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RADIOISOTOPE AND RADIATION APPLICATIONS 

Duane N. Sunderman 

This is the Twelfth Quar t e r ly P r o g r e s s Report on r e s e a r c h p r o g r a m s in rad io iso­
tope technology and radiat ion chemis t ry vuider the sponsorsh ip of the Division of Isotope 
Development of the United States Atomic Energy Commiss ion . The repor t per iod is 
January 1 to March 3 1 , 1962. During this per iod r e s e a r c h continued in the a r e a s of 
in t r ins ic radioact ive t r a c e r s for indus t r i a l p r o c e s s cont ro l and the influence of s t r u c ­
tu ra l fac tors in radiat ion- induced graft polymerizat ion. 

During M a r c h , 1962, work was begun on a study of the effect of in te rna l radiat ion 
on the physiochemical act ivi ty of ca ta lys t m a t e r i a l s . P r o g r e s s in this a r e a will be 
repor ted in subsequent quar te r ly p r o g r e s s r epo r t s . 

I n t r i n s i c - t r a c e r r e s e a r c h is being concent ra ted upon the use of isotope neut ron 
sources of polonium-beryl l ium for the production of sho r t - l i ved i so topes . Data a r e 
repor ted he re in on the influence of volt ime, h igh-Z sca t te r ing m e d i a , t a rge t - i so tope 
concentra t ion, and mac roscop ic c r o s s - s e c t i o n on specific and to ta l act ivat ion produced 
with a 10-cur ie polonivim-berylliuin source . Fu tu re exper imenta t ion wil l invest igate 
the use of a 50-cur ie polonium-beryl l ium source in a dynamic sys t em simulat ing flow 
under p r o c e s s conditions. 

Graf t -polymer iza t ion r e s e a r c h continues to evaluate the effect of s t r u c t u r a l 
fac tors on f r e e - r a d i c a l s i te concentra t ions and grafting efficiency. P r e s e n t r e su l t s 
indicate that the rad ica l formed in a var ie ty of substi tuted me thac ry la t e po lymers is 
the same in a l l c a s e s . At tempts to employ radioact ive iodine as a r ad ica l scavenger 
have been unsuccessful at low site concentra t ions but sa t i s fac tory a t high dose s . Dose -
ra t e effects have been observed in radiat ion- induced f r e e - r a d i c a l format ion in 
polymethylmethacryla te over the range of 10^ to 10° rads p e r h r and total doses of 
1. 7 X 10^ to 3. 5 X 10" r ads . Effects of t e m p e r a t u r e , c rys ta l l in i ty , s t r u c t u r e , and 
molecu la r weight will be studied in future work. 
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I. USE OF INTRINSIC RADIOTRACERS FOR PROCESS CONTROL 

J a m e s L. M c F a r l i n g , P e t e r Gluck, John F . K i r c h e r , 
and Duane N. Sunderman 

SUMMARY 

Explora tory and optimizat ion exper iments on the use of i n - p r o c e s s isotope 
neutron sources to produce shor t - l ived in t r ins ic r a d i o t r a c e r s were continued. The 
var iab les studied were ac t iva t ion-ce l l vo lume, t a rge t - i so tope concent ra t ion , and the 
effect of a h igh-Z mode ra to r around the source . 

Exper imenta l data relat ing ac t iva t ion-ce l l volume and mac roscop ic absorpt ion 
c r o s s sect ion of the target solution were obtained. The range of solution c r o s s sect ions 
studied var ied f rom 2. 22 to 19 x 10"^ barns p e r cm^. Cell volumes ranged f rom 40 ml 
to 11 l i t e r s . Surrounding the neutron source with a 1/2-in. lead m o d e r a t o r was shown 
to give a marg ina l i n c r e a s e in efficiency in l a rge volumes and an efficiency d e c r e a s e in 
sma l l volumes. 

INTRODUCTION 

Batte l le is cur ren t ly conducting a r e s e a r c h p r o g r a m for the Division of Isotopes 
Development on the use of in t r ins ic radioact ive t r a c e r s for indus t r i a l p r o c e s s control . 
The proof of pr inciple for this concept has a l ready been demons t ra t ed on seve ra l 
l a b o r a t o r y - s c a l e p r o c e s s e s . 

The objective of the p r e sen t phase of this p r o g r a m is to invest igate the feasibil i ty 
of using i n -p roce s s isotope neut ron sources to produce shor t - l ived in t r ins ic radio­
t r a c e r s . These t r a c e r s might be useful for s t r e a m analys is and p r o c e s s control in the 
same way as longer lived r a d i o t r a c e r s . However , u se of such shor t - l ived rad io i so­
topes will e l iminate most contaminat ion p rob lems which could a r i s e f rom use of long-
lived t r a c e r s . 

P rev ious r epor t s have desc r ibed the const ruct ion and operat ion of a neut ron-
source s torage shie ld-act ivat ion cel l a s sembly containing a 10-cur ie po lonium-bery l l ium 
neut ron source . The resu l t s of neutron-f lux mapping in wa te r around the source have 
a lso been given. The p resen t r epor t de sc r ibe s exper iments a imed at de termining op­
t imum conditions for i n - p r o c e s s t r a c e r act ivat ions . 
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EXPERIMENTAL WORK 

Neutron-Activat ion Optimization Studies 

The effect of changing s e v e r a l var iab les has beenstudied as a continuation of the 
ac t iva t ion-ce l l optimizat ion p r o g r a m . The following var iab les a r e among those con­
s idered impor tan t in a continuously operat ing p r o c e s s : 

(1) Geometry of the activation ce l l 

(2) Holding t ime in act ivat ion cel l 

(3) Act ivat ion-cel l volume 

(4) Concentrat ion of t a rge t isotope a n d / o r macroscop ic 
absorpt ion c r o s s sect ion 

(5) Neutron m o d e r a t o r s and shields used. 

The f i r s t of these var iab les was found to be l e s s significant than or iginal ly 
thought. F o r this r e a s o n , the major i ty of the exper iments desc r ibed w e r e pe r fo rmed in 
s imple cyl indr ica l geomet ry . The second v a r i a b l e , holding t i m e , i s ve ry impor tant ; 
but i t i s so closely re la ted to t r a c e r half-l ife and p r o c e s s r equ i r emen t s that it will not 
be studied unti l l a t e r in the p r o g r a m . The thi rd and fourth va r i ab le s w e r e the p a r a m ­
e t e r s studied mos t intensively during this pe r iod , with some at tention a lso being given 
to the fifth. 

Activation as a Funct ion of Volume and 
Targe t - I so tope Concentrat ion 

Exper imenta l Techniques 

The cyl indr ica l ac t iva t ion-ce l l geomet ry used for this p a r t of the invest igat ion i s 
shown in F igure I - l . The solution volumes employed ranged f rom 40 m l to 11 l i t e r s . 
The aqueous solutions studied w e r e : 

(1) Manganese sulfate 

(2) Manganese sulfate plus cadmium sulfate 

(3) Manganese sulfate plus bor ic acid 

(4) Indium n i t r a t e . 

Manganese was chosen as the t a rge t isotope for the invest igat ion because of i ts 
high sens i t iv i ty , des i r ab le ha l f - l i fe , 100 p e r cent gamma e m i s s i o n , and low cost . 
Cadmium and boron were used because of the i r high neut ron cap tu re c r o s s s ec t ions . 
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which made it poss ible to achieve high macroscop ic absorpt ion c r o s s sec t ions . Indium 
was used for a few experim.ents in o r d e r to compare i t s behavior with that of manganese . 

The exper iments were c a r r i e d out by i r rad ia t ing each solution in the s e r i e s of 
cy l indr ica l ves se l s of different volumes . After i r r a d i a t i o n , the act ivi ty of the solution 
f rom a given vesse l was m e a s u r e d with the 7 5 0 - m l , 2 by 2-in. Nal(Tl) dip counter de ­
scr ibed previously. ' ^ ' F o r ac t iva t ion-ce l l volumes of l e s s than 750 m l , an aliquot of 
the act ive solution was diluted to a volume sui table for counting. 

The m e a s u r e d manganese and indium ac t i v i t i e s , in counts p e r minu te , w e r e 
conver ted to d is in tegra t ions p e r second p e r mi l l i l i t e r at ze ro t ime. These a r e the 
max imum act ivi t ies obtainable at sa tura t ion with a 10-cur ie poloniumi-beryll ium sou rce . 
In these calculat ions count ing-cel l efficiencies of 10. 0 ± 0. 1 and 7. 8 p e r cent were used 
for manganese and ind ium, respect ive ly . The indium ca l ibra t ion i s not as accu ra t e as 
that for manganese since only one de te rmina t ion was made . 

Exper imenta l Resul t s 

The resu l t s of the exper iments relat ing ce l l volume and solution concentra t ion a r e 
shown graphical ly in F i g u r e s 1-2, 1-3, and 1-4. 

F i g u r e 1-2 shows the re la t ionship between g r o s s ac t iv i ty , solution vo lume, and 
t a rge t - i so tope concent ra t ions . H e r e , the concentra t ion of solution goes up to a m a n ­
ganese equivalent of 1200 g p e r l i t e r . This concentra t ion , which i s some five or six 
t imes the maximum solubility of manganese in wa te r , is achieved by adding cadmium 
to a solution containing f rom 10 to 30 g p e r l i t e r of manganese . The macroscop ic ab ­
sorpt ion c r o s s sect ion of this solution i s then the same as it would be if 1200 g p e r l i t e r 
of manganese was used . It i s obvious f rom the f igure that in solutions of high manga­
nese equivalent the re i s very l i t t le i n c r e a s e in g r o s s act ivi ty. This indica tes that the 
neut rons a r e being absorbed essent ia l ly as fast a s they a r e the rmal ized . 

In F i g u r e 1-3 the r e su l t s a r e plotted somewhat different ly , n a m e l y , a s g r o s s 
act ivi ty ve r sus macroscop ic absorpt ion c r o s s section. In this f igure the r e su l t s f rom 
the manganese -boron solution act ivat ions a r e a lso shown. The data indicate that the re 
i s very l i t t le difference between the absorpt ion c h a r a c t e r i s t i c s of the boron and cadmium 
solutions. 

The compar i son between the r e su l t s for indium and manganese solutions a r e 
shown in F igu re 1-4. The g r o s s activity i s divided by the decay constant for the isotope 
so that the r e su l t s may be compared d i rec t ly . It i s evident that the re a r e some dif­
fe rences between the act ivat ion c h a r a c t e r i s t i c s of these so lu t ions , a s might be expected 
f rom their different neu t ron-absorp t ion modes . Manganese i s approximate ly a 1/v 
a b s o r b e r while indium has significant resonance absorpt ion. 

Effect of Surrounding Source With a High-Z Modera to r 

I t is known f rom the neu t ron-energy s p e c t r u m emit ted by a po lonium-bery l l ium 
source(2) that most of the emitted neut rons have energ ies g r e a t e r than 4 Mev. These 
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high-energy neutrons are moderated more effectively by high-Z nuclei than by low-Z 
nuclei(3). Therefore, it was thought desirable to determine the effect of interposing a 
high-Z moderator between the neutron source and the solution being activated. Several 
such experiments at different solution concentrations were carried out using the setup 
illustrated in Figure 1-5, with lead as moderator. A paraffin moderator of the same 
thickness was substituted in order to provide a water-equivalent material for 
comparison. 

The results of the experiments are shown graphically in Figure 1-6. It i s appar int 
from the data that there are significant differences in the activation efficiencies ob­
served with the two moderators; however, the use of the high-Z moderator only gave 
improved efficiency in large cell volumes. 

Neutron-Activation Sensitivities of the Experimental System 

Neutron-activation sensitivit ies are of primary importance in order to put this 
general method of process control in the proper perspective. Therefore, sensitivity data 
were obtained on several common elements with the present system. 

The sensit ivit ies presented in Table I - l are those actually found for the designated 
species with a 10-curie polonium-beryllium source and the laboratory counting system. 
This sys tem, which has been described previously( 1), consists of a 2 by 2-in. Nal(Tl) 
crystal dip counter holding 750 ml. The activation sensit ivit ies are given as relative 
counting rates for the saturated activities extrapolated to zero decay time. 

TABLE I- 1. ACTIVATION EFFICIENCIES OBTAINED WITH 10-CURIE 
POLONIUM-BERYLLIUM NEUTRON SOURCE 

Saturated Activity 

Element 

Indium 
Vanadium 
Dyspros ium 
Manganese 
Iodine 
Aluminum 

Pr inc ipa l 
Activity 

I n l l 6 m 

V52 
£,yl65m 
Mn56 
l l 2 8 
Al28 

t l / 2 

54 min 
3 .76 min 
1. 25 min 
2. 57 h r 

25 min 
2. 3 min 

at Zero Decay Time (a) 

cpm per g per liter 

255,000 
26,000 
21,000 
11,000 
2,350 
1,200 

(a) Solutions were counted with a 2 by 2-in. Nal(Tl) crystal dip counter holding 750 ml. 
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DISCUSSION 

Exper imenta l study this q u a r t e r provided gene ra l information useful in s t r e a m -
activation applicat ions. It is expected that the data p resen ted in the s e r i e s of plots and 
the table of act ivat ion efficiencies will be of value to an engineer whose knowledge of 
radioisotopes is m e a g e r but who wants to l e a rn whether the use of in situ production of 
shor t - l ived isotopes affords another o r be t te r approach to h is p r o c e s s - c o n t r o l p roblem. 

The engineer who knows the flow r a t e , concentra t ion of sa l t s in solution, available 
neutron flux, efficiency of production of the isotope to be t r a c e d , and cel l counting 
efficiency can combine this knowledge with the information p resen ted in the g raphs . He 
should then be able to decide the applicabil i ty and the poss ib le advantages to be gained 
f rom radioisotope p r o c e s s control . 

The data collected a r e shown in F i gu re s 1-2, 1-3, 1-4, and 1-6. The family of 
cu rves in F igure 1-2 shows the act ivi ty in d is in tegra t ions pe r second pe r mi l l i l i t e r of 
solution as a function of activation volume at manganese or manganese equivalent con­
cent ra t ions of 1 to 1200 g per l i t e r . The lower five curves cover the range of 
MnS04' H2O solubility and show actual ac t iv i t ies . The act iv i t ies of the manganese 
equivalent concen t ra t ions , f rom 200 to 1200 g pe r l i t e r , r e p r e s e n t calculated r e s u l t s . 
These w e r e obtained by multiplying the actual manganese activity by the ra t io of the 
absorpt ion c r o s s sect ions of the equivalent manganese to actual manganese contained in 
the solution. Good agreement between act ivi t ies in the manganese and manganese 
equivalent solutions was observed in the range of 10 to 150 g pe r l i t e r , but for r easons 
of c lar i ty the data were not shown. 

An inspection of the curves shows that total activity i n c r e a s e s with t a rge t - i so tope 
concentrat ion; however , the benefits gained diminish continuously with inc reas ing con­
centra t ion. This phenomenon i s due to the immedia te absorpt ion of the neut rons as soon 
as they a r e thermal ized . The shift in the activation peak toward the source as the 
ta rge t - i so tope concentrat ion is i nc r ea sed suppor ts this conclusion. 

F igu re 1-3 contains al l of the data shown in F igu re 1-2 with addit ional data f rom 
manganese -boron solution act ivat ions . These a r e c r o s s plotted showing g r o s s act ivi­
t ies in 4 0 - m l to 11- l i te r volumes of pure m a n g a n e s e , m a n g a n e s e - c a d m i u m , and 
manganese -boron solutions as a function of macroscop ic absorpt ion c r o s s section. At 
low c r o s s sect ions in the range of 2. 24 to 4. 4 x 10" barn pe r c m 3 , the detectable 
difference in the absorpt ion c h a r a c t e r i s t i c s of the pure manganese and manganese with 
cadmium or boron solutions is very smal l . The cutoff at 2. 22 x 10"^ barn pe r cm^ is 
due to the macroscop ic c r o s s sect ion of pure wa te r . At the h igher c r o s s sect ions there 
is an apparent difference in the absorpt ion c h a r a c t e r i s t i c s of boron and cadmium. 
However , these differences a r e not l a r g e , and the deviat ions a r e within the exper imenta l 
e r r o r . 

In F igure 1-4 an a t tempt was made to obtain a plot which connpares two isotopes 
d i rec t ly and which could be of g r ea t uti l i ty if valid. Here g r o s s indium and manganese 
ac t iv i t i e s , divided by their respec t ive d is in tegra t ion cons tan t s , we re plotted as a 
function of macroscop ic c r o s s sect ion in three volumes. The manganese values a r e 
based on a l a r g e r number of act ivi ty de te rmina t ions than the indium values and a r e . 
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therefore, more reliable. Also contributing to the apparent differences i s the larger 
uncertainty in the dip-counter efficiency for indium. In order to make the manganese 
and indium data directly comparable, the indium activities were corrected for the 
epithermal-neutron contribution using the cadmium ratios reported previously. (1) The 
indium activity was additionally corrected for the absorption cross section of indium-115 
by multiplying by 190/145 (ratio of the total indium cros s section to the cross section 
for production of ind ium- l l6m only). An examination of the results shows a similarity 
in the two sets of curves , but the indium values are lower by approximately 50 per cent. 
Different neutron-absorption modes would not account for such a large discrepancy in 
results; therefore, the dip-counter efficiency used for indium i s the most likely source 
of error. 

Figure 1-6 shows the specific manganese and manganese equivalent activity as a 
function of distance from the source — the source being surrounded with either 1/2 in. 
of paraffin or 1/2 in. of lead. An inspection of the four sets of curves shows the shift 
in the activation peak toward the source with the paraffin moderator. Of greater signi­
f icance, however, i s the difference in the observed activation efficiencies. Thus in 
applications where small volumes of highly active solutions are required, the inter­
position of a high-Z moderator i s not desirable. It may become useful where large 
volumes of solutions containing larger amounts of the target isotope are to be activated. 

It can be concluded that the data presented will be useful in ascertaining optimum 
parameters for a given sys tem in a real application. The simulated process experiments 
now being planned will rely heavily on the data presented in this report. 

FUTURE WORK 

A 50-curie polonium-beryllium neutron source is now on order with Mound 
Laboratory. This source will be used during the next quarter for sinnulated in-process 
activation experiments. Design and construction of the simulated process system is 
currently under way. Along with the process experiments , some time will be spent in 
summarizing the experimental results and outlining an applications guide for engineers. 
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II. RADIATION-INDUCED GRAFT-POLYMERIZATION STUDIES 

F r a n c i s A. Sl ienaers , Manfred Lut t inger , E m i r Gulbaran''", 
Wil l iam B, G a g e r , Robert L i e b e r m a n , John F . K i r c h e r , 

and Robert I. Leininger 

SUMMARY 

The study of the mechan i sm of f r e e - r a d i c a l formation and decay in po lymer ic 
m a t e r i a l s has been continued. The dual emphas is employed during the p r e sen t per iod 
of the invest igat ion has involved (1) an examination of the effects of s t ruc tu re and con­
figuration on f r e e - r a d i c a l format ion , pa r t i cu la r ly in the ac ry la t e and methac ry la te 
p o l y m e r s , and (2) an invest igat ion of the potential application of this information to the 
development of novel graft copo lymers . 

INTRODUCTION 

The objective of this r e s e a r c h p r o g r a m i s the de te rmina t ion of s t r u c t u r a l and 
configurational fac tors on the behavior of po lymers subjected to gamma i r r ad ia t ion and 
the cor re la t ion of the radiat ion- induced changes which occur with the ability of the 
polymer to form graft copo lymers . It is anticipated that a mechan i sm of radiat ion 
at tack on the var ious polymer sys t ems can be es tabl ished. 

In previous work a number of polyalkylmethacryla tes were examined extensively. 
The data suggest that (1) f r e e - r a d i c a l formation i s genera l ly accompl ished by means of 
an e s t e r s c i s s ion , (2) e s t e r sc i ss ion i s accompanied , at leas t in the major i ty of c a s e s , 
by a sc iss ion on the polymer backbone, (3) the s ize and configuration of the hydrocarbon 
ta i l of the e s t e r group and of the group at tached to the carbon and alpha with r e spec t to 
the e s t e r group influence the efficiency of si te format ion , and (4) the ra te of formation 
a n d / o r decay of f r e e - r a d i c a l s i tes is affected by polymer mobili ty and, pe rhaps 
independently, by polymer molecu la r weight. 

EXPERIMENTAL WORK 

Unless o therwise noted, all po lymers were p r epa red by radiat ion polymer iza t ion 
at the Battel le Cobalt-60 Gamma Faci l i ty . F o r the m e a s u r e m e n t of f r e e - r a d i c a l s i te 
concen t ra t ions , samples of deact ivated po lymer a r e r e i r r ad i a t ed in vacuo to var ious 
total doses . Site concentra t ions a r e de te rmined as a function of dose and, occas ional ly , 
as a function of dose ra te using e l e c t r o n - p a r a m a g n e t i c - r e s o n a n c e (EPR) m e a s u r e m e n t s . 

• I, A. E. A. Fellow. 
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Vapor-phase chromatography and m a s s spectrometry are used to determine quantita­
tively the volatile fragments of the irradiation. Grafting techniques are being employed 
in an effort to correlate free-radical site concentrations with polymer reactivity. 

Polymer Preparation 

The preparation of an insoluble polymer of 2-hydroxypropylmethacrylate was 
described ear l i er . ' ' Its insolubility was believed due to the known presence of 
dimethacrylate, a cross-l inking agent, as an impurity in the monomer. This insoluble 
polymer produced a three-line EPR spectrum. The spectral shape may also have been 
the result of impurities. However, since the five-four spectrum characteristic of the 
unsubstituted methacrylates i s generally attributed to the backbone free radical, 

CH3 

• C C C — , 

I I I 
COOR 

it is probable that the three-line spectrum of the hydroxypropyl polymer, if not due to 
impurit ies , i s indicative of another species of free radical. 

Recently, this problem has been pursued further. A well-control led distillation 
of the monomer was carried out in an effort to remove impurit ies , and the polymer 
molecular weight was reduced by irradiating a highly dilute solution of the monomer to a 
relatively low percentage conversion. The resulting polymer i s soluble in alcohol. The 
EPR spectrum of this "high-purity" material wil l be examined during the next report 
period. 

Polystyrene was prepared from a solution of the monomer at 70 C using a , a -
azodiisobutyronitrile to initiate poljrm.erization. The poly-a-methylstyrene was prepared 
by adding a mixture of monomer and dry pentane to a 6 to 1 volume ratio of pentane and 
methylene chloride containing boron trifluoride. 

The dimethylaminoethylmethacrylate polymer was prepared by irradiation of a 
10 per cent solution of the monomer in dry hexane. The polypropylene i s a conunercial 
resin prepared by Hercules. 

Chemical Measurement of Free-Radical Concentration 

A number of experiments have been performed to examine the effectiveness of 
iodine as a free-radical scavenger. This study, which has included an examination of 
other scavenger systems'^' ^', was undertaken primarily to establish if such a method 
might be applicable to the measurement of total site concentrations in the very low s i te-
concentration range where sample s ize l imits the applicability of the EPR instrument. 
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Using i r r ad ia t ed PMMA, iodine in carbon te t rach lor ide appea r s to be a good 
scavenger at high site concen t ra t ions , but at low radiat ion doses (<10o rads) the sys t em 
is not sufficiently sensi t ive . F u r t h e r , ini t ial exper iments indicate that radioact ive 
iodine is also ineffective in the low s i te -concent ra t ion range. 

Grafting Studies 

A s e r i e s of graf t -polymer iza t ion exper iments was completed in which 
acry loni t r i l e was used as graft monomer and s eve ra l different base po lymers were 
used. These included PMMA, polypropylene po lys ty rene , and po ly -a -me thy l s ty rene . 
The PMMA was soluble in the monomer whereas the polys tyrene was only slightly 
soluble and the other po lymers were only "wet ted" by the ac ry lon i t r i l e . 

In the PMMA-acry lon i t r i l e work , following graf t ing, the solution was poured into 
dimethylformamide to solubilize the excess m o n o m e r , and the po lymer was p rec ip i ­
tated with excess wate r and ex t rac ted 24 h r with water . Using this s y s t e m it is 
theoret ical ly poss ible to r ecover al l of the copolymer and homopolymers and, at the 
s ame t i m e , remove unreac ted monomer . 

The resu l t s f rom a s e r i e s of grafting e x p e r i m e n t s , c a r r i e d out at 25 C , a r e 
summar i zed in Table I I - 1 . The data indicate that very li t t le if any grafting occur red . 
S imi la r s e r i e s of graf ts have been completed in which (1) the grafting t ime has been 
var ied at 25 C and (2) the i r r ad ia t ion and grafting t e m p e r a t u r e s have been reduced to 
-72 C. 

TABLE I I - 1 . RESULTS OF GRAFT-POLYMERIZATION STUDIES OF PMMA AND 
ACRYLONITRILE(a) 

Sites per 
Total D o s e , Monomer Unit Ni t rogen(^) , 

Run 10'7 rads x 10^ Ĉ ) per cent 

G-67 - - - - 0 .16 
G-68 — - - 0,17 
G-69 0.02 0 ,3 0.27 
G-71 0. 02 0. 3 0. 15 
G-70 0.08 0.9 0 .23 
G-72 0. 08 0.9 0. 14 
G-73 0,32 2.0 0,22 
G-74 0.32 2.0 0,33 
G-75 0.48 3.2 0.23 
G-76 0.48 3. 2 0. 16 

(a) The grafting was carried out at 25 C for a period of 1 hr with approximately 75 cm^of monomer to approximately 
5 g of polymer. 

(b) These values were determined by EPR measurements. 
(c) Multiplication of these data by 3.79 gives the percentage of acrylonitrile In the copolymers. 
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These data a r e l i s ted in Table 11-2. Again, very l i t t le grafting i s indicated. Apparently, 
there i s something inherent in the PMMA s t ruc tu re which, at l eas t under the conditions 
employed, inhibits grafting, 

TABLE n - 2 . RESULTS OF GRAFT-POLYMERIZATION STUDIES OF PMMA AND 
ACRYLONITRILE(a) 

Run 

G-77 
G-78 
G-81 
G-82 
G-79 
G-80 
G-83 
G-84 
G-88 
G-91 
G-86 
G-87 
G-85 
G-92 
G-89 

Total Dosef, 
107 rads 

0 ,96 
0 .96 
0 .48 
0 .48 
0 .48 
0 .48 
0 .48 
0 ,48 

— 
— 

0.025 
0 .025 
0. 15 
0. 15 
0.074 

Grafting 
Tempera tu re^ 

C 

25 
25 
25 
25 
25 
25 
25 
25 

- 7 2 
- 7 2 
- 7 2 
- 7 2 
- 7 2 
- 7 2 
- 7 2 

Grafting 
T i m e , h r 

1 
1 

0. 25 
0,25 

5 
5 

24 
24 

2 . 5 

Sites p e r 
Monomer Unit 

X 103 (b) 

5 . 0 
5 . 0 
3. 2 
3 . 2 
3 . 2 
3 . 2 
3. 2 
3. 2 
— 
— 

0 , 3 
0 . 3 
1.3 
1.3 
0. 8 

Nitrogen(c) 
pe r cent 

0.30 
0. 29 
0 .31 
0 .28 
0.27 
0.27 
0 .25 
0. 19 
(d) 
(d) 
0. 10 
0 .06 
(d) 
(d) 
0. 10 

(a) Approximately 75 ml of monomer was used with approximately 5 g of polymer for each grafting, 
(b) These values were determined by EPR measurements. 
(c) MuldpUcation of these data by 3.79 gives the percentage of acrylonitrile in the copolymers. 
(d) These results ate not yet available. 

S i n c e s o m e s o l u b i l i t y of the p o l y s t y r e n e i n a c r y l o n i t r i l e w a s i n d i c a t e d , t he g r a f t i n g 
p r o c e d u r e d e s c r i b e d a b o v e w a s e m p l o y e d f o r t h i s sys t enn . F o r the s y s t e m s 
p o l y p r o p y l e n e - a c r y l o n i t r i l e a n d p o l y - a - m e t h y l s t y r e n e - a c r y l o n i t r i l e , the p r o c e d u r e w a s 
s i m p l i f i e d . T h e i n s o l u b l e s w e r e m e r e l y r e m o v e d f r o m the e x c e s s m o n o m e r , w a s h e d 
w i t h w a t e r , a n d e x t r a c t e d 24 h r w i t h w a t e r . No ef for t w a s m a d e , in t h e s e e a r l y r u n s , 
to r e m o v e a c r y l o n i t r i l e h o m o p o l y m e r . 

A n e x a m i n a t i o n of T a b l e I I - 3 r e v e a l s t ha t t h e r e i s s o m e e v i d e n c e f o r g r a f t i n g a t 
t he h i g h e r d o s e in the c a s e of t he p o l y p r o p y l e n e a l t h o u g h r e p r o d u c i b i l i t y i s n o t good. 
H o w e v e r , i t i s a p p a r e n t tha t l i t t l e o r no g r a f t i n g o c c u r r e d w i t h the o t h e r two s y s t e m s 
( T a b l e s n - 4 and I I - 5 ) . 
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TABLE I I -3 . RESULTS OF GRAFT-POLYMERIZATION STUDIES 
OF POLYPROPYLENE AND ACRYLONITRILE(a) 

Run 

G-93 
G-94 
G-95 
G-96 
G-97 

Total D o s e , 
107 rads 

0,02 
0. 02 
0.48 
0.48 

M 
Sites p e r 

onomer Unit 
X 103 (b) 

0 .01 
0 .01 
0. 13 
0. 13 

N i t rogen(^) , 
pe r cent 

0. 12 
0. 10 
0. 14 
0. 69 
7.49 

(a) Approximately 75 ml of freshly distilled monomer was used with approximately 5 g of 
polymer for each grafting. Grafting temperature was 25 C and grafting time was 1 hr. 

(b) These values were determined by EPR measurements. 
(c) Multiplication of these data by 3.79 gives the percentage of acrylonitrile in the 

copolymers. 

TABLE II-4 , RESULTS OF GRAFT-POLYMERIZATION STUDIES 
OF POLYSTYRENE AND ACRYLONITRILE(a) 

Run 

G-98 
G-99 
G-lOO 
G-101 
G-102 
G-103 

Total D o s e , 
107 rads 

0 .01 
0.02 
0.095 
0.48 
0 .48 

M 
Sites p e r 

onomer Unit 
X 103 (b) 

? 
? 

0.001 
0.002 
0.002 

Ni t rogen ' ^ ) , 
pe r cent 

0 .42 
0, 34 
0. 32 
0,40 
0. 32 
0 .35 

(a) Approximately 75 ml of freshly distilled monomer was used with approximately 5 g of 
polymer for each grafting. Grafting temperature was 25 C and grafting time was 1 hr. 

(b) These data were determined by EPR measurements. The absolute values are somewhat 
uncertain because of a recent recalibration of the instrument. 

(c) Multiplication of these data by 3.79 gives the percentage of acrylonitrile in the 
copolymers. 
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T A B L E n - 5 . RESULTS OF G R A F T - P O L Y M E R I Z A T I O N STUDIES 
OF P O L Y - a - M E T H Y L S T Y R E N E AND 
ACRYLONITRILE (a) 

Run 

G - 1 0 4 
G-105 
G - I 0 6 
G-107 
G-108 
G-109 

Tota l D o s e , 
rads lO'' 

__ 
0 , 0 2 
0 . 0 2 
0 . 0 8 
0 . 4 8 
0 . 4 8 

S i t e s p e r 
M o n o m e r Unit 

X 103 (b) 

U n d e t e r m i n e d 

N i t r o g e n ( c ) , 
p e r cent 

0. 16 
0. 13 
0 . 0 5 
0, 13 
0. 13 
0. 13 

(a) Approximately 75 ml of freshly distilled monomer was used with approximately 5 g of 
polymer for each grafting. Grafting temperature was 25 C and grafting time was 1 hi. 

(b) These values were determined by EPR measurements. 
(c) Multiplication of these data by 3.79 gives the percentage of aciylonltiile in the 

copolymers. 

F r e e - R a d i c a l F o r m a t i o n in P o l y d i m e t h y l a m i n o -
e t h y l m e t h a c r y l a t e and P o l y s t y r e n e 

Site concentrat ion has been d e t e r m i n e d a s a funct ion of d o s e for p o l y d i m e t h y l -
a m i n o e t h y l m e t h a c r y l a t e and p o l y s t y r e n e . I n t e r e s t i n g l y , in the c a s e of the DMAEMA 
p o l y m e r , no s table s i t e s w e r e f o r m e d e v e n at total d o s e s of a p p r o x i m a t e l y 4 . 3 x 10^ 
rads . A h i g h e r m o l e c u l a r we ight polymier i s now being p r e p a r e d for eva luat ion . The 
data obtained with p o l y s t y r e n e a r e l i s t e d in Table 11-6. L i t t l e in format ion a s to rad ica l 
p o s i t i o n could be ga ined f r o m s p e c t r a l s h a p e s . The s p e c t r a w e r e quite d i f f u s e , due at 
l e a s t in part to the h igh n o i s e l e v e l p r e s e n t during m e a s u r e m e n t s . 

T A B L E n - 6 , SITE FORMATION AS A FUNCTION OF 
DOSE IN P O L Y S T Y R E N E 

D o s e , 

2 
5 
1 
3, 
4. 
9. 
1. 
3. 

X 

X 

X 

2 
8 
6 
9 
4 

10 
10 
10 
X 

X 

X 

X 

X 

rads 

5 
5 

6 
io6 
106 
106 
10 / 
107 

S i t e s p e r 
M o n o m e r Unit 

X 103 (b) 

? 
? 

1 ,23 
2 . 7 4 
2 . 2 9 
3. 12 
5 , 8 0 
4 . 1 9 

(a) These values were determined using EPR measurements. The absolute 
values are somewhat uncertain because of a recent recalibration of the 
instrument. 
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Quantitative Examinat ion of EPR Spectra 
in Severa l P o l y m e r s 

Resul ts f rom a detai led examination of the EPR spec t r a of s e v e r a l po lymers a r e 
given in Table I I -7 . The quantity "g" in the table is the split t ing factor and " A j " and 
" A 2 " a r e the hyperfine coefficients. The m e t h y l - , t e r - b u t y l - , and cyclohexylmethacryla te 
po lymers showed the usual five-four s p e c t r u m , while the po ly-2-hydroxypropylmethac­
rylate and the polymethacry lamide showed t h r e e - and five-l ine s p e c t r a , respec t ive ly . 
The re were a lso hints of a four- l ine s p e c t r u m in the case of the po lymethacry lamide . 
However , its intensi ty re la t ive to the f ive-l ine s p e c t r u m was too weak for any m e a s u r e ­
ments to be made . 

A detailed examination of the spec t ra produced by those po lymers which show the 
n o r m a l five-four pa t te rn indicated that the same rad ica l i s being seen in a l l c a s e s , 

TABLE I I -7 . SPLITTING FACTORS AND HYPERFINE COEFFICIENTS FOR SEVERAL POLYMERS 

Polymer 
Dose, 

rads 

3 .4 X 106 

1.4 X 10'7 
3 .4 X 106 

3 .4 X 10^ 
3 .4 X 106 
3 .4 X 106 

Splitting 

Factor 

(g) 

2.002 ± 0 . 0 0 1 
2.002 ± 0 .001 
2.002 ± 0,001 

2.002 ± 0 , 0 0 1 
2 .003 ± 0 , 0 0 1 
2,003 ± 0,001 

Hyperfine 

A l 

22 ,7 ± 0 . 5 
22 .7 ± 0 .5 

22,7 ± 0 ,5 

22.7 ± 0 .5 
8.5 ± 0 .5 

22 .6 ± 0 .5 

Coefficient, gauss 

A2 

22.7 ± 0 .5 
22.7 ± 0 .5 

22.7 ± 0 . 5 
22 ± 1 

--
— 

Polymethylmethacrylate 
Polymethylmethacrylate 
Poly-t-butylmethacrylate 
Polycyclohexylmethacrylate 
Poly -2 -hydtoxypropylmethacrylate 
Polymethacrylamide 

Effec t of D o s e R a t e on S i t e F o r m a t i o n in 
P o l y m e t h y l m e t h a c r y l a t e 

D a t a f r o m a s t udy of the effect of d o s e r a t e on s i t e f o r m a t i o n in P M M A a r e 
p r e s e n t e d in T a b l e I I - 8 . D o s e r a t e s of 1 x 10^ , 2 x 1 0 ^ , and 1 x 10^ r a d s p e r h r w e r e 
u s e d in t h i s w o r k . T h e d a t a i n d i c a t e , a s m i g h t be e x p e c t e d , tha t the m e a s u r e d s i t e 
c o n c e n t r a t i o n fo r a g iven d o s a g e i n c r e a s e d wi th i n c r e a s i n g d o s e r a t e . T h i s i s l o g i c a l l y 
e x p l a i n e d by the f ac t tha t a h i g h e r c o n c e n t r a t i o n of s h o r t - l i v e d f r e e r a d i c a l s i s 
" b u i l t u p " d u r i n g h i g h - d o s e - r a t e i r r a d i a t i o n . 
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TABLE n-8. THE EFFECT OF DOSE RATE ON SITE FORMATION IN 
POLYMETHYLMETHACRYLATE 

Dose Rate, Sites Pei Monomer Unit, 
rads per hr Dose, rads x 10°(^) 

1x10* 1.7x10^ 3.15 
6.58 

20.5 
27.8 

2 X 10^ 2 X 10^ , 3.76 
11.2 
28.0 
46.1 

1x10^ 2.5x10^ 4,54 
12.5 
41.7 
63,4 

(a) These values were determined using EPR measurements. The absolute 
values are somewhat uncertain because of a recent recalibradon of the 
instrument. 

1.7 X 10^ 
4.8 xlO^ 
1 . 7 x l 0 6 
3.4 X 106 

2 x 10^ 
5x10^ 

1.2 X 10^ 
3.4 X 10^ 

2.5 X 10^ 
5x10^ 
2 x l 0 6 

3.5 X 106 

CONCLUSIONS 

Severa l conclusions can be justif ied on the bas i s of the work repor ted h e r e 

(1) The use of iodine in carbon te t rach lor ide as a f r e e - r a d i c a l 
scavenger has proven ineffective. At high s i te concentra t ions 
the cor re la t ion with EPR m e a s u r e m e n t i s good, but at low 
radiat ion doses the scavenger s y s t e m i s not sufficiently 
sens i t ive . 

(2) The pos t i r rad ia t ion grafting of ac ry lon i t r i l e to a number of 
po lymers has been invest igated. The re appea r s to be 
something inherent in the s t ruc tu re of PMMA which inhibits 
solution grafting. Pos t i r r ad i a t ion grafting to polypropylene 
has shown some p r o m i s e , 

(3) A detai led examination of the EPR spec t r a produced by 
s e v e r a l methacry la te po lymers which show the n o r m a l 
five-four pa t te rn indicates that the s a m e rad ica l i s being 
seen in a l l c a s e s . 

(4) A study of the effect of dose ra te on si te formation has shown 
that the m e a s u r e d si te concentra t ion for a given dosage in­
c r e a s e s with increas ing dose r a t e . 
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FUTURE WORK 

The anticipated p r o g r a m for the Apr i l 1 to June 30, 1962, per iod includes: 

(1) Continuation of the examination of polymer s t r u c t u r e and i t s 
re la t ionship to radiat ion suscept ibi l i ty 

(2) Examinat ion of the effects of crys ta l l in i ty and molecu la r -
weight dis t r ibut ion on f r e e - r a d i c a l formation 

(3) Determinat ion of the effect of the t e m p e r a t u r e of i r r ad ia t ion 
on the types and concentrat ion of f r e e - r a d i c a l s i tes formed 

(4) Continuation of the grafting s tud i e s , including an invest igat ion 
of peroxide- in i t ia ted grafting p r o c e d u r e s . 
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