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Foreword 

This work was performed in conjunction with a broader program aimed at 

evaluating the response of critical materials to exposure to high dose, nano¬ 

second, pulses of electrons. The objectives of this broader program include 

the study of: 

a) chemical events; 

b) electrical events; 

c) thermomechanical events; 

d) the interplay of a), b) and c) in these media as a 

function of material characteristics and exposure 

conditions. 

The electron spin resonance studies reported here e concerned primarily 

with the chemical response of plastics to such radiation. 

The author gratefully acknowledges the assistance of A. D. King, who 

irradiated the materials studied, and of E. 0. Fritz for many helpful dis¬ 

cussions. 
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Abstract 

This report contains the results obtained from electron spin reso¬ 

nance studies performed on plastics exposed to high dose, nanosecond, 

pulses of electrons. The principal species of free radicals produced in 

each plastic studied are identified, and the response of each plastic to 

exposure to radiation, at various dose levels as evidenced by the free 

radical concentration, is given. 
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1. Introduction 

In this work electron spin resonance spectroscopy is used as a means 

of monitoring the chemical response of plastics exposed to high done, nnno- 

necond pulses of electrons. 

The principal radiation-induced changes occurring in plasticn have 

their origin in the rupture of the covalent bonds of the polymer molecules. 

The rupture of covalent bonds in organic solids frequently leads to the pro¬ 

duction of free radicals which are trapped in the solids. Free radicals 

possess an electron with an unpaired spin, and hence give rise to electron 

spin resonance spectra. The intensity of the electron spin resonance spec¬ 

trum observed in a sample containing free radicals is directly proportional 

to the number of free radicals contained in the sample. The stricture and 

shape of the spectrum observed are characteristic of the species of free 

radical present in the sample. 

The eventual aim of the present research is a enrrelation between the 

concentration and species of free radicals produced by irradiation with the 

concomitant changes in the bulk properties of these materials, fht'h a eor- 

relation may ultimately provine a basis for the prediction of the behavior 

of related engineering materials under arbitrary conditions of radiation 

exposure. 

1 
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S, Expprlmpnt.nl Tpchniquen 

2.1 Expoflure of thp nnmples 

2.1.1 Radiation Rource 
¥ 

The Febatron 705 (Field Emlnalon electron generator) was the aource 

of hlgh-dose, nanosecond pulses of electrons. 

The Febetron is a high voltage radiation source. At full voltage 
p 

the extracted electron beam hat, an average current density of 1000 amp/em . 

The beam energy density per 20 nanosecond pulse exceeds 6o Joules/cm^ and 

the maximum 8-ray surface dose Is 9 megarads per pulse. At full voltage the 

maximum energy of the electrons is 2 Mev. 

The decrease in energy density of the beam from the Febetron follows 

an Inverse squared distance law at distances greater than 10 cm. At distances 

less than 10 cm. it exhibits a nonlinear behavior. 

2.1.2 Handling of the Samples 

The samples to be irradiated were cut in the form of small cylinders 

(0.10 inch in diameter and 0.25 inch in length). 

The samples were exposed to the beam from the Febetron in a phenolic 

holder. The holder was constructed so that a thin sheet of plastic could be 

placed directly in front of the sample for dosimetry. The dose the samples 

received was controlled by varying the distance of the samples from the win¬ 

dow of the Febetron. 

After irradiation the samples were placed In quartz tubes which 

were sealed off and placed immediately in liquid nitrogen. 

S- 
Manufactured by the Field Emission Corp., McMinnville, Oregon. 
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2.1.3 Doßimetry 

Strips of Cinemoid #48 Bright Rose Filter (Clnemoid Filter) were 

used as dosimeters. The optical density at 520 of the Clnemoid filters 

was measured with the Beckman P.o. spectrophotometer both before and after 

irradiation. The change in optical density was computed and the dose that 

this change corresponded to was found from a calibration chart. The cali¬ 

bration chart was prepared by comparing the change in optical dencity of the 

Cinemoid filters with dose as measured by an aluminum calorimeter. 
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?.?. The Hpln Refionance Measurement Procedure 

The procedure used to determine the amount and species of free radicals 

present in the plastics prior to, and after irradiation, was electron spin 

resonance spectroscopy. 

In these experiments, a plot of the first derivative of the paramagnetic 

resonance absorption versus magnetic field was obtained, H. 

The free radical species present in the samples were identified by the 

line shape and by hyperfine structure if it was present. 

The amount of free radicals present in each sample was measured In the 

following manner: 

1) The derivative of the absorption curve of the sample vs field was 

obtained. 

2) With the sample remaining in the cavity, the peak-to-peak height of 

the resonance (signal intensity) due to a single crystal of ruby 

placed in a fixed position in the cavity was obtained. 

3) The resonan e curve of the sample was integrated to obtain the at - 

sorption curve. The area under the absorption curve was calculated 

and the ratio, 

K(sample) » area under the absorption 'nirve/signal Intensity ruby 

computed. 

h) To find what spin concentration thin ratio con»sponds to, a sample 

of known concentration of DPPH was placed in the cavity. Its resonance 

curve and the signal intenaity of the ruby were measured. The ratio 

Area under the absorption curve (DPPH) m /K v 
signal intensity (Ruby) ' uPPH 

was calculated. 
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5) The spin concentration waa then calculated. 

spin concentration = K (eampl^ x concentration (firn) 

kdpph 

For aamplea of the same species of free radical the ratio 

Area under the absorption curve (sampl^ _ . . 
1 ntensl * y (sample} “ conB n 

We have calculated this constant for a large number of samples containing the 

same speclea of free radicals, and then we have used the average value of this 

constant to obtain the value of the area under the absorption curve for the 

other samples containing this species. This decreases our error In Integration, 

because we can use samples to obtain the value for this constant whose slgnal- 

to-nolse ratio Is high, thus ha.lng a smaller error In Integration than we do 

in Integrating noisy derivative curves (see section on error). 

All samples were measured at llq Ng temperature unless stated otherwise. 

2.3 Sources of Error 

The main sources of error are; 

a) Sample position: 

The signal Intensity produced by a sample depends on the 

amplitudes of the r.f. magnetic field at the sample, and 

the modulation field at the sample. Both of these quanti¬ 

ties fall off rapidly as the sample 1s displaced from the 

center of the eavity, 1.«., the portion of the sample which 

Is furthest from the center of the cavity contributes leas 
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to the signal Intensity than those which are nearer. Hence, 

samples of the same size and shape, positioned at the same 

pnlnt In the rnvlty, must be compared. Rince the ratio of 

the signal height of the same sample to that of the Ruby 

standard should remain constant, the accuracy with which 

this ratio can be reproduced as the sample is removed from 

the cavity and then returned to the same position is a 

measure of the error due to sample positioning. This error 

was determined to be * 

b) Integration Error 

1. Zero drift and noise. The accuracy with which the absorp¬ 

tion curve can be calculated depends on the accuracy with 

which the derivative of the absorption curve can be measured. 

This accuracy variée from sample to sample, because samples 

with a low concentration of spins must be observed at higher 

gains, thus the noise level is increased. 

2. Accuracy in measurement of the sweep rate. In our eyper- 

mental setup, the primary data obtained is a plot of 

derivative of absorption with respect to field versus time. 

If the sweep rate lB 8 ron8tani 

one sweeps through a resonance line, the plot of ^ 

versus time may be converted into a plot of derivative 

of absorption versus magnetic field via measuring the 
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sweep rate. The experimentally obtained resonance curve may 

then be Integrated graphically, that Is, a plot It made of 

where : 

A(H ) Is the value of the absorption when 
n 

th'- magnetic field has the value . 

Is the average value of the derivative of the 

aosorptlon In the Interval between and . 

3. 

A Hj Is the differencp . 

If the sweep rate is corstant 

¿ H, , S A t, lln - íiAt. 
dt n t 

We see from (l) that the height of the absorption curve and 

the width of the absorption curve are directly proportional 

to the sweep rate. Thun the area under the absorption curve 

depends upon the square of the sweep rate. Hie error in 

calculating the area under the absorption curve due to an 

Inaccuracy in the measurement of the sweep rate is 

ill j A ~ , where A ^ Is the error in measuring the 

sweep rate. 

Computing the Integration error. Since for one substance 

the ratio 

dH 

7 
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Area under the absorption curve _ a (,onBtant) 
signal Intensity 

We have computed this ratio for a large number of samples 

of the same substance and found the average value. We have 

taken our error in integration for each substance to be the 

average deviation of the mean. 

8 
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3. Renuits 

3.1 Teflon 

The samples of Teflon were studied prior to irradiation and no 

signals were observed in th unirradiated samples. The sensitivity of the 

lli , 
apparatus was such that free radicals of a concentration of 10 spins/cc 

could have been observed. 

After irradiation, an E.O.R. spectrum was observed in the samples 

of Teflon at liquid nitrogen temperature. Ovenall/1^ has observed an E.R.R. 

spectrum in stretched souples of Teflon irradiated in air. Our spectrum at. 

liquid nitrogen temperature is similar to the one he observed a. liquid 

nitrogen temperature when the magnetic field is oriented perpendicular to 

the elongation direction. He also observed an E.R.R. spectrum at room 

temperature which differed from that observed at liquid nitrogen temperature. 

Wo obtain similar results at room lempera+ure. Ovenall attributes the spectra 
FF F 

he observes to the radical ~ ^ ~ r ~ ~ ^ typical E.R.R. spectrum 

0-0. 
as observed at liquid nitrogen temperature is illustrated in Fig. 1. The 

asymmetry of the line shape is due to an anisotropy in the g valúen (Rj_~ 

2,002 and g(| = 2.C)1*, the parallel direction being along the oxygen bond). 

Ws have studied the variation of the E.R.R. spectrum of Teflon 

with temperature from room température to liquid nitrogen temperature. 

^ Ovenall, J. Them. Fhjs. 36t (1^3)- 
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pypical epectra obtained are shovii in Figures 2-4. We observed that the line 

shape varies continuously from liquid nitrogen temperature to room temperature. 

We tentatively attribute the variation to the vibration of the peroxide group 

about the polymer chain. 

The results of the measurement of spin densities for the Teflon samples 

are tabulated in Table I. The error in integration for the Teflon samples was 

* IO*. The error it. calibrating the ruby standard with DPPH was ± 20Í and the 

positioning error is assumed to be ± 5*. The total error is assumed to be * 35*. 

Sample 

671 

672 

673 

r,75 

676 

678 

679 

680 

601 

682 

683 

684 

685 

Table I 

SUMMARY OF TEFLON RESULTS 

Distance 

(cm) 

Dose 

(Mrad) 

1.5 4.9 

1.5 5.0 

1.5 5. r> 

2.8 2.7 

2.8 3.«J 

4.5 

4.5 

8.5 

8.5 

8.5 

50.0 

50.O 

50.0 

2.4' 

2.4 

1.5 

1.8 

1.9 

.24 

.30 

.2t? 

Spin/cc 

(» 10'l8)- 

1.46 

1.64 

I.70 

.99 

.00 

.44 

.58 

.40 

. 38 

.42 

.14 

.12 

.18 

10 
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3.2 High Density Polyethylene 

The samples of high density polyethylene were studied prior to 

irradiation and no free radicals were observed In them (sensitivity 10 splns/cc). 

Upon Irradiation, free radicals were observed in all the samplee 

studied. At high dosages (Fig. 5), the K-S.R. spectrum consisted of a 7-ltne 

spectrum superimposed on a broad central line. The principal species produced 
. H H H 

were the allyl radical, -C - CH - C = C - C - vhich is characterized by a 

* 12 3 
7-ltne hyperfine pattern (hyperfine splitting l8 gauss) ’ ' and the polyenyl 

H 
radical -C2 - CH - ( - CH = CH - )n - CHg - which goes to a single line whose 

width Is inversely proportional to n. ^ Both the polyenyl radical and the allyl 

radical have been observed to be produced in preference to the alkyl radical at 

7Ô 3 
high dose (10 - 10 rad). 

At intermediate doses, in addition to the polyenyl radical and the 
R, H 

allyl radical, we observed the nlkyl radieni, - C - C - 0 -, 

(nee Figure 6 and 7). This speclen is characterized by a feline hyperfine 

pattern (hyperfine splitting 30 gauss)1. Its presence can be detected by the 

fact that the outermost peaks of its hyperfine pattern lie outside of the pattern 

produced by the allyl and polyenyl radicals. 

At low dose,the E.S.R. spectnr neemed to be due to the alkyl radical 

alone (see Fig. 7). This is in accord with the results of Ohnishi et. al., 

who observe that the alkyl radical is produced preferentially at low doses 

A 0 
(10 rad and lens) \ 

An attempt was made to calculate the concentration of the alkyl radical 

in the samples by ase>unlng the ratio 

Area under the absorption curve(alkyl) ^ a conBtant 
height outermost peak 

11 
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The remilte of the E.S.R. studies on high density polyethylene are tabulated 

In Table II. Because of the ■variation in the relative concentrations of the 

species of free radical In the sample, we estimate that the integration error 

here is at least f 2<y* leeding to a total error of at least 45*. 

Table II 

SUMMARY OF HIGH DENSITY POLYETHYLENE REOULTS 

Sample 

687 

m 

609 

690 

691 

692 

694 

695 
696 

697 

698 

699 

700 

Di stance 
(cm) 

Dose 
(M rad) 

Spins/cc 

(» i°'18) 

* 
Alkyl 

1.5 

1.5 

2.8 

2.8 

2.8 

4.5 

4.5 

8.5 

8.5 

8.5 

50.O 

50.O 

50.O 

4.5 

4.8' 

5.4 

2.1 

2.8 

1.9 

1.9 
2.4 

.48 

.80 

.82 

.83 

.36 

.42 

.44 

.42 

.45 

.29 

.37 

.51 

.O69 

.075 

• OBI 

22 

25 

31 

27 

34 

42 

100 

90 

100 

1. S. Ohnishi, S. Sugimoto, and I. Nitta, J. Chem. Phys. 32» p. 2647 (I963). 

2. S. Ohrishl, Y. Ikeda, M. Kashiwayi and I. Nitta, Polymer 2, 119 (19^1). 

3. 9. Sugimoto, and I. Nitta, J. Polymer Sei. 503 (I960). 

12 
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3.3 Low DenPity Polyethylene 

The low density polyethylene samples were studied prior to irradiation 

and no free radicals were detected (sensitivity lO1*1 spins/cc). 

After irradiation, the species found to be present were the polyenyl 
H 

radical - H C - C - ( - CH - CH - )- CH0 - end the allyi radical 
c • IlC 

- HgC - C - CH = CH - CHg - (compare Figures 5 and 8). The central line due to 

the polyenyl radical, has grown so as to obscure part of the hyperflne pattern 

of the allyi radical. From the absence of any peaks at \330 gauss and at 

gauss, we conclude that no alkyl type radicals were present in any of the samples. 

At low doses,the central peak attributed to the polyenyl radical Is 

even more pronounced and only the outermost peaks of the hyperfine pattern due 

to the allyi radical are discernible. This is in opposition to the results of 

Ohnishi et. al. (see ref. 3 in section on high density polyethylene), who find 

that the allyi radical is produced in preference to the polyenyl radical at 

low doses, and at high doses the production of the polyenyl radical predominates. 

The concentration of free radicals observed in low density polyethylene 

are tabulated in Table HI. The integration error is * 10< leading to a total 

error of + 39<. 

13 
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Table III 

SUMMARY OF I/W DENSITY POLYETHYLENE RESULTS 

Sample 

TOi 

702 

703 

70U 

705 

706 

707 

708 

709 

710 

711 

713 

714 

715 

Distance 
(cm) 

1.83 

1.83 

1.83 

3.35 

3.35 

3.35 

5.7 

5.7 

5.7 

U'.O 

14.0 

47.5 

47.5 

47.5 

Dose 
(M rad) 

3.0' 

3.1 

2.2 

2.2 

2.2 

1.6 

1.5 

1.5 

.59 

.62 

.10 

.18 

.11 

Splns/cc 

.133 

.113 

.090 

.100 

.099 

.088 

.112 

.104 

.098 

.095 

.110 

. O66 

.054 

.070 

3.4 Polyphenylene 

The samples ol polyphenylene were studied prior to Irradiation and 

free radicals were observed in them (see Figure 10). The concentration of free 

radicals in the samples appeared to be uniform to within experimental error 

(+ 30*) and was 4.5 X 101^ spins/cc. 

Upon irradiation the signal grew in intensity but no new species appeared 

to be produced (compare Figs. 10 and 11). With the larger slgnal-to-noise 

ratio, due to the greater spin concentration, it was possible to observe the 

spectrum using a smaller modulation field. When this was done, an unresolved 

14 
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hyperfine pattern consisting of four discernible peaks, became apparent (see 

Fig. 12). Decreasing the amplitude of the modulation further did not improve 

the resolution of the hyperfine pattern. The hyperfine splitting appeared to 

be approximately 6 gauss or less. The identification of the free radical or 

free radicals observed in polyphenylene is made difficult by the lack of 

previous E8R investigations of the polyphenyls. 

ftiben et. al.* have observed an ESR spectrum from irradiated diphenyl. 

The free radicals produced give rise to a triplet spectrum. These authors do 

not give the magnitude of the hyperfine splitting nor do they identify the 

free radical observed. 

2 
Upon irradiating solid benzene Ohnishi et. al. observe an ESR spectrum 

which is characterized by: 

a) a triplet (hyperfine splitting 47.5g), 

b) each line of the triplet is further split into a quartet 

(hyperfine splitting 11.5 gauss). 

with the and protons and the quartet splitting is due to the inter¬ 

action of the unpaired electron with the 1(^ and protons. They also 

believe that the phenyl radical is produced because of tne string intensity 

of the central line of the observed spectrum. 

15 
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tonnet anrl Thomas have prepared the phenyl radical by chemical reaction. 

These authors observe that the phenyl radical gives a three omponent spectrum 

(hyperflne splitting 19 gauss). 

r>lxon predicts the following coupling constants for the phenyl radical 

(considering negative overlap Integrals): 

ortho 

meta 

?3<3 gavies 

4.2 gauss 

17.9 gauss. 
para 

If negative overlap integrals are neglected, the predicted hyperflne coupling 

constants are: 

= I9.2 gauss 

* 3.1 gauss 

ortho 

meta 

0.1 gauss. 
para 

The spectrum we observed Is characterized by the absence of h triplet hyper¬ 

flne structure. In view of the results of Ohnlshl and the narrowness of the 

line wr observed It can be assumed that the free radical produced is not of 

the hexadienyl type. The magnitude of the hyperflne splitting observed 

6 gauss) indicates the absence of protons ortho to the missing proton If 

one assumes a phenyl type radicax Is the one observed. 

Before a definite assignment of the free radicals present can be made 

more work is necessary on polyphenyle Is necessary. 

The spin concentrations for polyphenylene are given In Table IV. The 

integration error is 10¾ leading to a total error of 35^. 

16 
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Gamp 

71^' 

717 

718 

719 

7r;0 

721 

122 

721 

12^ 

725 

726 

727 

728 

729 

730 

Table IV 

SUMMARY OF POLYPHENYLENE RESULTS 

M stance 

(cm) 
Dose 

(M rad) 

Splns/rc 

íi^LÜl 

1.83 
1.83 

1.83 

3.35 

3.35 

3.35 

5*7 

5.7 

5.7 

14.0 

14.0 

14.0 

47.5 

47.5 

47.5 

3.2 

3.3 

3.2 

2.2 

1.9 

2.3 

1.5 

1.5 

1.5 

• 52 

.58 

. 66 

.24 

.19 

.14 

.204 

.324 

. 304 

.183 

.353 

.376 

.183 

. ^76 

. 35O 

.151 

. 360 

.370 

.115 

.256 

.169 

17 
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f

k. Conclusions

Mm observed In the case of hydrocarbon polymers that the free radical 

concentration Increased very rapidly with dose up to doses of appoxlmately

l. Mrad. At doses above 1. Mrad the free radical concentration produced 

by Irradiation remained constant (see Figures IU.I6).

Hydrocarton polymers Irradiated under steady state conditions have been 

observed to exhibit a linear relationship between spin concentration and dose 

at these dose levels.^"** We hypothesise that the saturation of the spin 

concentration bbserved In hydrocartons Irradiated at high dose rates Is 

due to the concomitant heating of the samples. Such heating would tend 

to promote the reaction of the free radicals. The results on Teflon (poly- 

tetrafluoroethylene) tend to support our hypothesis. Teflon was found to 

exhibit a linear relationship between spin concentration produced by Irralda- 

tlon and dose received. The higher atomic weight of the fluorine atoms would 

tend to Inhibit the motion of the free radicals In this solid and hence their 

reaction would be less likely to occur.

The predominant result of free radical reaction In polyethylene, for 

example, Is crossllnklng of the polyraei chains.^ Croesllnklng In polymers 

leads to greater rigidity and a higher softening point. In view of our re

sults, It would be expected that polymers irradiated at high dose rate would 

exhibit a greater degree of crossllnklng than those Irradiated to the same 

doee under steady state conditions, sutd that this would be strongly reflected 

In their mechanical properties.
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Plans for Future Work

a) A correlation will be made between our observations and the changes 

In mechanical properties produced In plastics upon Irradiation.^

b) All the Irradiations reported In this work have been c«u*rled out 

In air. To assess the effect of atmospheric gases on the radia

tion damage mechanism In polymers, studies are planned on materials 

that have been Irradiated In vacuum.

c) Studies are also planned on samples Irradiated at liquid nitrogen 

temperature. In order to eliminate effects due to heating of the 

samples.

d) Studies will be made on the mechanism of decay of the free radicals 

produced in plastics.

e) we plan to exploit the linear relationship found between the spin 

concentration produced in Teflon and dose received for dosimetric 

purposes.

Studies are currently being conducted by our group on the change In 
mechanical properties of plastics that have been subjected to irradiation 
in the Febetron.

LOCKHEED MISSILES flk SPACE COMPANY
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Fig. 13 Free radical concentration versus dose for Teflon. 
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