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ABSTRACT

Chemical reactions occurring in polyethylene and other polymers
during and subsequent to irradiation with ionizing radiatipn have
been studied to determine the mechanisms of these reactions. The
decay of vinyl and vinylene groups is found to be markedly sup-
pressed at low temperatures. The .rate of decay at 770% is about
48 percent the rate at 298'K.  The rate of decay of these groups
is also reduced for irradiations of greater linear energy trans-
fer. For proton irradiations, the ·rate is about 34 percent of the
rate for electron or gamma irradiations. For alpha particle
irradiations, the rate is about 18 percent of the rate for gamma
irradiations. The.rate of formation of vinylene and vinyl groups
is only slightly affected by temperature, linear energy transfer,
or phase.  In cis-polybutadiene, the rate.of cis-trans isomeriza-
tion is nearly independent of temperature, but the rate of dis-
appearance of unsaturation at 77OK is only 42 percent of the rate
at 2980K. Crosslinking shows a temperature dependence · similar to
that of vinyl and vinylene group decay, but the relationship
between the two processes is not clear.

Nitric acid oxidation of irradiated polyethylene shows that vinyl
'    groups are primarily in amorphous areas that are easily oxidized.

Vinylene groups are formed throughout the crystalline and amor-
phous regions   and  are more resistant to oxidation. Conj'ugated
diene groups are formed to a greater extent in high-density poly-
ethylene than in low-density polyethylene, but are easily exidized.
This is interpreted to mean that they·are formed throughout the
polymer, but cause disruption of crystalline regions, making them
accessible to oxidation.

Allyl and conjugated polyenyl-free radicals are trapped during
irradiation in vacuo at 77OK.  Their concentrations increase
during warming of the sample subsequent to irradiation. The con-
centration of the allyl radical decreases and the concentration of
polyenyl radicals increases on ultraviolet irradiation at 77'K of
electron irradiated samples. These reactions indicate the migra-
tion of reactive species in the solid sample.

Summary of Research Results

This work is concerned with the reactions of reactive species
formed in polyethylene and other high polymers during and subse-
quent to irradiation with ionizing radiation. The purpose of this
research is to relate the species that are produced during irra-
diation to the properties and structure of the polymer, tg eluci-
date reaction mechanisms, and to correlate changes in physical
properties.with changes in chemical.constitution. The reactive
species of interest are ions, excited molecules,. and radicals. The

principle chemical changes are crosslinking and unsaturation.  Ultra-
violet and infrared spectrophotometry have been used to follow the
reactions of interest.  The following studies have been conducted.
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1.  Unsaturation in Polyethylene

Vinyl, vinylene, and conjugated diene and polyenes ape produced
during irradiation and also decay during irradiation (1-6).  The
rates of these reactions have been extensively studied, but the
mechanisms are still in question (7).. Vinyl, vinylene, and diene
groups .appear to be primary radiation products, while conjugated
polyenes are produced by the formation of primary radiatien prod-
ucts in. close proximity (8). The decay of.vinyl unsaturation is
a first order process at low doses and can be expressed by equa-
tion    1,

ln    (Vi)2 -
Ao

- (Vi)  - ln A  = kl D (1)

In  equation  1,   (Vi)0  and  Ao  are. the vinyl concentratj.on  and  the
absorption at 909 cm-1 before irradiation, (Vi) and A are the
corresponding values after an irradiation dose D, and kl is the
first order rate constant. At higher doses, vinyl production
becomes important and a limiting constant concentration is attained.
Vinylene growth is proportional to the dose and vinylene decay
follows a first order, rate equatibn similar to equation 1 for
absorption at 966 ·cm 1.  At high doses, both growth and decay are  '
occurring simultaneously and the change in cencentration is given
by equation 2.

(v,2) - (V/)O _k2D (2)
(VE)00  -  (V  O    =    1.-   e

The vinylene concentrptionsat  dose   D,   zero   dose, and infinite
dose ·are represented  by   (V,b,-  (Vt'o' and (V./) 60, respectively, and
the rate constant for.vinylene decay is k2, At low doses, equation
2 may be approximated by equation 3.

(Vi) - (Vto
(VY)00 - (V/)0 = k2 D (3)

The effect of temperature on the formation and decay of vinyl and
vinylene groups .was investigated by i·rradiating a linear, high-
density polyethylene (Marlex - 6002) at room temperature, r.t,,
and at liquid nitrogen temperature, 1.n,t., with 1 MeV electrens
from a linear accelerator. The sample in the form of 6 mil thick
film was mounted to an aluminum plate which formed part of the
side of an insulated container. The plate had a hole in it such
that liquids in the container were. in contact»with that portion of
the film which was used for later measurements. Temperature con-
trol was achieved by filling the container with water for measure-
ments near 250C and with'liquid nitrogen for.measurements near
-196'C.  Irradiations were performed at 1 mev and 0.05 m ·amp cur-
rent. Irradiation conditions were reproduced as nearly as possible,
but fluctuations in voltage and current could not be prevented.
Some samples were irradiated at 0.01 m amp and the equivalent
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irradiation time at 0.05 m amp. was calculated assuming ·a. linear
dependence of radiatien dose rate on current. The samples were
analyzed with a Beckman IR-4 infrared spectrophotometer subsequent
to irradiation.  Vinyl absorption at 909 cm-1 and vinylene absorp-
tion at 966 cm-1 were determined and are shown in figures 1 and 2.
Oxidation.was also observed.

The variation of the vinyl concentration with time is shown in
figure 1. A decrease is observed in the rate of vinyl decay at
lew doses and a greater limiting vinyl concentration at high doses
for 1.n,t. as compared to r.t. irradiations, This.indicates that
kl   of  equation   1   is   less   at   1.n.t.   than  ,at r,t. This is in agree-
ment with the. results of Dole, Milner, and Williams  for poly- -
ethylene irradiated at -1300C (1).  They observed a small amount
of vinyl decay on irradiation at -1300C and further decay on warm-
ing, to r.t. subsequent to irradiation.  There is no way of separat-
ing processes which occur dxring warming of the sample in these
experiments.  A plot of ln 722 versus time was used to calculate the
dose rate from .eguation 1.   For kl.= 1.3 x 10-21 g/ev (4),  a dose
rate  of 4.5  x  10wl. ev/g min' is  obtained.    For.kl = 1.6  x  10-21 g/ev

, (1), a dose rate of 3.6 x.1021 ev/g min is obtained. Using 4.5 x
1021 ev/g min for the dose rate, ln: a was plotted versus dose for
1.n,t. irradiations and kl was determined to be 6.0 x 10-22 g/ev.
The ratio of kl at 1.n,t. to kl at r.t.. was 2.1. .The ratie ·of the
limiting vinyl abserDtion.at high doses for. 1.n.t, and r,t. irra-
diations was 3.1, indicating that vinyl decay is much less at
1.n. t. than at r.t., but vinyl production shows less of a temper-
ature dependence.

The variatien of the vinylene concentration with time is shown in
°     figure 2.  The initial rate of vinylene production appears to be

the same at r,t. and 1.n.t. The limiting vinylene concentration
at high doses is much greater at 1.n.t. than at r.t. The dose rate
was  calculated   from  the  .rate of vinylene production  at lew deses,
For  (vljok2. = 2.83 x  10-26  mo   ' v  f, 6  the  dose.rate  is  4.5 x 1021ev/g min.  For fvl)00 k2 = 3

 

mole/ev (1), the dose rate
is 3.5 x 1021 ev/g min, using an extinction coefficient of 139 1/mole
cm (1), the limiting vinylene.concentration at r.t. is about 2.6 x
10-4 moles/g.  This is higher than others have .observed fer gamma

. or electron irradiations.

2.  Oxidation

Fuming nitric acid has been shown to rapidly oxidize amorphous
regions of polyethylene, but only slowly oxidizes crystalline
regions (9, 10). Nitric acid exidation has been used to investi-
gate ·a number of .structural properties  of   polyethylene, In this
work  it  was  used to. determine the location of unsaturated groups.

High-density polyethylene in.the form of thin films was irradiated
and oxized. The samples were analyzed with a Beckman IR-4 infrared
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spectrophotometer or a Cary-14 ultraviolet spectrophotometer, Two

mil:thick films were used for UV measurements and 6 mil thick films
for IR measurements. Samples were oxidized with red, fuming nitric
acid for variable. periods of time at 80 1 2 'C.  Oxidized samples
were extracted for over 4 hours.with boiling acetone.and dried
under vacuum. Samples were irradiated at 250C with X-rays from a
1 MeV linear electron accelerator with a gold target. The acceler-
ator was operated at 5 m amps and produced a dose rate of 1.8 x
10 ev/g hr.  One set of samples was oxidized prior to irradia-20

tion and another set subsequent to irradiation.

Typical results are shown in figure 3 for irradiation followed by
oxidation.  Vinyl and .vinylene absorption at 909 cm-1 and 966 cm-1,

\N
respectively,  for a sample irradiated  to :1.7 x  1021 ev/g21nd diene
absorption  at  236  mw for a sample irradiated  to  1,1  x 10 ev/g
are shown, Vinyl absorption for an unirradiated sample is shown
for comparison. The vinyl and diene absorption decrease more
rapidly than vinylene absorption as oxidation proceeds, indicating
that vinyl and diene groups are in amorphous regions more accessible
to oxidation.

The effect of oxidation on radiation induced vinylene growth and
vinyl decay is shown in figures 4 and 5. The vinyl concentration

of oxidized samples is less  han that of unoxidized samples, but
dccording to equxtion 1, ln *Q is proportional to.dose.  Figure .4is a plot of ln ·*2 for oxidized samples versus 1n · Cl for unoxi-
dized samples irradiated with the.same dose. Results are shown
for samples exidized for 15 and 30 minutes and irradiated for up
to 1.1 x 1021 ev/g.  The low concentration of vinyl groups in the
oxidized samples makes the evaluation difficult, but there is no

I pronounced difference in vinyl decay in oxidized and unoxidized
samples.  The vinylene absorption of samples 2Txidized for 15 or
30 minutes and irradiated for up to 1.1 x 10 ev/g is plotted in
figure 5 versus the vinylene absorption of unoxidized samples
irradiated to the same dose. Oxidation has no effect on vinylene
grewth.

Vinyl and diene decay during oxidation are much more rapid than
vinylene decay.  The vinyl groups are probably segregated to
amorphous regions during crystallization. The rapid decay of the
diene is probably due to disruption of crystalline regions when
the diene is formed, making them accessible to oxidation. Diene

production is less in low-density polyethylene than in high-density
polyethylene (8), indicating that the diene group is not preferen-
tially formed in amorphous regions. The low rate of decay of

vinylene groups indicates that they form amorphous defects in
crystalline regions that are not easily oxidized.

3.  Radicals

Absorption bands in the ultravielet range in irradiated polyethylene
have been assigned to various radicals that are detected by electron
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spin resonance· (6, 11, 12). . Preliminary experiments in a study
of the ·reactions of these radicals were performed. Samples of
high-density polyethylene (Marlex 9002) were irradiated at 1.n.t.
to doses of from 9.0 to 22.5 x ·102* ev/g with an electron beam as
described in section 1.  The sampleswere transferred at 1.n.t.
to a Hofman model HLOR liquid helium dewar and analyzed with a
Cary-14 ultraviolet spectrophotometer.  A heater was attached to
the sample holder and thermocouples were installed for temperature
measurements.

Radical peaks .were observed at 1.n,t. at 258, 285, 323, .and 359 m«.
These peaks are found to increase on warming to r.t. in vacuum
and then cooling back to 1.n.t. The allyl radical concentration
decreases during ultravielet irradiatien.at l,n.t, (6,· 13).  Sam-
ples were irradiated at 1.n.t. with a 250-watt high-pressure Hg

* lamp. Allyl absorption at 258 mw decreases on UV irradiation and
increases on subsequent warming to r.t.  ·Dienyl absorption at 285
mM, trienyl absorption at 323 mA, and tetraenyl absorption at 359
mM show indreases on UV irradiation and upon subsequent warming.
All radicals Show a decrease in the presence of oxygen. Figures 6
and 7 show the variation in radical absorption with.various sample
treatments.

Conjugated polyenyl absorption was masked by the radical absorp-
tion  peaks  and  by an intense, broad absorption  band  at  245  m-«,
This :band is thought to result from oxidation .during irradiation.
A double bond in conju*ation with a carbonyl group would absorbin this region (14). *he IR spectra show considerable carbonyl
formation. A shoulder  at  309  mw was oEserved. This grew on
warming from 1.n.t. and on UV irradiation. This band has been
assigned to the conjugated tetraene. (6).

4.  Proton Irradiation

Charlesby, Gould, and Ledbury (4) found that vinyl and vinylene
decay. constants for alpha particle irradiation were less than for
gamma or electron irradiation of polyethylene.  The initial rate
of vinylene production.was feund to be the same for all irradia-
tions.  Polyethylene samples were irradiated with a proton beam to
study this effect of linear energy transfer on, chemical reaction
rates.

Six mil and 2.mil thick samples of Marlex 6002 were irradiated with
a 1 MeV proton beam from a Van de Graaff generator. The UV spectra
shows a strong, absorption band  at  245 m ,. indicating some oxidation
occurred. Other peaks and shoulders appeared at 325, 285, and 220
m4. The IR .spectra shows 'vinyl decay and vinylene growth.  G.
values,cannot be calculated since the dose rate is not known but
vinylene prod uction   can be compared with vinyl decay. Combining
equatiens 1 and 3, the following equation is obtained. ...
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1   n (Vi)O -   kl1                                      (4)
(Vl) (Vi)  - k2(Vl)00

For proton irrad *t:ions, ki/k2 (Vl)00 was determined from the slope
of a plot of ln· tv-'-<0 versus (Vl). The penetration of the proton
beam was calculate&'to be 2.1 mg/cm2.  Comparison of irradiations
of 2 mil and 6 mil sam les indicated that the penetrations were of
the order of 2.5 mg/cm . This value was used to determine concen-
trations in equation 4. The results of these experiments are com-
pared with the results for /- and 4-irradiations in table 1.

Table 1

kl/k2                '
kl' (Vl)00, (Vl)00

Irra- g/ev       k2 moles/g g/mole
diation x 1021 2/ev x.10 x 104 x 10-4 Reference-'  22

Gamma 1.3 1.. 3 1.5-2.0 5.7          4
Gamma        -       -              - 5.3 This work
Gamma 1.6 5.2     , 0.71 4.4          1
Proton       -      .-              _        , 1.8 This work
Alpha 0.29 0.24-0.32 8-12 1.0          4

5.  fis-trans Isomerization in Polybutadiene

The radiation and photochemistry of polybutadiene has been exten-
sively studied (15-18). The results are similar to those observed
in other diene polymers such as polyisoprene (19). A decrease in

unsaturation, isomerization, crosslinking, and hydrogen evolution
is the major reaction observed. Isomerization is particularly
pronounced in the presence of sensitizers and in dilute solution.
Energy transfer mechanisms have been proposed to explainthe very
efficient isomerization process (16, 19). Isomerization also
occurs in the pure solid polymer. Golub (17) used deuterated
polymers to show that isomerization takes place without double

bond migration. The effect of temperature on the isomerization
reaction was studied in these experiments.

Polybutadiene (96% cis) was obtained from the B, F, Goodrich Co.,

Brecksville, Ohio. Thin films were cast from a 1% benzene solu-
tion on metal plates with holes in the center. The metal plates

supported the film and were used to mount the film for irradia-
tions and for observation. Samples were irradiated at r.t. and
at 1.n.t. with electrons as described in section 1 and were
analyzed at r.t. with a Beckman IR-4 infrared spectrophotometer.
The absorption due to cis double bonds was determined at 740 cm-1

anl adjusted for the width of the absorption band as outlined by
Parkinson and Sears (18). Trans double bond absorption was mea-
sured at 967 cm-1 after subtracting the overlap of the 998 cm-1
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band. The  absorption  of 1,2 polymer was .determined  from the absorp-

tio  of the side vinyl group at 910 cm-1.  The absorption at 1450
cm was used in conjunction with cis-vinylene absorption in the
unirradiated films to adjust absorptions for differences in thick-
ness. The method of Haslam and Williams (20) was used to deter-
mine the percent cis polymer. in the unirradiated samples, The
polymer was found to be 95.8% cis, 2.9% trans, and 1.3% 1,2 poly-
mer.

The concentration of cis-vinylene groups is shown in figure 8
versus the irradiation time.  Using a dose rate of 4.5 x 1021 ev/g
min as determined in section one, the G value for, cis-vinyle·ne
disappearance is determined to be 21 at r.t. and 11 at l.n.t. The
r.t. value is slightly greater than that reported by Gdlub' (17)
or by Parkinson and Sears (18), but the irradiation conditions are
different. The trans-vinylene concentration is plotted in figure
9 versus the irradiation time. The initial rate of .trans-vinylene

production  is  the  same  for .r.t.  and 1.n.t. irradiations. At
higher doses, the trans-vinylene concentration is greater for
1.n.t. irradiations than for r.t. irradiations, reflecting the
greater concentration of cis-vinylene. The.G value for cls-trans,
isomerizatien is 3.1. This is about half the value reported by  t
others  (17-18) .    At  very high doses the, trans-vinylene concentra-
tien decreases due to,a loss of total unsaturation. The radio-
stationary state was not reached in these experiments.  The differ-
ence. in the G values for fis-vinylene disappearance ·and cis-trans
isomerization yield a G value of 19 for decay of unsaturation.
This results in a value of k = 1.8 x 10-23 g/ev for the rate con-
stant in an equation similar to equation 1. For trans-vinylene
decay, k.= 3.2 x 10-23 g/ev.  This is about 25% of the value for
pelyethyleri6. The side-vinyl group shows a slight decay with
irradiation.

6.  Conclusions

The rates of vinyl and vinylene group decay show a reduction at.
low temperatures and at greater linear energy transfer. The decay

ofthe two types of groups appears to be related although the
apparent rate constants for the decay processes differ by a factor
of from 3 to 10.  Part of this difference may be due to the fact
that vinyl groups are segregated in the amorphous regiens and the
actual concentration in these regions is much greater than the
average concentration used to determine the rate constants. The

rate constant for decay of unsaturation in polybutadiene is less
than the constant for vinylene decay in polyethylene. There

appears to be considerable energy transfer leading to the decay
of unsaturation.  Williams and Dole (21) found initial G values of
50 for vinylene decay in 5% solutions of polybutadiene in poly-
ethylene at 1420C. This energy transfer would account for seme
of the differences in rate constants for decay of unsaturation.
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Crosslinking shews a temperature dependence similar to that of
vinyl and vinylene decay (22). Both vinyl decay and crosslinking
are reduced in the presence of benzene (7) and vinylene production
and crosslinking are enhanced by the presence of nitrous oxide (23).
Collinson, Dainton, and Walker (24) proposed a carbonium ion
mechanism to account for vinyl decay and polymer formation during
the irradiation of n-hexadecene-1. The reactions.were favored by
ferric chloride, an electron scavenger. A similar mechanism has
been proposed to account for vinylene decay and crosslinking (25).
Golub (17) has used a carbonium ion mechanism which leads to cycli-
zation to account for the decay of unsaturation in polybutadiene.
An ion ·molecule reaction seems to be favored over free-radical
processes. Charlesby, Gould, and Ledbury (4) proposed that dif-
ferences in the rate of decay of unsaturation for gamma and alpha
irradiations were due to different concentrations of H atoms that
can react with unsaturation. The decay of unsaturatien by reac-
tion with H atoms may occur to some extent, but cannot explain the
large G values for vinyl decay or the apparent independence of
hydrogen evolution and decay of unsaturation,

Vinyl and vinylene production show a different behavior than the
decay processes. The production of unsaturation is nearly tem-
perature independent and shews little effect of linear energy
transfer or phase. Vinylene productien is accelerated by the
presence of N20 or Xe (23).  The cis-trans isomerization of poly-
butadiene is also temperature independent.

The alkyl radical produced in polyethylene by radiation is mobile
at room temperatures and reacts with double bonds to form allyl
and polyenyl radicals and with other radicals to form crosslinks.
Ultraviolet- light .at low temperatures causes the allyl radical to

disappearand alkyl radicals to form (6, 8, 13). Allyl radicals
are reformed on heating the sample. It is not known if the allyl
radicals are formed from the 6riginal allyl radicals or if they
are formed from alkyl radicals which are produced by the ultra-
violet irradiation. Ranby and Yoshida (26) observed two radicals
by electron spin resonance in unirradiated samples exposed to
ultraviolet light.  One was the alkyl radical and the other was
tentatively identified as a terminal alkyl radical, The mechan-
isms of the radical reactions are not as yet understood.
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· Legend to figure 1
Vinyl concentration versus irradiation time for Marlex-6002
polyethylene irradiated with 1 MeV electrons.  Open circles .are
irradiations at 77OK and closed circles are irradiations at
298OK,

Legend to figure 2
Vinylene concentration.versus irradiation time for Marlex-6002
polyethylene irradiated with 1 MeV electrons. Open circles
are irradiations at. 770K and closed circles.are irradiations
at 298OK.

Legend to figure 3
Fraction of initial unsaturation in Marlex-6002 remaining
versus oxidation time. Open circles are vinyl groups in unirra-
diated sample, closed circles are vinyl groups, squares are
vinylene groups, and triangles are conjugated diene in irra-
diated samples.

Legend to figure 4

ln *2 for oxidized samples versus the corresponding quantity
for unoxidized samples irradiated to the ·same dose. A is the
absorption at 909 cm-1 at a given dose and Ao is the absorption
at zero dose.  Open circles are ·samples oxidized for 15 minutes
and closed circles are samples exidized for 30 minutes.

Legend to figure 5
Vinylene absorption at 966 cm-1 for oxidized samples ·versus that
for unoxidized samples irradiated to the same dose. Open cir-
cles are samples oxidized  for 15 minutes . and closed circles  are
samples oxidized fer 30 minutes.

Legend to figures. 6 and 7
Ultraviolet absorption spectra at-77OK of Marlex-600.2 poly-
ethylene irradiated to 13.5 x 1021 ev/g·at 770K:  Curve 1:
After irradiatien. Curve 2: After warming' to 2989K. Curve
3:  After 5 hours ultraviolet irradiation at 77OK. Curve 4:
After warming to 2980K·.  ·Curve 5:  After 2 hours oxidation.

Legend to figure 8

Concentration of cis-vinylene versus irradiation. time. Open
circles are samples irradiated at 77OK and elosed circles are
samples irradiated at 2980K.

Legend to figure 9
Concentration of trans-vinylene versus irradiation,time. Open
circles are samples irradiated at 770K and closed circles.are
samples -irradiated at 298OK.
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Figure 8
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