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CHAPTER 1 .  

GENERAL INTRODUCTION.

1 .1 . In tro d u c tio n .

The u se fu l l i f e  o f  a polym eric m a te r ia l w i l l  u ltim a te ly  depend 

upon th e  environm ent in  which i t  i s  u t i l i s e d  and, in  p a r t i c u la r ,  upon 

the  d eg rad a tio n  re a c tio n s  which th a t  environment can induce in  the  

polymer. F o r t h i s  reaso n , i t  has been im portant to  o b ta in  a fundam ental 

understand ing  o f  th e  chem ical e f f e c t s  of a wide v a r ie ty  o f d eg rad a tio n  

a g en c ie s , in c lu d in g  high energy i r r a d ia t io n ,  m o is tu re , ozone, 

atm ospheric p o llu ta n ts  such as the  oxides o f n itro g en  and su lp h u r, and 

even in te rm it te n t  m echanical s t r e s s .  The th re e  b a s ic  ag en c ie s , to  

which a l l  polymers a re  su b jec te d  e i t h e r  du ring  fa b r ic a t io n  o r d u ring  

t h e i r  subsequent u se fu l l i f e ,  a re  h e a t, l ig h t  and oxygen. At the  

p re sen t time a g re a t d e a l i s  known about th e rm a l, p h o to ly tic  and 

o x id a tiv e  re a c tio n s  in  horoopolymers, but in th e  p a s t  f iv e  to  ten  y e a rs  

copolymers have found in c re a s in g  commercial a p p lic a tio n  so th a t  i t  

has become im portant to  extend deg radation  s tu d ie s  to  th i s  c la s s  o f 

m a te r ia l .

There a re  th re e  a sp e c ts  o f pho to -deg rada tion  which a re  o f 

p a r t i c u la r  i n t e r e s t ,  namely re a c tio n s  in  molten polym er, polymer film s 

a t  ambient tem p era tu res , and polymer s o lu tio n s . A ll a re  v i t a l l y  

im portan t in  th e i r  sep a ra te  ways to  a complete understand ing  of 

environm ental d eg radation  p rocesses in  polymers. R eactions in  polymer



f ilm s  are most c lo s e ly  re lev a n t to  polymers in  t h e ir  normal a p p lic a t io n s .  

However, in such a medium the primary products o f  p h o to ly s is  tend to  

"be trapped and to  undergo a complex o f secondary p rocesses  so th a t the 

o v e r a ll  rea c tio n  o ften  becomes extrem ely d i f f i c u l t  to  a n a ly se . By 

carry in g  out the rea c tio n  in molten polymer a t e le v a te d  tem peratures 

th e  primary v o la t i l e  products can r e a d ily  escap e. T h is means th a t  

they  can be more r e a d ily  analysed  and the rea c tio n s  in which th ey  are 

formed can be is o la t e d  from secondary p ro cesses . However, in  f i lm s  and in  

m olten polymer the con cen tra tion  o f  polymer cannot be varied  so th at  

k in e t ic  a n a ly se s , which may help  to  c la r i f y  the nature o f  the r e a c t io n ,  

are im p o ssib le . Such s tu d ie s  may be most con v en ien tly  ca rr ied  out in  

s o lu t io n .  Thus, i t  i s  c le a r  th a t th ese  three a sp e c ts  o f  photo- degradation  

are complementary to  one another.

1 . 2 . T h eo retica l C onsideration s;

Photochem istry i s  the s c ie n c e  o f  the chem ical e f f e c t s  o f  l i g h t ,  

where l ig h t  in c lu d es the in fra -re d  and u l t r a - v io le t ,  as w e ll  as the  

v is ib l e  reg io n s o f  the spectrum , i . e .  the range o f  w avelengths from
o

about 1000 to  10,000 The en erg ies  o f  quanta in t h is  range vary from

about 1 to  10 e .v .  or 23 -to 230 k . c a l s .  per m ole. These en erg ies  are

comparable w ith  the s tren g th  o f  chem ical bonds. Thus, i f  a m olecule

absorbs a photon o f  v i s ib l e  l i g h t ,  d e f in i t e  chem ical e f f e c t s  may "be

ex p ected , y e t  the c o l l i s io n  i s  s t i lL a  rather g en tle  one. The th e o r e t ic a l
i s

"C onsiderations have been d iscu ssed  by many authors .



-  3 -

A photochemical reaction  begins w ith  the act o f absorption o f  

energy in the form o f photons. By the Stark-E instein  Law o f photo-
\s>

chem ical equivalence th is  i s  a quantum process in volv in g  one photon 

per absorbing m olecule. The number o f m olecules absorbing i s  therefore  

equal to  the number o f photons absorbed. I t  i s  e s s e n t ia l  to  d is tin g u ish  

c le a r ly  between the primary step  o f  l ig h t  absorption and the subsequent 

process o f  chemical reaction . An activa ted  m olecule does not n ecessa r ily  

undergo reaction ; on the other hand, in some c a se s , one activa ted  

molecule through a chain mechanism may cause the reaction  o f many other  

m olecules. Thus the Stark, E instein  p r in c ip le  o f quantum a c tiv a tio n  

should never be in terp reted  to  mean that one molecule reacts fo r  each 

quantum absorbed.

The product o f absorption o f  a photon i s  an e x c ited  s ta te  in the  

absorbing m olecule, w ith  energy in excess o f the normal s ta te  equal to  

the energy o f  the photon which i t  absorbed. When the l ig h t  absorbed 

r e su lts  in an e lec tro n ic  tr a n s it io n , chemical reaction  may occur, but 

l ig h t  which produces only v ib ra tio n a l or ro ta tio n a l changes in the 

absorbing molecule i s  photoehemically in a c tiv e .

Most organic m olecules l i e  in a s in g le t  ground s ta te . An ex cited  

s ta te  r e s u lt s  from the absorption o f a photon. There; w i l l  usually  be 

an ex c ited  t r ip le t  s ta te  somewhat below the ex c ited  s in g le t .  Immediately 

a f t e r  the primary quantum jump, a s e r ie s  o f extremely rapid events takes 

p la ce , before any photochemical reaction or emmission o f  luminescent
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rad iation  can occur. A ty p ica l s itu a tio n  i s  shown in F ig . 1 .1 .

F ir s t ,  there i s  in tern a l conversion: no matter which upper 

s in g le t  s ta te  has been reached in  the primary quantum Jump, there i s  

a rapid ra d ia tio n le ss  tra n sfer  o f energy to  the lowest excited  s in g le t  

s ta te .

Second, there i s  intersystem  crossing: the m olecule may then fin d  

i t s e l f  in an ex c ited  t r ip le t  le v e l  o f  lower energy. The non-radiative  

processes are shown and are assumed to  involve tra n sfer  o f energy to  

the medium in such a way that i t  appears as thermal energy.

F i g .  1 . 1 .  MOLECULAR ENERGY LEVELS CONCERNED IN PHOTOCHEMICAL PROCESSES.

singlet
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There are two kinds o f ph oto ly tic  processes, primary and secondary. 

The primary process i s  the immediate e f fe c t  o f the l ig h t  on tbs molecule 

which absorbs i t ,  whereas the secondary process i s  the reaction  o f the 

m olecu les, atoms, or  r a d ic a ls  produced by the primary process. There are 

severa l paths open to the ex cited  molecule formed in the primary step .

(1 )  I t  may re-em it a quantum o f e ith e r  the same or a d if fe r e n t frequency. 

This em ission i s  c a lle d  flu orescence or phosphorescence.

(2 )  I t  may c o ll id e  w ith  other m olecules and pass on to  them some or a l l

o f i t s  ex c ita tio n  energy.

(3 ) I t  may c o ll id e  w ith  another molecule and react w ith  i t .

(^) I t  may spontaneously decompose i f  the ex c ita tio n  energy reaches a

bond that can be broken.

I t  i s  important to  remember th a t , because the absorbed energy may be 

tran sferred , the s i t e  a t which the u ltr a -v io le t  l ig h t  i s  absorbed i s  

not n ecessa r ily  the one a t which bond rupture may take p lace.

In the presence o f other m olecules, the p h oto lysis  o f a polymer may 

occur by any or a l l  o f th e three p rocesses. The f i r s t  i s  the d irect  

absorption o f energy follow ed by hem olytic d isso c ia tio n  o f some bond.

In th e case o f  random s c is s io n , the main chain i s  broken;

hv V *y  Pn + mPn + m

Pn + m i s  an e le c tr o n ic a lly  ex c ited  s ta te .



Main chain d is so c ia t io n  may he preceded by a ’s id e  bond* d is so c ia t io n ,  

lead in g  to  a polymer free  ra d ica l P j ^  which could then fragment.

These processes could occur in  polymer film s fr e e  from im p u rities.

In the second and th ird  processes, a molecule S i s  present or an 

intram olecular in tera c tio n  occurs.

pn̂  + s* -------------> s + p*w  ®
This a cce lera tes  the degradation process, whereas the reverse o f  

equation © w ould  in h ib it  degradation. L a stly , a cce lera tion  or  

in h ib it io n  by a tra n sfer  o f  ex c ita tio n  energy between sp ec ie s  may occur.

P<\«n +  S *   » S  +  P * L m

P 'L , t  S  ------------- > S *  4- p a m  ............” '®

1*3* Photodegradation o f  Poly (methyl m ethaciylate)

A thorough in v estig a tio n  o f the e f f e c t s  o f  u ltr a -v io le t  radiation

on poly (m ethyl m ethaciylate) was carried  out by M elv ille  and Cowley.

They irra d ia ted  polymer film s w ith  l ig h t  o f wavelength 2-537 A*, in

vacuum, at temperatures ranging from 130°C to  200°C ., and observed the

monomer evolution  using a ca lib ra ted  P iran i gauge. They found that a

temperature o f 160° C. was n ecessa iy  to  allow  the free  d iffu s io n  and
.  °

escape o f monomer, whereas below 160 C. the reaction  was in h ib ited  by 

d iffu s io n  and an equilibrium  between propagation and depropagation was 

s e t  up. They were concerned prim arily w ith  the value o f the l ig h t  

in te n s ity  exponent and they concluded that the primary process was 

p h o to -in it ia tio n  at the chain ends.



P relim inary in v e s t ig a t io n s  by Cowley and M e lv il le  w ith  polymers 

o f m e tly l and iso p ro p y l e s t e r s  o f  rn eth aciy lic  a c id  shewed degradation
o o

a t  temperatures above 130 C. w ith  l ig h t  o f 2537 A. This behaviour was 

in  contrast to  that exh ib ited  by other common polymers. Great s t a b i l i t y  

was showa by poly  methyl a c r y la te , poly rnethaciylic a c id , poly v in y l 

a c e ta te , poly isobutene and poly  a c r y lo n itr ile . In a l l  th ese  c a se s ,  

the c r ite r io n  o f degradation was taken as the production o f v o la t i l e s .

Near room temperature in  vacuum, film s o f poly  methyl m ethacrylate 

undergo random cleavage o f the main chain without extensive
8-tVo

depolym erisation. The quantum y ie ld  for  random sc is s io n  i s  near

^ x 10 s c is s io n s  per quantum absorbed, and both oxygen and nitrogen
q

a ct as in h ib ito rs  to  photodegradation. No cro sslin k in g  has been 

observed in the absence o f s e n s it iz e r s  and the major p h oto lysis
lb

products are methyl formate, methanol, and methyl m ethacrylate w ith  

methane, lydrogen, carbon monoxide and carbon dioxide a ls o  being  

observed. The u ltr a -v io le t  spectrum, o f the degraded polymer e x h ib its  

a new bond a t 285 > and th is  has been assigned to  e ith e r  a carbonyl

contain ing chramophore formed in the secondary reaction s a fte r  the 

homolysis o f the e s te r  C—0 bond, o r , to  conjugated unsaturation in 

the chain . Longer exposures, are required fo r  changes to  be observed in  

the in fra -red  spectrum. A broadening o f  the carbonyl band a t  1750 cm 

and new bands at 1615 om' and 16^0 cm’ were noted. These absorptions 

can be ascribed  to  o le f in io  unsaturaation. E lectron spin resonance



spectra  o f  the u lt r a -v io le t  irrad iated  polymer in d ica te  that the free  

ra d ica ls  present are (a ) ,  (b ) and ( c )  q’ 17-

CHS CH.
CHa- C ~ - C H — CHOs I

CCLCH,a ? COaCH s

© ©

HCO

€>

The p r in c ip le  ra d ica l i s  probably ( a ) ,  although (b ) and (o )  were 
o

observed a t  77 K in rev ersib le  reaction s by the u ltr a -v io le t  irrad ia tion  

o f a prev iously  gamma irrad ia ted  sample.

Chain s c is s io n  may be the r e su lt  o f d ir e c t  s c is s io n  o f  chain bonds

follow ed by disproportionation
CH, C-Hj u

■CH^C— CHj -C— -  ------ - - - -
■CQpHj C0pHs

CH-
> ~ C H r C *

c q c H ,
Hr

CHj 
■CH=C

9H»
■CH -C—

CQpHj

CH-
©

-v CHt-C
CH. cqpH3

M etlyl formate must r e su lt  from the s p l i t t in g  o f f  o f  the pendant e s te r  

groups
C H ,

■ a t e —
COCH.

O ^C -O C H ji- RH

CH,
CH—C— ^  +   ̂ •

H C Q pH3 +

0 = C -0 C H .

R

©

(D
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Chain s c is s io n  could a lso  r e su lt  from

CH3 CH* CH,
~  C— CH— C— CHj— C— ~

i a .  i -
COaCHj C C £ H a

Methyl formate might a ls o  he formed in reaction  ( 5 ) a f t e r  main chain  

s c is s io n .

CHi  C Hi
~ ~ C H —6 — CH^*  > - C H - C = C H a + HCQCHj  (5)

COfHs

Photodegradation o f Poly (methyl a c iy la te )  

poly methyl a c iy la te  has been observed to  cro sslin k  during both
•** a o

r a d io ly s is  and therm olysis, whereas in poly methyl methaoxylate 

cro sslin k in g  i s  u su a lly  absent during degradations except under sp e c ia l  

con d ition s such as p h oto lysis  in the presence o f s p e c if ic  sen sit izer s* '
sta

Pox, Isa a cs, Stokes and Kagarise studied the p h oto lysis  o f thin film s
O O

of poly m etlyl a c iy la te  w ith 2?37 A radiation  a t 22 C. in vacuum and air* 

In vacuum ,crosslinking was ind icated  by the formation o f  benzene 

in so lu b le  m ateria l. In a ir  exposures no v is ib le  in so lu b le  m aterial i s  

formed. However, a q u a lita tiv e  comparison o f  the sedimentation patterns  

o f undegraded and degraded samples of poly methyl a c iy la te  showed that 

cro sslin k in g  occurs in both a ir  and vacuum co n d ition s.

CJHj CH,  CH3 
— CH~C= CHa + • C - ~ '

C0pH3 COfH,,



C rosslinking must occur through ra d ica ls  fonned by ab straction  o f  the 

te r t ia r y  hydrogen atom along the polymer chain. From a ir  exposures i t  

appeared that g e la tio n  i s  retarded by oxygen a ctin g  as a rad ica l 

scavenger, and although sc is s io n  i s  unaffected , cro sslin k in g  i s  

in h ib ited . Spectral changes are minimal, the only d etectab le  change 

being the formation o f a weak band a t about 2 8 0 ^ .  Formaldehyde, 

methanol and methyl formate o r ig in a tin g  from the pendant e s te r  groups 

were d etec ted , along w ith  carbon monoxide, carbon d iox id e , methane 

and hydrogen. Depolym erisation to  monomer is  unimportant. Carbon 

dioxide accumulates in amounts which increase exponentia lly  w ith  dose.

I t  was suggested that carbon d ioxide i s  a ssoc ia ted  w ith  a decomposition  

o f chain ends* since the to ta l  number o f chain ends r e su lt in g  from chain  

s c is s io n  a lso  increases w ith  dose. Such a decomposition i s  represented  

^by the equation

The products can a l l  o r ig in a te  from the e s te r  groups in the polymer.

CHaC H - C H a-

CO

The major pathways being

H



Methyl formate and methanol would r e su lt  from the combination o f  

lydrogen atoms w ith  •COaGĤ > and "OCĤ  r e sp e c tiv e ly . Formaldehyde could

be formed by two routes

*0 CH^

•OCH, + •C O X H , ---------- » H £ 0  + HCCLf!-^

*0 CH^  > H P o  -  H’

'3 ^  s* 3  

1.5* Photodegradation  o f P o ly (e th y l a c iy la te )

Irrad iation  o f  film s o f poly (e th y l a c iy la te ) ,  w ith  u ltr a -v io le t  

l ig h t ,  a t room temperature, in the absence o f oxygen r e s u lt s  in  

simultaneous cro ss lin k in g  and chain rupture. The v o la t i le  products were 

analysed and found to  contain hydrogen, methane, carbon monoxide and 

carbon d io x id e . The fo llow in g  reaction  was postu lated

H H
~ — C H - C  ----- ^ — + C = 0

a i • i
9 = 0  0 C aHs

C rosslinking r e su lts  from the combination of two polymer ra d ica ls  

Li H
^ — c ^ -

2  ~ — CH-C—  » |
— C H - C — —

Main chain sc is s io n  can occur as fo llow s

|jj H
C H j-C -C H jC - - - - - - - - - - - - - - - > —  C H -C H = C H a +  *C-

CQGHs
c o x H



Various products may be formed by reaction s o f the -CCLC He- ra d ica l.di A «>

•COjQHg — > co a+ c, h;  

- ^ H C O A H g  CaH‘ + H C 0 0 ' >COa+ H *  »Ha

 >CaH,p‘ + HCO’  ------>CO + H* * Ha

Below the g la ss  tr a n s it io n  temperature (-17°C) the rate o f  cro sslin k in g  

i s  strongly  depressed but chain s c is s io n  ex h ib its  l i t t l e  temperature 

dependence in th is  region .

1 .6 .  Photodegradation o f Poly ( te r t -b u ty l a c iy la te )

Monahan studied  the p h oto lysis  (2537 A) o f thin film s o f  poly  

( te r t -b u ty l aciy late-) under 1 atmosphere pressure of helium in the 

temperature range 20—110°C. The major products o f  p h o to ly sis  were 

found to  be isobutene and poly (a c r y lic  a c id ) .

C  Q

0 XOC(Ch03 

[ \ = 6 ^ C 3M.P. = 262°C.]

Hydrogen* methane, propylene, isobutane, carbon d io x id e , w ater, 

te r t-b u ty l a c iy la te  and a c iy l ic  acid  were a lso  id e n t if ie d  in trace  

q u a n tit ie s . The reaction  i s  i n i t i a l l y  f i r s t  order w ith  an in ten s ity  

exponent o f  un ity . A unimolecular f i r s t  order decomposition was 

postu lated  w ith  a six-membered tra n sitio n  sta te :

CH-CH* — — ------> ~ C H -C H ^  -i- (C H p C H
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This concerted movement o f e lec tro n s  had previously  been proposed by 
a s

G rassie and Grant. This type o f  m olecular decomposition may be 

general fo r  a c iy la te  e s te r  polymers contain ing p lyd ro gen atoms. 

D isproportionation o f  the te r t-b u ty l rad ica l to  isobutene and isobutane 

was found to  be n e g lig ib le . This was thought to fu rther support a 

m olecular, rather than a rad ica l mechanism.

1.7* P hotodegradation  o f  Poly  (n -b u ty l m e th ac iy la te )
y

Isaacs and Pox stud ied  the photodegradation o f  poly (n -bu ty l
\  o o om ethaciylate) film s at 50 C and 100 C, in vacuum# At 100 C, the polymer

lo s e s  90 to  95 $  o f  i t s  o r ig in a l weight a f te r  about 30 hours exposure.

About k  fc o f in so lu b le  polymer was formed during th is  process* At 50°C

only about h a lf  as much poly (n -b u ty l m ethaciylate) was v o la t i l i s e d .

A fter 60 hours exposure a t 50°C, v o la t i l is a t io n  had v ir tu a lly  ceased

and about 25 % o f the o r ig in a l m aterial remained as an in so lu b le

resid u e. C rosslinking th erefore , decreased w ith  increasing temperature

sin ce  a t the higher temperature depolym erisation was a competing

process. The products o f  p h o to ly s is , id e n t if ie d  by g . l . c . ,  were

carbon d io x id e , n-butane, b u t-1-ene, n-butyraldehyde, n-butyl fo im ate,
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butanol-1 , and n-butyl m ethacrylate. Thus in add ition  to  monomer, 

almost every product was produced that could a r ise  from the cleavage o f  

bonds in  the e s te r  s id e  chain* Monomer, n-butyl formate and but-1-ene  

accounted fo r  about three quarters o f  the to t a l  v o la t i le  products. 

Increasing the temperature o f degradation resu lted  in  an increase in the 

in the r e la t iv e  y ie ld  o f monomer, and except fo r  b u t-1-en e, decreased  

the r e la t iv e  y ie ld s  o f  the other products.

The v o la t i le  products o f degradation were accounted fo r  by the 

fo llow in g  reaction  sequence.

' 'K T H -C -C H ^  C -C H -C —  
c o m  c q p j h ,  CQPJH

CH L
CHS

CH, C H , 
C H j-C — C H j-C * +  C H = C  

3 l

C H ,

CH, CHS

dol
0.
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n-butyl form ate, butanol- 1 , and n-butane can be produced by term ination  

o f the free  r a d ic a ls , produced by r ea c tio n © , by hydrogen atoms 

abstracted  from the polymer. The butoxy rad ica l produced in reaction  

could d isproportionate to y ie ld  butanol-1 and n-butyraldeiyde.

2 CJHP*  » CJ-t,0 H - C W v2
The y ie ld s  of these two products were approximately equal. The butyl

ra d ica ls  o f reaction  (2c) could y ie ld  b u t-1-ene and n-butane by 

disproportion ation .

2   * CaHsC H=C Ha + C^Hro ©
37

Borkowski and Ausloos showed that but-1 -ene can be produced by a d ir e c t  

photo l y t i c  process from non polymeric b u ty l e s t e r s .

r - c ? o c . h ,  -------------- > *  w .  ©
(bu tene)

I t  was suggested that th is  process (5) of d irec t p h oto lysis  was more 

l ik e ly  than reaction s (2c) and ©  sin ce  much more b u t-1-ene than 

n-butane was found,

Carbon d iox id e , which was a minor p h oto lysis  product, was thought

to r e su lt  from the r a d ic a ls .

~ C H r ? —  or • c o o q H ,
9=0
0.

formed in  reaction  ©  , or from the p h oto lysis  o f  ac id s formed by a 

reaction  analogous to  reaction  © •
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a?
G rassie and Mac Callum made a comparison o f  the thermal and

O
p h o to -in it ia te d  degradation (2537 A) o f poly  n-butyl m ethacrylate.

Both poly (n -b u ty l) and poly ( t -b u ty l)  m ethaciylate were com pletely
O

converted to  monomer under irra d ia tio n  at 170 C, in  vacuum. In the  

thermal degradation the n-butyl e s te r  gave only l$ ? c  monomer and the 

te r t-b u ty l e s te r  gave m ostly o le f in  ( iso b u ty le n e ), monomer y ie ld s  

being on the order o f only 1 Preheating n-butyl m eth aciy late/ 

rnethaciylic acid  copolymers a t 170°C. was found to  in h ib it  the photo

degradation. I t  was suggested th at in  the m ethaciylate e s te r  polymer, 

once an a c id  group foimed i t  could migrate along the chain and encounter 

a second acid  group r esu lt in g  in anhydride foim ation. The acid  

m igration can be foim ulated as

Ch^CHjpHjCHj
qH,CHaC H ,C H3X  M'

\  / °  *• (b  o. ex q
c  H / W   ------- > V  ^  J r .
i V 0 ' 7  ■ 9  o  j

C H , c  H j fcH3C H » C H ,

In a further study Mac Callum showed that the p h oto lysis  o f poly  

n-butyl m ethaciylate a t 170°C. was unlike that o f poly (methyl 

m ethaciylate) in  that in i t ia t io n  can occur a t  random s i t e s  along the 

ch ain , s in ce  the rate o f  depolym erisation i s  unaffected by hydrogenation 

o f the unsaturated chain end.



1 .8 . Photodegradation o f Poly (e th y l m ethacrylate)
SO

Recently MacCallum and Schoff stud ied  the p h o to ly sis  o f poly  

(e th y l m ethacrylate) and poly (methyl m ethacrylate) a t temperatures 

above that o f the g la ss  tr a n s it io n . Poly (e th y l m ethacrylate) has a 

lower g la ss  tr a n s it io n  temperature (81°C .) than poly methyl m ethacrylate 

(1 0 5 °0 .) so th at degradation was expected to  be le s s  complicated by 

d iffu s io n  e f f e c t s .  The mechanism was studied through the k in e t ic s  o f  

the reaction  rather than through the m olecular weight changes. With 

the exception o f  a very sm all amount o f  information in a paper by
30Maxim and K uist > no work other than by MacCallum appears to  have been 

undertaken on the p h oto lysis  o f  poly (e th y l m ethacrylate). Mac Callum
to

and Schoff found only monomer as a p h oto lysis  product. The order o f  

reaction  w ith  respect to  weight fo r  both polymers was between 1 . 5-2 . 0 , 

and both showed an in te n s ity  exponent o f 1 .0 . I t  was concluded that 

the i n i t i a l  mechanism fo r  both was random sc is s io n  o f  the polymer main 

chain bonds follow ed by complete unzipping of the m olecules, whereas 

Cowley and M e lv ille , on the b asis  o f molecular weight data, proposed 

that the p h o to ly sis  o f poly(m etlylm ethacrylate) occurred by end 

in i t ia t io n .

1 .9 . Photodegradation o f Copolymers o f  Methyl Methacrylate and Methyl 

A crylate.

The p h oto lysis  o f methyl m ethacrylate/m ethyl acry la te  copolymers.
o 3^

was studied a t 170 C. in vacuum by G rassie, Torrance and Colford, using



-  18 -

o
2537 -A rad ia tion . Pour copolymers w ith  molar r a t io s ,  M.M.A . / K , A . ,  o f  

112/ 1 , 26/ 1 , 7*7/1 > 2/ 1 , were photodegraded and from molecular weight 

changes i t  was concluded that a random sc is s io n  process occurs. No 

cro sslin k in g  was observed even in the 2/1 copolymer as the resid u a l 

m ateria l was com pletely so lu b le . The pattern o f v o la t i le  products was 

comparable w ith  th at produced in  the purely thermal rea ctio n , except 

th a t approximately one in  ten o f the methyl acry la te  u n its was lib era ted  

as monomer, compared w ith  one in four in the thermal rea ctio n . A s  in
33.

the thermal rea ctio n , the copolymers were s ta b il is e d , w ith  respect to  

v o la t i l i s a t io n ,  w ith  increasing methyl acry la te  con ten t. The 

re la tio n sh ip  between chain s c is s io n  and v o la t i l is a t io n  was l in e a r , and 

i t  was concluded th a t, as in  the thermal rea ctio n , rad ica ls  are formed 

as as d irec t r e su lt  o f chain s c is s io n  and that v o la t i l is a t io n  occurs 

by depolym erisation o f  th ese ra d ica ls  • The zip length  o f  the photo 

reaction  was very much greater than in  the thermal reaction . Since the 

zip length s decreased w ith  increasing methyl a cry la te  con ten t, i t  was 

deduced that the methyl acry late  un its must block the depropagation 

rea c tio n . This blocking action  i s  not complete as sm all amounts o f  

of methyl acrylate  monomer appear in the v o la t i le  products. The rate  

o f chain sc is s io n  i s  not strongly  dependent upon the methyl acry late  

content showing that chain s c is s io n  does not occur p r e fe re n tia lly  

at methyl acry late  u n its , but rather at random. In the thermal reaction  

a s t r ic t  1/1 r a tio  between carbon dioxide m olecules produced and chain
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s c is s io n s  app lied , but in the photo reaction  a very much higher 

proportion o f GO  ̂was found.
34-R ecently G rassie and Scotney have been studying the p h oto lysis  

o f m etiy l m ethacrylate/m ethyl acry la te  copolymer film s a t  room
o

temperature, using 2537 A ra d ia tion . Copolymers contain ing more than 

50 mole % o f m ethacrylate remain so lu b le . The rate o f cro ss -lin k in g  

decreases w ith  decreasing acry late  content o f  the copolymers, and i t  

was deduced that cro sslin k in g  i s  not a ssocia ted  w ith  s in g le  acry late  

u n its  but requires sequences o f at le a s t  two u n its . The rate o f chain 

sc is s io n  was found to  decrease, as expected , w ith  decreasing methacrylate 

content a t high m ethacrylate content, and then su rp risin g ly  go through 

a minimum in the v ic in it y  o f ^0-50 %  m ethacrylate follow ed by a rapid 

increase as the methacrylate content decreased fu rth er, showing that 

the rate o f  s c is s io n  in  pure poly(m ethyl m ethacrylate) and pure poly 

(methyl a cry la te ) was o f  the same order. The p h o to ly sis  products 

include hydrogen, carbon monoxide and d iox id e , methane, m etlyl formate 

and methanol.

1 .1 0 . The Photodegradation  o f Copolymers o f  rnettyl methacrylate and 

A c ry lo n itr ile .

Pour m etly l m eth a cry la te /a cry lo n itr ile  copolymers w ith  molar r a tio s
3s

L10/1, ^ 0 /1 , 1 6 / 1  and 8/1 were photodegraded by Grassie and Parish  a t
0 O

160 C. using l ig h t  o f wavelength 2537 A .  V o la t il isa t io n  resu lted  

almost ex c lu s iv e ly  in the production o f methyl m ethacrylate and a rapid



decrease in. the m olecular weight o f  the residue* Chain s c is s io n  

was found to  be a sso c ia ted  w ith  a c r y lo n itr i le  u n its ,th e  rate o f  

chain s c is s io n  increasing w ith  the a c r y lo n itr ile  conteat o f the 

copolymer.

I t  was proposed that radiation  was absorbed by the n i t r i l e  

groups, r e su lt in g  in  a s c is s io n  to rad ica ls  in the v ic in it y  o f  the  

a c r y lo n itr ile  u n it s ,  fo llow ed by depolymerisation, as fa r  as the next 

a c r y lo n itr ile  un it in  the chain . Recombination o f a proportion o f  

the ra d ica ls  was p ossib le  because o f the extremely high v is c o s ity  

o f the medium.
3b

The r e s u lt s  o f the purely therm ally induced degradation, o f the 

same copolymer system at 280°C can be compared w ith  the photoreaction  

a t 160°C and the d ifferen ces  in. o v era ll c h a r a c ter is tic s  accounted 

fo r  in terms o f three fa c to r s . F ir s t ly ,  in it ia t io n  in  the photo

reaction  occurs a t the a c r y lo n itr ile  u n its  and at random in the 

methyl m ethacrylate chain segments o f the copolymer in  the thermal 

process. Secondly, at the higher temperature* a c r y lo n itr ile  u n its  

are more read ily  lib era ted  in the depolym erisation process. F in a lly ,  

the photoreaction i s  oceuring in  a medium o f higher v is c o s ity  which 

r e s t r ic t s  d iffu sio n  o f long chain rad ica ls  thus, making recombination 

easier*



1.HJ. The Photodegradation o f Non polymeric E sters .

I t  has been shown that the e x c ita tio n  o f  the e s t e r  molecule 

r e s u lt s  in three p o ssib le  bond c lea v a g es , involv ing  the ea ter  lin k a g es ,
3 ,  VX-HA.

producing fr e e  r a d ic a ls .

R -c  ^

R * C .O a .

^ — > R  ■+ e o a R ’I
— & — > R C O  +  O R '

I
R ^ O .

Since the decomposition o f the ra d ica ls  RCÔ  and COaR' should be 

fa s t ,p r o c e sse s  (a) and (b) would be in d istin g u ish a b le . The R and
3

RO rad ica ls  have a higher a ctiv a tio n  energy fo r  decomposition than, 

the RCÔ , CÔ R' or RCO rad ica ls  and can react by rou tes other than, 

decomposition a fter  the primary a c t .
3 7 -U o

I t  i s weH  esta b lish ed  that e s te r s  contain ing one or more^H 

atoma in, the a lk y l group w i l l  decompose photochemically by in tr a 

m olecular rearrangement in to  an o le f in  and the corresponding a c id .

■*R^o; R 'I



( butene ) 

-V
e = 0 in tram olecular  

e lim in ation .

(n -b u ty l a ceta te  }

Isaacs and Pox photolysed both n-butyl a ceta te  and methyl a ceta te  

the la t t e r  having no UR in  the a lk y l group,

and found th at a c e t ic  a c id  was a princip a l product o f the p h o to ly s is . 

I t  was concluded that the study was inau ff ieen.t to  e lu c id a te  the 

mechanism for  the production of acid in e s te r  p h o to ly s is .

Other minor products from the photolysis; o f n-butyl a ceta te  were 

shown to  be butyra ldelyde, acetaldel^jrde, acetone, eth an o l, butan-2- o l ,  

n-butane, carbon d iox id e , e t ly le n e , carbon monoxide, methane, and 

other u n id en tified  v o la t i le  products* Kany o f  th ese products would 

r esu lt  from secondary p h oto lysia  of the i n i t i a l  products which were 

not removed as they were formed*

Ausloos^studying the p h o to lysis  o f  a few sim ple a lk y l e ster s  

in  the liq u id  phase, found that carbon monoxide and d ioxide were 

produced from a l l .

O
■ocvu,

* a c e t ic  acid.



1.12-. Thermal Degradation o f Copolymers o f M etlyl M ethacrylate

and n-Butyl Acrylate*

G rassie and Fortune, studied  the purely thermal degradation o f  

copolymers o f  m etly l m ethacrylate and n -butyl acrylate* The copolymers 

were prepared in hulk and thermal an a ly sis  techniques used included  

thermal v o la t i l is a t io n  a n a ly s is  (T .V ..A .), thermogravimetric a n a ly sis  

(TeG*A») and d if fe r e n t ia l  thermal analysis. (d*T*.A.)* The copolymers 

became more s ta b le  to  thermal breakdown as the acry la te  content was 

increased* The liq u id  and gaseous degradation products, the chain 

fragments and residue were each examined by standard a n a ly t ic a l  

techniques* The liq u id  degradation products were found to  be metJyl 

m ethacrylate, n-butyl a c ry la te , n-butanol, n-butyl m ethacrylate and 

resid u a l to lu en e ( s o lv e n t) . The main gaseous products were carbon 

monoxide and b u t-1 -ene, w ith  traces o f methane,ethane, eth y len e , 

propane, propylene, butane and trans and c is  b u t-2 -en es. The non - 

condensibla gases were hydrogen, carbon monoxide and methane, but no 

q u a n tita tiv e  measurements were made on the permanent gases s in ce  

th e ir  contribution  to the to ta l  measured gas pressure was very sm all.

Using molecular weight data i t  was shown that as the acry la te

content was increased breakdown by random sc is s io n  became more

important r e la t iv e  to breakdown, by depolym erisation p rocesses. Mechanisms

were postu lated to  account fo r  the formation o f the major products, 

but the a lcoh o l evolution mechanism was not s a t i s f a c t o r i ly  explained*



1.13* Ehe T it le  and Aim,

A d e ta iled  study o f the purely thenna1 degradation o f methyl
. 1*3 .

m ethacrylate /  n-butyl acrylate  copolymers having been carried  out 

i t  was thought in ter e st in g  to  study the photothermal reaction  o f  

th is  copolymer system as was previously done w ith  the metlQrl 

m ethacrylate-m ethyl a cry la te  system.' T his would add to  our knowledge 

o f the degradation processes which occur in polymers and copolymers 

o f m ethacrylate and acry la te  and a s s is t  in assembling a more 

comprehensive and u n ified  p icture o f the degradation processes  

which occur in that c la s s  of polymers. The term,photothermal> 

degradation i s  used here to  imply the p h oto lysis  o f copolymers in a 

molten s ta te  but below the thermal degradation threshold . Copolymers 

covering the en tir e  composition range were prepared and degraded 

pho.tochemically at a temperature o f  i 6 5 Table 1 .1 . shows th e  

g la ss  tra n sitio n  temperatures (T^), m elting p oin ts (M .P.) and thermal 

degradation threshold fo r  each o f the homopolymers.

Table 1*1*

polymer M.P. °C. Thermal Threshold °C.

poly M.H.A. 105** <160 w o-*-

poly n-Bu.4 . - 5 T 5-7 300 ^
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This tab le  demonstrates that i t  i s  reasonable to expect that i f  

m ethacrylate -  a c iy la te  copolymers are subjected to  irrad ia tion  

a t  165°C> they w i l l  be in a molten s ta te  y e t below the thermal 

degradation threshold temperature# The polymers were degraded in 

the form of th in  film s, ( 60- l 00m gs.) and the source o f irrad ia tion  

was a Hanovia ^Chromatolite5 low pressure mercury lamp em itting l ig h t  

o f wavelength 2537 A*.



CHAPTER 2

EXPERIMENTAL TECHNIQUES AND APPARATUS.

2 .1 . Preparation o f  Copolymer Samples.

(a )  p u r if ic a tio n  o f  methyl met haoiy la t e. and n-butyl a cry la te  monomers. 

Methyl m ethaciylate (B.D.H. Limited) and n-butyl a c iy la te  (Koch

Light Laboratories) were washed three times w ith  5M sodium hydroxide 

to  remove the in h ib ito r , and three times w ith d i s t i l l e d  water to  remove 

traces of a lk a l i .  The p u rified  monomer was dried fo r  2  ̂ hours over 

calcium ch lo r id e , follow ed by 2  ̂ hours over fr e sh ly  dried calcium * 

hydride. F in a lly , the monomer was f i l t e r e d  in to  a reserv o ir  contain ing  

some calcium hydride and stored , u n til  required, in a re fr ig era to r  at
O

- 1 8 C .  Before use they were degassed tw ice in  a reserv o ir , attached  

to  a vacuum system , by the usual freez in g  and thawing method. The 

f i r s t  5 per cent was d i s t i l l e d  o f f  and discarded, a f t e r  which the 

required quantity was d i s t i l l e d  in to  a graduated reserv o ir , and f in a l ly  

in to  the d ilatom eter.

(b ) P u rifica tio n  o f I n it ia to r .

2,2* A zob isisob u tyron itrile  (Kodak Limited) was p u rified  by 

r e c a y sta lisa tio n  from methanol (m .pt. 10 °̂ C .) . The in i t ia t o r  was 

introduced in to  the d ilatom eter as a fr e sh ly  prepared so lu tio n  in 

Analar to lu en e, the so lven t being removed on the vacuum l in e .  The 

dilatom eter was then pumped fo r  several hours under a high vacuum, 

l ig h t  being excluded to  prevent the decomposition of the in i t ia t o r .
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( c )  Preparation o f  D ilatom eters.

ly rex  g la ss  d ilatom eters o f approximately 100 ml. capacity  w ith  

a 5 ml. graduated stem, were washed w ith  c lean sin g  so lu tio n , d i s t i l l e d  

w ater, and f in a l ly  Analar acetone, and attached to  the vacuum l in e .

The d ilatom eters were then flamed in term itten tly  fo r  severa l hours, 

prior to the addition  o f the in i t ia t o r  so lu tio n .

( a )  Polymer isa  t  io n .

A fter degassing and vacuum d is t i l la t io n ,  monomer mixtures of known
O

com position were polymerised in bulk in d ilatom eters a t 60 C ±  0 .5  C. 

(P oly  n-butyl acry late  homopolymer was polymerised in s o lu t io n .)

The in i t ia t o r  concentrations are given in Table 2 .1 . Polym erisation  

was carried  to  8 per cent where p o ssb le , but w ith  copolymers o f high  

a cry la te  content, polym erisation could only be carried  to  3 or ^ per 

cent because o f  the high v is c o s ity  o f  the medium. For the ca lcu la tio n  

of the copolymer com position the r e a c t iv ity  r a tio s  used were as fo llo w s .

r , (K.M.A.) =  1 .80  

ra (nBu.A.) =  0.37

- *>
A ll polym erisations were carried  out in bulk a t 60 C ., except fo r  poly  

n -butyl a cry la te  homopolymer which was a so lu tio n  polym erisation using 

n-butyl a ceta te  (B.D.H. Limited) as so lv en t. In th is  case the
o Vi

polym erisation temperature was ^0 C. ±. 0 .5  C-
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TABLE 2 .1 .

Copolymer Composition and Molecular Weight Data,

Nominal
Composition
M.M.A./nBu.A.

Actual 
Composition 

(Mole f )

I
M.M.A. | nBu.A,

I n it ia to r  
Cone. 

f  W t./Vol. Azobis 
iso b u ty ro n itr ile

M olecular
Weight

P.M.M.A. Homopolymer 100 1 
1 0.17 389,000

100/1 99.01 | 0.99 0.17 260,000

25/1 96.1 I 3 .9 0.17 347,000

5/1 83.7  * 16.3 0.C42 1,330,000

1/1 w !50 0.084 230,000

1/1 50 | 50 0.C42 1, 000,000

1 /5 1 7 .8  I
1

82.2 0.084 506,000

1/15 6 .6  j 93.4 0.002 1 , 410,000

P.nBu.A. Homopolymer ------ Ii
100. 0.11 <------- 2 ,800,000

l
i SolutionI Polyme r isa  t  ion-J
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(6 ) Copolymer Recoveiy and P u r ific a tio n .

Copolymers were d isso lv ed  in Analar toluene and p rec ip ita ted  by 

running the so lu tio n  slow ly in to  5 l i t r e s  o f Analar methanol, w ith  

constant s t ir r in g . This procedure was repeated three tim es. Those 

w ith a high m ethaciylate content p recip ita ted  as a f in e  powder, w hile  

a cry la te  r ich  samples were produced as rubbery s o l id s .  A ll the polymers 

were freeze-d r ied  from so lu tio n  in benzene.

In add ition  to  the seven copolymers covering the whole composition  

range, a methyl m ethacrylate homopolymer was syn th esised . A homopolymer 

o f n-butyl acry la te  was a lso  a v a ila b le , prepared by so lu tion  polym erisation  

so th at i t  was p o ss ib le  to  examine the degradative behaviour o f the 

en tir e  composition range.

2 .2 . Degradation Apparatus.

Photochemical degradation must be carried  out in a s i l i c a  v e s se l  

which i s  transparent to  the u ltr a v io le t  l ig h t .  The d isp o s itio n  o f  

the ph oto lysis c e l l  i s  shown in P ig . 2 .1 . The two halves o f the c e l l  

are joined by a ground g la ss  jo in t .

(a )  Temperature Control.

The p h oto lysis  c e l l  was heated to  the required temperature (l65°C ) 

by means o f a Woods metal bath con tro lled  by a proportional temperature 

c o n tr o lle r  and an iso la t in g  transformer.

When the reaction  v e sse l was immersed to  a depth o f  h a lf  an inch, a
, o

temperature control of -  0*5 C. was attained  insid e the v e sse l fo r
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FIG. 2 2. CALIBRATION OF TEMPERATURE.

mi Hi volts  
( chrom el-alum el.)

70*

temperature 
P U 6 5 !C  ins 
photolysis 
ce ll.

6*73 millivolts

millivolts
temperature of wood’s m etal b ath ,

u sin g  copper—con stan tan  therm ocouple.



long operating periods. The in sid e  temperature was ca lib ra ted  using  

arcopper-constantan thermocouple to  record the temperature o f the Woods 

metal bath , and a chromel-alumel thermocouple to  record the temperature 

o f the s i l i c a  d isc  in s id e  the p h oto lysis  c e l l .  An  accurate ca lib ra tio n  

was a tta in ed  as shown in F ig . 2 .2 .

2*3* Polymer Form.

In photodegradation s tu d ies  i t  i s  important to  use as th in  film s  

o f  polymer as p o ssib le  but to  expose a maximum area, in  order th a t , as 

much m aterial as p o ssib le  may be a va ilab le  fo r  chemical a n a ly s is . In 

choosing a su ita b le  film  th ick n ess , three p o ss ib le  sources o f error  

must be considered*

a . Rates o f d iffu s io n  o f v o la t i le  products fo r  the degrading polymer.

b . Temperature gradient in  the polymer.

c .  A skin e f f e c t  such that the radiation i s  com pletely absorbed in the 

surface layers so that the reaction  i s  not homogenous throughout the 

polymer.

I t  i s  to  be expected t t e t  the use o f powdered polymer would r e su lt  

in  c o n f lic t in g  and erra tic  r e su lts  on account of the large number o f  

uncontrollable variab les a sso c ia ted  w ith  such a system , fo r  example 

surface area o f the powder, p a r t ic le  s iz e ,  layer  th ickness and so on.

(a )  Preparation o f  Filmg

Several standard methods are a va ilab le  fo r  preparing polymer f i lm s ,  

fo r  example, m eltin g , moulding, p ressin g , e t c . ,  but each su ffer s  from
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the disadvantage that the polymer may become p a r t ia lly  degraded, or 

ox id ised  during the formation o f the film .

.A ltern atively , the homo polymers and copolymers were d isso lv ed  in 

Analar benzene and an a liq u o t (ca lcu la ted  to  produce a film  th ickness o f  

100JU) was allow ed to  evaporate on an o p t ic a lly  f l a t  s i l i c a  d is c . The 

d isc  and film  were then placed in a vacuum oven at Î O°C. fo r  16 hours 

to remove resid u a l so lv en t. The s i l i c a  d isc  which supported the film  

was then placed in sid e  the p h oto lysis  reaction  c e l l .  The average 

weight o f the polymer film s was 0.085 -  0 .100 gms.

2*4.• Source of Radiation.

A Hanovia c Chromatolite'' low pressure mercury resonance lamp was 

used as shown in P ig . 2.1.. This produces a ty p ica l mercury emission
o

spectrum, the in t e n s it ie s  o f the two resonance l in e s  a t 18ft9 A and 

2537 A being very much greater than those o f  a l l  the other wavelengths 

presen t. The output o f  t h is  lamp i s  shown in P ig . 2.3* The mercury 

discharge tube was placed d ir e c t ly  above the c e l l ,  a t a d istan ce  o f  

18 cm. from the polymer film . The lamp was connected to  a LTH 

T ransistorised  1kVA Voltage Regulator which ensured that any varia tion s  

in  the mains output did not a f f e c t  the lamp em ission .

2*5* Transmission o f  the U ltra v io le t Radiation.

(a )  Introduction.

The output o f the lamp transversed 3 om. o f a ir ,  2 mm. o f fused  

s i l i c a  and 15 cm* o f  vacuum in sid e  the p h oto lysis  c e l l  before f in a l ly
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OUTPUT OF THE HANOVIA LAMP FFG. 2.3.
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impinging on the film s. The nature o f the sad iation  even tually  

reaching the film  was m odified to  some extent by the absorbing 

c h a r a c te r is t ic s  o f s i l i c a  and a ir  media, and i t  i s  therefore  

worthwhile to  examine these c h a r a c te r is t ic s .

(b ) Transmission By Fused S i l i c a .

The transm ission o f  fused s i l i c a  i s  shown in  F ig . 2 .4 . This 

shows that fo r  l ig h t  o f  wavelength 2537 As the percentage transm ission  

i s  86 per cen t.

( c ) Transmission by A i r .

The only component in a ir  which i s  capable o f absorbing the 

u ltr a v io le t  rad iation  produced i s  oxygen, the other co n stitu en ts  being 

com pletely transparent in th is  region o f spectrum. The oxygen 

absorption spectrum c o n s is t s  o f  two se ta  o f  bands, the one system
o

converging a t 2L00 As and the more important Schumann-Runge system  

having a threshold wavelength a t 2000 A° and converging towards 1761 A.**7

These two absorptions correspond to  two p h oto-d issocia tion s o f oxygen

m olecules,

0 a + hv -------> 0(3P) -v OOD)

and 0* v hv -------» 20(*P) resp ec tiv e ly

Ozone i s  produced concurrently according to the equations,

0 ( 'D )*  0a + M ----- >0S * M

0(3P)* 0a + M------>0* * M

M i s  the necessary th ird  body.
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FIG. 2.4. -ABSORPTION SPECTRUM OF FUSED SILIGA(2mm.).
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I t  i s  obvious then th at only the 18^9 $  l in e  has an energy asso c ia ted

w ith  i t  which exceeds the threshold energy fo r  the p h oto-d issocia tion

o f oxygen. This l in e  i s  thus absorbed by the a ir ,  and only 1 cm. of
v s

a ir  i s  s u f f ic ie n t  to  absorb i t  com pletely.

( d)  M onochrom aticity o f  the Source.

F ig . 2 .3 . shows that 93 per cen t of the output o f the lamp i s
o

composed o f the mercury resonance radiation w ith wavelengths o f 18 .̂9 A 
o

and 2537 A» The in te n s ity  o f the former i s  reduced to  an extremely 

low value in traversing the arc to  polymer path. Since the in t e n s i t ie s  

o f the longer wavelengths are n e g lig ib le , the rad iation  reaching the 

polymer i s  v ir tu a lly  monochromatic (2537 -A)

2 .6 . Experimental Procedure.

The p h oto lysis  c e l l  was immersed to a depth o f h a lf  an inch in  

the Woods metal bath fo r  a period o f 20 m inutes, a f te r  which time the 

required temperature o f 165°C. was a tta in ed . The u ltr a -v io le t  lamp 

and voltage regulator were switched on 5 minutes p rior to  use, and the 

radiation  was excluded, using a sh ie ld , from the sample u n til  the 

temperature was a tta in ed .

2.7* Molecular Weight Determination.

An important part o f any poljroer in v estig a tio n  must be the study 

o f the molecular weight changes w ith  period o f degradation. The 

osmotic pressure method, leading d ir e c t ly  to  number average molecular 

w eights has been p a rticu la r ly  valuable in degradation experiments and



- 3 8  -

two types o f osmometers were used covering d if fe r e n t m olecular w eight 

ranges.

(a )  Vapour Pressure Osmometer. (Hewlett-Packard In c .)

Operation of* th is  instrument depends upon th e  d ifferen ce  in  

resista n ce  (AR) between two therm istor beads when one i s  coated w ith  

so lven t and the other w ith  polymer so lu tion  in an atmosphere saturated  

w ith  so lven t vapour. The therm istor probe, extending in to  the sample 

chamber, ca rr ie s  the two sm all therm istor beads • The sample chamber 

i s  saturated w ith the so lven t by f i l l i n g  the so lven t cup. A drop o f  

so lu tio n  i s  applied to  one o f the beads, and the corresponding change 

in  r e s is ta n c e ,A  R, i s  measured as a function  o f tim e. .After sev era l 

minutes a sta tion ary  s ta te  i s  reached. Pour o f the s ix  syrin ges can 

be used to apply the so lu tion  so that measurements a t four concentrations  

can be made su ccessiv e ly  and the r e su lts  extrapolated to  zero 

concentration*

provided that the temperature i s  kept con stan t, the resista n ce  

depends on the vapour pressure round the bead, which in turn, depends 

on the number o f so lu te  m olecules per unit weight o f solvent (n ) .

A H ^ n
c

But, n ocpfo where C i s  concentration in gnu/100 gm. so lven t

and Mn i s  the number average m olecular w eight.
—. Kc

where K i s  a constant.
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MThe value o f -g- used i s  that at in f in i t e  d ilu t io n , obtained by 

ex trap o la tion , since in tera ctio n s betwedn polymer m olecules i s  

s ig n if ic a n t  even a t low concen trations.

The Vapour Phase Osmometer was used to  measure molecular weights 

up to  about 20,000 w ith  an accuracy o f the order of 5 per c e n t . ,  the 

determ inations being carried  out in  Analar toluene a t 6 5°C.

0 >) Membrane Osmometer.

The instrument used was a Hewlett-Packard High Speed Membrane 

Osmometer, Model 501 using Membranes Cellophane 300. The basic  equation  

r e la t in g  osmotic pressure i P  number average m olecular w eight, Mn, i s  

the expression of van*t H off,

Mn

where R and T have the usual s ig n ifica n ce .

The m olecular weight was obtained by measuring the osmotic pressure  

o f  so lu tio n s  o f the polymers o f d ifferen t concen trations, and by

-tr =  (RT)_o

c -  conc. o f  polymer, g m ./l00 gm. 

TT ==■ osmotic pressure.

This leads to  a stra igh t l in e  from which may be obtained by

extrap olation  to  in f in it e  d ilu tio n . A simple conversion f a c t o r 5 ' 
2.53 x 10s

gave the molecular weight d ir e c t ly  from

A ty p ica l p lot o f osmometer data i s  shown in P ig . 2.5*
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2 .8 . PRODUCT ANALYSIS

(a ) Introduction .

In th is  work the tezms ‘liq u id  con d en sib les*, ‘permanent gases* , 

and ‘cold  r in g ' (short chain fragments) are used to  d is tin g u ish  between 

the d if fe r e n t c la s se s  o f  products. The permanent gases were found to  

be present in  only very sm all q u a n tit ie s .

For the a n a ly s is  o f the degradation products the s i l i c a  degradation  

c e l l  was linked to  two sm all traps a t liq u id  nitrogen temperature, and 

the copolymer film  (100 m gs.) was irrad ia ted  at l6 5 °C .fo r  the required  

tim e, in vacuum. The liq u id  products retained  in the traps a t liq u id  

nitrogen temperature were e ith e r  d i s t i l l e d  in to  an in fra-red  c e l l  or
o

condensed in to  a p reviously  weighed c a p illa r y  and stored at -18 C. u n t il  

required . The cold ring formed on the s id es  and window of the 

p h oto lysis  c e l l .  This was d isso lved  in  -Analar chloroform and a fte r  

evaporation o f the so lv e n t  on a s a l t  p la te  , an in fra-red  spectrum 

was obtained.

To obtain samples o f the permanent gases, the traps: were maintained 

a t liq u id  nitrogen temperature, and the products remaining gaseous,were 

c o lle c te d  in a sample bulb using a Topler pump. By weighing the s i l i c a  

supporting d isc  alone and the d isc  plus the film  before and a fter  

ir ra d ia tio n , i t  was p o ssib le  to  ca lcu la te  the percentage weight lo s s .

The residue remaining on the s i l i c a  d isc  was d isso lved  in toluene and 

the molecular weight obtained.
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(b ) SPECTROSCOPIC MEASUREMENTS.

( 1 ) In fra -red .

In fra-red  spectra o f  the condensibles were obtained on a Perkin 

Elmer 257 Grating Infra-red  Spectrophotometer. I .E . spectra o f  the 

copolymers and residue were obtained using the Perkin Elmer 225 and 

257 spectrom eters. The residue was run as a film  deposited  on. a 

sodium ch loride d isc  from chloroform so lu tio n , or by grinding the 

residue w ith  dry KBr and pressing out a d is c .

(2 )  U.V. -Analysis o f the Residue.

A Unicam S .P .800 Spectrophotometer was used w ith  the polymer 

supported by the o p t ic a lly  f l a t  s i l i c a  d isc .

( c )  GAS LIQUID CHROMATOGRAPHY

G.L.C. data wa3 obtained using a Microtek G.C. 2000R Research Gas 

Chromatograph equipped w ith  dual columns, flame io n isa tio n  detector  

w ith  isotherm al and lin e a r  temperature programming. A modified  

Gallenkamp chromatograph, w ith  a thermal con d u ctiv ity  d etector , was 

used fo r  the a n a ly sis  o f  the permanent gases. A l i s t  o f the columns 

employed i s  given in Table 2 .2 . The 5$D.N.P., 5$B34* column proved 

to  be most e f f e c t iv e  in separating the liq u id  products.
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HABLE 2 .2 .

COLUMN ' PROGRAMME » USE DETECTOR

10 f t .  i  inch  

diam eter, 5̂ D.N.P. 

%  B . % .  on 100-  

120 mesh embacel.

Isothermal a t  

6o°C, then 

Isothermal a t  

80°C.

Separation o f  a l l  

the liq u id  

products.

Flame io n iza tion

10 f t .  jp inch  

diam eter. 1^S.E.30. 

on 100-120 mesh 

embacel.

(S .E .30  i s  a 

s i l ic o n e  gum.)

Isothermal at 

It,0°C., then 

programme a t  

l0°C/min. to  

250° C.

Liquid v o la t i le s Flame io n iza tion

10 f t .  J inch  

diameter 1($D.N.P. 

on 100-120 mesh 

embacel.

Isotherm al a t  

80° C.

Liquid v o la t i le s Flame ion ization

20 f t .  J  inch  

diameter 30-60 

mesh s i l i c a  g e l .

Isothermal a t  

room temperature

Permanent gases. Thermal conductiv
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(d.) PERMANENT GAS SAMPLING APPARATUS

The gases were f i r s t  introduced in to  the sample bulb using a 

Topler pump w ith  the traps at liq u id  nitrogen temperature. The 

sampling system shown in P ig . 2 .6 . was constructed so that a ir  could  

be excluded. The sample bulb was attached to the socket w ith  taps T, 

and Ta open and taps T^and Ts  se t  as shown. The argon c a rr ie r  gas thus 

by-passes the volume V, • This volume was f i l l e d  w ith  gas by c lo s in g  

tap T\ and opening tap Ta and T3 , By shutting  T^ and reversing  the

p o sitio n s  o f Tv and T5 the sample was carried  to  the d etec to r .

(©) QUANTITATIVE GAS-LIQUID CHROMATOGRAPHY.

An in tern a l standard (cyclohexane) was chosen which did not co in cid e  

w ith  the reten tion  time o f any co n stitu en t. A known weight o f  th is  

standard was added to a weighed quantity of liq u id  degradation product,

and a g . l . c .  trace was obtained. Pure samples o f  each product and the

standard were mixed in known amounts and run on the chromatograph 

in d ica tin g  the s e n s i t iv i t y  of each product r e la t iv e  to  the in tern a l 

standard. Since the peak area o f a product i s  proportional to  i t s  

w eight, the peak areas, o f  each component were measured by planim etry.

I f  the s e n s it iv i t y  fa c to r , k , fo r  any product Y i s  defined as the r a tio  

of the peak areas of product to  standard, when equal w eights o f  both  

are considered, then the percentage Y by weight i s  given by

peak area o f  Y ^  100_______^
^  1 Z  I I Tv ^ t .  o f samplepeak area o f  standard \w t;  of standard
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( f )  COMBINED GAS CHROMATOGRAPHY -  MASS SPECTROMETRY.

U n til r ec e n tly , the standard method o f analysing complex organic; 

m ixtures has been to  separate the components by chromatography, to  

c o l le c t  each product and analyse i t  by the normal techniques o f I .R .,  

U.V., and N.M.R. to supplement the reten tion  time data from the gas 

chromatograph. The sm all samples obtained from degradation experiments 

very often made i t  necessary fo r  products from severa l runs to  be 

combined to g ive enough of a s in g le  component fo r  a n a ly s is . The 

combination o f gas chromatograply w ith mass spectrometry has elim inated  

much of the tedious separation and c o lle c t io n  of components.

The instrument used was an L.K.B. 9000 (L.K.B. -  Produkter, 

Stockholm). A block diagram i s  shown in  P ig . 2 .7 . The chromatographic 

system c o n s is ts  o f a heated in le t  and a co iled  g la ss  column in an oven 

which can be operated isotherm ally or temperature programmed from 1°C
o o

to  to 15 C. per minute up to a temperature o f  300 C.

Provided that su ita b le  columns are av a ila b le  to  separate the 

degradation products, th is  instrument has great p o ten tia l in  polymer 

degradation.

(g )  PRESSURE MEASUREMENT.

Two pressure measuring d ev ices, a constant volume manometer and 

a McLeod gauge fo r  use in d ifferen t pressure ranges were attached to  

the vacuum l in e .  Since the actual pressure o f gases found a f t e r  

degradation were n e g lig ib le  no d eta iled  pressure measurements were 

undertaken.
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2 .9 .  SQL-GEL A M L Y S I S ,

The residue obtained from copolymers o f high acry la te  content was 

found to  be p a r t ia lly  in so lu b le  in organic so lv en ts  such as benzene or 

to lu en e. This meant that m olecular weight measurements o f  the residue  

by osmometiy were m eaningless. S o l-g e l an a lysis  was carried  out on th is  

residue using a Soxhlet ex tractor . Degradations were carried  out, as  

usual, w ith  the film  supported on the s i l i c a  d is c . The residue on the 

d isc  was weighed and placed in  a weighed g la ss  s in te r . The whole 

assembly was then positioned  in a Soxhlet ex tractor  such that the 

so lven t could wash, and drain e a s i ly  from, the d isc  and resid u e.

Analar benzene (b .p t . 80 C .) was used as the so lven t and the extraction  

time was twenty four hours. .After extractin g  the so lu b le  portion o f the 

resid u e, the g la ss  s in te r , residue and d isc  was dried in a vacuum oven 

a t 6o°C. fo r  four hours, and a f t e r  cooling  was accu rately  reweighed.

The d ifferen ce  in the to t a l  weight o f s in te r , d isc  and resid u e, before  

and a fte r  extraction  g ives the weight o f the so luble resid u e. This 

weight could a lso  be determined by d i s t i l l in g  o ff  benzene from the 

so lven t reservo ir  a f te r  ex tra ctio n , and determining the concentration  

of a known volume o f th is  so lu tio n . Knowing the weight o f the so luble  

residue ex tracted , and the in i t i a l  weight o f the residue on the d is c ,  

the w eight o f  in so lu b le  m aterial was obtained.
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CHAPTER 3*

3.1 • prelim inary observations*
o

I t  i s  proposed to  study the degradation in it ia te d  by 2537 -A•

ra d ia tion , o f copolymers covering the whole composition range. In

order to  f a c i l i t a t e  the removal o f v o la t i le  products and to  minimise

com plicating secondary processes the reaction s were carried  out under 
o

vacuum at 165 C. This temperature was chosen because i t  was w e ll above 

the m elting point o f the copolymers, y e t ,  as shown by the thermogravimetric 

a n a ly s is  tra ces , w e ll below the onset o f thermal degradation.

Before f in a l ly  s e t t l in g  upon th is  temperature i t  was important to  

discover i f  d iffu sio n  e f fe c t s  were present. P ig . 3*1. shows the 

percentage v o la t i l i s a t io n ,  fo r  a given period o f tim e, as the weight 

(and th ick n ess) of the copolymer was varied  between mgs. and 127 mgs. 

This demonstrates that the d iffu sio n  o f  low molecular weight products 

must be rapid from a l l  parts o f the f ilm , and thus that the rate  of 

v o la t i l is a t io n  is  independent of polymer th ick n ess.

In the purely thermal degradation, n-butyl aorylate has a strong  

in h ib it in g  e f fe c t  on the unzipping reaction  in poly (methyl m ethacrylate). 

P ig . 3 .2 . shows the change in percentage v o la t i l is a t io n  per hour, upon 

p h o to ly s is , as the methacrylate content o f the copolymer i s  increased.

This figu re  demonstrates that the rate o f v o la t i l is a t io n  in photodegradation 

only becomes appreciable when the methacrylate content o f the copolymer 

i s  greater than 50 per cen t.
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TABLE 3*1. (R esu lts fo r  P ig . 3*1•)

fc  V o la t il isa t io n  a f t e r  hrs. 1/1 Copolymer Weight.

9.27 • Ok 53

10.90 .0680

10.61 .1112

10.02 .1278

TABLE3.2. (R esu lts fo r  P ig . 3 * 2 .)

% M.M.A. % V o la t il isa t io n  per hour.

100.0 35

99.01 25

96.1 18

83.7 13

50.0 ■ K

17 .8 1

6 .6 O.jf..
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3*2. DETERMINATION OP ABSOLUTE NUMBERS OP QUANTA PRODUCED BY THE LAMP.

In order to ca lcu la te  the quantum y ie ld s  o f products the absolute  

numbers o f quanta produced by the lamp must be known. This can be done 

using the potassium ferr io x a la te  solution-phase chemical actinom eter
FA

developed by Parker and Hatchard which is  simple to  use and very

se n s it iv e  over a wide range of wavelengths.

I t  i s  based on the fa c t that when sulphuric acid so lu tio n s o f

i y e ( ca<Ck are irrad iated  w ith l ig h t  of wavelength 2500-5770 A, the iron

i s  reduced to the ferrous s ta te  and the oxalate ion i s  ox id ised . A fter

ir ra d ia tio n , the ferrous ion can be converted in to  the red-coloured 1 ,10

phenanthroline -  Pe complex which i s  highly absorbing and e a s ily

analyzable.

d) EXPERIMENTAL PROCEDURE.

S o lid  green c r y s ta ls  o f K ^ P e^ O ^ ^  were prepared as described by

Parker and Hatchard, and Calvert and P i t t s ,  the la t t e r  g ives a fu l ly

d e ta iled  summary o f the procedure. A 0.006 M so lu tio n , a c id if ie d  w ith

H SO. , was prepared. The manipulations and preparation o f the a H-
fe r r io x a la te  so lu tion s were carried out in a dark room. A standard 

c a lib ra tio n  graph fo r  the a n a lysis  o f the Pe complex was prepared, 

as shown in  Pig* 3 .3 *»  using a H itach i Perkin Elmer 139 U.V. -V is. 

Spectrophotometer.

The l ig h t  in ten s ity  in the p h oto lysis  c e l l  was determined by 

irra d ia tin g  15 mis. o f the ferr io x a la te  so lu tion  (v,), in  a current o f
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oxygen free  nitrogen gas, fo r  a time o f  60 s e c s , i f  te r  mixing the 

so lu tio n , 10 m is. (Va ) was pipetted in to  a 25 ml. volum etric f la sk  (V^)» 

and the phenanthroline complex prepared, along w ith  an id e n tic a l blank 

so lu tion  using unirradiated actinom eter so lu tio n . The transm ission
o

o f the complex so lu tion  was measured a t 5100 i .  in a 1 cm. c e l l  using  

the blank so lu tion  in the reference beam.

The number o f Feav ions formed during the p h oto lysis (n ) was 

ca lcu la ted  using the formula,

6.023 x  10° V .T j lo g ^ " )
tw* = ---------------------------——• .............. vL>

Va f<=

where V* =  Volume o f actinom eter so lu tion  irrad ia ted  (m is .)

Va. — Volume o f a liq u ot taken fo r  a n a ly s is  (m is .)

V^ =• F in a l volume to  which the a liq u ot Va i s  d ilu ted  (m is .)

lo g Xo x ° — the measured o p tica l den sity  of the so lu tio n  a t 5100 A ,
X  (the d if f e r e n c e 1 O.D. between unexposed and irrad iated

so lu tio n s )

 ̂ — the path length  o f the spectrophotometer c e l l  used (cm .)

^ =  the experimental value o f the molar ex tin c tio n  c o e f f ic ie n t  
o f the Feav complex as deteimined. from the slope o f the 
ca lib ra tio n  p lo t .

The average d ifferen ce*  o p t ica l d en sity  =  O.167.

the number o f Fe^* ions formed — 3*196 x 1 0 7

The in te n s ity  o f the lig h t  beam in c id en t, 1^ was ca lcu la ted  from5

I ----------------- ft—***-.q u a n ta /sec . .................................... (2)
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where 3)^ Avis the quantum y ie ld  o f product Fe^* ( t h is  was accurately  known 
^  fo r  2537 /  $ ^ = 1 . 2 5 )

t  =  time o f exposure (sec* )

=  fra c tio n  o f incident l ig h t  absorbed*

Using equation(2), 1^ = £  4*26 x  10*  ̂ quanta/sec*
15

In ten sity  o f l ig h t  beam — U-*26 x 10 quanta/sec.
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CHAPTER

IDEM!IPICATION OF PHOTOLYSIS PRODUCTS. 

k*1 • INTRODUCTION

Before a q u antitive  study o f  the ph oto lysis products can he 

undertaken i t  i s  necessaxy to  id en tify  efeoh component using more than 

one technique i f  p o ss ib le . The degradations were carried  out in tbs 

p h oto lysis  c e l l  a t 165°C. as described.

ANALYSIS OP THS LIQUID CONDENSIBLES.

(a )  Infra-red

The liq u id  condensibles were passed in to  the I.R . c e l l  as described  

in sec tio n  2 .8 .a. Pour copolymers were degraded in the form o f film s  

(100 mgs.) cast from a benzene so lu tion  and P ig s . ^ .1 . -  show the

relevant d e ta i ls  o f the spectra obtained

Interpretation  o f spectra .

p ig . 2*.. 1. (0 .99  mole % n-butyl acxylate copolymer) shows the to ta l  

degradation products a f te r  22 hours irrad iated  at 165°C.

FREQUENCY COMMENT

Absorptions between 

700 cm̂ *650 cm'

1750 cm".’

1644 cm'*

These sharp, w e ll defined , t r ip le t  peaks are  
e a s ily  id e n tif ie d  as being the C-H out o f  plane 
bonding vibrations o f benzene.

C—0 stretch in g  mode. 

C—C " M

Peaks 3000 cm-290O cm 

2855 cm'i

C—H stretch  of-CHjOr^CH

C—H stre tch  of-O—CĤ

Peaks 3150 cm-3000 cm

2135 cm
.1

=  C—H

Ketene.
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F ig . 2^.2. (16*3 mole fc n-butyl acry la te  copolymer) shows the: to t a l

products a fte r  23 hours.

This in fra -red  spectrum i s  id e n tic a l to  Fig.i+,1 •

F ig . (50 mole % n-butyl acxylate copolymer) shows the to t a l

products a f t e r  23 hours. This spectrum i s  s im ila r  to  F ig s . 1*1. andt.2.> 

except that the C-H bonding and C-0 stretch in g  modes in the region

1500 cm  1000 cm are shown. These were a lso  present in the

o r ig in a l spectra from which Figs.U-1. andl*,2. were reproduced.

F ig . 2t,.2t,. (82 .2  mole fc n-butyl acxylate  copolymer) shows the to t a l

products a f te r  2̂ 8 hours irra d ia tio n . The spectrum shows sim ilar  

fea tu res to  the o th ers, and the obvious reduction in  quantity o f  

v o la t i le s  i s  ev ident.

The r e su lts  in d icate  that the film s, although preheated in a vacuum 

oven at 2*.0°C. fo r  16 hours prior to irra d ia tio n , must contain resid u a l 

so lven t (benzene). The spectra suggest that the major fra c tio n  o f  the 

products i s  monomer, e ith e r  methyl methacrylate or n-butyl acxy la te . 

Infra-red  spectra were obtained o f the two monomers and they showed 

absorptions id en tica l to those in F ig s . 2»_* 1 • -  2f,.2*..

The absorption a t 2138 emu1 was in ter e st in g . The presence o f

C=C stre tch  would give r is e  to  an absorption around 212̂ 0 cm' 2100 cm'

I f  the structure were H-»C=C- , a peak at 3>300 cm' due to  C-fi s tretch in g  

would appear. No such absorption was ev ident. Hence, i f  th is  

absorption a t 2138 cnT' i s  an alkyne i t  can only a r ise  from R-CsC-R,
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where R i s  not a hydrogen atom. A reference spectrum of CH2-ChC-CH, 

showed an absorption at 2135 cni * but th is  was not the strongest 

absorption . Hence, i t  i s  un likely  that 2135 om i s  due to  an alkyne.

A reference spectrum o f ketene (h 3iC =C =0) i s  shown in  F ig .W . This 

has the same absorption, although the shape o f  the absorption i s  

d if fe r e n t . I t  i s  therefore l ik e ly  that the 2138 cm 1 absorption i s  due 

to  a su b stitu ted  ketene (RCH'=C=0).

Obviously large q u an tities  o f monomer are present which w i l l  

obscure the absorptions o f other trace m ateria ls. The 82.2 mole $  

n-buty l acry la te  copolymer appears to give r is e  to  very few v o la t i le s .
If2i . .

The thermal degradation o f  poly (methyl m ethaciylate/n -butyl 

aoiylate)copolym ers resu lted  in  the formation o f  carbon dioxide and 

b u t-1 -en e. I t  i s  apparent from the in fra-red  a n a ly s is  o f the p h oto lysis  

products that neith er o f these two components i s  present, throughout 

the en tire  copolymer composition range.

(o )  GAS-LIQUID CHROMATOGRAPHY.

The liq u id  condensible products were condensed in to  weighed
O

c a p illa r y  tubes and stored at -18 C. as described In sec tio n  2 .8 a . 

Samples o f  0.1 }a1 o f neat liq u id  products were in jec ted  in to  a 5 ^  D .N .P., 

5 f :  B.34 column as sp e c if ied  in Table 2 .2 . F ig . 4.5* shows a ty p ica l  

g . l . c .  trace o f  the liq u id  degradation products from the p h oto lysis  o f  

a 50.0 mole fc n-butyl acxylate  copolymer. There are nine w e ll defined  

degradation products. By in jec tio n  o f  su itab le  standards and by
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comparison o f  retention  tiroes* various peaks; in this; trace could be 

accounted fo r  by the m aterials, given in Table £ .1 .*  which are reasonable  

degradation, products.

TABLE ^ .1 .
r ■ ----— —..... ■ —— ---- -

Peak no. in P ig . A. *5* Component

h m etly l m ethaciylate.

5 n-butanol.

8 n-butyl acry la te

9 n-butyl m ethacrylate.

1) COMBINED GAS CHROMATOGRAPHY - MASS SPECTROMETRY.

d .1 . Experimental. Under the conditions sp ec ified  in sec tio n  2 .8  e . , 

using 70 e .v .  e lec tro n s, and a sample o f 0.1 A l of neat liq u id , the 

mass spectrum o f each component was obtained. P ig . Z .̂6. -4*15*  show 

the mass spectra in  the form o f  l in e  diagrams, corrected fo r  background, 

where i t  was present. The overa ll features are thus shown c le a r ly . .

A reference mass spectrum i s  shown where p ossib le  fo r  each component.
SS £T«4-

These reference spectra were compiled from Cornu-Massot and Dow In d ices.
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INTERPRETATION op kass spectra.

Biy considering the common fragmentation patterns i t  i s  p o ssib le  

to  analyse th ese  spectra and propose a structure fo r  each component, 

and f in a l ly  compare the spectra w ith  reference spectra o f  known 

compounds.

The ion formed by the lo s s  o f a s in g le  e lectron  from a molecule 

i s  c a lle d  the m olecular or parent ion . The p osition  o f th is  peak 

in d ic a te s  the m olecular weight (m) o f the m aterial p resen t. In maqy 

c a se s , however, th is  peak i s  o f low abundance or not present a t a l l  

w hile  in  e s ter s  and some other compounds peaks often occur a t mass 

number M+1 • Since the percentage abundance of the m olecular ion 

depends upon i t s  s t a b i l i t y  to  fu rther decomposition, aromatic compounds 

g ive  r is e  to  very abundant m olecular ion peaks because o f the presence 

of the *rf e lectron  system (se e  figu re  I*. J5% The most abundant masses in  

each spectrum are l i s t e d  in the order o f th e ir  r e la t iv e  abundance in 

Table l^ .



TABUS

SUSPECTED COMPOUND MASS

a-Butyraldehyde 44* 43 , 27, 29 , 72 » 41

Benzene 78, 52

Siloxane Trimer 56, 41, 31 , 87, 149. 207
Methyl M ethacrylate 41 , 69, 100, 39., 15
n-Butanol 56, 31, 41 , 43 , 27

Siloxane Tetramer 281, 56, 41 , 31, 207, 249, 265
Xylene 91, 106, 105

n-Butyl A crylate 55, 56, 27, 73, 41

n-Butyl M ethacrylate 4 1 , 69, 87, 56, 39

^ 3  PROCESSES OF FRAGMENTATION OP POSITIVE IOHS

Mass spectra can be in terpreted  in  terms o f the fo llow in g  three 
5 5processes.

A .  Simple F iss io n

A neutral fragment i s  lo s t  by the breaking o f  one bond.

B. Rearrangement

More than one bond f is s io n  occurs, accompanied by tra n sfer  o f  one 

hydrogen from one atom to  another w ith in  the decomposing ion .

C. Double Rearrangement

Two fyrdrogen atoms are transferred sim ultaneously from the neutral 

fragment being lo s t  to  the fragment ion being formed.
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ESTER PRODUCTS

Considering the mass spectra of the three esters , n-butyl acrylate, 

methyl methaciylate and n—butyl methacrylate, the simple fiss io n  process 

can occur as follows:

In simple f is s io n , a non-bonded electron i s  lo s t  from the ester  

carbonyl oxygen atom followed by transfer of an electron to the positively  

charged s i t e ,  from the c< bond. This process is  therefore called  

f is s io n .

Transfer of one electron during bond fission  or bond fonnation i s

denoted by a s in g le  headed arrow/"V. A double headed a r r o w i n d i c a t e s
65the movement of two electrons. This i s  the convention used by Djerassi.

When th is  process occurs in  n-butyl m ethaciylate (n-BulfA) and methyl 

m ethacrylate (M.M.A.) fragments o f mass 69 are obtained from both.

Fragment ion fission  can a lso  occur. A neutral molecule i s  eliminated

H H
lo ss  of non-

(n-butyl aciy late)

bonded electron

+

H

CH^C-C •+- 0—Bu
I I I
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from the fragment ion by cleavage of a s in g le  bond, the mechanism 

involv ing a two e lectron  sh ift*

H H

I V I
CHa—  C -j-C = 0 +   > C H ^ C ^  +  I 0 = 0 1

27
U

Operating th is  process on nBu.M.A. and M.M.A. g iv es  fragments o f mass 

2i.1 from both*

A rearrangement process can be used to  explain the ion o f mass 56* 

The most genera lly  app licab le s p e c if ic  rearrangement process i s  o a lle d  

the KcLafferty rearrangement* The e s s e n t ia ls  are a double bond which 

has a ^  hydrogen a v a ila b le  fo r  m igration.

A -
,CH *0»

I + lCHo ^C— C=CH„

tN 0 H

A proton tra n sfer  from the y carbon and a tra n sfer  o f two e lec tro n s  

com pletes the process*

lo s s  o f  one electron
CH,- CH=- CH

from carbonyl n  bond
CH

CH,—-CH0— CH Hv
I +

+ c% —C—CH «
56 0 '

H

Fragments o f mass 56 are a lso  produced when th is  process operates in 

nBu.Al.ft,
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'«C

Double rearrangement processes are important in  the breakdown of  

almost e v e r y  e s te r  g rea ter  than m ethyl. The process, in vo lv in g  the 

simultaneous, rearrangement o f two hydrogen atoms, may be represented as

fo llo w s .
/  N + .
0 lo s s  o f *0 H

CfL= C —C—0 —Bu ---------  > CH = C - £  &L
H election H X / ( C H a)

H—CH^

+
^ - H

 )  GHq= C — C

i
75

When th is  occurs in nBu.M.A. a fragment o f mass 87 i s  obtained.

In saturated hydrocarbon f i s s io n ,  the p o s it iv e  charge i s  not 

lo c a l is e d , and processes occur as fo llow s:

/ ^  \ +" + •( R ^ - C R j h  -------------> RjC +  CR3

These f is s io n s  can occur in the n-butyl side chain o f  the e s t e r ,  g iv in g
■f X X

flagm ents C3H7 , C^Hj , CH  ̂ . Owing to  a random process whereby a 

m olecule o f hydrogen i s  l o s t ,  a l l  of these ions are accompanied by an 

ion two u n its lower in mass. The fragment o f mass U  can be ascribed to  

tcH^^C—*CH ]̂ from sc is s io n  o f the n-butyl s id e  chain follow ed by 

hydrogen elim ination  from the fragment [cH^-CH^—C H j .

The reaction  schemes d e ta iled  above may be used to  explain  the 

presence o f a l l  the major fragments l i s t e d  fo r  the e s ter s  in Table W&.



THE MASS SPECTRUM OP n -BUTANOL

The most favourable io n iza tio n  process fo r  an a lcoh o l corresponds

to  the removal o f one o f  the lone p a ir  e lec tro n s on the oxygen atom.

lo s s  o f e lectron  H +.
CHj CHaCHaCH 0 —H ------------------------------ > CfljCH^— CH -̂r(Jj—OH

■“W
The r e su lt in g  ion rad ica l may then decompose by©** cleavage w ith ra d ica l 

e lim in ation  and formation o f a s ta b le  oxonium ion .

31

The most c h a r a c ter is tic  fragmentation o f the higher a lco h o ls  i s

a sso c ia ted  w ith  the elim ination  o f water, g iv in g  a peak a t M— 18

-h

=  56

(CH,).a'a.

CH-r-O—H a.

CH—̂ -H a.

■CH.

4  (CH j, +  Ha°

56

B M M !

The resid u al so lv en t, benzene, g iv es  a high abundance o f the 

m olecular ion in d ica tin g  a very s ta b le  m olecule, 

n - BUTYRALD3HYDE

I f  simple f is s io n  occurs



The group R elim inated  w i l l  be the la r g es t a lk y l chain * This 

allow s the d if fe r e n t ia t io n  between aldehydes and ketones, because in the 

spectrum o f an aldehyde a peak w i l l  be present a t  e * 29 , corresponding

to the ion H-C=0

o t

CH3C5HaCHsrt-G-=0+j y-L r .— i

4  CĤ CHgCĤ
a<=\

CHiGHaCHaC= ° + +H^.
*1 \.

CHjCĤ GĤ * +  ̂G =0 \
U .

U sually , g = 29 (H-CsQ+ ) acylium ions are only  evident fo r  formaldehyde, 

acetaldehyde and propionaldefcyde. For butyraldelyde and higher
vn ^aldehydes © = 29 corresponds predominantly to  CaHs .

I f  an a lk y l group attached to  a carbonyl moiety contains three 

or more carbon atoms in  the chain w ith  a hydrogen atom attached to  the 

X carbon atom then cleavage w ith  X -hydrogen rearrangement becomes 

important*

\  A ' '

H

CH

+
CH
I
Cs

£  CH

<*.

/ V H 

u

The fragmentation pattern of component 7 (Fig* 4*12) requires explanation.
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Simple f is s io n  o f  the bond in the su b stitu en t group o**to the 

aromatic system can occur w ith  the charge being p r e fe r e n tia lly  retained  

on the aromatic system*

■>

A

S I .
Other p o ss ib le  processes in su b stitu ted  aromatic compounds are;

-v- + •

4 i +  ) 4 -  C a U

W5.
Fig.U^?, shows the spectra o f  xylenes* From th is  evidence, 

component 7 i s  a xylene type compound p ossib ly  a r is in g  as an impurity 

from benzene*

COMPONENTS 3 and 6 .
5b

Slawson and R u sse ll depolymerised s il ic o n e  grease w ith  KOH and 

suggested that peaks a t 281 correspond to s iloxan e  tetramer ( s i .  O.ringH* H*»

w ith  7 attached CH^groups) and that peaks at 265 and 2fp9 could  

correspond to  the su b stitu tio n  o f  some o f the s i l ic o n e  atoms by carbon* 

Masses have a lso  been observed a t 12».9 (dimer )> 207 (trdmer) and even
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355 (probably an extra -OSifCH^)^ added to  the tetram er.

These observations show that s i l ic o n e s  w i l l  y ie ld  a wide range o f  

decomposition products, e ith e r  by thermal or photo degradation , or by 

in teraction  w ith  reactive  chemical sp e c ie s . They com plicate the 

in terp reta tion  o f mass spectra and present the p o s s ib i l i t y  o f  

decomposition o f s i l ic o n e  in embarrassing amounts in regions where 

io n ic  reaction s may occur.

(d 4 . )  CONCLUSIONS.

The liq u id  v o la t i le  products have been separated in to  nine 

components and id e n t if ie d  as in Table J^n-B utyraldehyde, methyl 

m eth aciy late, n-butanol, n-butyl a c iy la te  and n-butyl m ethaciylate  

are genuine degradation products. The benzene i s  resid u a l so lv en t, 

xylene an impurity in the benzene and the s iloxan e trim er and tetramer 

are derived from tap grease.

^ .3 . ANALYSIS OF PERMANENT GASES.

(a ) In fra-red .

Using a Topler pump as described in  section  2 .8 .a ,o .  the permanent 

gases were c o lle c te d  in a ‘minimum volume* in fra-red  c e l l .  T ypical 

in fra -red  spectra fo r  the gaseous degradation products from both a 

50 and 82.2 mole % n-butyl a c iy la te  copolymers are shown in  F ig . 2»..16 

and F ig . Z*.. 17 resp ec tiv e ly . The c h a r a c ter is t ic  absorption a t Z % 0  cm"' 

can be a ttrib u ted  to  methane.
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(to) Gas Chromatograply.

A fter an I.R . spectra o f the permanent gas fra ctio n  was obtained  

the in fra -red  c e l l  was connected to  the permanent gas sampling 

apparatus shown in F ig . 2 .6 . Using a s i l i c a  g e l column a t room 

temperature and argon as a ca rr ier  gas, room temperature g . l . c .  as  

shown in  F ig . 2̂ .16. and F ig . 2*.* 17 were obtained fo r  the 50 and 82.2  

mole n -butyl acry late  copolymers, pure samples o f  hydrogen, carbon 

monoxide and methane were passed through the column fo r  comparison o f  

reten tio n  tim es.
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CHAPTER 5.

QUANTITATIVE ANALYSIS OF DEGRADATION PRODUCTS.

5*1. Introduction*

In the la s t  chapter the id e n tif ic a tio n  of the products o f  

p h o to ly sis  was described. A d eta iled  an a lysis  o f  w eight lo s s ,  liq u id  

condensib les products, cold ring , residue and permanent gases i s  

described in th is  sec tio n . The notation '25/1 * copolymer i s  used to  

imply a 3*9 mole per cent n-butyl acry late  copolymer. S im ilarly  the 

notation  * 1/ 5 1 copolymer im plies an 82 .2 . mole per cent n-butyl a c iy la te  

copolymer.

5*2. Q uantitative A nalysis.

Using the p h oto lysis  c e l l  w ith the polymer supported on the f la t  

s i l i c a  d isc  as described in section s 2 . 2 , and 2. 3«> the a n a ly s is  o f  

weight lo s s ,  cold  ring and residue was read ily  achieved. Data are 

presented in Table 5.1* and il lu s tr a te d  in P ig s. P ig . 5*8.

shows the percentage liq u id  v o la t i le s  resu ltin g  from th e p h oto lysis  o f  

f iv e  copolymer samples, and in d ica tes , a t a glance, that as the  

m ethaciylate content o f the copolymers in creases, the percentage liq u id  

v o la t i le s  evolved a lso  in creases. P ig . 5*9. is  a representation o f  the 

change in  cold  ring w ith metbyl m ethaciylate content. This graph was 

constructed by reading o f f  values o f cold  ring and weight lo s s  a fte r  

20 hours p h o to ly s is , from P ig s. 5*1* -  5«8.



table 5.1

COPOLYMER
TIME 

> (BBS)
% WT 
LOSS

%
- CONDENS.

*
, COLD RING

*
, RESIDUE

100/1 0 .5 21.76 78.24

1 30.35 24.49 5.86 69.65

1 .5 40117 32.56 7.61 59.83

2 48.72 40.79 7.93 51.28

16 .5 98.4 68.05 1 .6

24 96.12 81.51 14..61 3.88

4 7 . 5 98.70 76.15 22.55 1 .3

25/1 0 .5 12.77 t------- 87.23

1 30.57 27-52 3.0^ 69.43

1.58 30.93 28.54 2 .3 8 69.07

2 35.26 27.80 7.4.6 67.74

6 .5 6^.91 *8.61 7 .30 34.09

15 .5 87.24 65.95 21.29 12.76

24.5 97.83 66.89 30.94 2.17

5/1 0 .5 8.93 91.07

1 19.62 16.03 3.59 80.38

1 .5 21.25 15.63 5.62 78.75

2 27.01 15.82 11.19 72.99

4 41.66 26.63 15.03 58.34

16 .5 72.57 44.65 27.92 27.43

21.5 82.19 55.4.9 26.70 .17.81

23. 82.56 53.25 46.75 17.44

41 82.45 47.59 17.55
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TABLE 5 .1 . (con td .)

COPOLYMER TIME $  WT 
LOSS

%
CONDENS.

%
COLD RING

* .
RESIDUE

1/1 1 2.26 — — 97.74

1 .5 3.41 — — 96.59

2 5 .23 3.56 1.67 94.77

3 6 .6  3 — — 93.37

5 16.07 1.74 1 4 0 3 83.93

17 32.48 8.25 24.23 67.52

22.75 36.90 6 .6 2 30.28 63.10

47 46.14 7.99 38.14 53.86

1 /5 2 1.87 — — 98.13

17 11.60 — 11.60 88.40

25 14.63 1.02 13.61 85.37

47 20.64 0.96 19.67 79.36

71 21.96 2.49 19.47 78.04
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TABLE 5 .1 . (ooota . )

COPOLYMER TIME
( hrs)

#  WT. 
LOSS

%
RESIDUE

1/15 3 1.30 98.69

5

7

3.53

4.39

96.46  

95.60

16 8.15 91.85

24 8.63 91.85

k 2 14.20 85.80

POLY
n-Bu.A. 2 2.10 97.90

3 2 .98 97.02

7 *..09 95.90

17 6.92 93.08

25 6 . f 8 93.82

46 10.47 89.53.
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FIG 5.9.

CHANGE IN COLD RING— WT. LOSS RATIO.

50 100
% METHYL METHACRYLATE
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5*3* A nalysis o f Liquid Degradation Products.

( a ) A n alytica l Techniques,

The condensible liq u id  products were analysed by in fra-red  

speotroscopy (z^.2 a . )  and g . l . o .  (4 .2  c . ) .  Using a 5 % D .N .P .,

5 fc B.34. column good separation of the nine w e ll defined degradation 

products was achieved, as shown in F ig . 4*5. A ll q u an tita tive  

measurements were carried  out using th is  column.

As described in section  (2 .8 e )  cyclohexane was chosen as an in tern a l 

standard, and the s e n s i t iv i ty  of each product r e la t iv e  to  cyclohexane 

was ca lcu la ted . Table 5*2* shows the s e n s it iv ity  fa c to rs  o f the major 

components r e la t iv e  to cyclohexane.

ta b le  5. 2.

5 f  D.N.P . } 5 f c  B. 35..

COKPOHENT SENSITIVITY FACTOR (k ) RELATIVE 
TO CYCLOHEXANE.

n -Butyraldehyde 0.25

Benzene 1.06

n-butanol 0 4 7

n-butyl acrylate 0 .7 1

n-butyl m ethacrylate. 0.81

methyl methacrylate 0.73



-  99 -

Using these s e n s it iv ity  factors the percentage by weight o f  any 

product can be ca lcu lated  as described in  sec tio n  2 .8  e .

(b ) Treatment o f  R esu lts

With m ethacrylate r ich  copolymers resid u al so lven t (benzene) was 

present among the liq u id  v o la t i le  products. This benzene was evolved  

during the 1 5 minute period which was required fo r  the polymer film 3 to
- o

a tta in  the operating temperature o f 1b5 C. Since the polymer film s  

were not irrad iated  u n til  th is  temperature was a tta in ed , benzene i s  

th erefore  not a photo lysis product.

The to t a l  weight o f residu al benzene, ca lcu lated  from g . l . c .  data, 

was subtracted from the in i t i a l  polymer weight before ca lcu la tin g  the 

number of m illim oles o f each product per gram of polymer. Table 5*2« 

l i s t s  the concentrations of the f iv e  products in un its o f m illim oles  

o f product per gram of polymer. The term 'trace* i s  used to imply le s s  

than 0.02 m illim oles of product per gram o f  polymer. The percentage o f  

each o f the components analysed fo r , w ith respect to  the to ta l  weight of  

the liq u id  fra c tio n , did not change in any system atic fashion as the 

reaction  proceeded. The d ifferen ce between the sum o f  the w eights o f  

the components and the to ta l  weight o f liq u id  products can be accounted 

fo r  in terms o f grease degradation products, ( s &6 Table ^ .2 . ) ,  and 

short chain fragments whioh d is t i l l e d  in to  the weighed ca p illa ry  tube.

Using the data o f Table 5*3 •> S^ph o f methylmethacxylate

production (m illim oles/gm . polymer) w ith time o f  irrad ia tion  was
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constructed (Fig* 5*10*), showing an increase in methyl m ethacrylate 

monomer production w ith  increasing time o f irra d ia tio n  and m ethacrylate 

content o f  the copolymers, as expected* Fig* 5*11* shows the r e la t iv e  

importance o f  the two largest components, methyl methacrylate and 

n -b utyraldehyde, fo r  a 50 mole per cent n-butyl acry late  copolymer*

The data for the an a lysis  o f  the trace degradation products i s  

given in  Tables 5*k* -  5*7* These data were obtained by the standard 

g*l*c* technique. Since the g .l* c . peak areas o f  the trace products 

were sm all the data are not highly accurate, but the r e s u lt s  can be 

used to  show the general trends. The r e la t iv e  importance o f the  

p h o to ly s is  products i s  shown for  a 50 mole per cent n-butyl acry la te  

copolymer* (F ig . 5*12.*). Using th is  figu re along w ith  F ig . 5»11** i t  

i s  observed that the order o f importance o f products i s  methyl 

m ethacrylate butyraldelyde >  butyl acry late  > butanol* The 

production o f  n-butyraldehyde fo r  four copolymers i s  shown in F ig . 5*13* 

Butyraldelyde production i s  shown to increase w ith acry la te  content of 

the copolymers. The production o f n-butyl acrylate and n-butanol i s  

shown graphica lly  in F ig s . 5*1^ and 5*1^* r e sp ec tiv e ly . No data are 

given for  the 1/15 copolymer in Table 5.3* since system atic measure

ment o f  the production o f v o la t i le s  was im possible.

Analysis of Gaseous Degradation products*

Figures ^ .16 and k* 17 show the g . l . c .  and I .E . a n a ly s is  o f the  

permanent gas fra c tio n . Since the to ta l  pressure o f these gases, as
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FIG. 5.11.
photolysis of 50m ole%  n-butyl acrylate copolymer.

m ethacrylate.

n -butyraldehyde
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TABLE 5*6.

Data fo r  Butyraldehyde Production (p ig .  ^.15«)

1/1 1 /5

TIME No. m illim oles  
/gm. polymer.

TIME No. m illim oles  
/ gm. polymer

hr .008 25 .039

16.5 .007 47 .052

45 .018 71 .061

70 .014

TABLE 5 .7 .

Data fo r  B utyl M ethaciylate Production.

1/1 1 /5

TIME > No. m illim oles  
/gm. polymer

TIME ' No. m illim oles  
/gm. polymer.

4 .0009 25 .0004

16 .5 .0008 h i .0006

45 .0015 • 71 .0007

70 .0012
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measured by the McLeod gauge* was so sm all (1 -2  mm Hg.) no d e ta iled  

pressure measurements were carried  ou t. Using the g . l . c .  peak areas 

o f Figure ^.16 and a sem i-quantitive measurement i s  p o ss ib le .

Peak E atio

H CO CH^

50 mole^ n-butyl acry la te  copolymer - 0.9 ' 2 * 1

82.2 *  *  n n 15.6 1 .3 1

5«5* D iscussion  o f R esu lts.

As expected the percentage weight lo s s  and liq u id  condensibles 

decreases w ith  increasing acry late  content, w h ils t  the percentage 

residue increases with a c iy la te  content. The copolymers become more 

s ta b le  w ith  increase in  a c iy la te  content. The short chain fragments 

(co ld  r in g) become important w ith  increasing acry la te  content co n sisten t  

w ith  the increasing predominance o f tran sfer r e a c t io n s ..

The amount o f methyl methacrylate found in the liq u id  condensibles 

in creases w ith methaczylate content while the amount o f butyraldehyde 

d ecreases. Butyraldehyde i s  present as a degradation product even in 

a 3 .9  mole per cent n-butyl a c iy la te  copolymer where the percentage 

a c ry la te —acrylate linkages, as ca lcu lated  by sequence d istr ib u tio n  data 9 

i s  0 .1 . (S ection  7 . Si. ) .  Thus butyraldehyde i s  evolved from s in g le  

b u tyl e ster  side chains. The alcohol production increases w ith  

increasin g acry la te  content but i t  i s  not present u n til the acry late  

content reaches 50 mole per cen t, that is  u n til a reasonable proportion
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o f u n its are present in adjacent sequences*

The data o f ta b le  5«5* and Pig* in d ica te  that more n-butyl

a cry la te  monomer i s  evolved from both the 16.3 and 50 mole per cent n -  

b u ty l acry la te  copolymers than from the 82*2 mole per cent n-butyl 

a c iy la te  copolymer. Thus increase o f a c iy la te  content appears to  

r e s u lt  in a decrease o f the a c iy la te  monomer production. A sim ila r  

r e s u lt  was found for  the purely thermal degradation o f  M.M.A./nBuA. 

copolymers. A ciy late  monomer must be produced in a depo.lymerisation 

reaction  in i t ia te d  a t m ethaciylate chain u n its . The depolym erisation  

must be capable o f unzipping through some o f the a c iy la te  un its before  

term ination occurs. I f  no m ethaciylate un its are ava ila b le  to  i n i t i a t e  

the process the a c iy la te  rad ica ls w i l l  take part in tra n sfer  reactions

and v e iy  l i t t l e  a c iy la te  monomer w i l l  be evolved.

As in the thermal degradation } n-butyl methacrylate production i s  

g rea test in a 50 mole per cent n-butyl a c iy la te  copolymer, where there 

are the g rea test number o f a c iy la te  -  methacrylate lin k ages. (S ection

I .  $1.).

The permanent gas r e su lts  in d icate  that lydrogen evolution  increases  

w ith  increasing acrylate content and i s  associated  w ith the polymer 

backbone. Kethane and carbon monoxide are evolved in roughly the same

proportions in  the two copolymers studied .
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CHAPTER 6 .

CHAIN SCISSION AND THE RESIDUE.

6 .1 .  INTRODUCTION*

The measurement o f the number average m olecular weight o f the

residue a t various stages of the reaction i s  often a u sefu l method o f
57

e lu c id a tin g  the mechanism o f a degradation process. There are three 

general mechanisms by which degradation can proceed. (1 )  Random s c is s io n ,  

w ith l i t t l e  monomer production, w i l l  r e su lt  in a rapid drop in the 

m olecular w eight. (2 ) Step w ise degradation, in which monomer is  

elim inated  progressively  from the ends o f the long chain m olecules, 

w il l  r e su lt  in a lin e a r  rela tionsh ip  between the residu al m olecular 

w eight and the amount o f monomer produced. (3 ) Depolym erisation, the  

reverse o f  chain propagation in polym erisation, r e su lts  in  complete 

d is in teg ra tio n  to  monomer, the molecular weight o f the residue  

remaining unchanged.

6 .2 . Molecular Weight of Residue.

The copolymer film s were degraded under standard conditions as 

described in Chapter 2. The weight o f m aterial lo s t  by v o la t i l is a t io n  

was obtained by weighing the s i l i c a  d isc  and polymer film  before and 

a f te r  degradation. The residue was d isso lved  in toluene fo r  molecular 

weight determ inations. The r e su lts  are presented in Table 6 .1 . The 

p lo t o f  v o la t i l is a t io n  against molecular weight ( % o f o r ig in a l)  i s  

shown in P ig . 6 .1 . ,  which i s  sim ilar  to  the p lo t obtained previously
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fo r  the thermal degradation o f  th is  copolymer system# G rassie has 

shown th a t , for  th is  type o f p lo t , i f  the degradation i s  a depolyroerisation  

p rocess, the curve w i l l  be above the diagonal AC, w hile a curve along  

ABC im plies a random sc is s io n  process. Although the change in molecular 

weight w ith  progressing degradation i s  usefu l in e lu c id a tin g  the 

mechanism o f degradation, i t  should be noted that th is  evidence alone  

i s  in s u f f ic ie n t  to  decide f in a lly  whether a polymer molecule su ffe r s  

random or chain end in i t ia t io n .

I t  i s  evident that fo r  high a c iy la te  content copolymers photo- 

thermal degradation proceeds by a random sc is s io n  process, and that as 

the a c iy la te  content i s  decreased the mechanism tends towards the 

depolym erisation process o f pure poly m etlyl m ethaciylate.
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Table 6«1»
M olecular Weight /  V o la tilisa t io n  Data fo r  Methyl M ethacrylate /  
a-B utyl A ciy la te  Copolyaar^>

Copolymai Time
(h rs .

V o la tilisa t io n M.F. M.W.
?f o f o r ig in a l

100/1 0 0 260,000 too

o-5 21-76 165,000 63-46

t - a 30-35 143*000 54-99

1*5 40*17 125^000 48*07

2*0 48-72. 67*600 25-99

25/1 0 0 347 *ooQ too

0.5 12-77 146,000 42-08

t - a 30*57 87*200 25-13

1 .5 31 7/3,000 21-04

0 0 1330*000 100

0*5 8-93 361*000 27-14

1-0 19-62 68,000 5-11

1-5 21*25 60,000 4-51

2*0 27-01 36,500 2-74

4*0 41*66 25,100 1*84

21*5 82-19 9,880 0-74
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Table 6,1*

M olecular Weight /  V o la t il isa t io n  Data for  Methyl M ethacrylate /  

n-Butyl A crylate Copolymers.

Copolyirex Time

(h rs .

fc V o la tilisa t io n M.W. M.W.

% o f o r ig in a l

1/1 0 0 230,000 100

0-25 0 135,000 58*59

0-5 1 101,000 43*91

1-0 2-26 74*000 32-18

1*5 3*41 61 ,700 26*83

5 6 *63 36,300 15*79

5 16*07 23,900 10-40

1 /5 Q a 506,000 100

0*5 0 160,000 31*61

1*5 0 85,000 16*80

2 0 67,700 13*38

1 /1 5 0 Q 1 ,410,000 100

0*25 0 250,000 17*73

0-5 0 196,000 13-90

1*0 0 138,000 9-78

1*5 0 90,600 6*42
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FI G. 6.1.

MOLECULAR WEIGHT VERSUS % VOLATILISATION.
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6*3* C alculation  o f Chain Soission  in  the Presence o f  V o la tilisa t io n *

I f  N i s  the number o f chain sc is s io n s  which has occured per  

polymer m olecule and C Lo  and CL are the chain lengths a t zero time and 

a f t e r  N breaks resp ec tiv e ly , then provided that no m aterial i s  lo s t  by 

v o la t i l i s a t io n ,
CLo

N =  ------  — 1 ........................  ©
CL

I f  the fra c tio n  of polymer v o la t i l is e d  i s  X t  but assuming that no

polymer m olecules are lo s t  from the system by complete unzipping to  
as-

v o la t i le  fragments,
CLo

N =   ( 1 - x )  —  1 .   (a)
CL

For the purpose o f comparison o f copolymers o f d ifferen t molecular w eights, 

i t  i s  convenient to express the number o f chain sc is s io n s  in  terras o f  

s c is s io n s  per monomer unit rather than per polymer m olecule. Thus, i f  

n i s  the number o f chain sc is s io n s  per monomer u n it,

N =  nCLo   ®

and 1 — oc 1l
CL. C L o

Values o f  n and N are calcu lated  in Table 6 .2 .

©

(a )  R elation  between V o la tilisa t io n  and Chain S c iss io n .

Using equation ( k ) >  the number o f  chain s c is s io n s , n, per monomer 

un it can be ca lcu la ted , taking in to  account the m aterial lo s t  by 

v o la t i l i s a t io n .  The rela tion sh ip  between v o la t i l is a t io n  and chain  

s c is s io n  is  shown in F ig . 6 .2 . This p lo t must be interpreted  in
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Table 6 .2 .

Bata fo r  C a lcu la tio a  o f  a  and H.

Copolymer Time
h rs .

M.W. % V olat. 0 X10^ 
s c is s io n s  per 
monomer u n it .

K
s c is s io n s  per  

polymer m olecu le .

100/1 0 260,000 0 0 0

0*5 165,000 21*76 0*94 O-24

1 143,000 30-35 1-02 0-26

1*5 125,000 40*17 0*96 0*25

2 67,600 48‘72 3*8 0*99

25/1 0 347,000 0 0 0

0*5 146,000 12.* 77 3*13 1*08

1 87,000 30*57 5*14 1*77

1-5 7/3,000 3/1*00 6*60 2*29

5/1 0 1 ,330,00C 0 0 O

0*5 361,000 8*93 1*86 2*36

1 68,000 19*62 11*59 14*73

1*5 60,000 21*25 12*95 16-21.5

2 36,500 27*01 20*14 25-59
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TABLE 6 .2 .

DATA FOR CALCULATION OF n and N.

Copolymer Time'
Hrs.

M.W. fc  V olat. nxlO4" 
sc iss io n s  per 
monomer u n it.

N
sc isa io n s  per 
polymer m olecule.

1/1 0 230,000 0 0 0

0.25 135.000 0 3 .48 0.70

0.5 101,000 1 6 .2 2 1.25

1 74,000 2.26 10.14 2 .05

1 .5 61,000 3.41 12.97 2.29

3 36,300 6.63 24.57 6.12

1 /5 0 506,000 0 0 0

0 .5 160,000 0 4 .18 1.72

1 .5 85,000 0 11.98 4-92

2 67,700 0 15.78 6.47

1/15 0 1 ,410,000 0 0 0

0.25 250,000 0 4*15 4 . 64.

0 .5 196,000 0 5.55 6 .19

1 138,000 0 8.25 9.22

1 .5 90,000 0 13.03 14.55



accordance w ith  the r e s tr ic t io n  that no polymer m olecules are lo s t  by 

complete unzipping. I f  complete molecules are lo s t*  in high methacrylate 

copolymers, by unzipping th is  would give an anomalously high value o f  

the v o la t i le s  produced by chain s c is s io n . The p lo t c le a r ly  i l lu s t r a t e s  

th at the amount of v o la t i le s  produced per chain sc is s io n  decreases as 

the proportion o f acrylate  in the copolymer i s  increased.

By p lo t t in g  fc v o la t i l is a t io n  against (n ) sc is s io n s  per polymer molecule 

as in  Figure 6*3*, for  the four methacrylate r ich  copolymers, the zip  

len g th  fo r  each copolymer was ca lcu lated  as in  Table 6 . 3.

TABLE 6 .3 .

Zip Lengths fo r  Fhototbermal Degradation. nBiiA)

Copolymer 'Slope (F ig  6.3; 
% V o la t il is a t io n  

per s c i s s io n /  
m olecule

I n i t i a l
M.W.

t-v w .o

M.W. lo s t  
per s c is s io n

1A.W xft 
\o o

Average 
w t. o f  
monomer 

^ u n i t .

Zip Length 

\O O .fc .

100/1 48.6 260,000 126,400 100.27 1260

25/1 15.0 347>000 *>2,050 101.08 515

5/1 1.20 1, 330,000 15,960 104.6 153

1/1 1.08 230,000 2,484 114 22



f22. - FIG. 6.2.
Chain S cission  a s  a  function  
of V olatilisation in the  
p h otod egrad ation  of 

MM A In-BuA cop o lym ers  
at i65°C.

11 co  polymer.

20 30 AO
% VOLATILISATION.
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11 COPOLYMER

[ N.I SCISSIONS/POLYMER MOLECULE.

RELATIONSHIP BETWEEN SCISSIONS AND 

VOLATILISATION FOR l | l  COPOLYMER.
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The blockage o f the depropagation re a c tio n  by the  n -b u ty l a c ry la te  

u n i t3 i s  c le a r ly  shown by Table 6 .3 #> s ince  z ip  len g th s  d ecrease  w ith  

in c re a s in g  methyl a c ry la te  content# U n fo rtu n a te ly 9 no z ip  len g th s  were 

c a lc u la te d  in the  therm al degradation  o f poly (m ethyl m e th a c ry la te / 

n -b u ty l a c r y la te )  copolym ers. In the therm al and phototherroal degradation  

o f copolymers o f methyl m ethacry late/m ethyl a c ry la te  the  c a lc u la te d  z ip  

len g th s  were a s  shown in  Table 6 . 4 # *

TABLE 6 . 4 .

Zip Lengths f o r  Thermal D egradation o f poly  i-lMA/MA.

Copolymer Zip Length.

m A/m Phototherroal Thermal

2 6 /1 1327 74

7/.7/1 7 tf 74

2/1 2 1 4 34

The z ip  le n g th  o f the therm al re a c tio n  i s  very  much le s s  than in  th e  

photo reaction#
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P reviously , the data in Pig* 5*8* (chapter 5) i l lu s tr a te d  that fo r  

the photodegradation v o la t i l is a t io n  decreased u ith  increasing acry late  

content.

("h) Chain s c is s io n  w ith  Time o f Degradation.

When n ( s c is s io n s  per monomer un it) i s  represented as a function o f  

time o f  degradation a3 in P ig . 6 . 4 . ,  i t  i s  evident that the rate o f  

chain sc is s io n  increases w ith  the aczylate  content o f  the three 

copolymers. ( 100 /1 , 25/1 * 5/1 • )  & s im ila r  p lo t was found by G rassie 

and Parish  for  4 methyl methacrylate /  a c iy lo n it r i le  copolymers, w ith
o

molar r a tio s  **.10/1, Z*.0/1, 16/1 , and 8 /1 , photodegraded by 2537 a t
.  © 3 5 .3 b .

160 C.

However, P ig . 6 .5  shows the change in chain s c is s io n  w ith time o f  

ir ra d ia tio n  for  the whole copolymer composition range, and i t  i s  

evident that the rate o f  chain sc is s io n  i s  independent o f  the n-butyl

acry la te  content fo r  copolymers o f  acrylate content greater than 16.6
. .  3a

mole per cen t. (5/1 copolymer) Grassie and Colford have previously

shown that for  the photodegradation o f methyl m ethacrylate/methyl

a cry la te  copolymers, the rate o f chain sc iss io n  was independent of

the methyl acrylate oontent o f  the polymer, although the p lo t did

e x h ib it  a large sca tter  o f p o in ts .
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FIG 6.4.

CHAIN SCISSIONS in MMA.|n-BuA. COPOLYMERS

a s  a  function  of TIME of PHOTODEGRADATION 
a t  165°C
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FIG. 6,5.

CHAIN SCISSION in MMAJnBu.A. COPOLYMER’S

a s  a function of TIME of PHOTODEGRADATION 
a t  '165'C.

o

c o d e .

■MU
13115.
®1|15.

10 1-5 2-0 2-5
TIME OF IRRADIATION (hours.)
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6 .^ . Sol-G el A nalysis.

(a )  Introduction.

Using the Soxhlet extraction  technique (2 .9 )  the so lu b le  and 

in so lu b le  portions o f the polymeric residues were in v estig a ted . For each 

degradation the weight o f g e l ,  the weight o f s o l  (so lu b le  fra c tio n ) and 

the to t a l  weight o f residue were determined. The percentage in s o lu b il ity  

($  i )  was ca lcu la ted  along with the percentage conversion C).

(b ) R esu lts.

Using the data o f Table 6.5« > the progression o f in s o lu b il ity  w ith  

time o f  irrad ia tion  is  i l lu s tr a te d  in P ig . 6 .6 . This c lea r ly  shows that 

in s o lu b ility  increases w ith time of irra d ia tio n . For any fix ed  time o f

homopolymer is  always greater than in the copolymers. C learly y 

in s o lu b ility  increases w ith increasing acrylate content and irrad ia tion  

tim e.

P ig . 6 .7 . i s  a p lot of in s o lu b ility  as a function o f  conversion.

As the percentage conversion in creases, the percentage in s o lu b ility  a lso  

in crea ses . Increasing the acrylate  content o f the system increases  

g e la tio n  a t any given conversion. In so lu b ility  only develops in the 

three m aterials of highest acrylate content, namely copolymers w ith  

molar r a tio s  l/5»  1/^51 acrylate homopolymer.

fc C weight o f residue
in i t i a l  v;eight o f polymer

x 100

irrad ia tion  the amount o f g e l formation ( in s o lu b il i ty )  in the acry la te



TABLE 6.5 .

POLYMER
(MMA/n-BuA^

TIME
(HRS.)

#  INSOLUBILITY #  CONVERSION.

1 /5 17 .07 11.6

25 15.47 14.63

47 3^.89 20.64

71 39.90 21.96

1/15 3 2.37 1 .30

7 18.^5 4 .39

16 40.29 8.15

24 46.37 8.63

42 54.95 14.20

Poly n-BuA. 2 1.85 2.10

} 4-34 2.97

7 22.56 4 .1 0

16.25 40.59 4 .O4

25 47.32 6 .2

46 56.03 10.46
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( c )  D iscu ssion .

In so lu b ility  i s  dependent upon the polymer stru cture, the f l e x i b i l i t y  

o f the polymer chain and the solvent m olecule. Usually g e l formation i s  

a sso c ia te d , in polymer degradations, w ith crosslin k in g  reaction s and 

intram olecular condensation processes forming more r ig id  stru ctu res.

I t  has been suggested that the in so lu b ility  which develops in poly-

acry la tes  may be associa ted  w ith one or more o f  the fo llow in g  processes.

C H - C - C H ra .  a

COjR
CH— C —  CH

C H - C — CH-a | a. r v - C H - C — C H -  a. i 9
CQ>R CO,R

H H 1  .C h L  i1

*

0

INTRAMOLECULAR 
ANHYDRIDES.

similar INTERMOLECULAR 
* ANHYDRIDES.

(D
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The spectroscopic examination o f the residue ( 6 .6 a . ) produced no 

evidence fo r  the ex isten ce  o f in ter  or in tra molecular anhydride groups, 

thus i t  must be deduced that in so lu b ility  in  the photothermal degradation  

r e s u lt s  by crosslin k in g  o f  the n-butyl a c iy la te  u n its  through th e ir  

te r t ia r y  carbon atoms. Grassie and Fortune a lso  reached sim ilar  

conclusions for the purely thermal degradation o f methyl m ethacrylate/ 

n-butyl acry late  copolymers, and further concluded that for  a given  

degree o f conversion the higher the molecular w eight o f  the i n i t i a l  

polymer the greater the quantity o f  in s o lu b il ity .  By therm ally  

degrading copolymers at 313 C. and 329 they a lso  showed th at there  

was greater in so lu b ility  at the lower temperature o f  decomposition. 

In so lu b ility  developed thermally even in a 52.^ mole per cent n-butyl 

a c iy la te  copolymer. Comparing the data o f  the photothermal and purely  

thermal degradations i t  i s  obvious that in s o lu b ility  occurs a t  much 

lower conversions in the photothermal degradations fo r  copolymers o f  

high acry late  content. This d ifferen ce may be accounted fo r  by the 

temperature o f the degradation and not by the method o f  in i t ia t io n  o f  

degradation. The lower temperature used in the photothermal degradations 

w i l l  have a d irect influence on the depolym erisation, random sc is s io n  

and orosslink ing p rocesses.
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6.5* C rosslinking and Scission*

(a )  Introduction.

A n  important part o f the study o f  radiation  e f fe c t s  on polymers i s  

the cro sslin k in g  and sc is s io n  o f  polymer chains. C rosslink ing, In 

moderate amounts i s  usually  considered advantageous, whereas sc is s io n  

causes polymer degradation. The th eo re tica l aspects o f cro ss lin k in g , 

s c is s io n  and th e ir  sid e  e ffe c ts  on g e l formation have been treated  by 

severa l authors , but the most lucid  explanation has been given by 

Charlesby and Pinner. For a polymer w ith  an i n i t i a l  random d istr ib u tio n  

o f chain len g th s, they developed the equation:

.— .   , I />P\
S +J^ ^    ®

in which S i s  the so l fra c tio n , po and are the rates o f  s c is s io n  and

cro sslin k in g  r esp ec tiv e ly , U i s  the number average degree o f polym erisation

of the starting material and r  is  the radiation dose. This has shown

to  be the case for crosslink ing  by high energy irra d ia tio n . There i s  no

apparent reason wly i t  should not a lso  hold fo r  u ltr a v io le t  rad iation  i f

r '  i s  replaced by T, the time of irra d ia tio n . Thus a stra igh t l in e

should be obtained by p lo ttin g  js against ^  , the in tercep t being

the ra tio  o f s c is s io n  to  cro sslin k in g , and the slope being - 1—  .
% P  T>ou

(b) Results.

The resu lt fo r  poly n-butyl a c iy la te  homopolymer i s  shown in  

F ig . 6 .8 . Using the graph of 5+JS against 4 ^  a stra igh t l in e  can be
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obtained using th e* least squares* method. This p lo t was obtained using  

values o f S ca lcu la ted  using the weight o f residue and not the o r ig in a l  

weight o f  polymer degraded. Equation (T) i s  only true where no weight 

lo s s  occurs, hence the tendency towards a ‘curve* shape in P ig . 6 .8 .  

Under the photothermal conditions used v o la t i l is a t io n  to co ld  r in g , 

r esu lt in g  in  weight lo s s ,  occurs. This means that the accuracy o f  the  

r e s u lt s  in  Table 6 .6 . i s  reduced e sp ec ia lly  fo r  extended degradation  

periods.

( c )  CONCLUSIONS.

Prom the data l i s t e d  in  Table 6 .6 . ,  the r a tio  o f s c is s io n  to
p

cro ss lin k in g , as given by the in tercep t ^"c£o > ? o r  the three polymers 

stud ied  does not appear to  a lte r  as the a c iy la te  content i s  increased . 

The a ctu a l ra tio  of sc is s io n  to  crosslin k in g  fo r  each i s  1.1 ( i . e .  the 

in ter c ep t) . No obvious trend appears to  e x is t  fo r  the rates o f s c is s io n

and crosslin k in g  for  the three polymers, although the rate o f s c is s io n  

i s  always greater than the rate of crosslin k in g .
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6 .6 .  Spectroscopic Exarsination of the Residue.

(a ) Infra-red .

I t  was found that fo r  copolymers o f high a c iy la te  content the

residue i s  insoluble in  organic so lv en ts . Thus i t  was im possible to

compare the spectra o f both the degraded and undegraded m aterials by the

usual technique o f so lu tion  in fra-red  spectroscopy. Grinding the residue

w ith  potassium bromide and pressing the mixture to form a KBr d isc  was

A lso found to be unsat is fa c to iy  because o f the * rubbery* nature o f the

high a cry la te  copolymers. The method most sa tis fa c to ry  fo r  the whole

copolymer range con sisted  of preparing a thin film  o f the copolymer on
/* °a clean s a l t  p la te  and preheating the m aterial to 165 C. fo r  ten

m inutes, to  remove residu al so lv en t, before running an in fra-red  o f the

sample. The film  and s a lt  p la te  were then placed in sid e  the p h oto lysis

c e l l  and degradation carried out in the normal way. A fter the

p h oto lysis  the s a lt  pla$e and residue were examined. P ig . 6 .9 . shows the

spectra o f undegraded and degraded 93*^ mole per cent n-butyl a c iy la te

copolymer. These d if fe r  in that the spectrum of the degraded^jnaterial

has a shoulder at 1770 cm"1 on the carbonyl peak. However the spectra

o f undegraded and degraded copolymera o f a l l  other molar ra tio s  are almost

id e n t ic a l. In the purely thermal degraSation^of m etlyl m eth aciy late/
- \  - \

h—butyl acry late  copolymer new absorptions at 1760 cm., 1605 cm ., and 

1560 cm".' were noted. The absorption a t 1560 cm ? was assigned to  the 

structure
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The shoulder on the carbonyl peak at 1760 c m ' was ascribed to  a V  

la c to n e , an unsaturated V lacton e, or a unsaturated 6  lactone*

No evidence fo r  the production o f anhydride groups in the residue has 

been found in e ith e r  the thermal or photothermal degradations.

Anlydride groups have a doublet absorption a t about 1800 cm and 

1760 cm • No peak was observed a t 1800 cm in the degraded m aterials*  

The absorption a t 1605 cm produced in the thermal degradation was 

attrib u ted  to  conjugated carbon-carbon double bonds*

(b ) U.V. V is ib le ,

No colour change v is ib le  to  the eye occurs in the residue as the 

photothermal degradation proceeds. In the purely thermal degradation  

the residu al polymer changed through yellow  to brown w ith  increasing  

decom position. U.V. -v is ib le  spectra were run on th e photothermally 

degraded polymer film s deposited on the o p tica lly  f l a t  s i l i c a  d is c , used 

in the p h oto lysis  c e l l .  The d if f ic u lt y  o f finding a su ita b le  so lv en t, 

whose absorption ch a ra cter is tic s  did not obscure that o f the polymeric 

f i lm , was thus avoided. P ig . 6 .10 . shows the u#v* spectra o f a 50 mole 

per cent n-butyl acrylate  copolymer as i t  i s  p rogressively  photothermally 

degraded. I t  is  important to  note that a fte r  40 hours o f irrad ia tion  

approximately 50 per cent of the o r ig in a l polymer has been lo s t  by 

v o la t i l i s a t io n . Hence the true absorption per unit mass i s  much 

greater than that depicted in P ig . 6 .1 0 . The absorption around 225 

corresponds to the absorption by the ester  group. As  the polymer i s





photothermally degraded there i s  a general increase in absorption in  the 

region from down to  225 m)i. This new absorption has no character

i s t i c  maximum and may be attrib u ted  to the presence o f  varying lengths 

o f e th y len ic  unsaturation in the polymer backbone* A s im ila r  e f f e c t
1+3.

was observed for  a l l  the copolymers studied* Grassie and Fortune have 

p reviou sly  shown that a sim ilar  new absorption r e su lts  from the purely  

thermal degradation of th is  copolymer system.

(o )  N.M.R.

The so lu b le  residues from the photothermal degradation were

examined by N.M.R.. No new absorptions appeared on decompostion. A

ty p ic a l N.M.R. trace fo r  th is  copolymer system has been presented by 
us*

G rassie and Fortune, and sh a ll not be included here.

6*7* Short Chain Fragments.

(a )  Introduction*

When a l l  of the copolymers were photothermally degraded the s id es  

and top s i l i c a  window of the photo lysis c e l l  were coated w ith  a m aterial 

referred1 to  as the 'cold r in g '. The cold ring deposited on the s i l i c a  

window was a disadvantage o f the sytem since th is  screened the polymer 

film  from the radiation . Thus the amount o f  lig h t  impinging on the 

polymer film  could not be constant, and almost cer ta in ly  in te n s ity  

decreased w ith  increasing time o f  irrad ia tion . This made the 

measurement o f quantum y ie ld s  im possible.



-  143 -

(b ) A nalysis ,

The qu antitative an a lysis  o f the cold ring or chain fragments has

i l lu s t r a t e s  that these short chain fragments become in creasin g ly  

important as the acxylate content of the copolymers is. increased.

On comparing d eta iled  infra-red spectra o f the undegraded 50 mole 

per cent n-butyl acry late  copolymer w ith  the spectra o f i t s  co ld  r in

new absorptions are c lea r ly  present. A shoulder a t about 1780 cm 

appears on the carbonyl peak and a new peak a t 1633 cm emerges.

The in fra-red  spectra o f the cold  ring fraction  was run as a liq u id  film  

between s a lt  p la tes .

( c )  D iscussion .

G rassie, Speakman and D avis, studying the purely thermal degradation  

o f  poly a lk y l a cry la tes , found that poly n-butyl acry late  degraded to  

chain fragments with an average molecular weight o f  470 which corresponds 

to  a chain length o f 3 .6 . The trace obtained by in jec tin g  the chain 

fragments in to  a g . l . c .  instrument confirmed that the reten tion  time was 

s im ila r  to  C ,8 -  C?a^ n-alkanes.

Prom the large amount o f chain fragments produced (P ig . 5*9 .) 

and the rapid decrease in molecular weight w ith photothermal degradation 

i t  i s  obvious that transfer reactions occur.

tab le

Also the C-0 singlebond peak at 1160 cm' becomes more d if fu se .  

Outside the 1800 -  1000 cm ' region there are no s ig n if ic a n t changes
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bo
Cameron and Kane, have demonstrated the ra d ica l nature o f the thermal 

degradation o f  po ly  methyl a c r y la te . Two typ es o f  tr a n s fe r  rea c tio n s  

can occur. F i r s t l y ,  in term olecu lar tra n sfer  r e s u lt s  in  th e production  

o f  long chain fragments

H / ^ \
4  +

(^O^Ch^

+• -C h^-C -G ffcp
(g)

0 £ H %

H 
I

-C-H 

CQJCH.

H
i

>C- 
CO,CH.

4-r̂ “CHa[~C—C Ha
coach3

(a )  In term olecular T ransfer.

In tram olecu lar tra n sfer  may a ls o  occur r e su lt in g  in  the production o f
\,o

sm all chain fragm ents. Cameron and Kane have d escrib ed  t h is  process  

a s  ‘unbuttoning*, s in ce  the ra d ic a l moves along the chain e lim in a tin g  

sm all m o lecu les. This i s  in  con tra st to  ‘unzipping* in  po ly  methyl 

m eth acry late , in  which monomer u n its  are p ro g ress iv e ly  e lim in ated .

C)OaCHCO,■aCH3

H
CK-C1

i t
CQpH,

CH. 4 )C -

co,ch3

H
1

/ \ / — c C H = 0
3>. I

CQpHj

H
CH^T-

COfHj
L

c q fH j

CH.

n

H
C-H

C0aCH3

(b ) Intram olecular T ransfer.
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Such tran sfer  reaction s would introduce term inal double bonds

in h a lf  o f the newly formed chain fragments. The new absorption a t  
- - \

1635 cm may originate, from such a term inal structure.*
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CHAPTER 7*

GENERAL DISCUSSION.

7*1 Introduction*

The princip al fea tu res o f the photothermal degradation o f the 

m etly l m ethacrylate -  n-butyl acrylate copolymer system have been 

described in previous chapters. I t  i s  o f in ter e st  to  compare these  

r e s u lt s  w ith  those previously obtained fo r  the thermal degradation of 

th is  system and’fo r  the thermal and photothermal degradation o f the 

methyl m ethacrylate/methyl acrylate copolymer systems' The in terp reta tion  

o f the r e su lts  obtained i s  a lso  discussed in more d e ta il  in th is  chapter 

and mechanisms are proposed to  account for the degradation products*

7*2* Sequence D istribution  Data.

In any in vestigation  on the degradation of copolymers a knowledge 

o f the sequence d istr ib u tion  data as w e ll as the composition i s  

fundamental. When two d ifferen t monomer un its are copolymerised th e ir  

d istr ib u tio n  in the copolymer i s  complex. Harwood’s method o f ca lcu la tin g  

sequence d istr ib u tio n  data uses the concept o f run numbers of uninterrupted  

monomer sequences which occur in a copolymer chain per hundred monomer 

u n its . This d istr ib u tio n  has previously been ca lcu la ted  fo r  the m etlyl 

m ethacrylate -  n-butyl acrylate copolymer system by Grassie and Fortune. 

T heir r e su lts  are d ir e c t ly  applicable to  the present work s in ce  our 

copolymer compositions are id en tica l to th eirs*  Table 7*1* shows the



Se
qu

en
ce

 
D

is
tr

ib
ut

io
n 

Da
ta

 
fo

r 
C

op
ol

ym
er

s 
of 

p-
B

ut
yl

 
jQ

ci
yl

at
e 

an
d 

M
et

hy
l

M
et 

ha
c 

ry
la

te
.

-  1^8 -

©
>•H

•Pa
r-i

1—I d 
•P  O 
-P

XI
•Ptoa
©rH
aau

©•pdr-i
frod

<q<q<*;
a

•H

d
-p

ft-p

V*

m
ds t-p

® -+»<«
a) O

& S
O P<q a 

©^  o S-j;

m

0 0

(M
A

CM

o

ON
Ift

GO

On 0 CM in
t • • •

VO vo 0
0 0 vo CM

O

m CM avtr\ in • • •
• • 0 i"- CM

0 m 0 - ov

vo in in m O• • • • •
CM 0 Ov T“ O-
V m -d- CM

¥<5

©
©tod

€
«

01
©s  to

s  *

VD crv 0 vo in
• • • • •

CM 0 in coin CM

m -d- in -d- -d-• • • • •
0 CM CM OV cM

CM vo ov

CO
vovo

IfN

a
o
CM

u

IOftoo

a
•3■p•H©a
1o

r l

£a
■?a

©■p -d-d •I—1 m
fc* avM
0d

CM 0 o\• • • •
CM 0 vo fn
co in



- 1 0  -

sequence d is tr ib u tio n  data found by Grassie and Fortune, where A and 

M denote^ acry la te  and methacrylate un its resp ec tiv e ly . The f i r s t  seven  

columns in Table 7*1* are se lf-ex p  lan ato iy . A^ represents the number 

average length  o f  acrylate sequences. The percentage o f A in the centre  

o f AAA tr ia d s , r e la t iv e  to a l l  possib le  tr iads including those centred  

on methacrylate un its i s  a lso  given in  Table 7*1 •»  as the r e la t iv e  

to t a l  percentage in AAA tr ia d s ,

7*3* Blocking E ffic ien cy .

( a) %ip len g th s.

The zip lengths for  the depolym erisation o f each copolymer (6 .3 * a )  

in d icate  that the presence o f an n-butyl acry late  unit causes a 

blockage o f the depropagation step . Blocking o f th is  kind i s  not 

complete however since monomeric n-butyl acrylate is  a product o f  the 

photothermal degradation. The zip length  for depolym erisation decreases 

from 1,260 to 22 as the acrylate  content changes from 0.99 to  50 mole 

per cen t. I t  has been shown (tab le  6.>+.) that for  the methyl m ethacrylate-
33l 1 3methyl acry late  system, the zip length  of the purely thermal reaction

o
was very much le s s  than in  the photothermal reaction a t 170 C.

Although Fortune did not ca lcu la te  zip lengths o f the thermal 

degradation of methyl methacrylate -  n-butyl acry late  copolymers i t  

i s  p o ss ib le  to do so using h is  molecular weight versus percentage 

v o la t i l is a t io n  data. Thus Table 7*2. was constructed in th is  way.
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Table 7 .2 .

Zip Lengths fo r  Thermal Degradation (313°C.) o f PolyfM.M.A. -  uB u . a T )

C0P0LB3ER SLOPS 
%  VOLATILISATION 

PER SCISSION/ 
MOLECULE

T O

INITIAL K.W. 

M.W.0

M.W. LOST 
PER SCISSION

AVERAGE WT.
MONOMER
UNH

T O

ZIP
LENGTH.

hyl0 .^ .
•\OO.E.

250/1 33.3 361,000 120,100 100.1 1,200

1/1 1 .2 100,000 1,200 111,. 9

Comparison o f the data in Table 6.3* and Table 7 * 2 ., demonstrates

that the s ip  lengths fo r  the purely thermal degradation are much le s s
,  o

than those in  the photothermal reaction at 165 C. The greater zip  

len gth  in the photo reaction can be accounted fo r  by the fa c t that a t  

165°C.» in  the photo reaction , the polymer i s  in  the form o f a highly  

v iscou s mass, w hile at 313°C. in  the thermal reaction i t  i s  a r e la t iv e ly  

mobile liq u id . Thermal motion w i l l  be suppressed in  the viscous medium 

favouring intram olecular transfer at the expense o f interm olecular 

tra n sfer .
3&

Prom the photo-depolymerisation zip length data fo r  metl^yl and 

b u ty l acry late  copolymers i t  would seem th a t, since the zip lengths 

fo r  the n-butyl acry late  copolymers are much le s s  than those fo r  the ^  

methyl acry late  copolymers, the n-butyl acrylate unit i s  a much more 

a f f e c t i v e  blocking agent. However, any f in a l  in terpretation  o f the
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data mu&t take account o f the fa c t that the n-butyl acry late  copolymers 

were photodegraded at 165 C. w hile the methyl acrylate copolymer^ were 

photodegraded at 170 C. In add ition , the influence o f the two acry la tes  

on the v is c o s i t ie s  of the two copolymers; may be d if fe r e n t .

(b ) Molar Ratios o f Monomers in the Degradation Products.

The molar r a t io s , ca lcu la ted  by g . l . c .  a n a ly s is ,  o f the two 

monomers, methyl methacrylate and n-butyl acrylate formed in the 

photothermal and thermal (313/ C .) degradation are given in Table 7*3*

TABLE 7 .3 .

MOLAR RATIOS OF MONOMERIC PRODUCTS.

COPOLYMER MONOMER RATIO (M.M.A ,/nBu.A. )

(M.M.A./jhBu.A.) PHOTOTHERMAL THERMAL

5/1 215 23
1/1 30 4

V5 10 1.
-
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I t  i s  c lea r  that approximately one in fo r ty  o f the n-butyl acry late  un its  

i s  lib era ted  as monomer in the photothermal reaction  compared w ith  one 

in  f iv e  in the thermal reaction* With the methyl m ethacrylate-methyl ' ' 

acry la te  copolymer system i t  was found that approximately one in  ten  

o f the methyl acrylate units were lib erated  in the photothermal reaction  

compared w ith  one in four in the thermal reaction .

7 * k * Meehan i s  t ic s*

( a ) Production of Methyl M ethacrylate.

This can be accounted for  by a depolymerisation process in which

polymer rad ica ls peel o f f  monomer u n its . The primary in flu en ce o f

u ltr a v io le t  radiation on poly (methyl m ethacrylate) i s  to  cause chain 
1

sc is s io n

C H , C H s C H 3 C H j
^— C H - t — C H j - C — -v/- ----------- ^ ' V - C H - C *  + * C H — p - ~ -

dopH3 COjCH  ̂ c0aCH3 COaCH3

The reactions o f  these rad ica ls and the temperature of the medium control 

the c h a r a c ter is t ic s  o f the p h o to ly sis . When the polymer i s  in  the 

liq u id  s ta te  monomer produced in-the equilibrium ,

CHj CH^ CH3 CH^

' ^ - C H r - C —  C H ^ -C *  v = ^  ^ C H - C  • +  CHa= C
dopH  ̂ CQfHj C0aCH5 cqpH*

can escape e a s i ly .  Thus the reaction  w i l l  tend to the right resu lt in g
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in  q u an tita tive  conversion to monomer* At lower temperatures when the 

polymer is  a r ig id  so lid  the escape of monomer i s  in h ib ited . Therefore,  

monomer production i s  a ch a ra cter is tic  of a high temperature p h o to ly s is ,

produced in  a depolym erisation reaction in it ia te d  at methacrylate chain  

units* The depolym erisation reaction can apparently pass through some 

o f the acry la te  un its before termination occurs*

(c )  Production of n-Butyraldehyde.

The quantity of butyraldehyde was shown (F ig . 5*13*) to  increase  

w ith  increasing acrylate content o f the copolymers, and was present as 

a degradation product even in  a 3*9. mole per cent n-butyl acrylate  

copolymer ( 25/ 1) where the percentage o f a cry la te -a cry la te  lin k ages, as 

ca lcu la ted  by sequence d is tr ib u tio n  data, i s  0 .1 . Thus, the evolution  

of butyraldehyde i s  a function of sin g le  acrylate un its rather than o f  

sequences. Isaacs and Pox^postulated that butyraldehyde was produced 

by dasproportionation of a butoxy radical in the photodegradation o f  

poly( n-butyl m ethacrylate) •

&
w h ile  chain s c is s io n  predominates a t lowerr temperatures.

(b ) Production of n-Butyl A crylate.

As sta ted  previously , (sec tio n  5*5«) acrylate  monomer must be

c h3

CO
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2 MgwporMonaMg^ ^  H + ^ ^ 0

(n-butanol) ( n_buty H laelBrde)

H

CHiCHaC H ^ 0 -  ^

H >  > n -B u O H  +  C K C H C H -C -Q
H 3 •

O -C -C H fH fH .C H , (d i - r a d ic a t )

However, such a reaction would resu lt in equimolar y ie ld s  of n-butanol 

and n-butyraldetyde. Prom the data in Table 5 . 3. i t  i s  c lea r  that *_• 

n-butanol i s  not a product o f  degradation u n til  the acry late  content 

reaches 50 mole per c e n t . ,  whereas n-butyraldehyde i s  d etectab le  in  

both the 3*9 and 16.3 mole per cent n-butyl acrylate copolymers. 41so 

sin ce  the molar ra tio  of n-butyraldehyde to n-butanol for  the 50 mole 

per cent n-butyl a c iy la te  copolymer i s  approximately 3;1> the 

disproportionation mechanism does not account s a t is fa c to r i ly  fo r  the 

production o f n-butyraldehyde.

I t  i s  known that alkoxy radicals fragment to produce a carbonyl 

function. The formation of the carbonyl group provides the driving 

force for cleavage.



When the ra d ica l i s  primary (R  ̂— Ra — H) or secondary ( r  a —  H) 

fragmentation can occur by lo s s  o f e ith e r  an a lk y l rad ica l or o f a 

lydrogen atom. Primary and secondary alkoxy rad ica ls have been studied  

mainly in  the gas phase and under these conditions the lo s s  o f an a lk y l  

ra d ica l i s  the predominant reaction . I f  the butoxy rad ica l ( c  H O ) i s  

formed as in  reaction  (J) ,then the fo llow ing reactions could occur.

H
f r agprea ta t y n ©H - C - O -

( formaldehyde )

H
H - C - O * fragmentation Q

I
(n-butyraldehyde)

H - C - O  - + H*
H
1 ©

(n-butanol)
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Since no formaldehyde was d e tec te d , the  lo s s  o f th e  a lk y l r a d ic a l  *

must no t occur and i t  seems th a t  in  the v iscous polym er,degrading 

under phototherm al c o n d itio n s ,re a c tio n  (5 ) predom inates.

(d ) P roduction  of n-B utanol.

The production  o f n-bu tano l (F ig . 5*15) in c rease s  w ith  in c reas in g  

a c ry la te  c o n te n t, b u t i t  i s  not p resen t as a degradation  product u n t i l  

th e  a c ry la te  co n ten t reaches 50 mole per c e n t, th a t  i s ,  u n t i l  a 

reaso n ab le  p ro p o rtio n  of a c ry la te  u n its  a re  p resen t in  sequences. 

G rass ie  and Fortune a lso  found th a t  in  the therm al degradation  o f 

copolymers of m ethyl m ethacry late  and n -bu ty l a c ry la te  a t  le a s t  50 

mole p e r cen t o f n -b u ty l a c ry la te  was requ ired  in  the copolymer in  

o rd e r th a t  n -bu tano l should appear on p y ro ly s is , bu t i t  was not 

c e r ta in  w hether th e  sequence le n g th  requ ired  was th re e  o r  only two r 

a c ry la te  u n i ts .  G ra ss ie , Torrance and C olford  found no methanol 

produced in  the phototherm al degradation  of copolymers o f  methyl 

m eth acry la te  and methyl a c ry la te  co n ta in in g  up to  33*3 mole p e r  cen t 

a c r y la te ,  bu t t h i s  was the h ig h est a c ry la te  copolymer examined.

V arious mechanisms have been p o s tu la ted  in  therm al d eg radations 

to  account f o r  a lco h o l p roduction , tak in g  in to  account th e  need fo r  

sequences o f a c ry la te  u n i ts .  Two o f th ese  may be rep re sen ted  as 

fo llo w s :



BuOji? BuO* £
m u < C  C O B u  C m B u

^ w  — > 'v -C H 5 CH C—CH^

c^i /CHa CfHa CHa
X Cf( ^ c f f

I I
COBu COBu* A.

CH H ^c Ha ^
_ C H , - g f C y - c *

B u O y  V -  N  BuO / C x O - C ^ ~ °
OBu l j 0 B u

CHa H 
/  \  I 

$ - C H r C  C -C H i-
II I

A  >C=0 +  BuO
BuO x O^
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( e )  Production o f n-B utyl } t e th aciy la te*

T his product may be produced by a rea c tio n  such as

H

'-'Ha. 'j' ''Ha 'j' ^ a  

COBu COBudt 3.

H

■^'v-CH-O + CH =C-CH aa i a i c*

CO^Bu CO^Bu

n -b u ty l m ethacrylate produced 
by s c is s io n  o f  the bond in d ica ted .

For th e  thermal r ea c tio n  G rassie and Fortune a ls o  suggested  the

fo llo w in g  rea c tio n  scheme.

O'

CHj COaBu
- C r ' CH^ i - C H .

:C' ^ ? LCHa

CH. CQBui a

-> — C -C K -C -C H - • |
- r  CH,

0 * A 0  3

CH3 _ COBu
-C ^C H ^t-C H ; 

• I
CH,

CH3 CO,Bu 
I

>~-C=CHa + *C -C H  
CH,
unzips to  produce 
n -b u ty l m ethacrylate.

But t h i s  oannot apply in  the photothermal degradation s in c e  no carbon 

d io x id e  i s  produced.
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( f )  Production of permanent Gases.

U ltra v io le t sp ectra l stu d ies  on the polymeric residue suggest the 

ex isten ce  o f varying lengths o f e th y len ic  unsaturation in the polymer 

backbone. The i n i t i a l  double bond can be formed in  the process.

C K - C - C H ,- ^  ----- » ^ C H = C - CH— ^  + H

C p p u  C Q pu
a

The presence o f th is  double bond w i l l  tend to weaken the carbon -  

hydrogen bond in the p o s itio n , thus making i t  more vulnerable to  

attack  by a free  rad ical or U.V. rad iation . S c ission  o f th is  bond 

and abstraction  o f  a hydrogen atom from the adjacent mettylene group 

can account for  molecular hydrogen production.

When aoyl-oxygen f is s io n  occurs as previously shown in section  

7*4 .c i .  , a b u to x y  rad ica l i s  produced, leaving a carbonyl rad ica l on 

the polymer chain.

?! ?!
H -C -C -O -C  H  } H -C - C . -V ° ~ CkHc,

Carbon monoxide may be formed by the breakdown of these carbonyl r a d ic a ls . 

H~ C - * ~ C ~ 0  ------------- ■> H—C* -V- Ch.0

\ i
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The mechanism of the formation of methane i s  probably sim ilar  to  

th at o f  hydrogen elim ination causing eth y len ic  unsaturation in the 

polymer backbone* This w i l l  involve the «< methyl group of methyl 

m ethacrylate units* Methane could a lso  be derived from the methyl 

ea ter  group o f  m etlyl methacrylate or from the breakdown o f the n-butyl 

e s t e r  s id e  group*
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(g )  R eaction pathway.

Bearing in  mind the mechanisms which have been proposed above 

fo r  the production o f  the various products' the o v e r a ll process may be 

rep resen ted  q u a lita t iv e ly  by the fo llo w in g  reaction  sequence.

Copolymer m olecule.

Chain S c is s io n

Terminal Chain R adical

S .  Depropagation to  n earest  
a c iy la te  u n it .

M ethyl m eth aciy late  + a c iy la te  term inated ra d ic a l,

~  L

Depropagation

h /
p -b u ty l a c iy la t e

Intram olecular
T ransfer

chain fragments

n -b utyra Ide hyde. 

n-butanol.

5. In t  ermoleo u lar  
T ransfer.

v
chain ra d ic a l

methane

hydrogen

n -b uty l m ethaciy late. un satu ration .

carbon monoxide.
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A fter  chain sc is s io n  (1 ) occurs, depropagation (2 ) occurs in m etlyl 

m ethacrylate sequences as fa r  as the f i r s t  a c iy la te  u n it. The a c iy la te  

tenninated rad ica l can depropagate ( 3 ) or abstract a hydrogen atom 

fu rth er  along i t s  own chain in an intram olecular tran sfer  process (k ) .  

S c iss io n  a t th is  point would resu lt in a chain fragment and a new chain  

term inal ra d ica l. On the other hand, inteim olecular tran sfer  (.5) would 

r esu lt in a chain rad ica l of the type believed  to be prim arily formed 

by U.V. rad ia tion . I t  i s  believed  that th is  radical may undergo a 

number o f complex reaction s to  produce n-butyraldehyde, n-butanol, 

n-butyl methacrylate and carbon monoxide. A further reaction  ( J ' )  , 

s im ila r  to  the lib era tio n  o f hydrogen chloride from p o ly (v in y l ch lorid e)  

may r e su lt  in  the evolution  o f hydrogen and methane.

7*5* Summary.

The exact nature of the in it ia t io n  step  can only be speculated  

upon, but since the reaction i s  in it ia te d  by u ltra v io le t  l ig h t ,  i t  i s  

l ik e ly  that the s i t e  o f the in i t i a l  reaction i s  near the u ltr a v io le t  a 

absorbing group in the e ster  s id e  chain. Using molecular weight data 

i t  was deduced that the photothermal degradation proceeds by a random 

s c is s io n  process. Depolymerisation occurs from methyl methacrylate 

term inal chain rad ica ls which unzip along the polymer chain u n til an 

n—butyl a c iy la te  unit i s  encountered. Blocking, by the a c iy la te  

monomer, i s  cer ta in ly  not complete since monomeric n-butyl a c iy la te  i s  

a product o f the photothermal degradation. The rate o f  v o la t i l is a t io n
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only becomes appreciable when the methacrylate content of the copolymer 

i s  greater than 50 mole per cen t. This suggests that although the 

depropagation process can pass through sin g le  acry late  u n its , i t  i s  

very much more e f f ic ie n t ly  inh ibited  when s ig n ifica n t concentrations o f  

sequences o f two or more acrylate units occur in the polymer m olecule. 

The rate o f  chain sc is s io n  i s  independent o f the n-butyl acry late  

content fo r  copolymers o f high acrylate content, and an a ly sis  of the 

monomeric degradation products show that approximately one in fo r ty  o f  

the n-butyl acry late  un its i s  lib erated  as monomer. In s o lu b ility ,  

a sso c ia ted  w ith  a crosslin k in g  reaction , increases w ith  acrylate  content 

and irra d ia tio n  tim e. The products o f the photothermal degradation 

were id e n t if ie d  and mechanisms fo r  th e ir  production were d iscussed .



SUMMAET.

This in v estig a tio n  o f the photothermal degradation of copolymers 

o f methyl methacrylate and n-butyl acrylate i s  an extension o f an 

e a r lie r  study o f the purely thermal degradation o f the same system.

A s e r ie s  o f copolymers covering the whole composition range was
O

syn th esised  and degradation was carried  out using 2.537 -A rad iation .

The copolymers were degraded in the form o f  thin film s (100JU in
\ s 0th ick n ess) at a temperature of 165 C. The acrylate  monomer has a 

strong in h ib it in g  e f fe c t  bn the unzipping reaction in it ia te d  a t  

m ethacrylate terminal chain rad ica ls and the rate o f v o la t i l is a t io n  

only becomes appreciable when the methacrylate content of the copolymers 

i s  greater  than 50 mole per cen t.

The liq u id  degradation products, gaseous products, chain fragments 

and residue were each examined sep arately , using among other techniques, 

combined gas chromatography-mass spectrometry and in fra-red  spectroscopy. 

The liq u id  degradation products were methyl methacrylate monomer, 

n-butyraldehyde, n-butyl acrylate monomer, n-butanol and n-butyl 

m ethacrylate. Condensible gaseous products such as carbon dioxide and 

but-1-ene were not present. The trace permanent gases were hydrogen, 

carbon monoxide and methane. Where p o ss ib le , qu antitative an a lysis  

o f the degradation products was carried out.



Using molecular weight data i t  was deduced that the photothermal 

degradation proceeds by a random sc is s io n  process. The zip length  for  

depolym erisation decreases from 1,260 to  22 as the acry la te  content 

changes from 0.99 to 50 mole per cent and i t  was shown that the zip  

lengths fo r  the purely thermal degradation o f the same copolymer system  

were much le s s  than in the photothermal reaction . Prom the molar r a tio s  

o f the monomeric products i t  i s  c le a r  that approximately one in fo r ty  

o f the n-butyl acry late  un its i s  lib era ted  as monomer in the photothermal 

reaction  compared w ith one in  f iv e  in the purely thermal reaction .

The rate  of chain sc is s io n  i s  independent of the n-butyl acry late  

content fo r  copolymers o f high acry late  content and in so lu b ility  only 

develops when the acry late  content i s  greater than 50 mole per cen t.

The chain fragments were only b r ie f ly  examined.

The mechanisms fo r  the production o f  the degradation products are 

d iscussed  although the mechanism o f the formation o f n-butyraldebyde 

and n-butanol i s  not r e a lly  s a t is fa c to r i ly  explained.
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26. L.G. I sa a c s , R.B. Fox, photodeg, o f  High Polym ers, part v i i -

P h oto lysis  o f Poly(n~butyl m ethaciyalte) in  Vacuum.

U.S. Naval R es. L ab ., N.R.L. Report 6339, (1965).

27* R. Borkowski, P. Ausloos, J . Am. Chem S o c ., 83, 1053, (1961 )

28. N G ra ssie , J.R. MacCallum, J . Polym S c i . ,  A2_, 983, (196j^)



-  168

29. J .R . MacCallum, Polymer, 5# 213# (l96ii).

30* J.R . MacCallum, C.K. Schoff, Trans. Faraday Soc. In press.

31* L.D. Maxim, C.H. K uist, Polymer p reprin ts, 2*., 352, (1962).

32. N. G rassie , J.D . Torrance and J .B . Colford, J . Polym. S c i . ,  

i f ,  J ,  1^25. (1969).

33. N .G rassie , J.D . Torrance, J . Polym. S o i . ,  A1, _6, 3033, (1968).

" " * 41 , £ ,  3315, (1968)

3k* N .G rassie, A. Scotney, U niversity o f  Glasgow , unpublished.

35* N. G rassie , E. F arish , Eur. polym J . ,  3 , 627,(1967)

36. * n 11 ft «« 3 , 619, (1967).

37* P . Ausloos, Can. J . Chem. 36, 383#(l958),

38. M J . Am. Chem. S o c .,  80, 1310,(1958).

39. M.H. J . WIjnen, J . Am. Chem.Soc., 82, 303k* (i9 6 0 ).

40. R. Borkowski, P. A usloos, J . Am• Chem. S o c ., 83* 1053# (1961).

VI. P. Ausloos, R.E. Rebbert, J . Phys, Chem., 67, 163# (1963).

4 2 . N. G rassie , J.D . Fortune, U niversity o f Glasgow unpublished.

k3 . J . Brandrup, E,H. Immergut, polymer Handbook, In terscience P ublishers, 

kk* N .G rassie, J.G. Speakman, J . Polym. S c i . ,  A 1,_9» 919, (1971) P a r t ' i .  

k5* N. G rassie, J.D . Torrance, J . D. Fortune, J.D . Gemmel,

Polymer, 6_, 653, (1965).

U .6 . D.R. Bain, Ph.D. T hesis, U niversity o f Glasgow (1968) 

k l *  J* Ditchburn, Proc. Roy Soc., 236, 217#(1956).

E. Massey, F. P o tter , "Atmospheric Photochemistry”, (R .I.C .

Monograph), 1 , 2 , (1961).



-  169  -

4 8. A.A. Noyes, Leighton, “The Photochemistry o f  Gases”,

Reinhold, pp 82, 134, (1941).

49 . A.V. H il l  P roc. Roy Soc. (London), A127, 9,(1930).

50* R.U. Bonner, K. Diinbat, F.H. S tre ss , "No. Average.Mol. Wt. ”, 

In tersc ien ce , New York, (19?8).

51 • Meehrolab Model 501, High Speed Membrane Osmometer, Instruction  

Manual.

52. C.A. Parker, C.G. Hatchard, proc. Roy. S o c ., A235, 518, (1956)_

C.A. Parker, P roc. Roy. Soc. A220, 104, (1953).

53* A. Cornu, R. M assot,"Com pilation o f  Mass S p ectra l D a ta ,”

Heyden and Sons L t d . ,  presses Univ. de Prance.

54* U n certified  Dow M. Spectral Data 1963, ( Dow Chem. Co. M ichigan.)

55* H.C. H il l  “Intoduction to  Mass Spect." Heyden, London, (1966)

56. W.F. Slawson, R.D. R u sse ll, Mikrochim Acta, ± 9 165 (1963)

57* N. Grassie,H.W. M e lv ille , proc. Roy. S o c ., (London), A199, 1 , (l9|j.9).

58. N. G rassie, "Chemistiy o f High Polymer Degrad. P rocesses”, 

Butterworths, London, (1956)

59. R. Simha, L.A. W all, J . Bram., J . Chem. P h y s., 29, 894, (1958).

60 . G.G. Cameron, D,R. Kane, J . Polym. S c i . ,  B2_, 693, (1964).

» " Macrom. Chem., 109, 194, (1967).

« ” 1T3, 75, (1968).

61 . A. C harlesby, Proc.R oy. Soc. A215, 187, (1952), A222, 60, (1954)^

A224, 120, (1954) J* Polym. Science. 11, 513, (1954)



-  170  -

62. A. S h u ltz , J . Chem. P h ys., 29, 200, (1958).

63* R*W. K ilb , J . Phys. Chem., 63, 1838, (1959).

64. A. Charlesby, S.H. Pinner, Proc. Roy Soc. 249A, 367, (1959).

65* N. G rassie , J.G . Speakman, T.X.Davis, J . Polym. S c i . ,  A1, %  931»(1971

66. H .J. Harwood, Angew. Chem. Internat, E d .,_4 , 394, (1965)

67* H .J. Harwood, J . Polym. S c i . ,  B2, 601, (1964)^

68 . C.J.M. S t ir l in g , "Radicals in  Organic Chemistry11 

Oldbourne Press London.


