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Abstract

Investigations of molecular structural changes in polymers during exposure to high energy radiation
is the long term interest of the Polymer Materials and Radiation Group at the University of Queensland.
Recently, the group had looked at a range of polymers including natural and synthetic rubbers,
methacrylates and polyesters. The objective of the work has been to investigate the relationships between
polymer structure and sensitivity towards high energy radiation, including gamma radiation. This report will
focus on the Electron Spin Resonance (ESR) and Nuclear Magnetic Resonance (NMR) studies of the
effects of gamma irradiation on these polymers. Other methods such as Gas Chromatography (GC), Gel
Permeation Chromatography (GPC), Fourier Transformed Infra Red (FTIR), Differential Scanning
Calorimetry (DSC), Thermogravimetric Analysis (TGA) and Dynamic Mechanical Analysis (DMA) have
also been used as these methods combine with ESR and NMR, to provide a more complete picture of the
mechanism of the structural changes.

1. INTRODUCTION

The primary event which occurs when a molecule interacts with ionising radiation involves
the ejection of an electron to form a cation radical. This ejected electron may become trapped on a
site in the matrix of the material to form an anion radical or alternatively, the electron may be
captured by a cation radical to produce an excited molecule. The cation radicals, anion radicals
and excited state species are very reactive and generally undergo further chemistry to form neutral
radicals. These neutral radicals may undergo further reactions, and in polymers, these reactions
may result in crosslinks, depropagation, chain scission, change in stereochemistry, formation of
grafts etc.

The effects of radiation on polymer materials is an area of increasing interest. Several high
technology industries require speciality polymers that exhibit a specific response upon exposure to
radiation. For instance, the electronic industry requires materials that undergo radiation induced
scission and crosslinking for resist applications, while aerospace and medical applications require
highly radiation stable materials. Further, there is an increasing interest in industrial use of
radiation processing. The design and development of appropriate chemistry for these applications
requires full understanding of the effect of radiation on polymer materials. It is through
fundamental understanding of the radiation chemical processes occurring in polymers that the
technological advances required by today's industries can be realised.
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In the work reported in this paper all irradiations were carried out in vacuum as our group
was interested in understanding the primary pathways of radiation chemistry. ESR provides
information of the primary radicals that are formed during irradiation, radical intermediates and
their yields. NMR (both solution and solid state) provides information on the final structural
changes. For polymers where G(S) > 4G(X), the polymer will not form a crosslinked gel during
irradiation, and therefore remains soluble. Since there is no increase in the viscosity on irradiation,
the solution state *H and ^ C NMR spectra of these polymers are of comparable or superior
quality to the original material. To observe structures formed on irradiation of polymers which
undergo mainly crosslinking, that is where G(S) < 4G(X), solid state NMR methods are necessary.
Combination of techniques such as high-power *H dipolar decoupling (DD), rapid magic angle
spinning (MAS), and cross polarisation (CP) of *H and ^ C nuclear spins permits the observation
of high-resolution ^ C NMR spectra for solid samples. A certain amount of information could be
derived from the spectra so obtained, though peaks were less well resolved than solution state
spectra. However, much care is required to obtain quantitative peak intensities. We will
demonstrate in this report, how the information obtained from ESR and NMR techniques, is used
to propose reaction pathways of radiation degradation of polymers.

2. RUBBER

2.1. Polyisobutylene (PIB)

Polyisobutylene undergoes [1] main chain scission on irradiation, by virtue of the presence
of tertiary carbon atoms in the polymer main chain which form relatively stable free radical
intermediates. Several possible mechanisms for the chain scission have been postulated. We have
used variety of methods, including ESR, GPC and solution state NMR to determine which of the
mechanisms are most likely to occur. ^C NMR spectra of unirradiated and irradiated PIB are
shown in the Figure 1.

The spectrum of the unirradiated polymer consists of three main resonances at around 59, 38
and 31 ppm due to the three types of carbons in the repeat unit. A large number of new resonances
appear in the spectrum of the irradiated PIB. These peaks were assigned on the basis of well
known additivity rules, of Linderman and Adams, Grant and Paul, Beebe, and Pretche et al.. The
major products were vinylidene end group (SI), -CH2-C(CH3)=CH2, t-butyl end group (S2),
-C(CH3)3, formed by J3-scission of a methylene radical, and a disubstituted unsaturated end
group, (S3), -CH=C(CH3)2 and secondary butyl end group, (S4), -C(CH3)2H formed by
/?-scission of a methine radical. Peak areas were then used to calculate the radiation chemical
yields and are compared with the values obtained from GPC results shown in Table I. On the basis
of these results, we have critically evaluated the mechanisms proposed by several authors.

2.2. Butyl Rubber [2]

Butyl rubber is a copolymer of isobutylene and a small percentage (1%) of isoprene units.
Polyisobutylene undergoes predominantly, if not exclusively, chain scission during high energy
irradiation [3]. In butyl rubber, crosslinking would be expected through the isolated isoprene units,
but scission of the isobutylene sequences predominates. The decrease in molecular weight, due to
chain scission, results in well resolved solution state NMR spectra offering the possibility of
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observing the '^C NMR resonances due to crosslink structures of both the H and Y links. The
majority of these crosslinks are Y-link structures. GPC results were analysed using equations
derived for H-link and Y-link situations and are compared with the values calculated from NMR in
Table II. The results further confirm the Y-linking mechanisms.
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FIG. 1. !3C NMR spectra of Polyisobutykne in CDC Is (a) unirradiated
(b) irradiated to 9MGy in vacuum at 303K.
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TABLE I. RADIATION YIELDS OF DIFFERENT STRUCTURAL UNITS
AND SCISSION FOR POLYISOBUTYLENE

Radiation Yields-G

SI
S2
S3
S4
Total
All unsaturated ends
Scission
Scission/unsaturated ends

NMR Results

2.4
3.6
0.5
0.7
7.2
2.9
3.6
1.2

GPC Results

3.6

2.2. Butyl Rubber [2]

Butyl rubber is a copolymer of isobutylene and a small percentage (1%) of isoprene units.
Polyisobutylene undergoes predominantly, if not exclusively, chain scission during high energy
irradiation [3]. In butyl rubber, crosslinking would be expected through the isolated isoprene units,
but scission of the isobutylene sequences predominates. The decrease in molecular weight, due to
chain scission, results in well resolved solution state NMR spectra offering the possibility of
observing the 13C NMR resonances due to crosslink structures of both the H and Y links. The
majority of these crosslinks are Y-link structures. GPC results were analysed using equations
derived for H-link and Y-link situations and are compared with the values calculated from NMR in
Table II. The results further confirm the Y-linking mechanisms.

2.3. Halogenated Butyl Rubber [4]

Chlorinated and brominated butyl rubber is obtained by halogenating the isoprene units in
butyl rubber. ESR was used to study the radical intermediates obtained when these rubbers are
irradiated with high energy radiation. Most of the radicals were found to be generated on the
halogenated isoprene units, due to the labile C-X bond as shown in Table III. Radiation yields for
radicals at 77 K were 4.3 and 3.7 for chloro butyl and bromo butyl rubbers respectively, compared
with 2.3 for butyl rubber.

A higher radiation yield for scission was observed in chlorinated butyl rubber than in
brominated butyl rubbers as shown in Table IV. This is due to the ready abstraction of hydrogen
from the main chain by the chlorine radicals to give main chain radicals, which are known to
contribute to scission in butyl rubber. These main chain radicals could be observed in the ESR
spectra during warming up of the sample in the ESR cavity as shown in Fig. 2. They are the
methine radical produced by hydrogen abstraction from the methylene group of the backbone
giving a two line spectrum, and methylene radical produced by the hydrogen abstraction from the
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TABLE II. RADIATION YIELDS OF SCISSION AND CROSSLINKING
IN IRRADIATED BUTYL RUBBER CALCULATED USING GPC AND
NMRDATA

GPC Data assuming Scission only

GPC data assuming H-Iinking

GPC data assuming Y-linking

NMRData

G(S)

G(S)
G(H)

G(S)
G(Y)

G(S)
G(X)

2.8

3.15
0.35

3.63
0.75

3.9
0.4

TABLE III. RADICALS GENERATED DURING HIGH ENERGY
IRRADIATION OF CHLOROBUTYL RUBBER

Structure

Radical anion

Methylene

Methyne

Allyl

Percentage

66
16

20

10

G(R)

2.8
0.7

0.9

0.4

TABLE IV. RADIATION YIELDS FOR HALOGENATED BUTYL RUBBER

G(X) G(S)

Polyisobutylene 0.0 3.7
Chlorobutyl rubber 3.62 1.71
Bromobutyl rubber 3/7 0.44
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methyl groups giving a three line spectrum. In addition to that, there is evidence for the formation
of the allylic radicals by hydrogen abstraction from the methylene groups of the halogenated
isoprene units. In both polymers, crosslinking predominates over scission up to a limiting dose of
about 50-100 kGy as shown in Figure 3. The gel dose for both polymers is about 30-40 kGy.

2.4. Ethylene Propylene Rubber (EPR)

Radiation effects on EPR (without any unsaturated ter monomer) was investigated [5,6]
for comparison with studies of the radiation chemistry of polyethylene and polypropylene.

EPR undergoes both crosslinking and scission, with G(S) =0.38 and G(X)=0.82. After
relatively low irradiation doses the polymers could be swollen with organic solvents, thus
permitting high resolution ^ C NMR spectra. Well resolved peaks due to three types of new chain
ends were observed. A G(S) =0.37 was obtained from the area of the peaks produced on
irradiation. Further analysis of the relative proportions of the new chain ends demonstrated that
the scission of the main chain was 1.6 times more likely to occur adjacent to a methine branch than
at an isolated methylene group.

After higher irradiation doses the yield of crosslinks could be estimated from the solid state
H C NMR spectra. A broad range of environments were observed, consistent with the large
number of possible H-link structures that could be formed on recombination of the radicals
observed by ESR. Y-links were not observed. The yield of crosslinks, G(X) =0.84 obtained from
the area of the NMR peak was in excellent agreement with that obtained from soluble fraction
analysis (G(X)=0.82).

2.5. Polybutadiene

The effect of irradiation on diene elastomers including polybutadiene (PBD) was studied
[7] by techniques including solid state ^ C NMR. In addition to the crosslinking reaction, we also
obtained information on the rate of radiation induced isomerisation of the double bonds from cis to
trans conformations. Since the polymers remain highly heterogeneous after irradiation, great care
is required to interpret the data and obtain any quantitative results.

After irradiation a broad peak due to new crosslinked structures could be identified and
quantified.

The G value for crosslinking of 1,4 PBD was equal to G(X)=33 at low doses, and decreased
to G(X)=10 at up to 10 MGy dose. These G values were in good agreement with the G values for
the loss of double bonds. The rate of cis-trans isomerisation (G(cis->trans)=16.2) was consistent
with previous studies. The large G values suggested a chain reaction mechanism, and the
discrepancy between G(X) determined by NMR and that determined by soluble fraction analysis
(G(X)=3-5) arises from a nonrandom spatial distribution of crosslinks resulting from the chain
reaction. As a further example of the importance of chain reactions, the G-values for loss of
double bonds in 1,2 PBD was determined to be G(-d,b.)=237.
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Figure 2. ESR spectra of Chlorinated butyl rubber (a) between 110 and 215 K,
(b) between 215 and 240 Kand (c) at 245 K. (d) ESR spectral difference
between chlorobutyl and polyisobutylene measured at 77K.
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FIG. 3. Sol fraction vs dose for chlorobutyl (V) and bromobutyl (T) rubbers.
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FIG. 4. ESR spectral shape of NBR at (—) 110 K and (- -) 190 K.
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2.6. Nitrile Rubber [8]

Nitrile rubbers are copolymers of butadiene and acrylonitril. ESR spectroscopy indicates
that during high energy irradiation, most of the primary radicals are generated on the acrylonitrile
units. These radicals then abstract hydrogen from butadiene units resulting in the formation of
allylic radicals. This could be observed in the Figure 4 where change in the ESR spectral shape
during sample warm up is shown. The allylic radicals are known to react to form inter and intra
molecular crosslinks. Radiation yields of radicals increase with increasing acrylonitrile content
from 1.42, 1.58 to 2.42 for 18, 30 and 45% acrylonitrile rubbers respectively.

Due to net crosslinking in these polymers during high energy radiation, solid state NMR
techniques need to be used to investigate the new structures. High probe temperatures were used
to obtain better resolution. Radiation yields of crosslinking (inter and intra molecular) were
evaluated from these spectra. The radiation yields for intermolecular crosslinking were higher in
rubbers with higher acrylonitrile contents, giving G values of 17.8, 21.3 and 24.5 for 18, 30 and
45% acrylonitrile rubbers respectively. FTIR studies shown in Figure 5 confirm that the reaction of
butadiene sites is more favoured over acrylonitrile sites. The peaks at 2995 and 2840 cm"1 were
assigned to C-H stretching of the CH2 group of butadiene and acrylonitrile units respectively.
Spectra after irradiation indicate the drop in intensity of the peak at 2990 compared to the peak of
2840 cm"1. Further, DD/MAS NMR spectra of the olefinic region of the unirradiated and
irradiated rubber shown in Figure 6 suggest that the reactions occur at butadiene units in
acrylonitrile-rich triads rather than in butadiene-rich triads. In this group of peaks, the peaks at the
centre are assigned to BBB triads and the outer peaks are assigned to ABA triad. This confirms
intramolecular radical transfer from acrylonitrile units to butadiene units. Radiation chemical yields
for NBR are given in Table V. As in PBD the higher G(X) values observed by NMR compared to
other techniques indicate chain reaction and crosslink clustering, but an increase in the
acrylonitrile content reduces this effect.

Cyclisation (intra molecular crosslinking) occurs in the initial stages of the irradiation but
ceases with loss of butadiene dyads. There is no evidence for chain scission.

Cyanide groups take part in the reaction at higher doses forming -C=N-H and conjugated -
C=N- structures as indicated by the development of peaks at about 1600 cm"1 and the drop in the
peak at 2250 cm'1 in the FTIR.

TABLE V. RADIATION CHEMICAL YIELDS FOR NBR

G-value

G(cyclic)

G(X)

Method

NMR

NMR

Swelling

NBR18

26.3

17.8

9.9

NBR33

20.1

21.3

5.1

NBR48

14.5

24.5

16.2
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FIG. 5. FTIR spectra of (a) unirradialed and (b) 1.5 MGy and (c) 4.6 MGy irradiated NBR.
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FIG. 6. Olefmic region of the DD/MAS NMR spectra of'NBR after irradiating
to (a) 0. (b) 0.9 and (c) 1.8 MGy.

122



2.7. Chloroprene rubber

ESR spectroscopy shows[9] the presence of radical anions and a variety of chlorinated allyl
and polyenyl radicals when polychloroprene is exposed to high energy radiation, with G(R)=3.0.
Solid state NMR was used to observe the crosslinking. In contrast to other diene rubbers
(polybutadiene, polyisoprene, nitrile rubber) NMR spectra did not give higher G(X) values than
other methods. For example, G(X) values calculated are 3.8(NMR), 4.8(Swelling Index) and
3.2(Soluble fraction). This suggests that crosslinking does not proceed through a kinetic chain
reaction producing clusters. New chlorinated end group and main chain structures were identified.

3. POLYMETHACRYLATES

3.1. Polymethylmethacrylate [10]

The changes in the stereo regularity in isotactic polymethylmethacrylate (i-PMMAO and
syndiotactic polymethylmethacrylate (s-PMMA) were followed by changes in the tacticity of the
a-methyl group observed by 13C NMR. For i-PMMA, when the polymer is below Tg, there is no
observable change in the tacticity during irradiation. However, when the polymer is irradiated
above Tg, the increased chain mobility allows for the rotation of the main chain after the initial
cleavage and rehealing of the main chain bond. A model for the reaction has been proposed in
which the probability of recombination of the broken bond in to the meso or racemic configuration
is equal to that observed during the free radical polymerisation of the polymer at the irradiated
temperature. No other parameters are required. Similar results were obtained for s-PMMA.

3.1. Syndiotactic polymethacrylates

The gamma irradiation of syndiotactic polymethacrylates with various ester groups was
investigated [11] by solution state NMR. Formate esters were observed among the small
molecular products from the analysis of the NMR spectra of the polymers with aliphatic ester
chains, but toluene and 1,2 diphenyl ethane were observed as the major products of the side chain
scission in poly(benzyl methacrylate). The radiation chemical yields for scission and crosslinking
calculated from GPC are given in Table VI. For poly(2-methyl heptyl methacrylate), G(S) was less
than 4G(X), indicating gel formation.

TABLE VI. RADIATION CHEMICAL YIELDS FOR SCISSION
AND CROSSLINKING IN POLYMETHACRYLATES

Ester Group

Methyl
Ethyl
Isopropyl
Isobutyl
n-Butyl
2-Methyl heptyl
Benzyl

G(S)

1.1
1.7
1.8
0.8
1.3
0.3
0

G(X)

0
0
0
0.1
0.4
0.5
0
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3.3. Poly(2-hydroxyethyl methacrylate)

ESR spectroscopy was utilised [12] to examine the effect of high energy radiation on
poly(2-hydroxyethyl methacrylate). The ESR spectrum at 77 K is a combination of six types of
radicals, 'CHs, •CH2CH2OH, «C00CHCH20H, »COO-, methine and «CHO. However, after
room temperature irradiation, the spectrum is a combination of methacrylate main chain scission
radical and a methine radical. The high stability of the methine radical at room temperature
suggests the system is rigid as a result of hydrogen bonding from the inherent side chain structure
and radiation induced crosslinking due to labile hydrogen atoms in the side chain.

4. POLYESTERS

4.1. Polyhydroxy butyrate [13]

The biodegradable polymer poly(hydroxy butyrate) PHB has attracted a wide amount of
interest for applications which may require radiation sterilisation. Accordingly it is important to
understand the radiation chemistry of these materials. PHB also undergoes chain scission on
irradiation, due to the presence of radiation sensitive ester linkages in the polymer main chain. The
primary yield of radicals determined by ESR is approximately G(R)=1.9 and 1.6 at 77 and 300 K
respectively. The main gaseous products formed on irradiation were CO and CO2, indicating that
the cleavage of the ester group is indeed responsible for the degradation. The total G value for CO
and COo is 1.7 at 300 K. On warming, primary free radicals that are formed undergo further
reaction leading to main chain scission. The GPC results indicate G(S)=1.3. The new structures
formed on irradiation have been identified by solution state NMR, and the principle of these are
the propyl and iso-propyl end groups formed by loss of the ester linkage. The yield of chain ends
determined by NMR gives a G value of 1.4.

4.2. Poh Lactic and Glycolic acids [14,15,16]

The effects of gamma irradiation on poly-L-lactic acid (L-PLA), poly-D,L-lactic acid
(D,L-PLA), polyglycolic acid (PGA) and copolymers of PLA and PGA were examined using ESR
and NMR spectroscopy. The G-values of radical formation at 77 K and 300 K are given in Table
VII. The ESR spectrum at 300 K for the PLA is assigned to one radical, that resulting from
hydrogen atom abstraction from the quaternary carbon atom. At 77 K three radicals were
observed, the second and third due to main chain scission.

-O-C(CH3)-CO- -CH(CH3) -CO

Two radicals were observed in the ESR spectra of PGA. They were formed by main chain
scission and elimination of ester group. The ESR spectrum at 300 K is due to one radical, that
formed by hydrogen abstraction from methylene group.

The l^C NMR spectrum of the irradiated PLA is shown in Figure 7. The three major
peaks are due to CH3, CH and CO of the monomer unit lactic acid. The new peaks observed after
irradiation were assigned with the help of HETCOR and COSY 2D NMR techniques and the
results are given in Table VIII. The major new saturated chain ends formed on irradiation of PLA
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TABLE VII. RADIATION YIELDS OF RADICALS
FOR POLY PLA, PGA

77 300

L-PLA 2J0 L5~

D,L-PLA 2.4 1.2

PGA 1.7 1.5

have been found to be CH3-CH2-COO- and CH3-CH2-O-CO-. There is also evidence for the
formation of esters of formic acid, HCOO-CH(CH3)-COO- in low yields. Unsaturated chain ends
such as CH2=CH-COO- and CH2=C(CH3)-COO- were also identified. The yields of the major
new structural changes were calculated from NMR and the G(CH3-CH2-COO-) was found to be
similar to the value of G(S) obtained by molecular weight analysis.

TABLE VIII. ASSIGNMENT OF 1 3C NMR SPECTRUM
OF IRRADIATED PLA

Peak (ppm) Assignment

8.83 Methyl of CH3-CH2-CO-O-

13.98 Methyl of CH3-CH2-O-CO-

27.13 Methylene of CH3-CH2-CO-O

61.5 Methylene of CH3-CH2-O-CO-

170.42 CarbonylofCH3-CH2-O-CO-

173.90 Carbonyl of CH3-CH2-CO-O-
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