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RADIOISOTOPE AND RADIATION APPLICATIONS 

Duane N. Sundermcin 

This is the Seventh Quarterly Progress Report on research programs in 
radioisotope technology ajid radiation chemistry under the sponsorship of the Office 
of Isotopes Development of the U. S. Atomic Energy Commission. The report period 
is October 1 to December 31, I960. Studies are continmng to develop the technique of 
applying intrinsic radioactive t racers to industrial process control and to investigate 
the influence of structural factors in radiation-induced graft polymerization. 

Two aspects of the use of intrinsic radioactive t racers for process control are 
reported here. The first is the experimental evaluation of intr insic-tracer control of 
the removal by precipitation of manganese from process water. Manganese-54 is the 
intrinsic t r ace r , Jind removal is effected by coprecipitation with iron hydroxide. The 
second aspect under study is the potential radiation hazard to the consumer resulting 
from large-scale industrial-applications of the intr insic-tracer technique. The hazards 
of ingestion and external exposure are evaluated in terms of existing background radia­
tion levels and recommended limits for nonoccupational exposure. 

Fundamental knowledge of the process of radiation-induced graft polymerization 
is in its infancy. The possibility of modifying the physical and chemical properties of 
polymer materials in this manner has attracted wide interest in industrial circles but 
much must be learned about the kinetics and mechanisms of the process before its full 
impact can be realized. To this end the effect of molecvilar structure upon radiation-
induced graft polymerization is receiving extensive theoretical and experimental study 
in this program. Results are presented for experimental determinations of the effect of 
dose and dose rate upon free-radical formation in compounds of the methylacrylate 
ser ies . Ester side-chain attack is indicated by a complete anailysis of volatile reaction 
products. 
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I. USE OF INTRINSIC RADIOACTIVE TRACERS FOR PROCESS CONTROL 

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

SUMMARY 

This r epor t contains the ini t ial r e su l t s of two s tudies . One i s an evaluation of the 
poss ible haza rds to consumers from radioisotope res idues in consumer products . The 
other is the l abora to ry demonst ra t ion of the use of manganese -54 to facil i tate removal 
of manganese from p r o c e s s feed water . 

It was found in the hazards evaluation that the "wors t c a s e " of radiat ion exposure 
from res idua l radioisotopes in s teel gives a radiat ion exposure somewhat l e s s than the 
maximum allowable dose levels for occupational exposure . Initial study indicates that 
for actual c a s e s , the radiat ion exposures to be expected from radioisotope res idues in 
s teel products would ord inar i ly be smal l compared to na tura l background. An exception 
to this general iza t ion might be found when a longer lived isotope like manganese -54 was 
p resen t . 

P r e l i m i n a r y r e su l t s of the l abora tory demonst ra t ion of using manganese -54 to 
moni tor the removal of memganese from feed water indicate that the method may allow 
a cons iderable improvement in accuracy of p r o c e s s control . 

INTRODUCTION 

The broad objectives of this p r o g r a m a r e to delineate m o r e c l ea r ly promis ing 
i n t r i n s i c - r a d i o t r a c e r control applications and to demons t ra te the proof of pr inciple of 
this p r o c e s s - c o n t r o l concept on a l abora tory sca le . Both of these ove r -a l l objectives 
a r e a imed at acquainting indust r ia l p roces s indus t r ies with the potential advantage of 
using in t r ins ic r a d i o t r a c e r s as p r o c e s s - c o n t r o l tools . 

The work d i scussed in this r epor t deals with an evaluation of poss ib le haza rds to 
consumers from use of in t r ins ic r a d i o t r a c e r s in process ing as well as with the continu­
ing l abora to ry proof-of-pr inciple p rogram. 
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EXPERIMENTAL WORK 

Evaluation of Potent ia l Hazards in La rge -Sca l e Use of In t r ins ic T r a c e r s 

One of the m o s t se r ious factors re ta rd ing the application of in t r ins ic r a d i o t r a c e r s 
to indus t r ia l p r o c e s s control i s the fear of radia t ion h a z a r d s involved in such u s e s of 
radioisotopes . It is the purpose of this evaluation to del ineate m o r e p r e c i s e l y where 
radiat ion h a z a r d s may exis t and to place these h a z a r d s in a r e a l i s t i c pe r spec t ive . 

The ini t ial emphas is has been to define c r i t e r i a to be used in the evaluation and to 
give some represen ta t ive examples of the ex terna l biological h a z a r d resul t ing from the 
incorpora t ion of radioisotopes in consumer produc ts . Steel has been chosen as the 
r ep resen ta t ive product for the study because of i t s widespread consumer use . 

Hazards -Eva lua t ion C r i t e r i a 

The pr inc ipa l c r i t e r i a used in this study for compar i son of radia t ion doses a r e : 

(1) AEC meudmum p e r m i s s i b l e dose leve ls for occupational exposure 

(2) The Seune for nonoccupationad exposure 

(3) Average exposure levels from na tura l radiat ion plus genera l 
meui-made radiat ion. 

The f i r s t of these c r i t e r i a i s the max imum dose level set for p e r s o n s working in 
radia t ion a r e a s . This max imum dose level i s 5 r e m s pe r yea r of whole-body radiation.^ ' 

The second c r i t e r i on applies to pe r sons outside a r e a s covered by the f i r s t c a se . 
The max imum p e r m i s s i b l e dose for these people i s 0. 5 r e m p e r y e a r of whole body 
radiat ion. 

The th i rd c r i t e r i on applies to the population as a whole and r e p r e s e n t s the average 
minimtim radiat ion exposure which everyone r ece ives . This exposure is broken down 
in Table I - l into i t s var ious components , and i s a s sumed to be 0. 2 r e m per yea r . The 
max imum p e r m i s s i b l e dose levels given for the two previous c r i t e r i a a r e meant to be in 
addition to the dose for no rma l background, the th i rd c r i t e r ion . 

(1) References at end of secuon. 
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TABLE I - l . AVERAGE DOSE OF RADIATION TO GONADS 
FROM ENVIRONMENTAL SOURCES(2)(3) 

Gonad Dose , 
Radiation Source rad pe r year 

Natural Background 

Externa l radiat ion 
Cosmic rays 0. 0 28 
Local 7 rays 0. 047 
Radon in a i r 0. 001 

Internal radiat ion 
Po tass ium-40 0.019 
Carbon-14 0.001 
Radon and dis integrat ion products 0. 00 2 

Man-Made Contributions 

Medical radiology 0. 100 
Shoe-fitting fluoroscopes 0 .001 
Luminous watch and clock dials 0. 001 
Occupational exposure 0.00 2 
Television sets 0.001 
Fal l -out from weapons t es t s 0. 001 

Total 0. 204 

Es t imat ion of Biological Radiation Hazards Using Simple Models 

General Considerat ions 

As a bas is for evaluation, a " w o r s t - c a s e " approach where the maximum conceivable 
radiat ion dose would be received by an individual using some product containing res idua l 
r a d i o t r a c e r s was taken. The quanti t ies of radioisotopes p re sen t init ial ly in each case 
were assumed to be the maximiim allowable l imi ts for l i cense -exempt use . ^ ' 

Simple models were used for the es t imat ion of dose levels since it is felt they give 
a fair approximation to many genera l cases of in t e res t . The f i r s t model i s a hollow 
shell of uniformly generating ma te r i a l . This model approximates the case of a steel 
t ruck cab or a s teel automobile. According to P r imak^^ ' , the genera l express ion for 
the flux in the center of such a spher ica l she l l , assuming no se l f -absorpt ion , i s : 

S 
e = -

2 

1 - X^ 1 + X2 1 - X^"^ 1 + Xi 
T + R2 In - R , In 

2 X2 1 - X2 2 X j 1 - ^ 1 
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where 

S = genera t ion , ev pe r cm^ 

R = radius of c i r c u l a r sect ion, cm 

Inner wall = Rj 

Outer wall = R2 

r = rad ia l dis tance from center of c i r c u l a r she l l , cm 

X = ra t io r / R 

T = R 2 - R 1 , th ickness of the she l l , cm. 

Fo r the case of the cen t ra l flux, which i s a m i n i m u m , the express ion reduces to: 

c 2 

Fo r the m o r e genera l c a se of the average flux in the hollow s p h e r e , one obtains: 

0 ^3_ST 

2 y'-
where 

y = R l / R 2 • 

The l a s t express ion is used for this calculation. 

The second model is that of a generat ing hollow cyl indr ical shell of infinite length. 
This model is used to approximate the case of a l a r g e t ruck t r a i l e r or s teel ra i lway ca r . 
F r o m P r i m a k w ) , the cen t ra l flux i s in this case 0^ = 1/2II ST; and when the cyl inder is 
closed with a disk of th ickness 2 T, the flux at the end = 1 . 8 ST. The l a t t e r express ion 
is used in this calculation. 

The l imit ing maximum dose can be imagined to be del ivered in a hollow s teel 
sphere with infinitely thick walls containing the max imum allowable concentrat ion of 
radioisotopes . In this c a s e , the average flux^^H") would be : 

0 = 1 1 
^ 2M ' 

where 

S = flux genera t ion , cm~^ 

]U = l inear absorpt ion coefficient. 

Fo r s t e e l , this equation reduces to: 

0 = 3 S . 

078 007 
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After one obtains an es t imate of the gamma flux for a pa r t i cu la r c a s e , the dose 
may be calculated using the convers ion factors of Goldstein. V') 

Exper imenta l Study of Manganese Removal F r o m P r o c e s s Water 

The re su l t s of the study using i ron-59 to facil i tate removal of i ron from a n ickel -
ref inery s t r e a m have appeared in previous qua r t e r ly r epor t s and a r e summar ized in a 
topical r epor t in prepara t ion . The emphasis in the exper imenta l phase of the p r o g r a m 
has now been shifted to other precipi ta t ion-pur i f ica t ion sys t ems . 

One of the mos t commonly used methods of removing t r a c e impur i t i e s from solution 
is to c a r r y them on a prec ip i ta te of another m a t e r i a l . The c a r r i e r may be p r e s e n t in 
solution original ly or added jus t p r i o r to the precipi ta t ion step. This type of purif ication 
step has been chosen for demonst ra t ion p u r p o s e s , the specific application being the r e ­
moval of manganese from p r o c e s s w^ater by coprecipi ta t ion with i ron. 

The reasons for this pa r t i cu la r choice for the proof-of-pr inciple demonst ra t ion 
a r e the following: 

(1) The demonst ra t ion i l lu s t r a t e s the use of r a d i o t r a c e r s to facilitate 
removal of a c r i t i ca l impur i ty p r e sen t in ve ry low concentra t ion 

(2) The p r o c e s s demons t ra ted has wide application in indust ry and is 
technical ly s imi l a r to many other purif icat ions 

(3) The demonst ra t ion requi red only minor modification of the previously 
used p r o c e s s - m o d e l sys tem 

(4) Manganese-54 t r a c e r was immedia te ly available at Battel le . 

The allowable concentrat ions of i ron and manganese for severa l indus t r ia l 
p r o c e s s e s a r e given in Table 1-2. It is c l ea r from the table that , although manganese 
is not ord inar i ly p re sen t init ially in concentra t ions g r e a t e r than 5 ppm, it mus t still in 
many cases be removed from feed water . 

TABLE 1-2. QUALITY TOLERANCES FOR INDUSTRIAL WATERS^^^ 

Industry or Use 
Total Concentrat ion of Const i tuents , ppm 
Iron Manganese 

Brewing 
Food, genera l 
Ice 
P l a s t i c s , c lea r 
Kraft pulp 
Sulfite pump 
Rayon (viscose) , pulp production 
Tanning 
Textile dyeing 

0. 1 
0. 2 
0. 2 
0 .02 
0. 2 
0. 1 
0 .05 
0. 2 
0. 25 

0. 1 
0. 2 
0. 2 
0 .02 
0. 1 
0 .05 
0 .03 
0. 2 
0. 25 

• J « u 
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The r e su l t s of the p r e l im ina ry exper iments indicate that the concentra t ion of 
manganese can be moni tored even at ve ry low leve ls through the use of maj iganese-54 
a s an in t r ins ic r a d i o t r a c e r . The re i s a r e a l p rob l em in providing accu ra t e chemica l 
ana lys is of the majiganese content at these low levels to provide a bas i s of compar i son . 
However , an accura t e compar i son can be made for concent ra t ions down to 0. 5 ppm, 
and these r e su l t s caji then be extrapola ted to lower l eve l s if n e c e s s a r y . 

RESULTS AND DISCUSSION 

Maximum Exposure Doses 

The cumulat ive doses from seve ra l r e s idua l radioisotopes which might be used a s 
in t r ins ic t r a c e r s a r e given in Table 1-3. The doses a r e es t imated using the following 
assumpt ions : 

(1) The geometry in one ca se i s that of a hollow sphere with radioact ivi ty 
uniformly dis t r ibuted in a 2 -mm- th i ck s tee l shell to approximate a 
s teel t ruck cab. In the other ca se the geometiry i s that of an infinitely 
long cyl indr ica l shell 3 m m in th i ckness , c losed a t one end with a 
6 - m m steel cap to approximate a s teel ra i lway ca r . 

(2) Continuous exposure i s a s sumed . 

(3) Self-absorpt ion and shielding a r e d i s r ega rded . Fo r compar i son 
p u r p o s e s , the t h ree dose c r i t e r i a d i scussed above a r e adso shown 
in the table . 

The l imit ing ca se of an enclosure surrounded by "infinitely thick" walls i s not 
shown in the table . The cumulat ive doses in this c a s e a r e about ten t i m e s those for the 
2 -mm- th ick shell shown in the table . The thin shell wo\ild be expected to approximate a 
much l a r g e r number of c a s e s tham does the thick shell . 

It i s obvious that the dose ra te will fall off with t ime due to decay of the pa r t i cu l a r 
isotope involved. This effect is shown m o r e c l ea r ly in F igure I - l , where the cumulat ive 
doses from var ious isotopes for the sphe r i ca l - she l l geomet ry a r e compared with the 
dose from ord inary background and the meiximum p e r m i s s i b l e dose allowed for nonoccu­
pational exposure . 

F a c t o r s Tending to Reduce Hazards to Consumers 

It has been shown that the limiiting radia t ion dose from res idua l radioisotopes in 
s tee l in the wors t case i s no higher thaji that allowed for occupational radiat ion exposure . 
Neve r the l e s s , this i s an undes i rably high exposure for the ave rage consumer . Many 
factors tend to reduce the l ikely radiat ion exposure to a level far below the max imum 
dose which is shown in Table 1-3. Some of the m o r e significant of these factors a r e 
d i scussed below. 

978 009 



TABLE 1-3. ESTIMATED CUMULATIVE RADIATION DOSES FOR CONTINUOUS EXPOSURE TO 
RADIOISOTOPE RESIDUES IN STEEL 

3-Year 3-Year 
Maximum Initial Cumulative Maximum 3-Year 
Allowable Gamma Dose From Permanent Maximum 
Concen- Dose, Natural Nonoc- Permanent 
tration, 10" rem Cumulative Dose, rem Background, cupational Occupational 

Geometry Isotope /ic per g per hr 2 Month 6 Months 1 Year 3 Years rem Dose, rem Dose, reni 

0.478 0.796 1.273 0.60 1.5 15 

0. 288 0. 338 0. 348 oo 

0. 138 0. 146 0. 147 

0.086 0.087 0.087 

0.863 1.430 2.190 0.60 1.5 15 

0.516 0.605 0.623 

0. 243 0. 260 0. 261 

0. 123 0. 155 0.156 0. 156 

Hollow sphere. 
2-mm-thick 
steel (truck 
cab) 

Inside end of 
infinite cylin­
drical shell. 
3-mm-thick 
steel with 6-
mm-thick cap 
(railway car) 

Mn54 

Co58 

Fe59 

CrSl 

Mn54 

Co58 

Fe59 

Cr51 

9 X 

5 X 

2 x 

9 x 

5 x 

2 X 

10-^ 

10-4 

10-4 

10-^ 

10-3 

10-4 

10-4 

10-2 

1. 

1. 

0. 

0. 

2. 

2. 

1. 

1. 

35 

39 

92 

95 

43 

49 

63 

71 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

184 

155 

087 

069 

328 

278 

157 

123 
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Effects of Shielding and Exposure Time 

The dose es t ima tes in Table 1-3 a r e calculated on the bas i s of negligible shielding 
and continuous exposure . In many actual c a s e s , significant shielding m a t e r i a l might 
normal ly be p r e sen t to reduce the dose received by an individual. Exposures would 
ord inar i ly not be continuous and this would a lso reduce the dose received. It i s obvious, 
for example , that reducing the exposure t ime from continuous to 40 h r pe r week would 
reduce the es t imated dose some 75 p e r cent. 

Effect of Radioisotope Decay 

The rad ia t ion-dose es t imates in Table 1-3 have a s sumed that the var ious r ad io ­
isotopes were p re sen t in the maximum p e r m i s s i b l e levels at the beginning of the ex­
posure period. This could not be t r ue for m o s t consumer p roduc t s , s ince the re would 
be some delay in manufactur ing, t r anspor ta t ion , s a l e s , etc. If one ass i imes a nominal 
delay of 3 months between the t ime the raw steel is produced and the t ime the consumer 
s t a r t s using the product , it is obvious from Figure I - l that the consumer would receive 
negligible radiat ion from c h r o m i u m - 5 1 , and only smal l amounts from i ron-59 and 
cobal t -58. Only the radiat ion from the longer - l ived manganese -54 would give a signifi­
cant dose. 

Effect of Concentrat ion of Isotope Residues 

The radiat ion dose levels under d iscuss ion a r e based on maximum allowable con­
cent ra t ions of isotopes being p resen t in the consumer produc ts . These leve ls of res idual 
radioactivi ty a r e undoubtedly higher than would ord inar i ly be expected. An accura te 
es t imate of the actual level depends on a knowledge of the pa r t i cu la r i n t r i n s i c - r a d i o t r a c e r 
applications used in producing the product , in this ca se s teel . 

The only such application studied in detail at Battel le is the use of i ron-59 to 
facili tate removal of i ron from a n icke l - re f inery s t r eam. In this pa r t i cu l a r c a s e , it 
was es t imated that the res idual concentrat ions of r a d i o t r a c e r in the cobalt product would 
be no higher than •^'10"^ jUc per g, which is 1/50 of the maximum allowable concentrat ion. 
Although this case is not gene ra l , it s e rves to i l lus t ra te the fact that a rea l i s t i c ap­
p r a i s a l of the h a z a r d s from res idual r a d i o t r a c e r s can only be made if sufficiently de ­
tailed information is avai lable. In the case mentioned h e r e , it is obvious that the r ad ia ­
tion dose del ivered by the r a d i o t r a c e r res idue is negligible compared with that from 
ord inary background radiat ion. 
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FUTURE WORK 

Work on both the haza rds -eva lua t ion and exper imen ta l -demons t ra t ion phases of the 
p r o g r a m will be continued next qua r t e r . The ini t ial goal of the haza rds study will be to 
complete the evaluation of external biologiced radiat ion h a z a r d s for u se s of s teel other 
than those covered. Following this work, emphas i s will be shifted toward the evaluation 
of any in te rna l biological h a z a r d s resvdting from ingesting s tee l co r ro s ion products con­
taining r a d i o t r a c e r r e s idues . The effect of radia t ion from r a d i o t r a c e r r es idues in s tee l 
on sensi t ive indus t r ia l products also will be studied to de te rmine the se r iousness of 
these nonbiological radiat ion h a z a r d s . 

Work on the proof-of-pr inciple demonst ra t ion of manganese removal from p r o c e s s 
water i s expected to be completed next q u a r t e r , and the study of another prec ip i ta t ion-
purification p r o c e s s will be init iated. 
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II. RADIATION-INDUCED GRAFT-POLYMERIZATION STUDIES 

F r a n c i s A. S l i e m e r s , William B. Gager , John F . K i r c h e r , and Rober t I. Leininger 

SUMMARY 

The study of the mechan i sm of formation of free rad ica l s in po lymer ic m a t e r i a l s 
was continued. Emphas i s has been placed on an examination of the effect of s t ruc tu ra l 
factors on the efficiency of f r ee - r ad ica l si te formation in ac ry la te po lymers . The in­
vest igat ion has been extended to include an examination of the influence on f r ee - r ad i ca l 
formation of the const i tuents on the carbon atom located alpha to the e s t e r group. Po ly­
me thy lac ry la t e , po lymethylmethacry la te , and po lymethy l -a -ch lo roacry la te were used in 
this study. Measurement of the volati le products from the i r r ad ia t ion of polymethyl -a-
ch loroacry la te by means of m a s s s p e c t r o m e t r y and vapor -phase chromatography has 
been completed. The data substant iate e a r l i e r findings which indicated that the point of 
at tack in f r ee - r ad ica l formation occurs on the e s t e r side chain. A paper descr ib ing this 
work was p resen ted at the December Meeting of the Amer i can Nuclear Society. 

INTRODUCTION 

The objective of this r e s e a r c h p r o g r a m is the determinat ion of s t ruc tu ra l and 
configurational factors in po lymers which influence (1) the formation and stabil i ty of 
f r ee - r ad ica l s i t e s , and (2) the mechan i sms and products of graf t -copolymer iza t ion 
reac t ions . 

During the p r e sen t qua r t e r the invest igat ion of the re la t ionship of si te formation 
and dose in a number of ac ry la te po lymers has been continued. The study of the effect 
of s t ruc tu ra l factors has been extended to include an examination of the influence on 
f r ee - r ad ica l formation of the const i tuents on the carbon atom located alpha to the e s t e r 
group. 

EXPERIMENTAL WORK 

All po lymers were p r epa red by radiat ion polymeriza t ion at the Battel le Cobalt-60 
Gamma Faci l i ty . For the m e a s u r e m e n t of f r ee - r ad i ca l s i t e s , samples of po lymers 
were sealed in tubes under vacuum and i r r ad i a t ed to var ious dosages . F r e e - r a d i c a l 
concentrat ions were de termined with a Var ian EPR spec t rome te r . 
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Effect of Molecular Weight on Free-Radical Formation 

Earl ier evidence^*' indicated that the efficiency of site formation in polymethyl­
methacrylate (PMMA) decreases with increasing molecvilar weight in the high 
(2 to 4 X 10^) molecular-weight range. Further , these high-molecular-weight polymers 
gave EPR spectra having much better resolution than had been obtained with PMMA of 
low (<2 X 104) molecular weight. Based on earlier work'^) these results suggested the 
possibility that monomer had not been removed completely from the polymers. 

To determine if monomer doping actually occurred, several additional samples of 
these polymers were placed in tubes and sealed under vacuum following a 15 to 30-min 
preheat at 100 C. The sealed samples were then irradiated and subjected to EPR 
rmeasurements. Data from these later experiments suggest that the observed molecular-
weight effect may have been caused by monomer doping. The EPR spectral resolution, 
however, appears to be a true function of molecular weight. Additional work is planned 
in this area. 

Free-Radical Determiination for the 
Poly-n-Alkylmethacrylates 

Earl ier in the p r o g r a m " ' ^ ' , curves of total free-radical sites versus dose were 
obtained for the methyl-, ethyl-, n-propyl-, isopropyl-, n-butyl-, sec-butyl-, isobutyl-, 
and n-amylmethacrylate polymers. It had been observed, without exception, that the 
free-radical site concentration began to decrease quite rapidly at the higher doses. Dur­
ing the quarter, these data were extended to include a total dose of approximately 
1.4 X 10^ rads. 

At this dosage, the n-butyl and n-amyl polymers degraded to waxlike mater ia ls , 
and, consequently, EPR measurements could not be used to determine total site concen­
trations. Moreover, nearly all of the other polymers contained fewer total m.easurable 
sites than had been observed at very low doses ( 5 x 10^ rads) using the same dose rate. 

Free-Radical Determination for 
Polym ethylac rylate 

Samples of polymethylacrylate (PMA) were irradiated to doses in the range 
3 X 10^ to 1. 4 X 10° rads. No evidence of site formation was obtained by EPR measure­
ments below approximately lO'' rads. At higher doses, the data indicate that consider­
able numbers of sites have been formed. However, the results further show that an 
unidentified reaction takes place within the irradiated polymer, resulting in a diminution 
of the total number of sites with time. 

(1) References at end of section. 

015 
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A compar i son of the behaviors with inc reas ing dose of PMMA and PMA with r e ­
spect to (1) total site formation and (2) molecu la r -we igh t changes indica tes that polymer 
mobil i ty is of cons iderable impor tance in the production of long-l ived free r ad ica l s . 
I r rad ia t ion of PMMA resu l t s in the formation of m e a s u r a b l e numbers of s i tes even at 
very low doses (~-10^ rads) . In addition, a d e c r e a s e in molecu la r weight occurs as the 
dose is i n c r e a s e d , and, consequently, po lymer mobil i ty i n c r e a s e s . The d e c r e a s e in 
total number of s i tes at doses in excess of some c r i t i ca l value can be explained in t e r m s 
of this i nc r ea sed mobili ty. At this point , the production of free rad ica l s can no longer 
compete with the des t ruc t ion of s i tes by the combination scavenger effects of the low-
molecu la r -weigh t by-products of the react ion and the m o r e mobile polymer itself. 

On the other hand, in the i r r ad ia t ion of PMA, doses of the o r d e r of 10^ rads a r e 
requi red to produce m e a s u r a b l e numbers of free rad ica l s . The c ross - l ink ing na ture of 
this m a t e r i a l r e su l t s in a continuous i n c r e a s e in molecu la r weight with dose. Thus , the 
polymer becomes m o r e and m o r e r igid. At some in te rmedia te r igidi ty , the polymer 
sti l l has sufficient mobil i ty to des t roy si tes but much m o r e slowly. This behavior 
probably accounts for the gradual decay noted above. Final ly , a network is built up in 
which polymer mobil i ty has been reduced to the point where re la t ively stable free r a d i ­
ca ls a r e produced by fur ther i r rad ia t ion . 

To tes t th is hypothes i s , samples of PMA will be i r r ad i a t ed to doses of the o r d e r 
of 10 r a d s . Following the de terminat ion of the total number of s i t e s , these m a t e r i a l s 
will be heated to des t roy the s i tes and r e i r r a d i a t e d to lower total doses . An immedia te 
buildup of s i tes would lend support to the hypothesis . An a l te rna t ive approach would be 
the use of low total doses at reduced t e m p e r a t u r e s . 

Determinat ion of Produc ts in I r r ad ia ted Po lymethy l -a -
Chloroacryla te by Vapor -Phase Chromatography 

F i v e - g r a m samples of po lymethy l -a -ch loroacry la te (PMCA) were sealed under 
vacuum in react ion tubes of the type descr ibed ea r l i e r ' ^ ) and i r r ad i a t ed to 3. 1 x 10 rads . 
The volati le products from the i r rad ia t ion were quantitatively m e a s u r e d by means of 
m a s s spec t rome t ry and vapor -phase chromatography. No hydrogen chlor ide or chlor ine 
was found. All compounds detected were identified and a r e l i s ted in Table I I - 1 . 

TABLE I I - 1 . COMPOUNDS FORMED DURING IRRADIATION 
OF POLYMETHYL-a-CHLOROACRYLATE 

Compound Relative Concentrat ion, m i c r o l i t e r s 

Carbon monoxide 
Carbon dioxide 
Hydrogen 
Methane 
Methanol 
Methyl chloride 
Methyl formate 
Methyl aceta te 

900 
3100 

350 
200 

5 
3000 

0 
<0 
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Analysis of the data in Table I I - l i nd ica t e s , in ag reemen t with e a r l i e r f indings, 
that f r e e - r a d i c a l formation takes p lace by e s t e r - c h a i n sc iss ion . E i the r CO2 or CO is 
el iminated. If CO2 i s fo rmed, the free methyl rad ica l r e a c t s with e i ther a chlor ine o r 
hydrogen atom from the po lymer chain to form methyl chlor ide or methane . Methyl 
chloride appears to be formed about 90 p e t cent of the t ime . If CO is formed, the r e ­
sults suggest that the methoxy rad ica l recombines with the chain free rad ica l with no 
apparent net gain in f r ee - r ad i ca l concentrat ion. This recombinat ion was ELLSO noted in 
the work with the polybutylmethacryla tes . 

CONCLUSIONS 

Severa l tentat ive conclusions can be drawn from the work repor ted h e r e : 

(1) F r e e - r a d i c a l forttiation in ac ry la t e po lymers i s influenced 
appreciably by the const i tuents on the ca rbon a tom located 
al^ha with r e spec t to the e s t e r group. 

(2) A compar i son of the behavior with inc reas ing dosage of PMMA 
and F'illA indicates that polymer mobil i ty is of cons iderab le 
impor tance in the production of long-l ived free r ad ica l s . 

(3) An analys is of the volat i le products from the i r r ad ia t ion of 
PMCA indicates that e s t e r sc i ss ion tcikes place in one of 
two ways: 

CI CI 
I I 

- C - C - C - • - C - C - C - + CO2 + CH3 . 

C00CH3 

CI CI 
I I 

- C - C - C - " - C - C - C - + C O + CH3O 
I 

COOCH, 

In the ca se of the f i rs t reac t ion , the methyl rad ica l combines with e i ther 
a chlor ine or hydrogen atom of the chain to form methyl chlor ine o r methane . 
The methoxy r ad i ca l , formed when CO is e l iminated , r ecombines with the 
chain free radica l . 

97S 017 
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FUTURE WORK 

During the coming quar t e r the invest igat ion of the mechan i sm of formation and 
decay of rad ica l s in i r r ad i a t ed po lymers will be continued. The ant icipated p r o g r a m 
will include work in the following a r e a s : 

(1) The study of f r ee - r ad i ca l formation in PMA will be continued. 
The effect of polymer mobil i ty on si te formation will be examined 
using the approaches suggested above. 

(2) The effect of molec\ i lar weight on si te formation will be 
es tabl ished using PMMA. 

(3) The s i t e s - v e r s u s - d o s e curves for the s e r i e s of alkyl me thac ry l a t e 
po lymers will be extended to include m e a s u r e m e n t at a dose of the 
o r d e r of 3 x 10^ r a d s . 

(4) Mass spec t rome t ry and gas chromatography will be employed to 
identify and m e a s u r e quanti tat ively the fragments formed during 
the i r r ad ia t ion of PMA, PMMA, polycyclohexylmethacrylate 
and polyphenylmethacrylate . 

(5) If pos s ib l e , the t e r t i a ry -bu ty lme thac ry la t e polymer will be p r e ­
pa red and subjected to the same t r e a t m e n t given the o ther i s o m e r i c 
butyl po lymers . To da te , cons iderable difficulty has been encountered 
in at tempting to p r e p a r e this po lymer . It apparent ly i s quite eas i ly 
hydrolyzed to the acid. 

(6) The iodine t r a c e r studies will be continued. It is ant icipated that 
identification of the fragments assoc ia ted with f r ee - r ad i ca l formation 
can be m o r e readi ly de te rmined in this way. Background studies in 
this a r e a a r e being conducted at the p r e sen t t ime . 

(7) A p re l imina ry examination of seve ra l other polymer t ypes , including 
the polyvinyl e s t e r s , e t h e r s , and ke tones , will be init iated. 
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