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The finding s in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of trade names and names of manufacturer s in
this report is not to be construed as official Government
indorsement or approval of commercia l products or serv ices
referenced herein.
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Radiation degradation
Polymers

SO. AS I T R AC Y  ( C.nllnu. ... ~~.. .I~~ If .. .c... y aid by bt..b m bee)

Radiation degradation is observed for irradiated poly(methyl aipha-chioroacrylati
(PMCA), poly(methacrylonitrile)(PMCN), and poly(methyl methacrylate)(Plit4A) by
gel permeat ion chromatography (GPC). Molecular weight averages obtained
by GPC on irradiated sample solutions indicate cross-linking also occurs in ir-
radiated PMCA and PMCN. G(s) is determined to be 6-8 and G(x) 1-2 for PMCA,
.VhI le ((G(s)-G(x)) is 2.1 for irradiated PMCN. GPC data for irradiated poly
(methacrylic anhydride) and poly(acrylic anhydride) model polymers indicate
that these polymers are less sensitive to radiation deiradation than the (contd)
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~U . Abs t rac t  (contd)

related polymers. The combination of results suggests that the main-chain
s ci s si on  process is not initiated by decarboxy lation , but by a mechanism in-
volving methylene radicals produced by C-U bond dissociation on the ester-
m e t h y l or alpha-methyl polymer groups.
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RA DIAl iON ~~PADA I L t ~~ ,i, ,u Li ’ i I i f ?  ) l- S l V F . R A I .  RELATED POl .~~~}RS

J. N. h el L. i t  and E .  II. L , - , i n d & x r er
U S An:~y I- Ic. t i o n i c~. T hn o 1 .-~~ ~~~ i ’t ’JICI’S I. . i h o u i t 1 1 t  y ( E C .~~i ;

F • r t  ~h- u n ~ Li , u w  • .- rsey 07103

G. A. Stahl , IL C. Ch . - u u , aud C.  I . P i t t ’ m a n , Jr .
Uiu J ’ ; e a s i t y  u i  A l a b a m a

(III ver s  i t’) , A l a  ,ini ,i 354Mt,

f & ( I l l (  :r io:i

~.- of r a d i a t l u ’ d & L r , u l I n g  and c r c s s — l i n k ~~n~ p o l y m e r s  as e l e c t r ’i —
b,., y  ~rLd x - r a y ’ i s~~xt  ~, l . a  l.~ l L I  e~~~a.~ - 1 interest in the radiation u hemis—
t i ,  01 ;‘ l ’.~~u r s .  A d J I L I o r L . I 1 iiI u-r ~~ t is found in t c x t  l ie  an.1 o t h e r  i t i  . -

tries , I ~.here p -• l ’ .m i e i s  Ti . u t  r a d i  ‘ io n  I , ’~~r a de  or g r a f t  have p o t e i t  lal  in  , ro—
t o t y p e  r a d i , t ion p r o c e s s in ~ ,f p r o d~~ L S .

In this paper . ~e present evidence of radiation degradation for polv
(methyl mu t )aLI r yL t t )  ( } ‘ t ~~I.\ ) ,  p o lv (me th a crv ion itr ile ) (l’~l (N), and polv (metluvl
a l p h a — c h l e r . u . : r v I . i t e ) ( ! ’~l(~~u as i u t u r ~~ifl€ i Lv molecul ar veight decreases ob—
served by gel pe Th- at. i.n h r e r i t og i  ;uph v (GPC ) - GPC chromatogram s of y—irra-
diated poly(me tha crv iic • L u h \ - d r i d e ) ( i t ! A A N )  and poly(acryllc anhydr ide) (PAAI)
were also obtained arid ju~,ulv zed as ru~~del  polymers. Intrinsic v i scos i t i e s
were determined fa r each Irrad iated anhydride sample.

EXPERIIIF.II I AL

Pol ymer samp 1cs- ’.~cre synth .slzed by methods outlined by Sorenson .4 Sam—

~h.-s wc r e  irrad iated in —rain i pyrex tub es evac uated to < 10_ 1 micron. [r~
rad litia ns were carri ed (‘lit with -a 60Co gamma—ray source employing dose r a es
of 0.01—0.8 Iliad/hr.

GPC i . ’.i~~ ’ i i  , u nt s .1 . - i t  I a Watet s ~1 lel 201 Gi’C c 1uroinatograph
equipped with m i  ro- stvra el ‘i nns; chloroform and 1)1-IF were employed as
mobile phases. Fl ectr ai p r .tmacmmctic resonance (FPR) measurements were m int-
with a Var lan Model 4500 spectrometer at 17°K. Intrinsic viscosities were
measured with a dilution Ubbelohde v isc ome t e r  f o r  DMF anhydride solutions.

RESULTS

CPC chromat og rams  ~.r irradiated P)~1A , PMCN , and PMCA s h i f t  to longer
elution t imu s with lncr . .asing dose. Increasing MN

1 values (i.e., decreasing
MN) are lis tu l for t h.- u- ir r i j a t t i  polymers In Table I .  Absolute molecular
weights are ca lculated by the ~- f a c t , r  method , where Q is obtained for the
unir rad 1st. 1 p a l v m i . ’ r s  by rru m , i h r a n t  u ; ’  r u t  r v .  Relat ive molecular siye changes
w e r e  o u t - u  l i m e - I  V I I  p l ~~st vr e :c r andard m ol *cu lar weight cil ibra t Ion under
equivalent conditions.

In cu nt ras t to the se th - u-i -l a te polymers ab -uve , GPC chromatogram s of ir—
tadi ate d l -\Al , hi: t t o  slightly I n ~- e i  t u ition times only for the range of
d oses below one l t~~.uu~ t h e i t  rn -i c t. shorter elution times with increasing sam-
p le  dose . Chromat ug ra r n s of P :-IAA N s amp le s  underg o similar changes for  doses
< 2.5 Mrad , but remain  unchanged at doscs > 7 Mrad . Decreas es in intrinsic
‘. I~~~ s l i i e s  f o i  d l s g n l V , I aliquo t s i! the same i r r ad ia ted  PMAAN samples de-
crease  u n t ; l  about 7 Mr Id. Consistent ~ 1tlI  the CPC data , the in t r in s ic  v i a—
Col i t i t s  fo r  t~ e irr auhi.ite d PAAN samples  dcc rease unti l  1—2 Mrad , the n con-
t inua l l y 1 le i’ u e to  4S Mu ~I , the highest dose studied . A tabulation of the
essent ial  d a t a  are f o u n d  in  Tables II and lii.

Fru~ t i .  slope of a p i t  of M~
1 Ver su s  dose in Mrad , rates of radiat ion

events per t ul t dose may be obtained . G ( n u m b e r  of s c issi on ./ lOO eV ) ,  C( s) ,

1_ _~~~~ .~~~~~~.~~~~ _ _ _ _



C (nuiahe’r of cross—Iinks/100 ~V) (;(~~), on I c ( s ) — C C r : ] .  val ues may be o b—
t a l n e d .’~’~ In degrading pol-n-ic r c a ’ s  wh~ re C (x) I.; established to be zero
(e,~,. , }‘liNJu), C(s) i s  obt a i ne d . Observation of G(x)=0 for degrading polymers
is quite r are , t his t i t  I at .‘r qu int It v is usua l liv o h t  a I ned and repo r ted .
[C(s) - c(x)j \ ‘;ulaa ’S q ua n t i t u t i v t - l v  characterize the pnl ’mar on the basis of
the d u n  m u  ing pr ’co ,s , but sa, little ~ the ,bso lute magnitudes or the C
values inv olvef . rabIes I and II conta in [C (s)—C(x)} values obtained in this
wo r k -

The I-PR cpeu t rum of y— irr adia t cd I’MCA - I T  77°K is an anisotrop ically
b r u it  ned t r ip l . t  ~- itli h- pert inc sp litt ing of i~~~2 2 1  gauss. (pu n  wa rming,
the radic a l ~a-c t rum docava ba-low dotCc t lou - (rad Icals/l Ou cV dose),
G(rads ) , versus P~NA C(rud s)~~1.6b is determined to he 5 .7ti .2. 1

DISCUSSION

Radiat ion l.c ra d atioui is ohserved for PMCA , PMCN and Pi’NA homopolytners .

~G (s)—G(x)’ v a l u e s  f r o m  Tab l e  I , suggest that the PMCA a n i  PMCN polymers are
slightl y n ra- or as sensitiv e t” radi ation degradation as P1-ciA. A

v a l u e  of 9.6 (versus P1-NA [G(u ~)—1 ;(x) ] = 2 . 3 ;  C (x)=0) has been

~re -.’ious lv rep rted .9 IL ~.s alcul at -Il from the slope of MN ’ versus dose
obtain ,-d by r~t~~hi inc osmor- . e t r y ,  N o r m a l i z i n g  t h i s  v a l u e  to  the P1-ciA
G(s)—G(x)j vai u g obtain ed in this work of LQ , we obtain
1.9 0.8, whi - h is in fa ir agreer~ent with [ C ( s ) = G ( x )  ] = 6.7!0.8 obtai~ied here.
Situ e no other radicals are observed otht r than the sciss ion precursor radical
in irradiat ed PMCA , C(rads) ma ” be taien to be approximately equal to C(s).
Based upon the results a t  tie three independent measurements , C(s) is estab-
lished to I-c 6-8 and l (x) about 1—2 for PNCA . Further evidence for the oc-
currence of radL~tlon cross—linkin and the appreciable magnitude of G(x) is
found in t h u  1-I~ N values listed in Table 1. In cases where C(x)~ 0, the
MW/MN rati o approaches 2 at high doses 10 ; )iw/MN for PMCA does not approach
2 and is s till as high as 2.9 at a dose of 48 Mrad as compared to 2.6 for
the original un irradiated polymer.

The tr ip let EPR spectrum observed for irradiated PMCA could be assigned
to either u i  the radi als with structures —CH2—C (C1)(CO2CH2)— or —CH2—C(Cl)
(CO 2CH 3). The observed EPK splitting constant of 22 gauss is similar to that
of 19 gauss observed for irradiated PMNA ; the radical structure assigned to
that EL’R t r i p l u t  is —CH~ —C(C ii 1)(CO2CH2)- .11 Considering this and the lact
that the —CH2-C(Cl)(CO ,CH3) would have to result from a direct main -chain
scisslon process which Is hell to be unfavorable due to the “cage effect ” in
r e f .  11 for  P1-LMA, we assign the former radical structure to the observed
triplet in irradiated PMCA .

The results of Table II for the anhydrides are interesting. These an—
hy dride polymers differ from P1-11-IA and poly (methyl acrvlate)(PMA ) only in the
ester auihyd rid .- h ri icl n g . On~ might predict irradi ated PMAAN to degrade as
PI~tA dales and irradiated PAAN to crass—link as P1-IA does. Cross—linking is

p observed fur PAAN aver doses of 2-48 Mrad as determined by M~’ decreases and
Intrins ic viscosity increases (see Tables 11 and III). Degradation is ob—
served f or PNAAI~1 over the dose range ot 0—S Mrad , but M~~ is very constant
from about 7—19 Mrad thus indicating that G(s)J.(x) over that dose range.
Strangely, radiation degradation is also observed for irradiated PAAN up to
1—1.5 Flrad . This degrad ation , however , is probably not too effective due to
a large increase in Mw/MN ratio , which is an indication of a simultaneous
cro~ s— l1 nking pr o t-ss . The degree of early degradation is, therefore , of
scant consequence for PAA N and the polymer generall y behaves to Ionizing
radiation in a a-ross—linkin g mode. Although degradation appears to be more
favorable In t im. ’ P~ AM4 po lvr ;a - r as observed by the ~~l increases and intrinsic
v Is. t~si ty damcta ,ases over larger ranges than faIr PAAN , this polyme r is also
r~~thcr in - ;c n s it i v ~ to radiation as tat as molecular weight changes are con-
cerned .

2
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The str i k i n g  r u - f i a t i n  c , Ii v l - .r a~ the r n l u  I auu h yd r id c p nlvne r s lu - a d s
one to d uil t eriou sl ~;m . jr m used I . t r dj c j l  m u -  ~u n i s m  for oh m:— ham

S a i S S I  r. lit .  iru i t t~~ L f l -  - V u - m a t  is  - - s t e r sI J u - — g r -uip c ia-a v g fal loved ia ’J
I i  m .  a m  T V I ~ ’, V a l t  - u. ru-suits i - u  a- a n t  t i  Icr. - : a v a  r - a fra - a r u - I i — a l

nvl i ru cl in ~cicslon m e a l  ::i ml vlucr , t i e  limi t I tlng ,- eult is a C— il bor,d cleav-
age , a l t  l - - m at  ~i C  eS t e L  m u m  hvi t r io-  al ph.u—m ethvl g r omu s I n d uced ~v ~iie
a m u . - r gV a 1 - - r c t  l u -  i m i t .  rac a of the ( m I r t u t :  el ,-u ~~ rar,s pr dcu :ed by early
ior.iz.u t  i n u V a m u t - .

S1J~NARY

EPR ri-s Its fo r a r m I I  l i L e d  I’MCA h int at a free radical m&o huanisV ~
main—ch ain so i si on  iii L i a  p o imma r. Thfs mec hanism probably follows the
in i a i d i  i m u i Z i l  ~~~i i ev a - l i t ~~ ut re ester gr ou p cleavage apparent l y occurs along

~- i th  h i giu — a:muer ,m\- C cmpton e .~c i r )n a j e e t  i on .  I t  i s  t h e  Cu r i p t o i t  e l e c t r o n s ,
t hen , that pr . d m u  t i e  t r u - u - r i d i c a l  precursor of the main—chain scission
events iii I t h  P1-t’-IA ana l  ~~~~ L a c k  - L  u n a m b i g u o u s  d e t e c t i o n  of t h e  radicals

and .C02Ci1 1
i .  is in accord with this proposed mechanism .

p 1-~p~ l i k e PMCA , P -l’I’ , and uth e r polyme rs wi th monomer repeat u n i t
—C }12--C(X)Y— (X and f+~I)  is a deg radi na. po l ymer. Larger increases in the

ra tio over the u -m ~p 1o’,-ed du se ran ge (see Table I) for this pol ymer than
for 1 1-NA -f r uia ~i-ulv e q u i v . a l u  I L  i n t t t u i  -~~u M 1 ~ , is e v i d e n c e  ~ E s imu l t an e o us
c r o s s — l i n k i n g  and G(x) -0 for this pa’l ymuue r as found also for PMCA .
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TABLE I :  1-I~(
1, Mt,J/M N , and [G(s)_C(x)1 values for irrad iated PMCA ,

P MMA , and PMCN .

P o lymer  Dose , M r ad ~ç~
1xlo 5 M.W/MN In i t i a l

[G ( s)_ G ( x ) ]

lO CA 0 0.80 2.6±0.2 6.7±0.8

0.72 1.4 3.1

1.4 1.8 3.0

2. 1 1 .9  2.6

49 4.2 2.9

P1-Il-iA 0 2.9 1.1±0.1 1.9±0.3

0.7 3.1 - 1 . 1

1.4 3.2 1.1

9.7  4 .9  1 .2

87 18 1 .4

PMCN 0 1.9 1.04±0.05 2.1±0.3

1.4 2 . 4 1.08

3.3 2.8 1.12

11.8 4 . 5  1.30

49 6.2 1.40

4
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TABLE 11 : N.1 ’ and Mj
~

/M N ,  and [G(s)_G(x)] values for irradiated PMAAN
and PAAN polymers.

Polymer Dose , Mrad M~~x 10 7 M.
~

/M.1~ 
Initial

PMAAN 0 5.9 1.2±0.1 0.4±0.2

0.96 9.9 2.7

2.5 9.7 3.1

4.9 8.0 1.9

9.9  7 . 4  1 .9

19 7.4 1.9

PAAN 0 2.4 2.6 0.9±0.4

0.96 8 .4  

-

TABLE III: Intrinsic viscosities for irrad iated PMAAN and PAAN polymer
samples measured in DMF .

Polymer Dose , Mrad [r i] 1 dl /gm

PMAAN 0 0.55

2.5 0.52
4.9 0.49

- 
9.9  0.46

19 0.50

49 0.52

PAAN 0 0.54
2.3 0.53

4 .7  0.58

9.5 0.61
48 0.73

- 
_ _ _ _  -_ _ _
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