using a variety of analytical techniques. These studies have revealed a complex



process dependent on polymer morphology, dose rate, post-irradiation aging and

diffusion limited effects (Clough 1988; Clough and Gillen 1991). There have also been

investigations of long chain alkanes as model systems for crystalline polymers, which

demonstrate that y-radiation-induced oxidation produces very different degradation

species compared to thermal oxidation. These investigations of model systems include y-

initiated oxidation in «-hexadecane and squalane (Soebianto et al. 1996), as well as

tetracosane and dotriacontane (Seguchi et al. 1989). Due to the complex nature of

radiolytic oxidation, techniques that allow for separation of the various contributions

would benefit the understanding of these degradation processes.

Recently, we have demonstrated that solution 17O NMR spectroscopy provides a

powerful tool to investigate oxidative processes in polymers (Alam et al. 2000; Alam et

al. 1997; Alam et al. 1999). By utilizing isotopically enriched O2 gas during the aging

process, newly formed degradation species that contain oxygen functionalities can be

easily distinguished without interference from the background signal of unaged or native

polymer signal. In this manuscript, we demonstrate the use of 17O NMR to selectively

probe the oxidative processes that occur under y-irradiation for the model paraffin

pentacontane (C50H102) and the homopolymer polyisoprene. This allows for a comparison

with the product distribution observed during thermal oxidation of the same materials

(Alam et al. 2000).



Materials and Techniques

Materials, y-Irradiation and Oxidation

The materials used in this study were commercially (Aldrich) obtained

pentacontane (C50H102) and polyisoprene (97 % Cis 1,4, Avg. Mw = 800,000), and were

used without further purification. Appropriate weights of these materials were placed in

ampoules, filled with 140 to 200 Torr of 81 % enriched l7C>2 gas, and placed in a ^Co-

facility, with dose rates of- 0.75 kGy/h for pentacontane, and ~ 0.17 kGy/h for

polyisoprene. The lower dose rates for polyisoprene were used to assure that the aging

process was not diffusion limited. The samples were irradiated at 300 K for 5 to 61 days,

with details of the irradiation-oxidation being given in Table 1. The concentrations of

residual O2, plus CO2 and CO formed during oxidation, were accurately determined using

gas chromatography (GC) as previously described (Wise et at 1995). The maximum O2

concentration incorporated into the sample was calculated from the total amount of O2

reacted after correcting for the CO2 and CO formed during the process and an estimation

of other volatiles.

NMR measurements

The solution 17O NMR spectra were obtained on a Bruker DRX400 at a resonant

frequency of 54.3 MHz using a 5mm broadband probe. All spectra were collected using a

10 us TC/2 pulse length, a 500 ms recycle delay and IK to 64K scan averages. A standard

single pulse sequence with Waltz-16 composite pulse 'H decoupling was used. After



irradiation, 70 to 100 mg of the solid pentacontane or polyisoprene sample was dissolved

in 1 ml of toluene-dg or tricholorobenzene, respectively. The 17O NMR spectra were

referenced externally to natural abundance [17O]H2O (8 = 0.0 ppm) at 25 °C. The 17O

NMR spectra were all obtained at elevated temperatures (75 °C for pentacontane, 125 °C

for polyisoprene) to reduce the observed line width (Alam et al. 2000; Alam et al. 1999).



Results and Discussion

The 17O NMR spectra for y-irradiated pentacontane (C50 H102) dissolved in

toluene-dg are shown in Figure 1 for different oxidation levels: a) 0.29% O2, b) 1.16 %, c)

1.73 % and d) 1.56 % O2 incorporation in the polymer. An increase in the extent of

oxidation corresponds to increasing irradiation dose (see Table 1), except for the 1.56%

O2 incorporation sample (Figure Id), which represents a limiting case in which y-

irradiation was continued after complete oxygen consumption resulting in a significant

increase in the volatiles produced and released into the headgas. The details of the aging

conditions along with the concentration ratios of CO2, CO and volatiles per reacted O2

are given in Table 1. All resonances observed in the 17O NMR spectra arise directly from

the oxidation process, since the only source of the NMR active 17O nuclei is the labeled

17C>2 used for oxidation (the polymer samples do not contain oxygen), and represent non-

volatile or semi-volatile species that are retained within the polymer. In Figure 1, a

variety of oxygen-containing functional groups resulting from radiation induced

oxidation are observed, with 17O chemical shifts ranging from approximately + 600 ppm

to -20 ppm. In Figure 2, the 17O NMR spectra for y-irradiated polyisoprene are shown for

increasing extents of oxidation: a) 0.05 %, b) 0.18 % and c) 0.31 % O2 incorporation.

Details of the aging conditions along with the concentration ratios of CO2, CO and

volatiles per reacted O2 are given in Table 1. Similar to pentacontane (Figure 1), a variety

of oxygen-containing functional groups due to polymer oxidation are observed.

The assignment of 17O NMR chemical shifts have been discussed in detail before

and are only summarized here (Alam et al. 2000; Alam et al. 1997; Alam et al. 1999).



The 170 NMR resonances observed between 8 = + 650 and + 550 ppm are assigned to

ketones and aldehydes. Two major resonances are observed at 8 = + 576 and + 564 ppm.

In pentacontane, the carbonyl oxygen in esters is expected to be observed between 8 = +

400 and + 275 ppm, while the ester C-O-C oxygen is observed between 8 + 200 and +

150 ppm. For the pentacontane sample, ester carbonyls are observed with a reduced

chemical shift range, 8 = + 375to + 350 ppm, while the ester C-O-C oxygens are much

broader and cover almost the entire chemical shift range from 8 = + 200 to + 150 ppm.

Since the carbonyl oxygen and the ester C-O-C oxygen occur in a 1:1 ratio, any

additional carbonyl intensity in the 8 = + 400 to + 275 ppm region is assigned to

heterocyclic ketones.(Alam et al. 2000) This contribution was found to be relatively

small, and accounts for less than 4 % of the total observed oxygen species. Resonances

between 8 = + 270 and + 240 ppm result from carboxylic acids. The two major

resonances, at 8 = + 267 and + 262 ppm, observed in pentacontane are therefore assigned

to carboxylic acids. Hydroperoxides and peroxides in oxidized polymer samples have

been shown to resonate between 8 = + 240 and + 210 ppm (Alam et al. 2000). Figure 1

shows that peroxide species are not observed in any of the pentacontane samples

investigated. For saturated and unsaturated ethers, the 17O NMR signal would occur

between 8 = + 150 and - 50 ppm, with the a,p-unsaturated ethers being observed between

8 = + 150 and + 100 ppm. Alcohols resonate between 8 = +80 and -50 ppm. Saturated

alcohols can be further separated based on the degree of substitution at the a-carbon, with

primary (1°) alcohols occurring between 8 = -3 and +10 ppm, secondary (2°) alcohols

between 8 = +25 and + 40 ppm, and tertiary (3°) alcohols between 8 = + 50 and +70 ppm



(Alam 1998; Boykin 1981; Chandrasekaran 1981). In oxidized pentacontane (Figure 1)

two major resonances are observed in this region, at 8 = + 36 and + 28.5 ppm, with a

minor resonance at 8 = + 3.5 ppm. The solution 17O NMR chemical shift for the long

chain 2° alcohol model compound, hexatricontan-17-ol in toluene-dg has previously been

reported by us as 8 = + 29.5 ppm. The dominant resonance at 8 = + 28.5 ppm is therefore

assigned to a 2° alcohol, while the resonance at 8 = + 36 ppm arises from 2° alcohol

containing oc-methyl substitution or (3,y unsaturation (Alam et al. 2000). The minor

resonance at 5 = + 3.5 ppm is consistent with either a 1° alcohol, or a saturated ether. The

resonance at 8 = -13 ppm has previously been assigned to trace H2O in toluene-dg. From

Figure 1 it is clear that no significant amounts of oc,p-unsaturated ethers are produced

during the radiolytic oxidation of pentacontane.

The pentacontane samples irradiated for 15 and 29 days (Table 1 and Figure 1

c,d) represent a comparison of oxidation under non-limiting O2 consumption (Figure lc),

with a situation where total oxygen consumption has been followed by an additional 300

kGy of irradiation (Figure Id). The similarity of chemical species and relative

concentrations observed in Figure lc and Id show that continued irradiation after total

oxygen consumption does not significantly alter the type or distribution of oxidation

species produced in pentacontane, but does result in an increased volatile production

(Table 1).

The oxidized polyisoprene series (Table 1 and Figure 2) demonstrate that similar

chemical species are observed in both aged polyisoprene and pentacontane (Figure 1),

while the increased number of oxidation species observed in the upfield region of the 17O

NMR spectra of polyisoprene (Figure 2) clearly demonstrate differences in the radiolytic



oxidation. This increased complexity of the polyisoprene 17O spectra results from the

oxidation reactions and intermediates involving the additional structural features of

double bonds and methyl substitution.

The assignment of the observed I7O NMR chemical shifts is similar to that

discussed for pentacontane. Ketones and aldehydes are assigned to the resonances at 8 =

+600, + 593 and +567 ppm, with carboxylic acids are were observed at 5 = + 267 and +

264 ppm. The resonances at 5 = + 367 and 347 ppm and the broad resonances at 8 = +

244, +218 and + 207 ppm result from the carbonyl oxygen and the C-O-C oxygen of

esters, respectively. For polyisoprene (Figure 2), the ether and alcohol region of the 17O

NMR spectra reveal several overlapping resonances, making absolute assignments very

difficult, with five major resonances at 5 = + 117, + 73, + 51, + 28 and -16 ppm. The

range of alcohol and ether chemical shifts reflects the different substituents and degrees

of unsaturation that are present in the oxidation products of polyisoprene. The resonance

at 8 = + 28 ppm results from an unsubstituted 2° alcohol, while the resonance at 8 = + 51

ppm is consistent with either an a or p methyl substituted ether or a 3° alcohol (Alam et

ah 2000; Alam et ah 1999). The resonance at 8 = + 73 is assigned to either an unsaturated

ether or alcohol, but a specific identification has not been made. The resonance at 8 = +

117 ppm is consistent with an cc,P-unsaturated ether (Alam et ah 2000; Alam et ah 1999).

Finally, the resonance at 8 = -16 ppm has been assigned to labeled water (Alam et ah

2000; Alam et ah 1999), and is one of the major resonances observed for the radiolytic

oxidation of polyisoprene.



Pentacontane: comparison of y-irradiated and thermal oxidation

The concentration of the different oxidation products as a function of incorporated

O2 is shown in Figure 3 for pentacontane. For y-irradiated pentacontane, five major

oxidation products were observed and are given in Table 2. These functional groups

include: ketone/aldehydes, esters, carboxylic acids, alcohols/ethers and water. Several

qualitative observations can be made (see Figure 3). First, carboxylic acids are the

dominant oxygen-containing species produced during the y-initiated oxidation of

pentacontane (for oxidation levels greater than ~ 1%), comprising between ~ 44 and 63 %

of the total oxygen signal observed. This is in strong contrast to the distribution reported

for thermal (125 °C) oxidation of pentacontane (Alam et al. 2000) in which carboxylic

acids constituted only ~ 6 to 26 % of the total oxygen signal, with alcohols/ethers and

ketones being the dominant species produced. This difference between radiation induced

oxidation versus thermal oxidation has previously been reported for hexadecane (C16H34)

and squalane (C30H62) (Soebianto et al. 1996). In those investigations of liquid alkanes,

similarly, carboxylic acids were determined to be the main oxidation products arising

from irradiation. The chain distribution of the acid compounds in hexadecane was found

to be rather uniform, with almost constant probability of inner C-C bond scission

(Soebianto et al. 1996). These findings differ from those reported for the radiation

induced oxidation of tetracosane (C24H50) and dotriacontane (C32H66) (Seguchi et al.

1989) in which the dominant oxidation product is carboxylic acid, but the chain

distribution suggests that terminal C-C bond cleavage is the dominant mechanism.

Unfortunately, the 17O NMR chemical shift of aliphatic carboxylic acids is strongly
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solvent dependent and shows only a small shift due to changes in chain length, except for

very short chains (Boykin and Baumstark 1991), with a decrease in 8 as the chain length

is increased. The 17O NMR results for y-initiated oxidation of pentacontane (Figure 1)

reveals only two distinct carboxylic acid resonances at 5 = + 267 and +262 ppm, with a

minor shoulder at 8 = + 269 ppm. These NMR results suggest that C-C terminal bond

cleavage is not a dominant mechanism for acid formation, since the observed acid

chemical shifts are more consistent with a distribution of longer chain lengths. Very small

chain lengths (R = H, CH3) are expected to have distinctly larger variations in chemical

shifts (AS ~ + 7 to + 9 ppm) versus longer chain acids and are not observed.

While carboxylic acids may be the dominant oxidation product formed (~ 50%),

there is a significant production of ketone/aldehydes and alcohols/ethers. In the previous

investigations of model alkane systems (Seguchi et al. 1989; Soebianto et al. 1996) the

minor production of alcohols and ketones is noted, but the relative amounts of these

oxidation species was not determined. From Figure 3 it can be seen that the concentration

of carboxylic acids, alcohol/ethers and ketone/aldehydes all increase with extent of

oxidation. The production of esters and water appears to be minor.

It is generally accepted that secondary alcohols and aldehydes are formed during

polymer oxidation via the homolysis reaction of peroxides, which generate alkoxy radical

intermediates

—CH2CHCH2— + RH • —CH2CHCH2— + R»

O« OH

11



—CH2CHCH2— >- — C H 2 C - H + • CH2

0 » O

while ketones may also be formed via hydrogen abstraction by peroxy radicals.

-CH2CH(CH2)nCH •—CH2CH(CH2)nC • —CH2CH(CH2)nC—+ .OH

OO« OOH OOH OOH OOH O

The bimolecular termination of alkyl peroxyradicals leading to the formation of ketones

and alcohols has also been proposed.

2 CH2CHCH2 • —CH2CHCH2— + —CH2CCH2— + O2

O O OH O

The production of carboxylic acids is less well understood but they are generally thought

to result from secondary reactions and not directly from alkyl hydroperoxides. One

proposed mechanism is the production of acids by direct oxidation of aldehydes produced

via the chain scission reaction. The dominance of carboxylic acid production during

radiolytic oxidation for the different oxidation levels would tend to suggest that either the

mechanism for carboxylic acid production is not a secondary reaction, or that the

aldehyde species are highly reactive and undergo additional oxidation very quickly.

12



Polyisoprene: comparison of y-irradiated and thermal oxidation

The relative concentration of oxidation products as function of O2 incorporation

for y-irradiated polyisoprene is shown in Figure 4 and Table 2. For polyisoprene, six

major functional groups were observed, including alcohols/ethers, unsaturated ethers,

ketone/aldehydes and water, along with trace amounts of carboxylic acids and esters. In

polyisoprene, the dominant oxidation pathway under y-irradiation is the production of

ethers and alcohols. The formation of carboxylic acids and esters represents only a very

small fraction of the total oxidation species observed, contrasting markedly from that

observed for the radiolytic oxidation of pentancontane (see Figure 3). The product

distribution as a function of oxidation shows a high degree of variation, in contrast to the

almost linear behavior ( up to ~ 1.5% O2) observed for thermal oxidation of polyisoprene

(Alam et al. 2000). The variation in the type of oxidation product produced is most easily

seen in comparing the ether/alcohol region (5 = + 150 to -50 ppm) in Figures 2b and 2c.

The distribution of oxidation products (Figure 4), and the amount CO and CO2

produced (Table 1), is very similar to that reported for the thermal oxidation of

polyisoprene(Alam et al. 2000; Alam et al. 1999), suggesting that y-irradiation does not

affect the oxidation mechanism for this material. This finding is significantly different

from that observed in pentacontane (see above) where the y-irradiation has a large

influence on the predominant oxidation mechanism.

13



Conclusions

The use of 17O NMR to investigate the radiolytic oxidation in pentacontane and

polyisoprene has been presented. These NMR investigations readily detect a wide variety

of different oxidation products within both materials. The 17O NMR results also reveal

that the oxidation mechanisms for pentacontane and polyisoprene are significantly

different. Comparison of the oxidation products to previously reported thermal oxidation

results of pentacontane and polyisoprene shows that irradiation results in a different

product distribution in pentacontane compared with thermal oxidation, whereas for

polyisoprene, irradiation produces only a modest difference in oxidation-product

distribution. This investigation demonstrates the ability of 17O NMR to selectively probe

the oxidation process for polymer samples undergoing oxidation under irradiation.
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Figures

Fig. 1. High-resolution solution 17O NMR spectra of y-irradiated (300 K) oxidized

pentacontane (C50H102) for different radiation doses and oxidation levels: a) 89 kGy, 0.29

% O2 incorporation, b) 178 kGy, 1.16 % O2 incorporation, c) 266 kGy, 1.73 % O2

incorporation, d) 550 kGy, 1.56 % O2 incorporation. A wide range of different oxygen-

containing degradation species are observed including carboxylic acids, alcohols, ethers,

ketones, aldehydes, esters and water.

Fig. 2. High resolution !7O NMR spectra of y-irradiated (300K) oxidized polyisoprene for

different radiation doses and oxidation levels: a) 98 kGy, 0.07 % O2 incorporation, b) 172

kGy, 0.22 % O2 incorporation and c) 244 kGy, 0.38 % O2 incorporation.

Fig. 3. Distribution of oxygen-containing degradation species in y-irradiated (300 K)

oxidized pentacontane as a function of total y-radiation dose: (A) carboxylic acids, (V)

alcohol-ethers, ( • ) ketone-aldehydes, (O) esters and (•) water. The polynomial lines are

included for visual aid and do not represent theoretical fits or predictions.

Fig. 4. Distribution of oxygen-containing degradation species in y-irradiated (300 K)

oxidized aged polyisoprene as a function of total y-radiation dose: (A) carboxylic acids,

(V) alcohol-ethers, ( • ) ketone-aldehydes, (O) esters, (•) water and (•) a-|3 unsaturated

ethers. The polynomial lines are included for visual aid and do not represent theoretical

fits or predictions.
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Table 1. Oxidative aging conditions for y-irradiation of pentacontane and polyisoprene at 300 Ka

Sample

Pentacontane

Polyisoprene

Timea

(days)
5
10
15
29

24
43
61

Dose3

(kGy)
89
178
266
550

98
172
244

CO2/AO2
b

0.47
0.41
0.42
0.41

0.20
0.22
0.11

CO/AO2
C

0.03
0.05
0.05
0.06

0.00
0.00
0.00

Volatiles/
g polymer [lO"4]"

0.81
1.17
1.46
2.25

<0.05
0.10

<0.05

%0 2
e

0.29
1.16
1.73
1.56

0.07
0.22
0.38

% 1 7 o 2
f

0.24
0.94
1.40
1.28

0.05
0.18
0.31

a Dose rates for y-irradiation ranged from 0.74 to 0.78 kGy/h for pentacontane and 0.17 kGy/h for
polyisoprene unless otherwise noted. b CO2/AO2 = moles CO2 produced per mole O2 consumed.
CCO/AO2 = moles CO produced per mole O2 consumed. d Volatiles/g polymer = moles of volatiles
produced per gram polymer.e Weight percent O2 incorporated into polymer sample.f Weight percent
17O2 incorporated into polymer sample, based on 81% isotopic enrichment of 17O2.
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Table 2. Relative percent distribution of oxygen functionalities in y-irradiated oxidatively aged pentacontane and polyisorpene.a

Sample

Pentacontane

Polyisoprene

%O 2
b

0.29
1.16
1.73
1.561

0.07
0.22
0.38

Dose"
(KGy)

89
178
266
5501

98
172
244

Ketonesc

19.4
13.3
10.0
12.21

19.4
33.1
12.7

Esters'1

8.3
6.1
4.2
11.21

0.5
9.6
2.8

Carboxylic
Acids6

43.9
54.6
62.5
54.11

3.7
6.4
1.7

Unsaturated
Ethersf

0.0
0.0
0.0
O.O1

8.3
17.2
11.1

Alcohols/
Ethers8

27.9
24.3
17.7
21. T

44.8
21.9
61.6

Waterh

0.5
1.7
5.6
0.81

23.3
11.8
10.1

1 All samples y-irradiated at 300 K using a 60Co source. Relative intensities obtained directly from line shape integration of 17O NMR spectra.
b Total y-irradiation dose, and percent oxygen incorporated into aged sample. Oxidative exposure conditions detailed in Table 1.c Relative percent
of all carbonyl oxygen functionalities resonating between 5 = +650 and 550 ppm. d Relative percent of oxygen functionalities between 8 = + 400
and + 275 ppm, plus all resonances between 5 = + 220 and + 150 ppm. The integration includes both the carbonyl and ether oxygen functionalities
within the ester group, minus the contributions from ketone carbonyls.e Relative percentage of oxygen functionalites between 8 = + 270 and + 240
ppm. This includes both rapidly exchanging oxygens of the carboxylic acid functionality.f Relative percent of oxygen functionalities between 8 =
+150 and +100 ppm, representing unaturated ethers.g Relative percent of oxygen functionalities between 8 = +100 and -50 ppm, excluding the
water resonance. lhRelative percentage of the water resonance at 8 = -13 ppm in toluene-dg (75 °C) and 8 = -16 in trichlorobenzene (125 °C). 'Total
0 2 consumption was observed for this pentacontane represents an example of continued radiation after depletion of oxygen, and was not used for
subsequent analysis.
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alam et al Fig. 2
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