
Durham E-Theses

An investigation of the photoinitiated cationic

cross-linking polymerization of some epoxy resins

Matuszczak, Stephen

How to cite:

Matuszczak, Stephen (1987) An investigation of the photoinitiated cationic cross-linking polymerization

of some epoxy resins, Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk/6705/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/6705/
 http://etheses.dur.ac.uk/6705/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


AN INVESTIGATION OF THE PHOTOINITIATED 

CATIONIC CROSS-LINKING POLYMERIZATION 

OF SOME EPOXY RESINS 

by 
The copyright of this thesis rests with the author. 

No quotation from it should be published without 

his prior written consent and information derived 

from it should be acknowledged. 

STEPHEN MATUSZCZAK, B.Sc. (York) 

(Graduate S o c i e t y ) 

A t h e s i s s u b m i t t e d 

f o r t h e Degree of Doctor of P h i l o s o p h y 

t o t h e U n i v e r s i t y of Durham 

1987 



Za l]i P a r e n t s an£i l i s t e r 
f a r t h e i r e n c o u r a g e m e n t a n d s u p p o r t 

t h r o u g h o u t my e d u c a t i o n 



MEMORANDUM 

The work r e p o r t e d i n t h i s t h e s i s was c a r r i e d out i n the 

C h e m i s t r y Department o f the U n i v e r s i t y of Durham between 

O c t o b e r 1982 and October 1985. T h i s work has not been sub­

m i t t e d f o r any o t h e r degree and i s the o r i g i n a l work of the 

a u t h o r e x c e p t where acknowledged by r e f e r e n c e s . 

P a r t o f t h e work has been r e p o r t e d i n Polymer Communic­

a t i o n s (22, 162, ( 1 9 8 6 ) ) . A l s o a s p e c t s of the work have been 

p r e s e n t e d a t I n t e r n a t i o n a l Symposia c o n c e r n i n g Polymer S u r f a c e s 

and I n t e r f a c e s (Durham, A p r i l 1985), New Trends i n the Photo­

c h e m i s t r y of Polymers (Stockholm, August 1985) and The R a d i a t i o n 

C u r i n g of Polymers ( L a n c a s t e r , September 1986). 



11 

ACKNOWLEDGEMENTS 

F i r s t and foremost I would l i k e t o e x p r e s s my g r a t i t u d e 

t o my s u p e r v i s o r . P r o f . W.J. F e a s t f o r h i s encouragement, g u i d ­

ance and h e l p throughout t h e c o u r s e of t h i s work. My th a n k s 

a l s o go t o Camrex ( H o l d i n g s ) L t d . ( a l a s no more) f o r t h e i r 

f i n a n c i a l s u p p o r t and t o Dr. R. Kay, Dr. S. F u r t a r d o , Mr.A. P r e s t 

and Mr. W. Woods f o r t h e i r encouragement and a d v i c e . 

I am i n d e b t e d t o Dr. H. S. Munro f o r h i s h e l p f u l d i s c u s s ­

i o n s of v a r i o u s a s p e c t s of the p r o j e c t e s p e c i a l l y t h o s e i n v o l v i n g 

t h e use o f ESCA and must a l s o thank t h e members of the ESCA 

r e s e a r c h group, p a r t i c u l a r l y Dr. J.G. E a v e s . 

My t h a n k s go t o the c o l l e a g u e s w i t h whom I have worked, 

e s p e c i a l l y D r s . M i l l i c h a m p , Harper and W i n t e r s , a l o n g w i t h 

Mr. D. P a r k e r f o r the u s e f u l d i s c u s s i o n s and p r a c t i c a l a d v i c e . 

My th a n k s a l s o go t o Mr. D. B a r n e s f o r t h e work c a r r i e d out as 

p a r t of h i s undergraduate p r o j e c t on t h e s y n t h e s i s of the model 

e p o x i d e s . I would a l s o l i k e t o e x p r e s s my thanks t o the members 

of t h e t e c h n i c a l s t a f f , i n p a r t i c u l a r , M e s s r s . P a r k i n s o n , M c N e i l l y , 

H a r t , H a s w e l l and C o u l t a l o n g w i t h Mrs. M. Cocks. 

I must acknowledge the a s s i s t a n c e g i v e n by Dr. R.S. Matthews 

i n o b t a i n i n g and i n t e r p r e t i n g the NMR s p e c t r a and the people con­

c e r n e d a t Edin b u r g h and N e w c a s t l e U n i v e r s i t i e s f o r r u n n i n g the 

sam p l e s . I must a l s o o f f e r my thanks t o D r s . L.H. W i l l i a m s and 

M.R. Crampton ( u n r a v e l l i n g the decay k i n e t i c s of the c o l o u r e d 

s p e c i e s ) and t o the f o l l o w i n g members o f A p p l i e d P h y s i c s . Dr. 

G.J. R u s s e l ( e l e c t r o n m i c r o s c o p y ) and Dr. J . S . Thorp and Mr. C. 

W i l l i a m s (ESR s p e c t r o s c o p y ) f o r t h e i r a s s i s t a n c e . 

My s i n c e r e thanks a l s o go t o Mrs.E.M.Wood and Mrs.M.Wilson 

f o r t h e i r h e l p i n the p r o d u c t i o n of t h i s t h e s i s and f i n a l l y I 

must g r a t e f u l l y acknowledge t h e award of a g r a n t by SERC. 



AN INVESTIGATION OF THE PHOTOINITIATED CATIONIC 
CROSS-LINKING POLYMERIZATION OF SOME EPOXY RESINS 

by 

STEPHEN MATUSZCZAK 

Ph.D. T h e s i s - 1987 

ABSTRACT 

As w e l l as d e a l i n g w i t h g e n e r a l t o p i c s p e r t i n e n t to the 

p r o j e c t , t h e f i r s t c h a p t e r g i v e s the aims of the p r o j e c t and 

r e v i e w s t h e t h e o r i e s o f network f o r m a t i o n . P a r t i c u l a r a t t e n t i o n 

i s p a i d t o the o c c u r r e n c e of inhomogeneous c r o s s - l i n k i n g i n non­

l i n e a r c h a i n - g r o w t h p o l y m e r i z a t i o n s . The second c h a p t e r r e ­

v i e w s an i m p o r t a n t a s p e c t of p h o t o i n i t i a t e d p o l y m e r i z a t i o n s , 

namely t he p h o t o c h e m i s t r y of the p h o t o i n i t i a t o r used, i n t h i s 

c a s e d i p h e n y l i o d o n i u m h e x a f l u o r o p h o s p h a t e . 

The p r e p a r a t i o n and c h a r a c t e r i z a t i o n o f the p h o t o i n i t i a t o r 

and t h e c h a r a c t e r i z a t i o n of the commercial monomers a r e g i v e n i n 

chapter t h r e e . The f o u r t h c h a p t e r r e p o r t s an i n v e s t i g a t i o n of 

the e f f e c t of v a r i o u s p a r a m e t e r s on the dearee of c r o s s - l i n k i n g 

as d e t e r m i n e d by a v a r i e t y of t e c h n i q u e s . The r e s u l t s can be 

i n t e r p r e t e d i n terms o f inhomogeneous c r o s s - l i n k i n g and show t h a t 

i r r a d i a t i o n combined w i t h t h e r m a l t r e a t m e n t produces the h i g h e s t 

degree of c r o s s - l i n k i n g . Chapter f i v e d e a l s w i t h a study of 

t h e p h o t o - o x i d a t i v e s t a b i l i t y of two of the p h o t o c u r a b l e r e s i n 

s y s t e m s . C e r t a i n monomer systems were found to e x h i b i t a 

t r a n s i e n t c o l o u r a t i o n on c u r e and c h a p t e r s i x g i v e s a p o s s i b l e 

e x p l a n a t i o n f o r t h i s e f f e c t as w e l l as the r e s u l t s of experiments 

d e s i g n e d t o p r o v i d e a d d i t i o n a l v e r i f i c a t i o n . 

F i n a l l y , c h a p t e r seven r e p o r t s the outcome of attempts to 

o b t a i n low s u r f a c e f r e e energy f i l m s by t he a d d i t i o n o f s m a l l 

amounts o f p o l y f l u o r i n a t e d monoepoxides t o the c o n v e n t i o n a l 

monomers i n the hope t h a t s u r f a c e s e g r e g a t i o n of t he f l u o r i n a t e d 

m a t e r i a l would o c c u r i n the i n t e r v a l between a p p l i c a t i o n and 

c u r e o f f i l m s . 
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CHAPTER ONE 

GENERAL BACKGROUND, 

AIMS OF THE PROJECT AND 

A REVIEW OF THE THEORIES OF NETWORK FORMATION 



1.1 S u r f a c e C o a t i n g s 

The c o r r o s i o n of a m e t a l a r i s e s from c h e m i c a l and 

e l e c t r o c h e m i c a l p r o c e s s e s t h a t o c c u r on the s u r f a c e of the 

m e t a l where i t i s i n c o n t a c t v/ith i t s environment. Other 

f a c t o r s such as m e c h a n i c a l s t r e s s may h e l p t o i n i t i a t e o r 

i n c r e a s e the r a t e of c o r r o s i o n . The c o s t of c o r r o s i o n i s 

q u i t e s u b s t a n t i a l , g e n e r a l l y a c c o u n t i n g f o r a p p r o x i m a t e l y 

1% o f g r o s s n a t i o n a l product."'' D u r i n g the l a t e n i n e t e e n 

s e v e n t i e s , f o r example, i t was e s t i m a t e d t h a t the p r o t e c t i o n 

or r e p l a c e m e n t o f m e t a l s t r u c t u r e s i n America a l o n e c o s t i n 
9 2 

the r e g i o n of $15x10 a n n u a l l y . As w e l l as b e i n g e x p e n s i v e 

c o r r o s i o n i s w a s t e f u l e s p e c i a l l y i n view of the non-renewable 

s o u r c e of m e t a l s . 

The most common method used t o p r e v e n t c o r r o s i o n i s to 

c o a t t h e s u r f a c e o f the met a l w i t h an impermeable membrane 

such a s p a i n t , which p r o v i d e s a b a r r i e r between the metal 

and i t s environment. S u r f a c e c o a t i n g s may c o n t a i n many 

components, the main ones b e i n g : 

(a) t h e b i n d e r or medium, which i s r e s p o n s i b l e f o r 

many o f the p r o t e c t i v e p r o p e r t i e s of the f i l m . The b i n d e r 

i s u s u a l l y a h i g h m o l e c u l a r weight polymer or a p o l y f u n c t i o n a l 

r e s i n t h a t i s p o l y m e r i z e d a f t e r a p p l i c a t i o n t o form a c r o s s -

l i n k e d , network polymer. P r o p e r t i e s such as a d h e s i o n , tough­

n e s s , a b r a s i o n r e s i s t a n c e , f l e x i b i l i t y and r e s i s t a n c e to 

c h e m i c a l s or s o l v e n t s a r e determined by the b i n d e r 

(b) pigments, which g i v e the f i l m o p a c i t y and c o l o u r , 

can a l s o improve the d u r a b i l i t y , toughness, a d h e s i o n and 

c h e m i c a l or s o l v e n t r e s i s t a n c e of the c o a t i n g . Som.e p r o t e c t i o n 

from u l t r a v i o l e t r a d i a t i o n may a l s o be a c h i e v e d by the c h o i c e of an 



a p p r o p r i a t e pigment. A number of pigments, f o r example 

r e d l e a d , c a n i n h i b i t c o r r o s i o n of f e r r o u s m e t a l s and a r e 

used e x t e n s i v e l y i n p r i m e r c o a t i n g s . 

(c) e x t e n d e r s , w h i c h c o n t r i b u t e t o t h e o p a c i t y of t h e 

c o a t i n g c a n r e d u c e t h e need f o r the more e x p e n s i v e pigment, 

a l l o w i n g t h e p a i n t t o be m a n u f a c t u r e d more e c o n o m i c a l l y . 

E x t e n d e r s a r e chosen so t h a t t h e i r u s e does not l e a d to a 

r e d u c t i o n i n t h e e f f e c t i v e n e s s of t h e c o a t i n g . 

(d) s o l v e n t s , which a r e used t o a i d the a p p l i c a t i o n of 

th e p a i n t t o t h e s u b s t r a t e . S o l v e n t s may acc o u n t f o r up to 

a p p r o x i m a t e l y 45% of t h e mass of a p a i n t . 

O t h e r a d d i t i v e s may be i n c l u d e d t o v a r y such p r o p e r t i e s 

as t h e v i s c o s i t y , f l o w , w e t t i n g or t he s t a b i l i t y of d i s p e r s i o n s . 

S p e c i a l a d d i t i v e s such as b i o c i d e s may a l s o be i n c o r p o r a t e d 

i n t o t h e c o a t i n g . 

(A) D omestic P a i n t s 

L a t e x o r a l k y d r e s i n s a r e m o s t l y used as the b i n d e r s 

i n d o m e s t i c p a i n t s ^ w h i c h a r e employed more f o r d e c o r a t i v e 

than p r o t e c t i v e p u r p o s e s on s u b s t r a t e s such as wood. P o l y -

( v i n y l a c e t a t e ) o r a c r y l i c s p r e p a r e d by e m u l s i o n p o l y m e r i z a t i o n 

of t h e a p p r o p r i a t e monomer a r e used as t he b i n d e r s i n modern 

l a t e x p a i n t s . The d i s c r e t e p a r t i c l e s of polymer, the pigment 

and o t h e r a d d i t i v e s a r e d i s p e r s e d i n w a t e r . These p a i n t s 

have proved p o p u l a r b e c a u s e of t h e i r e a s e of a p p l i c a t i o n and 

th e l a c k o f odour a s s o c i a t e d w i t h t h e use o f o r g a n i c s o l v e n t s . 

A l k y d r e s i n s a r e bran c h e d p o l y e s t e r s p r e p a r e d from the r e ­

a c t i o n of p o l y o l s w i t h p o l y b a s i c a c i d s . The a d d i t i o n of 

monobasic f a t t y a c i d s t o the p o l y m e r i z a t i o n r e a c t i o n h e l p s to 

produce polymer t h a t can be r e a d i l y d i s s o l v e d i n o r g a n i c 



s o l v e n t s w h i c h have t o be used w i t h t h e s e p a i n t s . On 

a p p l i c a t i o n o f the p a i n t , the o r g a n i c s o l v e n t or water s l o w l y 

e v a p o r a t e s l e a v i n g the polymer or r e s i n i n the form of a 

c o n t i n u o u s f i l m w i t h the pigment and o t h e r a d d i t i v e s d i s t r i b ­

u t e d t h r o u g h o u t . I n a d d i t i o n , u n s a t u r a t e d monobasic f a t t y 

a c i d u n i t s i n the a l k y d r e s i n may r e a c t w i t h oxygen to g i v e 

some degree o f c r o s s - l i n k i n g . 

E x t e r i o r p a i n t s a r e based on s i m i l a r f o r m u l a t i o n s to 

t h o s e above but have t o be more r e s i s t a n t to w e a t h e r i n g . 

(B) I n d u s t r i a l C o a t i n g s 

4 

I n i n d u s t r y , c o a t i n g s a r e used on m e t a l , wood, con­

c r e t e and p l a s t i c s u b s t r a t e s . The a r t i c l e s c oated range 

from t h o s e produced i n h i g h volume m a n u f a c t u r i n g i n d u s t r i e s 

s u c h a s t he c a r i n d u s t r y where the c o a t i n g i s c a r r i e d out on 

a p r o d u c t i o n l i n e b a s i s , t o the c o a t i n g of l a r g e s t r u c t u r e s 

s u c h as s h i p s . P r o t e c t i o n of met a l s u b s t r a t e s from h a r s h 

e n v i r o n m e n t s may be e s s e n t i a l so t h a t d u r a b i l i t y , toughness, 

a d h e s i o n and r e s i s t a n c e t o c h e m i c a l s or s o l v e n t s become v e r y 

i m p o r t a n t . Hence c o a t i n g s based on c r o s s - l i n k e d network 

p o l y m e r s a r e w i d e l y employed. C h e m i c a l l y r e s i s t a n t c o a t i n g s 

and m a r i n e c o a t i n g s a r e examples of a p p l i c a t i o n s where the 

c o a t i n g has t o p r o t e c t the s u b s t r a t e from h a r s h environments 

and where f a i l u r e o f t h e c o a t i n g can i n c u r a h i g h economic 

p e n a l t y . 
( i ) C h e m i c a l l y R e s i s t a n t C o a t i n g s 

The p r o t e c t i o n of the f e r r o u s metal used i n the 

f a b r i c a t i o n o f , f o r example, p i p e l i n e s and c h e m i c a l tanks 

i n c l u d i n g t h o s e on carg o s h i p s i s v e r y i m p o r t a n t as they may 



c a r r y a g g r e s s i v e c h e m i c a l s or s o l v e n t s . C h e m i c a l l y r e s i s t a n t 

c o a t i n g s ^ a r e u s u a l l y f o r m u l a t e d f o r s p e c i f i c u s e s , as one 

type o f c o a t i n g cannot be e x p e c t e d to perform w e l l a g a i n s t the 

wide v a r i e t y of e n v i r o n m e n t s , c h e m i c a l s or s o l v e n t s t h a t can 

be e n c o u n t e r e d . C o a t i n g s may a l s o p r e v e n t the c o n t e n t s of 

the ta n k o r p i p e l i n e from becoming c o n t a m i n a t e d w i t h , f o r 

example, i r o n o r r u s t . 

The c o a t i n g may be f o r m u l a t e d so t h a t i t i s imper­

v i o u s not o n l y to a i r , oxygen, w a t e r or carbon d i o x i d e but t o 

e l e c t r o n s and i o n s . R e s t r i c t i n g t h e m o b i l i t y of e l e c t r o n s 

and i o n s may be the most i m p o r t a n t f a c t o r i n p r e v e n t i n g c o r r o s ­

i o n . ^ As f a r as p o s s i b l e the c o a t i n g must be f r e e of imper­

f e c t i o n s such as p i n h o l e s but i f they do o c c u r the ad h e s i o n 

of t h e c o a t i n g to the s u b s t r a t e must be such t h a t the damage 

i s l i m i t e d t o the a r e a of the i m p e r f e c t i o n . I n g e n e r a l , 

a d h e s i o n and the p r e p a r a t i o n of the s u b s t r a t e s u r f a c e a r e 

e x t r e m e l y i m p o r t a n t i n i n d u s t r i a l c o a t i n g s . An a l t e r n a t i v e 

a pproach does not r e l y on t h e impermeable n a t u r e of the c o a t i n g 

t o p r e v e n t c o r r o s i o n but on the use of pigments t h a t i n h i b i t 

c o r r o s i o n i n a p r i m e r c o a t i n g . G e n e r a l l y i n e r t c o a t i n g s a r e 

used f o r s t r u c t u r e s w h i c h a r e s u b j e c t t o c o n t i n u a l w e t t i n g or 

immersion where m e c h a n i c a l damage i s u n l i k e l y t o o c c u r , as 

f o r example, i n the i n t e r i o r of c h e m i c a l t a n k s . I n h i b i t i v e 

c o a t i n g s a r e used on s t r u c t u r e s which may be s u b j e c t t o 

w e a t h e r i n g , h i g h h u m i d i t y o r c h e m i c a l fumes such as the ex­

t e r i o r o f chem.ical s t o r a g e t a n k s . 

The b i n d e r s used i n c h e m i c a l l y r e s i s t a n t c o a t i n g s 

a r e o f f o u r t y p e s : 



(a) S o l u b l e polymers s u c h as c h l o r i n a t e d r u b b e r s or v i n y l 

c h l o r i d e - v i n y l a c e t a t e c o p o l y m e r s . The polymer i s d i s s o l v e d 

i n a s u i t a b l e s o l v e n t i n which o t h e r i n s o l u b l e a d d i t i v e s such 

as pigments a r e d i s p e r s e d . 

(b) C r o s s - l i n k e d networks produced by the in situ r e a c t i o n 

o f two r e a g e n t s . Epoxy r e s i n s c u r e d w i t h amine or amide 

compounds and the f o r m a t i o n of p o l y u r e t h a n e networks are 

examples of c o - r e a c t i n g s y s t e m s . S o l v e n t s a r e g e n e r a l l y 

used i n s u c h s y s t e m s and a l t h o u g h the c r o s s - l i n k i n g polymer­

i z a t i o n may p r o c e e d a t ambient t e m p e r a t u r e s , h e a t may be r e ­

q u i r e d t o g i v e a h i g h degree o f c u r e . 

(c) C r o s s - l i n k e d networks produced by h e a t i n g the r e s i n w i t h 

o r w i t h o u t a c u r i n g a g e n t . Examples of t h i s type of c o a t i n g 

i n c l u d e t h o s e b a s e d on phenol-formaldehyde r e s i n s e i t h e r a l o n e 

or i n c o n j u n c t i o n w i t h epoxy r e s i n s , and epoxy powder c o a t i n g s . 

(d) I n o r g a n i c b i n d e r s s u c h as z i n c s i l i c a t e s . These c o a t i n g s 

a r e formed by r e a c t i n g an a l k a l i m e t a l s i l i c a t e or h y d r o l y s e d 

e t h y l s i l i c a t e w i t h m e t a l l i c z i n c t o form a z i n c s i l i c a t e m a t r i x 

s u r r o u n d i n g p a r t i c l e s of z i n c . 

E a c h o f t h e above c o a t i n g s s y s t e m has i t s advantages 

and d i s a d v a n t a g e s but epoxy r e s i n s c u r e d w i t h p o l y f u n c t i o n a l 

amines o r amides have the w i d e s t range of d e s i r a b l e p r o p e r t i e s 

and have been us e d v e r y s u c c e s s f u l l y i n c h e m i c a l l y r e s i s t a n t 

c o a t i n g s . 

( i i ) Marine C o a t i n g s 

Any u n p r o t e c t e d m e t a l such a s s t e e l , on s h i p s or 

s t a t i c s t r u c t u r e s , exposed t o a marine environment w i l l be 

r a p i d l y s u b j e c t t o c o r r o s i o n . ^ S u r f a c e c o a t i n g s alone may 



not p r o v i d e t o t a l p r o t e c t i o n so t h a t a c ombination of c o a t i n g 

and e l e c t r i c a l methods a r e used to p r e v e n t c o r r o s i o n . The 

l a t t e r method i n v o l v e s p l a c i n g an e l e c t r i c a l charge on the 

o b j e c t t o be p r o t e c t e d , p r e v e n t i n g the e l e c t r o c h e m i c a l pro­

c e s s e s a s s o c i a t e d w i t h c o r r o s i o n from o c c u r r i n g . The c o a t i n g s 

most w i d e l y used i n marine environments tend t o be of the co-

r e a c t i n g t y p e , t h a t i s epoxy r e s i n s , c o a l - t a r e p o x i e s and 

p o l y u r e t h a n e s . Again s u r f a c e p r e p a r a t i o n of the s u b s t r a t e i s 

v e r y i m p o r t a n t so t h a t the f i r s t c o a t adheres w e l l t o the 

s u b s t r a t e . 

One of the u n d e s i r a b l e consequences of immersion i n 

a marine environment i s the growth or attachment of marine 

organisms ( a n i m a l s and p l a n t s ) to the s t r u c t u r e . T h i s i s 

known as f o u l i n g and when i t o c c u r s on the h u l l of a s h i p i t 

c a u s e s an i n c r e a s e i n f u e l consumption by i n c r e a s i n g the 

f r i c t i o n a l r e s i s t a n c e to motion. On s t a t i c s t r u c t u r e s , 

f o u l i n g may damage p r o t e c t i v e c o a t i n g s and p r e v e n t s proper 

i n s p e c t i o n of the s t r u c t u r e f o r f a t i g u e or c o r r o s i o n . P r e ­

v e n t i n g the growth of t h e s e organisms i s t h u s of c o n s i d e r a b l e 

p r a c t i c a l i m p o r t a n c e . 

F o u l i n g may be e l i m i n a t e d or reduced by the use of 

s p e c i a l p a i n t s t h a t c o n t a i n b i o c i d e s of low w a ter s o l u b i l i t y 

c a p a b l e of k i l l i n g the organisms. P r o t e c t i n g t h e h u l l o f a 

s h i p below t h e w a t e r l i n e u s u a l l y i n v o l v e s a c o a t i n g of imper­

meable or c o r r o s i o n i n h i b i t i v e primer f o l l o w e d by one or two 

c o a t s of an a n t i - f o u l i n g p a i n t which may c o n t i n u a l l y r e l e a s e 

b i o c i d e i n one of t h r e e ways. 

The f i r s t approach i n v o l v e s f o r m u l a t i n g the c o a t i n g 

s o t h a t t h e p a r t i c l e s of b i o c i d e such as copper (I) oxide a r e 

i n v i r t u a l l y c o n t i n u o u s c o n t a c t . As the b i o c i d e i s l e a c h e d 



from t h e s u r f a c e o f t he c o a t i n g , w a t e r i s a b l e t o p e n e t r a t e 

i n t o t h e b u l k of t h e c o a t i n g and l e a c h out b i o c i d e , s i n c e the 

p a r t i c l e s of b i o c i d e a r e i n c o n t i n u o u s c o n t a c t . However the 

e f f e c t i v e n e s s of t h i s type of a n t i - f o u l i n g p a i n t does d i m i n i s h 

w i t h t i m e . The second approach i n v o l v e s u s i n g a r e s i n b i n d e r 

t h a t i s s l i g h t l y s o l u b l e i n s e a w a t e r . As t he b i n d e r s l o w l y 

d i s s o l v e s , a f r e s h s u r f a c e c o n t a i n i n g b i o c i d e i s c o n t i n u a l l y 

exposed. R o s i n , a n a t u r a l r e s i n o b t a i n e d as a by-product 

from t h e t i m b e r i n d u s t r y , i s commonly used as t he b i n d e r i n 

t h i s t y p e o f a n t i - f o u l i n g p a i n t . A t h i r d type of a n t i - f o u l i n g 

p a i n t h a s been d e v e l o p e d i n which the b i n d e r i s a polymer or 

copolymer c o n t a i n i n g an o r g a n o - t i n moiety a t t a c h e d by an e s t e r 

l i n k a g e t o t h e polymer c h a i n . On exposure t o s l i g h t l y a l k a l i n e 

w a t e r , t h e t i n e s t e r l i n k s a r e h y d r o l y s e d r e l e a s i n g the organo-

t i n b i o c i d e , l e a v i n g t h e polymer as a p o l y a c r y l a t e s a l t which 

s l o w l y d i s s o l v e s e x p o s i n g f r e s h polymer. An added advantage 

of t h e l a t t e r two systems i s the p r e f e r e n t i a l removal of b i n d e r 

from h i g h s p o t s on t he s u r f a c e p r o f i l e t h a t p r o t r u d e i n t o the 

r e g i o n o f t u r b u l e n t flow a d j a c e n t t o t h e s u r f a c e . The r e s u l t 

i s a d e c r e a s e i n t h e s u r f a c e roughness of the c o a t i n g . Thus 

v i s c o u s drag by f o u l i n g i s p r e v e n t e d and as the s u r f a c e of the 

c o a t i n g becomes smoother w i t h i n c r e a s e d s e r v i c e , v i s c o u s drag 

i s f u r t h e r r e d u c e d r e s u l t i n g i n an a d d i t i o n a l s a v i n g of f u e l . 

1.2 Reasons f o r t h e I n t e r e s t i n the P h o t o i n i t i a t e d 
C u r e o f R e s i n s 

I n t h e l a t e n i n e t e e n s i x t i e s t h e r e was growing c o n c e r n 

about t h e e n v i r o n m e n t a l e f f e c t s of the e m i s s i o n of o r g a n i c 

s o l v e n t s , p a r t i c u l a r l y a r o m a t i c s o l v e n t s , from i n d u s t r i a l pro-



c e s s e s such as s u r f a c e c o a t i n g s and p r i n t i n g i n k s . I n 

A m e r i c a t h i s c oncern led t o l e g i s l a t i o n and s e v e r e r e s t r i c t i o n s 

on t h e amount and n a t u r e of s o l v e n t s d i s c h a r g e d i n t o the a t ­

mosphere. E l i m i n a t i n g the use of s o l v e n t s i n s u r f a c e c o a t i n g s 

and p r i n t i n g i n k s i s a l s o e c o n o m i c a l l y d e s i r a b l e and r e d u c e s 

h e a l t h and f i r e h a z a r d s . 

The r e q u i r e m e n t f o r s o l v e n t f r e e c o a t i n g s gave impetus 

t o t h e s tudy and development of the p h o t o i n i t i a t e d c r o s s -

l i n k i n g of r e s i n s , p a r t i c u l a r l y t o the development of new 

p h o t o i n i t i a t o r s . Other p o t e n t i a l advantages a s s o c i a t e d w i t h 

the p h o t o c u r i n g of r e s i n s a r e the energy e f f i c i e n c y of such 

s y s t e m s s i n c e the h e a t i n g s t a g e r e q u i r e d f o r some c o n v e n t i o n a l 

c o a t i n g s might not be n e c e s s a r y , the e f f i c i e n t c u r e of c o a t i n g s 

on h e a t s e n s i t i v e s u b s t r a t e s , and t h e p o s s i b i l i t y of u s i n g one 

pack s y s t e m s . The p o t e n t i a l f o r e l i m i n a t i n g the need f o r 

s o l v e n t s i n c o a t i n g s i s not now a prime rea s o n f o r the use of 
8 9 

photocurable s y s t e m s . ' G e n e r a l l y , where s o l v e n t f r e e c o a t i n g s 

have been r e q u i r e d the use of h i g h s o l i d s or w a ter based 

c o a t i n g s has predominated due t o t h e i r s i m i l a r i t y t o the con­

v e n t i o n a l s o l v e n t based s y s t e m s . However t h e r e i s c o n t i n u e d 

i n t e r e s t i n p h o t o c u r i n g systems b e cause of the q u a l i t y of the 

c o a t i n g s produced such as improved g l o s s and the r a p i d i t y of 

the c u r i n g p r o c e s s which c o n t r i b u t e s g r e a t l y to the c o s t 

e f f e c t i v e n e s s of such s y s t e m s . 

1.3 O b j e c t i v e s of the Work Reported i n t h i s T h e s i s 

The work r e p o r t e d i n t h i s t h e s i s i s a r e s u l t of a c a s e 

p r o j e c t c a r r i e d out i n c o n j u n c t i o n w i t h Camrex (H o l d i n g s ) L t d , 



10 

The i n i t i a l o b j e c t i v e s were t o i n v e s t i g a t e the f a c t o r s 

a f f e c t i n g the p h o t o i n i t i a t e d c r o s s - l i n k i n g of c o m m e r c i a l l y 

a v a i l a b l e epoxy r e s i n s and t h e p r o p e r t i e s of t h e c u r e d r e s i n s 

r e l e v a n t t o t h e p o t e n t i a l use of su c h systems as s u r f a c e 

c o a t i n g s . A l though the work was c a r r i e d out w i t h a view t o 

t h e u s e o f t h e p h o t o c u r i n g systems i n the g e n e r a l a r e a of 

i n d u s t r i a l c o a t i n g s , one of the a p p l i c a t i o n s of p a r t i c u l a r 

i n t e r e s t i n i t i a l l y was t h e i r use a s c h e m i c a l l y r e s i s t a n t 

m a r i n e tank c o a t i n g s . 

The p r o j e c t d e v e l o p e d t o i n c l u d e i n v e s t i g a t i o n s i n t o 

t h e e f f e c t of the p h o t o c u r i n g p r o c e s s on the p h o t o s t a b i l i t y 

o f t h e c u r e d sytems and t h e t r a n s i e n t c o l o u r a t i o n o b s e r v e d 

i n c e r t a i n r e s i n s when p h o t o c a t i o n i c a l l y c u r e d . Attempts 

were a l s o made t o p r e p a r e c u r e d f i l m s w i t h f l u o r i n a t e d s u r f a c e s , 

T h i s i n v o l v e d t h e s y n t h e s i s o f f l u o r i n a t e d e p o x i d e s t h a t were 

t h e n added i n s m a l l amounts t o commercial r e s i n s i n the hope 

t h a t t h e y would m i g r a t e t o t he s u r f a c e p r i o r t o c u r e . The 

u s e o f sm.all amounts o f m a t e r i a l c o n t a i n i n g f l u o r i n e would 

not make su c h c o a t i n g s e x p e n s i v e y e t they would have the d e s i r ­

a b l e s u r f a c e p r o p e r t i e s of f l u o r i n a t e d p o lymers. 

1.4 C l a s s i f i c a t i o n o f P o l y m e r i z a t i o n R e a c t i o n s 

P o l y m e r i z a t i o n r e a c t i o n s and t h e polymers formed were 

c l a s s i f i e d by C a r o t h e r s as e i t h e r c o n d e n s a t i o n or a d d i t i o n 

depending on t h e mechanism of monomer r e a c t i o n . C l a s s i f i c ­

a t i o n by t h i s method i s somewhat l i m i t e d and has l e d polymer­

i z a t i o n r e a c t i o n s t o be f u r t h e r c l a s s i f i e d on t h e b a s i s of the 

mechanism by which t h e growth o f polymer c h a i n s o c c u r s . "̂̂  

The two p o s s i b l e mechanisms a r e step-growth and c h a i n - g r o w t h . 
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(A) Step-Growth P o l y m e r i z a t i o n s 

The m a j o r i t y of c o n d e n s a t i o n p o l y m e r i z a t i o n s proceed 

via a s t e p - g r o w t h mechanism. A c h a r a c t e r i s t i c of conden­

s a t i o n p o l y m e r i z a t i o n s i s the e l i m i n a t i o n of a s m a l l mole­

c u l e s u c h as w a t e r from each r e a c t i o n of a monomer molecule. 

An example of t h i s t y p e of p o l y m e r i z a t i o n i s the formation 

o f n y l o n 6,6 from h e x a n e d i o i c a c i d and 1,6-diaminohexane: 
0 0 0 0 
II II II II 

+ 2n H2O 

An example o f a ste p - g r o w t h p o l y m e r i z a t i o n t h a t i s a l s o an 

a d d i t i o n p o l y m e r i z a t i o n i s the f o r m a t i o n of a pol y u r e t h a n e 

from a d i o l and a d i i s o c y a n a t e : 
n H O - f - C H : r l r - O H + n 0 = C = N - f - C H r - b N = C = 0 

2 U 2 K) 

0 
II 

H - 0 - 1 - C H r - h - O C N H - { - C H r t NHC- j -
2 u 20 n 

The c r o s s - l i n k i n g of epoxy r e s i n s u s i n g amine and a c i d an­

h y d r i d e c u r i n g a g e n t s proceeds via a step-growth a d d i t i o n 

mechanism. 

The monomer m o l e c u l e s r e a c t i n d i s c r e t e s t e p s w i t h each 

o t h e r o r w i t h e i t h e r end of a polymer c h a i n . As a r e s u l t , 

t h e r a t e o f growth of polymer c h a i n s i s slow and a wide d i s t ­

r i b u t i o n of c h a i n l e n g t h s o c c u r s . Polymer w i t h a high number-

a v e r a g e degree of p o l y m e r i z a t i o n , DPj^/ i s o n l y formed a t high 

c o n v e r s i o n s o f monomer f u n c t i o n a l i t y and can be d i f f i c u l t to 

o b t a i n by su c h p o l y m e r i z a t i o n s . DP^ i s the average number 

of r e p e a t u n i t s p e r polymer c h a i n . 

(B) Chain-Growth P o l y m e r i z a t i o n s 

A d d i t i o n polymers a r e c h a r a c t e r i z e d by the r e p e a t u n i t 

h a v i n g t h e same m o l e c u l a r w e i g h t as the monomer and tend to 

be formed by a c h a i n - g r o w t h mechanism a l t h o u g h t h e r e are a 
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number of e x c e p t i o n s . The p o l y m e r i z a t i o n of a l k e n e s such 

as s t y r e n e proceeds by a c h a i n - g r o w t h mechanism t o g i v e an 

a d d i t i o n polymer: 

n C H = C H iniii^lH. - t -CH — C H - h 2 I 2 , n 
Ph Ph 

A whole range of u s e f u l a d d i t i o n polymers may be p r e p a r e d 

from m o n o s u b s t i t u t e d a l k e n e s . 

Three d i s t i n c t r e a c t i o n s o c c u r i n c h a i n - g r o w t h polymer­

i z a t i o n s u n l i k e step-growth p o l y m e r i z a t i o n s where t h e r e i s 

o n l y one type of r e a c t i o n . I n i t i a t i o n , p r o p a g a t i o n and 

t e r m i n a t i o n a r e t he t h r e e r e a c t i o n s . I n i t i a t i o n i n v o l v e s 

a dding o r g e n e r a t i n g in situ a s p e c i e s t h a t r e a c t s w i t h a 

monomer mo l e c u l e t o produce an a c t i v e c e n t r e . P r o p a g a t i o n 

o r growth of a polymer c h a i n p r o c e e d s by the r e p e a t e d r e ­

a c t i o n of a monomer w i t h an a c t i v e c e n t r e l o c a t e d a t the end 

of t h e c h a i n . _ The r e a c t i v e s p e c i e s may be f r e e r a d i c a l , 

c a t i o n i c , a n i o n i c or o r g a n o m e t a l l i c i n n a t u r e . S i n c e h i g h 

a v e r a g e m o l e c u l a r w e i g h t polymer i s r a p i d l y formed, the p o l y ­

m e r i z a t i o n m i x t u r e m a i n l y c o n s i s t s of monomer and long c h a i n 

polymer a t any time. As the r e a c t i o n p r o c e e d s , the am.ount o f 

monomer p r e s e n t s t e a d i l y d e c r e a s e s and the y i e l d of polymer 

i n c r e a s e s but the DP of t h i s m a t e r i a l does not i n c r e a s e s i g n -
n 

i f i c a n t l y . ' Under c e r t a i n c o n d i t i o n s , t h e t e r m i n a t i o n pro­

c e s s e s t h a t k i l l the growth of polymer c h a i n s c a n be e l i m i n a t e d 

g i v i n g r i s e t o l i v i n g p o l y m e r i z a t i o n s . 

Problems i n o b t a i n i n g h i g h m o l e c u l a r w e i g h t polymer can 

a r i s e i n chain-growth p o l y m e r i z a t i o n s due t o the o c c u r r e n c e of 

t r a n s f e r p r o c e s s e s , i n which, f o r example, t h e ' r e a c t i v e s p e c i e s ' 

i s t r a n s f e r r e d from a growing polymer c h a i n to a monomer molec u l e . 
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Growth o f a new polymer c h a i n then o c c u r s from t h i s monomer 

m o l e c u l e . 

(C) Ring-Opening P o l y m e r i z a t i o n s 

Ring-opening p o l y m e r i z a t i o n s can be used t o prepare 

p o l y m e r s i d e n t i c a l t o those produced by c o n d e n s a t i o n polymer­

i z a t i o n of n o n - c y c l i c monomers. G e n e r a l l y a compound i s 

r e q u i r e d t o i n i t i a t e t h e r i n g - o p e n i n g p o l y m e r i z a t i o n . F o r 

example, c a p r o l a c t a m p o l y m e r i z e s i n the p r e s e n c e of a s m a l l 

amount of w a t e r t o y i e l d n y l o n 6, which c o u l d be regarded as 

th e c o n d e n s a t i o n p r o d u c t of 6-aminohexanoic a c i d : 
0 

n H N - H C H = ^ C = 0 ^[°^^ • - ( - N H - ( - C H : r ^ C - > -I 2 5 I H j O 2 5 n 

Polymer c h a i n f o r m a t i o n i n t h i s type of p o l y m e r i z a t i o n 

a p p e a r s t o be i n t e r m e d i a t e i n c h a r a c t e r between step-growth 

and c h a i n - g r o w t h . Such p o l y m e r i z a t i o n s resemble s t e p -

growth p o l y m e r i z a t i o n s i n t h a t the DP^ of the polymer formed 

g e n e r a l l y i n c r e a s e s as the r e a c t i o n proceeds which i s a con­

sequence o f t he i n i t i a t i o n and p r o p a g a t i o n s t e p s being s i m i l a r 

i n r a t e and mechanism. However, l i k e chain-growth polymer­

i z a t i o n s , monomer a d d i t i o n o c c u r s e x c l u s i v e l y t o c h a i n mole­

c u l e s and t h e y i e l d of polymer i n c r e a s e s as the r e a c t i o n 

p r o g r e s s e s . 

The homopolymerization of e p o x i d e s such as o x i r a n e may 

be i n i t i a t e d by, f o r example, a l c o h o l s or t h i o l s and i s c a t a l ­

y s e d by a c i d or b a s e , e.g. 

ROH + H ^ C — C H ^ ' ROCH^CH^OH • RO f - C H 2 C H 2 H 

nA 
RO ( - C H - C H . O - ) - T r H 

2 2 n * 2 
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The growth of t h e polymer c h a i n s p r o c e e d s by a mechanism 

s i m i l a r t o t h a t above. The c a t i o n i c r i n g - o p e n i n g homopoly-

m e r i z a t i o n of e p o x i d e s however p r o c e e d s by a chain-growth 

mechanism. 

1.5 Epoxy R e s i n s 

When c u r e d , c o mmercial epoxy r e s i n s g e n e r a l l y have 

good o v e r a l l p r o p e r t i e s s u c h as t h e r m a l s t a b i l i t y , s o l v e n t 

and c h e m i c a l r e s i s t a n c e , m e c h a n i c a l s t r e n g t h , f l e x i b i l i t y 

and a d h e s i o n . •'•̂  ' •'•"̂' •'"̂  The a b i l i t y of epoxy r e s i n s to r e a d i l y 

undergo p h o t o c a t i o n i c c u r e combined w i t h t h e p o t e n t i a l l y good 

p r o p e r t i e s of t h e c u r e d r e s i n s were the r e a s o n s f o r t h e i r 

c h o i c e as t he monomers t o be used i n t h i s s t u d y . 

(A) S y n t h e s i s of Epoxy R e s i n s 

The f i r s t c o m m e r c i a l l y developed and s t i l l the most 

w i d e l y used epoxy r e s i n s a r e those based on the r e a c t i o n of 

e p i c h l o r o h y d r i n , ECH, ( c h l o r o m e t h y l o x i r a n e ) and b i s p h e n o l A, 

BPA, ( 4 , 4 ' ( 1 - m e t h y l e t h y l i d e n e ) b i s p h e n o l ) . The main r e a s o n s 

f o r t h e development, w h i c h o c c u r r e d i n the e a r l y n i n e t e e n 

f o r t i e s , and c o n t i n u e d s u c c e s s of t h e s e r e s i n s a r e the cheap­

n e s s and a v a i l a b i l i t y o f b i s p h e n o l A and the p r o p e r t i e s of the 

r e s i n s when c u r e d by a v a r i e t y of c r o s s - l i n k i n g a g e n t s . 

The r e a c t i o n between BPA and ECH i s shown o v e r l e a f . 

The i n t e r m e d i a t e ( I ) c a n r e a c t w i t h BPA t o y i e l d h i g h e r mole­

c u l a r w e i g h t d i p h e n o l s ( I I ) which w i l l g i v e r i s e to h i g h e r 

m o l e c u l a r w e i g h t r e s i n s c o n t a i n i n g s e c o n d a r y h y d r o x y l groups. 
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C H , C H -

»0~(oyC-(oyOH + C H ^ C H C H ^ C I 

O H CI 

N Q O H 

I 
C H 

H0-^O ) -C-(o)-0CH2CH -CH. 
C H , 

NaOH 

C H - O H 
I 

C H - C H -

H O H ( O ) - C - ^ O C H 2 C H C H 2 0 - { O ) - C H ( O ) - O H - ^ ^ 

C H - C H - C H . 

( I I ) 

0 

C H ^ - C H C H ^ O - ^ O ) - C - ( O ) - O C H 2 C H - C H 

NaOH 

E C H 

C H , 

CH-

2 

I I I ) 

A l t e r n a t i v e l y ( I ) can r e a c t w i t h ECH to produce the s i m p l e 

d i g l y c i d y l e t h e r o f b i s p h e n o l A, DGEBA, ( 2 , 2 [ ( 1 - m e t h y l e t h y l -

i d e n e ) b i s ( 4 , 1-pheny leneoxymethylene) ] b i s o x i r a n e ) , ( I I I ) . U s i n g 

a r a t i o of ECH to BPA of 10:1 g r e a t l y i n c r e a s e s the y i e l d of 

( I I I ) b ut s m a l l amounts of the h i g h e r m o l e c u l a r weight m a t e r i a l 

w i l l s t i l l be produced. 

Epoxy n o v o l a c r e s i n s p r o v i d e g r e a t e r c r o s s - l i n k d e n s i t y 

when c u r e d because of the i n c r e a s e d number of epoxide r i n g s 

p er r e s i n m o l e c u l e . R e s i n s of t h i s type a r e p r e p a r e d from 

t h e r e a c t i o n of polyhydroxy p h e n o l i c compounds, ( I V ) , and ECH. 

Compounds such as (IV) a r e obtained- from the a c i d c a t a l y s e d 

c o n d e n s a t i o n r e a c t i o n of phenol and formaldehyde: 

O H 

(n*1) H — C — H + (n*2) [Q 

O H 

• C H : 

O H 

- C H : 

O H 

( I V ) 

The methylene groups l i n k the a r o m a t i c r i n g s via the ortho 

o r para p o s i t i o n s . R e a c t i o n of compounds such as ( I V ) w i t h 

e r i c h l o r o h y d r i n , y i e l d s r e s i n s of the f o l l o w i n g g e n e r a l s t r u c t ­

u r e : 
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0 
OCH2CH-CH2 

0 
OCH2CH-CH2 

•CH; 

A 
OCH2CH-CH2 

When n=0, ( I V ) i s known a s b i s p h e n o l F but n may be as h i g h 

as t h r e e . 

Epoxy r e s i n s b a s e d on b i s p h e n o l A a r e produced i n the 

g r e a t e s t amounts b ut o t h e r t y p e s of epoxy r e s i n s i n a d d i t i o n 

to epoxy n o v o l a c s a r e c o m m e r c i a l l y a v a i l a b l e f o r s p e c i a l i s t 

use o r as r e a c t i v e d i l u e n t s 12 T a b l e 1.1 shows some examples, 

TABLE 1.1 A d d i t i o n a l Examples of C o m m e r c i a l l y A v a i l a b l e 
Epoxy R e s i n s 

Type Example 

a l i p h a t i c g l y c i d y l 

e t h e r s 
0 0 

/ \ / \ 
CH2-CHCH2O—(-CH24^0CH2CH—CH2 

g l y c i d y l e s t e r s 

\^CO-CH-CH—CH. 

g l y c i d y l amines 

\ / ^CH2CH—CH2 
0 

c y c l o a l i p h a t i c 

e p o x i e s 

0 

The f i r s t t h r e e t y p e s of r e s i n a r e u s u a l l y p r e p a r e d by 

r e a c t i n g t h e a p p r o p r i a t e d i o l , d i c a r b o x y l i c a c i d or amine w i t h 

e p i c h l o r o h y d r i n . C y c l o a l i p h a t i c e p o x i e s a r e pr e p a r e d by 
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o x i d a t i o n o f t h e double bonds of the c o r r e s p o n d i n g a l k e n e s 

u s i n g p e r a c i d s . The use of t h i s l a t t e r type of r e s i n i n 

s u r f a c e c o a t i n g s used t o p r e v e n t c o r r o s i o n may become im­

p o r t a n t , s i n c e t h e y have a low i o n i c i m p u r i t y c o n t e n t . 

(B) C o n v e n t i o n a l Cure of Epoxy R e s i n s 

The c o n v e r s i o n of an epoxy r e s i n t o an i n s o l u b l e , t h r e e -

d i m e n s i o n a l network polymer i s brought about by the use of a 

c h e m i c a l l y a c t i v e compound known as a c u r i n g agent. To o b t a i n 

a c r o s s - l i n k e d polymer, the r e s i n and c u r i n g agent must have 

a combined f u n c t i o n a l i t y g r e a t e r than or e q u a l t o f i v e . For 

example t h e r e s i n c o u l d be d i f u n c t i o n a l and the c u r i n g agent 

t r i f u n c t i o n a l or vice versa. The c h a r a c t e r i s t i c s and pro­

p e r t i e s of t h e c u r e d r e s i n w i l l be dependant upon the s t r u c t u r e 

of t h e c r o s s - l i n k e d network. Hence the e x t e n t of r e a c t i o n 

of f u n c t i o n a l groups, the d e n s i t y of c r o s s - l i n k s , the s t r u c t u r e 

of t h e r e s i n between c r o s s - l i n k s and the n a t u r e of the c u r i n g 

a gent employed w i l l a f f e c t the p r o p e r t i e s of the cured r e s i n . 

The c h o i c e of r e s i n s and c u r i n g a g ents a v a i l a b l e g i v e s a wide 

s p e c t r u m of p o s s i b l e p r o p e r t i e s , r a n g i n g from h i g h l y f l e x i b l e , 

r u b b e r - l i k e f i l m s t o h a r d or b r i t t l e f i l m s . T h i s range of 

a c c e s s i b l e p r o p e r t i e s has c o n t r i b u t e d g r e a t l y t o the e x t e n s i v e 

use o f epoxy r e s i n systems in a variety of a p p l i c a t i o n s . 

G e n e r a l l y c u r i n g a g ents w i l l r e a c t w i t h epoxy r e s i n s under 

ambient c o n d i t i o n s which n e c e s s i t a t e s the use of two pack 

s y s t e m s . The r e s i n and c u r i n g agent a r e s u p p l i e d s e p a r a t e l y 

and o n l y mixed p r i o r t o a p p l i c a t i o n . Three c l a s s e s of com­

pound w i d e l y used as c u r i n g agents a r e p o l y f u n c t i o n a l amines 

and amides, a c i d a n h y d r i d e s and t e r t i a r y amines.''"^' ̂"̂  P o l y ­

f u n c t i o n a l i s o c y a n a t e s a r e a l s o used t o c u r e epoxy r e s i n s but 
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u n l i k e the o t h e r c u r i n g a g e n t s , they do not r e a c t w i t h the 
12 

o x i r a n e r i n g t o produce a c r o s s - l i n k e d network. 

( i ) P o l y f u n c t i o n a l Amine and Amide C u r i n g Agents 

G e n e r a l l y l i n e a r and branched p r i m a r y and se c o n d a r y 

amines w i l l r e a c t w i t h g l y c i d y l e t h e r s a t room t e m p e r a t u r e , 

however a r e a s o n a b l y f a s t and more thorough c u r e of o t h e r t y p e s 

of epoxy r e s i n s i s o n l y a c h i e v e d a t h i g h e r t e m p e r a t u r e s . Each 

N-H bond of the amine group can r e s u l t i n t h e opening of one 

o x i r a n e r i n g . P r i m a r y amines r e a c t t o g i v e secondary amines 

which can then r e a c t w i t h a n o t h e r o x i r a n e r i n g : 

OH 

R - N H ^ + C H = - C H - R ' • R - N H - C H ^ C H - R ' 

C H 2 - C H - R ' 

OH 

R - N - C H X H - R ' 
I 2 

C H - C H - R ' 
1̂ 
OH 

I n s t e p - g rowth p o l y m e r i z a t i o n s of t h i s t y p e , the f u n c t i o n ­

a l i t y of t h e o x i r a n e r i n g i s t a k e n as one s i n c e a h y d r o x y l 

group i s produced on r i n g - o p e n i n g . The r e a c t i o n i s c a t a l y s e d 

by s m a l l amounts of a l c o h o l o r o t h e r hydrogen d o n a t i n g s p e c i e s 

and s i n c e h y d r o x y l groups a r e produced on opening the o x i r a n e 

r i n g , the r e a c t i o n i s a u t o c a t a l y t i c . 

A t y p i c a l amine used as a c u r i n g agent i s d i e t h y l e n e t r i -

amine: 

H 2 N - ( — C H 2 + 2 - N H H - C H 2 4 2 N H 2 

The amine c u r i n g agents c a n be m o d i f i e d , f o r example p r i m a r y 

amines a r e r e a c t e d w i t h k e t o n e s t o g i v e k e t i m i n e s (V) which 
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a c t as l a t e n t i n i t i a t o r s a c t i v a t e d i n the presence of 

moisture: 

R2C = N - R ' + H ^ O • R2CO + H 2 N - R ' 

(V) 

Aromatic primary and secondary amines are a l s o used as curing 

agents. The chemistry of the c r o s s - l i n k i n g reaction i s 

s i m i l a r to t h a t of a l i p h a t i c amines but as the amine groups 

are l e s s b a s i c , higher temperatures are required for e f f i c i e n t 

cure i f a c c e l e r a t o r s are not used. 

The p o l y f u n c t i o n a l amides used as curing agents are com­

plex mixtures containing enough f r e e amine hydrogens to r e a c t 

i n a s i m i l a r manner to amine curing agents. 

( i i ) Acid Anhydride Curing Agents 

Two examples of t h i s c l a s s of widely used curing 

agent a r e : 

hexahydrophthalic anhydride p h t h a l i c anhydride 

Three processes may occur i n the r e a c t i o n of acid anhydrides 

with epoxy r e s i n s : 
0 0 

I H C - O - C - Y ^ 
I C - O H + 0 • ' 
I H O C ^ 

0 0 
0 

n • II I II 
/ \ H C - O - C Y ^ H C - O - C > 

- C H _ C H - C H , + I • I I ( V I I ) 
^ ^ H O C V C H - C H - C H - O - C -

II 2 | 2 II 
0 O H 0 



2 0 

0 9 " 
HC-OH + CH-CHCH^ • HC-0-CH-CHCH-

I 2 2 I 2 2 

The anhydride r i n g i s opened by a hydroxy1 group, for example 

a secondary hydroxyl group on higher molecular weight DGEBA 

r e s i n s , to produce a c a r b o x y l i c a c i d group, ( V I ) . This then 

a t t a c k s an oxirane r i n g to form a 6-hydroxydiester ( V I I ) . 

I n c l u s i o n of the f i n a l process accounts for the removal of 

more epoxide f u n c t i o n a l i t y than predicted by the second pro­

c e s s . A c c e l e r a t o r s such as t e r t i a r y amines may be used to 

speed the opening of the anhydride r i n g , otherwise long cure 

schedules at high temperatures are required. 

( i i i ) T e r t i a r y Amine Curing Agents 

These are the most widely used curing agents that 

i n i t i a t e homopolymerization of the r e s i n . A t y p i c a l t e r t i a r y 

amine used i s shown below.* 

CĤ N̂  3 

OH ^^3 

The mechanism of i n i t i a t i o n i s purported to be: 

0. 0" 
/ \ * I 

R̂ N + C H 2 - C H C H 2— • R^N-CH^CHCH^— 

A 
CHj-CHCH^-

CH-CHCH-— I 2 2 
0 * I R^N-CHjCHCH^ 

There appears to be some confusion as to whether hydroxyl 

containing s p e c i e s are required for e f f e c t i v e polymerization 
12 

to occur. 
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( i v ) P o l y f u n c t i o n a l Isocyanate Curing Agents 

T h i s c l a s s of curing agents do not rea c t with the 

oxirane r i n g of epoxy r e s i n s but with hydroxyl groups on the 

r e s i n molecule. Rapid r e a c t i o n between the secondary hyd­

r o x y l groups of high molecular weight DGEBA r e s i n s and i s o ­

cyanate groups occurs at or below room temperature to y i e l d 

polymers with u s e f u l p r o p e r t i e s f o r surface coatings. Two 

disadvantages of using t h i s type of system are the t o x i c i t y 

of the isoc y a n a t e curing agents and the co n s t i t u e n t s of the 

coat i n g system must be as moisture f r e e as p o s s i b l e . 

1.6 C a t i o n i c Ring-Opening Polymerizations of Epoxide Compounds 

C r o s s - l i n k i n g of epoxy r e s i n s by a step-growth mechanism 

can be r a t h e r slov; at ambient temperatures. A chain-growth 

mechanism of c r o s s - l i n k i n g however o f f e r s the p o s s i b i l i t y 

of r a p i d network formation a t ambient and low temperatures. 

Chain-growth polymerization of epoxides may proceed via a 

c a t i o n i c or an anionic propagating s p e c i e s . Polymerization 

via a c a t i o n i c s p e c i e s tends to be more rapid and m.ore e f f e c t ­

i v e . As with a l l polymerizations of epoxide compounds the 

main thermodynamic d r i v i n g force i s the r e l e a s e of s t r a i n on 

opening the three-membered ring.'^^ 

(A) I n i t i a t i o n 

The i n i t i a t i o n of c a t i o n i c polymerization of c y c l i c ethers 

i n v o l v e s adding or generating in situ a species that reacts 

with a monomer molecule to form a c y c l i c oxonium ion wliich can 

r e a c t with another monomer molecule. Quite a large number of 

compounds are known to i n i t i a t e the c a t i o n i c polymerization of 
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c y c l i c ethers , ' •'"̂  these include: 

(a) Protonic acids with weakly n u c l e o p h i l i c anions 

such as HFeCl^, HBF^, HSO^F and HCIO^. I n i t i a t o r s of t h i s 

type act by protonating the oxygen atom of the r i n g : 
H 
I* -

0 OX 
H*X" + 

(b) F r i e d e l - C r a f t s c a t a l y s t s such as BF^, A l C l ^ , PF^ 

and SbClg. Generally a c o - i n i t i a t o r i s used with such 

i n i t i a t o r s but there i s some confusion as to whether a co-

i n i t i a t o r i s e s s e n t i a l for the i n i t i a t i o n of polymerization. 

In many cases the mechanism of i n i t i a t i o n i s not c l e a r . Water 

or alcohols are commonly used as c o - i n i t i a t o r s and the species 

responsible for i n i t i a t i o n i s considered to be a proton. 

_ • 
MXp, + ROH (ROMXr̂ l H 

(c) Organometallic i n i t i a t o r s such as t r i e t h y l aluminium 

may be used to i n i t i a t e ring-opening polymerization of epoxides 

and are thought to do so by a c a t i o n i c mechanism i n c e r t a i n 

c a s e s . The mechanism of i n i t i a t i o n and the use of t r i e t h y l 

aluminium i s described i n more d e t a i l i n Chapter S i x . 

(B) Propagation 

Propagation i s the r e a c t i o n of monomer with the c a t i o n i c 

species formed by the i n i t i a t i o n step, giving r i s e to polymer 

chains. Reaction of the epoxide monomer with the c a t i o n i c 

s p e c i e s at the chain end may proceed by an S n l or Sn.2 type 

mechanism: 
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• O C H - C H r l — O C H . C H _ x' + O ; ^ 5 = h O C H ^ C H d 0 C H , C H , 6 ^ x' 

- ( - O C H - C H : d r O C H - C H - X 
2 2 n • I 2 2 

S n 1 

- | - O C H _ C H : r f - — 6 ^ X"+ 0^1 * " f-OCH^CH:r^ - 6 ^ x" 
2 2 n \ J \ | 2 2 n * 1 \ | 

S n 2 

A number of experimental s t u d i e s i n d i c a t e that the l a t t e r i s 

the dominant mechanism.'''^ 

When a s u b s t i t u e n t i s present on the oxirane r i n g , nucleo-

p h i l i c a t t a ck can occur on the s u b s t i t u t e d or unsubstituted 

carbon atom of the c y c l i c oxonium ion. As w e l l as decreasing 

the r a t e of r e a c t i o n , bulky or e l e c t r o n withdrawing s u b s t i t -

uents and bulky n u c l e o p h i l e s should tend to favour attack 
18 

on the unsubstituted carbon atom. The polymerization of 

t-buty l o x i r a n e appears to proceed i n t h i s way, i n s p i t e of 

the p o s s i b l e s t a b i l i z a t i o n of the t r a n s i t i o n s t a t e by the 
e l e c t r o n donating s u b s t i t u e n t f o r attack on the su b s t i t u t e d 

19 
carbon atom: 

O C H C H ; r f - 0 ^ , 
I 2 n 

C(CH, 

C(CH3)3 ^C(CH3)3 

This i s p o s s i b l y due to s t e r i c e f f e c t s outweighing the e l e c t ­

r o n i c e f f e c t s . The addition of monomer i n the c a t i o n i c chain-

growth polymerization of epoxy r e s i n s would be expected to 

proceed i n a s i m i l a r manner. 
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Since the propagating species i s i o n i c , the d i e l e c t r i c 

constant of the r e a c t i o n mixture and the nature of the anion 

should a f f e c t the r a t e of propagation. In the c a t i o n i c poly­

merization of styrene i n c r e a s i n g the d i e l e c t r i c constant of 

the s o l v e n t used i n c r e a s e s the rate of propagation presumably 

due to a g r e a t e r separation of the ion p a i r s . However t h i s 

e f f e c t does not occur with every alkene monomer. I t has a l s o been 

found that s m a l l e r , more t i g h t l y bound anions lead to a r e ­

duction i n the r a t e of propagation and that free cations r e a c t 

f a s t e r than ion p a i r s . Solvent and anion e f f e c t s on the rate 

of propagation f o r c y c l i c ethers are more complex probably 

because the monomers can p a r t i c i p a t e i n s o l v a t i o n of the charged 

s p e c i e s . Evidence has been obtained from the polymerization 

of tetrahydrofuran, THF, showing that the ra t e of propagation 

decreases s l i g h t l y with i n c r e a s i n g d i e l e c t r i c constant of the 
21 

system. R e s u l t s from a study of the polymerization of the 

above monomer with anions such as AsF~,PF~ , CF-^SO^ , SbFg 

and FSO^ present, i n d i c a t e that the nature of the anion has 
22 23 

l i t t l e or no e f f e c t on the ra t e of propagation. ' Also 
i t has been found that the ra t e of propagation for a free cation 

23 24 
and an ion p a i r are very s i m i l a r . ' These observations from 

the polymerization of THF may not n e c e s s a r i l y apply to the 

polymerization of the l e s s b a s i c epoxide monomers. 

(C) Chain-Transfer and Termination Processes 

Generally there are many ch a i n - t r a n s f e r reactions p o s s i b l e 

i n c a t i o n i c polymerizations leading to the formation of low 

molecular weight polymers. Ring-opening c a t i o n i c polymeriz­

a t i o n s of c y c l i c ethers s u f f e r from t h i s problem"^"^ even though 
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simple proton t r a n s f e r from the propagating s p e c i e s tends not 

to occur. 

Reaction with an impurity such as water can give rise to chain 

transfer"*"^ e.g. i n the fo l l o w i n g manner: 

X Imonomer 
2 2 n _ \ l 

p o l y m e r 

However the presence of e x c e s s i v e amounts of water can lead 

to apparent termination of the polymerization. A c y c l i c ethers 

can a c t as c h a i n - t r a n s f e r agents, f o r example: 
,R' 

- ( - O C H ^ C H d 6 ^ X' + R'OR" 
2 2 n \ 

- f - O C H _ C H r f — O C H . C H - 0 ^ X 2 2 n 2 2 \ p " 

0 

-4-OCH2CH2f:;-^OR' + R-O^^ x' 

Since the polymer produced i s a polyether, t h i s may 

p a r t i c i p a t e i n chain - t r a n s f e r processes.''"^ I f the chain-

t r a n s f e r occurs i n t r a m o l e c u l a r l y , then c y c l i c oligomers may 

24,25 be formed. e.g. as shown below, 

' 0CH2CH20CH2CH20CH,CH 
.r-\ 0 

OCH2CH2q^ ^0 + / \ 
X" 

(V I I I ) 

R e i n i t i a t i o n of polymerization could occur, for example, by 

at t a c k of an oxygen atcm from a monomer molecule or polymer 

chain on the e x o c y c l i c carbon atom of the oxonium ion r e ­

s u l t i n g i n the formation of c y c l i c dimer. C y c l i c trimers 

and higher oligomers may a l s o be formed. V/hen bulky sub-

s t i t u e n t s are present on the oxirane r i n g , c y c l i c tetramer 
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17 19 
formation appears to be favoured, ' but even with a methyl 
s u b s t i t u e n t present c y c l i c tetramer i s formed i n s i g n i f i c a n t 

2 6 

amounts. C h a i n - t r a n s f e r involving polymer chains can a l s o 

occur i n t e r m o l e c u l a r l y , •'"̂  as shown below. 
- h O C H - C H r f - O ' , 2 2 m ^ 

- ( - O C H - C H H —0 2 2 m I 
C H - ( IX ) 
I 2 

• O C H ^ C H ^ b C H ^ C H ^ —eOCH2CH2h;-OCH2CH2-t-OCH2CH^_^ 
X" 

0 
IS 

• ° C " 2 ^ ^ 2 V . n . 1 - ^ - ^ ° ^ " 2 ^ ^ 2 V ° ^ 

Termination occurs i f the oxonimn ions ( V I I I ) and (IX) 

are s t a b l e . Other causes of termination are r e a c t i o n with a 

n u c l e o p h i l i c or b a s i c impurity. Reaction with the anion may 

a l s o lead to termination:''"'^ 

- ^ O C H ^ C H ^ - O ^ " - ^ 0 C H 2 C H 2 0 C H 2 C H 2 - L + M L ^ 

(D) E f f e c t of Temperature on the Rate of Polymerization 

Understanding how both temperature and solvent a f f e c t 

the o v e r a l l r a t e of c a t i o n i c polymerizations i s made d i f f i c u l t 

because of the numerous e q u i l i b r i a that may occur. In the 

c a t i o n i c polymerization of a number of monomers, a decrease 

i n temperature r e s u l t s i n an increase i n the ra t e of polymer­

i z a t i o n . T his observation may be r a t i o n a l i s e d by considering 

the e n e r g e t i c s of the i n i t i a t i o n , propagation and termination 

r e a c t i o n s . T h e o v e r a l l rate of polymerization, k^, i s 

given by the expression, 

'̂ o = '^iV^t 
where k^, kp and k^ are the rate s of the i n i t i a t i o n , propag-
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a t i o n and termination steps r e s p e c t i v e l y . The o v e r a l l a c t i v ­

a t i o n energy of polymerization i s then given by the following 

e x p r e s s i o n : 

^o = ^ i ^ Ep -

The a c t i v a t i o n energy of propagation i s generally quite low, 

lower than or E ^ which tends to make E ^ negative or s l i g h t l y 

p o s i t i v e . When E ^ has a negative value then decreasing the 

temperature r e s u l t s i n an inc r e a s e i n the ra t e of polymeriz­

a t i o n . I f E Q i s p o s i t i v e then decreasing the temperature has 

the opposite e f f e c t . 

The observation that the r a t e of polymerization in c r e a s e s 

with decreasing temperature can a l s o be a consequence of an 

eq u i l i b r i u m between monomer or oligomer and polymer which gives 
27 

r i s e to the c e i l i n g temperature e f f e c t . Thermodynamic 

co n s i d e r a t i o n s show that above a c e r t a i n temperature, long 

chain polymer w i l l not form. Reducing the temperature below 

t h i s c e i l i n g temperature however, r e s u l t s i n a s h i f t i n the 

eq u i l i b r i u m and the formation of polymer occurs. This e f f e c t 

tends to be prevalent i n the ring-opening polym.erization of 

f i v e , s i x and seven-membered ri n g s but may account for the 

e f f e c t of temperature on the polymerization of oxirane where 
24 

an e q u i l i b r i u m between polymer and c y c l i c dimer occurs. 

The temperature a t which the r e a c t i o n i s c a r r i e d out w i l l 

a f f e c t the chain length of the polymer p r o d u c e d . F o r 

example i f the a c t i v a t i o n energy for c h a i n - t r a n s f e r i s greater 

than that for propagation, which seems to be the case, an i n ­

crease i n temperature w i l l r e s u l t i n a greater increase i n the 

r a t e of chain t r a n s f e r than of propagation. Polymer of lower 

average degree of polymerization w i l l then r e s u l t a t higher 

temperatures. 
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In general,the commercial usefulness of c a t i o n i c poly­

merizations i s l i m i t e d by the occurrence of c h a i n - t r a n s f e r 

p r o c e s s e s . Even though the pr o p e r t i e s of a network polymer 

do not s t r i c t l y depend on the attainm.ent of high molecular 

weight m a t e r i a l , the occurrence of chain t r a n s f e r could have 

a d e l e t e r i o u s e f f e c t on the course of chain c r o s s - l i n k i n g 

p o l y m e r i z a t i o n s . 

1.7 Non-Linear Polymerizations 

I f a d i f u n c t i o n a l monomer i s polymerized, then l i n e a r 

polymer chains are produced. Usually the polymer i s soluble, 

r e g a r d l e s s of the extent to which the monomer functional groups 

have reac t e d . Polymerization of c e r t a i n monomers r e s u l t s i n 

the formation of an i n s o l u b l e , i n f u s i b l e product at a c e r t a i n 

point i n the r e a c t i o n ; the phenomenon i s c a l l e d gelation. 

T h i s apparently sharp point i s ne a r l y always a c h a r a c t e r i s t i c 

of the use of a monomer or comonomer with a f u n c t i o n a l i t y 

greater than or equal to three as i n the cure of epoxy r e s i n s . 

G e l a t i o n a l s o occurs when polymer chains are c r o s s - l i n k e d as i n 

for example the v u l c a n i z a t i o n of rubber. 

Carothers recognised that, for monomers with a fu n c t i o n a l ­

i t y of three or more growth of polymer molecules can occur in 
2 8 

three dimensions ra t h e r than one as for d i f u n c t i o n a l monomers. 

Th i s r e s u l t s i n the formation of polymer molecules with complex 

s t r u c t u r e s . From h i s st u d i e s of step-growth condensation poly­

merizations Carothers derived an expression r e l a t i n g the extent 

of r e a c t i o n , P, of f u n c t i o n a l groups, to the f u n c t i o n a l i t y of 
29 

the monomer, f, and the DP of the polymer produced: 
P = 2 _ _ 2 _ 

f DP .f 
n 
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For a d i f u n c t i o n a l monomer, f i s two and the equation reduces 

to i t s s i m p l e s t form namely: 

P = 1 (2) 
DP 

n 

In d e r i v i n g equation (1) Carothers assumed that i n t r a ­

molecular r e a c t i o n , that i s r e a c t i o n between f u n c t i o n a l groups 

on the same polymer molecule,did not occur. The gel point 

was assumed to be r e l a t e d to the formation of an i n f i n i t e l y 

l a r g e molecule which would occur as DP^ approached an i n f i n i t e 

value. T h i s would give a value of P at the g e l point equal 

to 2/f. Carothers did note however that t h i s value of P 

could be regarded as a maximum value for g e l a t i o n to occur. 

The assumption t h a t DP^ i s i n f i n i t e at the g e l point was l a t e r 

shown by F l o r y to be i n c o r r e c t but the point at which P i s equal 

to 2/f i s important as i t represents the stage i n the polymer­

i z a t i o n when a s i n g l e molecule i s formed. Any subsequent i n ­

c r e a s e s i n P must then r e s u l t from intramolecular r e a c t i o n . 

(A) The Flory-Stockmayer Theory of Non-Linear Polymerizations 

F l o r y ^ ^ agreed with the a s s e r t i o n made by Carothers that 

g e l a t i o n was due to the unlimited growth of polymer molecules 

i n three dimensions. Ultimately the s i z e of one molecule 

approaches that of the container which i s i n f i n i t e on a mole­

c u l a r s c a l e . I t was noted that the main c h a r a c t e r i s t i c of 

such polymerizations was the occurrence of the g e l point at a 

p a r t i c u l a r extent of r e a c t i o n , independent of temperature, s o l ­

vent or the presence of any c a t a l y s t . G e l a t i o n , i t was a l s o 

noted, occurred before a l l the monomer was bound into one mole­

c u l e , i n d i c a t i n g that smaller molecules of varying complexity 
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must be d i s t r i b u t e d throughout the g e l . This material, known 

as the s o l f r a c t i o n , can be ex t r a c t e d by solvent. 

F l o r y was the f i r s t to apply the s t a t i s t i c a l theory of 

p r o b a b i l i t y to non - l i n e a r step-growth p o l y m e r i z a t i o n s " ^ ^ as 

he had done p r e v i o u s l y to l i n e a r step-growth polymerizations. 

To g r e a t l y s i m p l i f y t h i s approach, two assumptions were made. 

The f i r s t was that i n t r a m o l e c u l a r r e a c t i o n did not occur or 

was a t l e a s t r e s t r i c t e d to the gel phase giving r i s e to a 

network s t r u c t u r e . Secondly i t was assumed that the r e ­

a c t i v i t y of a f u n c t i o n a l group was independent of the number 

or c o n f i g u r a t i o n of other f u n c t i o n a l groups i n the polymer 

molecule. 

Considering the following type of polymerization, 

A B — B A - A 
A A B — B A — ( 

A — A + B — B + A — ( • A — ( A A 
A A B - B A — A B — B A — ( 

A 

where only A and B groups may r e a c t together, Flory derived 

equation 3: 

a = r P ^ ^ p / [ ( 1 - p ) ] = Pg^ P/[r - Pg^ (1 - p ) ] (3) 

The q u a n t i t y a i s the p r o b a b i l i t y that the functional 

group of a branch u n i t chosen at random leads to another branch 

u n i t . T h i s i s r e l a t e d to the extent of re a c t i o n , P, of A 

or B groups, the r a t i o of A groups on branch u n i t s to the t o t a l 

niomber of A groups, p, and the r a t i o of A to B groups, r . 

An ex p r e s s i o n was a l s o derived r e l a t i n g DP^ to the same three 

parameters. The value of a necessary for the formation of an 

i n f i n i t e l y l a r g e molecule was deduced by the following reason­

ing. The p r o b a b i l i t y that one of the (f-1) new chains eman­

a t i n g from an f - f u n c t i o n a l branch u n i t leads to another branch 
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u n i t i s a ( f - l ) . For the molecule to be i n f i n i t e t h i s pro­

b a b i l i t y must be equal to one. Therefore the c r i t i c a l 

branching p r o b a b i l i t y i s equal to l / ( f - l ) and when a 

exceeds a by a small amount, g e l a t i o n occurs, c 

F l o r y c a r r i e d out polymerizations of the above type 

measuring the extent of r e a c t i o n up to the gel point, allowing 

DP^ to be c a l c u l a t e d . Also the v i s c o s i t y of the polymerization 

mixture was measured which gave an i n d i c a t i o n of how the 

weight-average degree of polymerization, DP^, increased as 

the polymerization progressed. As had been noted p r e v i o u s l y 

fo r non-linear polymerizations, the v i s c o s i t y increased slowly 

at f i r s t but as the gel point approached rose r a p i d l y to be­

come i n f i n i t e . I n c o n t r a s t , the number-average degree of 

polymerization increased s l i g h t l y as the conversion of monomer 

increased but was s t i l l r e l a t i v e l y small at the gel point, 

r e f l e c t i n g the large number of species present. The expected 

value of P at the gel point was c a l c u l a t e d from the c r i t i c a l 

value of a using equation (3) and compared with the experimental 

value. I t was found that the observed value of P was always 

gr e a t e r than the c a l c u l a t e d value, even allowing for the un­

equal r e a c t i v i t y of f u n c t i o n a l groups i n the polymerization of 

c e r t a i n monomers. This discrepancy between the two values of 

P could be accounted for by the occurrence of intramolecular 

r e a c t i o n which would i n c r e a s e the c r i t i c a l extent of r e a c t i o n 

s i n c e f u n c t i o n a l groups would r e a c t without producing any i n ­

crease i n the s i z e of the polymer molecules. 

Applying a more mathematical approach than F l o r y , but 

using i d e n t i c a l assumptions, Stockmayer derived d i s t r i b u t i o n 

functions for a number of types of non-linear step-growth 
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32 polymerizations. The simplest of these i s one where the 

monomer molecules possess the same number of f u n c t i o n a l groups 

with equal p r o b a b i l i t y of r e a c t i o n . Hence the branching 

c o e f f i c i e n t a i s simply equivalent to the extent of r e a c t i o n 

P. I t i s worth noting that i n such a polymerization F l o r y 

would p r e d i c t a value of h f o r P a t the gel point whereas 

Carothers would p r e d i c t a value of 2 / 3 , for a t r i f u n c t i o n a l 

monomer. Stockmayer derived an expression for the weight 

d i s t r i b u t i o n of x-mers i n a polymerization of t h i s type showing 

that on a weight b a s i s , monomer i s present i n the gr e a t e s t 

amount up to the g e l point. This i s i n co n t r a s t to l i n e a r 

step-growth polymerizations where the amount of monomer present 

r a p i d l y diminishes as the re a c t i o n progresses. Expressions 

were a l s o derived f o r DP and DP . The expression for the 
n w 

former was i d e n t i c a l to that derived by Carothers, w h i l s t that 

for the l a t t e r i s shown below. 
DP,, = ( l + a ) / [ l - ( f - l ) a ] . (4) w 

As expected, equation (4) shows that DP^ becomes i n f i n i t e l y 

large as the g e l point approaches. 

31 32 Both F l o r y and Stockmayer derived expressions for the 

weight f r a c t i o n of s o l as a function of the extent of r e a c t i o n 

i n the polymerization of t r i f u n c t i o n a l monomers. The two 

expressions showed that the amount of s o l would decrease as 

the extent of r e a c t i o n increased, but i n d i f f e r e n t ways. This 

d i f f e r e n c e between the two expressions was s a i d by Stockmayer 

to be due to F l o r y ' s method ina d v e r t e n t l y i n c l u d i n g i n t r a ­

molecular r e a c t i o n which probably makes F l o r y ' s expression 

more r e l e v a n t to r e a l polymerizations. 
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Expressions have been derived that p r e d i c t the occurrence 

of the g e l point a t a p a r t i c u l a r extent of re a c t i o n i n the 

c r o s s - l i n k i n g of polymer chains and i n the chain-growth co-

polymerization of d i f u n c t i o n a l v i n y l and t e t r a f u n c t i o n a l d i -

v i n y l monomers. "̂"̂  The l a t t e r system may be treated i n a 

s i m i l a r manner to the former system, i f i t i s viewed as the 

c r o s s - l i n k i n g of primary polymer chains of weight average 

degree of polymerization, DP . These primary chains are 
^o 

thought of as r e s u l t i n g from the severing of a l l the c r o s s ­

l i n k s by, for example, chemical cleavage. The extent of r e ­

a c t i o n of v i n y l groups P^ at the g e l point i s given by the 

expression 

^c = p(DP^ -1) ̂  PDP 
o o 

The quantity p i s the r a t i o of double bonds on the d i -

v i n y l u n i t s to the t o t a l number of double bonds. Two of 

the assumptions made i n de r i v i n g equation (5) are i d e n t i c a l 

to those made for step-growth polymerizations w h i l s t one 

f u r t h e r assumption i s that at any time the f r a c t i o n of ma t e r i a l 

involved i n the growth of chains i s n e g l i g i b l e i n comparison 

to the amount of monomer and s t a b l e polymer. I f the rates 

of a l l steps i n the polymerization are independent of p then 

DP i s equivalent to the weight-average degree of polymer-
o 

i z a t i o n of a polymer prepared from the pure monovinyl monomer 

under i d e n t i c a l c o n d i t i o n s . 

(B) The A p p l i c a t i o n of Cascade Theory to Non-Linear 
Polymerizatioris 

The s t a t i s t i c a l theory of cascade processes was f i r s t 
34 

a p p l i e d to non-linear polymerizations by Gordon. One of 
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the advantages of using cascade theory i s that equations for 

various parameters, by which p h y s i c a l p r o p e r t i e s of the non­

l i n e a r polymers are expressed, can be derived. However the 

d e r i v a t i o n and manipulation of the equations used i n t h i s 

approach i s quite complex. Again intramolecular r e a c t i o n i s 

assumed not to occur i n the simplest approach and the r e s u l t i n g 

macromolecules are tre a t e d as t r e e - l i k e s t r u c t u r e s . 

A p p l i c a t i o n of the theory to the simple step-growth poly­

merization of a t r i f u n c t i o n a l monomer gave s i m i l a r expressions 

to those derived p r e v i o u s l y , the expression for the weight 
34 

f r a c t i o n of the s o l being i d e n t i c a l to that derived by F l o r y . 

Good, who had o r i g i n a l l y developed the theory of cascade pro­

c e s s e s , a l s o i n v e s t i g a t e d simple polymerizations of f - f u n c t i o n a l 

monomers using cascade theory. "̂ ^ Expressions r e l a t i n g the 

weight f r a c t i o n and the DP of the s o l f r a c t i o n to the extent 
W 

of r e a c t i o n for t r i - and t e t r a f u n c t i o n a l monomers were obtained. 

The t h e o r e t i c a l treatment of polymerizations such as the copoly-

merization of hexanedioic a c i d and g l y c e r o l where the secondary 

hydroxyl groups of g l y c e r o l have d i f f e r e n t r e a c t i v i t i e s i s made 
34 

e a s i e r using cascade theory. An i d e n t i c a l expression to 
34 

that obtained by Stockmayer for v i n y l - d i v i n y l copolymerizations 

was obtained by the a p p l i c a t i o n of cascade theory to such poly­

merizations . 

The a p p l i c a b i l i t y of cascade theory to r e a l non-linear 

polymerizations was g r e a t l y enhanced when i t was shown that a 

f i r s t s h e l l s u b s t i t u t i o n e f f e c t can be taken i n t o account. "̂^ 

Such an e f f e c t occurs when the ease of making or breaking a 

l i n k between two monomer molecules i s dependent on the number 

of other l i n k s the two molecules have formed. The e f f e c t of 
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t h i s non-random b e h a v i o u r was i n v e s t i g a t e d f o r i r r e v e r s i b l e 

and r e v e r s i b l e b o n d f o r m a t i o n . I n b o t h cases i t was shown 

t h a t t h e v a l u e o f ct^ i n c r e a s e d when t h e r e a c t i v i t y o f f u n c t i o n a l 

g r o u p s was r e d u c e d and t h e v a l u e o f d e c r e a s e d when t h e 

o p p o s i t e o c c u r r e d . 

Cascade t h e o r y has been a p p l i e d t o t h e s t e p - g r o w t h a d d i t i o n 

p o l y m e r i z a t i o n o f epoxy r e s i n s w i t h amine c u r i n g a g e n t s . "̂ ^ 

E x p r e s s i o n s f o r m o l e c u l a r w e i g h t a v e r a g e s , t h e d i s t r i b u t i o n o f 

s o l and g e l f r a c t i o n s and t h e c r i t i c a l c o n d i t i o n f o r g e l a t i o n 

w e r e d e r i v e d as a f u n c t i o n o f t h e e x t e n t o f r e a c t i o n . I t 

was assumed t h a t no c y c l i z a t i o n o c c u r r e d and t h a t a f i r s t s h e l l 

s u b s t i t u t i o n e f f e c t o p e r a t e d f o r t h e r e a c t i o n o f amine g r o u p s . 

The t h e o r e t i c a l l y d e t e r m i n e d e x p r e s s i o n s w e r e compared w i t h ex-
3 8 

p e r i m e n t a l r e s u l t s f o r a DGEBA-hexamethylenediamine s y s t e m . 

R e a s o n a b l e a g r e e m e n t was f o u n d i n d i c a t i n g t h a t t h e a s s u m p t i o n s 

made and t h e a p p l i c a t i o n o f cascade t h e o r y were v a l i d . 

The v e r s a t i l i t y o f t h e a p p l i c a t i o n o f c a s c a d e t h e o r y t o 

n o n - l i n e a r p o l y m e r i z a t i o n s i s e x e m p l i f i e d by t h e r a n g e o f s y s ­

tems t o w h i c h i t has been a p p l i e d . These i n c l u d e t h e f o r m -
39 40 a t i o n o f e l a s t i c n e t w o r k s . t h e c r o s s - l i n k i n g o f p o l y m e r chains, 

41 42 

and c h a i n - g r o w t h c r o s s - l i n k i n g p o l y m e r i z a t i o n s ' as w e l l as 

t h o s e s y s t e m s m e n t i o n e d above. E x p r e s s i o n s f o r r a d i i o f g y r ­

a t i o n and o t h e r s t a t i s t i c a l p a r a m e t e r s d e s c r i b i n g m o l e c u l a r 
43 

d i m e n s i o n s have been d e r i v e d f o r v a r i o u s s y s t e m s . A t t e m p t s 

t o s i m p l i f y t h e c a l c u l a t i o n o f a v e r a g e p r o p e r t i e s o f n o n - l i n e a r 

p o l y m e r s by u s i n g a s i m i l a r a p p r o a c h t o c a s c a d e t h e o r y have 

been r e p o r t e d , t h e a i m b e i n g t o s i m p l i f y t h e m a t h e m a t i c s y e t 
44 45 

r e t a i n t h e v e r s a t i l i t y o f cascade t h e o r y . ' 
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(C) I n t r a m o l e c u l a r R e a c t i o n and C y c l i z a t i o n 

N e g l e c t i n g o r l i m i t i n g t h e o c c u r r e n c e o f i n t r a m o l e c u l a r 

r e a c t i o n t o t h e g e l f r a c t i o n as i n t h e above a p p r o a c h e s r e s u l t s 

i n d i s c r e p a n c i e s b e t w e e n t h e c a l c u l a t e d and o b s e r v e d v a l u e s o f 

t h e b r a n c h i n g c o e f f i c i e n t o r e x t e n t o f r e a c t i o n a t t h e g e l p o i n t . 

C o n s i d e r a t i o n o f t h e space a v a i l a b l e f o r t h e g r o w t h o f t h e i n ­

f i n i t e m o l e c u l e a f t e r g e l a t i o n l e a d s t o t h e c o n c l u s i o n t h a t 

s t e r i c h i n d r a n c e must r e s u l t i n i n t r a m o l e c u l a r r e a c t i o n i n t h e 
4 6 

g e l f r a c t i o n . U n i m o l e c u l a r c y c l i z a t i o n r e a c t i o n s a r e i m ­

p o r t a n t , e ven p r i o r t o t h e g e l p o i n t s i n c e t h e i r o c c u r r e n c e can 

a f f e c t t h e p h y s i c a l p r o p e r t i e s o f t h e g e l . F o r example i t has 

been f o u n d t h a t t h e g l a s s t r a n s i t i o n t e m p e r a t u r e o f a p o l y u r e t h a n e 

g e l d e c r e a s e s w i t h i n c r e a s i n g i n t r a m o l e c u l a r r e a c t i o n p r i o r t o 

t h e g e l p o i n t . 

S t o c k m a y e r and W e i l r e p o r t e d i n 19 45 t h a t t h e e x t e n t o f 

r e a c t i o n a t t h e g e l p o i n t was d i r e c t l y p r o p o r t i o n a l t o t h e 

c o n c e n t r a t i o n o f t h e p o l y m e r i z i n g s p e c i e s i n a s t e p - g r o w t h p o l y ­

m e r i z a t i o n . E x t r a p o l a t i o n t o z e r o d i l u t i o n y i e l d e d v a l u e s o f 

i n a g r e e m e n t w i t h t h e o r y . I n t r a m o l e c u l a r r e a c t i o n a r i s e s 

f r o m t h e s e g m e n t a l m o b i l i t y o f p o l y m e r m o l e c u l e s and i s i n 

c o m p e t i t i o n w i t h t r a n s l a t i o n a l m o t i o n w h i c h l e a d s t o c o l l i s i o n 

b e t w e e n p o l y m e r m o l e c u l e s and hence i n t e r m o l e c u l a r r e a c t i o n . 

Hence i n c r e a s i n g t h e d i l u t i o n r e s u l t s i n a d e c r e a s e i n t h e f r e ­

q u e ncy o f c o l l i s i o n s between m o l e c u l e s w h i c h w i l l i n c r e a s e t h e 

p r o b a b i l i t y o f i n t r a m o l e c u l a r r e a c t i o n and r a i s e t h e e x t e n t o f 

r e a c t i o n a t t h e g e l p o i n t . 

The f i r s t t h e o r e t i c a l a p p r o a c h t o i n t r a m o l e c u l a r r e a c t i o n 

was made by J a c o b s o n and Stockmayer f o r r i n g - c h a i n e q u i l i b r i a 
48 

i n r e v e r s i b l e l i n e a r p o l y m e r i z a t i o n s . One o f t h e m ain 
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p o s t u l a t e s o f t h i s t h e o r y i s t h a t t h e p r o b a b i l i t y o f i n t r a ­

m o l e c u l a r r e a c t i o n i s d e t e r m i n e d by t h e f r e q u e n c y w i t h w h i c h 

t h e c h a i n ends c o i n c i d e w i t h i n a c e r t a i n v o l u m e . U s i n g 

G a u s s i a n r andom f l i g h t s t a t i s t i c s t o d e t e r m i n e t h e p r o b a b i l i t y 

o f t h e c h a i n ends o c c u r r i n g w i t h i n a c e r t a i n volume g i v e s r i s e 

t o e q u a t i o n (6) , f o r t h e r e v e r s i b l e p o l y m e r i z a t i o n o f a d i -

f u n c t i o n a l monomer s u c h as d i m e t h y l s i l a n o l . 

3 V? (P')''" 
C o n c e n t r a t i o n o f i - m e r r i n g s R. = (^7—-) —sT (6) 

1 ^TTV 2 i ^ 

w h e r e P' = t h e e x t e n t o f r e a c t i o n i n t h e c h a i n f r a c t i o n 

V = t h e number o f c h a i n atoms p e r monomer u n i t 

b = t h e e f f e c t i v e bond l e n g t h f o r a c h a i n m o l e c u l e . 

R i n g f o r m a t i o n i s t h u s d e p e n d e n t on d i l u t i o n and t h e 

s t r u c t u r a l f e a t u r e s o f t h e monomer such as t h e d i s t a n c e between 

f u n c t i o n a l g r o u p s and i t s f l e x i b i l i t y . C o m p a r i son o f a m o d i f -
49 

i e d e x p r e s s i o n o f t h e above f o r m w i t h e x p e r i m e n t a l r e s u l t s 

g ave good a g r e e m e n t e s p e c i a l l y f o r t h e f o r m a t i o n o f l a r g e r 

r i n g s . T h i s a p p r o a c h t o i n t r a m o l e c u l a r r e a c t i o n p r o v i d e d t h e 

b a s i s f o r t h e d e v e l o p m e n t o f t h e o r i e s d e s c r i b i n g r i n g f o r m a t i o n 

i n l i n e a r , i r r e v e r s i b l e p o l y m e r i z a t i o n s . The f u r t h e r d e v e l o p ­

ment o f s u c h t h e o r i e s f o r n o n - l i n e a r p o l y m e r i z a t i o n s has been 

r e v i e w e d r e c e n t l y . ^ ' ' " C y c l i z a t i o n i s however d i f f i c u l t t o t r e a t 

i n n o n - l i n e a r p o l y m e r i z a t i o n s due t o t h e number o f f u n c t i o n a l 

g r o u p s a v a i l a b l e f o r i n t r a m o l e c u l a r r e a c t i o n , t h e l o n g - r a n g e 

c o r r e l a t i o n s i n v o l v e d and t h e e f f e c t o f i n i t i a l r i n g f o r m a t i o n 

on s u b s e q u e n t c y c l i z a t i o n . 

S t e p t o a n d c o w o r k e r s s t u d i e d n o n - l i n e a r s t e p - g r o w t h p o l y ­

m e r i z a t i o n s o f t h e t y p e RA2+RB2 su c h as t h e p o l y m e r i z a t i o n o f a 

t r i o l and d i i s o c y a n a t e . T h e s e s t u d i e s were m a i n l y i n v o l v e d 

w i t h t h e e f f e c t o f c y c l i z a t i o n on t h e g e l p o i n t . I n t h i s 
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a p p r o a c h t h e d i f f e r e n c e i n t h e o b s e r v e d and e x p e r i m e n t a l v a l u e s 

o f t h e c r i t i c a l b r a n c h i n g c o e f f i c i e n t i s r e l a t e d t o a r i n g 

f o r m i n g p a r a m e t e r k ^'^ An i n c r e a s e i n t h e v a l u e o f X i n d i c ­

a t e s a g r e a t e r e x t e n t o f i n t r a m o l e c u l a r r e a c t i o n . E q u a t i o n (7) 

shows, t h a t t h i s p a r a m e t e r can be r e l a t e d t o t h e s t r u c t u r e o f 

t h e r e p e a t u n i t , t h e c h a i n f l e x i b i l i t y and t h e d i l u t i o n . 

X = ( - 3 (^(1,3/2) 
e x t . 

(i) (1,3/2) = l " n , n b e i n g t h e number o f u n i t s i n a r i n g 

N = A v a g a d r o ' s c o n s t a n t 

Cg^^ = t h e c o n c e n t r a t i o n o f f u n c t i o n a l g r o u p s t h a t can r e a c t 

i n t e r m o l e c u l a r l y . 

As p r e d i c t e d by t h e above e x p r e s s i o n , i t i s f o u n d t h a t 

i n c r e a s i n g t h e d i l u t i o n o r d e c r e a s i n g v b y v a r y i n g t h e monomer 

s t r u c t u r e r e s u l t s i n an i n c r e a s e i n X and h ence a . A l s o i t 
c 

i s n o t e d t h a t t h e p r o b a b i l i t y o f i n t r a m o l e c u l a r r e a c t i o n i n ­

c r e a s e s w i t h more f l e x i b l e c h a i n s . F u r t h e r m o r e S t e p t o n o t e d 

t h a t t h e e x t e n t o f i n t r a m o l e c u l a r r e a c t i o n s h o u l d be s o l v e n t 

and t e m p e r a t u r e d e p e n d e n t s i n c e t h e p a r a m e t e r b i s s o l v e n t and 
47 

t e m p e r a t u r e d e p e n d e n t . R e c e n t r e s u l t s f r o m a s t u d y o f t h e 
f o r m a t i o n o f n o n - l i n e a r p o l y e s t e r s i n d i c a t e t h a t A i s t e m p e r -

54 

a t u r e d e p e n d e n t . I n t h i s s t u d y , i n c r e a s i n g t h e t e m p e r a t u r e 

c a u s e d an i n c r e a s e i n t h e s t i f f n e s s o f t h e p o l y m e r s t r u c t u r e 

r e d u c i n g X . 

To g a i n a b e t t e r u n d e r s t a n d i n g o f t h e e f f e c t o f c y c l i z ­

a t i o n on n o n - l i n e a r p o l y m e r i z a t i o n s i t i s a d v a n t a g e o u s t o o b t a i n 

d a t a on r i n g f o r m a t i o n t h r o u g h o u t t h e p o l y m e r i z a t i o n , n o t j u s t 

a t t h e g e l p o i n t . T h i s can be a c h i e v e d by d e t e r m i n i n g t h e 

number o f r i n g s t r u c t u r e s p e r m o l e c u l e N r . M e a s u r i n g t h e e x ­

t e n t o f r e a c t i o n P and t h e n u m b e r - a v e r a g e m o l e c u l a r w e i g h t M„ 
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a t v a r i o u s s t a g e s o f t h e p o l y m e r i z a t i o n a l l o w s t o be c a l ­

c u l a t e d . ^ ^ T h i s p r o c e d u r e has been a p p l i e d , t o t h e p o l y m e r ­

i z a t i o n o f a d i i s o c y a n a t e and a t r i o l . The r e s u l t s i n d i c a t e d 

t h a t r i n g f o r m a t i o n was s i g n i f i c a n t p r i o r t o g e l a t i o n even i n 

b u l k p o l y m e r i z a t i o n s and i n c r e a s e d w i t h d i l u t i o n , as e x p e c t e d . 

I t was a l s o f o u n d t h a t r i n g f o r m a t i o n was more p r e v a l e n t i n a 

n o n - l i n e a r p o l y m e r i z a t i o n t h a n an e q u i v a l e n t l i n e a r p o l y m e r ­

i z a t i o n . 

The a p p l i c a t i o n o f c ascade t h e o r y t o n o n - l i n e a r p o l y m e r ­

i z a t i o n s may be m o d i f i e d t o t a k e i n t o a c c o u n t i n t r a m o l e c u l a r 

r e a c t i o n . T h i s m o d i f i e d t h e o r y has had some success i n 

p r e d i c t i n g t h e e f f e c t o f c y c l i z a t i o n on s t e p - g r o w t h p o l y m e r ­

i z a t i o n s . F o r e x ample t h e c a l c u l a t e d and e x p e r i m e n t a l r a t e 

c u r v e s f o r t h e c o p o l y m e r i z a t i o n o f benzene 1 , 3 , 5 - t r i a c e t i c 

a c i d and d e c a m e t h y l e n e g l y c o l were i n good agreement w e l l p a s t 
58 

t h e g e l p o i n t . T h i s o b s e r v a t i o n has l e d t o t h e s u g g e s t i o n 

t h a t i n t r a m o l e c u l a r r e a c t i o n i n t h e g e l f r a c t i o n may a c t u a l l y 

be r e g a r d e d as i n t e r m o l e c u l a r r e a c t i o n s i n c e t h e k i n e t i c s o f 
59 

t h e s y s t e m d i d n o t change on p a s s i n g t h r o u g h t h e g e l p o i n t . 
One o f t h e more i n t e r e s t i n g a p p l i c a t i o n s o f t h e m o d i f i e d 

t h e o r y has been t o i n v e s t i g a t e n o n - l i n e a r c h a i n - g r o w t h p o l y -
41 42 

m e r i z a t i o n s . ' T h i s s t u d y c o n s i d e r e d t h e p o l y m e r i z a t i o n 

o f d i v i n y l monomers w h i c h r e p r e s e n t s one end o f t h e s p e c t r u m 

o f v i n y l - d i v i n y l c o p o l y m e r i z a t i o n s . I n p o l y m e r i z a t i o n s o f 

t h i s t y p e , l i n e a r p o l y m e r c h a i n s w i t h p e n d a n t v i n y l g r o u p s a r e 

f o r m e d i n i t i a l l y , as shown b e l o w , i n s c h e m a t i c f o r m , w h i c h 

t h e n c r o s s - l i n k t h r o u g h t h e p e n d a n t v i n y l g r o u p s ; 
+ m • — • — • — • — • — • — • — • — • — • — 

^ n*m-1 
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U n r e a c t e d monomer w i l l a c t as a s o l v e n t , d i l u t i n g t h e 

c h a i n s f o r m e d i n i t i a l l y . Hence t h e p r o b a b i l i t y o f r e a c t i o n 

b e t w e e n t h e a c t i v e c e n t r e s (*) a t t h e ends o f g r o w i n g c h a i n s 

w i t h p e n d a n t v i n y l g r o u p s on o t h e r c h a i n s t o p r o d u c e c r o s s -

l i n k i n g w i l l be r e d u c e d . I t i s t h e r e f o r e e x p e c t e d t h a t i n 

t h e e a r l y s t a g e s o f c h a i n c r o s s - l i n k i n g p o l y m e r i z a t i o n s i n t r a ­

m o l e c u l a r r e a c t i o n and r i n g f o r m a t i o n w i l l p r e d o m i n a t e . As 

t h e p o l y m e r i z a t i o n p r o c e e d s however, monomer w i l l become i n ­

c o r p o r a t e d i n t o p o l y m e r c h a i n s and i n t e r m o l e c u l a r r e a c t i o n 

w i l l become f a v o u r e d . 

I n a p p l y i n g c ascade t h e o r y t o t h e h o m o p o l y m e r i z a t i o n o f 

d i v i n y l monomers, t h e f o r m a t i o n o f t h e c r o s s - l i n k e d p o l y m e r 

i s v i e w e d as b e i n g e q u i v a l e n t t o t h a t r e s u l t i n g f r o m t h e c r o s s -

l i n k i n g o f p r i m a r y p o l y m e r c h a i n s . As i n t h e F l o r y - S t o c k m a y e r ^ " ^ 

a p p r o a c h t o v i n y l - d i v i n y l c o p o l y m e r i z a t i o n s , t h e s e p r i m a r y 

c h a i n s w o u l d be o b t a i n e d i f a l l t h e c r o s s - l i n k s i n t h e c r o s s -

l i n k e d p o l y m e r were s e v e r e d . T h e r e w i l l be t h r e e t y p e s o f 

u n i t p r e s e n t i n t h e p r i m a r y c h a i n s ; u n i t s t h a t a r e i n v o l v e d 

i n i n t e r m o l e c u l a r r e a c t i o n ( c r o s s - l i n k i n g ) o r i n t r a m o l e c u l a r 

r e a c t i o n ( c y c l i z a t i o n ) and u n i t s b e a r i n g p e n d a n t d o u b l e bonds. 

The r e s u l t s o f t h e s t u d y i n d i c a t e : -

(a) The g e l p o i n t c o n v e r s i o n P i n c r e a s e s w i t h d e c r e a s i n g 

d e g r e e o f p o l y m e r i z a t i o n o f t h e p r i m a r y c h a i n s . 

( b ) I n c r e a s i n g t h e w i d t h o f t h e d i s t r i b u t i o n o f p r i m a r y 

c h a i n s i n c r e a s e s P^. 

(c ) I n t r a m o l e c u l a r r e a c t i o n r e s u l t s i n an i n c r e a s e i n P^. 

(d ) The f r a c t i o n o f u n i t s i n v o l v e d i n i n t r a m o l e c u l a r r e ­

a c t i o n a t t h e g e l p o i n t i n c r e a s e s w i t h i n c r e a s i n g 

d e g r e e o f p o l y m e r i z a t i o n o f t h e p r i m a r y c h a i n s . 
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(e) I n c r e a s i n g t h e d i l u t i o n g i v e s an i n c r e a s e i n t h e 

amount o f i n t r a m o l e c u l a r r e a c t i o n . 

A c o m p a r i s o n o f t h e r e s u l t s f r o m t h i s t h e o r e t i c a l a p p r o a c h 

w i t h e x p e r i m e n t a l r e s u l t s f r o m t h e f r e e r a d i c a l p o l y m e r i z a t i o n 

o f d i a l l y l p h t h a l a t e shows t h a t t h e m o d e l u s e d does p r e d i c t t h e 

same t r e n d s as o b s e r v e d e x p e r i m e n t a l l y . However a s i g n i f i c ­

a n t l y h i g h e r e x t e n t o f r e a c t i o n a t t h e g e l p o i n t was o b s e r v e d 

t h a n t h a t p r e d i c t e d . I t i s p r o p o s e d t h a t t h i s d i s c r e p a n c y 

i s due t o t h e i n a b i l i t y o f t h e t h e o r y t o t a k e i n t o a c c o u n t t h e 

h i g h d e g r e e o f i n t r a m o l e c u l a r r e a c t i o n t h a t o c c u r s i n i t i a l l y , 

and i t s a f f e c t on s u b s e q u e n t c y c l i z a t i o n r e a c t i o n s . 

(D) A p p l i c a t i o n o f P e r c o l a t i o n T h e o r y t o N o n - L i n e a r 
P o l y m e r i z a t i o n s 

From t h e p r e v i o u s s e c t i o n i t i s a p p a r e n t t h a t t h e F l o r y -

S t o c k m a y e r a p p r o a c h t o g e l a t i o n , i m p r o v e d by t h e a p p l i c a t i o n 

o f c a s c a d e t h e o r y , has some d i f f i c u l t y a c c o m m o d a t i n g i n t r a -

m . o l e c u l a r r e a c t i o n . Most o f t h e a p p l i c a t i o n s o f t h e p r e v i o u s 

t h e o r i e s have c o n c e r n e d s t e p - g r o w t h p o l y m e r i z a t i o n s w h i c h a r e 

e a s i e r t o t r e a t t h a n c h a i n - g r o w t h p o l y m e r i z a t i o n s . 

A r e l a t i v e l y new a p p r o a c h t o t h e phenomenon o f g e l a t i o n 

i s t h e use o f p e r c o l a t i o n t h e o r y . I n t h e s i m p l e s t p e r c o l ­

a t i o n m o d e l , f - f u n c t i o n a l {fi3) monomers a r e d i s t r i b u t e d on 

an i n f i n i t e l y l a r g e p e r i o d i c l a t t i c e . Bonds a r e assmned t o 

f o r m r a n d o m l y b e t w e e n n e a r e s t n e i g h b o u r s , and no r e s t r i c t i o n s 

a r e p l a c e d on t h e o c c u r r e n c e o f i n t r a m o l e c u l a r r e a c t i o n s . 

G e l a t i o n i s t a k e n as t h e p o i n t a t w h i c h an i n f i n i t e l y l a r g e 

m o l e c u l e i s f o r m e d , i.e. one t h a t spans t h e l a t t i c e . S t e p -

g r o w t h p o l y m e r i z a t i o n s may be r e p r e s e n t e d by t h i s random bond 

p e r c o l a t i o n m o d e l . F i g u r e 1.1 shows an e x a m p l e o f p e r c o l a t i o n 
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I LZI 

FIGURE 1.1 An Example o f a P e r c o l a t i o n Model R e p r e s e n t i n g 
a N o n - l i n e a r , S t e p - g r o w t h P o l y m e r i z a t i o n 

a t t h e g e l p o i n t f o r a t e t r a f u n c t i o n a l monom.er on a s q u a r e 

l a t t i c e . ^ ' ' " Bonds a r e r e p r e s e n t e d by l i n e s between t h e monomer 

u n i t s . As can be seen t h e r e a r e some n e a r l y " i n f i n i t e " 

m o l e c u l e s . 

The a d v a n t a g e s o f a p p l y i n g p e r c o l a t i o n t h e o r y t o non­

l i n e a r p o l y m e r i z a t i o n s a r e t h a t i t - t a k e s i n t o a c c o u n t i n t r a ­

m o l e c u l a r r e a c t i o n , e x c l u d e d volume e f f e c t s and s t e r i c h i n d ­

r a n c e . The l a c k o f m o l e c u l a r m o t i o n i n s i m p l e p e r c o l a t i o n 
6 2 

m o d e l s i s one c r i t i c i s m o f t h e i r u s e , a n o t h e r b e i n g t h e use 

o f a f i x e d l a t t i c e b u t i t has been shown t h a t p e r c o l a t i o n on 

a l a t t i c e i s s i m i l a r t o c o n t i n u u m p e r c o l a t i o n w i t h o u t a l a t t i c e . 

C are must be t a k e n i n p r e d i c t i n g c r i t i c a l e x t e n t s o f r e a c t i o n 

f r o m p e r c o l a t i o n m odels as t h e v a l u e o b t a i n e d w i l l depend on 

t h e n a t u r e o f t h e l a t t i c e u s e d . The d e v e l o p m e n t and a p p l i c ­

a t i o n o f p e r c o l a t i o n t h e o r y i n i t s v a r i o u s f o r m s t o g e l a t i o n 

i n s t e p - g r o w t h p o l y m e r i z a t i o n s has been r e v i e w e d i n d e t a i l . 

63 
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M o d i f i c a t i o n o f t h e s i m p l e p e r c o l a t i o n m o d e l has a l l o w e d 

n o n - l i n e a r c h a i n - g r o w t h p o l y m e r i z a t i o n s o f t h e f r e e r a d i c a l 

t y p e t o be i n v e s t i g a t e d u s i n g t h i s t e c h n i q u e . To o b t a i n d a t a 

f r o m s u c h m o d e l s , a Monte C a r l o c o m p u t e r s i m u l a t i o n i s g e n e r a l l y 

c a r r i e d o u t w h i c h i s s i m i l a r t o a r e a l e x p e r i m e n t and a l l o w s 

" s n a p s h o t s " o f a l a t t i c e t o be p r o d u c e d d u r i n g t h e p r o c e d u r e . 

S i m u l a t i o n s a r e u s u a l l y c a r r i e d o u t on l a t t i c e s o f i n c r e a s i n g 

s i z e and t h e r e s u l t s e x t r a p o l a t e d t o an i n f i n i t e l a t t i c e . 

M a n n e v i l l e and de Seze were t h e f i r s t t o a p p l y p e r c o l a t i o n 
64 

t h e o r y t o c h a i n - g r o w t h p o l y m e r i z a t i o n s . A m o d e l was d e v e l ­

oped by t h e s e two w o r k e r s t o i n v e s t i g a t e v i n y l - d i v i n y l c o p o l y ­

m e r i z a t i o n s w h i c h has p r o v i d e d t h e b a s i s f o r s u b s e q u e n t s t u d i e s . 

E q u a l l y r e a c t i v e t e t r a f u n c t i o n a l and d i f u n c t i o n a l u n i t s were 

d i s t r i b u t e d r a n d o m l y o v e r t h e l a t t i c e . A c t i v a t i o n o f a g i v e n 

c o n c e n t r a t i o n o f r a n d o m l y s e l e c t e d u n i t s i n i t i a t e s t h e p o l y m e r ­

i z a t i o n . P r o p a g a t i o n was c a r r i e d o u t by s e l e c t i n g an a c t i v e 

c e n t r e and one o f i t s f i r s t o r second n e a r e s t n e i g h b o u r s a t 

random. I f t h e n e i g h b o u r i n g u n i t c hosen had an u n r e a c t e d 

f u n c t i o n a l i t y t h e n a bond f o r m e d between t h e two u n i t s , t h e 

a c t i v e c e n t r e t r a n s f e r r e d t o t h e n e i g h b o u r and t h e p r o c e s s 

r e p e a t e d . T e r m i n a t i o n can t a k e p l a c e e i t h e r by r a d i c a l -

r a d i c a l c o m b i n a t i o n o r by t r a p p i n g . The f o r m e r t a k e s p l a c e 

when two a c t i v e c e n t r e s a r e on n e i g h b o u r i n g m o l e c u l e s w h i l s t 

t h e l a t t e r o c c u r s when an a c t i v e c e n t r e i s s u r r o u n d e d by f u l l y 

r e a c t e d u n i t s . I n s p i t e o f i t s s i m p l i c i t y , t h i s model shows 

t h a t t h e c h a i n - g r o w t h p r o c e s s on a l a t t i c e l e a d s t o d i f f e r e n t 

s t r u c t u r e s t h a n t h o s e p r e d i c t e d f o r s t e p - g r o w t h p o l y m e r i z a t i o n 

u s i n g p e r c o l a t i o n m odels o r t h e F l o r y - S t o c k m a y e r a p p r o a c h . 

P e r c o l a t i o n models o f c h a i n c r o s s - l i n k i n g p o l y m e r i z a t i o n 

have been d e v e l o p e d f u r t h e r , b e coming more c o m p l e x . The 
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p r e s e n c e o f s o l v e n t and,, t o a l i m i t e d e x t e n t , m o b i l i t y have 

been i n c o r p o r a t e d . ' U s i n g a model c o n t a i n i n g t h e s e f e a t ­

u r e s a q u a l i t a t i v e i n v e s t i g a t i o n o f t h e k i n e t i c s o f a v i n y l -

d i v i n y l p o l y m e r i z a t i o n have been c a r r i e d o u t and t h e r e s u l t s 

c ompared w i t h e x p e r i m e n t a l o b s e r v a t i o n s . ^ ^ S o l v e n t m o l e c u l e s 

were r a n d o m l y i n t e r s p e r s e d w i t h t e t r a f u n c t i o n a l and d i f u n c t i o n a l 

monomer m o l e c u l e s on a l a t t i c e . Some d e g r e e o f m o b i l i t y i s 

a c h i e v e d by a l l o w i n g s o l v e n t m o l e c u l e s t o exchange p o s i t i o n s 

w i t h a n e a r e s t n e i g h b o u r i f t h a t n e a r e s t n e i g h b o u r i s a s o l v e n t 

o r u n r e a c t e d monomer m o l e c u l e . 

The r e s u l t s show t h a t t h e r a t e o f r e a c t i o n and t h e e x t e n t 

o f r e a c t i o n a t t h e g e l p o i n t , P^ a r e i n c r e a s e d by:-

(a) I n c r e a s i n g t h e c o n c e n t r a t i o n o f i n i t i a t o r . 

( b ) D e c r e a s i n g t h e f r a c t i o n o f t e t r a f u n c t i o n a l monomer, f ^ . 

I n c r e a s i n g t h e amount o f s o l v e n t p r e s e n t was f o u n d t o 

d e c r e a s e t h e r a t e o f r e a c t i o n b u t i n c r e a s e d t h e e x t e n t o f r e ­

a c t i o n a t t h e g e l p o i n t . I n t r o d u c i n g m o b i l i t y i n t o t h e model 

r a i s e d t h e e x t e n t o f r e a c t i o n b e f o r e t r a p p i n g t o o k p l a c e up t o 

a maximum b u t t h e n a d e c r e a s e o c c u r r e d . T h i s e f f e c t i s 

a t t r i b u t e d t o t h e l a c k o f m o b i l i t y o f t h e l a r g e p o l y m e r m o l e ­

c u l e s . However t h e i n c l u s i o n o f m o b i l i t y d i d n o t change any 

o f t h e above t r e n d s . 

The F l o r y - S t o c k m a y e r a p p r o a c h t o v i n y l - d i v i n y l c o p o l y m e r -

i z a t i o n p r e d i c t s t h a t P a f . whereas r e s u l t s f r o m t h e above 
c t 

p e r c o l a t i o n m o d e l i n d i c a t e t h a t P^af I n a n o t h e r p a p e r , 
c t 

t h e same w o r k e r s n o t e d t h a t i n d e r i v i n g t h e e x p r e s s i o n f o r t h e 

e x t e n t o f r e a c t i o n a t t h e g e l p o i n t i n v i n y l - d i v i n y l c o p o l y m e r ­

i z a t i o n s , S t o c k m a y e r had used t h e w e i g h t a v e r a g e d e g r e e o f 

p o l y m e r i z a t i o n o f p r i m a r y c h a i n s t h a t w o u l d o c c u r a t t h e end 
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o f t h e p o l y m e r i z a t i o n . " ^ " ^ They p o i n t e d o u t t h a t i t w o u l d be 

more c o r r e c t t o s e t t h e v a l u e o f DP o f t h e p r i m a r y c h a i n s 
w 

e q u a l t o t h a t o c c u r r i n g a t t h e g e l p o i n t . I f t h i s amendment 

i s made, F l o r y - S t o c k m a y e r t h e o r y t h e n p r e d i c t s t h a t P a f . 

i n a g r e e m e n t w i t h t h e p e r c o l a t i o n m o d e l . 

G e n e r a l l y , t h e r e s u l t s f r o m t h e above m o d e l a g r e e q u a l i t ­

a t i v e l y w i t h e x p e r i m e n t a l o b s e r v a t i o n s . The l a c k o f q u a n t i t ­

a t i v e a g r e e m e n t i s h a r d l y s u r p r i s i n g i n v i e w o f t h e s i m p l i c i t y 

o f t h e mod e l w h i c h as w e l l as o n l y h a v i n g l i m i t e d m o b i l i t y does 

n o t t a k e i n t o a c c o u n t p r o c e s s e s s u c h as c h a i n t r a n s f e r o r t h e 

s p o n t a n e o u s g e n e r a t i o n o f r a d i c a l s p e c i e s . S i m i l a r l y t e r m i n ­

a t i o n by r a d i c a l d i s p r o p o r t i o n a t i o n o r r e a c t i o n w i t h i m p u r ­

i t i e s i s n e g l e c t e d b u t t h e p r o m i n e n c e o f t r a p p i n g may h e l p t o 

o f f s e t t h i s d e f i c i e n c y . I n one case a t l e a s t , h o wever, a 

r e l a t i o n s h i p p r e d i c t e d by t h e p e r c o l a t i o n m o d e l has been b o r n e 

o u t e x p e r i m e n t a l l y . The model p r e d i c t s t h a t v a f '-'•̂ ^ 

where i s t h e f r a c t i o n o f monomer u n i t s a t t h e g e l p o i n t 

t h a t have r e a c t e d a t l e a s t o n c e . R e s u l t s f r o m a s t u d y o f 

t h e c o p o l y m e r i z a t i o n o f a c r y l a m i d e and N,N''-methylenebis-

( a c r y l a n i d e ) g i v e a v e r y s i m i l a r v a l u e f o r t h e e x p o n e n t i n t h e 
6 8 

above r e l a t i o n s h i p . T h i s shows t h a t q u a n t i t a t i v e a g r eement 

b e t w e e n r e s u l t s f r o m t h e p e r c o l a t i o n m odel and e x p e r i m e n t a l 

measurements i s p o s s i b l e and i s f u r t h e r e v i d e n c e o f t h e v a l i d i t y 

o f t h i s a p p r o a c h t o s u c h p o l y m e r i z a t i o n s . 

As w i l l become a p p a r e n t i n t h e f o l l o w i n g s e c t i o n s , p e r c o l ­

a t i o n models can be u s e f u l i n i l l u s t r a t i n g a n o t h e r a s p e c t o f 

n o n - l i n e a r c h a i n - g r o w t h p o l y m e r i z a t i o n . 
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(E) Inhomogeneous C r o s s - L i n k i n g i n N e t w o r k P o l y m e r s 

( i ) I n h o m o g e n e i t y i n C o n v e n t i o n a l l y C r o s s - L i n k e d 
Epoxy R e s i n s 

One o f t h e f i r s t i n d i c a t i o n s o f inhomogeneous c u r e 

i n t h e r m o s e t t i n g r e s i n s was r e p o r t e d i n 1936 when de Boer c a l ­

c u l a t e d t h e e x p e c t e d t e n s i l e s t r e n g t h o f a c u r e d p h e n o l -

f o r m a l d e h y d e r e s i n and compared t h e v a l u e o b t a i n e d w i t h e x p e r -
6 9 

i m e n t a l r e s u l t s . The c a l c u l a t e d v a l u e was f o u n d t o be 

a p p r o x i m a t e l y 500 t i m e s g r e a t e r t h a n t h a t o b s e r v e d e x p e r i m ­

e n t a l l y . Q u i t e a number o f i n v e s t i g a t i o n s have been c a r r i e d 

o u t s i n c e , t o d e t e r m i n e w h e t h e r t h e c r o s s - l i n k i n g i n epoxy 

r e s i n n e t w o r k s i s inhomogeneous. 

One o f t h e methods most w i d e l y u s e d t o o b t a i n ex­

p e r i m e n t a l e v i d e n c e o f i n h o m o g e n e i t y i s e l e c t r o n m i c r o s c o p y , 

EM. 70,71,72 E t c h e d o r u n e t c h e d , f r e e and f r a c t u r e s u r f a c e s 

have been e x a m i n e d u s i n g t h i s t e c h n i q u e and t h e p r e s e n c e o f 

n o d u l a r s t r u c t u r e s d e t e c t e d . I f t h e n o d u l a r s t r u c t u r e s a r e 

n o t p r e s e n t i n i t i a l l y t h e n t h e y may a p p e a r when t h e s u r f a c e i s 

e t c h e d c h e m i c a l l y o r by i o n s . The f a c t o r s a f f e c t i n g t h e o c c u r ­

r e n c e and p h y s i c a l a p p e a r a n c e o f t h e n o d u l e s w h i c h a r e assumed 

t o be r e g i o n s o f h i g h c r o s s - l i n k d e n s i t y i n c l u d e t h e c u r i n g 

a g e n t u s e d , t h e e x t e n t o f c u r e and t h e c r o s s - l i n k d e n s i t y . 

F o r example e p o x y r e s i n s c u r e d by an a c i d a n h y d r i d e and a c a t a l y ­

t i c c u r i n g a g e n t were compared. The f o r m e r s y s t e m showed a 

n o d u l a r s t r u c t u r e w i t h o u t e t c h i n g whereas t h e l a t t e r s y s t e m 
72 

showed s u c h s t r u c t u r e s o n l y a f t e r e t c h i n g . Many o f t h e 

s t u d i e s u s i n g EM have i n v o l v e d r e p l i c a t i o n o f t h e s u r f a c e 

u n d e r s t u d y a n d / o r e t c h i n g , b o t h o f w h i c h m i g h t g i v e r i s e t o 

s p u r i o u s r e s u l t s . N o d u l a r s t r u c t u r e s have been d e t e c t e d i n 

t h e f r a c t u r e s u r f a c e s o f g l a s s y p o l y m e r s s u c h as p o l y m e t h y l 



47 

m e t h a c r y l a t e t r e a t e d i n t h e same way as t h e c u r e d epoxy r e s i n s . 

F u r t h e r e v i d e n c e o f inhomogeneous c u r e i n epoxy r e s i n s 

has been o b t a i n e d f r o m d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y . "̂̂  

When c u r e d epoxy r e s i n s were a n n e a l e d c l o s e t o , b u t b e l o w t h e i r 

g l a s s t r a n s i t i o n t e m p e r a t u r e t h e y s u b s e q u e n t l y showed an endo-

t h e r m i c peak i n t h e r e g i o n o f t h e g l a s s t r a n s i t i o n . T h i s 

o b s e r v a t i o n i s a t t r i b u t e d t o o r d e r i n g o f t h e c r o s s - l i n k e d 

r e s i n s t r u c t u r e due t o i n c r e a s e d m o b i l i t y a t t h e a n n e a l i n g 

t e m p e r a t u r e . I f however t h e r e s i n s were a n n e a l e d w e l l b e l o w 

t h e i r g l a s s t r a n s i t i o n t e m p e r a t u r e , t h e g l a s s t r a n s i t i o n t h e n 

d i s p l a y e d two d i s t i n c t s t e p s . Phase s e p a r a t i o n o f h i g h l y 

c r o s s - l i n k e d and l i g h t l y c r o s s - l i n k e d r e g i o n s was g i v e n as t h e 

r e a s o n f o r t h i s o b s e r v a t i o n . The two r e g i o n s a c t i n d e p e n d e n t l y 

o f one a n o t h e r , each g i v i n g r i s e t o a g l a s s t r a n s i t i o n . I t 

must be n o t e d t h a t t h i s e f f e c t was a l s o o b s e r v e d i n t h e r m o ­

p l a s t i c s such as p o l y s t y r e n e . 

C ured epoxy r e s i n s have been examined u s i n g s m a l l 

a n g l e X - r a y s c a t t e r i n g . ^ ' ' " The r e s u l t s f r o m t h i s s t u d y gave 

no i n d i c a t i o n o f d e n s i t y f l u c t u a t i o n s t h a t w o u l d c o n f i r m t h e 

p r e s e n c e o f n o d u l e s o b s e r v e d u s i n g EM. The a p p l i c a t i o n o f 

c a s c a d e t h e o r y t o t h e s t e p - g r o w t h c r o s s - l i n k i n g o f epoxy r e s i n s , 

as m e n t i o n e d p r e v i o u s l y , gave no i n d i c a t i o n o f inhomogeneous 
38 

c r o s s - l i n k i n g . The t h e o r e t i c a l p r e d i c t i o n s a g r e e d r e a s o n a b l y 

w e l l w i t h e x p e r i m e n t a l r e s u l t s even t h o u g h i n t r a m o l e c u l a r r e ­

a c t i o n was n e g l e c t e d . C y c l i z a t i o n i s t h o u g h t t o g r e a t l y i n ­

f l u e n c e t h e o c c u r r e n c e o f i n h o m o g e n e i t y d u r i n g c r o s s - l i n k i n g 

r e a c t i o n s . However t h e s y s t e m s t u d i e d was l i g h t l y c r o s s -

l i n k e d and i t may be t h e case t h a t i n h o m o g e n e i t y i s more p r e ­

v a l e n t i n systems t h a t can be c r o s s - l i n k e d t o a h i g h e r d e g r e e . 
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B ased on t h e i r r e s u l t s f r o m s t u d y o f t h e e f f e c t s 

o f s u c h v a r i a b l e s as t h e c r o s s - l i n k d e n s i t y o f c u r e d epoxy 

r e s i n s on t h e o c c u r r e n c e o f n o d u l a r s t r u c t u r e s , M i s r a et al 

p r o p o s e d a t h r e e s t a g e c u r i n g m e c h a n i s m . T h e mechanism 

p u t f o r w a r d i s b a s e d on t h o s e p r o p o s e d by p r e v i o u s w o r k e r s and 

i n p a r t i c u l a r a c c o u n t s f o r t h e p r e s e n c e o f two s i z e s o f n o d u l e s 

and t h e f o r m a t i o n o f m i c r o g e l s p r i o r t o g e l a t i o n . H i g h l y 

c r o s s - l i n k e d p r i m a r y m i ^ c r o g e l s a r e f o r m e d i n t h e f i r s t s t a g e 

w h i c h t h e n a g g l o m e r a t e t o f o r m t h e l a r g e r , l e s s c o h e r e n t second­

a r y m i c r o g e l s . M a c r o s c o p i c g e l a t i o n t a k e s p l a c e when t h e 

s e c o n d a r y m i c r o g e l s c o a l e s c e , c r o s s - l i n k i n g o f t h e m a t e r i a l 

l e f t i n t h e i n t e r s t i c e s b e t w e e n t h e s e c o n d a r y m i c r o g e l s h e l p i n g 

t o l i n k t h e s e c o n d a r y m i c r o g e l s t o g e t h e r . P r o p e r t i e s such as 

t e n s i l e s t r e n g t h a r e t h e n d e t e r m i n e d by t h e de g r e e o f b o n d i n g 

b e t w e e n t h e s e c o n d a r y m i c r o g e l s . 

The above s t u d i e s p r e s u p p o s e t h a t t h e r e s i n and c u r i n g 

a g e n t a r e t h o r o u g h l y m i x e d . I t has been shown, u s i n g UV 

f l u o r e s c e n t p r o b e m o l e c u l e s , t h a t p o o r m i x i n g r e s u l t s i n r e g i o n s 

o f i n h o m o g e n e i t y i n t h e c u r e d epoxy resins.'^'^ 

( i i ) I n h o m o g e n e i t y i n C h a i n C r o s s - L i n k i n g P o l y m e r i z a t i o n s 

Numerous i n v e s t i g a t i o n s o f f r e e r a d i c a l c h a i n c r o s s -

l i n k i n g p o l y m e r i z a t i o n s have been c a r r i e d o u t . ^ ^ The r e s u l t s 

o f s u c h s t u d i e s s t r o n g l y s u g g e s t t h a t inhomogeneous c r o s s -

l i n k i n g o f t e n o c c u r s i n p o l y m e r i z a t i o n s o f t h i s t y p e , 

W a l l i n g ^ ^ f o u n d t h a t t h e g e l p o i n t c o n v e r s i o n s i n 

m e t h a c r y l a t e - e t h y l e n e d i m e t h a c r y l a t e c o p o l y m e r i z a t i o n s o c c u r r e d 

a t a much g r e a t e r e x t e n t o f r e a c t i o n t h a n p r e d i c t e d by t h e 

S t o c k m a y e r a p p r o a c h w h i c h n e g l e c t s i n t r a m o l e c u l a r r e a c t i o n . 

I n c r e a s i n g t h e d i l u t i o n o r amount o f t e t r a f u n c t i o n a l monomer 
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p r e s e n t i n c r e a s e d t h i s d i s c r e p a n c y . O t h e r w o r k e r s r e a l i z e d 

t h a t t h e m a i n cause o f t h e d i s c r e p a n c y i s t h e o c c u r r e n c e o f 

i n t r a m o l e c u l a r r e a c t i o n . A n o t h e r e f f e c t was r e c o g n i s e d 

t h a t c o u l d c o n t r i b u t e t o t h e d e l a y t h e o n s e t o f g e l a t i o n i n 

s u c h p o l y m e r i z a t i o n s . T h i s i s s h i e l d i n g o f t h e pendant v i n y l 

g r o u p s by t h e p o l y m e r m o l e c u l e t o w h i c h t h e y a r e a t t a c h e d 
7 8 

l e a d i n g t o a r e d u c t i o n i n t h e i r r e a c t i v i t y . 

S t y r e n e - d i v i n y l b e n z e n e c o p o l y m e r i z a t i o n s i n p a r t i c u l a r 

h ave a t t r a c t e d much i n t e r e s t due t o t h e use o f t h e s e c r o s s -

l i n k e d p o l y m e r s as i o n exchange r e s i n s and t h e s t a t i o n a r y phase 

i n g e l p e r m e a t i o n c h r o m a t o g r a p h y c o l u m n s . To a c c o u n t f o r t h e 

e f f e c t s o f i n c r e a s i n g t h e amount o f d i v i n y l b e n z e n e and t h e p r e ­

sence o f an i n e r t s o l v e n t on t h e c r o s s - l i n k d e n s i t y and t h e 

s t r u c t u r e o f t h e n e t w o r k f o r m e d , a mechanism o f g e l a t i o n i n -
79 80 

v o l v i n g t h e f o r m a t i o n o f m i c r o g e l s was p r o p o s e d . ' As i n 

t h e c u r e o f e poxy r e s i n s , g e l a t i o n o c c u r s when t h e m i c r o g e l s 

c o a l e s c e and b o n d t o g e t h e r . R e s u l t s f r o m o t h e r s t u d i e s have 

a l s o p r o d u c e d e v i d e n c e f o r t h e f o r m a t i o n o f m i c r o g e l s and 

a l l o w e d a b e t t e r u n d e r s t a n d i n g o f why t h e y a r e f o r m e d . 

A d e t a i l e d i n v e s t i g a t i o n o f t h e c o p o l y m e r i z a t i o n o f 

s t y r e n e and p - d i v i n y I b e n z e n e showed t h a t t h e number o f p e n d a n t 

v i n y l g r o u p s was v i r t u a l l y i n d e p e n d e n t o f t h e e x t e n t o f r e ­

a c t i o n , o n l y d e c r e a s i n g i n t h e i n i t i a l and f i n a l s t a g e s o f t h e 

8 1 

p o l y m e r i z a t i o n . A l s o a t t h e end o f t h e p o l y m e r i z a t i o n t h e r e 

was s t i l l a s u b s t a n t i a l number o f s u c h g r o u p s p r e s e n t . The 

above e f f e c t s became more p r o n o u n c e d as t h e amount o f t e t r a ­

f u n c t i o n a l monomer use d was i n c r e a s e d . A c o m p a r i s o n o f t h e 

e x p e c t e d v a r i a t i o n o f t h e number o f p e n d a n t v i n y l g roups as 

t h e r e a c t i o n p r o c e e d s , a s s u m i n g no i n t r a m o l e c u l a r r e a c t i o n , was 

made w i t h t h a t o b s e r v e d e x p e r i m e n t a l l y . A t l o w e r c o n v e r s i o n s . 
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f e w e r p e n d a n t v i n y l g r o u p s a r e d e t e c t e d t h a n e x p e c t e d w h i l s t 

a t h i g h e r c o n v e r s i o n s , more o f t h e s e g r o u p s a r e p r e s e n t t h a n 

t h e o r y w o u l d p r e d i c t . S i m i l a r o b s e r v a t i o n s have been made i n 
8 2 

f o r e x a m p l e t h e p o l y m e r i z a t i o n o f d i a l l y l p h t h a l a t e . 

To e x p l a i n t h e s e o b s e r v a t i o n s t h e f o l l o w i n g mechanism 
81 83 

has b e e n p r o p o s e d . ' I n t h e i n i t i a l s t a g e s o f c h a i n c r o s s -

l i n k i n g p o l y m e r i z a t i o n s , i n t r a m o l e c u l a r r e a c t i o n p r e d o m i n a t e s 

f o r t h e r e a s o n s d i s c u s s e d p r e v i o u s l y . F u r t h e r i n t r a m o l e c u l a r 

r e a c t i o n i s f a v o u r e d i n t h e s e c y c l i c and b r a n c h e d s t r u c t u r e s 

p r o d u c e d i n i t i a l l y , w h i c h r e s u l t s i n t h e f o r m a t i o n o f s m a l l 

d e n s e l y c r o s s - l i n k e d m i c r o g e l s w i t h a r e d u c e d number o f p e n d a n t 

v i n y l g r o u p s . The o c c u r r e n c e o f a g r e a t e r number o f p e n d a n t 

v i n y l g r o u p s a t h i g h e r c o n v e r s i o n s i s a t t r i b u t e d t o t h e p r e ­

s e nce o f s u c h u n r e a c t e d g r o u p s b u r i e d i n t h e i n a c c e s s i b l e c o r e 

o f t h e m i c r o g e l s and p r e v e n t e d f r o m f u r t h e r p a r t i c i p a t i o n i n 

t h e p o l y m e r i z a t i o n . Pendant v i n y l g r o u p s on t h e s u r f a c e o f 

m i c r o g e l s a l l o w them t o l i n k t o g e t h e r g i v i n g r i s e t o macro-

g e l a t i o n . 

O t h e r e x p e r i m . e n t a l r e s u l t s s u p p o r t t h e above mechanism 

o f i n h o m o g e n e o u s c r o s s - l i n k i n g . The w e i g h t - a v e r a g e m o l e c u l a r 

w e i g h t o f l o w c o n v e r s i o n p o l y e t h y l e n e d i m e t h a c r y l a t e i s f o u n d 

t o be s i m i l a r t o t h a t o f p r i m a r y c h a i n s o f p o l y m e t h y l m e t h ­

a c r y l a t e p r o d u c e d u n d e r t h e same c o n d i t i o n s . D e t e r m i n a t i o n 

o f t h e i n t r i n s i c v i s c o s i t y o f t h e n o n - l i n e a r p o l y m e r showed i t 

t o be s i g n i f i c a n t l y l o w e r t h a n t h a t p r e d i c t e d f o r a b r a n c h e d 
84 

p o l y m e r , s u g g e s t i n g t h e f o r m a t i o n o f compact p o l y m e r m o l e c u l e s . 

A p r o p o r t i o n o f t h e r e p e a t u n i t s i n s o l u b l e s t y r e n e - e t h y l e n e -

d i m e t h a c r y l a t e c o p o l y m e r s a r e n o t d e t e c t e d i n ̂ H-NMR s p e c t r a 

w h i c h i s c o n s i s t e n t w i t h r e g i o n s o f r e s t r i c t e d m o b i l i t y such as 
8 5 

w o u l d o c c u r i n t h e i n t e r i o r o f m i c r o g e l s . 
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A p e r c o l a t i o n model has been used to show the o c c u r r ­

ence o f inhomogeneity i n c h a i n c r o s s - l i n k i n g p o l y m e r i z a t i o n s of 
8 6 

u n s a t u r a t e d monomers. Us i n g a model s i m i l a r to those de­

s c r i b e d p r e v i o u s l y , " s n a p s h o t s " of the v a r i o u s s t a g e s of the 

p o l y m e r i z a t i o n o f a t e t r a f u n c t i o n a l monomer pr o c e e d i n g by a 

s t e p - g r o w t h and c h a i n - g r o w t h mechanism were produced. Compar­

i s o n s o f t h e t o p o l o g y of the two systems were made a t e q u i v ­

a l e n t w e i g h t c o n v e r s i o n s . E x t e n s i v e inhomogeneity was r e a d i l y 

a p p a r e n t i n t h e c h a i n - g r o w t h system which c o n s i s t e d of a s m a l l 

number of l a r g e polymer m o l e c u l e s . Pendant double bands com­

p l e t e l y s h i e l d e d by f u l l y r e a c t e d polymer and u n r e a c t e d mono­

mer s u r r o u n d e d by polymer was p r e s e n t . Pendant double bonds 

were a l s o s e e n on the b o u n d a r i e s of the polymer r i c h r e g i o n s . 

I n c o n t r a s t the s t e p - g r o w t h model produced a much more homo­

geneous sytem w i t h a l a r g e number of s m a l l m o l e c u l e s d i s t r i b u t e d 

e v e n l y o v e r t h e l a t t i c e . The chain-growth mechanism was a l s o 

c a r r i e d o u t w i t h 90% d i f u n c t i o n a l monomer p r e s e n t . L i k e the 

h o m o p o l y m e r i z a t i o n of t e t r a f u n c t i o n a l monomer by t h i s mechanism 

t h e r e was a h i g h degree of inhomogeneity. However t h e r e was 

much l e s s c r o s s - l i n k i n g and the number of m o l e c u l e s formed was 

q u i t e l a r g e so t h a t i f m o b i l i t y were t o be i n t r o d u c e d , the 

inhomogeneity might be reduced. 
Under c o n d i t i o n s s i m i l a r to those of the e x p e r i m e n t a l 

s t u d y o f t h e f r e e r a d i c a l c o p o l y m e r i z a t i o n of s t y r e n e - p - d i -
81 

v i n y l b e n z e n e d i s c u s s e d p r e v i o u s l y , the p e r c o l a t i o n model was 

used t o p r e d i c t t h e number of pendant double bonds p r e s e n t d u r i n g 

the c o u r s e o f s u c h a p o l y m e r i z a t i o n . Even though the p e r c o l ­

a t i o n model i s q u i t e s i m p l e i t p r e d i c t e d the same t r e n d s as seen 

e x p e r i m e n t a l l y e s p e c i a l l y a t low c o n v e r s i o n s . D i s c r e p a n c i e s 

d i d o c c u r between t h e e x p e r i m e n t a l and model s t u d i e s , a t high 
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c o n v e r s i o n s and on changing t h e amount of d i f u n c t i o n a l monomer 

use d . 

The o c c u r r e n c e of a h i g h degree of c y c l i z a t i o n d u r i n g 

c h a i n c r o s s - l i n k i n g p o l y m e r i z a t i o n s has been q u e s t i o n e d . I n 

one s t u d y , f o r example, i t was found t h a t i n t h e e a r l y s t a g e s 

o f a s t y r e n e - d i v i n y l b e n z e n e c o p o l y m e r i z a t i o n the d i f f e r e n c e i n 

the number of pendant v i n y l groups from t h a t p r e d i c t e d by r i n g -
8 7 

f r e e k i n e t i c t h e o r y was n e g l i g i b l e . The d e l a y i n the g e l 

p o i n t was t h e n a t t r i b u t e d t o r e a c t i o n of one double bond of 

the d i v i n y l monomer r e d u c i n g t h e r e a c t i v i t y of t h e second 

d o u b l e bond. 

H i g h l y c r o s s - l i n k e d copolymers t h a t might be e x p e c t e d 

t o e x h i b i t inhomogeneity, g i v e no i n d i c a t i o n of t h i s i n t h e i r 

m e c h a n i c a l p r o p e r t i e s . I t i s thought t h a t l i g h t l y c r o s s -

l i n k e d copolymer forms i n the v o i d s between m i c r o g e l p a r t i c l e s 

and i s bonded t o t h e p a r t i c l e s by pendant v i n y l groups i n the 

s u r f a c e of m i c r o g e l s . Hence the inhomogeneity of the network 

i s r e d u c e d . I f however an i n e r t s o l v e n t i s p r e s e n t then a 
83 

p e r m a n e n t l y inhomogeneous network c o n t a i n i n g v o i d s may be formed. 

( i i i ) Inhomogeneity i n P h o t o i n i t i a t e d C h a i n C r o s s - L i n k i n g 
P o l y m e r i z a t i o n s 

Only t h e method of g e n e r a t i n g t h e i n i t i a t i n g s p e c i e s 

d i s t i n g u i s h e s p h o t o i n i t i a t e d f r e e r a d i c a l c r o s s - l i n k i n g polymer­

i z a t i o n s from t h o s e d i s c u s s e d i n t h e p r e v i o u s s e c t i o n . The 

mechanism of inhomogeneous c r o s s - l i n k i n g as o u t l i n e d i n the 

p r e v i o u s s e c t i o n s h o u l d t h e r e f o r e be a p p l i c a b l e to p h o t o i n i t i a t e d 

f r e e r a d i c a l c r o s s - l i n k i n g p o l y m e r i z a t i o n s . I t does not seem 

u n r e a s o n a b l e t o s u g g e s t t h a t the p h o t o i n i t i a t e d c a t i o n i c c h a i n 

c r o s s - l i n k i n g p o l y m e r i z a t i o n of e p o x i d e s might proceed i n a 
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s i m i l a r way, r e s u l t i n g i n the formation of microgels and 

inhomogeneous c r o s s - l i n k i n g . Such polymerizations would be 

expected to proceed via the formation of polyether chains with 

pendant epoxide groups which could undergo a high degree of 

in t r a m o l e c u l a r r e a c t i o n i n the e a r l y stages of the polymeriz­

a t i o n . Evidence f o r inhomogeneous c r o s s - l i n k i n g i n both 

p h o t o i n i t i a t e d f r e e r a d i c a l and c a t i o n i c c r o s s - l i n k i n g poly­

m e r i z a t i o n s has been reported. 

I n order to obtain an i n d i c a t i o n of the extent of 

r e a c t i o n i n c r o s s - l i n k e d polymers, i n f r a - r e d spectroscopy can 

be used to determine the amount of unreacted f u n c t i o n a l i t y pre­

sent. Using t h i s technique, the fr e e r a d i c a l p h o t o i n i t i a t e d 
88 

cure of an unsaturated r e s i n system was inv e s t i g a t e d . The 

amount of unreacted f u n c t i o n a l i t y i n a cured f i l m was measured 

three times i n three d i f f e r e n t p l a c e s . Generally, quite a 

s i g n i f i c a n t amount of s c a t t e r was observed i n the three measure­

ments which the authors a t t r i b u t e d to inhomogeneous c r o s s -

l i n k i n g . However the inhomogeneity must be occurring on a 

r e l a t i v e l y l a r g e s c a l e to be detected by i n f r a - r e d spectroscopy. 

More p o s i t i v e evidence of inhomogeneous c r o s s - l i n k i n g has been 

obtained i n such systems. The p h o t o i n i t i a t e d free r a d i c a l 

cure of two r e s i n s , 1,6-hexanediol d i a c r y l a t e , HDDA,and b i s -(2-hydroxylethyl)bisphenol A dimethacrylate, HEBDM, were i n v e s t -
89 

igat e d . Isothermal d i f f e r e n t i a l scanning calorimetry, DSC, 

was used to determine the degree of double bond conversion. 
Samples were i r r a d i a t e d (X =350nm bandwidth 45nm, 0.2mw an~^) 

in the sample holder of the c a l o r i m e t e r . 

F i v e seconds i r r a d i a t i o n a t 20°C r e s u l t e d i n 60% 

and 35% conversion of HDDA and HEBDM r e s p e c t i v e l y . A d d i t i o n a l 

conversion occurred when the samples were heated to 80°C i n 
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the dark, t h i s p o s t i r r a d i a t i o n c o n v e r s i o n was g r e a t e r f o r 

the HEBDM r e s i n . I r r a d i a t i o n f o r one hour a t 20°C gave a 

g r e a t e r c o n v e r s i o n than f o r f i v e seconds i r r a d i a t i o n and then 

h e a t i n g the samples t o 80°C. However, t h e r e was s t i l l an 

a d d i t i o n a l c o n v e r s i o n when the samples i r r a d i a t e d f o r the 

l o n g e r p e r i o d were h e a t e d . The g r e a t e s t degree of c o n v e r s i o n 

(HDDA 89%; HEBDM 40%) was a c h i e v e d by i r r a d i a t i n g , f o r one 

hour, samples m a i n t a i n e d a t 80°C. 

The above o b s e r v a t i o n s i n d i c a t e t h a t r a d i c a l s a r e 

tr a p p e d a t the end of the i r r a d i a t i o n p e r i o d which has been 

co n f i r m e d by e l e c t r o n s p i n r e s o n a n c e measurements. On h e a t i n g , 

the t r a p p e d r a d i c a l s become mobile l e a d i n g to a s i g n i f i c a n t 

i n c r e a s e i n the degree of c o n v e r s i o n . The r e s u l t s have been 

i n t e r p r e t e d a s b e i n g i n d i c a t i v e of inhomogeneous c r o s s - l i n k i n g 

l e a d i n g to r e g i o n s of d i f f e r i n g m o b i l i t y . R a d i c a l s p e c i e s 

t r a p p e d i n r e g i o n s of low m o b i l i t y a f t e r a s h o r t i r r a d i a t i o n 

a t 20°C may onl y c o n t i n u e to c o n v e r t double bonds i f t h e 

temp e r a t u r e and hence the m o b i l i t y of t h e sys t e m i s i n c r e a s e d . 

I f i r r a d i a t i o n i s c o n t i n u e d f o r lo n g e r p e r i o d s a t 20°C, then 

f u r t h e r r a d i c a l s a r e ge n e r a t e d i n r e g i o n s of h i g h e r m o b i l i t y 

r e s u l t i n g i n a g r e a t e r degree of c o n v e r s i o n . H e a t i n g t h e s e 

samples a g a i n m o b i l i s e s the tr a p p e d r a d i c a l s l e a d i n g t o a 

f u r t h e r i n c r e a s e i n t h e double bond c o n v e r s i o n . 

I n d i v i n y l p o l y m e r i z a t i o n s , c o n v e r s i o n can be l i m i t e d 

by t h e o n s e t of v i t r i f i c a t i o n which l e a d s t o the t r a p p i n g . o f 

r a d i c a l s . I n c r e a s i n g the temperature a t which t h e polymer­

i z a t i o n i s c a r r i e d out i n c r e a s e s the m o b i l i t y and hence t h e 

e x t e n t o f r e a c t i o n a t which t r a p p i n g o c c u r s . The o b s e r v a t i o n 

t h a t t h e a d d i t i o n a l c o n v e r s i o n on h e a t i n g samples of HDDA 
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i r r a d i a t e d a t 20 C o c c u r s over a wide range of i n i t i a l con­

v e r s i o n s (14% to 79%) shows t h a t t h i s t r a p p i n g o c c u r s w e l l 

b e f o r e t h e l i m i t i n g c o n v e r s i o n i s r e a c h e d i n the system examined, 

The p o s s i b i l i t y of t h i s inhomogeneity b e i n g due t o 

phase s e p a r a t i o n i s c o n s i d e r e d u n l i k e l y b e c a u s e of the s m a l l 

d i f f e r e n c e i n monomer and polymer p o l a r i t y and the absence of 

s o l v e n t . The inhomogeneous c o u r s e of the c r o s s - l i n k i n g p o l y ­

m e r i z a t i o n i s a t t r i b u t e d t o l o c a l d i f f e r e n c e s i n the concen­

t r a t i o n of pendant v i n y l groups due t o i n t r a m o l e c u l a r r e a c t i o n . 

A p e r c o l a t i o n model, s i m i l a r t o t h o s e d e s c r i b e d p r e v i o u s l y , was 

used t o p r e d i c t t h e number of pendant double bonds as a f u n c t i o n 

of t h e w e i g h t f r a c t i o n of polymer produced f o r the chain-growth 

p o l y m e r i z a t i o n of a t e t r a f u n c t i o n a l monomer. As i n a p r e ­

v i o u s s t u d y , c o m p a r i s o n s were made between a step-growth model 

and a c h a i n - g r o w t h model o f the p o l y m e r i z a t i o n of a t e t r a -

f u n c t i o n a l monomer on a two d i m e n s i o n a l l a t t i c e . F i g u r e s 1.2 

and 1.3 show t h e two systems f o r t h e same w e i g h t f r a c t i o n of 

polymer produced. T h i n l i n e s r e p r e s e n t s i n g l e bonds and t h i c k 

l i n e s m u l t i p l e c o n n e c t i o n s . 
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FIGURE 1.2 Step-growth FIGURE 1.3 Chain-growth 
P e r c o l a t i o n Model P e r c o l a t i o n Model 
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The s t e p - g r o w t h model shows the pr e s e n c e of numerous, r e l a t ­

i v e l y s m a l l m o l e c u l e s d i s t r i b u t e d homogeneously a c r o s s the 

l a t t i c e w h i l s t t h e chain-growth model shows a l a r g e inhomo-

g e n o u s l y c r o s s - l i n k e d polymer molecule w i t h u n r e a c t e d monomer 

t r a p p e d w i t h i n i t . 

The number of pendant double bonds was determined 

i n HDDA samples of i n c r e a s i n g c o n v e r s i o n , x, as measured by 

d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y . E x t r a c t i o n s of u n r e a c t e d 

monomer and s o l u b l e polymer were c a r r i e d out on the samples 

and t h e amount of monomer p r e s e n t measured from h i g h p r e s s u r e 

l i q u i d chromatography t r a c e s . T h i s a l l o w e d the f r a c t i o n of 

polymer formed,?, t o be e v a l u a t e d . Q u a n t i t a t i v e r e t r i e v a l 

o f an i n e r t compound added to the samples p r i o r to i r r a d i a t i o n 

showed t h a t t h e e x t r a c t i o n p r o c e s s was e f f i c i e n t . U s ing the 

e x p r e s s i o n below, t h e f r a c t i o n of monomer u n i t s c a r r y i n g pend­

a n t double bonds b was c a l c u l a t e d : 

, _ 2(P-x) b p -

R e s u l t s from c a l c u l a t i o n s u s i n g a c l a s s i c a l model 

of c h e m i c a l k i n e t i c s and the p e r c o l a t i o n model were compared 

w i t h t h o s e o b t a i n e d e x p e r i m e n t a l l y . The number of pendant 

v i n y l groups was found t o be lower than p r e d i c t e d by the k i n e t i c 

c a l c u l a t i o n s a t lower c o n v e r s i o n s but g r e a t e r than p r e d i c t e d 

a t h i g h e r c o n v e r s i o n s as had been found p r e v i o u s l y i n s t u d i e s of 

t h i s type o f p o l y m e r i z a t i o n . At lower c o n v e r s i o n s the p e r ­

c o l a t i o n model p r e d i c t e d a lower number of pendant double bonds 

t h a n t h e k i n e t i c c a l c u l a t i o n s , a g r e e i n g with' the e x p e r i m e n t a l 

r e s u l t s . However a t h i g h e r c o n v e r s i o n s the p e r c o l a t i o n model 

u n d e r e s t i m a t e d q u i t e s i g n i f i c a n t l y the number of pendant 

double bonds. T h i s d e v i a t i o n c o u l d be due to the model under-
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e s t i m a t i n g t h e s h i e l d i n g of pendant v i n y l groups or reduced 

e f f i c i e n c y of t h e p h o t o i n i t i a t o r i n d e n s e l y c r o s s - l i n k e d 

r e g i o n s . A s i m i l a r d e v i a t i o n was ob s e r v e d i n a study de­

s c r i b e d p r e v i o u s l y w h i c h compared p r e d i c t i o n s from a p e r c o l ­

a t i o n model w i t h e x p e r i m e n t a l r e s u l t s . Then, the d i s c r e p a n c y 

was a t t r i b u t e d t o i n e f f i c i e n t e x t r a c t i o n of monomer i n the ex­

p e r i m e n t a l s t u d y w h i c h i s u n l i k e l y to be the e x p l a n a t i o n i n 

t h i s c a s e . 

The a p p l i c a t i o n of a more s u b t l e t e c h n i q u e has shown the 

p r e s e n c e of inhomogeneous c r o s s - l i n k i n g i n the p h o t o i n i t i a t e d 

c a t i o n i c p o l y m e r i z a t i o n of the t e t r a f u n c t i o n a l e poxides shown 
90 

b e l o w r ^ 

A 
CH—CH, 

0 0 / \ / \ CH^-CH—f-CHjf^CH—CH^ 

:xi; 

A 
CH^-CHCHjO 

A 
[ X I I ) 

0 II COCH 

[ X I I I ) 

The p h o t o i n i t i a t o r used was b i s ( 4 - t - b u t y l p h e n y l ) i o d o n i u m 

h e x a f l u o r o a r s e n a t e . 

The aim of t h e study was t o i n v e s t i g a t e the pro­

p e r t i e s o f t h e c r o s s - l i n k e d r e s i n s w i t h a view of t h e i r use 

i n o p t i c a l s y s t e m s . A f t e r exposure of the c r o s s - l i n k e d r e s i n s 

t o u l t r a v i o l e t l i g h t , a l o n g - l a s t i n g , b r i g h t b l u e e m i s s i o n 

was o b s e r v e d . M o l e c u l a r m o b i l i t y i n polymers has been s t u d i e d 

u s i n g l u m i n e s c e n t probe m o l e c u l e s added t o the system but i n 

t h i s i n v e s t i g a t i o n , i n t e r m e d i a t e s from the p h o t o l y s i s of t h e 
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p h o t o i n i t i a t o r p r o v i d e d on i n t r i n s i c probe. The n a t u r e of 

t h i s probe m o l e c u l e i s not known but i t seems v e r y l i k e l y t h a t 

i t i s a f r e e r a d i c a l s p e c i e s . 

I s o t h e r m a l DSC measurements were used t o d e t e r ­

mine t h e i r r a d i a t i o n time r e q u i r e d f o r maximum c o n v e r s i o n . 

The s a m p l e s were i r r a d i a t e d a t 254nm i n a i r . I t i s not s t a t e d 

w h ether s u b s e q u e n t h e a t i n g produced any a d d i t i o n a l c o n v e r s i o n 

of e p o x i d e groups. A l l the c u r e d r e s i n s e x h i b i t e d f l u o r e s c e n c e 

a t 340nm. I n a d d i t i o n r e s i n s ( X ) , ( X I ) and ( X I I I ) showed 

phosphorescence a t approximately 480nm. The decay time of the 

ph o s p h o r e s c e n c e was found to be 1.6 seconds and was independent 

o f t h e r e s i n s t r u c t u r e s . The i n t e n s i t y of both t y p e s of 

e m i s s i o n was found to be g r e a t e s t when the samples were i r r a d ­

i a t e d a t 290nm. 

To g a i n an i n s i g h t i n t o t h e p o l y m e r i z a t i o n of the d i -

e p o x i d e s , e m i s s i o n s p e c t r a were r e c o r d e d a t i n c r e a s i n g degrees 

of c o n v e r s i o n . A r a p i d i n c r e a s e i n t h e i n t e n s i t y of f l u o r ­

e s c e n c e was obser v e d from the s t a r t of the p o l y m e r i z a t i o n . When 

phosphorescence d i d occur, i t on l y appeared and i n c r e a s e d i n 

i n t e n s i t y a f t e r a c e r t a i n i r r a d i a t i o n time which was dependent 

on t h e s t r u c t u r e of the r e s i n . A f t e r twenty hours i n the dark, 

the fluorescence i n t e n s i t y had d e c r e a s e d s l i g h t l y and phosphor­

escence d i d not o c c u r . I r r a d i a t i o n of the sample q u i c k l y 

r e g e n e r a t e d t h e l a t t e r but prolonged i r r a d i a t i o n r e s u l t e d i n 

the i r r e v e r s i b l e d i s a p p e a r a n c e of both t y p e s of l u m i n e s c e n c e . 

At ambient temperatures the decay time of the phos­

p h o r e s c e n c e was found to be independent of the degree of con­

v e r s i o n . The decay time, T , i s g i v e n by the f o l l o w i n g ex­

p r e s s i o n , 

r nr 
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where i s t h e r a d i a t i v e l i f e t i m e of t h e t r i p l e t s t a t e and 

T the n o n - r a d i a t i v e l i f e t i m e . I n t e r - and i n t r a m o l e c u l a r n r 

d e a c t i v a t i o n p r o c e s s e s d e t e r m i n e the l a t t e r . C h e m i c a l r e ­

a c t i o n o r a h i g h m o b i l i t y of t h e s p e c i e s r e s p o n s i b l e f o r the 

l u m i n e s c e n c e w i l l g i v e r i s e t o i n t e r m o l e c u l a r quenching. I f 

the c r o s s - l i n k i n g p o l y m e r i z a t i o n o f t h e e p o x i d e s proceeded i n 

a homogeneous manner then one would e x p e c t a g r a d u a l d e c r e a s e 

i n the m o b i l i t y o f t h e system as the c r o s s - l i n k d e n s i t y g r a d u a l l y 

i n c r e a s e d . T h i s s h o u l d l e a d the p h o s p h o r e s e n c e decay time t o 

i n c r e a s e g r a d u a l l y w i t h c o n v e r s i o n as the o c c u r r e n c e of i n t e r ­

m o l e c u l a r q u e nching would be r e d u c e d . The o b s e r v a t i o n t h a t 

the p h o s p h o r e s c e n c e decay time remains c o n s t a n t w i t h i n c r e a s i n g 

c o n v e r s i o n l e d t h e w o r k e r s t o propose t h a t r e g i o n s of h i g h and 

low c r o s s - l i n k d e n s i t y and hence m o b i l i t y o c c u r i n the network 

s t r u c t u r e . I n t h e r e g i o n s of low m o b i l i t y , which must be 

formed from t h e o n s e t o f p h o s p h o r e s c e n c e , r a d i a t i v e decay 

predominates whereas n o n - r a d i a t i v e decay i s dominant, i n the 

h i g h m o b i l i t y r e g i o n s . The r a t i o of t h e phosphorescence and 

f l u o r e s c e n c e i n t e n s i t i e s w i l l g i v e an i n d i c a t i o n of the volume 

f r a c t i o n of low m o b i l i t y r e g i o n s . T h i s r a t i o , which i s found 

t o depend on t h e r e s i n s t r u c t u r e , i n c r e a s e s r a p i d l y and then 

r e a c h e s a p l a t e a u v a l u e as the p o l y m e r i z a t i o n p r o c e e d s . 

P h o s p h o r e s c e n c e i s not o b s e r v e d a t any e x t e n t of 

r e a c t i o n i n samples o f r e s i n ( X I I ) . I t i s c o n s i d e r e d t h a t the 

s t r u c t u r e of t h i s r e s i n i s not r i g i d enough t o l i m i t m o b i l i t y 

even i n h i g h l y c r o s s - l i n k e d domains, so t h a t n o n - r a d i a t i v e decay 

predominates t h r o u g h o u t the network. C o o l i n g a c u r e d sample 

of r e s i n would be e x p e c t e d t o f a v o u r r a d i a t i v e decay by r e ­

d u c i n g the i n t e r n a l m o b i l i t y of the network s t r u c t u r e . 
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P h o s p h o r e s c e n c e was i n d e e d o b s e r v e d on c o o l i n g a c u r e d 
sample of r e s i n ( X I I ) . 

U s i n g ESR s p e c t r o s c o p y , trapped r a d i c a l s p e c i e s 

were d e t e c t e d i n f r e s h l y p o l y m e r i z e d samples o f each r e s i n . 

The i n t e n s i t y of the s i g n a l i n c r e a s e d w i t h i n c r e a s i n g conver­

s i o n but the shape of the s i g n a l which i s a f f e c t e d by the 

m o b i l i t y o f the s p e c i e s remained c o n s t a n t . The decay of the 

s i g n a l was found t o be v i r t u a l l y independent o f the s t r u c t u r e 

o f t h e r e s i n and more i n t e r e s t i n g l y the degree of c o n v e r s i o n . 

These o b s e r v a t i o n s a r e c o n s i s t e n t w i t h the h y p o t h e s i s t h a t 

domains of h i g h and low m.obility a r e formed i n such polymer­

i z a t i o n s . The i n c r e a s e of s i g n a l i n t e n s i t y w i t h i n c r e a s i n g 

c o n v e r s i o n i n d i c a t e s t h a t the volume f r a c t i o n of low m o b i l i t y 

domains i n c r e a s e s as t h e p o l y m e r i z a t i o n p r o g r e s s e s . The 

t r a p p e d r a d i c a l s p e c i e s which a r e thought t o be p h o t o l y s i s i n t e r ­

m e d i a t e s from the p h o t o i n i t i a t o r were d e t e c t e d i n c u r e d samples 

of r e s i n ( X I I ) . Y e t , assuming t h e s e r a d i c a l s p e c i e s a r e r e s ­

p o n s i b l e f o r the l u m i n e s c e n c e , the s t r u c t u r e of t h i s r e s i n was 

c o n s i d e r e d too f l e x i b l e t o p r e v e n t n o n - r a d i a t i v e decay of the 

phosphorescence by i n t e r m o l e c u l a r quenching. 

Thus the above s t u d i e s p r o v i d e , from a v a r i e t y of 

t e c h n i q u e s , r e a s o n a b l y c o n v i n c i n g e v i d e n c e f o r the o c c u r r e n c e 

of inhomogeneous c r o s s - l i n k i n g i n p h o t o i n i t i a t e d c h a i n c r o s s -

l i n k i n g p o l y m e r i z a t i o n s . 
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2.1 General Aspects of Photochemistry 

Photochemistry^is the study of the chemical or p h y s i c a l 

processes t h a t occur when molecules absorb a quantum of 

r a d i a t i o n from the v i s i b l e or u l t r a v i o l e t regions of the 

electromagnetic spectrum. E s s e n t i a l l y , r a d i a t i o n of wave­

length 200 to 700 nm i s u t i l i z e d . 

(A) E x c i t e d S t a t e s and Photochemical Processes 

E l e c t r o n s occupy a s e t of molecular o r b i t a l s of i n ­

c r e a s i n g energy. On absorption of a photon of s u f f i c i e n t 

energy, an e l e c t r o n i s promoted to a molecular o r b i t a l of 

higher energy. Photochemical r e a c t i o n s occur from t h i s 

e x c i t e d s t a t e as opposed to thermal r e a c t i o n s which occur 

from the e l e c t r o n i c a l l y unexcited ground s t a t e . In a number 

of molecules, the e l e c t r o n s a s s o c i a t e d with a p a r t i c u l a r group 

of atoms, known as a chromophore, are e x c i t e d . 

E l e c t r o n s possess a s p i n quantum number which m.ay take 

the value +̂5 or -h depending on the d i r e c t i o n of the spin. 

The e x p r e s s i o n 2S+1, where S i s the sum of the spin quantum 

numbers of e l e c t r o n s , g i v e s the m u l t i p l i c i t y of an e l e c t r o n i c 

c o n f i g u r a t i o n . Most organic molecules have an even number of 

e l e c t r o n s d i s t r i b u t e d i n p a i r s , with t h e i r spins opposed, i n 

molecular o r b i t a l s . The m u l t i p l i c i t y of t h i s e l e c t r o n i c 

c o n f i g u r a t i o n i s then one and the term s i n g l e t s t a t e i s used 

to d e s c r i b e i t . The e x c i t a t i o n of e l e c t r o n s i s governed by 

a number of s e l e c t i o n r u l e s , one of which forbids t r a n s i t i o n s 

that occur with a change of s p i n . Therefore the excited s t a t e s 

of most organic molecules reached by d i r e c t e l e c t r o n i c ex­

c i t a t i o n are s i n g l e t s . 
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The energy of t h e photon absorbed i s o f t e n g r e a t e r than 

t h e energy r e q u i r e d t o promote an e l e c t r o n . T h i s r e s u l t s 

i n t h e e l e c t r o n a t t a i n i n g an upper v i b r a t i o n a l l e v e l of the 

e x c i t e d s t a t e . B e f o r e any o t h e r p r o c e s s e s o c c u r , the e x c e s s 

v i b r a t i o n a l energy i s l o s t by i n t e r n a l c o n v e r s i o n , I C . The 

main p r o c e s s e s by w h i c h the e x c e s s e l e c t r o n i c energy i s l o s t 

can o c c u r c o n c u r r e n t l y and a r e summarized i n F i g u r e 2.1. 

Energy 

R e a c t i o n 
D e c o m p o s i t i o n 

R e a r r a n g e m e n t 

Q u e n c h i n g 

Vibrat ional 
l e v e l s 

) 
) 
) 

[/ ) 

R e a c t i o n 
D e c o m p o s i t i o n 
R e a r r a n g e m e n t 
Quenc hing 

FIGURE 2.1 E x c i t e d E l e c t r o n i c s t a t e s and T h e i r p o s s i b l e F a t e s 

E m i s s i o n of a photon r e s u l t s i n the e l e c t r o n r e t u r n i n g 

t o one of the v a r i o u s v i b r a t i o n a l l e v e l s of the ground s t a t e 

and g i v e s r i s e t o f l u o r e s c e n c e . I d e a l l y , t h e a b s o r p t i o n and 

f l u o r e s c e n c e e m i s s i o n s p e c t r a w i l l be m i r r o r images w i t h the 

f l u o r e s c e n c e spectrum a t l o n g e r w a v e l e n g t h s . I n t e r n a l con­

v e r s i o n can produce the same t r a n s i t i o n , w i t h o u t e m i s s i o n of 
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a photon, t h r o u g h c o l l i s i o n s w i t h the s u r r o u n d i n g medium. 

Quenching of t h e e x c i t e d s t a t e o c c u r s through i n t e r ­

a c t i o n w i t h an a c c e p t o r m o l e c u l e , A, most i m p o r t a n t l y by an 

energy t r a n s f e r mechanism. The e x c i t e d s t a t e donor mole­

c u l e , D, r e t u r n s t o t h e ground s t a t e w h i l s t the a c c e p t o r mole­

c u l e i s r a i s e d t o an e x c i t e d s t a t e as shown below: 

D ( S ^ ) + A ( S Q ) • D ( S Q ) + A ( S ^ ) 

D I T ^ ) + A ( T Q ) • D I T Q ) + A l T ^ l 

T h i s p r o c e s s can o n l y o c c u r i f the e x c i t e d s t a t e of the 

a c c e p t o r m o l e c u l e i s of lower energy than t h a t of the donor 

m o l e c u l e . 

I f t h e e x c i t e d s t a t e of a m o l e c u l e i s of s u f f i c i e n t 

energy t h e n a weak bond, c l o s e t o t h e s i t e of e x c i t a t i o n , 

may be c l e a v e d . T h i s produces r a d i c a l or m o l e c u l a r s p e c i e s , 

d i s s i p a t i n g t h e e x c e s s energy. A l t e r n a t i v e l y , the energy 

r i c h m o l e c u l e may undergo i n t e r m o l e c u l a r c h e m i c a l r e a c t i o n or 

an i n t r a m o l e c u l a r r e a r r a n g e m e n t , g i v i n g r i s e t o p r o d u c t s or 

i s o m e r s i n the ground s t a t e . I n t e r m o l e c u l a r p r o c e s s e s i n ­

v o l v i n g t h e s i n g l e t e x c i t e d s t a t e tend to be d i s f a v o u r e d 

b e c a u s e of the s h o r t l i f e t i m e of t h i s s t a t e . 

A change i n m u l t i p l i c i t y o f t h e e x c i t e d s t a t e can be 

weakly a l l o w e d and i s known as i n t e r s y s t e m c r o s s i n g , I S C . 

L i k e w i s e the t r a n s i t i o n from a t r i p l e t e x c i t e d s t a t e to a 

s i n g l e t ground s t a t e i s p o s s i b l e . I f the l a t t e r t r a n s i t i o n 

i s accompanied by t h e e m i s s i o n o f a photon then the p r o c e s s 

i s known as p h o s p h o r e s c e n c e . U n l i k e f l u o r e s c e n c e , which 

c e a s e s as soon a s the l i g h t s o u r c e i s removed, phosphorescence 

may c o n t i n u e f o r a l e n g t h y p e r i o d a f t e r i r r a d i a t i o n . T h i s 
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i s a r e f l e c t i o n of the i n e f f i c i e n c y of t r a n s i t i o n s between 

s t a t e s of d i f f e r e n t m u l t i p l i c i t y . The e x c e s s energy of the 

t r i p l e t e x c i t e d s t a t e may be l o s t by o t h e r p r o c e s s e s which 

a r e s i m i l a r t o t h o s e of the s i n g l e t e x c i t e d s t a t e . The 

l o n g e r l i f e t i m e o f the t r i p l e t s t a t e g i v e s i n t e r m o l e c u l a r 

p r o c e s s e s a b e t t e r chance of o c c u r r i n g . 

B. Qijantum Y i e l d 

The quantum y i e l d (j), i s a measure of t h e e f f i c i e n c y of 

a p r o c e s s and i s d e f i n e d as f o l l o w s ; 

$ = number of m o l e c u l e s undergoing a p r o c e s s 
number of quanta absorbed 

For p h o t o c h e m i c a l r e a c t i o n s t h e quantum y i e l d f o r p r o d u c t 

f o r m a t i o n g i v e s an i n s i g h t i n t o the mechanism of r e a c t i o n . 

I f 4) i s e q u a l t o one then a m o l e c u l e r e a c t s f o r each quantum 

of r a d i a t i o n absorbed. A v a l u e of ({> l e s s than one may i n ­

d i c a t e , f o r example, t h a t d e a c t i v a t i o n of the e x c i t e d s t a t e 

or r a d i c a l r e c o m b i n a t i o n i s o c c u r r i n g . By c o n t r a s t when 4i 

i s g r e a t e r than one, a c h a i n p r o c e s s i s p r o b a b l y o c c u r r i n g . 

C. P h o t o s e n s i t i z a t i o n 

An a l t e r n a t i v e t o the d i r e c t i r r a d i a t i o n of a m o l e c u l e 

to produce an e x c i t e d s t a t e i s the p r o c e s s of p h o t o s e n s i t i z a t i o n , 

T h i s t e c h n i q u e can be used when the wav e l e n g t h s e m i t t e d by the 

l i g h t s o u r c e do not match those absorbed by a m o l e c u l e which 

i s r e q u i r e d t o undergo a p h o t o c h e m i c a l p r o c e s s . A compound 

i s chosen t h a t must f i t two requirem.ents. F i r s t l y the photo-

s e n s i t i z e r must absorb wavelengths e m i t t e d by the l i g h t 

s o u r c e and thus be r a i s e d t o an e l e c t r o n i c a l l y e x c i t e d s t a t e . 
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S e c o n d l y the p h o t o s e n s i t i z e r must be c a p a b l e of i n t e r a c t i n g 

w i t h the m o l e c u l e o f i n t e r e s t t o produce t h e same e f f e c t as 

d i r e c t i r r a d i a t i o n . G e n e r a l l y energy t r a n s f e r i s the most 

i m p o r t a n t p r o c e s s by which p h o t o s e n s i t i z a t i o n o c c u r s . The 

molecule, M, i s r a i s e d t o an e x c i t e d s t a t e w h i l s t the photo-

s e n s i t i z e i ; P, i s r e t u r n e d t o i t s ground s t a t e . 

P P* 

P* + M • P + M* 

P r o d u c t s 

2.2 P h o t o i n i t i a t o r s f o r F r e e R a d i c a l and C a t i o n i c Polymerizations 

The term p h o t o i n i t i a t e d p o l y m e r i z a t i o n i s used t o de­

s c r i b e t h e i n i t i a t i o n of c h a i n - g r o w t h p o l y m e r i z a t i o n by a s p e c i e s 

produced from t h e p h o t o c h e m i c a l r e a c t i o n of a s p e c i f i c photo-

i n i t i a t o r . T h i s i s i n c o n t r a s t t o p h o t o p o l y m e r i z a t i o n s , where 

each p r o p a g a t i o n s t e p r e q u i r e s the a b s o r p t i o n of a photon.^ 

The two main t y p e s of c h a i n - g r o w t h p o l y m e r i z a t i o n f o r 

which p h o t o i n i t i a t o r s have been e x t e n s i v e l y d eveloped a r e 

t h o s e t h a t p r o c e e d by f r e e r a d i c a l and c a t i o n i c mechanisms. 

The a v a i l a b i l i t y of f r e e r a d i c a l and c a t i o n i c p h o t o i n i t i a t o r s 

a l l o w s the c r o s s - l i n k i n g p o l y m e r i z a t i o n of both v i n y l and epoxy 

r e s i n s t o be c a r r i e d out. 

A. F r e e R a d i c a l P h o t o i n i t i a t o r s 

A b r i e f summary of the p h o t o c h e m i s t r y and the t y p e s of 

f r e e r a d i c a l p h o t o i n i t i a t o r s i s p r e s e n t e d h e r e . More d e t a i l e d 

r e v i e w s of t h i s a r e a have been p u b l i s h e d . ' ̂  ' ̂  ' ̂  
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The main r e q u i r e m e n t s f o r a p h o t o i n i t a t o r , e s p e c i a l l y 

ones f o r c o m m e r c i a l u s e a r e : -

(a) e f f i c i e n t a b s o r p t i o n of wavelen g t h s from a v a i l a b l e 

u l t r a v i o l e t lamps; 

(b) e f f i c i e n t p h o t o c h e m i c a l p r o d u c t i o n of s p e c i e s , e f f e c t i v e 

a t i n i t i a t i n g p o l y m e r i z a t i o n ; 

(c) t h e r m a l s t a b i l i t y . 

F r e e r a d i c a l p h o t o i n i t i a t o r s such as p e r o x i d e s have been 

known f o r many y e a r s b u t they do not meet t h e f i r s t and t h i r d 

r e q u i r e m e n t s . Some a r o m a t i c c a r b o n y l compounds f u l f i l a l l of 

the above r e q u i r e m e n t s . T h i s has l e d t o t h e i r development 

and predominant use as f r e e r a d i c a l p h o t o i n i t i a t o r s i n the 

c u r i n g o f u n s a t u r a t e d p o l y e s t e r s , a c r y l a t e s , i s o c y a n a t e 

a c r y l a t e s and epoxy a c r y l a t e s . 

( i ) C a r b o n y l P h o t o c h e m i s t r y 

The m o l e c u l a r o r b i t a l s a s s o c i a t e d w i t h the c a r b o n y l 

group a r e shown below i n o r d e r of i n c r e a s i n g energy:^ 

o < 7 T < n < T T * < a * 

T h e r e a r e e l e c t r o n p a i r s i n the a and TT o r b i t a l s and i n 

two non-bonding o r b i t a l s on the oxygen atom. Two t r a n s i t i o n s 

may be r e a d i l y observed,n-^ir* and 7 r - * - i T * . The former t r a n s i t i o n 

i s u s u a l l y o f lower energy than the l a t t e r but t h i s order may 

be r e v e r s e d depending on the s u b s t i t u e n t s p r e s e n t i n the mole­

c u l e o r on t h e s o l v e n t used. The two p o s s i b l e e x c i t e d s t a t e s 

have d i f f e r e n t r e a c t i v i t i e s . F o r example the n , T r * e x c i t e d 

s t a t e r e s u l t s i n a d e c r e a s e of e l e c t r o n d e n s i t y on the oxygen 

atoms making hydrogen a b s t r a c t i o n r e a c t i o n s more f a v o u r a b l e . 
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A l s o the n , 7 T * s t a t e may undergo i n t e r s y s t e m c r o s s i n g t o 

y i e l d a r e l a t i v e l y l o n g - l i v e d t r i p l e t s t a t e more e a s i l y than 

the TT , iT* e x c i t e d s t a t e . 

F r e e r a d i c a l p h o t o i n i t i a t o r s produce t h e r a d i c a l 

i n i t i a t i n g s p e c i e s by e i t h e r f r a g m e n t a t i o n of i n t e r m o l e c u l a r 

hydrogen a b s t r a c t i o n . 

( i i ) P h o t o i n i t i a t o r s P r o d u c i n g R a d i c a l s by 
F r a g m e n t a t i o n 

The m a j o r i t y of a r o m a t i c c a r b o n y l compounds used as 

p h o t o i n i t i a t o r s t h a t a c t i n t h i s way have the g e n e r a l s t r u c t u r e , 

( X I V ) , and can be r e g a r d e d as a - s u b s t i t u t e d acetophenones: 

0 R' 

^ C - c - R - ( X I V ) 

R" 

The e x c i t e d s t a t e m o l e c u l e undergoes h e m o l y t i c c l e a v a g e of 

the bond between c a r b o n s 1 and 2 i n s t r u c t u r e (XIV) t o g i v e 

two r a d i c a l s p e c i e s , as shown below f o r b e n z o i n a l k y l e t h e r s 

T h i s t y p e of p r o c e s s i s known a s a N o r r i s h Type I c l e a v a g e . 

0 OR 
II I 

hv P h — C — C — P h 
I 
H 

R = — C H ^ . —^2^5' 

0 OR 
II I 

P h — C — C — P h 
I 
H 

0 OR 
1! I 

P h — C " + - C — P h 
I 
H 

I n t h e c a s e of b e n z o i n a l k y l e t h e r s , both r a d i c a l s p e c i e s 

or the b e n z y l r a d i c a l a l o n e may i n i t i a t e p o l y m e r i z a t i o n , de­

pending on t h e monomer used , i t s c o n c e n t r a t i o n and the photo-

i n i t i a t o r c o n c e n t r a t i o n . 

Other compounds w i t h the g e n e r a l s t r u c t u r e (XIV) used as 

p h o t o i n i t i a t o r s i n c l u d e b e n z o i n , b e n z y l k e t a l s , d i a l k o x y a c e t o -
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phenones and d i - or t r i c h l o r o a c e t x i p h e n o n e s . 

( i i i ) P h o t o i n i t i a t o r s Producing R a d i c a l s by Hydrogen 
A b s t r a c t i o n 

An example o f t h i s type of p h o t o i n i t i a t o r i s benzo-

phenone. The 7T,-n* t r i p l e t e x c i t e d s t a t e of t h i s m o l e c u l e 

a b s t r a c t s a hydrogen atom from a donor mol e c u l e : 

0 
11 „ hv 

P h - C - P t i P h - C - P h 

' S^(n,n*) ' 

I S C P h — C - P h 

" T^(n,Tt*l ' 

SH 

OH 
I 

P h - C — P h + S-

A l c o h o l s , e t h e r s and amines w i t h hydrogen atoms a to the 

h e t e r o a t o m as w e l l as t h i o l s a r e used as hydrogen donors. 

Of t h e two r a d i c a l s p e c i e s produced, e x p e r i m e n t a l e v i d e n c e 

i n d i c a t e s t h a t t h o s e r e s u l t i n g from the hydrogen donor, a r e 

p r i m a r i l y r e s p o n s i b l e f o r i n i t i a t i n g p o l y m e r i z a t i o n . 

O t h e r examples of p h o t o i n i t i a t o r s t h a t a c t by hydrogen 

a b s t r a c t i o n i n c l u d e M i c h l e r s ketone, t h i o x a n t h o n e s , and anthro-

q u i n o n e s . 

( i v ) D i s a d v a n t a g e s of P h o t o i n i t i a t e d F r e e R a d i c a l 
P o l y m e r i z a t i o n s 

A l though w i d e l y employed i n a r e a s such as photo­

r e s i s t t e c h n o l o g y , wood c o a t i n g s , a d h e s i v e s and p r i n t i n g i n k s 

t h e r e a r e a number of drawbacks a s s o c i a t e d w i t h the use of 

p h o t o i n i t i a t e d f r e e r a d i c a l c r o s s - l i n k i n g p o l y m e r i z a t i o n s . 

T e r m i n a t i o n o f p o l y m e r i z a t i o n by r a d i c a l - r a d i c a l c ombination 
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can c r e a t e problems e s p e c i a l l y a t h i g h i n i t i a t o r c o n c e n t r a t i o n s 

or a t low v i s c o s i t i e s , the d e s i r a b l e h i g h r a t e s of p o l y m e r i z ­

a t i o n o n l y o c c u r r i n g above a t h r e s h o l d v i s c o s i t y . 

Oxygen i n h i b i t i o n of p o l y m e r i z a t i o n , i s however,the major 

problem a s s o c i a t e d w i t h the use of such s y s t e m s . F r e e r a d i c a l 

p o l y m e r i z a t i o n s i n g e n e r a l may be i n h i b i t e d by the r e a c t i o n of 

oxygen w i t h the p r o p a g a t i n g s p e c i e s to form r e l a t i v e l y un-

r e a c t i v e peroxy r a d i c a l s . The problem i s f u r t h e r e x a c e r b a t e d 

when p h o t o i n i t i a t o r s a r e used s i n c e oxygen can e f f i c i e n t l y 

quench t h e t r i p l e t e x c i t e d s t a t e s of c a r b o n y l compounds, p r e ­

v e n t i n g r a d i c a l f o r m a t i o n . I n systems i r r a d i a t e d i n a i r , t a c k y 

s u r f a c e s can r e s u l t due t o the g r e a t e r oxygen c o n c e n t r a t i o n a t 

the f i l m - a i r i n t e r f a c e . 

S e v e r a l s o l u t i o n s to t h i s problem have been developed. 

These i n c l u d e i r r a d i a t i o n of samples under n i t r o g e n , the use of 

h i g h i n t e n s i t y , UV lamps, or the a d d i t i o n o f a wax which 

s e g r e g a t e s t o t h e s u r f a c e p r e v e n t i n g f u r t h e r d i f f u s i o n o f oxygen 

i n t o the sample. I f p h o t o i n i t i a t o r s b a s e d on benzophenone 

a r e used then t h e a d d i t i o n of t e r t i a r y am.ines can reduce the 

e f f e c t s of oxygen. A l s o u s i n g a m i x t u r e of p h o t o i n i t i a t o r s 

a c t i n g by f r a g m e n t a t i o n and hydrogen a b s t r a c t i o n can prove 

h e l p f u l . 

One of the more r e c e n t s o l u t i o n s t o t h i s problem i s the 

use o f p h o t o i n i t i a t o r s such as (XV) which c o n t a i n a long p e r -

f l u o r o a l k y l c h a i n . S u r f a c e s e g r e g a t i o n of the lew surface free energy 

0 CH OH 
II I ^ I / ^ 2 ^ 5 

P h - C - C — O C H ^ C H C H ^ C H _ O C H - C H _ N 
I 2 2 2 2 2 , , 
CH3 2 2 7 3 

(XV) 
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f l u o r i n a t e d compound r e s u l t s i n an i n c r e a s e d c o n c e n t r a t i o n 

of i n i t i a t o r i n t h e s u r f a c e l a y e r . A s u f f i c i e n t concen­

t r a t i o n o f r a d i c a l s i s t h e n produced i n the s u r f a c e to r e a c t 

w i t h oxygen and t o i n i t i a t e p o l y m e r i z a t i o n . The s u r f a c e 

s e g r e g a t i o n of f l u o r i n e c o n t a i n i n g monomers i s d i s c u s s e d i n 

more d e t a i l i n a l a t e r c h a p t e r . 

B. C a t i o n i c P h o t o i n i t i a t o r s 

Of t h e compounds a b l e t o a c t as p h o t o i n i t i a t o r s f o r the 

c a t i o n i c p o l y m e r i z a t i o n o f e p o x i d e s , onium s a l t s a r e g e n e r a l l y 
9 

the most e f f e c t i v e . A r y l d i a z o n i u m t e t r a f l u o r o b o r a t e s were 

t h e f i r s t c l a s s of onium s a l t s d i s c o v e r e d t o be e f f i c i e n t 

c a t i o n i c p h o t o i n i t i a t o r s . ' ' " ' ^ S i n c e 1975, numerous p a t e n t s and 

p a p e r s have appeared c o n c e r n i n g the use of a whole range of 

onium s a l t s a b l e t o a c t as p h o t o i n i t i a t o r s f o r the p o l y m e r i z ­

a t i o n of c y c l i c e t h e r s s u c h a s e p o x i d e s and o t h e r c a t i o n i c a l l y 

p o l y m e r i z a b l e monomers. T a b l e 2.1 g i v e s an i n d i c a t i o n of the 

range of onium s a l t s t h a t can a c t as p h o t o i n i t i a t o r s . 

An i m p o r t a n t f e a t u r e of t h e s e onium s a l t s i s the use of 

n o n - n u c l e o p h i l i c a n i o n s w h i c h r e d u c e s t e r m i n a t i o n by r e a c t i o n 

of t h e a n i o n w i t h the p r o p a g a t i n g c a t i o n i c s p e c i e s . Photo­

i n i t i a t e d c a t i o n i c p o l y m e r i z a t i o n s do not s u f f e r the d i s ­

a d v a n t a g e s o f p h o t o i n i t i a t e d f r e e r a d i c a l p o l y m e r i z a t i o n s out­

l i n e d p r e v i o u s l y . I n p a r t i c u l a r the l a c k of oxygen i n h i b i t i o n 

combined w i t h fewer t e r m i n a t i o n p r o c e s s e s g i v e s such systems 

the p o t e n t i a l f o r c o n t i n u e d p o l y m e r i z a t i o n a f t e r i r r a d i a t i o n 

i n a i r . High i n i t i a t o r c o n c e n t r a t i o n s can a l s o be t o l e r a t e d 

i n s uch s y s t e m s . 
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TABLE 2.1 Examples of Onium S a l t P h o t o i n i t i a t o r s 

C l a s s o f onium s a l t Example 

a r y l d i a z o n i u m PhN^x ' 

,. , . - . 11 d i a r y l i o a o n i u m Ph ^ f x " 

12 

a r y l o n i u m s a l t s of s u l p h u r 

s e l e n i u m and phosphorus 
Ph^P*x" 

d i a l k y l - 4 - h y d r o x y p h e n y l -

sulphonium s a l t s ^ ^ X'^CH 
Me 

sulphoxonium s a l t s ' ^ ^ 0 
II 

(ArO)-SAr 
Z • 
x" 

17 
t h i o p y r i l l i u m and 

18 
p y r i l l i u m s a l t s 

Ph Ph 

P h ^ ^ s ^ x " P h ^ ^ o * x ' 

Ph Ph 

phenacyIonium s a l t s of 
19 T , 20 -n i t r o g e n , s u l p h u r and 

u u 21 phosphorus 

0 0 
(^U-CH^CPh [^S-CH^CPh 

0 
II 

Ph^P—CH2CPh 
x" 

X i n c l u d e s SbF, , A s F , , PF,~ and BF ~ 6 5 6 4 

I n a d d i t i o n t o the t h r e e r e q u i r e m e n t s of a p h o t o i n i t i a t o r 

s t a t e d p r e v i o u s l y , o t h e r f a c t o r s such as the n a t u r e and f a t e 

of t h e p r o d u c t s of p h o t o l y s i s , the ease of s y n t h e s i s and the 

c o s t s h o u l d be tak e n i n t o account when s e l e c t i n g a p h o t o i n i t ­

i a t o r . The l a s t two p o i n t s may become im p o r t a n t i n the commer­

c i a l use of p h o t o i n i t i a t o r s . 
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{ i ) A r y l d i a z o n i u m S a l t s 

On p h o t o l y s i s , a r y l d i a z o n i u m s a l t s produce a Lewis 
22 

a c i d w h i c h i n i t i a t e s p o l y m e r i z a t i o n , f o r example: 

A r N 2 B F ^ — • A r F + + B F ^ 

A l t h o u g h a r y l d i a z o n i u m s a l t s a r e r e l a t i v e l y cheap and ea s y 

to p roduce t h e y a r e t h e r m a l l y u n s t a b l e , which p r e v e n t s the 

l o n g - t e r m s t o r a g e of one pack s y s t e m s , and one product of 

p h o t o l y s i s i s n i t r o g e n which can c a u s e bubbles and p i n h o l e s 

i n t h i c k e r f i l m s . 

( i i ) D i a r y l i o d o n i u m S a l t s 

The d i a r y I o n i u m s a l t s of c h l o r i n e , bromine and 

i o d i n e a r e v e r y p h o t o s e n s i t i v e and can a c t as c a t i o n i c photo­

i n i t i a t o r s . D i a r y l i o d o n i u m s a l t s have r e c e i v e d the most 

a t t e n t i o n b e c a u s e u n l i k e the o t h e r s , they a r e t h e r m a l l y s t a b l e 
23 24 and f a i r l y e a s y t o s y n t h e s i s e . The p h o t o l y s i s and the 

e f f e c t i v e n e s s o f d i a r y l i o d o n i i i m s a l t s a s p h o t o i n i t i a t o r s f o r 

ep o x i d e p o l y m e r i z a t i o n ^ ^ has been s t u d i e d by C r i v e l l o et al. 

I t i s th o u g h t t h a t p h o t o l y s i s r e s u l t s i n the formation of a 

B r o n s t e d a c i d w h i c h i s r e s p o n s i b l e f o r i n i t i a t i n g c a t i o n i c 

p o l y m e r i z a t i o n . Although t h e s e s a l t s o n l y absorb s t r o n g l y 

below 300nm, p h o t o s e n s i t i z a t i o n can be used to produce photo­

l y s i s u s i n g l o n g e r w a v e l e n g t h uv or v i s i b l e l i g h t . 

( i i i ) Sulphonium. S a l t s 

The p r o p e r t i e s of t r i a r y l s u l p h o n i u m s a l t s a r e com­

p a r a b l e t o t h o s e of d i a r y l i o d o n i u m s a l t s . The s y n t h e s i s , 

c h a r a c t e r i z a t i o n and use of such compounds as p h o t o i n i t i a t o r s 

has been r e p o r t e d . The mechanism of p h o t o l y s i s and the 



78 

s p e c i e s i n i t i a t i n g p o l y m e r i z a t i o n i s thought to be the same 

as d i a r y l i o d o n i u m s a l t s . However one of the p r o d u c t s of 
27 

p h o t o l y s i s i s d i p h e n y l s u l p h i d e which has a s t r o n g odour. 

T h i s can be d i s a d v a n t a g e o u s i n some s u r f c e c o a t i n g a p p l i c a t i o n s . 

P h o t o s e n s i t i z a t i o n of t r i a r y l s u l p h o n i u m s a l t s i s more d i f f i c u l t 

t h a n w i t h d i a r y l i o d o n i u m s a l t s but i t can be a c h i e v e d u s i n g 
2 8 

a r o m a t i c h y d r o c a r b o n s . 
A s o l u t i o n t o the l a s t two problems i s the use of 'complex' 

27 29 

t r i a r y l s u l p h o n i u m s a l t s ' such as d i p h e n y l - 4 - t h i o p h e n o x y -

p h e n y l s u l p h o n i u m s a l t s ( X V I ) . 

Ph 

Ph-S~{{J}-S^X (XV I ) 

Ph 

A l e s s v o l a t i l e r e s i d u e i s produced on p h o t o l y s i s and 

i n a d d i t i o n t h e s e s a l t s p o s s e s s a b s o r p t i o n bonds i n the 300nm 
20 15 r e g i o n . D i a l k y l p h e n a c y l - and 4-hydroxyphenylsulphoniumr 

s a l t s a l s o p o s s e s s a d d i t i o n a l a b s o r p t i o n bands i n the 300nm 

r e g i o n . On i r r a d i a t i o n , a r e v e r s i b l e p r o c e s s o c c u r s r e s u l t i n g 

i n the f o r m a t i o n of a s u l p h u r y l i d and a B r o n s t e d a c i d . The 

r e v e r s i b i l i t y of t he p h o t o l y s i s p r o c e s s makes t h e s e s a l t s l e s s 

e f f e c t i v e p h o t o i n i t i a t o r s than t r i a r y l s u l p h o n i u m s a l t s . 

T h i o p y r i l l i u m s a l t s have been i n v e s t i g a t e d as p o t e n t i a l 

p h o t o i n i t i a t o r s but they a r e s u b s t a n t i a l l y l e s s e f f i c i e n t than 

t r i a r y l s u l p h o n i u m s a l t s ."''̂  

( i v ) T r i a r y l s e l e n o n i u m S a l t s 

The p h o t o l y s i s of t h e s e onium s a l t s has been s t u d i e d 

and t h e y have been shown to i n i t i a t e the p o l y m e r i z a t i o n of 

e p i c h l o r o h y d r i n on i r r a d i a t i o n . H o w e v e r they a r e s l i g h t l y 
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l e s s e f f i c i e n t p h o t o i n i t i a t o r s than t r i a r y l s u l p h o n i u m s a l t s . 

(v) S e l e c t i o n o f a P h o t o i n i t i a t o r f o r T h e s e S t u d i e s 

Very l i t t l e has been r e p o r t e d about the use of the 

r e m a i n i n g onium s a l t s i n T a b l e 2.1 o t h e r t h a n t h e i r a b i l i t y t o 

a c t as p h o t o i n i t i a t o r s f o r epoxide p o l y m e r i z a t i o n . The c h o i c e 

of p h o t o i n i t i a t o r f o r the i n v e s t i g a t i o n o f the p h o t o i n i t i a t e d 

c a t i o n i c c u r i n g of epoxy r e s i n s l a y between d i a r y l i o d o n i u m and 

t r i a r y l s u l p h o n i u m s a l t s s i n c e they f u l f i l most of the c r i t e r i a 

r e q u i r e d of a p h o t o i n i t i a t o r . I t was n o t ed however t h a t one 

of the more e f f e c t i v e s y n t h e t i c r o u t e s t o t h e l a t t e r c l a s s of 
7 6 

onium s a l t s i n v o l v e s the use o f d i a r y l i o d o n i u m s a l t s . 

T a k i n g t h i s i n t o a c count, d i a r y l i o d o n i u m s a l t p h o t o i n i t i a t o r s 

were chosen f o r the s t u d y . Hcwever, since the ccimiencenBnt of t h i s 

project some c o n c e r n has a r i s e n o v e r the c o m mercial use of 

d i a r y l i o d o n i u m s a l t p h o t o i n i t i a t o r s b e c a u s e of t h e i r t o x i c i t y . 

2.3 D i a r y l i o d o n i u m S a l t s as P h o t o i n i t i a t o r s 

Although d i a r y l i o d o n i u m s a l t s appear som.ewhat u n u s u a l a t 

f i r s t s i g h t i n t h a t the c e n t r a l i o d i n e atom has an o x i d a t i o n 

s t a t e of +3 and a c o o r d i n a t i o n number of two, they were f i r s t 

s y n t h e s i s e d as e a r l y as 1894.'^'^ S i n c e t h a t time numerous 

s y n t h e t i c r o u t e s t o such compounds have been d e v i s e d and t h e i r 

c h e m i s t r y i n v e s t i g a t e d . " ^ ^ U s u a l l y d i a r y l i o d o n i u m s a l t s a r e 

i s o l a t e d w i t h a h a l i d e c o u n t e r i o n . S a l t s w i t h such a n i o n s , 

a l t h o u g h p h o t o s e n s i t i v e , a r e not e f f e c t i v e as p h o t o i n i t i a t o r s 

b ecause o f t h e n u c l e o p h i l i c i t y of the a n i o n s . 
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(A) The P h o t o c h e m i s t r y of D i a r y l i o d o n i u m S a l t s 

D i a r y l i o d o n i u m s a l t s u s u a l l y show s t r o n g a b s o r p t i o n 
24 

bands i n the 200-210nm and 230-260nm r e g i o n s . The a n i o n 

has v i r t u a l l y no e f f e c t on the p o s i t i o n o r i n t e n s i t y of t h e 

bands. S u b s t i t u e n t s on t h e a r o m a t i c r i n g s can a f f e c t the 

i n t e n s i t y and p o s i t i o n o f t h e s e bands e s p e c i a l l y the l o n g e r 

w a v e l e n g t h one. Methoxy or o t h e r e l e c t r o n d o n a t i n g sub­

s t i t u e n t s i n the p a r a p o s i t i o n r e s u l t i n a s h i f t to l o n g e r 

32 
w a v e l e n g t h s . 

The r a t e of p h o t o l y s i s i s u n a f f e c t e d by the anion but i s 
24 

s - l i g h t l y a f f e c t e d by t h e s t r u c t u r e of t h e c a t i o n . I n c r e a s i n g 

the t e m p e r a t u r e and t h e p r e s e n c e of oxygen have no e f f e c t on 

the r a t e of p h o t o l y s i s , which i s d i r e c t l y p r o p o r t i o n a l t o the 

l i g h t i n t e n s i t y . 
( i ) Mechanism of P h o t o l y s i s 

I d e n t i f i c a t i o n of the p h o t o l y s i s p r o d u c t s of 

b i s ( 4 - t e r t - b u t y l p h e n y l ) i o d o n i u m t e t r a f l u o r o b o r a t e i n a c e t o -

n i t r i l e , a c e t o n e and a c e t o n e / w a t e r l e d C r i v e l l o and Lam t o 
24 

propose a mechanism, s i m i l a r t o one proposed by o t h e r 

workers,"^"^ t h a t a c c o u n t e d f o r the major p r o d u c t s : 

A r 2 l * x ' ' Ar^ix' (a) 

A r ^ f x " A r r x ' - t - Ar- (b) 

• - <>H • 
A r l ' X » A r l - H X + S- (c) 

A r l —H X" • A r l + HX (d) 

The e x c i t e d s t a t e p h o t o i n i t i a t o r produced i n s t e p (a) 

i s t hought t o be s i n g l e t i n n a t u r e , s i n c e p h o t o l y s i s i s un-
9 a 

a f f e c t e d by the p r e s e n c e of t r i p l e t q u e n c h e r s . H e m o l y t i c 
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c l e a v a g e o f a c a r b o n - i o d i n e bond, i n the e x c i t e d s t a t e mole­

c u l e r a p i d l y o c c u r s , s t e p ( b ) . T h i s r e s u l t s i n the f o r m a t i o n 

of an a r y l i o d i n i u m r a d i c a l - c a t i o n and an a r y l r a d i c a l . 

S t r o n g e v i d e n c e f o r the f o r m a t i o n o f an a r y l i o d i n i u m r a d i c a l -

c a t i o n has r e c e n t l y been o b t a i n e d from l a s e r - f l a s h p h o t o l y s i s 
34 

s t u d i e s o f d i a r y l i o d o n i u m s a l t s . I d e n t i f i c a t i o n of b i -

p h e n y l compounds as p h o t o l y s i s p r o d u c t s was t a k e n t o i n d i c a t e 

t h a t a r y l r a d i c a l s were t h e o t h e r p r i m a r y p h o t o p r o d u c t s . The 

o b s e r v a t i o n t h a t d i a r y l i o d o n i u r a s a l t s can a c t as p h o t o i n i t i a t o r s 

of f r e e r a d i c a l p o l y m e r i z a t i o n s f u r t h e r s u p p o r t s the f o r m a t i o n 

of r a d i c a l s p e c i e s on p h o t o l y s i s . The r a d i c a l - c a t i o n ab­

s t r a c t s a hydrogen atom from the monomer or s o l v e n t (SH) t o 

y i e l d t h e s p e c i e s A r l H X from w h i c h an i o d o a r y l compound and 

a B r o n s t e d a c i d may be formed as shown i n s t e p s (c) and (d) . 

The p h o t o l y s i s p r o d u c t s of d i p h e n y l i o d o n i u m h e x a f l u o r o -

phosphate, i r r a d i a t e d i n methanol have been r e p o r t e d . The 

major p r o d u c t was benzene (70%) w i t h f l u o r o b e n z e n e (16%) and 

b i p h e n y l (10%) as t h e o t h e r p r o d u c t s . The f o r m a t i o n of b i -

p h e n y l was not a t t r i b u t e d t o the r e c o m b i n a t i o n of a r y l r a d i c a l s 

as by C r i v e l l o and Lam but t o a t t a c k o f an a r y l r a d i c a l on the 

diphenyliodoniiam c a t i o n . A p h o toinduced i o n i c p r o c e s s was 

proposed t o a c c o u n t f o r the f o r m a t i o n of f l u o r o b e n z e n e . The 

absence o f iodobenzene was a t t r i b u t e d t o t h i s compound's a b i l i t y 

t o r e a d i l y undergo p h o t o d e c o m p o s i t i o n . 

C r i v e l l o and Lam d e t e r m i n e d t h e quantum y i e l d f o r the 

f o r m a t i o n of 4 - t e r t - b u t y l i o d o b e n z e n e from the p h o t o l y s i s o f 
< 

2 4 

b i s ( 4 - t e r t - b u t y l p h e n y l ) i o d o n i u m h e x a f l u o r o a r s e n a t e . V a l u e s 

o f '^'0.20 and '^0.19 were o b t a i n e d a t w a v e l e n g t h s o f 313nm and 

366nm r e s p e c t i v e l y . The former v a l u e was found t o be independent 
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of t h e a n i o n . A l t h o u g h s i g n i f i c a n t quantum y i e l d s a r e 

o b t a i n e d above 300nm t h e e x t i n c t i o n c o e f f i c i e n t i s ve r y low, 

'^lOdm'^mol ''"cm . More i n t e r e s t i n g r e s u l t s from quantum 

y i e l d s t u d i e s of d i p h e n y l i o d o n i u m h e x a f l u o r o a r s e n a t e have 

been r e p o r t e d : 

P r o d u c t Quantum Y i e l d 

313nm 254nm 

P h i 0.34 0.39 

HAsFg 0.70 0.65 

The quantum y i e l d f o r a c i d f o r m a t i o n i s approximately t w i c e 

t h a t f o r p h e n y l i o d i d e f o r m a t i o n . T h i s e f f e c t i s a l s o ob­

s e r v e d i n t h e p h o t o l y s i s of sulphonium s a l t s . Of the t h r e e 

mechanisms proposed t o account f o r t h e above o b s e r v a t i o n , the 

two i n v o l v i n g a t t a c k o f the p h e n y l i o d i n i u m r a d i c a l - c a t i o n on 

iodobenzene a r e most l i k e l y t o be occurring:"^^ 

Ph 
P h i * + P h i ( X V I I ) 

The i n t e r m e d i a t e ( X V I I ) can then r e a c t i n two ways to produce 

a p r o t o n : 

( X V I I ) + P h ^ I * • P h I - ( ^ Q ^ I + Ph^I - + H* 

I 
Phi + P h ' 

( X V I I ) — • — • H* + Ph i + - ( ^ y ^ 

(B) Mechanism o f I n i t i a t i o n of P o l y m e r i z a t i o n 

I t i s g e n e r a l l y a c c e p t e d t h a t a Brftnsted acid,HX, i s 

produced on p h o t o l y s i s and t h a t t h i s s p e c i e s i s r e s p o n s i b l e 

f o r i n i t i a t i n g c a t i o n i c p o l y m e r i z a t i o n . T h i s c o n c l u s i o n i s 

based on t h e o b s e r v a t i o n t h a t p h o t o l y s i s of d i a r y l i o d o n i u m s a l t s 

r e s u l t s i n s t r o n g l y a c i d i c s o l u t i o n s which can i n i t i a t e the 
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p o l y m e r i z a t i o n of monomer i n the dark i n d i c a t i n g t h a t 

l o n g - l i v e d c a t i o n i c s p e c i e s a r e f o r m e d . A l s o t h e f o r m a t i o n 

of polymer i s c o m p l e t e l y s u p p r e s s e d when pr o t o n t r a p s t h a t do 

not i n t e r f e r e w i t h L e w i s a c i d s a r e added."^^ 

Although the a n i o n has a n e g l i g i b l e e f f e c t on the r a t e 

o f p h o t o l y s i s of d i a r y l i o d o n i u m s a l t s of the same c a t i o n 

s t r u c t u r e , the o v e r a l l r a t e of p o l y m e r i z a t i o n of epo x i d e s 
25 

i s markedly dependent on the a n i o n . The r a t e o f polymer­

i z a t i o n d e c r e a s e s i n the f o l l o w i n g o r d e r as determined by 

i s o t h e r m a l DSC measurements. 
SbF," > AsF,~ > PF^~ > BP ~ 6 6 6 4 

No c o n c l u s i v e e x p l a n a t i o n f o r t h i s t r e n d has y e t been found 

but i t has been s u g g e s t e d t h a t the n u c l e o p h i l i c i t y of the a n i o n s 

and t h e i r s t a b i l i t y towards f l u o r i d e i o n l o s s must be r e l e v a n t . 

The n u c l e o p h i l i c i t y of the a n i o n s d e c r e a s e s i n the o r d e r : 

BF^~ > PFg~ > AsFg" > SbFg" 

I n c r e a s e d n u c l e o p h i l i c i t y of the anion w i l l r e s u l t i n a de­

c r e a s e i n the i o n p a i r s e p a r a t i o n of the p r o p a g a t i n g s p e c i e s 

and hence a d e c r e a s e i n the r a t e of p r o p a g a t i o n . T h i s e f f e c t 

s h o u l d be most pronounced i n the p o l y m e r i z a t i o n of l e s s b a s i c 

monomers. The tendency of t h e ani o n s to e l i m i n a t e a f l u o r i d e 

i o n f o l l o w s the same o r d e r as t h e i r n u c l e o p h i l i c i t y . On going 

from BF^~ t o SbFg" the fre q u e n c y of the t e r m i n a t i o n of p o l y ­

m e r i z a t i o n by r e a c t i o n of the c a t i o n i c s p e c i e s w i t h t h e a n i o n 

s h o u l d t h e r e f o r e d e c r e a s e g i v i n g r i s e t o the o b s e r v e d t r e n d . 

The n u c l e o p h i l i c i t y of the monomer w i l l be i m p o r t a n t i n d e t e r ­

mining the o c c u r r e n c e o f t h i s t e r m i n a t i o n p r o c e s s . Polymer­

i z a t i o n of a more n u c l e o p h i l i c monomer sho u l d be l e s s s u b j e c t 
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t o s u c h t e r m i n a t i o n r e a c t i o n s . However i f f l u o r i d e ion ab­

s t r a c t i o n i s s i g n i f i c a n t w i t h the a n i o n s BF^ and PF^ then 

BF^ and PF^ w i l l be produced which a r e known to be e f f e c t i v e 

i n i t i a t o r s o f t h e p o l y m e r i z a t i o n of e p o x i d e s . 

I n a d d i t i o n t o i n i t i a t i o n by a B r o n s t e d a c i d , Ledwith 

has proposed t h a t the r a d i c a l - c a t i o n produced on the p h o t o l y s i s 

of iodonium and sulphonium s a l t p h o t o i n i t i a t o r s may d i r e c t l y 
18 

i n i t i a t e p o l y m e r i z a t i o n by the mechanism shown below: 

A r l * • l-k •>-H 

A 
i > 

T h i s mechanism has r e c e i v e d s upport from l a s e r - f l a s h 

p h o t o l y s i s s t u d i e s o f Pappas et al who found t h a t the p h e n y l -

i o d i n i u m r a d i c a l - c a t i o n produced by i r r a d i a t i o n of iodobenzene 

r e a c t e d w i t h c y c l o h e x e n e o x i d e and t e t r a h y d r o f u r a n . " ^ ^ T h i s 

r a d i c a l - c a t i o n was found t o r e a c t w i t h o t h e r n u c l e o p h i l e s such 

as methanol, w a t e r and a c e t o n e . 

(C) P h o t o s e n s i t i z a t i o n of D i a r y l i o d o n i u m S a l t s 

3 8 37 

A wide range of d y e s , a r o m a t i c hydrocarbons, and arom­

a t i c ketones"^"^ w i l l a c t as p h o t o s e n s i t i z e r s f o r the p h o t o l y s i s 

of d i a r y l i o d o n i u m s a l t s . Examples of such compounds a r e 

a c r i d i n e orange, acetophenone and a n t h r a c e n e . T r i p l e t - t r i p l e t 

energy t r a n s f e r from p h o t o s e n s i t i z e r s such as acetophenone i s 

f a v o u r a b l e and does o c c u r as i s e v i d e n c e d by the quenching of 

the p h o s p h o r e s c e n c e of acetophenone by d i p h e n y l i o d o n i u m hexa-

f l u o r o a r s e n a t e . However the quantum y i e l d of p h e n y l i o d i d e 



85 

i s v e r y low, <0.05 ( t h i s v a l u e i s s i g n i f i c a n t l y lower than 

t h a t quoted by C r i v e l l o and Lam under s i m i l a r c o n d i t i o n s ) . 

T h i s e l i m i n a t e s energy t r a n s f e r as the mechanism of photo-

s e n s i t i z a t i o n and a l s o i n d i c a t e s t h a t the t r i p l e t e x c i t e d 

s t a t e of d i a r y l i o d o n i u m s a l t s i s i n a c t i v e as r e g a r d s bond 

c l e a v a g e . However, two o t h e r mechanisms of p h o t o s e n s i t i z a t i o n 

have been found to o c c u r . 

( i ) D i r e c t E l e c t r o n T r a n s f e r 

I n t h i s p r o c e s s , e l e c t r o n t r a n s f e r o c c u r s from the 

e x c i t e d s t a t e p h o t o s e n s i t i z e r to the ground s t a t e p h o t o i n i t i a t o r " ^ ^ 

P P* 

P* + Ar^ix' P A r ^ I * X' 

" E X c i p I e X " 

P*x' + A r ^ I -

A r ^ I * A r l + Ar* 

3 9 

The p r o c e s s may proceed via the f o r m a t i o n of an " e x c i p l e x " . 

These e x c i t e d s t a t e complexes a r e u s u a l l y s t a b i l i z e d by c h arge 

t r a n s f e r and t h e i r f o r m a t i o n can be deduced from the o c c u r r e n c e 

o f l o n g e r wavelength f l u o r e s c e n c e than t h a t from the f r e e ex­

c i t e d s p e c i e s . The " e x c i p l e x " may undergo charge s e p a r a t i o n 

l e a d i n g t o the f o r m a t i o n of a r a d i c a l c a t i o n s p e c i e s from the 

p h o t o s e n s i t i z e r and a r a d i c a l s p e c i e s from the d i a r y l i o d o n i u m 

s a l t . The r a d i c a l - c a t i o n d e r i v e d from the p h o t o s e n s i t i z e r i s 

the s p e c i e s r e s p o n s i b l e f o r i n i t i a t i n g c a t i o n i c p o l y m e r i z a t i o n . 

S e n s i t i z a t i o n u s i n g dyes and a r o m a t i c hydrocarbons i s 

thought t o t a k e p l a c e by t h i s mechanism. The p r o d u c t s from 

the p h o t o s e n s i t i z e d p h o t o l y s i s of d i a r y l i o d o n i u m s a l t s have 

been a n a l y s e d and found t o c o r r e s p o n d t o t h o s e expected from 

the above mechanism."^^ Le d w i t h has r e p o r t e d t h a t the N - e t h y l -
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2 - e t h y l p h e n o t h i a z i n e r a d i c a l - c a t i o n can be o b s e r v e d i n the 
18 

p h o t o s e n s i t i z e d p h o t o l y s i s of d i a r y l i o d o n i u m s a l t s . S i m i l ­

a r l y t h e p e r y l e n e r a d i c a l - c a t i o n has been o b s e r v e d i n the photo­

s e n s i t i z a t i o n o f sulphonium s a l t s . 
The thermodynamic f a v o u r a b i l i t y of both energy and 

e l e c t r o n t r a n s f e r p r o c e s s e s f o r a range o f p h o t o s e n s i t i z e r s 
37 

have been d e t e r m i n e d . T h i s has shown t h a t i n a number of 

c a s e s where s e n s i t i z a t i o n o c c u r r e d , the former p r o c e s s i s 

u n f a v o u r a b l e w h i l s t t h e l a t t e r p r o c e s s i s f a v o u r a b l e . 

( i i ) I n d i r e c t E l e c t r o n T r a n s f e r 

The quantum y i e l d of p h e n y l i o d i d e from the benzo-

phenone p h o t o s e n s i t i z e d p h o t o l y s i s of d i p h e n y l i o d o n i u m hexa-

f l u o r o a r s e n a t e i r r a d i a t e d a t 366nm i n a c e t o n i t r i l e has been 

found t o be v e r y low. E l e c t r o n t r a n s f e r from benzophenone 

i s u n f a v o u r a b l e w h i c h a g r e e s w i t h the above observation."^^ 

However, t h e benzophenone/diphenyliodonium s a l t c ombination 

was found t o i n i t i a t e t h e c r o s s - l i n k i n g o f a commercial epoxy 

r e s i n , 3 , 4 - e p o x y c y c l o h e x y l - m e t h y l - 3 ' , 4 ' - e p o x y c y c l o h e x a n e c a r -

b o x y l a t e , when i r r a d i a t e d w i t h 366nm l i g h t . A p o s s i b l e ex­

p l a n a t i o n f o r t h i s o b s e r v a t i o n was p r o p o s e d , i n v o l v i n g hydrogen 

atom a b s t r a c t i o n by t h e e x c i t e d s t a t e benzophenone. The 

benzophenone p h o t o s e n s i t i z e d p h o t o l y s i s o f the iodonium s a l t 

i n a c e t o n i t r i l e was r e p e a t e d w i t h hydrogen donor m o l e c u l e s 

p r e s e n t . With t e t r a h y d r o f u r a n and p r o p a n - 2 - o l p r e s e n t , 

quantum y i e l d s f o r t h e f o r m a t i o n of iodobenzene were found t o 

be 3.3 and 2.4 r e s p e c t i v e l y . The l a t t e r v a l u e i n c r e a s e d t o 

4.9 when t h e measurement was r e p e a t e d under vacuum. A d d i t i o n 

of t e t r a h y d r o f u r a n t o the s e n s i t i z e d p h o t o i n i t i a t e d c r o s s -

l i n k i n g o f the epoxy r e s i n r e s u l t e d i n a s i g n i f i c a n t d e c r e a s e 
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i n t h e i r r a d i a t i o n time r e q u i r e d to produce g e l a t i o n . 

The r e s u l t s from the quantum y i e l d s t u d i e s i n d i c a t e 

t h a t a c h a i n p r o c e s s i n v o l v i n g f r e e r a d i c a l s i s o c c u r r i n g . 

The mechanism proposed to account f o r the above e f f e c t i n ­

v o l v e s t h e r e d u c t i o n of the d i p h e n y l i o d o n i u m s a l t by f r e e 

r a d i c a l s and i s shown below w i t h propan-2-ol as the hydrogen 

donor. 

P h 2 C = 0 
hv I S C 

P h 2 C = 0 

P h 2 C = 0 + ( C H ^ l ^ C H - O H P h ^ C - O H + ( C H ^ l ^ C - O H 

+ -
Ph^C—OH + A r ^ I X • Ph^C —OH X + A r ^ I " 

+ -
(CH3)2C—OH + Ar^l X • ( C H 3 ) 2 C - 0 H X + A r ^ I -

A r ^ I * • A r l + Ar* 

A r - + (CH3)2CH—OH • (CH^l^C—OH + ArH 

Ph2C —OH X Ph2C = 0 + HX 

ICH3)2C—OH x" • (CH3)2C=0 + HX 

F r e e r a d i c a l p h o t o i n i t i a t o r s t h a t undergo a N o r r i s h Type 

I c l e a v a g e such as 2,2-dimethoxy-2-phenylacetophenone can a l s o 
40 

be u s e d as p h o t o s e n s i t i s e r s . I n t h i s c a s e i t i s proposed 

t h a t the r a d i c a l s p e c i e s from the c l e a v a g e of the f r e e r a d i c a l 

p h o t o i n i t i a t o r a r e o x i d i z e d by the di p h e n y l i o d o n i u m s a l t to 

y i e l d c a t i o n i c s p e c i e s t h a t i n i t i a t e p o l y m e r i z a t i o n . 

A p p a r e n t l y the quantum y i e l d of p h e n y l i o d i d e i s s i g n i f i c ­

a n t l y g r e a t e r than one when dia r y l i o d o n i u r ; . s a l t s a r e p h o t o l y s e d 

i n t e t r a h y d r o f u r a n a t 366nm.'^^ Again t h i s i s i n d i c a t i v e of 

a c h a i n - p r o c e s s and the f o l l o w i n g mechanism i s proposed: 
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2 

Ar« + 

+ - h i / • " 
A r ^ I X • A r l ' X + A f 

+ A r l + Ar-
0 " X 

L e d w i t h however has r e p o r t e d t h a t v e r y l i t t l e polymer 

f o r m a t i o n o c c u r s when d i p h e n y l i o d o n i u m s a l t s a r e used i n the 

p h o t o i n i t i a t e d p o l y m e r i z a t i o n of t e t r a h y d r o f u r a n and i r r a d i a t e d 
40 

a t l o n g e r w a v e l e n g t h s . I n t h i s e x p e r i m e n t , the samples were 

i r r a d i a t e d t h rough p y r e x which a b s o r b s l i g h t below approxim­

a t e l y 300nm. T h i s would i n d i c a t e t h a t h i g h quantum y i e l d s 

f o r t h e p h o t o l y s i s of p h o t o i n i t i a t o r s a r e no guarantee t h a t 

r a p i d or e f f e c t i v e i n i t i a t i o n of p o l y m e r i z a t i o n w i l l o c c u r . 

L e d w i t h has n o t e d t h i s e f f e c t i n a s t u d y o f the p h o t o l y s i s of 
18 

t r i a r y l s u l p h o n i u m s a l t s . U n l i k e o t h e r t r i a r y l s u l p h o n i u m 

s a l t s , d i p h e n y l - 4 - t h i o p h e n o x y p h e n y l s u l p h o n i u m s a l t s were found 

t o undergo a c h a i n p h o t o d e g r a d a t i o n p r o c e s s . Even though the 

quantum y i e l d of p h o t o l y s i s was 1.5 and 3 i n t e t r a h y d r o f u r a n 

and c y c l o h e x e n e o x i d e r e s p e c t i v e l y i r r a d i a t e d a t 304nm, the 

quantum, y i e l d f o r polymer f o r m a t i o n i n the former monomer i s 

o n l y 0.06. • 

(D) A p p l i c a t i o n s of D i a r y l i o d o n i u m S a l t P h o t o i n i t i a t o r s 

The a b i l i t y of d i a r y l i o d o n i u m s a l t s t o e f f i c i e n t l y photo-

i n i t i a t e t h e c a t i o n i c c u r e of epoxy r e s i n s i n a i r has l e d t o 

the p o s s i b l e c o m m e r c i a l u s e of s u c h s y s t e m s as p r i n t i n g i n k s 

and a d h e s i v e s a s w e l l as s u r f a c e c o a t i n g s . S i n c e d i a r y l i o d ­

onium s a l t s o n l y become a c t i v e on i r r a d i a t i o n another p o s s i b l e 

use i s i n p h o t o r e s i s t systems^ where l i g h t i s used to induce a 

c h e m i c a l change l e a d i n g t o a d i f f e r e n c e i n s o l u b i l i t y between 
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t h e unexposed and exposed r e g i o n s of the p h o t o r e s i s t . I n 

n e g a t i v e p h o t o r e s i s t systems, a d e c r e a s e i n s o l u b i l i t y o c c u r s 

i n t h e i r r a d i a t e d a r e a s whereas the o p p o s i t e e f f e c t o c c u r s i n 

p o s i t i v e p h o t o r e s i s t s y s t e m s . S i n c e c r o s s - l i n k e d r e s i n s a r e 

i n s o l u b l e , n e g a t i v e p h o t o r e s i s t systems i n v o l v i n g the photo-
41 

i n i t i a t e d c r o s s - l i n k i n g of epoxy r e s i n s have been r e p o r t e d . 

P o s i t i v e p h o t o r e s i s t systems have been developed t h a t make use 

of t h e s t r o n g B r o n s t e d a c i d produced on the p h o t o l y s i s of 

d i a r y l i o d o n i u m s a l t s . F or example the B r o n s t e d a c i d can be 

used to c a t a l y s e t h e d e p o l y m e r i z a t i o n of polymers such as 
41 

p o l y ( p h t h a l a l d e h y d e ) : 

/ O N 
- f - H C C H - 0 -

Ph2 l X 

h v 
n OHC CHO 

The p h o t o g e n e r a t e d a c i d has been shown to c a t a l y s e the 

t h e r m a l y s i s of t - b u t y l o x y c a r b o n y l group i n p o l y ( p - t - b u t o x y -

c a r b o n y l o x y s t y r e n e ) t o g i v e p o l y ( p - h y d r o x y s t y r e n e ) which i s 
41 

p r e f e r e n t i a l l y s o l u b l e i n p o l a r s o l v e n t s : 
Ph f X" 

H - C H — C H - f - * - f-CH5 - C H-4- + n C O - + n C H _ = C ( C H J , 

OCOCICH 3'3 

A p o s i t i v e p h o t o r e s i s t system i n which d i a r y l i o d o n i u m s a l t 

m o i e t i e s have been i n c o r p o r a t e d i n t o the backbone of a polymer 
42 

c h a i n has been r e p o r t e d : 

R-S-
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On i r r a d i a t i o n , p h o t o l y s i s o f t h e iodonium s a l t moiety l e a d s 

t o c l e a v a g e o f the polymer c h a i n and an i n c r e a s e i n s o l u b i l i t y . 

D i a r y l i o d o n i u m s a l t p h o t o i n i t i a t o r s can be used i n t h e 
43 

s u r f a c e m o d i f i c a t i o n o f bul k p o l y m e r s . A polymer such as 

p o l y s t y r e n e i s doped w i t h s m a l l amounts of an iodonium s a l t 

p h o t o i n i t i a t o r which on i r r a d i a t i o n i n i t i a t e s p o l y m e r i z a t i o n 

of a monomer such as a v i n y l e t h e r adsorbed on the s u r f a c e . 

The monomer i s not g r a f t e d onto the b u l k polymer but forms a 

homopolymer. I r r a d i a t i o n may be c a r r i e d out w i t h monomer 

p r e s e n t or p r i o r to the i n t r o d u c t i o n o f monomer. 

Thermal i n i t i a t i o n of c a t i o n i c p o l y m e r i z a t i o n can be 

a c h i e v e d u s i n g d i a r y l i o d o n i u m s a l t p h o t o i n i t i a t o r s . The com­

b i n a t i o n o f f r e e r a d i c a l t h e r m a l i n i t i a t o r s s uch as b e n z p i n a c o l 
and iodonium s a l t s has been shown t o be e f f e c t i v e a t i n i t i a t i n g 

40 44 

p o l y m e r i z a t i o n . ' The l a t t e r compounds o x i d i z e the f r e e 

r a d i c a l s produced by t he former compounds t o g i v e c a t i o n i c 

s p e c i e s c a p a b l e of i n i t i a t i n g p o l y m e r i z a t i o n . The t h e r m a l 

d e c o m p o s i t i o n of d i a r y l i o d o n i u m s a l t s , c a t a l y s e d by copper ( I I ) 
compounds y i e l d s a s p e c i e s c a p a b l e of i n i t i a t i n g c a t i o n i c p o l y -

45 

m e r i z a t i o n . A t r a c e amount of a r e d u c i n g agent i s u s u a l l y 

n e c e s s a r y f o r the d e c o m p o s i t i o n t o o c c u r . I n a d d i t i o n , i t 

has been found t h a t d i a r y l i o d o n i u m s a l t s a c c e l e r a t e the c u r e 
46 

of epoxy r e s i n s when a n h y d r i d e c u r i n g a g e n t s a r e used. 
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CHAPTER THREE 

SYNTHESIS OF DIPHENYLIODONIUM 

HEXAFLUOROPHOSPHATE AND THE ANALYSIS 

OF THE COMMERCIAL MONOMERS 
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3.1 S y n t h e s i s of the D i a r y l i o d o n i u m S a l t P h o t o i n i t i a t o r s 

(A) S y n t h e t i c Routes t o D i a r y l i o d o n i u m S a l t s 

C r i v e l l o and Lam used t h r e e methods f o r s y n t h e s i s i n g sym­

m e t r i c a l d i a r y l i o d o n i u m s a l t s h a v i n g e l e c t r o n d o n a t i n g or w i t h ­

d r a w i n g s u b s t i t u e n t s and u n s y m m e t r i c a l d i a r y l i o d o n i u m salts.''" 

Method A i s t h a t used t o p r e p a r e d i a l k y l s u b s t i t u t e d d i a r y l ­

iodonium s a l t s or the s i m p l e d i p h e n y l i o d o n i u m s a l t : ^ 

2 Ar + K I O 3 + 2 H 2 S 0 ^ + 2 ( C H 3 C 0 ) 2 0 -

A r2 l *HS0"^ + K H S O ^ + 4 CH3CO2H + [ 0 ] 

M e t h o d A 

The s y n t h e s i s of d i a r y l i o d o n i u m s a l t s b e a r i n g e l e c t r o n d o n a t i n g 

s u b s t i t u e n t s can be c a r r i e d out u s i n g Method B:"̂  

A Ar + ( I 0 ) 2 S 0 ^ + H 2 S 0 ^ • 2 A r 2 f HSO'^ + 2 H2O 

M e t h o d B 

C r i v e l l o and Lam found t h a t the b i s u l p h a t e anion c o u l d be 

r e p l a c e d q u i t e e a s i l y by complex a n i o n s such as AsF^ , PFg 

and SbFg" by s i m p l e m e t a t h e s i s w i t h the a l k a l i m e t a l s a l t of 

t h e complex a n i o n , f o r example: 

A r 2 f H S 0 ^ + KPFg • A r 2 l * P F g + KHSO^ 

4 

R i c h a r d s attempted t h e s y n t h e s i s of b i s ( 4 - e t h y l p h e n y l ) -

iodonium h e x a f l u o r o p h o s p h a t e u s i n g Methods A and B, both proved 

u n s u c c e s s f u l . The s y n t h e s i s of d i p h e n y l i o d o n i u m h e x a f l u o r o ­

phosphate was s u c c e s s f u l u s i n g Method A but not Method B. 

U s i n g Method A, b i s ( 4 - m e t h y l p h e n y l ) i o d o n i u m and b i s ( 3 , 4 - d i m e t h y l -

p h e n y l ) i o d o n i u m h e x a f l u o r o p h o s p h a t e were s y n t h e s i s e d . ^ However 

the a n i o n exchange s t e p and the p u r i f i c a t i o n of t h e s e two s a l t s 

proved d i f f i c u l t . S i n c e d i p h e n y l i o d o n i u m h e x a f l u o r o p h o s p h a t e 

i s e a s i l y p r e p a r e d and p u r i f i e d i t was d e c i d e d t h a t t h i s iodo­

nium s a l t s h o u l d be p r e p a r e d and used as the p h o t o i n i t i a t o r . 
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(B) P r e p a r a t i o n and C h a r a c t e r i z a t i o n of Diphenyliodonium 
H e x a f l u o r o p h o s p h a t e 

P o t a s s i u m i o d a t e (12.5g, 0.06 m o l e s ) , a c e t i c anhydride 

(14 cm"̂ , 0.15 moles) and benzene (12 cm"̂ , 0.04 moles) were 

p l a c e d i n a 100 cm"̂  round-bottom, t h r e e - n e c k f l a s k equipped 

w i t h a c o n d e n s e r , dropping f u n n e l and a thermometer. The 

m i x t u r e was s t i r r e d u s i n g a magnetic f o l l o w e r ( i n subsequent 

p r e p a r a t i o n s a m e c h a n i c a l s t i r r e r was used) and c o o l e d t o -5°C. 

A m i x t u r e o f c o n c e n t r a t e d s u l p h u r i c a c i d (10 cm^) and a c e t i c 

a n h y d r i d e (14 cm"̂ ) was p r e p a r e d u s i n g an i c e bath t o m a i n t a i n 

a low t e m p e r a t u r e . The a d d i t i o n of the c o n c e n t r a t e d s u l ­

p h u r i c a c i d / a c e t i c anhydride m i x t u r e t o the c o n t e n t s of the f l a s k 

was c a r r i e d out s l o w l y so t h a t the t e m p e r a t u r e d i d not r i s e 

above 5°C. When a l l the s u l p h u r i c a c i d / a c e t i c anhydride 

m i x t u r e had been added, the c o n t e n t s of the f l a s k and the i c e -

b a t h were a l l o w e d t o r e a c h room tempe r a t u r e . To a l l o w com­

p l e t i o n o f the r e a c t i o n , the c o n t e n t s of the f l a s k were l e f t 

s t i r r i n g f o r s i x t y h o u r s . At the end of t h i s time the r e a c t i o n 

:ture was c o o l e d to 0°C and 25 cm"̂  of d i s t i l l e d water added m i x i 

o. s l o w l y so t h a t the temperature d i d not r i s e above S'^C. D i ­

e t h y l e t h e r (15 cm"̂ ) was then added and the m i x t u r e f i l t e r e d 

t o remove p o t a s s i u m b i s u l p h a t e . The f i l t r a t e was e x t r a c t e d 

t w i c e w i t h d i e t h y l e t h e r (15 cm"̂ ) and then once w i t h 30/40 

p e t r o l e u m e t h e r (15 cm'̂ ) . 

P o t a s s i u m h e x a f l u o r o p h o s p h a t e (12.6g, 0.07 moles) was 

added t o t h e aqueous l a y e r , which gave a w h i t e p r e c i p i t a t e . 

The m i x t u r e was d i l u t e d w i t h water by a f a c t o r of four and l e f t 

on a f l a s k s h a k e r f o r 2 hours. The s o l i d was then f i l t e r e d o f f 

and washed t h o r o u g h l y w i t h d i s t i l l e d w a ter. A f t e r d r y i n g f o r 
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twenty h o u r s a t 56°C under vacuum i n a d r y i n g p i s t o l the y i e l d 

was 40%. The p r o d u c t was then r e c r y s t a l l i s e d from butanone 

and d r i e d as b e f o r e . I n subsequent p r e p a r a t i o n s , i t was found 

t h a t t h e p r o d u c t c o u l d be a d e q u a t e l y d r i e d under vacuum over 

P20^ and t h a t i t c o u l d be p u r i f i e d by r e p r e c i p i t a t i o n from 

butanone u s i n g p e t r o l e u m e t h e r as a n o n - s o l v e n t . 

The m e l t i n g p o i n t of the p u r i f i e d p r o d u c t was 134-

( l i t . v a l u e ^ : 138-141°C). E l e m e n t a l a n a l y s i s gave the 

f o l l o w i n g : 

%C %H % I %P %F 

C a l c u l a t e d 33.8 2.4 29.8 7.3 26.8 

Found. 34.0 2.5 30.6 7.0 27.8 

No p o t a s s i u m i m p u r i t y was d e t e c t e d . 

The i n f r a - r e d s p e ctrum (Appendix Foiir, No.l) was i d e n t i c a l 
4 

t o t h a t o b t a i n e d by R i c h a r d s and d i d not i n d i c a t e the p r e ­

s e n c e of m o i s t u r e o r butanone. The spectrum c o n t a i n s peaks 

a t 3080 cm and 3060 cm due to the a r o m a t i c C-H s t r e t c h , 

1570 cm ^ due t o t h e a r o m a t i c b r e a t h i n g mode, 1465 cm and 

1445 cm due t o t h e s u b s t i t u t e d a r o m a t i c C-H bend and an i n ­

t e n s e peak a t 830 cm"''' due to P-F s t r e t c h . The '''H-NMR 

spect r u m r e c o r d e d on a B r i i k e r S p e c t r o s p i n HX 9 0E showed r e s o n ­

a n c e s a t 8.26 and 7.55 ppm due to the a r o m a t i c p r o t o n s . No 

f u r t h e r r e s o n a n c e s were d e t e c t e d o t h e r t h a n t h o s e from the 
19 

s o l v e n t , a c e t o n e . The F-NMR spectrum showed a doublet 

a t 71.03 ppm u p f i e l d of C F C l ^ . The d o u b l e t i s due to coup­

l i n g between t h e f l u o r i n e atoms and the c e n t r a l phosphorus atom 

w i t h Jp_p e q u a l t o 703 Hz. 

The u l t r a v i o l e t s p e ctrum of the p h o t o i n i t i a t o r was r e ­

co r d e d u s i n g m e thanol, e t h a n o l and a c e t o n i t r i l e as the s o l v e n t s . 
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4 R i c h a r d s found t h a t f i l m s of the r e s i n s CY 179 and 
CY 177 c o n t a i n i n g p h o t o i n i t i a t o r , o n l y c u r e d a t the s u r f a c e 
even a f t e r p r o l o n g e d i r r a d i a t i o n . T h i s i s c o n t r a r y t o r e p o r t s 
i n the l i t e r a t u r e ^ ' ^ w h i c h i n d i c a t e t h a t r e s i n s of t h i s type 
c u r e f a s t e r t h a n t h o s e o f the g l y c i d y l e t h e r t y p e . The 
DGEBA, ( X V I I I ) , epoxy n o v o l a c , ( X I X ) , and a l p h a t i c d i g l y c i d y l 
e t h e r (XX) r e s i n s were found t o undergo s a t i s f a c t o r y c u r e t o 
g i v e t a c k - f r e e f i l m s . T h e s e t h r e e r e s i n s a l o n g w i t h a 
" p u r i f i e d " sample of t h e d i g l y c i d y l e t h e r of b i s p h e n o l F, DGEBF, 
(XXI) 

0 0 

O C H . C H - C H - O C H X H - C H ^ 

( X X I ) 

a l s o o b t a i n e d from C i b a - G e i g y were used i n the work r e p o r t e d 

i n t h i s t h e s i s . 

(A) I n f r a - R e d S p e c t r a of the Monomers 

The i n f r a - r e d s p e c t r a of the f o u r r e s i n s a r e shown i n 

Appendix Four ( S p e c t r a Nos. 2 - 5 ) . T a b l e 3.2 shows the a s s i g n ­

ments of a number o f bands i n the s p e c t r a . 

A l l t h e r e s i n s show an a b s o r p t i o n at'v3500 cm i n t h e i r 

spectrum, a t t r i b u t a b l e t o h y d r o x y l f u n c t i o n a l i t y a l t h o u g h i n the 

c a s e of t h e DGEBF r e s i n t h i s was v e r y s m a l l . I n a l l c a s e s 

the p r e s e n c e of h y d r o x y l f u n c t i o n a l i t y c o u l d be due to the p r e ­

sence o f s m a l l amounts of c h l o r o h y d r i n g r o u p s , ( X X I I ) or a-

g l y c o l groups ( X X I I I ) 

OH 01 OH OH 
I I I I 

- C H — C H 2 — C H - C H 2 

( X X I I ) I X X I I I ) 
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The DGEBF, epoxy novolac and DGEBF r e s i n s may a l s o con­

t a i n g l y c e r o l e t h e r l i n k s as shown i n the s t r u c t u r e o f the 

DGEBA r e s i n ( X V I I I ) , which i n t r o d u c e s secondary a l c o h o l 

f u n c t i o n a l i t y . The incom p l e t e r e a c t i o n o f b u t a n e d i o l w i t h 

e p i c h l o r o h y d r i n w i l l r e s u l t i n the r e s i n (XX) c o n t a i n i n g some 

m o n o g l y c i d y l e t h e r (XXIV) which may account f o r most o f th e 

h y d r o x y l f u n c t i o n a l i t y p r e s e n t i n t h i s r e s i n . 

0 
H O — ^ C H z ; ) — O C H XH-CH ̂  

(XXIVl 

(B) Epoxide Content^ H y d r o x y l Content and the M o l e c u l a r 
Weight o f the Monomers 

R i c h a r d s ^ determined t h e epoxide group c o n t e n t , the 

h y d r o x y l c o n t e n t and the number-average m o l e c u l a r w e i g h t o f 

the t h r e e monomers ( X V I I I ) , (XIX) and (XX). The epoxide 

group c o n t e n t o f each r e s i n was determined by a chemical method 

and t h e r e s u l t s are shown i n Table 3.3. 

A chemical method and s p e c t r o s c o p i c method were used t o 

dete r m i n e the h y d r o x y l c o n t e n t of th e r e s i n s . The l a t t e r 

method i n v o l v e d r e a c t i n g any h y d r o x y l groups w i t h h e x a f l u o r o -

acetone and then d e t e r m i n i n g the amount o f adduct formed u s i n g 
19 

F-NMR. The r e s u l t s from b o t h techniques are shown i n 

Table 3.3. The number-average m o l e c u l a r w e i g h t o f each r e s i n 

shown i n Table 3.3 was determined u s i n g a vapour pressure 

m o l e c u l a r w e i g h t apparatus. 
The v a l u e o f M f o r the DGEBA r e s i n i n d i c a t e s t h a t the n 

v a l u e o f n i n the s t r u c t u r a l f o r m u l a ( X V I I I ) i s '^0.03 s i n c e i t 

i s expected t h a t t h e secondary h y d r o x y l group o f the g l y c e r o l 
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TABLE 3.3. M o l e c u l a r Weight and Chemical A n a l y s i s o f the Monome r s 

Mononer Mn Epoxide 
f u n c t i o n a l i t y 

H y d r o x y l 
f u n c t i o n a l i t y 

(chem.analysis) 

Hydroxyl 
f u n c t i o n a l i t y 

( s p e c t . a n a l y s i s ) 

( X V I I I ) 347 1.95 0.25 0.03 
(XIX) 628 3.36 0.37 0.17 
(XX) 184 1.64 0.14 0.10 

e t h e r l i n k s w i l l account f o r t h e m a j o r i t y o f t h e h y d r o x y l 

f u n c t i o n a l i t y p r e s e n t , t h i s would t e n d t o agree w i t h the 

h y d r o x y l c o n t e n t as determined by t h e s p e c t r o s c o p i c method. 

The v a l u e o f n i n the s t r u c t u r a l f o r m u l a (XIX) o f the 

epoxy no v o l a c r e s i n i s 1.95 from t he number-average mol e c u l a r 

w e i g h t d e t e r m i n a t i o n . The m o l e c u l a r w e i g h t f o r the pure 

a l i p h a t i c d i g l y c i d y l e t h e r r e s i n would be expected t o be 202. 

The measured v a l u e seems a l i t t l e low which c o u l d be due t o 

some low m o l e c u l a r w e i g h t i m p u r i t y . Taking a va l u e o f 0.12 

f o r t h e h y d r o x y l c o n t e n t and assuming t h a t t h e m a j o r i t y o f 

t h i s a r i s e s from t h e m o n o g l y c i d y l e t h e r (XXIV) then the value 

o f M f o r t h e m i x t u r e i s a.a. 196. n 

(C) '''H-NMR and ̂ Ĉ-NMR Spectra o f t h e Monomers 

4 1 1 3 Richards r e c o r d e d t he H-NMR and C-NMR . s p e c t r a 

o f t h e t h r e e monomers ( X V I I I ) , (XIX) and (XX) on s p e c t r o ­

meters o p e r a t i n g a t f r e q u e n c i e s o f 22.6 MHz f o r '^'^C-nuclei 

and 60 MHz f o r '''H-nuclei, Since those s p e c t r a were rec o r d e d , 

access t o i n s t r u m e n t s o p e r a t i n g a t much h i g h e r f r e q u e n c i e s has 

become a v a i l a b l e . The assignment o f resonances and i n t e r ­

p r e t a t i o n o f ̂H-NMR s p e c t r a i n p a r t i c u l a r can be made e a s i e r 

when t h e y a r e r e c o r d e d on i n s t r u m e n t s o p e r a t i n g a t h i g h e r 
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f r e q u e n c i e s s i n c e the frequency s e p a r a t i o n o f p r o t o n resonances 

i s i n c r e a s e d . , More i n f o r m a t i o n was ob t a i n e d from the s p e c t r a 

o f t h e r e s i n s , p a r t i c u l a r l y the """H-NMR spectrum o f the a l i p h a t i c 

g l y c i d y l e t h e r o f b u t a n e d i o l , run on an i n s t r u m e n t o p e r a t i n g 

a t 300 MHz f o r """H-nuclei and 75 MHz f o r "''^C-nuclei. 

( i ) The DGEBA Resin 

The •''H-NMR spectrum o f the DGEBA r e s i n (Appendix 

F i v e , Spectrum No.l) shows numerous s m a l l peaks, presumably 

due t o i m p u r i t i e s , the most i n t e n s e ones having s h i f t s o f 1.66 

and 2.28 p.p.m. The ''"H-NMR data g i v e n i n Table 3.4 i s con­

s i s t e n t w i t h t h i s r e s i n b eing a d i g l y c i d y l e t h e r o f b i s p h e n o l A. 

TABLE 3.4 """H-NMR Data f o r ( X V I I I ) 

H, 
Hb 0 

H, 

Pr o t o n S h i f t / p p m S p l i t t i n g Integration 

H 
a 

1.59 S i n g l e t 6 

«b 5^ = 2.62 AB q 
2 3 J, ^^4.5 Hz, J j ' v 4 b-c c-d .3 Hz 

2 

H 
c 

63 = 2.75 3 J, , '\j 2 .3 Hz b-d 
2 

'̂ d 3.22 M u l t i p l e t 2 

H3 o r H^ Â = AB 
q 

^ = 11.0 Hz e-f 

2 

H o r H^ e f 53 = 4.11 3 3 J , _ , = 5.8 Hz, J_ , J = e/f-d f/e-d 2.6 Hz 2 

H„ or H . 
g g 

6, = 6.78 A Pseudo AB 
q 

4 

»h \ ' 63 = 7.10 J u = J - = 8.4 Hz g-h g -h 4 
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g 

The "Handbook of Epoxy Resins"' was p a r t i c u l a r l y 

u s e f u l i n a s s i g n i n g t he p r o t o n resonances i n t h i s spectrum. 

The assignment o f t h e resonances i n the ''"'^C-spectrum of 

( X V I I I ) (Appendix 5, Spectrum No.2) i s shown i n Table 3.5. 

The assignment o f the o x i r a n e carbons was helped by the work 
9 

o f Moniz and P o r a n s k i w h i l s t the assignment o f the aromatic 

carbons agreed w i t h those f o r b i s p h e n o l A g i v e n i n "Carbon-13 

Nuclear Magnetic Resonance Spectroscopy"."'"'^ 
TABLE 3 .5 Assignment o f "'"'̂C Resonances i n t h e 

Spectrum o f ( X V I I I ) 
D C 6 7 1 C 7 6 C O 

Nucleus Shift/PPM Nucleus Shift/PPM 

^ 1 30.94 ^6 114.00 

^2 41.57 ^7 127.64 

^3 44.35 ^8 143.45 

^4 50.01 S 156.32 

^5 68.74 

( i i ) The DGEBF Resin 

The c o m p l e x i t y o f t h e spectrum (Appendix 5, 

Spectrum No.3) i n d i c a t e d t h a t t h e r e were a number of isomers 

o f t h i s compound p r e s e n t . From the '''̂C spectrum i t becomes 

apparent t h a t t h e r e are t h r e e isomers p r e s e n t , w i t h the methy­

lene groups l i n k i n g t h e two a r o m a t i c r i n g s para-para (P-P), 

p a r a - o r t h o (0-P) and o r t h o - o r t h o (0-0) t o t h e g l y c i d y l e t h e r 

groups. Table 3 .6 shows the assignment o f th e resonances i n 

the H-NMR spectrum, 
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TABLE 3. 6 Assignment o f t h e "'"H resonances i n the 
Spectrum o f (XXI) 

C 0 

0 Hê c — C ^ 
1" 
C 0 HQ 

Proton Shift/PPM S p l i t t i n g I n t e g r a t i o n 

«a 6^ ^ 2.60 A Overlapping AB^s 2 

% 63 % 2.74 2 

H 
c 

3.20 M u l t i p l e t 2 

H , H a or e 6^ ^ 3.80 Overlapping AB^s 
4 

(2H,. 2H^/^) 

+ " f ( P - P ) 
H, or H d e 6„ 4.87 2 

" f ( 0 - P ) 4 .01 S i n g l e t 

" f ( 0 - 0 ) 4.05 S i n g l e t 

Aromatic 6 . 80 M u l t i p l e t 4 

pr o t o n s 7.07 M u l t i p l e t 4 

The i n i t i a l assignment o f t h r e e resonances i n the 

"'""̂C-NMR spectrum t o t h e methylene carbons l i n k i n g t h e 

aromatic groups i n t h e t h r e e isomers a l l o w e d t h e amount of 

each isomer t o be determined. The percentage o f each i s o ­

mer (XXIa) , (XXIb) and (XXIc) shown i n Table 3.7 i s 3 1 %, 51% 

and 18% r e s p e c t i v e l y . T h i s o b s e r v a t i o n combined w i t h simple 

c a l c u l a t i o n s based on a d d i t i v i t y increments''""'" a l l o w e d the 
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assignment o f t h e remainder o f t h e resonances i n the "''̂C 

spectrum (Appendix 5, Spectrum No.4) t o be made, as shown 

i n Table 3.7. 

TABLE 3.7 Assignment o f Resonances i n the "'"'̂C Spectrum of DGEBF 

1 0 

O 

1 0 

(XX Ia ) (XXIb) ( X X I c ) 

Nucleus Shift/PPM Nucleus Shift/PPM 

1 " 

1'' 

1 

2+2 0 + 2'p + 3 -

3+3 0 + 3'p + 

4+4 Q + 4'p + 

^ 0 

5P 

5 

6'' 

30.04 

35.20 

40.10 
' 44.32 
_ 44.39 

50.06 

68.97 

111.89 

111.99 

114.63 

114.79 

121.00 

121.14 

0 

r 

7 

6 
6'p 

8 Q+8''+9'Q+9'' 

1^0 
10"^ 

10-^ 

10 

127.15 

127.38 

129.75 
129.87 
130.39 

130.48 

130.67 

133.74 

134.21 

156.30 

156.56 

156.87 

157.00 
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The assignment o f t h e a r o m a t i c carbons agrees w i t h those 

made f o r t h e t h r e e isomers o f d i a n i s y l m e t h a n e r e p o r t e d i n the 

l i t e r a t u r e . ̂ '̂  

( i i i ) The Epoxy Novolac Resin 

Since t h e r e are a t l e a s t seventeen d i f f e r e n t ways 

o f j o i n i n g t h e f o u r a r o m a t i c r i n g s p r e s e n t i n t h i s r e s i n 

t h r o u g h t h e methylene groups w i t h t h e l i n k s being o r t h o or 

para t o g l y c i d y l e t h e r groups i t i s not s u r p r i s i n g t h a t the 

•'"H-NMR spectrum i s v e r y complex (Appendix 5, Spectrum No.5) 

The resonances o f t h e methylene p r o t o n s o f t h e oxir a n e r i n g 

o c c u r a t ^^2.7 ppm and '̂ 2̂.8 ppm, w i t h t h a t o f the methine 

p r o t o n a t -^3.3 ppm. The methoxy p r o t o n s and those of the 

methylene l i n k a g e s between t h e a r o m a t i c r i n g s g i v e resonances 

between 3.8 ppm and 4.2 ppm. The arom a t i c protons resonate 

a t '̂•'6 . 7 ppm and ̂ 7̂ . 2 ppm. 

The '''"̂C~NMR spectrum (Appendix 5, Spectrum No. 6) 

i s a g a i n c o m p l i c a t e d due t o t h e p o s s i b l e number o f isomers 

p r e s e n t . The peaks a t 29.52, 34.64 and 39.48 ppm are due 

t o t h e carbons o f the methylene groups l i n k i n g the aromatic 

r i n g s and i n d i c a t e t h a t 30.1% l i n k para-para, 52% l i n k o r t h o -

p a ra and 18% l i n k o r t h o - o r t h o t o t h e g l y c i d y l e t h e r groups. 

G e n e r a l l y t h e spectrum shows resonances w i t h s i m i l a r s h i f t s 

t o t h ose i n t h e spectrum o f DGEBF, i n d i c a t i n g t h a t carbon 

atoms i n s i m i l a r environments are p r e s e n t . 

( i v ) The D i g l y c i d y l Ether o f B u t a n e d i o l 

The •'"H spectrum o f t h i s d i g l y c i d y l e t h e r of butane-

d i o l (Appendix 5, Spectrum No.7) shows the presence of aromatic 
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p r o t o n s due t o some i m p u r i t y a t 7.5 ppm which occurred i n a l l 
the samples o f t h i s r e s i n and a l s o peaks a t '̂ '3.6 ppm from t h e 
a l i p h a t i c p r o t o n s o f some i m p u r i t y . Table 3.8 give s the 
assignments o f the major resonances 

TABLE 3.8 Assignment o f t h e "'"H Resonances i n the 
Spectrum of (XX) 

H c 0 "d 

/ 

H 

\\r\ C He.O 
C(H \ 

g'2 C(H / .C(H 
a'2 

''\/\\ /A/ 0 Hf C C, 
'/ \ 

He 

Pr o t o n Shift/ppm S p l i t t i n g Integration 

H 
a 

1.64 M u l t i p l e t 4 

«b 6, = 2.58 AB 
q 

= 5.1 Hz 
b-c 

2 

H 
c 

63 = 2.76 ^ = 4.3 Hz, J?_, = 2.7 Hz c-d b-d 2 

«d 3.11 M u l t i p l e t 2 

H or H. e f ^A = AB 
q 

j 2 . = 11.5 Hz e-f 

'"^e/f-d = 5.9 Hz 

2 

H or H^ e f 63 = 3.71 J ^ , , = 2.9 Hz f/e - d 2 

H 
g 

3.49 M u l t i p l e t 4.4 

The "'""̂C spectrum (Appendix 5, Spectrum No. 8) shows many 

s m a l l peaks due t o i m p u r i t y . Two o f these peaks a t 29.6 and 

62.1 ppm c o u l d p o s s i b l y be due t o the presence o f the mono­

g l y c i d y l e t h e r (XXIV). Table 3.9 shows the peak assignments. 
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13, TABLE 3 .9 Assignment of the C Resonances i n 
t h e Spectrum of (xx) 

A C C 0 C C C 0 
2 3 \ / \ / i X / U \ / 5 \ / \ 

C C C 0 c — c 
5 4 1 3 2 A 

C C 0 c c 
\ / \ / \ / ^ X C C C OH 

1' 

Carbon Shift/PPM Carbon Shift/PPM 

1 26.36 4' 42.14 

1^ 29 .62 4 71.14 

2 44 .02 5 71.46 

3 50.77 

(D) U l t r a v i o l e t Spectra o f the Monomers 

I t i s o f i n t e r e s t t o know the uv a b s o r p t i o n c h a r a c t e r ­

i s t i c s o f t h e r e s i n s f o r comparison w i t h those of the photo-

i n i t i a t o r . Table 3.10 g i v e s the wavelengths of maximum ab­

s o r p t i o n by each r e s i n and the values of the e x t i n c t i o n c o e f f i c i e n t . 

The l a t t e r v a l u e s w i l l be very approximate since the r e s i n s 

do n o t have w e l l d e f i n e d m o l e c u l a r weights and w i l l c o n t a i n 

s p e c i e s t h a t absorb a t s i m i l a r wavelengths but t o d i f f e r e n t 

e x t e n t s . 

The a l i p h a t i c d i g l y c i d y l e t h e r , (XX), shows a s m a l l 

a b s o r p t i o n at'^'220 nm which appears t o be a shoulder on an 

a b s o r p t i o n below 200nm. A b s o r p t i o n o f l i g h t by t h i s r e s i n 

would n o t be expected t o compete w i t h a b s o r p t i o n by the photo-

i n i t i a t o r above 230nm. However t h e r e i s a s m a l l b u t 

s i g n i f i c a n t a b s o r p t i o n p r e s e n t a t 275nm which i s i n d i c a t i v e 
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TABLE 3.10 Data from the UV A b s o r p t i o n Spectra of the Monomers 

Resin Solvent X /nm max e /cm mol dm max 

(XX) e t h a n o l 220(s) 44 

( X V I I I ) e t h a n o l 227 (s) 

276 

283(s) 

2.01 x lo"^ 
3.3 X 10^ 

(XXI) e t h a n o l 224 (s) 

272(s) 

277 

1.7 4 X lo"* 

3.4 X 10^ 

(XXI) c h l o r o f o r m 275(s) 

278 3.4 X 10^ 

(XIX) c h l o r o f o r m 278 7.1 x l O^ 

(s) = shoulder 

of an a r y l chromophore. The presence o f an aro m a t i c i m p u r i t y 

has a l r e a d y been inferred from the '''H-NMR spectrum o f t h i s 

r e s i n . 

The remainder o f the r e s i n s a l l c o n t a i n a r y l e t h e r chromo-

phores and are expected t o absorb s t r o n g l y below 300 nm. 

The DGEBA and DGEBF r e s i n s show an i n t e n s e a b s o r p t i o n 

band i n the 220- 2 30 nm r e g i o n as w i l l t h e epoxy novolac 

r e s i n . A b s o r p t i o n i n t h i s r e g i o n by th e r e s i n s w i l l i n t e r ­

f e r e s t r o n g l y w i t h t h a t o f the p h o t o i n i t i a t o r . The r e s i n s 

a l s o absorb i n t h e 270 - 280 nm r e g i o n which w i l l a g a i n com­

pete w i t h a b s o r p t i o n o f l i g h t by th e p h o t o i n i t i a t o r . From 

F i g u r e 3.1 which shows the a b s o r p t i o n s p e c t r a o f d i p h e n y l -

iodonium hexafluorophosphate and th e DGEBA r e s i n i t i s apparent 

t h a t the p h o t o i n i t i a t o r absorbs more s t r o n g l y than t h i s r e s i n 
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FIGURE 3.1 UV A b s o r p t i o n Spectra of dip h e n y l i o d o n i u m hexa-
T l u o r o p h o s p h a t e (^8.8 x 10~3 mol dm~^), (a) , and 
( X V I I I ) ('\.7.6 X 10-^ mol dm-3), (b) 

"T I 1 I 1 I I I 1 

250 300 
W a v e l e n g t h / nm 

i n t h e 250nm r e g i o n . T h i s a l s o a p p l i e s t o t h e o t h e r r e s i n s 

o f t h i s t y p e . However, i n the p h o t o c u r a b l e composition o f 

the r e s i n and p h o t o i n i t i a t o r , t h e r e s i n i s p r e s e n t i n f a r 

g r e a t e r amounts than the p h o t o i n i t i a t o r and would be expected 

t o absorb much more o f t h e i n c i d e n t l i g h t a t s h o r t e r wave­

l e n g t h s p o s s i b l y h i n d e r i n g t he p h o t o l y s i s o f p h o t o i n i t i a t o r . 
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INHOMOGENEOUS NETWORK FORMATION 
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4.1 I n t r o d u c t i o n 

One o f the main f a c t o r s a f f e c t i n g t h e p r o p e r t i e s and 

c h a r a c t e r i s t i c s o f a cured r e s i n i s the degree o f cure or 

c r o s s - l i n k i n g . For example, b e t t e r c h e m i c a l r e s i s t a n c e p r o ­

p e r t i e s o f a cured r e s i n are o b t a i n e d when the maximum degree 

o f c r o s s - l i n k i n g i s achieved."'" The r a t e and f i n a l degree of 

cure i n t h e p h o t o i n i t i a t e d c r o s s - l i n k i n g o f r e s i n s might be 

expected t o be r e l a t e d t o the f i l m t h i c k n e s s , the i r r a d i a t i o n 

t i m e , the l i g h t i n t e n s i t y and wavelength, the temperature and 

t h e c o n c e n t r a t i o n of the p h o t o i n i t i a t o r . The e f f e c t of temp­

e r a t u r e on t h e c u r i n g process i s an i m p o r t a n t f a c t o r i n p o s s i b l e 

marine ta n k c o a t i n g a p p l i c a t i o n s . I f such systems showed p r o ­

m i s i n g chemical or s o l v e n t r e s i s t a n c e and cured r a p i d l y a t 

t e m p e r a t u r e s as low as 0°C then they would have an advantage 

over c o n v e n t i o n a l l y cured epoxy r e s i n s . The p h o t o i n i t i a t o r 

w i l l be one of the more expensive components i n p h o t o c u r a b l e 

s u r f a c e c o a t i n g s , so i t i s d e s i r a b l e t o a s c e r t a i n the lowest 

a c c e p t a b l e c o n c e n t r a t i o n o f p h o t o i n i t i a t o r . One of the p o t e n t i a l 

d i s a d v antages of p h o t o i n i t i a t e d cure i s the d e l e t e r i o u s e f f e c t 

of pigments on t h e p e n e t r a t i o n o f l i g h t i n t o the i n t e r i o r o f the 
2 

c o a t i n g , p r e v e n t i n g or r e d u c i n g t h e i n i t i a t i o n o f p o l y m e r i z ­

a t i o n . A l t h o u g h unpigmented p h o t o c u r a b l e c o a t i n g s c o u l d be 

used as v a r n i s h e s f o r example, the scope f o r such systems i n 

s u r f a c e c o a t i n g a p p l i c a t i o n s would be g r e a t l y enhanced i f they 

c o u l d be pigmented. 

The n a t u r e o f c a t i o n i c p o l y m e r i z a t i o n s means t h a t p h o t o c a t -

i o n i c a l l y cured systems have t h e p o t e n t i a l t o undergo f u r t h e r 

c r o s s - l i n k i n g a f t e r i r r a d i a t i o n . " ^ As the c r o s s - l i n k i n g c o n t i n ­

ues, the p r o p e r t i e s of the m a t e r i a l c o u l d change s i g n i f i c a n t l y 

which may have a b e a r i n g on any p o t e n t i a l a p p l i c a t i o n s . 
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Knowledge o f t h e e x t e n t t o which t h i s c o n t i n u e d p o l y m e r i z a t i o n 
occurs and t h e time s c a l e over which i t t akes p l a c e are t h e r e ­
f o r e i m p o r t a n t . 

T h i s c h a p t e r r e p o r t s t h e r e s u l t s o f i n v e s t i g a t i o n s i n t o 

the a f f e c t of the f a c t o r s o u t l i n e d above on t h e p h o t o i n i t i a t e d 

c a t i o n i c c ure o f , p r i n c i p a l l y , the DGEBA r e s i n . I n a d d i t i o n 

the c h e m i c a l r e s i s t a n c e , adhesion and a b i l i t y o f p h o t o c a t i o n i c -

a l l y and c o n v e n t i o n a l l y c u r e d epoxy r e s i n s t o p r e v e n t c o r r o s i o n 

are compared. 

4.2 D e t e r m i n i n g t h e Degree o f Cure o f Network Polymers 

There are two approaches t o o b t a i n i n g a measure of the 

degree o f cure o f network polymers, namely, d e t e r m i n i n g the ex­

t e n t o f r e a c t i o n of f u n c t i o n a l groups or a l t e r n a t i v e l y measuring 

some p h y s i c a l p r o p e r t y r e l a t e d t o the degree of c r o s s - l i n k i n g . " ' " 

(A) Measuring the E x t e n t of R e a c t i o n 

T h i s approach i s w i d e l y used as an i n d i c a t i o n o f the degree 

o f c r o s s - l i n k i n g i n network polymers i n c l u d i n g cured epoxy r e s i n s 

However i t must be n o t e d t h a t t h e consumption o f epoxide f u n c t ­

i o n a l groups does not n e c e s s a r i l y i m p l y t h a t the degree o f c r o s s -

l i n k i n g has i n c r e a s e d . 

A l t h o u g h c r o s s - l i n k e d epoxy r e s i n s are i n s o l u b l e , which 

makes t h e i n v e s t i g a t i o n o f such systems d i f f i c u l t , chemical 

a n a l y s i s can be used t o d e t e r m i n e the amount o f unreacted epoxide 

f u n c t i o n a l i t y p r e s e n t by s w e l l i n g the powdered m a t e r i a l i n a 
4 

s u i t a b l e s o l v e n t . U n t i l q u i t e r e c e n t l y , i n f r a - r e d spectroscopy 

was t h e o n l y s p e c t r o s c o p i c t e c h n i q u e a v a i l a b l e t o measure the 

amount o f u n r e a c t e d f u n c t i o n a l i t y p r e s e n t i n c r o s s - l i n k e d r e s i n s . 
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R e c e n t l y i t has been demonstrated t h a t the r e l a t i v e l y new t e c h ­
n i q u e o f s o l i d s t a t e NMR can be used f o r such measurements;^ 
however t h i s t e c h n i q u e i s not r o u t i n e l y a v a i l a b l e . 

I n t h i s s t u d y i n f r a - r e d s p e c t r o s c o p y was used to determine 

the e x t e n t of r e a c t i o n of epoxide f u n c t i o n a l i t y w h i l s t DSC was 

use d t o i n v e s t i g a t e the p o t e n t i a l f o r p o s t - i r r a d i a t i o n t h e r m a l 

c u r e . The u s e o f t h e s e two t e c h n i q u e s i s d e s c r i b e d below i n 

more d e t a i l . 

( i ) I n f r a - R e d S p e c t r o s c o p y 

I n f r a - r e d s p e c t r o s c o p y i s a r e a d i l y a v a i l a b l e a n a l y t ­

i c a l t e c h n i q u e t h a t can p r o v i d e a r a p i d , q u a n t i t a t i v e measure 

of t h e d i s a p p e a r a n c e or appearance of f u n c t i o n a l i t y d u r i n g the 
4 

c u r i n g p r o c e s s . Dannenberg and Harp measured the p e r c e n t a g e 

of u n r e a c t e d epoxide groups i n an amine c u r e d r e s i n by both 

c h e m i c a l a n a l y s i s and IR s p e c t r o s c o p y . The two t e c h n i q u e s were 

found t o g i v e comparable r e s u l t s . Q u a n t i t a t i v e IR measurements, 

f o r example, have been used i n a d e t a i l e d study of the c u r e k i n e ­

t i c s o f epoxy r e s i n s u s i n g anhydride c u r i n g agents and found to 

be s a t i s f a c t o r y . ^ 

To measure the absorbance of a p a r t i c u l a r f u n c t i o n a l 

group a b a s e l i n e i s d e f i n e d a s , f o r example, i n F i g u r e 4.1. 

The r e l a t i v e l y a r b i t r a r y n a t u r e of the b a s e l i n e i s one of the 

f a c t o r s c o n t r i b u t i n g to the l a c k of a c c u r a c y which can o c c u r 

w i t h q u a n t i t a t i v e I R measurements. 

FIGURE 4.1 Example of B a s e l i n e C o n s t r u c t i o n 
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The a b s o r b a n c e , A, a t a p a r t i c u l a r wavelength can be 

c a l c u l a t e d u s i n g the f o l l o w i n g e x p r e s s i o n : 

^^0 

As t h e e x p r e s s i o n i n d i c a t e s , absorbance i s not d i r e c t l y p r o ­

p o r t i o n a l t o t r a n s m i t t a n c e and s m a l l changes i n the 0 t o 20% 

t r a n s m i t t a n c e r e g i o n r e s u l t i n l a r g e changes i n the absorbance 

v a l u e . T h e r e f o r e i n the i n t e r e s t s of a c c u r a c y the use o f 

a b s o r p t i o n bands i n t h i s t r a n s m i t t a n c e range s h o u l d be avoided 

f o r q u a n t i t a t i v e measurements. 

V a r i a t i o n s i n sample t h i c k n e s s can be a l l o w e d f o r when 

comparing d i f f e r e n t samples by e x p r e s s i n g the absorbance of the 

peak of i n t e r e s t as a r a t i o of the absorbance of a r e f e r e n c e peak, 

The r e f e r e n c e peak may be due t o some o t h e r f u n c t i o n a l group 

of the m a t e r i a l or t o some i n e r t compound p r e s e n t i n known 

amounts. The s i m p l e s t method o f q u a n t i f y i n g the amount of un-

r e a c t e d f u n c t i o n a l i t y i n a c u r e d r e s i n i s t o e x p r e s s the normal­

i z e d a b s o rbance due t o the f u n c t i o n a l group as a p e r c e n t a g e of 

the n o r m a l i z e d a b s o rbance due t o the f u n c t i o n a l groups i n the 

u n c u r e d system. T h i s assumes t h a t the a b s o r p t i o n c h a r a c t e r i s t ­

i c s of the m a t e r i a l a r e s i m i l a r i n the s o l i d and l i q u i d s t a t e s . 

( i i ) D i f f e r e n t i a l S c a n n i n g C a l o r i m e t r y 

The i n f o r m a t i o n t h a t can be o b t a i n e d from DSC makes 

i t a p o w e r f u l t o o l f o r the t h e r m a l a n a l y s i s of p o l y m e r i z a t i o n 

r e a c t i o n s and p o l y m e r s . I n t h e s c a n n i n g mode the c a l o r i m e t e r 

r e c o r d s the d i f f e r e n t i a l power s u p p l i e d t o the sample and r e f e r ­

ence h o l d e r r e q u i r e d t o m a i n t a i n them a t i d e n t i c a l t e m p e r a t u r e s , 

as the t e m p e r a t u r e i s r a i s e d . C h emical r e a c t i o n s and f i r s t 

o r d e r t r a n s i t i o n s s u c h as m e l t i n g p o i n t s g i v e r i s e t o peaks on 

the DSC t r a c e . The a r e a under such a peak i s p r o p o r t i o n a l to 
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t h e e n t h a l p y change of the p r o c e s s . An a b s o l u t e v a l u e f o r 
t h e e n t h a l p y change of the p r o c e s s can be o b t a i n e d by p r i o r 
c a l i b r a t i o n . I s o t h e r m a l measurements can a l s o be c a r r i e d out, 
i n w h i c h the r a t e of h e a t t a k e n i n or g i v e n out by the sample 
i s r e c o r d e d a s a f u n c t i o n of time a t a p a r t i c u l a r temperature. 
A g a i n t h e a r e a under t h e i s o t h e r m a l peak i s a measure of the 
e n t h a l p y change of the p r o c e s s . 

Both t h e i s o t h e r m a l and s c a n n i n g modes have been used to 

i n v e s t i g a t e t h e t h e r m a l c u r e of epoxy r e s i n s by c o n v e n t i o n a l 
7 8 

c u r i n g a g e n t s . ' Assuming t h a t the e n t h a l p y change a t a 

p a r t i c u l a r p o i n t i n the p r o c e s s i s p r o p o r t i o n a l to the e x t e n t 

of r e a c t i o n a l l o w s the p e r c e n t a g e c o n v e r s i o n of f u n c t i o n a l groups 

to be d e t e r m i n e d by comparison w i t h the t o t a l e n t h a l p y change 

f o r t h e r e a c t i o n , assuming t h a t t h i s corresponds to complete con­

v e r s i o n of f u n c t i o n a l groups. 

I s o t h e r m a l DSC has proved u s e f u l f o r d e t e r m i n i n g the e x t e n t 

of r e a c t i o n i n both p h o t o i n i t i a t e d f r e e r a d i c a l and c a t i o n i c 

c h a i n c r o s s - l i n k i n g p o l y m e r i z a t i o n s . ̂  ' ' ' ' ^ ' I n the s t u d i e s r e ­

p o r t e d , t h e c a l o r i m e t e r has been m o d i f i e d to a l l o w the i r r a d ­

i a t i o n o f s a m p l e s w h i l e i n the sample h o l d e r . A c o n t i n u o u s 

measure o f monomer c o n v e r s i o n i s then p r o v i d e d by the heat 

e v o l v e d from t h e sample as i t i s i r r a d i a t e d . 

(B) The G l a s s T r a n s i t i o n Temperature, Tg, as a Measure of 
the Degree of C r o s s - L i n k i n g 

( i ) The G l a s s T r a n s i t i o n 

G e n e r a l l y as a h a r d , g l a s s y , amorphous polymer i s 

s l o w l y h e a t e d i t w i l l e v e n t u a l l y s o f t e n and show r u b b e r - l i k e 

b e h a v i o u r . T h i s change i n b e h a v i o u r o c c u r s over q u i t e a narrow 

t e m p e r a t u r e r a n g e . A g l a s s t r a n s i t i o n can a l s o t a k e p l a c e i f 

a s o f t , rubbery,amorphous polymer i s c o o l e d . I n t h i s c a s e the 
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change i s t o g l a s s - l i k e b e h a v i o u r . Although the g l a s s t r a n ­

s i t i o n o c c u r s over a temperature range, a s i n g l e temperature 

known as the g l a s s t r a n s i t i o n t e m p e r a t u r e , Tg, i s d e f i n e d . 

The Tg has an i m p o r t a n t b e a r i n g on the p o t e n t i a l a p p l i c a t i o n s 

of amorphous p o l y m e r s . A lower t e m p e r a t u r e l i m i t i s s e t on 

the u s e s of e l a s t o m e r s and rubbers w h i l s t an upper l i m i t i s s e t 

on the use of r i g i d l i n e a r and c r o s s - l i n k e d polymers. 

On a m o l e c u l a r s c a l e , the change from g l a s s - l i k e to 

r u b b e r - l i k e b e h a v i o u r i s a s s o c i a t e d w i t h the o n s e t of segmental 
12 

motion of the polymer c h a i n s . At t e m p e r a t u r e s below Tg, 

t h e r e i s some v i b r a t i o n a l motion of the c h a i n segments about a 

f i x e d p o s i t i o n o r p o s s i b l y some r o t a t i o n a l motion of s i d e groups 

As the temperature- i s r a i s e d , the a m p l i t u d e and c o o p e r a t i v e 

n a t u r e of t h e v i b r a t i o n a l movements i n c r e a s e s u n t i l secondary 

i n t r a m o l e c u l a r f o r c e s are overcome. Loops and segments of 

polymer c h a i n may then undergo r o t a t i o n a l and t r a n s l a t i o n a l co­

o p e r a t i v e motion g i v i n g r i s e to the r u b b e r - l i k e b e h a v i o u r . The 

t r a n s l a t i o n a l motion of whole polymer c h a i n s i n l i n e a r 

polymers i s p r e v e n t e d by entanglements, but as the temperature 

i s f u r t h e r r a i s e d t h i s r e s t r i c t i o n i s surmounted and the p o l y ­

mer a c t s l i k e a v i s c o u s l i q u i d . I n a t r u l y c r y s t a l l i n e polymer 

o n l y a m e l t i n g t r a n s i t i o n i s observed whereas i n a s e m i - c r y s ­

t a l l i n e polymer a g l a s s t r a n s i t i o n may be o b s e r v e d due t o the 

above t y p e of m o l e c u l a r motion i n the amorphous r e g i o n s . 

The r e l a t i v e l y s imple p i c t u r e of changes i n m o l e c u l a r 

motion b e i n g r e s p o n s i b l e f o r the d i f f e r e n c e i n b e h a v i o u r of an 

amorphous polymer above and below i t s Tg, b e l i e s the complex 

n a t u r e of t h e g l a s s t r a n s i t i o n and the d i f f i c u l t y i n o b t a i n i n g 

a t h e o r e t i c a l model t h a t s a t i s f a c t o r i l y a c c o u n t s f o r a l l the 
r . ^ . u - u 12,13,14 f e a t u r e s of t h i s phenomenon. 
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A f i r s t o r d e r thermodynamic t r a n s i t i o n such as a 

m e l t i n g p o i n t i s c h a r a c t e r i z e d by a d i s c o n t i n u i t y i n the f i r s t 

d e r i v a t i v e s of f r e e e n e r g y such as e n t h a l p y or entropy. A 

d i s c o n t i n u i t y i n the h e a t c a p a c i t y or c o e f f i c i e n t of e x p a n s i o n 

w h i c h a r e second d e r i v a t i v e s of f r e e energy i s a c h a r a c t e r i s t i c 

of s e c o n d o r d e r t r a n s i t i o n s . E a r l y w o rkers were prompted to 

r e f e r t o t h e g l a s s t r a n s i t i o n a s a second o r d e r t r a n s i t i o n 

b e c a u s e of t h e s i m i l a r i t y i n t h e b e h a v i o u r of the h e a t c a p a c i t y 

of p o l y m e r s on p a s s i n g through the g l a s s t r a n s i t i o n . However 

s i g n i f i c a n t d i f f e r e n c e s i n t h e b e h a v i o u r of the second d e r i v ­

a t i v e s of f r e e e n e r g y do e x i s t f o r the two t y p e s of t r a n s i t i o n . 

F u r t h e r m o r e t h e g l a s s t r a n s i t i o n cannot be r e g a r d e d as a t r u e 

thermodynamic t r a n s i t i o n s i n c e t h e v a l u e of Tg o b t a i n e d i s 

dependent on the t h e r m a l h i s t o r y of the sample and the h e a t i n g 

r a t e used i n c a r r y i n g out the measurement. An i n c r e a s e i n the 

v a l u e o f Tg i s o b s e r v e d w i t h i n c r e a s i n g h e a t i n g r a t e which i s 

n o t s o l e l y a consequence of t h e r a t e of h e a t t r a n s f e r to the 

sample but a l s o r e s u l t s from t h e s l o w n e s s of r e l a x a t i o n p r o ­

c e s s e s a t t e m p e r a t u r e s c l o s e t o or below Tg.'''^ 

One of the more s u c c e s s f u l t h e o r e t i c a l approaches to 

d e s c r i b i n g the g l a s s t r a n s i t i o n i s the f r e e volume theory.'^'^''''^ 

The g l a s s t r a n s i t i o n t e m p e r a t u r e i s r e l a t e d t o the f r e e volume 

of t h e polymer, t h a t i s t h e d i f f e r e n c e between the a c t u a l volume 

and t h e volume o c c u p i e d by the polymer c h a i n s . The e f f e c t of 

such f a c t o r s as t h e c h a i n s t r u c t u r e , m o l e c u l a r w e i g h t , p r e s e n c e 

of s m a l l m o l e c u l e s and c r o s s - l i n k i n g on the Tg of a polymer can 

be e x p l a i n e d i n terms o f a change i n the f r e e volume of the 

s y s t e m or, a l t e r n a t i v e l y a change i n the segmental m o b i l i t y of 

the polymer c h a i n s . I n c r e a s i n g the f r e e volume or the s e g ­

m e n t a l m o b i l i t y r e s u l t s i n a d e c r e a s e of Tg. 
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( i i ) The E f f e c t of C r o s s - L i n k i n g on Tg 

An i m p o r t a n t but complex example of the e f f e c t of 

c r o s s - l i n k i n g on the Tg of a polymer i s the v u l c a n i z a t i o n of 

r u b b e r . W e l l over a hundred y e a r s ago, i t was found t h a t a 

s e r i e s of p r o d u c t s r a n g i n g from s o f t , r u b b e r y m a t e r i a l s t o a 

h a r d s u b s t a n c e c a l l e d e b o n i t e r e s u l t e d , when the amount of 

s u l p h u r r e a c t e d w i t h n a t u r a l r ubber was i n c r e a s e d . The r e ­

a c t i o n of s u l p h u r w i t h n a t u r a l r u b b e r l e a d s t o c r o s s - l i n k i n g 

and an i n c r e a s e i n Tg which e x p l a i n s the above observation."'"'^ 

When polymer c h a i n s a r e c r o s s - l i n k e d both the f r e e 

volume and segmental m o b i l i t y a r e d e c r e a s e d l e a d i n g t o an i n ­

c r e a s e i n Tg. The s t r u c t u r e of h i g h l y c r o s s - l i n k e d polymers 

may be so r i g i d t h a t a g l a s s t r a n s i t i o n cannot be o b s e r v e d , de­

g r a d a t i o n of the polymer o c c u r r i n g b e f o r e Tg i s r e a c h e d . 

Fox and Loshaek"^^ c o p o l y m e r i z e d s t y r e n e w i t h v a r i o u s 

amounts of d i v i n y l b e n z e n e by a f r e e r a d i c a l mechanism t o y i e l d 

p o l y mers w i t h v a r i o u s degrees of c r o s s - l i n k i n g . The Tgs of 

t h i s s e r i e s of network polymers were found t o obey a semi-

e m p i r a l e x p r e s s i o n of the form: 

Tg = Tg^ + ( c o n s t a n t X T) 

The c o n s t a n t Tg^ i s the Tg of an i n f i n i t e m o l e c u l a r w e i g h t 

l i n e a r polymer composed of the same r e p e a t u n i t s as the c r o s s -

l i n k e d p o l y m e r , i n t h i s c a s e p o l y s t y r e n e . The q u a n t i t y F i s 

the c r o s s - l i n k d e n s i t y of the polymer which may be d e f i n e d as 

the number of c r o s s - l i n k s per u n i t volume. S t y r e n e - d i v i n y l -

benzene copolymers w i t h w e l l d e f i n e d average m o l e c u l a r w e i g h t 

between c r o s s - l i n k s , M , have been p r e p a r e d by a n i o n i c l i v i n g 
c 

18 

p o l y m e r i z a t i o n s and t h e i r Tg measured. I t was found t h a t 

the Tg of the polymers was l i n e a r l y r e l a t e d t o the i n v e r s e of 
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M̂ , T h i s i s i n a c c o r d w i t h the r e l a t i o n s h i p found by Fox and 
Loshaek s i n c e M i s i n v e r s e l y p r o p o r t i o n a l t o F. 

I t has been shown q u a l i t a t i v e l y t h a t Tg i n c r e a s e s 

w i t h t h e degree o f c r o s s - l i n k i n g i n c o n v e n t i o n a l l y cured epoxy 

r e s i n s by m e a s u r i n g the Tg of samples as a f u n c t i o n of the c u r e 
1 9 

t e m p e r a t u r e and time. More q u a n t i t a t i v e measurements u s i n g 

DSC have shown t h a t Tg i n c r e a s e s w i t h i n c r e a s i n g percentage 
r x r ^ . - i ^ . J . 8 , 2 0 

c o n v e r s i o n of f u n c t i o n a l groups f o r amine c u r e d epoxy r e s i n s . 

The i n c r e a s e o f Tg i n s u c h s y s t e m s w i t h c o n v e r s i o n w i l l not 

o n l y be a consequence of an i n c r e a s e i n c r o s s - l i n k i n g but a l s o 

of a r e d u c t i o n i n the p l a s t i c i z i n g e f f e c t of monomer and o l i g o ­

mers as t h e y become bound i n t o the network. The v a r i a t i o n of 
- 21 Tg w i t h M f o r amine c u r e d epoxy r e s i n s has been i n v e s t i g a t e d , o 

A s e r i e s of DGEBA r e s i n s of i n c r e a s i n g a v e r a g e m o l e c u l a r weight 

were f u l l y c u r e d and t h e i r Tgs d e t e r m i n e d . The r e s u l t s showed 

t h a t Tg i s i n v e r s e l y p r o p o r t i o n a l t o a g a i n i n d i c a t i n g the 

i n c r e a s e of Tg w i t h c r o s s - l i n k d e n s i t y . 

( i i i ) The E f f e c t of t h e G l a s s T r a n s i t i o n on C r o s s - L i n k i n g 
P o l y m e r i z a t i o n s 

As a p o l y m e r i z a t i o n r e a c t i o n p r o c e e d s , the Tg of the 

system i n c r e a s e s s i g n i f i c a n t l y . I f Tg becomes e q u a l to the 

t e m p e r a t u r e a t which the p o l y m e r i z a t i o n i s c a r r i e d out then the 

m o b i l i t y o f the s y s t e m i s g r e a t l y reduced and the p o l y m e r i z a t i o n 

becomes d i f f u s i o n c o n t r o l l e d . P o l y m e r i z a t i o n may c e a s e com­

p l e t e l y i f t h e Tg becomes s i g n i f i c a n t l y g r e a t e r than the 

t e m p e r a t u r e o f the p o l y m e r i z i n g system. T h i s e f f e c t known as 

v i t r i f i c a t i o n o c c u r s i n both l i n e a r and n o n - l i n e a r bulk 

p o l y m e r i z a t i o n s . I f an epoxy r e s i n i s c u r e d a t a temperature 

below the Tg o f the f u l l y c u r e d system t h e n on subsequent h e a t i n g 

a d d i t i o n a l c o n v e r s i o n occurs."^ As i n d i c a t e d i n Chapter One 
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t h i s e f f e c t a l s o o c c u r s i n c h a i n c r o s s - l i n k i n g homo- and co-
p o l y m e r i z a t i o n s of v i n y l monomers."'""'" 

22 2 3 

G i l l h a m et al ' have s t u d i e d i n d e t a i l , u s i n g t o r ­

s i o n a l b r a i d a n a l y s i s , the c o n v e n t i o n a l c u r e of epoxy r e s i n 

s y s t e m s . T h r e e d i s t i n c t t y p e s of b e h a v i o u r were observed 

depending on t h e te m p e r a t u r e of c u r e , T c , r e l a t i v e t o the g l a s s 

t r a n s i t i o n t e m p e r a t u r e of the u n g e l l e d system, Tgg, and the 

f u l l y c u r e d s y s t e m Tg^. When Tc i s lower than Tgg v i t r i f i ­

c a t i o n and t he c e s s a t i o n of r e a c t i o n o c c u r s p r i o r to g e l a t i o n . 

I f T c i s r a i s e d s o t h a t i t i s between Tgg and Tg, g e l a t i o n and 

then v i t r i f i c a t i o n o f the c r o s s - l i n k e d s y s t e m i s observed. Only 

g e l a t i o n i s o b s e r v e d when Tc i s g r e a t e r t h a n Tg^. 

(C) Methods o f Measuring Tg 

S i n c e numerous p h y s i c a l p r o p e r t i e s of a polymer show a 

change on p a s s i n g through a g l a s s t r a n s i t i o n , i t i s not s u r p r i s ­

i n g t h a t a v a r i e t y of t e c h n i q u e s r a n g i n g from d i l a t o m e t r y to 

broad l i n e "'"H-NMR may be used t o determ i n e Tg. Comprehensive 
15 24 

l i s t s ' o f t he t e c h n i q u e s a v a i l a b l e have been r e c o r d e d i n the 

l i t e r a t u r e . I n t h i s s t u d y , thermo-mechanical a n a l y s i s (pene-

t r o m e t r y ) , TMA, and DSC were used t o measure the Tg of a photo-

c u r e d epoxy r e s i n system. 

( i ) D i f f e r e n t i a l S c a n n i n g C a l o r i m e t r y 

The second d e r i v a t i v e of f r e e energy, heat c a p a c i t y , 

shows a d i s c o n t i n u i t y or s t e p i n c r e a s e on p a s s i n g through a 

g l a s s t r a n s i t i o n . S i n c e the s i g n a l from the c a l o r i m e t e r i s 

p r o p o r t i o n a l t o t h e s p e c i f i c h e a t c a p a c i t y of t h e sample, a 

s t e p i n t h e b a s e l i n e i s ob s e r v e d when such a t r a n s i t i o n o c c u r s , 

as shown i n F i g u r e 4.2. 
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Tg T e m p e r a t u r e 

FIGURE 4.2 Change i n Heat C a p a c i t y f o r a G l a s s T r a n s i t i o n 

I n t h i s s t u d y the g l a s s t r a n s i t i o n t emperature was 

t a k e n from t h e i n t e r s e c t i o n of the e x t r a p o l a t i o n of the ba s e ­

l i n e w i t h t h e e x t r a p o l a t i o n o f the i n f l e x i o n as shown i n 

F i g u r e 4.2, r a t h e r t h a n d e t e r m i n i n g the t e m p e r a t u r e of the 

m i d - p o i n t of t h e s h i f t i n the b a s e l i n e which i s o f t e n quoted 

as Tg. The adopted p r o c e d u r e g i v e s a t e m p e r a t u r e c o r r e s p o n d i n g 

to t h e o n s e t of t h e t r a n s i t i o n . 

( i i ) T hermo-mechanical A n a l y s i s 

The b a s i s of t h e t e c h n i q u e o f penetrometry i s t h a t 

the i n c r e a s e d s e g m e n t a l m o b i l i t y a t t he g l a s s t r a n s i t i o n a l l o w s 

a probe t o p e n e t r a t e t h e polymer sample. T h i s method of Tg 

d e t e r m i n a t i o n i s both r a p i d and r e l a t i v e l y s i m p l e . The d i ­

m e n s i o n a l changes a s s o c i a t e d w i t h the g l a s s t r a n s i t i o n measured 

by TMA a r e g r e a t e r t h a n t h e h e a t c a p a c i t y changes measured by 

DSC, g l a s s t r a n s i t i o n s a r e t h u s much e a s i e r t o d e t e c t u s i n g the 

former t e c h n i q u e . T h e v a l u e s of Tg o b t a i n e d by penetrometry 

tend t o be lower t h a n t h o s e o b t a i n e d u s i n g DSC which has been 

a t t r i b u t e d t o the s t r e s s a c t i v a t i o n of r e l a x a t i o n p r o c e s s e s by 

the p e n e t r o m e t e r method.° 
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A S t a n t o n R e d c r o f t TMA 691 was used i n t h i s work w i t h 

w h i c h both p e n e t r o m e t r i c and d i l a t o m e t r i c measurements of Tg 

may be c a r r i e d o u t . F o r p e n e t r o m e t r i c measurements a q u a r t z 
2 

probe w i t h a 1 mm t i p i s used which r e s t s on the polymer sample. 

The l o a d on the probe can be v a r i e d (0-200g) t o g i v e a r e a s o n ­

a b l e degree of p e n e t r a t i o n a t the g l a s s t r a n s i t i o n . A temper­

a t u r e c o n t r o l u n i t a l l o w s the sample to be heated a t a c o n t r o l l e d 

r a t e . Any movement of the probe as the sample i s heated i s 

t r a n s l a t e d i n t o an e l e c t r i c a l s i g n a l p r o p o r t i o n a l to the mag­

n i t u d e o f the movement and d i s p l a y e d on a c h a r t r e c o r d e r along 

w i t h t h e sample t e m p e r a t u r e . F i g u r e 4.3 shows an example of 

a t r a c e o b t a i n e d f o r p o l y m e t h y l m e t h a c r y l a t e , PMMA, and i n d i c ­

a t e d t h e t e m p e r a t u r e c o r r e s p o n d i n g to the o n s e t of p e n e t r a t i o n 

was d e f i n e d a t the Tg of the sample. 

E x p a n s i o n 

P e n e t r a t i o n 

T e m p e r a t u r e / C 

FIGURE 4.3 Example of a TMA T r a c e of PMMA 
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The thermocouple measuring the sample tempe r a t u r e was 
c a l i b r a t e d a g a i n s t a thermometer c e r t i f i e d by the N a t i o n a l 
P h y s i c a l L a b o r a t o r y u s i n g an o i l bath as a h e a t s o u r c e . Agree­
ment between t h e thermocouple and the thermometer to w i t h i n 1°C 
was found a t 50°C, 100°C and 150°C. U s i n g samples taken from 
a p i e c e of i n j e c t i o n moulded PI^MA the e f f e c t of h e a t i n g r a t e , 
l o a d and t h e r m a l h i s t o r y on the measured v a l u e of Tg as w e l l as 
the r e p r o d u c i b i l i t y of t h i s t e c h n i q u e were i n v e s t i g a t e d . Un­
l e s s o t h e r w i s e s t a t e d , each measurement was c a r r i e d out on a 
f r e s h sample a t a h e a t i n g r a t e of 5°C min u s i n g a 20g l o a d . 
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FIGURE 4.4 E f f e c t of He a t i n g Rate on the Tg of PMMA as 
measured by TMA 

F i g u r e 4.4 shows the dependence of Tg on h e a t i n g r a t e 

f o r t h e PMMA sam p l e s . As expected the Tg i n c r e a s e s w i t h i n ­

c r e a s i n g h e a t i n g r a t e u n t i l a t high h e a t i n g r a t e s a c o n s t a n t 

v a l u e of Tg i s o b t a i n e d . E x t r a p o l a t i o n t o the p h y s i c a l l y 

m e a n i n g l e s s p o i n t of z e r o h e a t i n g r a t e y i e l d s a Tg of 107°C. 
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I n v i e w of the numerous v a r i a b l e s a f f e c t i n g the 
measurement of Tgs and the unknown c h a r a c t e r i s t i c s of the 
samples u s e d , t h i s v a l u e and the ones o b t a i n e d a t lower h e a t i n g 
r a t e s a g r e e v e r y w e l l w i t h t h e v a l u e of 105°C quoted i n the 
l i t e r a t u r e . •'•̂  The magnitude of the l o a d used on the probe 
was found n o t t o have a s i g n i f i c a n t a f f e c t on the Tg v a l u e ob­
t a i n e d . The a v e r a g e of t e n measurements was found to be 112°C 
w i t h a s t a n d a r d d e v i a t i o n of ±1°C showing the method i s q u i t e 
r e p r o d u c i b l e . When the Tg measurement of a sample was r e p e a t e d 
a s l i g h t i n c r e a s e i n Tg was o b s e r v e d but no f u r t h e r i n c r e a s e 
o c c u r r e d on s u b s e q u e n t measurements. 

The Tgs of c o m m e r c i a l samples of o t h e r polymers were 

measured. Th e s e samples of p o l y s t y r e n e , p o l y c a r b o n a t e of 

b i s p h e n o l A and p o l y e t h e r s u l f o n e gave Tg v a l u e s of 88°C, 151°C 

and 226°C r e s p e c t i v e l y w h i c h a r e i n o n l y r e a s o n a b l e agreement 

w i t h t h e l i t e r a t u r e v a l u e s of 100°C, 145°C and 214°C r e s p e c t ­

ively,"*"^ and p r o b a b l y i l l u s t r a t e the v a r i a t i o n of Tg w i t h the 

t h e r m a l h i s t o r y of the sample and the measuring t e c h n i q u e used. 

The TMA t r a c e of t h e p o l y c a r b o n a t e sample tended to show two 

s t e p s , i n d i c a t i n g t h e o c c u r r e n c e of two g l a s s t r a n s i t i o n s , the 

second one b e i n g some 15°C t o 20°C h i g h e r than t h a t quoted above. 

T h i s e f f e c t may be due t o the f a c t t h a t the probe r e s t e d on the 

c u r v e d s u r f a c e of a g r a n u l e of polymer r a t h e r than a f l a t s u r ­

f a c e a s w i t h the o t h e r polymer samples. 

(D) O t h e r P r o p e r t i e s R e l a t e d to the Degree of C r o s s - L i n k i n g 

A number of s u b j e c t i v e t e s t s a r e used, p a r t i c u l a r l y i n the 

f i e l d of s u r f a c e c o a t i n g s , t o f o l l o w the c u r e of r e s i n s . An 

example o f s u c h a t e s t i s t he t a c k - f r e e t e s t , i n which the time 

t a k e n f o r t h e c o a t i n g t o become non-tacky to the touch i s d e t e r ­

mined. I n an a t t e m p t to remove some of the s u b j e c t i v i t y of 
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t h i s t e s t . Watt has developed an i n s t r u m e n t to determine the 

t a c k - f r e e time o f p h o t o c u r a b l e r e s i n systems."^ T e s t s of 

t h i s t y p e o f f e r no q u a n t i t a t i v e i n f o r m a t i o n about the degree 

of c r o s s - l i n k i n g and i n photocured systems p r o b a b l y do not r e ­

f l e c t t h e e x t e n t of c u r e i n t h e b u l k of t h e sample. 

The i n t e r a c t i o n of a network polymer w i t h a s u i t a b l e s o l ­

v e n t l e a d s t o s w e l l i n g of the polymer which can be used to 

q u a n t i f y t h e degree of c r o s s - l i n k i n g . The magnitude of the 

s w e l l i n g i s i n v e r s e l y p r o p o r t i o n a l t o the c r o s s - l i n k d e n s i t y 

p r o v i d i n g a q u a l i t a t i v e measure of the degree of c r o s s - l i n k i n g , 
4 

i n f o r example, c u r e d epoxy r e s i n s . More q u a n t i t a t i v e d a t a 

from s w e l l i n g measurements such as the average m o l e c u l a r w e i g h t 

between c r o s s - l i n k s has been o b t a i n e d f o r amine c u r e d epoxy 
26 

r e s i n s . 

A n a l y s i s of the p u l s e d ''"H-NMR decay c u r v e s and the measure­

ment of t h e d i e l e c t r i c c o n s t a n t a r e o t h e r t e c h n i q u e s which have 

been u s e d t o f o l l o w the c r o s s - l i n k i n g of the photocured mono-
27 

raers. I n t h i s work, h a r d n e s s measurements and g e l c o n t e n t 

were u s e d as g u i d e s t o the degree of c u r e i n the c r o s s - l i n k e d 

r e s i n s . 
( i ) H a r d n e s s 

The h a r d n e s s of a r e s i n i s r e l a t e d to the degree of 

c r o s s - l i n k i n g as w e l l as the s t r u c t u r e of t he network polymer 

between c r o s s - l i n k s and can be used t o f o l l o w t h e c r o s s - l i n k i n g 

o f a g i v e n r e s i n system. A q u i t e s u b j e c t i v e but s i m p l e q u a l ­

i t a t i v e p r o c e d u r e f o r d e t e r m i n i n g the h a r d n e s s of a cured r e s i n 

i s t o e s t a b l i s h the type of p e n c i l l e a d (2B, HB, etc.) r e q u i r e d 
2 8 

t o mark t h e s u r f a c e . R i c h a r d s used t h i s t e c h n i q u e to f o l l o w 

the p o s t - i r r a d i a t i o n h a r d e n i n g of p h o t o c u r e d epoxy r e s i n s . 
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More q u a n t i t a t i v e measurements o f ha r d n e s s have been used t o 

i n v e s t i g a t e t h e f r e e r a d i c a l p h o t o i n i t i a t e d c u r e of d i m e t h a c r y l -

a t e r e s i n s a t v a r i o u s depths i n t o the sample as a f u n c t i o n of 
29 

i r r a d i a t i o n t i m e . 

I n t h i s s t u d y the h a r d n e s s of the photocured r e s i n s 

was d e t e r m i n e d s e m i q u a n t i t a t i v e l y u s i n g a m i c r o - i d e n t a t i o n 

t e s t e r . T h i s i n s t r u m e n t a c c u r a t e l y measures the depth t o which 

a diamond-tipped probe under a known lo a d p e n e t r a t e s the sample. 

When c a r r y i n g out t h e measurements, f i l m s of the sample were 

p r e p a r e d on r i g i d s u b s t r a t e s . With the sample h e l d f i r m l y i n 

p l a c e , t h e probe i s lowered so t h a t i t i s i n c o n t a c t w i t h the 

s u r f a c e of t h e f i l m . A s m a l l p r imary weight i s p l a c e d on the 

probe t o e n s u r e good c o n t a c t . A f t e r a giv e n time has e l a p s e d 

t h e h e a v i e r s e c o n d a r y w e i g h t i s a p p l i e d to the probe. The 

dep t h of p e n e t r a t i o n of the probe i s then re a d from a mi c r o ­

meter gauge a f t e r a g i v e n time. 

( i i ) G e l C o n t e n t 

As i n d i c a t e d i n Chapter One, not a l l the monomer 

becomes bound i n t o the polymer network and i n a d d i t i o n s o l u b l e 

polymer may be formed. The amount of i n s o l u b l e g e l can be 

d e t e r m i n e d by e x t r a c t i n g the s o l u b l e m a t e r i a l u s i n g a s u i t a b l e 

s o l v e n t . T h i s t e c h n i q u e i s q u i t e w i d e l y used i n the study of 
24 

network polymers as a measure of the degree of c r o s s - l i n k i n g . 

A known amount of the c r o s s - l i n k e d polymer i s e x t r a c t e d 

f o r a g i v e n time a t a g i v e n temperature e i t h e r by p l a c i n g i t 

d i r e c t l y i n t h e s o l v e n t or u s i n g a S o x h l e t a p p a r a t u s . E i t h e r 

t h e g e l or s o l f r a c t i o n can be r e c o v e r e d d r i e d and weighed. 

E x p r e s s i n g the amount of i n s o l u b l e m a t e r i a l as a percentage of 

th e o r i g i n a l w e i g h t of the sample g i v e s the g e l c o n t e n t . 
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4.3 The P r e p a r a t i o n and I r r a d i a t i o n of F i l m s of the Monomers 

(A) F i l m P r e p a r a t i o n 

The DGEBA r e s i n , ( X V I I I ) , was prone t o slow c r y s t a l l i z ­

a t i o n . To o b t a i n t h i s r e s i n i n a l i q u i d form, i t was d i s ­

s o l v e d i n t o l u e n e , f i l t e r e d and then t h e t o l u e n e removed under 

r e d u c e d p r e s s u r e . G e n t l y warming the r e s i n p r e p a r e d i n t h i s 

way, i f i t showed any subsequent s i g n s of c r y s t a l l i z i n g , e n s u r e d 

i t was a l l i n the l i q u i d form. The DGEBF,(XXI), r e s i n a l s o 

tended t o c r y s t a l l i z e but was o b t a i n e d i n a l i q u i d form by 

g e n t l e warming. Simple l a c q u e r s c o n t a i n i n g r e s i n , p h o t o i n i t -

i a t o r and acetone were prep a r e d from the DGEBA, DGEBF and a l i ­

p h a t i c d i g l y c i d y l e t h e r , (XX), r e s i n s . The p h o t o i n i t a t o r was 

d i s s o l v e d i n acetone t o a i d i t s d i s p e r s i o n i n the r e s i n . The 

epoxy n o v o l a c r e s i n (XIX) i s a s o l i d w i t h a m e l t i n g p o i n t c l o s e 

to room temperature and the p r e p a r a t i o n of a mobile l a c q u e r 

r e q u i r e d the a d d i t i o n of 12-14% w/w t o l u e n e . A l l the l a c q u e r s 

p r e p a r e d were mixed thoroughly by hand p r i o r to u s e . 

F i l m s of the l a c q u e r s of the DGEBA and epoxy n o v o l a c 

r e s i n s were g e n e r a l l y p r e p a r e d u s i n g a draw-down b l o c k . T h i s 

i s a m e t a l cube w i t h a ho l e d r i l l e d between two o p p o s i t e f a c e s 

and a c h a n n e l c u t from the h o l e t o one of the edges, the w i d t h 

of t h i s c h a n n e l being e q u a l t o t h e di a m e t e r of t h e h o l e . The 

f a c e o f the cube w i t h the c h a n n e l c u t i n t o i t i s p l a c e d on the 

s u b s t r a t e , the h o l e f i l l e d w i t h l a c q u e r and the b l o c k drawn down 

the s u b s t r a t e i n the o p p o s i t e d i r e c t i o n to the c h a n n e l , l e a v i n g 

a f i l m of l a c q u e r . The depth of the c h a n n e l d e t e r m i n e s the 

t h i c k n e s s of the f i l m produced. 

A d i f f e r e n t t e c h n i q u e of f i l m p r e p a r a t i o n was used f o r 

l a c q u e r s of mobile r e s i n s such as the a l i p h a t i c d i g l y c i d y l e t h e r 

or i f l a r g e a r e a s of f i l m were r e q u i r e d . I n those i n s t a n c e s , 
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a d h e s i v e tape was used t o p r o v i d e b a r r i e r s w i t h i n which the 
l a c q u e r was s p r e a d . The t h i c k n e s s of a d h e s i v e tape ( " s e l l o t a p e " ) 
i s 'vSOym so t h e f i l m t h i c k n e s s c o u l d be i n c r e a s e d from SOpm i n 
50ym s t e p s . U n l e s s o t h e r w i s e s t a t e d , draw-down b l o c k s were used 
to p r e p a r e f i l m s of t h e l a c q u e r s . 

(B) UV S o u r c e s used 

( i ) The lOOW Lamp 

T h i s UV s o u r c e was t a k e n from a Hanovia 1 l i t r e photo­

c h e m i c a l r e a c t o r . The lamp was mounted h o r i z o n t a l l y w i t h i t s 

q u a r t z e n v e l o p e and t h i m b l e i n p l a c e . Water was pa s s e d be­

tween t h e en v e l o p e and t h i m b l e to c o o l the lamp and to p r e v e n t 

h e a t i n g of t h e sample b e i n g i r r a d i a t e d . Ozone for m a t i o n c o u l d 

be s u p p r e s s e d by f l u s h i n g t h e envelope w i t h n i t r o g e n . The 

sample t o be i r r a d i a t e d was p l a c e d on a l a b o r a t o r y j a c k a t the 

d e s i r e d d i s t a n c e from the lamp. An aluminium s h i e l d t h a t 

c o v e r e d t h e lamp and the sample c o u l d be used to p r e v e n t the 

esca p e o f s t r a y r a d i a t i o n . 

The power consumption of t h i s medium p r e s s u r e mer­

cur y a r c lamp i s lOOW, g i v i n g a r a d i a t i v e f l u x of '̂ 25W i n c l u d i n g 

e m i s s i o n i n t h e v i s i b l e and i n f r a - r e d r e g i o n s . F i g u r e 4.5(a) 

shows the s p e c t r a l d i s t r i b u t i o n of the r a d i a t i o n e m i t t e d by the 

lamp i n t he UV and v i s i b l e r e g i o n s . 

( i i ) The 1.8kW Lamp 

A m i n i - c u r e UV c u r i n g a p p a r a t u s ( P r i m a r c L t d . ) was 

a l s o u s e d f o r i r r a d i a t i n g f i l m s of the r e s i n s . The m i n i - c u r e 

u n i t c o n t a i n s a v a r i a b l e speed conveyor b e l t t h a t c a r r i e s the 

samples under two medium p r e s s u r e mercury a r c lamps w i t h e l l i p ­

t i c a l r e f l e c t o r s . An e x t r a c t i o n system h e l p s t o c o o l the lamps 
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FIGURE 4.5 S p e c t r a l D i s t r i b u t i o n of the Medium P r e s s u r e 
Mercury A r c Lamps 
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and removes ozone but i n s p i t e of the c o o l i n g system, samples 
can s t i l l become q u i t e warm as the number of p a s s e s under the 
lamp i n c r e a s e s . The lamp h o u s i n g i s e n c l o s e d i n a v i r t u a l l y 
l i g h t t i g h t c o w l i n g above the conveyor. To a l l o w the passage 
of f i l t e r s under the lamps, the lamp ho u s i n g and the c o w l i n g 
were r a i s e d by '̂ Ô.Scm making the h e i g h t of lamps above the con­
v e y o r %8.5cm. T h i s m o d i f i c a t i o n may have reduced the e f f i c ­
i e n c y of i r r a d i a t i o n s i n c e the samples may no l o n g e r p a s s 
t h r o u g h t h e f o c a l p o i n t of the e l l i p t i c a l r e f l e c t o r s . 

The power consumption of each lamp i s 1.8kW of which 

846W a r e e m i t t e d as u l t r a v i o l e t , v i s i b l e and i n f r a - r e d r a d ­

i a t i o n . F i g u r e 4.5(b) shows the s p e c t r a l d i s t r i b u t i o n of the 

r a d i a t i o n e m i t t e d i n the UV and v i s i b l e r e g i o n s . Comparing 

t h i s d i s t r i b u t i o n w i t h t h a t of the lOOW lamp shows the l a t t e r 

s o u r c e e m i t s a g r e a t e r p r o p o r t i o n of i t s r a d i a t i o n a t 313nm and 

302.5nm w h i l s t the l.BkW s o u r c e e m i t s a g r e a t e r p r o p o r t i o n of 

i t s r a d i a t i o n i n t he i n f r a - r e d and 240 to 265nm r e g i o n s . 

U n l e s s otherTvise s t a t e d , the m i n i - c u r e a p p a r a t u s 

was u s e d w i t h o n l y one of the l.BkW lamps f u n c t i o n i n g . A l s o 

t h e c o n v e y o r speed used throughout t h i s work was '̂ 7̂.6m min 

g i v i n g an e x p o s u r e time of "̂ 5 seconds f o r each passage under 

the lamp. 

4.4 An Overview of t h e P r o c e s s of Network Formation via Photo-
i n i t i a t e d C h a i n C r o s s - L i n k i n g P o l y m e r i z a t i o n Emerging from 
t h i s S t u d y of the Cure of Epoxy R e s i n s 

As s t a t e d p r e v i o u s l y , the degree of c u r e i n photocured 

r e s i n s might be e x p e c t e d t o be a f u n c t i o n of a number of i n t e r ­

dependent p a r a m e t e r s . The a n a l y s i s of such m u l t i v a r i a b l e p r o ­

blems t e n d s t o be complex. I n a d d i t i o n the n a t u r e of t h r e e 

d i m e n s i o n a l polymer networks makes them d i f f i c u l t t o study and 
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t h e s o l u t i o n s t o q u e s t i o n s a r i s i n g from t h e r e s u l t s i n t h i s 
i n v e s t i g a t i o n may be r e l a t e d t o t h e p h o t o c h e m i s t r y and/or the 
p o l y m e r i z a t i o n o f t h e s y s t e m . A number o f t e c h n i q u e s were 
use d t o s t u d y the e f f e c t of t h e v a r i o u s p a r a m e t e r s on t h e photo-
i n i t i a t e d c u r e o f epoxy r e s i n s i n an a ttempt t o accumulate 
s u f f i c i e n t d a t a to g a i n an i n s i g h t i n t o t h i s p r o c e s s . At the 
s i m p l e s t l e v e l t h e r e s u l t s of the e x p e r i m e n t s show the e f f e c t 
o f a p a r t i c u l a r p a r a m e t e r , f o r example the i r r a d i a t i o n time, on 
t h e c u r e of a p a r t i c u l a r r e s i n . More d e t a i l e d a n a l y s i s o f the 
r e s u l t s and c o r r e l a t i o n s between d i f f e r e n t t e c h n i q u e s s t r o n g l y 
s u g g e s t t h a t inhomogeneous c r o s s - l i n k i n g i s o c c u r r i n g . At 
t h i s p o i n t t h e broad p i c t u r e o f network f o r m a t i o n by c h a i n 
c r o s s - l i n k i n g p o l y m e r i z a t i o n s emerging from t h i s study i s p r e ­
s e n t e d , p r i o r t o t h e d e t a i l e d a n a l y s i s of the r e s u l t s of each 
e x p e r i m e n t . I t must be p o i n t e d out t h a t t h e r e s u l t s of i n d i v ­
i d u a l e x p e r i m e n t s t h a t have been i n t e r p r e t e d a s b e i n g i n d i c a t i v e 
o f inhomogeneous c r o s s - l i n k i n g , w i t h v a r y i n g d e g r e e s of c e r t a i n t y , 
c o u l d have o t h e r e x p l a n a t i o n s but t a k e n a s a whole the mass o f 
r e s u l t s make q u i t e a c o n v i n c i n g c a s e f o r inhomogeneous network 
f o r m a t i o n . 

I t i s assumed t h a t one s t a r t s w i t h a f i l m o f l a c q u e r w i t h 

p h o t o i n i t i a t o r d i s t r i b u t e d e v e n l y t h r o u g h o u t . On i r r a d i a t i o n , 

c a t i o n i c s p e c i e s c a p a b l e of i n i t i a t i n g p o l y m e r i z a t i o n a r e gener­

a t e d and r i n g - o p e n i n g , c h a i n c r o s s - l i n k i n g p o l y m e r i z a t i o n com­

mences. I n s p i t e of t h e p o s s i b i l i t y o f i n i t i a t i n g s p e c i e s not 

b e i n g formed u n i f o r m l y throughout the t h i c k n e s s of the f i l m due 

to t h e a t t e n u a t i o n of l i g h t , i t appears t h a t i n t h e v e r y e a r l y 

s t a g e s o f the p r o c e s s when the c o n c e n t r a t i o n o f i n i t i a t i n g and 

hence p r o p a g a t i n g s p e c i e s i s low, a homogeneous l i g h t l y c r o s s -

l i n k e d network i s formed. As the degree o f c r o s s - l i n k i n g 
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i n c r e a s e s , e i t h e r by the f u r t h e r g e n e r a t i o n o f i n i t i a t i n g 
s p e c i e s o r t h e c o n t i n u e d p o l y m e r i z a t i o n o f t h e l i g h t l y c r o s s -
l i n k e d s y s t e m , inhomogeneity of the network b e g i n s to develop 
a s a r e l a t i v e l y low t h r e s h o l d of c r o s s - l i n k i n g i s exceeded. 
T h i s g i v e s r i s e t o domains of hi g h and low c r o s s - l i n k d e n s i t y , 
and t o t h e t r a p p i n g of r e a c t i v e s p e c i e s and u n r e a c t e d f u n c t i o n ­
a l i t y i n t h e h i g h l y c r o s s - l i n k e d r e g i o n s . I t may be t h a t the 
a r e a s o f h i g h c r o s s - l i n k d e n s i t y a r e embedded i n a co n t i n u o u s 
phase of l e s s c r o s s - l i n k e d m a t e r i a l . The r a t e of fo r m a t i o n 
o f i n i t i a t i n g s p e c i e s and hence p o l y m e r i z a t i o n may have a b e a r ­
i n g on t h e f o r m a t i o n of two phase network, an a p p a r e n t l y more 
homogeneous network r e s u l t i n g from f a s t e r i n i t i a t i o n . One can 
s p e c u l a t e a s t o how a lower r a t e of i n i t i a t i o n c o u l d g i v e r i s e 
t o a d i f f e r e n t network topology than a f a s t e r r a t e of i n i t i a t i o n 
F o r a lower r a t e of i n i t i a t i o n the c o n c e n t r a t i o n of propogat-
i n g c e n t r e s and hence primary polymer c h a i n s i n the e a r l y s t a g e s 
o f t h e p o l y m e r i z a t i o n w i l l be lower, g i v i n g r i s e t o the p o t e n t ­
i a l f o r a g r e a t e r degree of i n t r a m o l e c u l a r c r o s s - l i n k i n g . T h i s 
c o u l d t h e n r e s u l t i n the fo r m a t i o n of a g r e a t e r p r o p o r t i o n of 
more d e n s e l y c r o s s - l i n k e d r e g i o n s than f o r a f a s t e r r a t e of 
i n i t i a t i o n s i n c e under the l a t t e r c o n d i t i o n s the c o n c e n t r a t i o n 
o f growing polymer c h a i n s w i l l be g r e a t e r and hence i n t e r -
m o l e c u l a r c r o s s - l i n k i n g between the polymer c h a i n s w i l l be more 
f a v o u r e d . 

As c r o s s - l i n k i n g c o n t i n u e s , the p o t e n t i a l f o r r e a c t i o n i n 

the a r e a s o f h i g h m o b i l i t y i s exha u s t e d and a l t h o u g h r e a c t i o n 

can c o n t i n u e via s p e c i e s p r e s e n t i n low m o b i l i t y r e g i o n s the 

r a t e o f r e a c t i o n i s so slow as to be al m o s t i m p e r c e p t i b l e over 

s h o r t time p e r i o d s . T h i s c o n t i n u e d r e a c t i o n however does mani­

f e s t i t s e l f by an i n c r e a s e i n Tg and a r e d u c t i o n - i n . t h e two phase 

n a t u r e o f t h e network over p r olonged time p e r i o d s . The form-
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a t i o n o f an inhomogeneous network, t h e r e l a t i v e m o b i l i t y of the 
two t y p e s of r e g i o n formed and the t r a p p i n g of s p e c i e s does not 
appear t o be a f f e c t e d by t h e i n t r o d u c t i o n o f h i g h l y m o b i l e , 
f l e x i b l e , r e a c t i v e d i l u e n t s p r o b a b l y due t o the i n c r e a s e d 
f l e x i b i l i t y b e i n g o f f s e t by an i n c r e a s e d degree of c r o s s - l i n k i n g 
as a r e s u l t of improved m o b i l i t y of r e a c t i v e s p e c i e s and f u n c t ­
i o n a l groups. 

The t r a p p i n g and i m m o b i l i t y o f s p e c i e s c a p a b l e of produc­

i n g f u r t h e r c r o s s - l i n k i n g g i v e s r i s e t o t h e p o t e n t i a l f o r p o s t -

i r r a d i a t i o n t h e r m a l c r o s s - l i n k i n g , t h e a p p l i c a t i o n of h e a t 

i n c r e a s i n g the m o b i l i t y of the sy s t e m . Thus h e a t i n g the f i l m s 

a f t e r i r r a d i a t i o n r e s u l t s , f o r example, i n an i n c r e a s e i n Tg 

and when inhoraogeneity i s i n i t i a l l y p r e s e n t an a p p a r e n t l y more 

homogeneous network i s formed. To i n c r e a s e the degree of 

c r o s s - l i n k i n g a f t e r i r r a d i a t i o n , t h e s y s t e m c o u l d t h e r e f o r e be 

l e f t f o r a long time or h e a t e d . From a commercial p o i n t of 

view t h e l a t t e r would appear t o be the most d e s i r a b l e o p t i o n 

but a s w i l l become ap p a r e n t t h i s c o u r s e of a c t i o n may not be 

the most e f f e c t i v e . 

The d e t a i l e d i n t e r p r e t a t i o n s of t h e r e s u l t s t h a t j u s t i f y 

the above view of network f o r m a t i o n i n t h e s e systems a r e p r e ­

s e n t e d i n the f o l l o w i n g s e c t i o n s . 

4.5 An I n i t i a l I n v e s t i g a t i o n of t h e P h o t o i n i t i a t e d Cure of 
the DGEBA and Epoxy Novolac Systems u s i n g I n f r a - R e d 
S p e c t r o s c o p i c Measurements of C o n v e r s i o n 

The p h o t o i n i t i a t e d c u r e o f t h e DGEBA and epoxy n o v o l a c 

r e s i n s were i n v e s t i g a t e d u s i n g i n f r a - r e d s p e c t r o s c o p y . The per­

c e n t a g e c o n v e r s i o n of epoxide f u n c t i o n a l i t y was monitored a t 

i n t e r v a l s a f t e r i r r a d i a t i o n t o f o l l o w any p o s t - i r r a d i a t i o n c u r e . 
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I n t h e i n v e s t i g a t i o n s of the c u r e of epoxy r e s i n s u s i n g IR 
4 5 

s p e c t r o s c o p y mentioned p r e v i o u s l y ' f i l m s of the r e s i n were 

e i t h e r c u r e d between KBr or NaCl p l a t e s or samples of the cured 

m a t e r i a l t a k e n and i n c o r p o r a t e d i n t o KBr d i s c s t o o b t a i n the 

s p e c t r a . With t h e former t e c h n i q u e f r e e s t a n d i n g f i l m s cannot 

be o b t a i n e d on which o t h e r measurements can be c a r r i e d out 

w h i l s t t h e l a t t e r t e c h n i q u e i s time consuming and can g i v e 

v a r i a b l e r e s u l t s . The approach adopted i n t h i s study was to 

i r r a d i a t e f i l m s of t h e r e s i n l a c q u e r on t h i n p o l y e t h y l e n e s h e e t 

and t o r e c o r d the i n f r a - r e d spectrum of the f i l m w h i l s t s t i l l 

on t h e p o l y e t h y l e n e s u b s t r a t e , w i t h i d e n t i c a l p o l y e t h y l e n e s h e e t 

i n t h e r e f e r e n c e beam of the s p e c t r o m e t e r , s i n c e p o l y e t h y l e n e 

does not absorb i n t h e r e g i o n s of i n t e r e s t . F r e e s t a n d i n g 

f i l m s were n o t used because of the p o s s i b i l i t y of l e a v i n g 

u n c u r ed r e s i n on t h e s u b s t r a t e . 

F i l m s of lOOym nominal t h i c k n e s s were p r e p a r e d from a 

l a c q u e r of t h e DGEBA r e s i n c o n t a i n i n g 96.9% r e s i n , 2.1% photo-

i n i t i a t o r and 1.0% w/w acetone. F i l m s of the epoxy novolac 

s y s t e m c o n t a i n i n g 82.9% r e s i n , 14.1% t o l u e n e , 2.0% p h o t o i n i t -

i a t o r and 1.0% w/w acet o n e were s i m i l a r l y p r e p a r e d . The f i l m s 

were i r r a d i a t e d a t a d i s t a n c e of 18cm from the lOOW s o u r c e , 

w i t h t h e aluminium s h i e l d i n p l a c e , f o r 5 and 10 minutes. From 

the i n f r a - r e d s p e c t r a of the i r r a d i a t e d f i l m s , the absorbance 

a t 915 cm ^ due t o the o x i r a n e ring s t r e t c h was e x p r e s s e d as a 

r a t i o o f t h e absorbance a t 1605 cm due t o an a r o m a t i c b r e a t h ­

i n g mode. T h i s l a t t e r a b s o r p t i o n band s h o u l d not be s i g n i f i c ­

a n t l y a f f e c t e d by t he c u r i n g p r o c e s s . The r a t i o i n the cu r e d 

f i l m s was e x p r e s s e d as a perc e n t a g e of the same r a t i o measured 

i n t h e u n c u r e d l a c q u e r to g i v e an e s t i m a t e of the degree of con­

v e r s i o n of epoxide groups. The p e r c e n t a g e c o n v e r s i o n thus 
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FIGURE 4.6 Epoxide C o n v e r s i o n as a F u n c t i o n of Cure Exposure 
( • , 1 0 ; O, 5 min. i r r a d i a t i o n ) and the Time 
a f t e r I r r a d i a t i o n 
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measured w i l l be an average of the c o n v e r s i o n through the 
f i l m t h i c k n e s s . 

F i g u r e s 4.6(a) and (b) show t h e p e r c e n t a g e c o n v e r s i o n 

of e p o x i d e groups f o r the two r e s i n systems p l o t t e d as a 

f u n c t i o n of t h e ti m e a f t e r i r r a d i a t i o n . From F i g u r e 4 . 6 ( a ) , 

5 m i n u t e s ' i r r a d i a t i o n of a f i l m of the DGEBA l a c q u e r r e s u l t s 

i n '^60% c o n v e r s i o n o f t h e epoxide groups, which i s i n c r e a s e d 

to 73% by c o n t i n u e d r e a c t i o n d u r i n g the n e x t 10 minutes. No 

a p p a r e n t f u r t h e r i n c r e a s e i n c o n v e r s i o n o c c u r r e d a f t e r t h i s 

p e r i o d . I r r a d i a t i o n f o r ten minutes g i v e s a c o n v e r s i o n of 

70% w h i c h i n c r e a s e s over a 10 minute p e r i o d a f t e r i r - r a d i a t i o n 

t o an a p p a r e n t l y c o n s t a n t v a l u e of 76%. 

S i m i l a r t r e n d s a r e seen i n F i g u r e 4.6(b) f o r the epoxy 

n o v o l a c system, t h a t i s a longer i r r a d i a t i o n time r e s u l t s i n a 

g r e a t e r c o n v e r s i o n i m m e d i a t e l y a f t e r i r r a d i a t i o n and a s m a l l e r 

p o s t - i r r a d i a t i o n c o n v e r s i o n than t h e s h o r t e r i r r a d i a t i o n time. 

A l t h o u g h t h e c o n v e r s i o n of f u n c t i o n a l i t y i n t h i s system i s 

g r e a t e r than i n t h e DGEBA system, the p o s t - i r r a d i a t i o n c o n v e r s ­

i o n t a k e s p l a c e o v e r a s i m i l a r time s c a l e . 

The f i l m s appeared t o be w e l l c u r e d throughout, i n s p i t e 

of t h e a b s o r p t i o n o f s h o r t e r wavelength l i g h t by the r e s i n s 

as i n d i c a t e d i n C h a p t e r Three. Simple c a l c u l a t i o n s i n v o l v i n g 

the extinction c o e f f i c i e n t of the DGEBA r e s i n and the p h o t o i n i t i a t o r 

a t v a r i o u s w a v e l e n g t h s e m i t t e d by a medium p r e s s u r e mercury 

lamp o f f e r a p o s s i b l e e x p l a n a t i o n f o r t h i s a p p a r e n t l y r e a s o n a b l e 

through c u r e o f t h e f i l m s . U s i n g the Beer-Lambert Law, the 

depth a t which a g i v e n p r o p o r t i o n o f monochromatic i n c i d e n t 

r a d i a t i o n i s absorbed by a f i l m of l a c q u e r can be c a l c u l a t e d . 

The a b s o r p t i o n of l i g h t by l a c q u e r i s assumed t o be r e l a t e d to 

the sum of the a b s o r p t i o n by i n d i v i d u a l components, i n t h i s c a s e 
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the DGEBA r e s i n and t h e p h o t o i n i t i a t o r , the a b s o r p t i o n of 

l i g h t by a c e t o n e b e i n g c o n s i d e r e d n e g l i g i b l e f o r the purposes 

of t h e c a l c u l a t i o n . S i m i l a r c a l c u l a t i o n s have been c a r r i e d 

out t o i l l u s t r a t e t h e e f f e c t of i n c r e a s i n g the c o n c e n t r a t i o n 

o f p h o t o i n i t i a t o r p r e s e n t i n a f i l m on the depth of pene­

t r a t i o n o f l i g h t i n t o the f i l m . " ^ ^ 

T a b l e 4.1 o f f e r s a guide t o the depth i n mi c r o m e t e r s a t 

which 50%, 90% and 99% of the i n c i d e n t r a d i a t i o n a t a g i v e n 

w a v e l e n g t h , A , i s a b s o r b e d f o r a f i l m c o n t a i n i n g 97% DGEBA r e s i n , 

2% p h o t o i n i t i a t o r and 1% ace t o n e . 

TABLE 4.1 Depth of P e n e t r a t i o n of L i g h t i n t o a F i l m of a 
L a c q u e r of the DGEBA System o n t a i n i n g 2% w/w 
P h o t o i n i t i a t o r 

A/nm 
Depth a t which 50% 
of l i g h t i s absorbed 

/m 

Depth at which 90% 
of l i g h t i s absorbed 

/m 

Depth at vAiich 99% 
of l i g h t i s absorbed 

/ym 

313 370 1200 2 500 

303 190 630 1300 

297 40 130 260 

265 1 2 4 

254 1 4 8 

249 1 5 10 

The d a t a i n T a b l e 4.1 i n d i c a t e s t h a t l i g h t of 265, 254 and 

248nm wave l e n g t h w i l l be t o t a l l y absorbed w i t h i n a few m i c r o ­

meters of t h e s u r f a c e of t h e f i l m . Longer w a v e l e n g t h l i g h t , 

315 and 303nm i n p a r t i c u l a r , i s a b l e t o p e n e t r a t e much f u r t h e r 

i n t o a f i l m w i t h o u t a s e r i o u s l o s s of i n t e n s i t y . I t would 

t h e r e f o r e appear t h a t the l o n g e r w a v e l e n g t h l i g h t i s p r i m a r i l y 

r e s p o n s i b l e f o r t he through c u r e of t h i c k e r f i l m s . The f r a c t ­

i o n of t h e t o t a l l i g h t absorbed, I , which i s absorbed by the 
Pi 

p h o t o i n i t i a t o r , I ^ p , o r the r e s i n , 1^^^, can be c a l c u l a t e d u s i n g 
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the f o l l o w i n g e x p r e s s i o n 31 

^AP = 1 - ^AR 
E p C p 

where and a r e the molar a b s o r b t i v i t y of the p h o t o i n i t i a t o r 

and r e s i n r e s p e c t i v e l y w h i l s t C and C a r e the c o n c e n t r a t i o n 

of t h e p h o t o i n i t i a t o r and r e s i n r e s p e c t i v e l y . The r e s u l t s 

e x p r e s s e d a s a p e r c e n t a g e of t h e t o t a l l i g h t a b s o r p t i o n a r e 

shown i n T a b l e 4.2. 

TABLE 4.2 P e r c e n t a g e o f T o t a l L i g h t A b s o r p t i o n due to the 
P h o t o i n i t i a t o r (2%w/w) and DGEBA R e s i n 

A/nm ^AP 
X 100 

A 

^AR 
X 100 

A 
313 13 87 

303 13 87 

297 6 94 

265 2 98 

254 9 91 

248 12 88 

I t would appear t h a t the a b s o r p t i o n of l i g h t a t a g i v e n 

depth f o r e a c h w a v e l e n g t h i s m o s t l y due to the r e s i n which i s 

not s u r p r i s i n g s i n c e i t i s p r e s e n t i n a g r e a t e r c o n c e n t r a t i o n . 

Even though t h e p r o p o r t i o n of l i g h t absorbed by the p h o t o i n i t ­

i a t o r i s low a t l o n g e r w a v e l e n g t h s , the i n t e n s i t y of l i g h t of 

t h e s e w a v e l e n g t h s a t a g i v e n depth i s much g r e a t e r than f o r the 

s h o r t e r w a v e l e n g t h s . F u r t h e r m o r e , i n s p i t e of the nhotoinitiator 

b e i n g a weak a b s o r b e r of l o n g e r w a v e l e n g t h l i g h t , the number 

of photons a b s o r b e d and hence t h e number of m o l e c u l e s undergoing 

p h o t o l y s i s w i l l depend on the i n t e n s i t y of the i n c i d e n t l i g h t . 

I t m i g h t be t h a t t h e i n t e n s i t y o f the l i g h t r e a c h i n g the f i l m s , 
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e m i t t e d by t h e lamp a t 303nm or 313nm, i s s u f f i c i e n t to p r o ­
duce a s i g n i f i c a n t amount of p h o t o l y s i s of the p h o t o i n i t i a t o r 
and hence i n i t i a t e p o l y m e r i z a t i o n deeper i n the f i l m . 

A nother e x p l a n a t i o n f o r t h i s e f f e c t , i n v o l v i n g the photo-

s e n s i t i z a t i o n of p h o t o i n i t i a t o r p h o t o l y s i s by some mechanism 

s i m i l a r t o t h o s e d i s c u s s e d i n C h a p t e r Two, w i t h the r e s i n o r 

a c e t o n e a c t i n g as the p h o t o s e n s i t i z e r , might a l s o be p o s s i b l e . 

4.6 E f f e c t o f Cure E x p o s u r e , F i l m T h i c k n e s s and L i g h t I n t e n s i t y 
on t h e Cure of t h e DGEBA System 

F i l m s of 50, 100, 150, 200 and 250)jm nominal t h i c k n e s s 

were p r e p a r e d from l a c q u e r s c o n t a i n i n g 97.0% r e s i n , 2.0% photo­

i n i t i a t o r and 1.0% a c e t o n e or 96.9% r e s i n , 2.1% p h o t o i n i t i a t o r 

and 1.0% a c e t o n e . The f i l m s were i r r a d i a t e d 9, 18 and 36cm 

from t h e lOOW lamp. The aluminium s h i e l d c o u l d not be used 

e f f e c t i v e l y w i t h the f i l m s 36cm from the s o u r c e and not a t a l l 

w i t h them 9cm d i s t a n t . A t h e r m o p i l e d e t e c t o r was used t o 

measure t h e photon f l u x a t each d i s t a n c e from the s o u r c e . T h i s 

d e t e c t o r measures the t o t a l i n t e n s i t y of r a d i a t i o n from emis­

s i o n s i n the u l t r a v i o l e t , v i s i b l e and i n f r a - r e d r e g i o n s of the 

e l e c t r o m a g n e t i c s pectrum. 

(A) I n f r a - R e d S p e c t r o s c o p i c Measurements o f Epoxide C o n v e r s i o n 

I r r a d i a t i o n t i m e s of 10 seconds, 1, 2, 2.5, 3, 8, 20 and 

45 m i n u t e s were o r i g i n a l l y chosen. However a f i l m of lOOym 

nominal t h i c k n e s s i r r a d i a t e d 18cm from the s o u r c e was found t o 

r e q u i r e a minimum of 2.5 minutes i r r a d i a t i o n t o produce a 

s u f f i c i e n t i n i t i a l degree of c u r e t o a l l o w i n f r a - r e d s p e c t r a 

of t h e f i l m t o be r e c o r d e d . F i l m s of 150, 200 and 250ijm 
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nominal t h i c k n e s s g i v e n 2.5 and 3 m i n u t e s i r r a d i a t i o n 18cm 
from t h e s o u r c e o n l y showed s u r f a c e c u r e ; a s d i d a l l the f i l m s 
r e c e i v i n g s m a l l e r r a d i a t i o n d o s e s . The I R s p e c t r a of such 
f i l m s c o u l d not be r e c o r d e d b e c a u s e of the p r e s e n c e of mobile 
m a t e r i a l . 

I R s p e c t r a o f t h e f i l m s which appeared t o be cured 

throughout were r e c o r d e d a t i n t e r v a l s o v e r a p e r i o d of 1 t o 

50 h o u r s a f t e r i r r a d i a t i o n . T h e r e was no apparent i n c r e a s e 

i n t h e e x t e n t of r e a c t i o n d u r i n g t h i s p e r i o d ; however, t h e r e 

was some s c a t t e r i n the measurements and c o n s e q u e n t l y an average 

v a l u e o f the measurements f o r each f i l m was t a k e n . I n 

a d d i t i o n , i r r a d i a t i o n of f i l m s o f lOOym nominal t h i c k n e s s 18cm 

from t h e s o u r c e f o r v a r i o u s t i m e s and s u b s e q u e n t i n f r a - r e d 

a n a l y s e s , were c a r r i e d out t h r e e t i m e s . S i m i l a r t r e n d s and 

d e g r e e s of c o n v e r s i o n were o b t a i n e d i n e a c h experiment. I n 

comparing the c o n v e r s i o n i n f i l m s o f d i f f e r e n t t h i c k n e s s i t i s 

assumed t h a t the B e e r - L a m b e r t Law i s obeyed. 

F i g u r e 4 . 7 ( a ) shows the f i n a l p e r c e n t a g e c o n v e r s i o n p l o t t e d 

a g a i n s t i r r a d i a t i o n time f o r f i l m s of d i f f e r i n g t h i c k n e s s i r r a d ­

i a t e d 9cm from t h e s o u r c e . F i g u r e s 4,7(b) and (c) show s i m i l a r 

p l o t s f o r f i l m s i r r a d i a t e d a t d i s t a n c e s of 18 and 36cm from 

the s o u r c e . T h e s e p l o t s i n d i c a t e t h a t l o n g e r i r r a d i a t i o n times 

r e s u l t i n a g r e a t e r c o n v e r s i o n of f u n c t i o n a l groups, e s p e c i a l l y 

f o r t h i c k e r f i l m s and lower l i g h t i n t e n s i t i e s . 

32 

S i n c e C r i v e l l o and Lam have shown t h a t the e x t e n t of 

p h o t o l y s i s of i o d c n i u m p h o t o i n i t i a t o r s i n c r e a s e s w i t h i n c r e a s i n g 

i r r a d i a t i o n t ime, i t seems r e a s o n a b l e t o s u g g e s t t h a t the i n ­

c r e a s e o f c o n v e r s i o n w i t h i r r a d i a t i o n time o b s e r v e d i n the 

f i l m s of the DGEBA l a c q u e r i s r e l a t e d t o an i n c r e a s e i n the 

number of i n i t i a t i n g s p e c i e s produced. T h e r e f o r e because fewer 
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FIGURE 4 . 7 E p o x i d e C o n v e r s i o n as a F u n c t i o n of Cure Exposure 
f o r D i f f e r e n t F i l m T h i c k n e s s e s (O, 5 0 ; A , 100; 
O, 150; • , 200; + , 250Mm) and L i g h t I n t e n s i t i e s 
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(c) F i l m s I r r a d i a t e d 36cm from the S o urce 

i n i t i a t i n g s p e c i e s r e s u l t i n a lower c o n v e r s i o n of f u n c t i o n a l 

groups, some p r o c e s s must be o c c u r r i n g t h a t l i m i t s the k i n e t i c 

c h a i n l e n g t h , t h a t i s the average number of monomer m o l e c u l e s 

r e a c t e d per i n i t i a t i n g s p e c i e s . 

K l o o s t e r b o e r et aZ"̂ "̂  found i n t h e i r s t u d y of the photo-

i n i t i a t e d f r e e r a d i c a l p o l y m e r i z a t i o n o f p o l y f u n c t i o n a l v i n y l 

r e s i n s t h a t an i n c r e a s e i n the c o n v e r s i o n o f double bonds 

o c c u r r e d w i t h i n c r e a s i n g c u r e e x p o s u r e . As d e s c r i b e d i n 

C h a p t e r One t h e y h y p o t h e s i s e d t h a t t h e t r a p p i n g of r a d i c a l 

s p e c i e s due t o inhomogeneous c r o s s - l i n k i n g r e s u l t e d i n a l i m i t e d 

k i n e t i c c h a i n l e n g t h . The t r a p p i n g of c a t i o n i c s p e c i e s i n the 

DGEBA network system would account f o r the e f f e c t of i n c r e a s e d 

i r r a d i a t i o n time on the c o n v e r s i o n and i t has been shown t h a t 

inhomogeneous network f o r m a t i o n r e s u l t i n g i n domains i n which 

s p e c i e s can be t r a p p e d can o c c u r i n the p h o t o i n i t i a t e d c h a i n 
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34 c r o s s - l i n k i n g p o l y m e r i z a t i o n of epoxy r e s i n s . Other pro­

c e s s e s l i m i t i n g t h e k i n e t i c c h a i n l e n g t h such as t e r m i n a t i o n 

of t h e p r o p a g a t i n g s p e c i e s might p o s s i b l y account f o r the ob­

s e r v e d e f f e c t of i n c r e a s i n g i r r a d i a t i o n time i n the p h o t o i n i t ­

i a t e d c a t i o n i c p o l y m e r i z a t i o n of epoxide compounds s i n c e C r i v e l l o 

and Lam'''̂  have r e p o r t e d a s i m i l a r e f f e c t i n the p o l y m e r i z a t i o n 

of monoepoxide compounds u s i n g c a t i o n i c p h o t o i n i t i a t o r s . I t 

must be noted however t h a t the c o n v e r s i o n measurements i n t h i s 

l a t t e r s t u d y made no a l l o w a n c e f o r c o n t i n u e d p o l y m e r i z a t i o n 

a f t e r i r r a d i a t i o n . 

F i g u r e 4.8(a) shows the p e r c e n t a g e c o n v e r s i o n i n f i l m s of 

d i f f e r e n t t h i c k n e s s i r r a d i a t e d f o r 45 minutes p l o t t e d a g a i n s t 

t h e l i g h t i n t e n s i t y . I t a ppears t h a t a f o u r - f o l d d e c r e a s e 

i n l i g h t i n t e n s i t y has no e f f e c t on the c o n v e r s i o n of epoxide 

groups even i n t h e t h i c k e r f i l m s , f o r t h i s i r r a d i a t i o n time. 

F i g u r e s 4 . 8 ( b ) , (c) and (d) shov/ s i m i l a r p l o t s f o r i r r a d i a t i o n 

t i m e s of 20, 8 and 3 m i n u t e s r e s p e c t i v e l y . These p l o t s again 

show t h a t l o n g e r i r r a d i a t i o n t i m e s , t h i n n e r f i l m s and a h i g h e r 

l i g h t i n t e n s i t y r e s u l t i n a g r e a t e r degree of c o n v e r s i o n . 

The e f f e c t of l i g h t i n t e n s i t y on the e x t e n t of r e a c t i o n 

can a g a i n be e x p l a i n e d i n terms of the number of i n i t i a t i n g 

s p e c i e s produced and a l i m i t e d k i n e t i c c h a i n l e n g t h . Over 

a 45 minute i r r a d i a t i o n p e r i o d , enough i n i t i a t i n g s p e c i e s c o u l d 

be produced a t a l l i n t e n s i t i e s t o g i v e s i m i l a r degrees of con­

v e r s i o n . As t h e i r r a d i a t i o n time i s reduced fewer protons 

a r e g e n e r a t e d , l e a d i n g t o a r e d u c t i o n i n the f i n a l c o n v e r s i o n 

b e c a u s e of t h e l i m i t e d k i n e t i c c h a i n l e n g t h ; t h i s e f f e c t 

becoming more pronounced as the f i l m t h i c k n e s s i s i n c r e a s e d . 

Dutch workers''"'^ have r e p o r t e d a l o w e r i n g of the maximum 

e x t e n t of r e a c t i o n a c h i e v e d i n f r e e r a d i c a l p h o t o i n i t i a t e d 
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FIGURE 4.8 E p o x i d e C o n v e r s i o n as a F u n c t i o n of L i g h t I n t e n s i t y 

f o r d i f f e r e n t F i l m T h i c k n e s s e s (O, 50;A / 100; 
Of 150; • , 200;+ , 250ym) and Cure E x p o s u r e s 
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p o l y m e r i z a t i o n s as the l i g h t i n t e n s i t y i s reduced. These 
w o r k e r s f o l l o w e d the r a t e of s h r i n k a g e w i t h i r r a d i a t i o n time 
and compared i t t o t h e r a t e o f double bond c o n v e r s i o n under 
s i m i l a r c o n d i t i o n s . T h i s showed t h a t the maximimi r a t e of 
s h r i n k a g e and i t s decay lagged b e h i n d the maximum r a t e of double 
bond c o n v e r s i o n and i t s decay. The o c c u r r e n c e of t h i s time l a g 
between c o n v e r s i o n and volume r e l a x a t i o n was used to a c c o u n t 
f o r t h e e f f e c t of l i g h t i n t e n s i t y on the f i n a l c o n v e r s i o n . At 
h i g h e r l i g h t i n t e n s i t i e s the r a t e of i n i t i a t i o n i s f a s t e r be­
c a u s e of t h e i n c r e a s e d p h o t o l y s i s o f the p h o t o i n i t i a t o r . Con­
s e q u e n t l y a h i g h e r degree of c o n v e r s i o n i s r e a c h e d b e f o r e volume 
r e l a x a t i o n r e d u c e s t h e m o b i l i t y of f u n c t i o n a l groups and hence 
t h e i r p r o b a b i l i t y of r e a c t i n g . Lower l i g h t i n t e n s i t i e s r e s u l t 
i n a lower r a t e of i n i t i a t i o n and c o n s e q u e n t l y a l l o w s voliome 
r e l a x a t i o n t o have a s i g n i f i c a n t e f f e c t on the p r o b a b i l i t y of 
r e a c t i o n a t low d e g r e e s of c o n v e r s i o n . I n t h i s s t u dy no 
s i g n i f i c a n t change i n the p e r c e n t a g e c o n v e r s i o n was o b s e r v e d 
f o r t h e l o n g e s t i r r a d i a t i o n time when the l i g h t i n t e n s i t y was 
d e c r e a s e d as shown i n F i g u r e 4 . 8 ( a ) . However such an e f f e c t 
as t h a t o b s e r v e d by t h e Dutch w o r k e r s might become a p p a r e n t i f 
the l i g h t i n t e n s i t y were f u r t h e r d e c r e a s e d s i n c e c y c l i c e t h e r 
compounds can show some s h r i n k a g e on p o l y m e r i z a t i o n a l t h o u g h t o 
a much l e s s e r degree than v i n y l compounds.'^^ 

F i g u r e s 4 . 9 ( a ) , (b) and (c) show more c l e a r l y the e f f e c t of 

f i l m t h i c k n e s s on the p e r c e n t a g e c o n v e r s i o n . E a c h l i n e on a 

p l o t r e p r e s e n t s a d i f f e r e n t i r r a d i a t i o n time and each p l o t a 

d i f f e r e n t l i g h t i n t e n s i t y . The same c o n c l u s i o n s can be drawn 

as from the p r e v i o u s f i g u r e s . I t would appear t h a t a t t e n u a t i o n 

of t h e w a v e l e n g t h s r e s p o n s i b l e f o r c u r e , thought t o be m a i n l y 

303nm and 313nm i s s i g n i f i c a n t as i s e v i d e n c e d by the d e c r e a s e 

i n c o n v e r s i o n i n t h i c k e r f i l m s . T h i s e f f e c t can be o f f s e t 
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FIGURE 4.9 E p o x i d e C o n v e r s i o n as a F u n c t i o n of F i l m T h i c k n e s s 

f o r D i f f e r e n t Cure Exposures ( 0 , 4 5 ; A , 20; O , 8; 
• , 3; 4- , 2.5 mins. i r r a d i a t i o n ) and L i g h t I n t e n s i t i e s 
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(c) F i l m s I r r a d i a t e d 36cm from the Source 

scmewhat by u s i n g l o n g e r i r r a d i a t i o n t imes or h i g h e r i n t e n s i t ­

i e s o f l i g h t both of which w i l l i n c r e a s e the number of photons 

a v a i l a b l e f o r the p h o t o l y s i s of p h o t o i n i t i a t o r . 

The t h i c k n e s s of f i l m s p repared i n a s i m i l a r manner t o 

t h o s e above was measured u s i n g a micrometer. F i l m s of 50, 100 

and 250ym nominal t h i c k n e s s were found to be a p p r o x i m a t e l y 25, 

50 and 125Mm t h i c k r e s p e c t i v e l y , i n d i c a t i n g t h a t the a c t u a l f i l m 

t h i c k n e s s i s a p p r o x i m a t e l y h a l f the nominal v a l u e . T h i s d i f f e r ­

ence i n a c t u a l and nominal f i l m t h i c k n e s s i s h i g h l y u n l i k e l y 

t o be due t o t a l l y to s h r i n k a g e . 

(B) Measurement of the G e l Content 

The g e l c o n t e n t of the f i l m s was determined u s i n g the 

f o l l o w i n g p r o c e d u r e . An a c c u r a t e l y weighed sample of the f i l m 

t o be e x t r a c t e d was p l a c e d i n a round bottom f l a s k equipped w i t h 



151 

a c o n d e n s e r . A n a l a r grade t o l u e n e (70 cm^) was added and 
r e f l u x e d f o r f i v e h o u r s . A f t e r c o o l i n g , the s o l u t i o n was 
f i l t e r e d through a s i n t e r e d g l a s s f u n n e l (No.3) to remove the 
g e l . The s o l u t i o n was t r a n s f e r r e d t o a preweighed f l a s k and 
the s o l v e n t removed u s i n g a r o t a r y e v a p o r a t o r . The s o l 
was t h e n d r i e d t o constant w e i g h t on a vacuum l i n e . Recovery 
of t h e s o l r a t h e r than the g e l was c a r r i e d out because i t 
was thought i t would be e a s i e r t o dry than the g e l . The weight 
of f i l m u s e d i n t h e s e e x t r a c t i o n s was q u i t e s m a l l being between 
0.01 and 0 . I g . 

A l t h o u g h some f i l m s were i n i t i a l l y not s u f f i c i e n t l y c u r e d 

t o o b t a i n i n f r a - r e d s p e c t r a , t h e y d i d appear to harden over a 

p e r i o d of 20 t o 30 h o u r s a f t e r i r r a d i a t i o n . Attempts t o o b t a i n 

i n f r a - r e d s p e c t r a a t t h i s p o i n t proved u n s u c c e s s f u l as the s u r ­

f a c e o f the f i l m s w r i n k l e d when they were p l a c e d i n the i n f r a ­

r e d beam. However such f i l m s c o u l d l a t e r be removed from the 

s u b s t r a t e and the g e l c o n t e n t d e t e r m i n e d . 

T a b l e 4.3 shows the p e r c e n t a g e g e l found i n each f i l m . The 

e r r o r i n t h e s e measurements i s l i k e l y t o be high owing t o the 

s m a l l sample s i z e ; however, when the t o t a l i t y of the d a t a i s 

c o n s i d e r e d some g e n e r a l t r e n d s become d i s c e r n i b l e and some 

t e n t a t i v e c o n c l u s i o n s can be made. G e n e r a l l y the r e s u l t s show 

t h a t h i g h amounts of g e l a r e formed f o r the l o n g e r i r r a d i a t i o n 

t i m e s a t e a c h d i s t a n c e from the s o u r c e and each f i l m t h i c k n e s s 

i n d i c a t i n g t h a t most o f the monomer has been i n c o r p o r a t e d i n t o 

t h e network s t r u c t u r e . S h o r t e r i r r a d i a t i o n times r e s u l t i n a 

d e c r e a s e i n the g e l c o n t e n t which i s more pronounced for t h i c k e r 

f i l m s and lower l i g h t i n t e n s i t i e s . I t i s noted t h a t f o r f i l m s 

of SOym nominal t h i c k n e s s , i r r a d i a t e d a t 18 and 36cm from the 

s o u r c e , t h e amount of g e l i n c r e a s e d w i t h a d e c r e a s e i n i r r a d i a t i o n 
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TABLE 4.3 P e r c e n t a g e G e l C o n t e n t as a F u n c t i o n of Cure Exposure 
F i l m T h i c k n e s s and L i g h t I n t e n s i t y 

Nominal I r r a d i a t i o n 
time/mins 

D i s t a n c e from the UV source/cm 
f i l m 

thickness/Jm 
I r r a d i a t i o n 
time/mins 9 18 36 

50 45 90 80 50 

20 97 82 64 

8 90 94 73 

3 96 99 41 

2h 95 82 n. c. 

100 45 93 - 89 

20 86 94 84 

8 90 90 82 

3 71 80 84 

2h 83 65 n. c. 

150 45 93 94 94 

20 86 98 95 

8 94 82 81 

3 93 72 61 

2h 70 n. c. n. c. 

200 45 - 94 92 

20 99 97 
o 

8 98 96 68 

3 89 79 n. c. 

2h - n. c. n. c . 

250 45 98 98 92 

20 97 100 85 

8 92 96 61 

3 85 44 n. c. 

2h 62 n. c. n. c. 

n.c. - not c u r e d s u f f i c i e n t l y to remove the f i l m from the s u b s t r a t e , 
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time. T h i s e f f e c t i s l i k e l y t o be s p u r i o u s . There i s some 
e v i d e n c e t h a t f o r l o n g e r i r r a d i a t i o n t i m e s , the i n c r e a s e d con­
v e r s i o n r e s u l t s from i n t r a m o l e c u l a r c r o s s - l i n k i n g . For ex­
ample, f i l m s i r r a d i a t e d 9cm from the s o u r c e f o r 20 minutes show 
a s m a l l but s i g n i f i c a n t i n c r e a s e i n epoxide c o n v e r s i o n over 
f i l m s i r r a d i a t e d f o r 8 m i n u t e s , y e t the g e l c o n t e n t of t h e s e 
f i l m s i s a p p r o x i m a t e l y the same. 

An i n f r a - r e d spectrum of the s o l e x t r a c t e d from one 

of the f i l m s showed the p r e s e n c e of a h i g h p r o p o r t i o n of un-

r e a c t e d epoxide f u n c t i o n a l groups. I n f r a - r e d s p e c t r a of the 

g e l from two of t h e f i l m s (both of 250vJm nominal t h i c k n e s s g i v e n 

8 and 3 m i n u t e s ' i r r a d i a t i o n , 36 and 18cm from the s o u r c e r e s ­

p e c t i v e l y ) showed the p r e s e n c e of a s i g n i f i c a n t amount of epox­

i d e f u n c t i o n a l i t y . I t would appear t h a t a r e a s o n a b l e p r o p o r t ­

i o n of the epoxide f u n c t i o n a l i t y r e m a i n i n g i n t h i n n e r f i l m s 

i r r a d i a t e d f o r l o n g e r p e r i o d s a t h i g h e r i n t e n s i t i e s i s a t t a c h e d 

t o t h e network s i n c e s u c h f i l m s showed a h i g h g e l c o n t e n t y e t 

c o n t a i n e d a s i g n i f i c a n t amount of u n r e a c t e d f u n c t i o n a l i t y as 

seen i n the p r e v i o u s i n f r a - r e d measurements. Th e r e are a t l e a s t 

two p o s s i b l e e x p l a n a t i o n s f o r t h i s u n r e a c t e d f u n c t i o n a l i t y . 

V i t r i f i c a t i o n o f t he s y s t e m may have o c c u r r e d l i m i t i n g the pro­

b a b i l i t y of f u n c t i o n a l groups r e a c t i n g or a l t e r n a t i v e l y an i n -

homogeneous c r o s s - l i n k i n g may be t a k i n g p l a c e g i v i n g r i s e t o 

h i g h l y c r o s s - l i n k e d domains i n which f u n c t i o n a l groups a r e 

t r a p p e d . 

4.7 An I n v e s t i g a t i o n of the Wavelengths of L i g h t R e s p o n s i b l e 
f o r I n i t i a t i n g Cure i n t h e DGEBA System u s i n g I n f r a - R e d 
S p e c t r o s c o p i c Measurements of Epoxide C o n v e r s i o n 

As w i l l become a p p a r e n t i n the n e x t c h a p t e r , i t may be 

n e c e s s a r y to p r e v e n t the i r r a d i a t i o n o f r e s i n s c o n t a i n i n g an 
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a r y l e t h e r moiety w i t h c e r t a i n wavelengths d u r i n g the c u r i n g 

p r o c e s s . I t i s t h e r e f o r e important to d e t e r m i n e whether t h e s e 

w a v e l e n g t h s i n t e r a c t w i t h the d i p h e n y l i o d c n i u m s a l t to i n i t i a t e 

p o l y m e r i z a t i o n . A l s o knowledge of the w a v e l e n g t h s r e s p o n s i b l e 

f o r t h e p h o t o l y s i s of the p h o t o i n i t i a t o r c o u l d a l l o w a more 

e f f e c t i v e c h o i c e of lamp to be made, thus i m p r o v i n g the e f f i c ­

i e n c y of the c u r i n g p r o c e s s . 

To remove s h o r t e r wavelength UV l i g h t a 'pyrex" f i l t e r 

was used and as i s shown by the UV a b s o r p t i o n spectrum i n F i g u r e 

4.10, the f i l t e r s t a r t s to absorb a t about 370nm and t o t a l l y 

a b s o r b s a l l w a v e l e n g t h s below 275nm. T h i s f i l t e r was made 

from, a 'pyrex' p e t r i d i s h so t h a t the space beneath c o u l d be 

f l u s h e d w i t h n i t r o g e n . A UV c u t - o f f f i l t e r p u r c h a s e d from 

2-0 -

<u o c o 
l _ o (fl 

" 1-5H 

1-0 H 

0-5 H 

- 1 — I — I — I — I — I — I — I — r — I — I I 
2 3 0 310 3 9 0 L70 

W a v e l e n g t h / nm 

FIGURE 4.10 UV S p e c t r a of the 'Pyrex' F i l t e r , ( a ) and the 
UV Cut-Off F i l t e r , (b) 
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A p p l i e d P h o t o p h y s i c s was a l s o used i n t h i s work, the UV ab­
s o r p t i o n s p e c t r u m i n F i g u r e 4.10 i n d i c a t i n g t h a t the f i l t e r 
s t a r t s a b s o r b i n g a t aa. 400nm and t o t a l l y a b s o rbs a l l wave­
l e n g t h s below 350nm. 

F i l m s o f t h e r e s i n c o n t a i n i n g a 1:1 molar r a t i o of ben­

z o i n e t h y l e t h e r , BEE, t o p h o t o i n i t i a t o r were prepared: 

0 OEt 

H 

B E E 

The BEE was added i n t he hope t h a t i t would (by an i n d i r e c t 

e l e c t r o n t r a n s f e r mechanism as d e s c r i b e d i n Chapter Two) a c t 

as a p h o t o s e n s i t i z e r a l l o w i n g the p h o t o l y s i s of p h o t o i n i t i a t o r 

t o t a k e p l a c e on i r r a d i a t i o n w i t h l o n g e r wavelength l i g h t . 

(A) I r r a d i a t i o n w i t h the lOOW Lamp 

The two l a c q u e r s used i n t h e i n i t i a l s e t of experiments 

c o n t a i n e d 97.0% r e s i n , 2.0% p h o t o i n i t i a t o r and 1.0% w/w acetone 

or 95.9% r e s i n , 2.1% p h o t o i n i t i a t o r , 1.0% BEE and 1.0% w/w ac e ­

tone f i l m s o f lOOym nominal t h i c k n e s s b e i n g p r e p a r e d from the 

l a c q u e r s . The i n t e n s i t y of t h e l i g h t 9cm from the lOOW lamp 
-2 

was measured u s i n g the t h e r m o p i l e and found t o be 18.1 mW cm 

Two f i l m s , one o f each l a c q u e r , were i r r a d i a t e d a t t h i s d i s t a n c e 

from t h e lamp f o r 3 minutes as c o n t r o l s . With the UV c u t - o f f 

f i l t e r i n p l a c e , the i n t e n s i t y of t h e l i g h t was measured and 

the d i s t a n c e o f the d e t e c t o r v a r i e d so t h a t i t r e g i s t e r e d a 

s i m i l a r photon f l u x (18.3mW cm ) t o t h a t w i t h o u t the f i l t e r 

p r e s e n t . F i l m s were then i r r a d i a t e d a t t h i s d i s t a n c e from the 

s o u r c e w i t h t h e f i l t e r i n p l a c e f o r i n c r e a s i n g l e n g t h s of time. 

The p r o c e d u r e was r e p e a t e d w i t h the 'pyrex' f i l t e r i n p l a c e 
-2 

u s i n g an i n t e n s i t y of 18.5mW cm . The f i l m s thus r e c e i v e a 
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s i m i l a r number of photons w i t h and w i t h o u t t h e f i l t e r s i n p l a c e 
and a l t h o u g h the wavelength d i s t r i b u t i o n i s d i f f e r e n t , the photo-
i n i t i a t o r has a p p r o x i m a t e l y the same chance of i n t e r a c t i n g w i t h 
a photon. 

The r e s u l t s of the IR s p e c t r o s c o p i c measurements of con­

v e r s i o n a r e g i v e n i n T a b l e 4.4. The e r r o r i n each f i g u r e 

r e f e r s t o t h e s t a n d a r d d e v i a t i o n from the mean of s e v e r a l meas­

urements made a t the g i v e n time a f t e r i r r a d i a t i o n . 

TABLE 4.4 P e r c e n t a g e Epoxide C o n v e r s i o n i n F i l m s I r r a d i a t e d 
w i t h F i l t e r e d L i g h t u s i n g the lOOW Source as a 

F u n c t i o n of Cure Exposure 

I r r a d . U.V. C u t - o f f f i l t e r 'Pyrex* f i l t e r 
time/ 
mins. 0% BEE 1% BEE 0% BEE 1% BEE time/ 
mins. 

I + l h r I+46hr I + l h r I+46hr I+lhr I+46hr I+lhr I+46hr 

3 n.c. n.c. n.c. n.c. 72+3 70±3 69±4 65±4 

8 n.c. 44 + 6 n.c. 47 + 8 82±2 79±2 74+4 74±5 

20 51±9 51±6 49±1 48±7 85±2 83±2 79±3 79±3 

45 59±3 63±5 68±4 68±4 85±2 87+3 81±3 82+4 

I + 1 h r = 1 hour a f t e r i r r a d i a t i o n , n.c. = not c u r e d s u f f i c i e n t l y , 

The p e r c e n t a g e c o n v e r s i o n s i n the c o n t r o l film, c o n t a i n i n g no 

BEE were found t o be 78%+2% and 80%+3%, 1 and 46 hours a f t e r 

i r r a d i a t i o n , r e s p e c t i v e l y . The c o n v e r s i o n i n t h i s f i l m a p p e a r s 

to be somewhat g r e a t e r than i n f i l m s c u r e d p r e v i o u s l y under 

s i m i l a r c o n d i t i o n s . The e x t e n t o f r e a c t i o n i n the c o n t r o l f i l m 

c o n t a i n i n g 1.0% BEE was found t o be 72%±2% and 74%+2%, 1 and 46 

ho u r s a f t e r i r r a d i a t i o n r e s p e c t i v e l y . 

A f i l m c o n t a i n i n g no BEE g i v e n 3 minutes' i r r a d i a t i o n w i t h 

l i g h t of w a v e l e n g t h s g r e a t e r than 350nm i s a p p a r e n t l y not c u r e d 

i n i t i a l l y and remains so whereas a f i l m g i v e n 8 m i n u t e s ' e x p o s u r e 

under t h e s e c o n d i t i o n s although s t i l l mobile 1 hour a f t e r i r r a d -
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i a t i o n , h a r d e n s w i t h i n ca. 45 h o u r s . F i l m s i r r a d i a t e d f o r 20 

and 45 m i n u t e s were f a i r l y r i g i d w i t h i n 1 hour of i r r a d i a t i o n . 

The e x t e n t of r e a c t i o n i n t h e f i l m s g i v e n 8, 20 and 45 minutes' 

i r r a d i a t i o n i n c r e a s e d as the i r r a d i a t i o n time i n c r e a s e d . How­

e v e r the f i l m g i v e n 45 m i n u t e s ' i r r a d i a t i o n s t i l l showed a 

s i g n i f i c a n t l y l ower degree of c o n v e r s i o n than f o r a f i l m i r r a d ­

i a t e d w i t h u n f i l t e r e d l i g h t f o r 3 m i n u t e s . As w i t h the o t h e r 

f i l m s , i t i s d i f f i c u l t t o s a y w i t h c e r t a i n t y whether the con­

v e r s i o n i n c r e a s e s w i t h the time a f t e r i r r a d i a t i o n because of 

the s c a t t e r i n t h e measurements. L i g h t of 366nm i s most pro­

b a b l y r e s p o n s i b l e f o r the c u r e of t h e s e f i l m s , the reduced 

c o n v e r s i o n r e f l e c t i n g the i n e f f i c i e n c y of l i g h t a b s o r p t i o n by 

the p h o t o i n i t i a t o r a t t h i s l o n g e r w a v e l e n g t h . F i l m s c o n t a i n ­

i n g BEE (e^gg'^^^ dm"^mol '''cm ^) i r r a d i a t e d under s i m i l a r con­

d i t i o n s showed the same t r e n d s as t h a t o b s e r v e d i n the BEE 

f r e e f i l m s , w i t h s i m i l a r or o n l y s l i g h t l y h i g h e r epoxide con­

v e r s i o n , i n d i c a t i n g t h a t p h o t o s e n s i t i z a t i o n by the BEE i s not 

o c c u r r i n g . 

F i l m s c o n t a i n i n g no BEE i r r a d i a t e d through the 'pyrex' 

f i l t e r show t h e t r e n d of i n c r e a s i n g c o n v e r s i o n w i t h i n c r e a s i n g 

i r r a d i a t i o n time . The film, g i v e n 3 m.inutes'exposure was s o f t 

and t a c k y i m m e d i a t e l y a f t e r i r r a d i a t i o n but soon hardened. 

The c o n v e r s i o n i n t h i s f i l m was found to be s i g n i ­

f i c a n t l y l o w e r t h a n t h a t o f t h e c o n t r o l but a g a i n the g e n e r a l 

t r e n d o f an i n c r e a s e i n c o n v e r s i o n w i t h i n c r e a s i n g c u r e expos­

ur e i s a p p a r e n t . Comparison of the c o n v e r s i o n i n the f i l m s 

g i v e n 8, 20 and 45 m i n u t e s ' i r r a d i a t i o n w i t h those f o r s i m i l a r 

f i l m s c u r e d p r e v i o u s l y u s i n g the f u l l output of the s o u r c e as 

r e p o r t e d i n S e c t i o n 4.6(A) shows a g r e a t e r degree of r e a c t i o n 

i n t h e former f i l m s w h i c h i s a g a i n i n d i c a t i v e of some i r r e -

p r o d u c i b i l i t y i n e i t h e r the p r e p a r a t i o n and i r r a d i a t i o n of 
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f i l m s or the c o n v e r s i o n measurements. However the r e s u l t s 
i n d i c a t e t h a t the f i l m s g i v e n l o n g e r c u r e e x p o s u r e s a r e a t 
l e a s t as w e l l c u r e d as film.s g i v e n e q u i v a l e n t e x p o s u r e s t o the 
f u l l output of the lamp. The poor cu r e of the f i l m g i v e n 3 
m i n u t e s ' i r r a d i a t i o n m.ay be a t t r i b u t a b l e to the l a c k c f r a p i d 
c u r e i n s u r f a c e r e g i o n s of the f i l m due to the a b s o r p t i o n of 
s h o r t e r wavelength UV l i g h t by the p h o t o i n i t i a t o r . F i l m s con­
t a i n i n g BEE (£̂ 03'̂ ^̂ '̂  dm"^mol ^cm"'^, ^313^^^° dm'^mol "'"cm "*") 
i r r a d i a t e d through the 'pyrex' f i l t e r show the same t r e n d s as 
t h a t o b s e r v e d i n the f i l m s i r r a d i a t e d under s i m i l a r c o n d i t i o n s 
w i t h o u t p h o t o s e n s i t i z e r p r e s e n t . I f a n y t h i n g , the c o n v e r s i o n 
i s s l i g h t l y lower i n the f i l m s c o n t a i n i n g BEE compared w i t h t h e 
f i l m s w i t h o u t t h i s p o t e n t i a l p h o t o s e n s i t i z e r p r e s e n t . 

The above s e t of e x p e r i m e n t s , e x c e p t t h o s e i n v o l v i n g BEE, 

were r e p e a t e d some time l a t e r . F o r t h e s e measurements a 

l a c q u e r c o n t a i n i n g 97.0% r e s i n , 2.0% p h o t o i n i t i a t o r and 1.0% 

w/w acetone was used. F i l m s were p r e p a r e d i n a s i m i l a r manner 

to t h o s e i n t he p r e v i o u s e x p e r i m e n t s and i r r a d i a t e d w i t h l i g h t 
-2 -2 -2 i n t e n s i t i e s of 16.2 mW cm , 1 6 . 3 mW cm and 16.3 mW cm 

w i t h no f i l t e r , the UV c u t - o f f f i l t e r and t he 'pyrex' f i l t e r 

i n p l a c e , r e s p e c t i v e l y . 

T a b l e 4.5 shows the c o n v e r s i o n of epoxide f u n c t i o n i n each 

film, as measured by i n f r a - r e d s p e c t r o s c o p y . Although the same 

t r e n d s a r e obse r v e d as i n the f i l m s i r r a d i a t e d i n the p r e v i o u s 

s e t o f e x p e r i m e n t s , the e x t e n t of r e a c t i o n i n some c a s e s i s 

h i g h e r and i n o t h e r s lower than t h o s e r e c o r d e d i n T a b l e 4.4. 

During the c o u r s e of the p r o j e c t f u r t h e r f i l m s of s i m . i l a r com­

p o s i t i o n to those above were i r r a d i a t e d w i t h and w i t h o u t the 

'pyrex' f i l t e r p r e s e n t u s i n g s i m i l a r l i g h t i n t e n s i t i e s and 

i r r a d i a t i o n t i m e s . The c o n v e r s i o n i n t h e s e f i l m s were found 

to be i n the r e g i o n of 90%, independent of the i r r a d i a t i o n time 
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TABLE 4.5 F u r t h e r P e r c e n t a g e E p o x i d e C o n v e r s i o n Measurements 
i n F i l m s I r r a d i a t e d w i t h U n f i l t e r e d and F i l t e r e d 
L i g h t u s i n g t h e lOOW S o u r c e " 

I r r a d - No f i l t e r UV Cut-off f i l t e r 'Pyrex' f i l t e r 
t i m e / 
mins. I+lhr 1+2 4hr 1+48hr I+lhr 1+2 4hr I+48hr I+lhr 1+2 4hr 1+48hr 

3 72+2 74±4 75±2 n.c. n.c. n.c. 57±5 57+6 57±8 

8 75±4 79±3 80±4 n.c. n.c. 33±7 76+2 77+2 79±3 

20 77±4 81±2 79±3 40±7 48±6 40±7 80±2 82±2 82+2 

45 82±3 82±4 85±2 67±3 69±4 69±3 81+2 83±2 83+3 

n.c . = not c u r e d s u f f i c i e n t l y . 

or the use of the f i l t e r , contrary' to what had been dbserved previously. 

I n s p i t e o f a t t e m p t s to s t a n d a r d i s e the l a c q u e r and f i l m 

p r e p a r a t i o n , t h e i r r a d i a t i o n p r o c e d u r e and the IR s p e c t r o s c o p i c 

measurements i t would appear t h a t some minor change i n the 

above p r o c e d u r e s g i v e s r i s e t o a s i g n i f i c a n t v a r i a t i o n i n the 

r e s u l t s o b t a i n e d . 

The above d i s c r e p a n c i e s between e x p e r i m e n t s c a r r i e d out 

under s i m i l a r c o n d i t i o n s p r o v i d e an i l l u s t r a t i o n of the c o n s i d e r ­

a b l e d i f f i c u l t i e s i n v o l v e d i n d e s i g n i n g t o t a l l y r e p r o d u c i b l e 

e x p e r i m e n t a l p r o c e d u r e s i n the f i e l d of network polymers. N e i t h e r 

t h e s m a l l v a r i a t i o n s i n the c o m p o s i t i o n of the l a c q u e r s used nor 

the s m a l l v a r i a t i o n s i n t h e i n c i d e n t i n t e n s i t y a r e f u l l y con­

s i s t e n t w i t h t h e i r r e p r o d u c i b i l i t y o b s e r v e d . The same bat c h 

of r e s i n was used t hroughout t h e work but s e v e r a l b a t c h e s of 

p h o t o i n i t i a t o r were u s e d d u r i n g t h e c o u r s e of the above exper­

i m e n t s , and i t might be t h a t v a r i a t i o n s i n the p u r i t y of the 

p h o t o i n i t i a t o r c o u l d have c o n t r i b u t e d t o t h e s e d i s c r e p a n c i e s . 

Another f a c t o r w h i c h was not c o n t r o l l e d and as w i l l be seen 

l a t e r c a n a f f e c t t h e c u r e of f i l m s i s t h e tem.perature a t which 

the i r r a d i a t i o n s were c a r r i e d o u t . T h i s may have v a r i e d between 
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10 and 22°C. Q u a n t i t a t i v e IR s p e c t r o s c o p y has a number of 

i n h e r e n t d i f f i c u l t i e s a s s o c i a t e d w i t h i t s u s e . P o s s i b l e d i f f e r ­

e n c e s i n the l i g h t s c a t t e r i n g o r morphology of the samples used, 

s l i g h t d i f f e r e n c e s i n the p o s i t i o n of the sample i n the beam 

and i n t he o p e r a t i o n a l c h a r a c t e r i s t i c s of t h e i n s t r u m e n t may 

a l s o have c o n t r i b u t e d to the above d i s c r e p a n c i e s . 

The r e s u l t s however s t r o n g l y i n d i c a t e t h a t i r r a d i a t i o n 

w i t h w a v e l e n g t h s between 275nm and 350nm can g i v e a degree of 

c u r e s i m i l a r t o i r r a d i a t i o n w i t h the t o t a l s p e c t r a l output of 

the lamp. T h i s t e n d s to c o n f i r m the e a r l i e r a s s e r t i o n t h a t 

th e w a v e l e n g t h s o f 297, 303 and 313nm e m i t t e d by the lamp have 

an i m p o r t a n t r o l e i n t h e p h o t o l y s i s of the p h o t o i n i t i a t o r and 

hence the c u r e of f i l m s o f the DGEBA system, and pr o b a b l y the 

epoxy n o v o l a c s y s t e m too, w i t h wa v e l e n g t h s g r e a t e r than 350nm 

and l e s s than 275nm making a s m a l l e r c o n t r i b u t i o n t o the photo­

l y s i s of t h e p h o t o i n i t i a t o r , e s p e c i a l l y throughout the f i l m 

t h i c k n e s s i n t h e c a s e of wavelen g t h s l e s s than~275nm. F u r t h e r 

o b s e r v a t i o n s on the c u r e of the DGEBA sy s t e m on i r r a d i a t i o n w i t h 

l o n g e r w a v e l e n g t h l i g h t a r e r e p o r t e d i n Appendix One. 

(B) I r r a d i a t i o n w i t h the 1.8kW Lamp 

The f o l l o w i n g e x p e r i m e n t s were c a r r i e d out t o determine the 

e x t e n t of r e a c t i o n i n f i l m s of t h e DGEBA system as a f u n c t i o n of 

the r a d i a t i o n dose r e c e i v e d and to i n v e s t i g a t e the e f f e c t on the 

e x t e n t of r e a c t i o n of i r r a d i a t i n g f i l m s through the 'pyrex* 

f i l t e r . U s i n g t h e 100 W lamp, the i r r a d i a t i o n s c o u l d be c a r r i e d 

out i n such a way t h a t the number of photons r e a c h i n g the sample 

were s i m i l a r w i t h and w i t h o u t the f i l t e r p r e s e n t . T h i s was not 

p o s s i b l e when the m i n i - c u r e a p p a r a t u s was used t o i r r a d i a t e f i l m s . 

I n f a c t the i n t e n s i t y of l o n g e r w a v e l e n g t h l i g h t r e a c h i n g the 
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f i l m s w i l l be reduced s i n c e the f i l t e r a l s o absorbs s l i g h t l y 
i n t h i s r e g i o n . 

Film.s of lOOym nominal t h i c k n e s s were used i n a l l the 

f o l l o w i n g e x p e r i m e n t s . T a b l e 4.6 g i v e s t h e p e r c e n t a g e con­

v e r s i o n measured by IR s p e c t r o s c o p y i n f i l m s c o n t a i n i n g 97.0% 

r e s i n , 2.0% p h o t o i n i t i a t o r and 1.0% w/v; acetone g i v e n an i n c r e a s i n g 

number o f p a s s e s under t h e 1.8kW lamp w i t h and w i t h o u t the 

'pyrex' f i l t e r p r e s e n t . 

TABLE 4.6 P e r c e n t a g e Epoxide C o n v e r s i o n i n F i l m s I r r a d i a t e d 
w i t h t h e 1.8kW Source, w i t h and w i t h o u t the F i l t e r 
i n P l a c e 

Conditions Time aft e r Number of p a s s e s Conditions i r r a d i a t i o n 
/ h r s 1 2 3 5 10 20 

No f i l t e r 24 61±3 74±3 73±3 74±3 76 + 4 79+3 

'Pyrex' 
f i l t e r 48 54±6 61 + 5 65±6 72±7 76±3 79±3 

I t was noted t h a t the f i l m g i v e n 1 p a s s under the lamp w i t h 

the 'pyrex' f i l t e r i n p l a c e was s t i l l m obile i m m e d i a t e l y a f t e r 

i r r a d i a t i o n a l t h o u g h i t d i d harden w i t h time. 

These r e s u l t s i n d i c a t e t h a t i n g e n e r a l the e x t e n t of r e ­

a c t i o n i n c r e a s e s w i t h i n c r e a s i n g e xposure t o the s o u r c e and t h a t 

t h e u s e of the f i l t e r r e d u c e s the degree of c o n v e r s i o n e s p e c i a l l y 

i n f i l m s g i v e n s h o r t e r c u r e e x p o s u r e s . However d u r i n g the 

c o u r s e of t he work f u r t h e r f i l m s were i r r a d i a t e d under s i m i l a r 

c o n d i t i o n s and the e x t e n t of r e a c t i o n measured. The r e s u l t s 

a r e r e c o r d e d i n T a b l e 4.7f the c o m p o s i t i o n of t he l a c q u e r s used 

b e i n g g i v e n i n T a b l e 4.8. 
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TABLE 4.7 F u r t h e r Measurements of Pe r c e n t a g e Epoxide C o n v e r s i o n 
i n F i l m s I r r a d i a t e d u s i n g the 1.8kW Source w i t h and 
w i t h o u t t h e 'Pyrex' F i l t e r i n P l a c e 

Run 
No. 

Time a f t e r Number of p a s s e s Run 
No. Conditions i r r a d i a t i o n 

/ h r s 1 2 3 5 10 20 

1 No f i l t e r 48 84±2 82+2 83±2 82+4 85+1 86±2 

2 No f i l t e r 48 78+2 75+1 76±4 77±3 79 ±5 85±2 

3 No f i l t e r 24 90+1 87+1 89 ±2 88±1 - 92±1 

4 No f i l t e r 24 74±3 77±3 79±2 78±2 80±3 82±2 

5 'Pyrex' 
f i l t e r 48 82+ 2 81+ 2 80± 3 82±2 78± 3 81± 2 

TABLE 4.8 C o m p o s i t i o n (w/w) of the L a c q u e r s used t o Prepare 
t h e F i l m s 

Run % R e s i n % Photoinitiator % Acetone 

1 and 5 77.0 2.0 1.0 

2 and 4 96.9 2.0 1.1 

3 96.8 2.1 1.1 

U n l i k e the p r e v i o u s experiment, each s e t of f i l m s was 

i r r a d i a t e d a t a d i f f e r e n t time. Again i t was noted t h a t the 

f i l m g i v e n 1 p a s s under t h e lamp w i t h the 'pyrex' f i l t e r i n 

p l a c e was s t i l l m o b ile a f t e r i r r a d i a t i o n a l though i t d i d appear 

to h a r d e n w i t h t i m e . 

As w i t h f i l m s c u r e d u s i n g the lOOW lamp the d i s c r e p a n c i e s 

i n t h e c o n v e r s i o n measurements between the d i f f e r e n t s e t s of 

f i l m s ( T a b l e 4.7) c u r e d under s i m i l a r c o n d i t i o n s do not appear 

t o be r e l a t e d t o t h e minor v a r i a t i o n s i n l a c q u e r composition. 

E x p l a n a t i o n s s i m i l a r t o t h o s e proposed t o acco u n t f o r the i r r e ­

p r o d u c i b i l i t y s een i n the c o n v e r s i o n measurements f o r f i l m s 

i r r a d i a t e d u s i n g t h e lOOW lamp apply to the above measurements, 



163 

i n c l u d i n g t h e e f f e c t of t h e t e m p e r a t u r e a t w h i c h i r r a d i a t i o n s 
a r e c a r r i e d o u t. Even though the f i l m s a r e h e a t e d as they p a s s 
under t h e h i g h i n t e n s i t y lamp, the magnitude of t h i s h e a t i n g 
e f f e c t w i l l depend upon the i n i t i a l t e m p e r a t u r e of the samples. 
The m i n i - c u r e has a conveyor system t o t a k e the samples under 
the lamp and a l t h o u g h the same speed s e t t i n g was used throughout 
the work, a s m a l l v a r i a t i o n i n the a c t u a l speed of the b e l t may 
have c o n t r i b u t e d t o t h e i r r e p r o d u c i b i l i t y . An a ttempt t o d e t e r ­
mine t h e r e p r o d u c i b i l i t y of the i n f r a - r e d s p e c t r o s c o p i c measure­
ments of c o n v e r s i o n was made. F i v e f i l m s of s i m i l a r t h i c k n e s s 
and c o m p o s i t i o n t o t h o s e used p r e v i o u s l y were each g i v e n 5 p a s s e s 
under t h e lamp. The average e x t e n t of r e a c t i o n of epoxide 
f u n c t i o n a l i t y i n t h e f i v e f i l m s , measured 48 hours a f t e r i r r a d ­
i a t i o n , was found t o be 80% w i t h a s t a n d a r d d e v i a t i o n of ±2% 
showing t h a t under t h e s e c o n d i t i o n s the t e c h n i q u e p r o v i d e s a 
f a i r l y r e p r o d u c i b l e measure of c o n v e r s i o n . 

I n s p i t e of the d i s c r e p a n c i e s , t a k i n g the d a t a as a whole, 

a number of t e n t a t i v e c o n c l u s i o n s may be drawn. I n the m a j o r i t y 

of the r u n s , t h e c o n v e r s i o n a p p e a r s t o i n c r e a s e w i t h i n c r e a s i n g 

c u r e e x p o s u r e as f o r f i l m s i r r a d i a t e d w i t h the lOOW lamp. I n 

the c a s e o f f i l m s i r r a d i a t e d w i t h o u t t h e f i l t e r p r e s e n t , the 

h e a t i n g o f the f i l m s may have c o n t r i b u t e d t o t h i s o b s e r v a t i o n . 

G i v i n g more c r e d e n c e t o the measurements c a r r i e d out a t the same 

time, r e p o r t e d i n T a b l e 4.6, and t a k i n g i n t o a c c o u n t the o b s e r v ­

a t i o n t h a t 1 p a s s w i t h the f i l t e r i n p l a c e does not r e s u l t i n a 

r i g i d f i l m i m m e d i a t e l y a f t e r i r r a d i a t i o n , i t may be concluded 

t h a t t h e u s e o f the f i l t e r has a d e l e t e r i o u s e f f e c t on the c u r e 

of f i l m s g i v e n s h o r t e r c u r e e x p o s u r e s a l t h o u g h the c o n v e r s i o n 

measurements i n T a b l e 4.7 f o r f i l m s c u r e d w i t h the f i l t e r i n p l a c e 

i n d i c a t e t h a t t h e r e i s v e r y l i t t l e e f f e c t on the c o n v e r s i o n , i f 

any. The wide v a r i a t i o n s i n the c o n v e r s i o n measurements on 
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f i l m s i r r a d i a t e d w i t h the 1.8kW lamp make i t d i f f i c u l t to com­

p a r e t h e e x t e n t o f c o n v e r s i o n a c h i e v e d i n t h e s e f i l m s w i t h 

t h o s e i r r a d i a t e d u s i n g the lOOW s o u r c e . 

F u r t h e r f i l m s were i r r a d i a t e d under t h e 'pyrex' f i l t e r 

u s i n g t h e 1.8kW s o u r c e but w i t h the space beneath the f i l t e r 

f l u s h e d w i t h n i t r o g e n , as p a r t of the work r e p o r t e d i n the 

f o l l o w i n g c h a p t e r . The e x t e n t s of r e a c t i o n i n t h e s e f i l m s 

were measured as a f u n c t i o n of the c u r e exposure but unf o r t u n ­

a t e l y t h e wide v a r i a t i o n i n the r e s u l t s between d i f f e r e n t runs 

made i t d i f f i c u l t t o a s c e r t a i n whether the n i t r o g e n atmosphere 

had any e f f e c t on t h e cur e of the f i l m s . 

4.8 E f f e c t of P h o t o i n i t i a t o r C o n c e n t r a t i o n on the Cure of the 
DGEBA and Epoxy Novolac Systems 

(A) H a r d n e s s Measurements 

L a c q u e r s o f t h e DGEBA and the epoxy n o v o l a c r e s i n s were 

p r e p a r e d c o n t a i n i n g v a r i o u s c o n c e n t r a t i o n s of p h o t o i n i t i a t o r 

as shown i n t h e T a b l e s below. 

TABLE 4.9 C o m p o s i t i o n (w/w) of the DGEBA L a c q u e r s 

% R e s i n % Photoinitiator % Acetone 

96.1 2.8 1.1 

96.7 2.2 1.1 

97.8 1.1 1.1 

98.3 0.7 1.1 

TABLE 4.10 C o m p o s i t i o n (w/w) of the Epoxy Novolac Lacquers 

% R e s i n % Toluene % Photoinitiator % Acetone 
83.4 12.4 3.1 1.1 
84.3 12.6 2.2 0.9 

85.2 12.7 1.0 1.0 

85.5 12.8 0.7 1.1 
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The l a c q u e r s were a p p l i e d t o g l a s s p l a t e s t o g i v e f i l m s 

o f 125ym nominal t h i c k n e s s . The f i l m s were i r r a d i a t e d f o r 8 

m i n u t e s , 18cm from t h e lOOW lamp as i n p r e v i o u s e x p e r i m e n t s . 

When c a r r y i n g out the h a r d n e s s measurements the i n d e n t o r w i t h a 

p r i m a r y w e i g h t of 0.2 5g was a p p l i e d t o the f i l m f o r 30 seconds 

a f t e r w h i c h t h e s e c o n d a r y w e i g h t o f lOg was added and the depth 

o f p e n e t r a t i o n measured 30 seconds l a t e r . The measurements were 

c a r r i e d o u t a t i n t e r v a l s a f t e r i r r a d i a t i o n , each measurement b e i n g 

r e p e a t e d t h r e e t i m e s and an a v e r a g e t a k e n . 

F i g u r e 4.11(a) i s a p l o t o f t h e p e n e t r a t i o n depth a g a i n s t 

t h e time a f t e r i r r a d i a t i o n f o r a f i l m of each l a c q u e r of the 

DGEBA s y s t e m w h i l s t F i g u r e 4.11(b) i s a s i m i l a r p l o t f o r the 

epoxy n o v o l a c system. I n g e n e r a l the two p l o t s show t h a t de­

c r e a s i n g t h e c o n c e n t r a t i o n of p h o t o i n i t i a t o r r e s u l t s i n s o f t e r 

f i l m s i m m e d i a t e l y a f t e r c u r e and a s l o w e r r a t e of p o s t - i r r a d i a t i o n 

h a r d e n i n g . The e f f e c t of lower p h o t o i n i t i a t o r c o n c e n t r a t i o n s 

i s more pronounced f o r the DGEBA system w i t h the f i n a l h a r d n e s s 

v a l u e s o f t h i s s y s t e m a l s o showing some dependence on the photo­

i n i t i a t o r c o n c e n t r a t i o n . 

From t h e r e s u l t s i t would appear t h a t i n c r e a s i n g the amount 

of p h o t o i n i t i a t o r above 3% would not have any f u r t h e r b e n e f i c i a l 

e f f e c t . S i m i l a r r e s u l t s have been r e p o r t e d f o r the cur e of 3,4-

e p o x y c y c l o h e x y l m e t h y l - 3 ' , 4 ' - e p o x y c y c l o h e x a n e c a r b o x y l a t e w i t h 

i n c r e a s i n g c o n c e n t r a t i o n s o f a d i a r y l i o d o n i u m h e x a f l u o r o a r s e n a t e 

p h o t o i n i t i a t o r , t h e i r r a d i a t i o n time r e q u i r e d t o produce a f i l m 

t h a t c o u l d no l o n g e r be deformed by thumb p r e s s u r e b e ing t a k e n as 

a m.easure o f t h e r a t e of cure."*"*^ The f a c t t h a t p h o t o i n i t i a t o r 

c o n c e n t r a t i o n s above 3% w/w were found not t o i n c r e a s e the r a t e 

o f c u r e was a t t r i b u t e d t o l i m i t a t i o n s imposed by the l i g h t intensity. 
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FIGURE 4.11 Hardnes s as a F u n c t i o n of P h o t o i n i t i a t o r Concen-

t r a t i o n and Time a f t e r I r r a d i a t i o n 
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(a) The DGEBA System ( + , 2,8; • , 2.2; O, 1.1; A , 0.7% w/w 
p h o t o i n i t i a t o r ) 
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Time a f t e r I r r a d i a t i o n / h r s . 

(b) The Epoxy Novolac System ( + , 3.1; • , 2.2; O, 1.0; A, 
0.7% w/w p h o t o i n i t i a t o r ) 
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On c o m p l e t i o n of the experiment the a c t u a l t h i c k n e s s of 
t h e f i l m s were measured. T h i s was c a r r i e d out by embedding 
a sample o f each f i l m i n an epoxy r e s i n and then u s i n g a m i c r o ­
scope equipped w i t h a g r a t i c u l e t o measure the f i l m t h i c k n e s s . 
F i l m s o f t h e DGEBA l a c q u e r were on average 85±6 um t h i c k w h i l s t 
t h o s e of t he epoxy n o v o l a c system were 75±6yra t h i c k . Again 
t h i s i s s i g n i f i c a n t l y l e s s than the nominal t h i c k n e s s of the 
f i l m o f wet l a c q u e r . 

(B) I n f r a - R e d S p e c t r o s c o p i c Measurements of Epoxide C o n v e r s i o n 

The p r e v i o u s experiment was r e p e a t e d u s i n g l a c q u e r s of 

t h e f o l l o w i n g c o m p o s i t i o n : 

TABLE 4.11 Co m p o s i t i o n (w/w) of the DGEBA L a c q u e r s 

% R e s i n % P h o t o i n i t i a t o r % Acetone 

95.9 3.0 1.1 

96.9 2.0 1.1 

97.9 1.0 1.1 

98.4 0.5 1.1 

TABLE 4.12 C o m p o s i t i o n (w/w) of the Epoxy Novolac L a c q u e r s 

% R e s i n % Toluene % P h o t o i n i t i a t o r % Acetone 

83. 4 12.5 3.1 1.0 

84.3 12.6 2.1 1.0 

85.1 12.7 1.0 1.2 

85.7 12.8 0.5 1.0 

S i m i l a r f i l m s t o t h o s e used i n the p r e v i o u s experiment 

were p r e p a r e d and i r r a d i a t e d u s i n g the same c o n d i t i o n s . One 

v e r y i m p o r t a n t d i f f e r e n c e however i s t h a t the f i l m s were p r e -
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p a r e d on p o l y e t h y l e n e r a t h e r than g l a s s p a n e l s . As w i l l be 

seen l a t e r , t h e s u b s t r a t e can have a s i g n i f i c a n t e f f e c t on the 

c u r e o f f i l m s . I R s p e c t r o s c o p y was used t o determine the ex­

t e n t o f r e a c t i o n i n e a c h f i l m a t i n t e r v a l s o ver a p e r i o d of 13 

m i n u t e s t o 75 h o u r s a f t e r i r r a d i a t i o n . 

I n s p i t e of t h e s c a t t e r i n the c o n v e r s i o n measurements, 

t h e r e was some i n d i c a t i o n of p o s t i r r a d i a t i o n cure e s p e c i a l l y 

i n t h e f i l m s c o n t a i n i n g 0.5 and 1.0% p h o t o i n i t i a t o r . The a v e r ­

age f i n a l c o n v e r s i o n v a l u e s a r e plotted as a f u n c t i o n of the photo­

i n i t i a t o r c o n c e n t r a t i o n f o r t h e two systems i n F i g u r e s 4.12(a) 

and ( b ) . These two f i g u r e s i n d i c a t e t h a t the f i n a l c o n v e r s i o n 

i s dependent on t h e p h o t o i n i t i a t o r c o n c e n t r a t i o n , the e f f e c t 

b e i n g more pronounced i n the DGEBA system. The i n c r e a s e of 

c o n v e r s i o n w i t h i n c r e a s i n g p h o t o i n i t i a t o r c o n c e n t r a t i o n can a g a i n 

be i n t e r p r e t e d as e v i d e n c e of inhomogeneous c r o s s - l i n k i n g l e a d ­

i n g t o t h e t r a p p i n g of r e a c t i v e s p e c i e s . The use of d i f f e r e n t 

s u b s t r a t e s p r e v e n t s d e t a i l e d comparison between the hardness and 

c o n v e r s i o n measurements but both t e c h n i q u e s i n d i c a t e t h a t the 

DGEBA s y s t e m i s more s e n s i t i v e to the c o n c e n t r a t i o n of photo­

i n i t i a t o r . 

I t i s noted t h a t the f i l m of DGEBA c o n t a i n i n g 2% photo­

i n i t i a t o r shows a s i g n i f i c a n t l y g r e a t e r c o n v e r s i o n than t h a t 

measured i n a s i m i l a r l y i r r a d i a t e d f i l m i n S e c t i o n 4 . 6 ( a ) . 

T h i s a g a i n i l l u s t r a t e s the problems of r e p r o d u c i b i l i t y but the 

g e n e r a l t r e n d i s s t i l l c l e a r . 
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FIGURE 4.12 E f f e c t of P h o t o i n i t i a t o r C o n c e n t r a t i o n on the 

C o n v e r s i o n of Epoxide F u n c t i o n a l i t y " 

100 H 
c o 
in 
i 90 > c o o 

80H 

70 H 

60H 

50-
1 

% (w/w) P h o t o i n i t i a t o r 

(a) The DGEBA System 

c o 

(V 
> 
c 
o o 

100 H 

90H 

80 H 

7 0 H 

60 H 

5 0 
1 3 

% (w/w) P h o t o i n i t i a t o r 

(b) The Epoxy Novolac System 



170 

4.9 E f f e c t of Temperature on t h e Cure of t he DGEBA and Epoxy 
Novolac System a s D e t e r m i n e d by H a r d n e s s Measm^gi^s'^ts 

The lOOW lamp was s e t up i n a F i s o n s C l i m a t i c C a b i n e t 

so t h a t t h e t e m p e r a t u r e a t which i r r a d i a t i o n s were c a r r i e d out 

c o u l d be c o n t r o l l e d t o w i t h i n 1°C. Some c o n t r o l o ver the 

r e l a t i v e h u m i d i t y , RH, was a l s o p o s s i b l e . F i l m s were i r r a d ­

i a t e d a t t e m p e r a t u r e s o f 5°C (65% RH), 10°C (65% RH), 21°C 

(67% RH) and 31°C (62% RH) . 

The l a c q u e r s of t h e DGEBA and epoxy n o v o l a c r e s i n s used 

c o n t a i n e d 96.9% r e s i n , 2.1% p h o t o i n i t i a t o r and 1.0% w/w acetone 

and 84.3% r e s i n , 12.6% t o l u e n e , 2.0% p h o t o i n i t i a t o r and 1.0% w/w 

ace t o n e r e s p e c t i v e l y . S i x f i l m s o f e a c h l a c q u e r were p r e p a r e d 

f o r i r r a d i a t i o n a t e a c h t e m p e r a t u r e , t h e nominal f i l m t h i c k n e s s 

b e i n g 125pm. The f i l m s were p l a c e d i n t h e c l i m a t i c c a b i n e t 

to e q u i l i b r a t e and then i r r a d i a t e d f o r 8 m i n u t e s , 18cm from the 

s o u r c e . The m i c r o i n d e n t a t i o n t e s t e r was used as p r e v i o u s l y to 

measure t h e h a r d n e s s of t h e f i l m s a t i n t e r v a l s a f t e r i r r a d i a t i o n . 

S i x s e p a r a t e f i l m s were p r e p a r e d and i r r a d i a t e d f o r each l a c q u e r 

and t e m p e r a t u r e so t h a t one c o u l d be removed and i t s h a r d n e s s 

q u i c k l y measured, w h i l s t f o r t h e n e x t measurement another f i l m 

was removed and so on. T h i s p r o c e d u r e was adopted so t h a t any 

warming o r c o o l i n g of a f i l m w h i l s t a measurement was be i n g 

t a k e n would not a f f e c t s u bsequent measurements. 

The p l o t of i n d e n t a t i o n versus the time a f t e r i r r a d i a t i o n 

i n F i g u r e 4.13(a) f o r f i l m s i r r a d i a t e d a t 31, 21 and 10°C, shows 

t h a t the lower t h e t e m p e r a t u r e , t h e s o f t e r the f i l m i mmediately 

a f t e r c u r e and t h a t t h e p o s t - i r r a d i a t i o n h a r d e n i n g becomes f a s t e r 

as the t e m p e r a t u r e of i r r a d i a t i o n and s t o r a g e i n c r e a s e s although 

the same h a r d n e s s v a l u e s a r e e v e n t u a l l y r e a c h e d . A s i m i l a r 

p l o t f o r t h e epoxy n o v o l a c system i n F i g u r e 4.14(a) shows the 
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FIGURE 4.13 H a r d n e s s o f F i l m s of the DGEBA System as a 

F u n c t i o n o f Temperature and Time a f t e r I r r a d i a t i o n 
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H a r d n e s s of F i l m s of the Epoxy Novolac System as a 
F u n c t i o n of Temperature and Time a f t e r I r r a d i a t i o n " 
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same t r e n d s a l t h o u g h the e f f e c t of t h e lower t e m p e r a t u r e i s not 

as g r e a t . As shown i n F i g u r e 4.13(b) f o r the DGEBA system, 8 

m i n u t e s ' i r r a d i a t i o n a t 5°C r e s u l t s i n a much s o f t e r f i l m w i t h no 

p o s t - i r r a d i a t i o n h a r d e n i n g . I n c r e a s i n g the i r r a d i a t i o n time to 

20 and then 45 minutes produces an i n c r e a s e i n the i n i t i a l h a r d ­

n e s s o f t h e f i l m s and t h e r e i s some degree of p o s t - i r r a d i a t i o n 

h a r d e n i n g . The f i l m i r r a d i a t e d f o r 45 minutes i s s t i l l s i g n i f ­

i c a n t l y s o f t e r 52 hours a f t e r i r r a d i a t i o n than the f i l m s g i v e n 

much s h o r t e r c u r e e x p o s u r e s a t h i g h e r t e m p e r a t u r e s . A s i m i l a r 

t r e n d i s s e e n i n F i g u r e 4.14(b) f o r the epoxy n o v o l a c system 

i r r a d i a t e d a t 5°C. However t h i s s y s t e m a p p e a r s t o be l e s s 

a f f e c t e d by t h i s lower t e m p e r a t u r e ; 8 m i n u t e s ' i r r a d i a t i o n r e ­

s u l t s i n some degree of p o s t - i r r a d i a t i o n h a r d e n i n g , the d i f f e r ­

ence i n h a r d n e s s r e s u l t i n g from 20 and 45 m i n u t e s ' i r r a d i a t i o n 

i s much l e s s than t h a t f o r the DGEBA sy s t e m and the f i l m s i r r a d ­

i a t e d f o r 45 minutes approach the h a r d n e s s of t h o s e i r r a d i a t e d 

a t h i g h e r t e m p e r a t u r e s . 

The r e s u l t s i n d i c a t e t h a t the o v e r r i d i n g e f f e c t of a r e ­

d u c t i o n i n the t e m p e r a t u r e a t which i r r a d i a t i o n s a r e c a r r i e d out 

i s a d e c r e a s e i n the r a t e of p o l y m e r i z a t i o n as a r e s u l t of a r e ­

d u c t i o n i n t h e m o b i l i t y . The f o r m a t i o n of an inhomogeneously 

c r o s s - l i n k e d network c o u l d e x p l a i n why an i n c r e a s e i n the i r r a d ­

i a t i o n time a t t he l o w e s t t e m p e r a t u r e r e s u l t s i n an i n c r e a s e d 

degree o f c r o s s - l i n k i n g and hence h a r d n e s s . The e f f e c t of temp­

e r a t u r e on the p h o t o i n i t i a t e d c a t i o n i c c u r e of epoxy r e s i n s has 

been r e p o r t e d i n the l i t e r a t u r e . U s i n g i s o t h e r m a l DSC t o meas­

ure t h e e x t e n t of r e a c t i o n , C r i v e l l o and co-w o r k e r s found t h a t 

i n c r e a s i n g the t e m p e r a t u r e a t which 3 , 4 - e p o x y c y c l o h e x y l m e t h y l -

3' , 4 '-epoxycyclohexane c a r b o x y l a t e c o n t a i n i n g d i a r y l i o d o n i u m 

h e x a f l u o r o a r s e n a t e p h o t o i n i t i a t o r was i r r a d i a t e d r e s u l t e d i n a 

d e c r e a s e i n the time t o r e a c h the maximum c u r e rate."*"*^ I n 
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a n o t h e r s t u d y Watt"^^ found t h a t the time a f t e r i r r a d i a t i o n a t 
w h i c h f i l m s o f a DGEBA/aryldiazonium s a l t system became t a c k - f r e e , 
d e c r e a s e d w i t h i n c r e a s i n g t e m p e r a t u r e . F i l m s cured a t h i g h 
t e m p e r a t u r e s (110-120°C), however, were found to be s o f t and 
r u b b e r y and when i r r a d i a t i o n was c a r r i e d out above 120°C, no 
c u r e was o b s e r v e d . T h i s was a t t r i b u t e d t o the i n c r e a s e d o c c u r ­
r e n c e of c h a i n t r a n s f e r r e a c t i o n s a t e l e v a t e d t e m p e r a t u r e s . 

The h u m i d i t y i n t h e c l i m a t i c c a b i n e t was kept c o n s t a n t and 
3 6 

a t a r e a s o n a b l e l e v e l b e c a u s e i t i s r e p o r t e d by Watt t h a t high 

h u m i d i t y i n h i b i t s p h o t o i n i t i a t e d c a t i o n i c p o l y m e r i z a t i o n s . T h i s 

i s y e t a n o t h e r p o s s i b l e v a r i a b l e t h a t c o u l d a f f e c t the c u r e of 

su c h s y s t e m s . However t h e same au t h o r n o t e s t h a t f i l m s p r e p a r e d 

from epoxy r e s i n s c o n t a i n i n g p h o t o i n i t i a t o r d i s p e r s e d i n water 

c a n be c u r e d s a t i s f a c t o r i l y and t h a t t h i s o b s e r v a t i o n p r e s e n t s 

something of a paradox. 

4.10 P r e l i m i n a r y I n v e s t i g a t i o n of the E f f e c t of Adding a 
Pigment t o t he P h o t o c u r a b l e Systems 

The pigment ch o s e n f o r t h i s experiment was the r u t i l e form 

of t i t a n i u m d i o x i d e . L a c q u e r s of both the DGEBA and epoxy 

n o v o l a c r e s i n s were p r e p a r e d c o n t a i n i n g aa. 5, 10 and 20% w/w of 

t h i s w h i t e pigment, w i t h c o n c e n t r a t i o n s of p h o t o i n i t i a t o r and 

a c e t o n e s i m i l a r t o t h o s e used p r e v i o u s l y . 

I r r a d i a t i o n o f 125Mm nominal t h i c k n e s s f i l m s of each l a c q u e r 

f o r 8 m i n u t e s , 18cm from the lOOW s o u r c e r e s u l t e d i n s u r f a c e cure 

o n l y . I n c r e a s i n g t h e i r r a d i a t i o n time t o 20 and then 45 minutes 

d i d n o t l e a d t o t h r o u g h c u r e . The s u r f a c e s of t h e s e f i l m s ex­

h i b i t e d w r i v e l l i n g or w r i n k l i n g , an e f f e c t noted i n o t h e r p i g ­

mented UV c u r a b l e s y s t e m s and which i s thought to be due to 

t h e r a p i d c u r e o f t h e s u r f a c e i n t r o d u c i n g s t r e s s which i s a l l e v -
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i a t e d by a d o p t i n g a c o n v o l u t e d s u r f a c e p r o f i l e . "̂ ^ F i l m s of 

50ym nominal t h i c k n e s s c o n t a i n i n g 10 and 20% T i 0 2 d i d not c u r e 

s a t i s f a c t o r i l y even a f t e r 45 m i n u t e s ' i r r a d i a t i o n whereas the 

f i l m s of both s y s t e m s c o n t a i n i n g 5% of the pigment were cu r e d 

a f t e r the l o n g e r i r r a d i a t i o n p e r i o d . 

S i n c e the r u t i l e form of T i 0 2 s t a r t s to absorb a t '^'410nm, 

r e a c h i n g a maximiam and c o n s t a n t a b s o r p t i o n v a l u e ( c a . 5% t r a n s -

mi t t a n c e ) a t '̂ '370nm,"̂ ^ the e f f e c t of T i 0 2 on t he cur e of two 

systems i s h a r d l y s u r p r i s i n g and i l l u s t r a t e s t h e d i f f i c u l t y of 

p i g m e n t i n g UV c u r a b l e s y s t e m s . The number of v a r i a b l e s t h a t 

can a f f e c t t h e c u r e o f a pigmented f i l m i n c l u d e the p h o t o i n i t i a t o r 

and pigment c o n c e n t r a t i o n , the a b s o r p t i o n and s c a t t e r i n g of r a d ­

i a t i o n by the pigment, the f i l m t h i c k n e s s and the s p e c t r a l d i s t ­

r i b u t i o n of t h e s o u r c e make the f o r m u l a t i o n of pigmented systems 

2 
complex. 

P o s s i b l e s o l u t i o n s t o the p i g m e n t a t i o n of the systems exam­

i n e d i n t h i s work would be to e i t h e r choose pigment t h a t does 

n o t a b s o r b i n t he r e g i o n of 275-313nm or p r o b a b l y more r e a l i s t ­

i c a l l y use a p h o t o s e n s i t i z e r t h a t absorbs i n a d i f f e r e n t r e g i o n 

o f t h e e l e c t r o m a g n e t i c spectrum t o the pigment. 

4.11 The Use o f TMA t o Determine t h e E f f e c t o f v a r i o u s i r r a d i a t i o n 
C o n d i t i o n s on t h e Tg of the DGEBA System 

I n f r a - r e d s p e c t r o s c o p i c measurements of the e x t e n t of epox­

i d e c o n v e r s i o n i n f i l m s of the photocured epoxy r e s i n s have 

pr o v e d q u i t e u s e f u l f o r showing t r e n d s such as the i n c r e a s e of 

c o n v e r s i o n w i t h i n c r e a s i n g c u r e e x p o s u r e . Q u a l i t a t i v e measure­

ments of t h e h a r d n e s s of the photocured r e s i n s , a p r o p e r t y r e ­

l a t e d t o the de g r e e o f c r o s s - l i n k i n g , proved t o be a r e a s o n a b l y 

s e n s i t i v e t e c h n i q u e f o r m o n i t o r i n g p o s t - i r r a d i a t i o n c u r e . As 
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i n d i c a t e d p r e v i o u s l y the g l a s s t r a n s i t i o n temperature, Tg, of a 
network polymer i s a n o t h e r p h y s i c a l p r o p e r t y r e l a t e d to the 
d e g r e e o f c r o s s - l i n k i n g . The Tgs o f f i l m s o f the DGEBA system 
i r r a d i a t e d under v a r i o u s c o n d i t i o n s were measured u s i n g p e n e t r o -
metry i n an a t t e m p t t o p r o v i d e a guide t o the r e l a t i v e degree 
o f c r o s s - l i n k i n g which c o u l d be r e l a t e d to the c o n d i t i o n s of 
i r r a d i a t i o n and t o determine whether the same t r e n d s are ob­
s e r v e d a s w i t h IR s p e c t r o s c o p y measurements of epoxide c o n v e r s i o n , 
However t h e us e of Tg, measured by penetrometry, as a guide t o the 
d e g r e e o f c r o s s - l i n k i n g t u r n e d out to be much more c o m p l i c a t e d 
than o r i g i n a l l y e n v i s a g e d . 

The Tg measurements were c a r r i e d out on samples of f i l m s 

removed from the s u b s t r a t e u s i n g the c o r k - b o r e r . A load o f 50g 

a p p l i e d t o t h e probe of t h e TMA i n s t r u m e n t and a h e a t i n g r a t e of 

5°C min ''" were t h e c o n d i t i o n s employed i n a l l the measurements 

c a r r i e d o u t . 

(A) I r r a d i a t i o n w i t h the 1.8kW Source 

( i ) An I n i t i a l I n v e s t i g a t i o n of the Tg of F i l m s 
I r r a d i a t e d on S t e e l 

F i l m s of 200ijm nominal t h i c k n e s s c o n t a i n i n g 97.0% r e s i n , 

2.0% p h o t o i n i t i a t o r and 1.0% w/w acetone were prepared on m i l d 

s t e e l p a n e l s . The f i l m s were i r r a d i a t e d u s i n g the m i n i - c u r e 

a p p a r a t u s w i t h both the 1.8kW lamps f u n c t i o n i n g . I t was found 

t h a t even w i t h t h e second lamp o p e r a t i o n a l , f i l m s r e q u i r e d a t 

l e a s t 4 p a s s e s under the lamps b e f o r e g e l a t i o n o c c u r r e d , whereas 

a s i m i l a r f i l m on p o l y e t h y l e n e i r r a d i a t e d u s i n g only 1 lamp gave 

a r i g i d f i l m a f t e r 1 p a s s . The UV r e f l e c t a n c e of the s u b s t r a t e 

can have a s i g n i f i c a n t e f f e c t on the c u r e of f i l m s but i t would 

seem u n l i k e l y t h a t p o l y e t h y l e n e c o u l d have a g r e a t e r r e f l e c t a n c e 

than m e t a l . When u s i n g p o l y e t h y l e n e as the s u b s t r a t e , i t was 
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a t t a c h e d t o a g l a s s p a n e l but i t i s improbable t h a t r e f l e c t i o n 
from the g l a s s c o u l d g i v e r i s e to t he above e f f e c t s i n c e f i l m s 
on p o l y e t h y l e n e a t t a c h e d to metal p a n e l s were p o l y m e r i z e d a f t e r 
1 p a s s . Another p o s s i b l e e x p l a n a t i o n c o u l d be t h a t the f i l m s 
on p o l y e t h y l e n e a r e more e a s i l y warmed by the h e a t from the lamps 
whereas f i l m s i n i n t i m a t e c o n t a c t w i t h the m e t a l are not h e a t e d 
a s e f f i c i e n t l y . I t i s a l s o r e p o r t e d t h a t the s u b s t r a t e can 
i n h i b i t or p r e v e n t the c u r e of f i l m s i f i t i s r e a c t i v e towards 
t h e a c i d i n i t i a t o r or p r o p a g a t i n g species."^ S i n c e i t was noted 
t h a t t h e s t e e l under a c u r e d f i l m was s l i g h t l y d i s c o l o u r e d , r e ­
a c t i o n of the a c i d i c i n i t i a t i n g s p e c i e s w i t h the s t e e l sub­
s t r a t e i s a d i s t i n c t p o s s i b i l i t y . 

The Tg of samples of a f i l m g i v e n 4 p a s s e s under the 

lamp were measured over a p e r i o d of time s t a r t i n g from 96 hours 

a f t e r i r r a d i a t i o n . F i g u r e 4.15 shows an example of a TMA t r a c e 

o b t a i n e d . 

E x p a n s i o n 

P e n e t r a t i o n 

T e m p e r a t u r e / C 

FIGURE 4.15 Example of the TMA T r a c e f o r a F i l m of the DGEBA 
System Cured on S t e e l 

The above t r a c e was r e p r o d u c i b l e w i t h f r e s h samples of f i l m 

but r e p e t i t i o n of the measurement on the same sample gave o n l y 

one t r a n s i t i o n as d i d subsequent r u n s . The temperature of the 

o n s e t of the two t r a n s i t i o n s a r e shown i n the T a b l e below, al o n g 

w i t h the Tg v a l u e s r e c o r d e d on subsequent measurements. 



178 

TABLE 4.13 E f f e c t of R e p e a t i n g the Tg Measurements on a 
Sample of F i l m c u r e d on S t e e l 

Run 1 2 3 4 5 6 

Tg/°C Tg^=43, Tg2=70 63 72 75 68 77 

The two t r a n s i t i o n s c o u l d be i n d i c a t i v e of two r e l a x ­

a t i o n p r o c e s s e s o c c u r r i n g i n d e p e n d e n t l y of one another. T h i s 

may be i n t e r p r e t e d as b e i n g a consequence of the network con­

t a i n i n g dom.ains of h i g h and low m o b i l i t y , the f o r m a t i o n of t h e s e 

r e g i o n s r e s u l t i n g from an inhomogeneous mechanism of c r o s s -

l i n k i n g as d e t a i l e d i n C h a p t e r One. As the temperature of 

the sample i s r a i s e d , the l e s s c r o s s - l i n k e d more mobile r e g i o n s 

c o u l d undergo r e l a x a t i o n a t a lower temperature than the l e s s 

m o b i l e r e g i o n s g i v i n g r i s e to a p e netrometry t r a c e of the above 

form. The a t t e n u a t i o n of l i g h t p e n e t r a t i n g the f i l m r e s u l t i n g 

i n a r e d u c t i o n i n the number of i n i t i a t i n g s p e c i e s produced 

d e e p e r i n t h e f i l m and hence a lower degree of c r o s s - l i n k i n g 

c o u l d c o n t r i b u t e t o the above o b s e r v a t i o n . I t i s u n l i k e l y t h a t 

i t i s t h e s o l e c a u s e however s i n c e one might e x p e c t t h i s e f f e c t 

t o g i v e a g r a d u a l d e c r e a s e i n t h e degree of c r o s s - l i n k i n g on 

g o i n g d e e p e r i n t o the f i l m and not such a pronounced d i f f e r e n c e 

i n t h e d e g r e e of c r o s s - l i n k i n g as i s i n d i c a t e d by the TiAA t r a c e s . 

R e p e a t i n g the measurem.ent on the same sample which was 

h e a t e d t o 102°C i n the f i r s t measurement r e s u l t s i n only one ob­

s e r v a b l e t r a n s i t i o n , the o n s e t of which o c c u r s a t a temperature 

mid-way between t h o s e of the two t r a n s i t i t i n s observed f o r the 

p r i s t i n e sample. T h i s would i n d i c a t e t h a t as the temperature 

o f t h e network i s r a i s e d , the m o b i l i t y i n c r e a s e s and trapped 

r e a c t i v e s p e c i e s become a c t i v e l e a d i n g to f u r t h e r c r o s s - l i n k i n g , 

e s p e c i a l l y i n r e g i o n s of low c r o s s - l i n k d e n s i t y . The r e s u l t 

i s a d e c r e a s e i n the two phase n a t u r e of the system and only one 
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o b s e r v a b l e g l a s s t r a n s i t i o n on subsequent measurements. The 

t e m p e r a t u r e of t h e o n s e t of t h i s s i n g l e t r a n s i t i o n i n d i c a t e s 

t h a t t h e c r o s s - l i n k d e n s i t y has not i n c r e a s e d t o e q u a l t h a t of 

t h e domains of h i g h c r o s s - l i n k d e n s i t y i n the unheated network. 

However, subsequent h e a t i n g of the sample d u r i n g f u r t h e r measure­

ments does r e s u l t i n Tg becoming s i m i l a r to the v a l u e of Tg 

a t t r i b u t e d to r e g i o n s of high c r o s s - l i n k d e n s i t y i n the unheated 

network. The o b s e r v e d i n c r e a s e o f Tg i n heated samples may not 

be s o l e l y due t o i n c r e a s e s i n t he degree of c r o s s - l i n k i n g . 

T hermo-gravimetry, the measurement of weight change w i t h temper­

a t u r e , showed t h a t a sample of the above f i l m s t a r t e d t o l o s e 

w e i g h t i n the r e g i o n of 100°C when he a t e d a t 10°C min under a 

n i t r o g e n atmosphere and t h a t the f i l m had l o s t 3.5% of i t s 

w e i g h t a t 200°C. The l o s s of low m o l e c u l a r weight s p e c i e s which 

may i n c l u d e unreacted monomer, m o i s t u r e , p h o t o i n i t i a t o r r e s i d u e s 

or p h o t o d e g r a d a t i o n p r o d u c t s would a l s o c o n t r i b u t e t o an i n c r e a s e 

of Tg. 

The t h e r m a l t r e a t m e n t of the system was f u r t h e r i n v e s t ­

i g a t e d by h e a t i n g samples of a f i l m under a v a r i e t y of regimes. 

Samples heated t o 80, 102 and 134°C f o r 1 hour gave Tgs of ca. 

80, 85 and 93°C r e s p e c t i v e l y a f t e r r e p e a t e d measurements. The 

sample h e a t e d to 134°C d i d not show a s i g n i f i c a n t i n c r e a s e a f t e r 

t h e f i r s t measurement whereas the o t h e r s d i d . An i n c r e a s e i n 

t h e d egree of c r o s s - l i n k i n g i n the sample heated to the h i g h e r 

t e m p e r a t u r e perhaps combined w i t h a g r e a t e r l o s s of low mole­

c u l a r w e i g h t s p e c i e s c o u l d a c c o u n t f o r i t s h i g h e r Tg. 

Two g l a s s t r a n s i t i o n s were a l s o observed i n the t r a c e 

from a sample of a 200ym nominal t h i c k n e s s f i l m of the epoxy 

n o v o l a c system of s i m i l a r c o m p o s i t i o n t o t h a t used p r e v i o u s l y and 

i r r a d i a t e d on s t e e l i n a s i m i l a r way to the above f i l m s . The 
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f i r s t t r a n s i t i o n o c c u r r e d a t 35°C w h i l s t the second o c c u r r e d a t 
75°C; r e p e a t i n g t h e measurement on the same sample r e s u l t e d i n 
one t r a n s i t i o n a t 51°C. He a t i n g a sample of the f i l m t o 128°C 
f o r 1 hour gave a s i n g l e Tg i n the r e g i o n of 90-100°C a f t e r a 
number o f measurements. 

The e f f e c t o f adding a r e a c t i v e d i l u e n t t o the DGEBA 

system was i n v e s t i g a t e d . L a c q u e r s i n which up to 20% w/w of 

the DGEBA r e s i n was r e p l a c e d by the d i g l y c i d y l e t h e r of butane-

d i o l were p r e p a r e d and f i l m s of 200ym nominal t h i c k n e s s i r r a d ­

i a t e d a s above. I t was found t h a t even i n t he f i l m c o n t a i n i n g 

20% w/w of t h e r e a c t i v e d i l u e n t , the t e m p e r a t u r e of the o n s e t of 

the two t r a n s i t i o n s , 46 and 72°C r e s p e c t i v e l y , were v e r y c l o s e 

t o t h o s e o b s e r v e d i n a f i l m c o n t a i n i n g no r e a c t i v e d i l u e n t . 

A f t e r b e i n g h e a t e d t o 134*^0 f o r 1 hour and a number of measure-

e n t s , t h e Tg o f a sample of the f i l m c o n t a i n i n g 20% of the d i l ­

u e n t was found t o be 90°C which, a g a i n , i s q u i t e c l o s e t o the 

v a l u e o b t a i n e d f o r a f i l m c o n t a i n i n g no r e a c t i v e d i l u e n t . I n 

view of the f l e x i b l e s t r u c t u r e of the d i l u e n t , one might e x p e c t 

the Tg of t h e sy s t e m c o n t a i n i n g the d i l u e n t t o be lowered. 

A d d i t i o n of t h e d i l u e n t however reduced the v i s c o s i t y o f the 

system and i t may be t h a t t h i s i n c r e a s e i n m o b i l i t y l e a d s to an 

i n c r e a s e of monomer c o n v e r s i o n and hence c r o s s - l i n k d e n s i t y , 

o f f s e t t i n g t h e i n c r e a s e d f l e x i b i l i t y o f t h e system; an e f f e c t 
38 

t h a t has been o b s e r v e d i n o t h e r p h o t o c u r a b l e s y s t e m s . I n -

homogeneous c r o s s - l i n k i n g however s t i l l p e r s i s t s even w i t h the 

a d d i t i o n of d i l u e n t . Other p o s s i b l e e x p l a n a t i o n s f o r t he above 

o b s e r v a t i o n c o u l d i n v o l v e the f o r m a t i o n of polymer r i c h i n one 

of t h e monomers, w i t h o t h e r a r e a s of t h e network r i c h i n the 

o t h e r monomer f o r r e a s o n s of d i f f e r e n c e s i n c o m p a t i b i l i t y or 

r e a c t i v i t y . I f the two a r e a s of network a c t e d i n d e p e n d e n t l y 

then under t h e c o n d i t i o n s adopted f o r measuring Tg, r e l a x a t i o n 
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p r o c e s s e s i n t h e a r e a s r i c h i n d i l u e n t p r o b a b l y would not be 
d e t e c t e d s i n c e t h e e x a m i n a t i o n of a f i l m of homopolymer of the 
d i l u e n t i n d i c a t e d t h a t t h e Tg i s below room t e m p e r a t u r e . 

( i i ) E f f e c t of i n c r e a s i n g Cure E x p o s u r e and F i l m T h i c k n e s s 
on the Tg o f F i l m s i r r a d i a t e d on S t e e l 

F i l m s of 100 and 200ym nominal t h i c k n e s s p r e p a r e d on 

s t e e l from a l a c q u e r c o n t a i n i n g 96.9% r e s i n , 2.1% p h o t o i n i t i a t o r 

and 1.0% w/w a c e t o n e were i r r a d i a t e d u s i n g the m i n i - c u r e appar­

a t u s w i t h o n l y one o f the 1.8kW lamps f u n c t i o n i n g . The f i l m s 

were g i v e n 5, 10 and 20 p a s s e s under t h e lamp, 5 p a s s e s b e i n g 

the l o w e s t e x p o s u r e r e q u i r e d t o produce a r i g i d f i l m and then 

s t o r e d i n t h e d a r k . The f i r s t Tg measurement on each f i l m was 

c a r r i e d o u t 10 m i n u t e s a f t e r i r r a d i a t i o n . 

F i g u r e s 4.15(a) and (b) show the t emperature of the 

o n s e t of i n i t i a l p e n e t r a t i o n p l o t t e d a g a i n s t the time a f t e r 

i r r a d i a t i o n f o r t h e 100pm and 200ijm f i l m s r e s p e c t i v e l y . I n 

both s e t s o f f i l m s t h i s i n i t i a l Tg i n c r e a s e s w i t h i n c r e a s i n g 

c u r e e x p o s u r e , a l t h o u g h the d i f f e r e n c e between f i l m s g i v e n 5 and 

10 p a s s e s i s n o t as pronounced i n the t h i n n e r f i l m s . The i n ­

c r e a s e o f t h e i n i t i a l Tg w i t h c u r e exposure c o u l d be a combin­

a t i o n o f an i n c r e a s e i n p h o t o i n i t i a t o r p h o t o l y s i s or the temper­

a t u r e of f i l m s l e a d i n g t o a g r e a t e r d egree of c o n v e r s i o n and 

hence c r o s s - l i n k i n g . G e n e r a l l y t h e r e i s a marked i n c r e a s e i n the 

i n i t i a l Tg of a f i l m o v e r the f i r s t 168 h ours a f t e r i r r a d i a t i o n , 

t h e b u l k o f t h i s i n c r e a s e o c c u r r i n g w i t h i n 24 hours and p r o b a b l y 

w i t h i n 1 hour o f i r r a d i a t i o n , f o l l o w e d by a s l i g h t d r i f t upwards 

i n t h e Tg v a l u e o v e r t h e n e x t 500 h o u r s or s o . I n a l l c a s e s 

t h e i n i t i a l Tg measured 1 y e a r a f t e r i r r a d i a t i o n shows a s i g n i f ­

i c a n t i n c r e a s e o v e r t h e v a l u e o b t a i n e d 696 hours a f t e r i r r a d ­

i a t i o n , i n d i c a t i n g t h a t t h e s ystem c o n t i n u e s t o r e a c t a l b e i t v e r y 

s l o w l y . T h i s c o n t i n u e d r e a c t i o n l e a d s the d i f f e r e n c e i n the 
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I n i t i a l Tg as a F u n c t i o n of Cure Exposure and Time 
a f t e r I r r a d i a t i o n f o r F i l m s I r r a d i a t e d on S t e e l 
u s i n g the 1.8kW Source (O, 5; • ,10;+ ,20 p a s s e s ) 
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(b) F i l m s of 200um Nominal T h i c k n e s s 
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i n i t i a l Tg due t o i n c r e a s i n g c u r e exposure t o d i m i n i s h as time 

p r o g r e s s e s . The t h i c k e r f i l m s tend to show a lower i n i t i a l Tg 

than t h e t h i n n e r f i l m s g i v e n an e q u i v a l e n t c u r e exposure a l t h o u g h 

t h i s d i f f e r e n c e a g a i n d i m i n i s h e s w i t h time. However the t h i c k e r 

f i l m g i v e n 20 p a s s e s does show a h i g h e r i n i t i a l Tg than the 

t h i n n e r f i l m g i v e n 10 p a s s e s f o r example. 

A l l the f i l m s of 200ym nominal and those of lOOum 

nominal t h i c k n e s s g i v e n 5 or 10 p a s s e s under the lamp showed a 

h i g h e r t e m p e r a t u r e t r a n s i t i o n , the v a l u e s b e i n g shown i n Table 4.14 

TABLE 4.14 Second Tg (°C) as a f u n c t i o n of Cure E x p o s u r e , Sample 
T h i c k n e s s and Time a f t e r I r r a d i a t i o n f o r F i l m s C u r e d 
on S t e e l u s i n g the 1.8kW Source 

Time a f t e r lOOpm 200iJm 
i rradiation 

/hrs. 5 passes 10 passes 20 passes 5 passes 10 passes 20 passes 

0.17 70 73 - - - -

24 69 69 71 63 62 -

48 69 61 - 63 64 71 

168 68 69 - 68 70 70 

336 74 71 - 72 72 74 

504 72 71 - 69 69 75 

696 71 72 -- 71 72 75 

1 y e a r - - - 80 - -

The temperature of the o n s e t of t h i s second t r a n s i t i o n 

i n f i l m s o f 100pm t h i c k n e s s g i v e n 5 and 10 p a s s e s under the lamp 

does n o t change s i g n i f i c a n t l y i n the 696 hour p e r i o d a f t e r i r r a d ­

i a t i o n but a f t e r approxiinately 1 y e a r , o n l y one t r a n s i t i o n i s observed. 

Although the 200ym f i l m s do not e x h i b i t a second t r a n s i t i o n 10 

m i n u t e s a f t e r i r r a d i a t i o n , one becomes d i s c e r n i b l e when the Tf^A 

t r a c e i s r e c o r d e d 24 o r 48 hours a f t e r i r r a d i a t i o n . The temper­

a t u r e a t which t h i s second t r a n s i t i o n o c c u r s i n t h e s e f i l m s does 
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appear t o i n c r e a s e w i t h time but l e s s so i n the f i l m g i v e n 20 

p a s s e s . A f t e r 1 y e a r however o n l y the f i l m g i v e n 5 p a s s e s 

showed a c l e a r l y d i s c e r n i b l e second t r a n s i t i o n . 

The above o b s e r v a t i o n s , i n p a r t i c u l a r t h e o c c u r r e n c e 

o f two t r a n s i t i o n s a g a i n l e n d s u p p o r t t o t h e h y p o t h e s i s of i n -

homogeneous c r o s s - l i n k i n g and the t r a p p i n g o f r e a c t i v e s p e c i e s . 

The i n c r e a s e i n t h e lower Tg w i t h i r r a d i a t i o n time i s c o n s i s t e n t 

w i t h the i n t e r p r e t a t i o n o f t he r e s u l t s of I R s p e c t r o s c o p i c meas­

urements of c o n v e r s i o n as a f u n c t i o n of t he c u r e exposure. The 

ap p a r e n t d e c r e a s e i n t he m o b i l i t y o f t h e s e l e s s c r o s s - l i n k e d 

r e g i o n s c o u l d be due t o an i n c r e a s e d p r o p o r t i o n of more h i g h l y 

c r o s s - l i n k e d domains e x e r t i n g a ' s t i f f e n i n g ' e f f e c t on the low 

c r o s s - l i n k d e n s i t y r e g i o n s as w e l l as a p o s s i b l e i n c r e a s e i n the 

c r o s s - l i n k d e n s i t y of t h e s e r e g i o n s . 

The o n s e t o f p e n e t r a t i o n a t a lower t e m p e r a t u r e i n 

the t h i c k e r f i l m s i s p r o b a b l y a consequence of a r e d u c t i o n i n 

the g e n e r a t i o n of i n i t i a t i n g s p e c i e s i n t he lower r e a c h e s of the 

f i l m s due to a t t e n u a t i o n of t he l i g h t p e n e t r a t i n g the f i l m s . 

The fewer p r o p a g a t i n g c e n t r e s r e s u l t i n a lower degree of con­

v e r s i o n and hence c r o s s - l i n k i n g p r i o r t o t r a p p i n g . No second 

t r a n s i t i o n was o b s e r v e d i n t h e s e f i l m s i m m e d i a t e l y a f t e r i r r a d ­

i a t i o n , p o s s i b l y b e c a u s e a t t h i s s t a g e the sy s t e m i s s t i l l f a i r l y 

homogeneous a s s u b s t a n t i a l r e g i o n s of the network have not r e a l l y 

become h i g h l y c r o s s - l i n k e d due t o the reduced number of i n i t i a t ­

i n g s p e c i e s b ut a s t h e p o l y m e r i z a t i o n p r o g r e s s e s t h e s e a r e a s a r e 

formed and two t r a n s i t i o n s become a p p a r e n t . The maximum number 

of i n i t i a t i n g s p e c i e s w i l l be produced i n t h e t h i n n e r f i l m g i v e n 

the l o n g e s t c u r e e xposure which may e x p l a i n why t h i s f i l m tends 

to show one t r a n s i t i o n , the g r e a t e r number of i n i t i a t i n g s p e c i e s 

r e s u l t i n g i n a more homogeneous d i s t r i b u t i o n of c r o s s - l i n k i n g . 

The Tg of t h i s f i l m i s s t i l l q u i t e low however i n d i c a t i n g t h a t 
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m a t e r i a l o f lower c r o s s - l i n k d e n s i t y i s p r e s e n t . 

I t would appear t h a t the f i l m s do c o n t i n u e to r e a c t 

i n t h e d a r k a f t e r i r r a d i a t i o n . Although q u i t e r a p i d i n i t i a l l y 

t he r a t e o f t h i s r e a c t i o n becomes v e r y slow but i t does s t i l l 

o c c u r . I n a l l b u t the t h i c k e s t f i l m g i v e n the least cure ex­

p o s u r e t h i s c o n t i n u e d r e a c t i o n l e a d s t o a l o s s of the two phase 

nature of t h e s y s t e m and o n l y one o b s e r v a b l e t r a n s i t i o n 1 y e a r 

a f t e r i r r a d i a t i o n . Although i t i s proposed t h a t r e a c t i v e 

s p e c i e s become t r a p p e d i n h i g h l y c r o s s - l i n k e d r e g i o n s they must 

s t i l l have a s m a l l degree of m o b i l i t y t o g i v e r i s e to the above 

o b s e r v a t i o n . 

The p o t e n t i a l f o r t h e r m a l r e a c t i o n was i n v e s t i g a t e d 

a f t e r a y e a r ' s s t o r a g e , the r e s u l t s i n T a b l e 4.15 showing the 

e f f e c t o f r e p e a t i n g the measurem.ent a f t e r the sample has been 

h e a t e d t o 150°C i n the f i r s t measurement. 

TABLE 4.15 E f f e c t of R e p e a t i n g the Tg Measurement on F i l m s 
C u r e d on S t e e l u s i n g the 1.8kW Source and S t o r e d 
f o r One Y e a r 

Film thickness/ym 100 200 

Number of passes 5 20 5 20 

Run 1 2 1 2 1 2 1 2 

Tg/°C 59 74 65 90 59,80 70 64 83 

H e a t i n g the f i l m of 200ym nominal t h i c k n e s s g i v e n 5 

p a s s e s r e s u l t s i n o n l y one o b s e r v a b l e t r a n s i t i o n a t a temperature 

between t h o s e of the two t r a n s i t i o n s observed i n the i n i t i a l run. 

H e a t i n g t h e o t h e r f i l m s r e s u l t s i n an i n c r e a s e i n the temperature 

of t h e o n s e t o f t h e s i n g l e t r a n s i t i o n , the magnitude of the i n ­

c r e a s e s b e i n g g r e a t e r i n t h e t h i n n e r f i l m g i v e n a longer cure 

e x p o s u r e . T h i s i n c r e a s e i n Tg may be due to a combination of 

the l o s s o f low m o l e c u l a r w e i g h t s p e c i e s and an i n c r e a s e i n the 

d e g r e e o f c r o s s - l i n k i n g . 
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( i i i ) E f f e c t of I n c r e a s i n g Cure Ex p o s u r e and F i l m T h i c k n e s s 
on t h e Tg of F i l m s i r r a d i a t e d on P o l y e t h y l e n e 

F i l m s of 100 and 200ym nominal t h i c k n e s s were p r e ­

p a r e d on p o l y e t h y l e n e from l a c q u e r s c o n t a i n i n g 97.0% r e s i n , 2.0% 

p h o t o i n i t i a t o r and 1.0% w/w a c e t o n e , i r r a d i a t e d u s i n g the m i n i -

c u r e a p p a r a t u s and then s t o r e d i n t he da r k . The experiment 

w i t h f i l m s of lOOym nominal t h i c k n e s s was r e p e a t e d t h r e e t i m e s , 

s i m i l a r l a c q u e r c o m p o s i t i o n s b e i n g used. A l l t h r e e runs showed 

s i m i l a r t r e n d s . I n the m a j o r i t y o f measurements, o n l y one 

t r a n s i t i o n was ob s e r v e d but o c c a s i o n a l l y a second t r a n s i t i o n d i d 

become d i s c e r n i b l e which may be i n d i c a t i v e of some inhomogeneity 

i n t h e c u r e o v e r the a r e a of a f i l m . 

FIGURE 4.17 Tg as a f u n c t i o n of Cure Exposure and Time a f t e r 
I r r a d i a t i o n f o r F i l m s of lOOym Nominal T h i c k n e s s 
I r r a d i a t e d on P o l y e t h y l e n e u s i n g t h e 1.8kW Source 
(A, 1; 0,3; • ,10; + ,20 p a s s e s ) 
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The r e s u l t s from one of the e x p e r i m e n t s u s i n g lOOum 
f i l m s a r e shown i n F i g u r e 4.17, the f i r s t Tg measurement b e i n g 
c a r r i e d out 10 m inutes a f t e r i r r a d i a t i o n . Although f i l m s were 
g i v e n 1,2,3,5,10 and 20 p a s s e s under the lamp, the r e s u l t s f o r 
o n l y f o u r of t h e s e f i l m s a r e p l o t t e d t o a v o i d c o n g e s t i o n of 
the F i g u r e . As w i t h the f i l m s c u r e d on s t e e l , the Tg of a f i l m 
t e n d s t o i n c r e a s e w i t h i n c r e a s i n g c u r e exposure i m p l y i n g t h a t the 
d egree of c o n v e r s i o n i n c r e a s e s , a t r e n d i n d i c a t e d by IR s p e c t r o ­
s c o p i c measurements of c o n v e r s i o n on s i m i l a r l y i r r a d i a t e d f i l m s . 
The Tg of t h e f i l m s g i v e n 3, 10 and 20 p a s s e s show a marked i n ­
c r e a s e o v e r the f i r s t 168 hours or so a f t e r i r r a d i a t i o n , w i t h a 
s l i g h t i n c r e a s e a f t e r t h i s p e r i o d so t h a t a f t e r 1 y e a r the f i l m s 
have v e r y s i m i l a r Tg v a l u e s . The f i l m g i v e n 1 p a s s appears to 
show a more g e n t l e i n c r e a s e throughout the p e r i o d a f t e r i r r a d ­
i a t i o n and a f t e r 1 y e a r the Tg of t h i s f i l m i s s t i l l lower than 
t h a t of t h e o t h e r f i l m s . 

I n f r a - r e d s p e c t r o s c o p i c measurements were c a r r i e d out on 

s i m i l a r f i l m s s t o r e d i n the dark f o r 1 y e a r , t o determine whether 

any i n c r e a s e i n c o n v e r s i o n has o c c u r r e d o v e r t h i s time p e r i o d . 

The r e s u l t s i n T a b l e 4.16 i n d i c a t e t h a t t h e r e i s some i n c r e a s e 

i n t h e e x t e n t of r e a c t i o n over t h i s p e r i o d i n a l l the f i l m s 

e x c e p t t h a t g i v e n 20 p a s s e s . 

TABLE 4.16 Epoxide C o n v e r s i o n a f t e r 1 y e a r ' s S t o r a g e f o r F i l m s 
of lOOym Nominal T h i c k n e s s C u r e d on P o l y e t h y l e n e 
u s i n g the 1.8kW Source 

Number of 
p a s s e s 

% C o n v e r s i o n Number of 
p a s s e s I + 48 hours I + 1 y e a r 

1 78 ± 2 82 ± 2 

3 76 ± 1 80 ± 1 

10 79 ± 5 86 ± 1 

20 85 ± 2 85 ± 2 
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The f a c t t h a t the above f i l m s o n l y show one transition 
does no t n e c e s s a r i l y r u l e out the o c c u r r e n c e of inhomogeneous 
c r o s s - l i n k i n g , which the i n t e r p r e t a t i o n of the i n c r e a s e of Tg 
w i t h c u r e e xposure i m p l i e s i s t a k i n g p l a c e . P o s s i b l y , the 
d i f f e r e n c e i n the m o b i l i t y of the h i g h and low c r o s s - l i n k dens­
i t y r e g i o n s i s not s u f f i c i e n t t o g i v e r i s e t o two d e t e c t a b l e 
t r a n s i t i o n s . 

I n t e r e s t i n g l y , u n l i k e the above f i l m s c u r e d on p o l y ­

e t h y l e n e , f i l m s of s i m i l a r c o m p o s i t i o n and t h i c k n e s s i r r a d i a t e d 

on s t e e l t e n d t o show two t r a n s i t i o n s w i t h the i n i t i a l p e n e t r a t ­

i o n o f the probe o c c u r r i n g a t a lower t e m p e r a t u r e f o r a l l c u r e 

e x p o s u r e s s u g g e s t i n g t h a t the degree of c r o s s - l i n k i n g i s lower. 

Even i f the i n d u c t i o n p e r i o d a s s o c i a t e d w i t h the g e l a t i o n of the 

f i l m s on s t e e l were t o be r e l a t e d the r e a c t i o n of the i n i t i a t i n g 

s p e c i e s w i t h the s u b s t r a t e , the r a t e of p h o t o l y s i s of the photo­

i n i t i a t o r or a r e d u c t i o n i n the h e a t i n g of f i l m s , one might ex­

p e c t the f i l m s g i v e n 10 or 20 p a s s e s to show a t l e a s t a s i m i l a r 

d e gree o f c r o s s - l i n k i n g to a f i l m on p o l y e t h y l e n e g i v e n 1 p a s s 

under the lamp. C o n t r a r y to e x p e c t a t i o n i t may be t h a t the 

d egree o f c r o s s - l i n k i n g i s lower i n the f i l m s on s t e e l g i v e n 

l o n g e r c u r e e x p o s u r e s . The l o w e r - r a t e of i n i t i a t i o n and hence 

p o l y m e r i z a t i o n might r e s u l t i n the f o r m a t i o n of a network s t r u c t ­

u r e t h a t f a c i l i t a t e s the t r a p p i n g of r e a c t i v e s p e c i e s p o s s i b l y 

a t an e a r l i e r s t a g e i n the c r o s s - l i n k i n g p r o c e s s thus r e d u c i n g 

the k i n e t i c c h a i n l e n g t h . A l t e r n a t i v e l y , the r e s u l t s may i n ­

d i c a t e t h a t t h e s l o w e r r a t e of p o l y m e r i z a t i o n of f i l m s on s t e e l 

a f f e c t s t h e topology of t h e network produced so t h a t even though 

t h e o v e r a l l d e g r e e o f c r o s s - l i n k i n g i s g r e a t e r f o r the f i l m s on 

s t e e l g i v e n l o n g e r c u r e exposures than f o r a f i l m on p o l y e t h y l e n e 

g i v e n a s h o r t c u r e exposure, the network c o n t a i n s a g r e a t e r pro­

p o r t i o n o f l e s s c r o s s - l i n k e d m a t e r i a l . A f t e r 1 yearfe s t o r a g e 
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the f i l m s on s t e e l g i v e n 10 and 20 p a s s e s do show a s i m i l a r 
Tg t o t h a t o f t h e f i l m c u r e d on p o l y e t h y l e n e g i v e n 1 p a s s due 
to c o n t i n u e d p o l y m e r i z a t i o n but the v a l u e s a r e s t i l l s i g n i f i c ­
a n t l y l o w e r t h a n f o r f i l m s on p o l y e t h y l e n e g i v e n g r e a t e r cure 
e x p o s u r e s . 

FIGURE 4.18 Tg a s a F u n c t i o n of Cure Exposure ( A , l ; 0,3; 
•,10; +,20 p a s s e s ) and Time a f t e r I r r a d i a t i o n 
f o r F i l m s of 200ym Nominal T h i c k n e s s I r r a d i a t e d 
on P o l y e t h y l e n e u s i n g the 1.8kW Source 
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F i g u r e 4.18 shows t h a t the Tg of 200Mm f i l m s i n c r e a s e s 

w i t h i n c r e a s i n g c u r e exposure and a s w i t h the f i l m s of lOOpm, 

an i n c r e a s e i n t h e Tg of the f i l m s o c c u r s w i t h i n 168 hours of 

i r r a d i a t i o n w i t h o n l y a s l i g h t i n c r e a s e o c c u r r i n g a f t e r t h i s 

p e r i o d . Even a f t e r 1 y e a r t h e r e i s s t i l l a s i g n i f i c a n t d i f f e r ­

ence i n t h e Tgs o f the f i l m s . Comparison of F i g u r e s 4.17 and 

4.18 shows t h a t t h e d i f f e r e n c e i n Tgs between t h e 200ijm f i l m s i s 

more pronounced th a n f o r the lOOym f i l m s and t h a t the f i l m s g i v e n 
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1 and 3 p a s s e s show a s i g n i f i c a n t l y lower Tg than the s i m i l a r l y 

c u r e d f i l m s o f lOOpm t h i c k n e s s . The d i f f e r e n c e between the 

200 and lOOym f i l m s g i v e n 10 and 20 p a s s e s i s much l e s s , s h o w i n g 

the e f f e c t of f i l m t h i c k n e s s on the e x t e n t of c u r e can be o f f ­

s e t somewhat by i n c r e a s i n g the r a d i a t i o n dose. 

The p e n e t r o m e t r y t r a c e s f o r the f i l m of 200ym t h i c k ­

n e s s g i v e n 1 p a s s d i d not show a v e r y smooth p e n e t r a t i o n of the 

probe i n t o t h e sample p o s s i b l y i n d i c a t i n g t h a t t h e r e were two 

u n r e s o l v e d t r a n s i t i o n s and indeed i n t h r e e of the t r a c e s two 

t r a n s i t i o n s were d i s c e r n i b l e . However the t e m p e r a t u r e of the 

o n s e t o f p e n e t r a t i o n i s of the same o r d e r as t h a t of a f i l m of 

t he same t h i c k n e s s g i v e n 5 p a s s e s on s t e e l , y e t i n the l a t t e r 

f i l m two t r a n s i t i o n s were c l e a r l y d i s c e r n i b l e . A l s o the temp­

e r a t u r e of p e n e t r a t i o n i s s i g n i f i c a n t l y lower than a f i l m of 

lOOym on s t e e l w h i c h a g a i n showed two t r a n s i t i o n s . I f the form 

of t h e p e n e t r o m e t r y t r a c e were t o be s i m p l y r e l a t e d to the degree 

of c r o s s - l i n k i n g , t h e f i l m of 200ym on p o l y e t h y l e n e g i v e n 1 p a s s 

would be e x p e c t e d t o show two d i s t i n c t t r a n s i t i o n s . S i n c e two 

t r a n s i t i o n s a r e n o t c l e a r l y d i s c e r n i b l e t h i s may be f u r t h e r 

e v i d e n c e t h a t a l o w e r r a t e of p o l y m e r i z a t i o n r e s u l t i n g from the 

c u r e of f i l m s on s t e e l a f f e c t s the topology and Tg of the n e t ­

work formed. S i m i l a r c o n c l u s i o n s can be a r r i v e d a t when com­

p a r i n g the Tg of the f i l m of 200ym t h i c k n e s s on p o l y e t h y l e n e 

g i v e n 3 p a s s e s w i t h the Tg of f i l m s i r r a d i a t e d on s t e e l . 

The t h e r m a l t r e a t m e n t of f i l m s c u r e d on p o l y e t h y l e n e 

a f t e r a y e a r ' s s t o r a g e was i n v e s t i g a t e d , the r e s u l t s b e ing shown 

i n T a b l e 4.17. 

R e p e a t i n g the measurement a f t e r h e a t i n g t h e f i l m t o 

150°C i n the f i r s t measurement r e s u l t s i n an i n c r e a s e i n the Tg 

of the sample, t h e magnitude of t h i s i n c r e a s e b e i n g g r e a t e r i n 

the t h i n n e r f i l m g i v e n the g r e a t e r c u r e e x p o s u r e . 
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TABLE 4.17 E f f e c t of R e p e a t i n g the Tg Measurement on F i l m s 
Cured on P o l y e t h y l e n e u s i n g the 1.8kW Source 
and S t o r e d f o r 1 Y e a r 

Film thickness/ym 100 200 

Nunrber of passes 1 5 20 1 5 20 

Run 1 2 1 2 1 2 1 2 1 2 1 2 

Tg/°C 67 83 74 88 76 99 53,96 61 64 73 78 95 

( i v ) E f f e c t of I n c r e a s i n g Cure E x p o s u r e t o F i l t e r e d L i g h t 

F i l m s o f lOOym nominal t h i c k n e s s were prep a r e d on 

p o l y e t h y l e n e from a l a c q u e r c o n t a i n i n g 97.0% r e s i n , 2.0% photo­

i n i t i a t o r and 1.0% w/w a c e t o n e , i r r a d i a t e d u s i n g the m i n i - c u r e 

a p p a r a t u s w i t h the 'pyrex' f i l t e r i n p l a c e and then s t o r e d i n 

t h e d a r k . A sample of the f i l m s g i v e n 3, 10 or 20 p a s s e s under 

t h e lamp c o u l d be removed i m m e d i a t e l y t o o b t a i n a Tg measurement 

10 m i n u t e s a f t e r i r r a d i a t i o n w h ereas t h e t a c k i n e s s of the f i l m 

g i v e n 1 p a s s p r e v e n t e d the removal of a sample f o r a t l e a s t 2^ 

h o u r s a f t e r i r r a d i a t i o n . 

The m a j o r i t y of t h e t r a c e s r e c o r d e d a t i n t e r v a l s a f t e r 

i r r a d i a t i o n showed two t r a n s i t i o n s and i t i s the temperature o f 

the o n s e t of i n i t i a l p e n e t r a t i o n t h a t i s p l o t t e d i n F i g u r e 4.19. 

As s e e n f o r t h e o t h e r f i l m s i n v e s t i g a t e d t h i s i n i t i a l Tg t e n d s 

t o i n c r e a s e w i t h i n c r e a s i n g c u r e e x p o s u r e . A f t e r a marked i n ­

c r e a s e o f t h i s Tg o v e r a p e r i o d of 168 h o u r s , the r a t e of i n ­

c r e a s e shows c o n s i d e r a b l y and any f u r t h e r i n c r e a s e only becomes 

a p p a r e n t on g o i n g from 672 hours t o 1 y e a r a f t e r i r r a d i a t i o n . 

A f t e r 1 y e a r ' s s t o r a g e , t h e d i f f e r e n c e i n Tg between the f i l m s 

g i v e n 1 and 3 p a s s e s d i m i n i s h e s as does t h a t between the f i l m s 

g i v e n 10 and 20 p a s s e s but the d i f f e r e n c e between f i l m s g i v e n 

3 and 10 p a s s e s s t i l l r e m a i n s . 
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FIGURE 4.19 I n i t i a l Tg as a F u n c t i o n of Cure Exposure ( A , l ; 
0,3; 0 ,10; + ,20 p a s s e s ) and Time a f t e r I r r a d i a t i o n 
f o r F i l m s I r r a d i a t e d w i t h F i l t e r e d L i g h t u s i n g 
the 1.8kW Source 
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The t e m p e r a t u r e s a t which the second t r a n s i t i o n 

o c c u r s a r e r e c o r d e d i n T a b l e 4.18 as a f u n c t i o n of the c u r e 

e x p o s u r e and time a f t e r i r r a d i a t i o n . 

The f i l m s g i v e n 1 and 3 p a s s e s do not show a second Tg 

3 h o u r s and 10 minutes a f t e r i r r a d i a t i o n r e s p e c t i v e l y which may 

i n d i c a t e t h a t as w i t h the f i l m s of 200ym on s t e e l , the reduced 

number of i n i t i a t i n g s p e c i e s formed r e s u l t s i n a more homogeneous 

l i g h t l y c r o s s - l i n k e d network f o r a s h o r t p e r i o d a f t e r i r r a d i a t i o n , 

Only t h r e e of t he measurements on the f i l m g i v e n 20 p a s s e s showed 

a sec o n d t r a n s i t i o n but the p e n e t r a t i o n of the probe i n t o the 

sample f o r t h e re m a i n i n g measurements was not smooth perhaps 

i n d i c a t i n g t h a t two o v e r l a p p i n g t r a n s i t i o n s may be p r e s e n t but 
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TABLE 4.18 Second Tg ( C) F u n c t i o n of the Cure Exposure and 
Time a f t e r I r r a d i a t i o n f o r F i l m s I r r a d i a t e d w i t h 
F i l t e r e d L i g h t u s i n g the 1. 8kVJ Source 

Time a f t e r 
i r r a d i a t i o n / 

hrs. 
1 P a s s 3 P a s s e s 10 P a s s e s 20 P a s s e s 

0.17 
* - 66 -

24 63 65 72 76 

48 65 63 65 80 

120 - 69 70 81 

168 65 68 69 -

336 - - 67 -
672 66 66 71 -

1 y e a r 89 94 - -

3 hours a f t e r i r r a d i a t i o n 

not r e s o l v e d . The t e m p e r a t u r e a t which t h i s second t r a n s i t i o n 

o c c u r s o n l y shows a marked i n c r e a s e on going from 672 hours t o 

1 y e a r a f t e r i r r a d i a t i o n f o r the f i l m s g i v e n 1 or 3 p a s s e s . The 

c o n t i n u e d r e a c t i o n i n the f i l m g i v e n 10 p a s s e s r e s u l t s i n an 

a p p a r e n t l y more homogeneous network as o n l y one t r a n s i t i o n i s 

o b s e r v e d a f t e r 1 y e a r ' s s t o r a g e . The o c c u r r e n c e of two t r a n ­

s i t i o n s may a g a i n be i n t e r p r e t e d as b e i n g i n d i c a t i v e of an i n -

homogeneously c r o s s - l i n k e d network. 

I n f r a - r e d s p e c t r o s c o p i c measurements were c a r r i e d out 

on f i l m s l e f t i n t he dark f o r one y e a r t o determine whether con­

t i n u e d c o n v e r s i o n of e p oxide groups o c c u r r e d . T ^ l e 4.19 shows 

the r e s u l t s which i n d i c a t e t h a t t h e r e i s v i r t u a l l y no change i n 

c o n v e r s i o n a f t e r 1 y e a r ' s s t o r a g e whereas TMA i m p l i e s t h a t an i n ­

c r e a s e i n c o n v e r s i o n does o c c u r . 

I n the 692 hour p e r i o d a f t e r i r r a d i a t i o n , the i n i t i a l 

p e n e t r a t i o n of the probe o c c u r s , f o r a l l c u r e e x p o s u r e s , a t a 
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TABLE 4.19 Epoxide C o n v e r s i o n a f t e r 1 Y e a r ' s S t o r a g e f o r F i l m s 
I r r a d i a t e d w i t h F i l t e r e d L i g h t u s i n g the 1.8kW Source 

Number 
of 

p a s s e s 

% C o n v e r s i o n Number 
of 

p a s s e s 1 + 4 8 h r s I + 1 y e a r 

1 82 ± 2 7 9 + 2 

3 80 ± 3 80 ± 2 

10 78 ± 3 80 ± 2 

lower t e m p e r a t u r e i n the above f i l m s than i n the f i l m s i r r a d i a t e d 

w i t h t h e f u l l output of the lamp and a l s o the above f i l m s tend t o 

show two t r a n s i t i o n s . I t might be expected t h a t a f i l m i r r a d ­

i a t e d w i t h f i l t e r e d l i g h t shows a lower degree of c r o s s - l i n k i n g 

t h a n a f i l m g i v e n an e q u i v a l e n t c u r e exposure u s i n g the f u l l 

o u t p u t of t h e s o u r c e . I n the c a s e of f i l m s g i v e n lower c u r e 

e x p o s u r e s t h i s may be due to a r e d u c t i o n i n the l i g h t i n t e n s i t y 

r e a c h i n g t h e f i l m s s i n c e the f i l t e r a bsorbs longer wavelength 

UV l i g h t a s w e l l as t o t a l l y a b s o r b i n g s h o r t e r wavelength l i g h t 

w h i l s t f o r l o n g e r c u r e e x p o s u r e s the r e d u c t i o n i n c r o s s - l i n k i n g 

c o u l d a l s o p o s s i b l y be due t o a combination of network r e l a x ­

a t i o n and t h e low r a t e of p o l y m e r i z a t i o n l i m i t i n g the e x t e n t of 

r e a c t i o n a s i s thought t o o c c u r i n t he p h o t o i n i t i a t e d f r e e 

r a d i c a l c u r e of u n s a t u r a t e d r e s i n s . However one would e x p e c t 

t h e e x t e n t of p h o t o i n i t i a t o r p h o t o l y s i s to be g r e a t e r i n f i l m s 

g i v e n 10 and 20 p a s s e s w i t h t h e f i l t e r i n p l a c e than i n a f i l m 

g i v e n 1 p a s s u s i n g t h e f u l l output of the lamp and hence the 

de g r e e o f c r o s s - l i n k i n g t o be g r e a t e r as the IR s p e c t r o s c o p i c 

measurements of c o n v e r s i o n i n S e c t i o n 4.7(B) suggest i s the c a s e 

u n l i k e t h e TMA r e s u l t s . Indeed the c o n v e r s i o n measurements 

would t e n d t o s u g g e s t t h a t the e x t e n t of r e a c t i o n i n f i l m s g i v e n 
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tne l o n g e r c u r e e x p o s u r e s w i t h and w i t h o u t the f i l t e r i n p l a c e 
a r e q u i t e s i m i l a r . C o n t r a r y t o e x p e c t a t i o n and the c o n v e r s i o n 
measurements, the f i l m s g i v e n l o n g e r c u r e exposure may be l e s s 
w e l l c u r e d than the f i l m g i v e n a s h o r t exposure to the s o u r c e , 
w i t h o u t the f i l t e r p r e s e n t . A g a in t h i s c o u l d be a r e s u l t of 
t he lower r a t e of i n i t i a t i o n and hence p o l y m e r i z a t i o n g i v i n g r i s e 
to a mechanism of network f o r m a t i o n amenable to the t r a p p i n g of 
r e a c t i v e s p e c i e s p o s s i b l y a t an e a r l i e r s t a g e i n the p r o c e s s , 
t h u s r e d u c i n g the k i n e t i c c h a i n l e n g t h . A l t e r n a t i v e l y t h e above 
o b s e r v a t i o n may i n d i c a t e t h a t the s l o w e r r a t e of p o l y m e r i z a t i o n 
r e s u l t i n g from the use of the f i l t e r a f f e c t s the topology o f 
the network produced, g i v i n g r i s e t o a g r e a t e r p r o p o r t i o n of 
h i g h e r m o b i l i t y r e g i o n s even though the o v e r a l l degree of c r o s s -
l i n k i n g may be s i m i l a r t o , or g r e a t e r t h a n , t h a t of a network 
produced by a more r a p i d r a t e of p o l y m e r i z a t i o n . A f t e r 1 y e a r ' s 
s t o r a g e , the f i l m s g i v e n 10 and 20 p a s s e s w i t h the f i l t e r i n 
p l a c e show o n l y one t r a n s i t i o n which o c c u r s a t a s i m i l a r temper­
a t u r e t o the f i l m s g i v e n e q u i v a l e n t c u r e e x p o s u r e s u s i n g the 
f u l l output of the lamp i n d i c a t i n g t h a t c o n t i n u e d p o l y m e r i z a t i o n 
r e s u l t s i n a s i m i l a r topology and r i g i d i t y of the network i n 
f i l m s g i v e n l o n g e r c u r e e x p o s u r e s w i t h and w i t h o u t t h e f i l t e r i n 
p l a c e . The f i l m s g i v e n 1 and 3 p a s s e s w i t h the f i l t e r i n p l a c e 
s t i l l show two t r a n s i t i o n s a f t e r 1 y e a r ' s s t o r a g e and the i n i t i a l 
p e n e t r a t i o n of the probe o c c u r s a t a lower t e m p e r a t u r e than 
f i l m s g i v e n e q u i v a l e n t c u r e e x p o s u r e s u s i n g the f u l l output of 
the s o u r c e perhaps r e f l e c t i n g a r e d u c t i o n i n the f o r m a t i o n of 
i n i t i a t i n g s p e c i e s i n the former f i l m s . 

The p o t e n t i a l f o r an i n c r e a s e i n the Tg due to h e a t i n g , 

even a f t e r one y e a r ' s s t o r a g e , was a g a i n demonstrated by r e p e a t ­

i n g the Tg measurements on such f i l m s . T a b l e 4.20 shows the 

r e s u l t s . 
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TABLE 4.20 E f f e c t of R e p e a t i n g t h e Tg Measurement on F i l m s 
I r r a d i a t e d w i t h F i l t e r e d L i g h t u s i n g the 1.8kW 
Sour c e and S t o r e d f o r 1 Year ~ ~ 

Number of p a s s e s 1 5 20 

Run 1 2 1 2 1 2 

Tg/°C 64,89 69 68,96 83 78 93 

I n i t i a l l y t h e f i l m s g i v e n 1 and 5 p a s s e s show two 

t r a n s i t i o n s but on r e p e a t i n g t h e measurement o n l y one t r a n s i t i o n 

i s a p p a r e n t . The tem p e r a t u r e of the o n s e t of the s i n g l e t r a n -

s t i o n f o r t h e f i l m g i v e n 5 p a s s e s i s s i g n i f i c a n t l y h i g h e r than 

t h a t f o r t he f i r s t t r a n s i t i o n seen i n the f i r s t run w h i l s t t h a t 

f o r the f i l m g i v e n 1 p a s s i s o n l y s l i g h t l y g r e a t e r . The f i l m 

g i v e n 20 p a s s e s showed one t r a n s i t i o n i n i t i a l l y , t he temperature 

o f t h e o n s e t o f t h i s t r a n s i t i o n showing a marked i n c r e a s e on sub­

se q u e n t measurement. 

(B) I r r a d i a t i o n w i t h the lOOW Source 

( i ) E f f e c t o f I n c r e a s i n g Cure Exposure 

F i l m s of lOOym nominal t h i c k n e s s c o m p r i s i n g 97.0% 

r e s i n , 2.0% p h o t o i n i t i a t o r and 1.0% w/w acetone were prepared 

on p o l y e t h y l e n e and i r r a d i a t e d w i t h the lOOW lamp, the i n t e n s i t y 
-2 

of l i g h t r e a c h i n g t h e f i l m s b e i n g 16.7 mW cm . I n i t i a l Tg 

measurements were c a r r i e d out 10 minutes a f t e r i r r a d i a t i o n , the 

f i l m s b e i n g s t o r e d i n the dark p r i o r t o t h i s measurement and 

between subsequent measurements. 

The f i l m s tended t o show two t r a n s i t i o n s . F i g u r e 4.20 

shows a p l o t o f t h e t e m p e r a t u r e of the o n s e t of i n i t i a l pene­

t r a t i o n a g a i n s t t h e time a f t e r i r r a d i a t i o n and i n d i c a t e s a 

s l i g h t i n c r e a s e of t h i s Tg w i t h i r r a d i a t i o n time i m p l y i n g t h a t 
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FIGURE 4.20 I n i t i a l Tg as a F u n c t i o n of Cure Exposure and 
Time a f t e r I r r a d i a t i o n f o r F i l m s I r r a d i a t e d u s i n g 
the lOOW Source (A, 3; O , 8; • ,20;+ , 45 mins. 
i r r a d i a t i o n ) 

100 H 

80 H 

60 H 

0 100 200 300 ^00 500 600 700 1 
T i m e a f t e r I r r d i a t i o n / h r s . Y e a r 

the c r o s s - l i n k i n g and hence the e x t e n t of epoxide c o n v e r s i o n 

i n c r e a s e s , a t r e n d a l s o i n d i c a t e d by IR s p e c t r o s c o p i c measure­

ments of epoxide c o n v e r s i o n . T h i s i n i t i a l Tg o f the f i l m s i n ­

c r e a s e s markedly w i t h i n 168 hours of i r r a d i a t i o n , the bulk of 

the i n c r e a s e o c c u r r i n g w i t h i n 24 hours of i r r a d i a t i o n . A much 

s l o w e r i n c r e a s e i n t h i s Tg then o c c u r s a f t e r t h i s p e r i o d l e a d i n g 

t o a marked i n c r e a s e o n l y becoming apparent a f t e r a prolonged 

s t o r a g e t ime. 

The t e m p e r a t u r e of the o n s e t of the second t r a n s i t i o n 

r e c o r d e d i n T a b l e 4.21 show t h a t i t i n c r e a s e s w i t h c u r e exposure 

and time a f t e r i r r a d i a t i o n as shown w i t h o t h e r f i l m s . 

Only one t r a n s i t i o n was apparent i n the f i l m i r r a d ­

i a t e d f o r 3 m i n u t e s when TMA was c a r r i e d out 10 minutes a f t e r 

i r r a d i a t i o n which a g a i n s u g g e s t s t h a t lower e x t e n t s of photo-
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TABLE 4.21 Second Tg (°C) as a F u n c t i o n of Cure Exposure and 
Time a f t e r i r r a d i a t i o n f o r F i l m s I r r a d i a t e d w i t h 
t h e lOOW S o u r c e 

Time a f t e r 
i r r a d i a t i o n / h r s . 

3 mins. 
i r r a d i a t i o n 

8 mins. 
irradiation 

20 mins. 
irra d i a t i o n 

45 mins. 
irradiation 

10 m i n u t e s - 65 71 74 

24 65 68 70 74 

48 69 69 72 74 

168 71 71 75 76 

336 74 74 77 76 

504 74 74 78 77 

672 72 74 77 78 

1 y e a r 99 106 - -

i n i t i a t o r p h o t o l y s i s and hence p o l y m e r i z a t i o n appears to r e s u l t 

i n an i n i t i a l l y homogeneous network i n which inhomogeneous c r o s s -

l i n k i n g s u b s e q u e n t l y d e v e l o p s . A f t e r 1 y e a r ' s s t o r a g e the f i l m s 

g i v e n t h e two s h o r t e r i r r a d i a t i o n t i m e s s t i l l show a d i s c e r n i b l e 

second t r a n s i t i o n whereas the f i l m s g i v e n l o n g e r i r r a d i a t i o n times 

do n o t , i m p l y i n g t h a t i n the l a t t e r f i l m s c o n t i n u e d p o l y m e r i z a t i o n 

r e s u l t s i n a d e c r e a s e i n the two phase n a t u r e of the network. 

I n f r a - r e d s p e c t r o s c o p i c measurements were c a r r i e d out 

on s i m i l a r f i l m s t h a t had been s t o r e d i n t h e dark f o r 1 y e a r . 

The r e s u l t s i n T a b l e 4.22 i n d i c a t e t h a t t h e r e may be 

some i n c r e a s e i n c o n v e r s i o n over the p e r i o d of a y e a r but i t i s 

not a p p a r e n t i n a l l t h e f i l m s . 

From t h e I R d a t a r e p o r t e d i n S e c t i o n s 4.6(A) and (B) 

i t was d i f f i c u l t t o compare the c u r e of f i l m s i r r a d i a t e d w i t h 

t h e 1.8kW and lOOW s o u r c e s . Comparison of the TMA data on the 

f i l m s i r r a d i a t e d u s i n g the two s o u r c e s i n d i c a t e s t h a t , i n the 

672 hour p e r i o d a f t e r i r r a d i a t i o n , t h e degree of c r o s s - l i n k i n g 
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TABLE 4.22 Ep o x i d e C o n v e r s i o n a f t e r 1 Y e a r ' s Storage f o r 
F i l m s I r r a d i a t e d u s i n g the lOOW Source 

I r r a d i a t i o n 
time/mins. 

3 

8 

20 

45 

1 + 2 4 hours 

75 ± 3 

80 ± 4 

79 ± 3 

85 ± 2 

I + 1 y e a r 

76 ± 5 

83 ± 2 

84 ± 4 

84 + 5 

i s l o w e r i n t h e f i l m s i r r a d i a t e d w i t h the lOOW s o u r c e f o r a l l 

c u r e e x p o s u r e s s i n c e t h e i n i t i a l p e n e t r a t i o n o c c u r s a t a lower 

t e m p e r a t u r e and two t r a n s i t i o n s a r e r e a d i l y a p p a r e n t . However 

one might e x p e c t t h a t a g r e a t e r number of i n i t i a t i n g s p e c i e s 

would be g e n e r a t e d by 45 minut e s ' i r r a d i a t i o n w i t h the low 

i n t e n s i t y s o u r c e than by 1 pass under t h e h i g h i n t e n s i t y lamp 

and hence t h e degree of c r o s s - l i n k i n g t o be g r e a t e r i n a f i l m 

g i v e n t h e former c u r e exposure as the IR s p e c t r o s c o p i c measure­

ments i n S e c t i o n s 4.6(A) and (B) do s u g g e s t . However the TMA 

r e s u l t s i n d i c a t e t h a t t h i s i s not the c a s e and may be f u r t h e r 

e v i d e n c e f o r a r e d u c t i o n i n the r a t e of i n i t i a t i o n and hence 

p o l y m e r i z a t i o n p r o d u c i n g a network s t r u c t u r e c o n t a i n i n g a g r e a t e r 

p r o p o r t i o n of lower c r o s s - l i n k d e n s i t y r e g i o n s than i s produced 

by a f a s t e r r a t e of p o l y m e r i z a t i o n even though the o v e r a l l degree 

of c r o s s - l i n k i n g i s g r e a t e r . However as mentioned i n c o n n e c t i o n 

w i t h s i m i l a r c o m p a r i s o n s i n p r e v i o u s s e c t i o n s the degree of c u r e 

might be low e r i n the f i l m s g i v e n l o n g e r e x p o s u r e s to the low i n ­

t e n s i t y s o u r c e than i n a f i l m g i v e n a s h o r t exposure t o the hi g h 

i n t e n s i t y s o u r c e c o n t r a r y t o e x p e c t a t i o n - and the c o n v e r s i o n 

measurements. A f t e r one y e a r ' s s t o r a g e the temperature of the 

o n s e t o f p e n e t r a t i o n becomes s i m i l a r i n the two s e t s of f i l m s 
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i n d i c a t i n g t h a t c o n t i n u e d p o l y m e r i z a t i o n g i v e s r i s e to networks 
o f s i m i l a r r i g i d i t y i n the f i l m s i r r a d i a t e d w i t h the two s o u r c e s . 
However, the f i l m s g i v e n s h o r t e r c u r e e x p o s u r e s w i t h the low 
i n t e n s i t y s o u r c e s t i l l show two t r a n s i t i o n s , a p o s s i b l e e x p l a n ­
a t i o n b e i n g t h a t the lower number o f i n i t i a t i n g s p e c i e s and hence 
t r a p p e d r e a c t i v e s p e c i e s i n t h e s e f i l m s a r e u nable to reduce the 
two phase n a t u r e of the network. 

The e f f e c t o f t h e r m a l t r e a t m e n t on the Tgs of the f i l m s 

was i n v e s t i g a t e d a f t e r 1 y e a r ' s s t o r a g e . The r e s u l t s i n T a b l e 

4.23 show t h a t r e p e a t i n g the measurement on a sample heated t o 

150°C i n the f i r s t measurement r e s u l t s i n o n l y one t r a n s i t i o n 

and/or an i n c r e a s e i n the t e m p e r a t u r e a t which i n i t i a l pene­

t r a t i o n o c c u r s . 

TABLE 4.2 3 E f f e c t of R e p e a t i n g the Tg Measurement on F i l m s 
i r r a d i a t e d u s i n g the lOOW Source and s t o r e d f o r 1 Y e a r 

I r r a d i a t i o n 
t i m e / h r s . 3 8 45 

Run 1 2 1 2 1 2 

Tg/°C 66,99 79 71,106 87 77 91 

( i i ) E f f e c t of I n c r e a s i n g Cure Exposure t o F i l t e r e d L i g h t 

F i l m s of s i m i l a r c o m p o s i t i o n and t h i c k n e s s to those 

used i n t h e p r e v i o u s e x p e r i m e n t were p r e p a r e d and i r r a d i a t e d a t 

s u c h a d i s t a n c e from the s o u r c e w i t h the 'pyrex' f i l t e r i n p l a c e 

so t h a t t h e y r e c e i v e d a photon f l u x s i m i l a r t o t h a t r e c e i v e d by 

f i l m s i n the p r e v i o u s e x p e r i m e n t . The samples were t r e a t e d i n 

the same way as i n the p r e v i o u s experiment, the Tg measurements 

b e i n g c a r r i e d out a t t h e same tim e s a f t e r i r r a d i a t i o n . 

As w i t h the f i l m s i r r a d i a t e d w i t h the f u l l output of 

the s o u r c e , t h e s e f i l m s a l s o tended to show two t r a n s i t i o n s , 
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F i g u r e 4.21 showing t h e t e m p e r a t u r e of the o n s e t of the f i r s t 
t r a n s i t i o n p l o t t e d a g a i n s t the time a f t e r i r r a d i a t i o n . 

FIGURE 4.21 I n i t i a l Tg as a F u n c t i o n of Cure Exposure ( A , 3 ; 
0,8; 0,20; + ,45 mins. i r r a d i a t i o n ) and Time a f t e r 
I r r a d i a t i o n f o r F i l m s I r r a d i a t e d w i t h F i l t e r e d 
L i g h t u s i n g the lOOW Source 

IGOH 

at 

6 0 H 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 

T i m e a f t e r I r r a d i a t i o n / h r s . 

1 — W V — r 
7 0 0 1 

Y e a r 

The same t r e n d s as t h o s e o b s e r v e d i n the s i m i l a r p l o t , 

F i g u r e 4.20, f o r f i l m s i r r a d i a t e d w i t h the f u l l output of the 

lamp o c c u r i n the above p l o t . Comparing the TMA data i n F i g u r e s 

4.20/4.21 shows t h a t o v e r the 672 hour p e r i o d a f t e r c u r e , the 

i n i t i a l Tg o f the f i l m g i v e n 3 m i n u t e s ' i r r a d i a t i o n w i t h f i l t e r e d 

l i g h t i s lower than t h a t of t he f i l m g i v e n a s i m i l a r cure exposure 

u s i n g the f u l l output of the lamp, a l t h o u g h a f t e r 1 y e a r ' s s t o r ­

age t h e s e two f i l m s do show s i m i l a r i n i t i a l Tgs. F i l m s g i v e n 

l o n g e r c u r e e x p o s u r e s w i t h and w i t h o u t the f i l t e r i n p l a c e show 

s i m i l a r i n i t i a l Tgs a t a l l t i m e s . The r e s u l t s i n d i c a t e t h a t 

i r r a d i a t i o n w i t h wavelengths g r e a t e r t h a n 275nm r e s u l t s i n no 
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s i g n i f i c a n t d e c r e a s e i n t h e degree o f c r o s s - l i n k i n g compared 

w i t h i r r a d i a t i o n u s i n g a s i m i l a r i n t e n s i t y of l i g h t w i t h both 

long and s h o r t w a v e l e n g t h UV l i g h t p r e s e n t , e x c e p t f o r the 

s h o r t e s t i r r a d i a t i o n t i m e . T h i s c o n c l u s i o n was a l s o i n f e r r e d 

from the i n f r a - r e d s p e c t r o s c o p i c measurements of the degree o f 

c o n v e r s i o n of such f i l m s i n S e c t i o n 4 . 6 ( B ) . 

T a b l e 4.24 g i v e s the t e m p e r a t u r e of the o n s e t of the 

second t r a n s i t i o n as a f u n c t i o n of t h e c u r e exposure and time 

a f t e r i r r a d i a t i o n . The r e s u l t s show t h e same t r e n d s a s t h o s e 

f o r f i l m s i r r a d i a t e d w i t h the f u l l o u t p u t o f the lamp. The 

s i m i l a r i t y o f the v a l u e s f o r f i l m s g i v e n e q u i v a l e n t c u r e expos­

u r e s w i t h and w i t h o u t the f i l t e r i n p l a c e t e n d s t o s u g g e s t t h a t 

any e f f e c t of u s i n g t h e f i l t e r i s l i m i t e d t o the lower c r o s s ­

l i n k d e n s i t y r e g i o n s . 

TABLE 4.2 4 Second Tg as a F u n c t i o n of Cure Exposure and Time 
a f t e r i r r a d i a t i o n f o r F i l m s I r r a d i a t e d w i t h F i l t e r e d 
L i g h t u s i n g t h e lOOW Source 

Time a f t e r 
i r r a d i a t i o n 

/hrs. 
3 mins. 

i r r a d i a t i o n 
8 mins. 

i r r a d i a t i o n 
20 mins. 

i r r a d i a t i o n 
45 mins. 

i r r a d i a t i o n 

0.17 - 65 72 74 

24 67 68 69 74 

48 64 67 71 75 

168 69 71 74 75 

336 69 75 77 78 

504 74 75 76 79 

672 73 75 77 77 

1 y e a r 98 99 - -

The i n f r a - r e d s p e c t r o s c o p i c measurements shown i n 

T a b l e 4.25 i n d i c a t e t h a t t h e r e i s no d e t e c t a b l e i n c r e a s e . i n the 
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c o n v e r s i o n of ep o x i d e groups over a y e a r ' s s t o r a g e u n l i k e the 

TMA r e s u l t s . 

TABLE 4.2 5 E p o x i d e C o n v e r s i o n a f t e r 1 Y e a r ' s Storage f o r F i l m s 
I r r a d i a t e d w i t h F i l t e r e d L i g h t u s i n g the lOOW Source 

I r r a d i a t i o n % C o n v e r s i o n 
time/mins. 1 + 24 h r s . I + 1 y e a r 

3 57 + 5 56 + 6 

8 79 ± 3 78 ± 3 

20 82 ± 2 -
45 83 + 3 82 ± 2 

The e f f e c t of the t h e r m a l t r e a t m e n t of f i l m s a f t e r one 

y e a r ' s s t o r a g e was i n v e s t i g a t e d as i n p r e v i o u s e x p e r i m e n t s . The 

r e s u l t s i n T a b l e 4.26 show t h a t r e p e a t i n g the Tg measurement on 

a f i l m h e a t e d t o 150°C i n the f i r s t measurement a g a i n g i v e s r i s e 

t o one t r a n s i t i o n and/or an i n c r e a s e i n the Tg v a l u e . 

TABLE 4.2 6 E f f e c t of R e p e a t i n g the Measurement of Tg on F i l m s 
I r r a d i a t e d w i t h F i l t e r e d L i g h t u s i n g the lOOW Source 
and S t o r e d f o r 1 Y e a r 

I r r a d i a t i o n 
t ime/mins. 3 8 45 

Run 1 2 1 2 1 2 

Tg/°C 68,98 77 69,99 80 74 89 

4.12 The use of DSC t o I n v e s t i g a t e the P o s t - i r r a d i a t i o n Thermal 
C u r e o f t h e DGEBA System 

Thermo-mechanical a n a l y s i s of unheated and he a t e d f i l m s of 

the p h o t o c u r e d DGEBA r e s i n i n d i c a t e d t h a t a th e r m a l r e a c t i o n 

might be o c c u r r i n g , r e s u l t i n g i n one o b s e r v a b l e t r a n s i t i o n and/or 
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an i n c r e a s e i n the t e m p e r a t u r e of the o n s e t o f p e n e t r a t i o n . As 
mentioned p r e v i o u s l y a number of s t u d i e s of both f r e e r a d i c a l 
and c a t i o n i c p o l y m e r i z a t i o n s have i n v o l v e d the use of m a i n l y 
i s o t h e r m a l DSC, but i n t h i s s t u d y the s c a n n i n g mode was used t o 
d e t e r m i n e whether a t h e r m a l r e a c t i o n does i n d e e d occur on h e a t ­
i n g t h e s e f i l m s . 

The f i l m s of lOOym nominal t h i c k n e s s p r e p a r e d on p o l y e t h y ­

l e n e and i r r a d i a t e d under v a r i o u s c o n d i t i o n s f o r the f o l l o w i n g 

e x p e r i m e n t s , c o n t a i n e d 97.0% r e s i n , 2.0% p h o t o i n i t i a t o r and 1.0% 

w/w a c e t o n e o r were c l o s e t o t h i s c o m p o s i t i o n . The procedure 

adopted f o r the DSC a n a l y s e s was to punch s e v e r a l d i s c s from a 

c u r e d f i l m u s i n g a c o r k - b o r e r and e n c a p s u l a t e a known weight of 

t h e s e d i s c s i n an aluminium sample pan. A l l the samples were 

h e a t e d a t a r a t e of 10°C min under a n i t r o g e n atmosphere. A 

sample of uncured l a c q u e r h e a t e d to 150°C under the above con­

d i t i o n s showed no e v i d e n c e of a t h e r m a l r e a c t i o n . 

(A) I r r a d i a t i o n w i t h the 1.8kW Source 

( i ) E f f e c t of I n c r e a s i n g Cure Exposure 

F i l m s were g i v e n an i n c r e a s i n g number of p a s s e s under 

t h e h i g h i n t e n s i t y s o u r c e and samples t a k e n f o r the DSC a n a l y s i s 

1, 168 and 504 hours a f t e r i r r a d i a t i o n . Other samples were ta k e n 

from s i m i l a r l y c u r e d f i l m s t h a t had been s t o r e d i n the dark f o r 

1 y e a r . I n a l l c a s e s the samples were h e a t e d t o 220°C d u r i n g 

the a n a l y s i s . The t h e r m o g r a v i m e t r i c t r a c e s , reproduced i n 

Figure 4.22, of s i m i l a r f i l m s g i v e n 2 and 20 p a s s e s under the lamp, 

show t h a t t h e r e i s some we i g h t l o s s when the f i l m s a r e heated t o 

t h i s t e m p e r a t u r e , amounting t o 3% f o r the f i l m g i v e n 2 p a s s e s and 

2% f o r the f i l m g i v e n 20 p a s s e s , but no major t h e r m a l d e g r a d a t i o n . 

V i s u a l e x a m i n a t i o n of the samples a f t e r t hey were heated t o t h i s 

t e m p e r a t u r e a l s o gave no i n d i c a t i o n of d e g r a d a t i o n . I n t e r e s t i n g l y 
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the o v e r a l l appearance of the two t h e r m o g r a v i m e t r i c t r a c e s i n 

F i g u r e 4.22 s u g g e s t s t h a t the d e t a i l s of t h e r m a l d e c o m p o s i t i o n 

a r e dependent on the c u r e exposure. 

The DSC c u r v e s o b t a i n e d f o r f i l m s g i v e n 1, 3, 10 and 

20 p a s s e s under the lamp are shown i n Appendix Seven t o i l l u s t ­

r a t e t h e t r e n d s o u t l i n e d below. The major f e a t u r e of the DSC 

c u r v e s r e c o r d e d 1 hour a f t e r i r r a d i a t i o n i s t he p r e s e n c e of a 

number of o v e r l a p p i n g exothermic peaks between 30 and 100°C 

w i t h a f u r t h e r q u i t e s m a l l , v e r y broad e x o t h e r m i c peak a t a 

h i g h e r t e m p e r a t u r e . As the number of p a s s e s under the lamp 

i n c r e a s e s , t h e h i g h e r temperature peaks of the o v e r l a p p i n g peaks 

become more prominent and, q u a l i t a t i v e l y , t h e a r e a under the 

peaks d i m i n i s h e s . I t had been hoped t o q u a n t i f y t h i s r e s i d u a l 

h e a t of p o l y m e r i z a t i o n but no c o n s i s t e n t method of c o n s t r u c t i n g 

a b a s e l i n e c o u l d be found to a l l o w the a r e a under the peaks t o 

be d e t e r m i n e d . Gross changes i n the a r e a under the p e a k s , how­

e v e r , can be d e t e c t e d q u a l i t a t i v e l y . On r e - r u n n i n g each sample 

no e x o t h e r m i c e v e n t s were d e t e c t e d o n l y an e ndothermic s t e p i n 

t h e b a s e l i n e , a t t r i b u t e d to a g l a s s t r a n s i t i o n , which was not 

o b s e r v e d i n the f i r s t run. T h i s e f f e c t o c c u r r e d f o r a l l the 

f i l m s examined and a t a l l times a f t e r i r r a d i a t i o n . 

A f t e r 168 hours' s t o r a g e i n the d a r k , the f i l m g i v e n 

1 p a s s showed a q u i t e sharp e x o t h e r m i c peak w i t h p o s s i b l y a s m a l l 

second peak o v e r l a p p i n g on the h i g h t e m p e r a t u r e s i d e . Immed­

i a t e l y p r i o r t o t h i s e x o t h e r m i c peak t h e r e i s the o n s e t o f e i t h e r 

an endothermic peak or a s h i f t i n the b a s e l i n e which c o u l d be 

i n d i c a t i v e of the o n s e t of e i t h e r s t r e s s r e l e a s e or a g l a s s 

t r a n s i t i o n . T h i s e f f e c t does not appear i n any of the o t h e r 

t r a c e s . As the number of p a s s e s r e c e i v e d by the f i l m i n c r e a s e s , 

t h e a r e a under the main ex o t h e r m i c peak app e a r s to d i m i n i s h 

w h i l s t t h e h i g h e r temperature o v e r l a p p i n g peak becomes p r o g r e s s -
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i v e l y more prominent. The t r a c e s a g a i n showed a s m a l l , v e r y 
b r oad e x o t h e r m i c h i g h e r temperature peak. Compar­
i s o n o f t h e a r e a s under the main e x o t h e r m i c peaks i n th e s e 
t r a c e s w i t h t h o s e i n the t r a c e s r e c o r d e d 1 hour a f t e r i r r a d ­
i a t i o n i n d i c a t e s t h a t c o n t i n u e d p o l y m e r i z a t i o n has o c c u r r e d . 
S i m i l a r comments can be made about the c u r v e s r e c o r d e d 504 hours 
a f t e r i r r a d i a t i o n w i t h the magnitude of the d i m i n u t i o n of the 
a r e a under t h e exotherms b e i n g l e s s t h a n t h a t on going from 1 
to 168 h o u r s a f t e r i r r a d i a t i o n . The DSC c u r v e s of samples s t o r e d 
f o r 1 y e a r showed a t l e a s t two s m a l l , broad, o v e r l a p p i n g peaks, 
w i t h p e r h a p s a s l i g h t l y s m a l l e r a r e a under the exotherms than 
i n t h e c u r v e s r e c o r d e d a f t e r 504 h o u r s . T h i s , however, i n d i c ­
a t e s t h a t t h e r e i s s t i l l t h e p o t e n t i a l f o r a thermal r e a c t i o n 
1 y e a r a f t e r i r r a d i a t i o n . I t was a l s o noted t h a t the d i f f e r ­
ence i n a r e a under t h e main ex o t h e r m i c p e a k s , due t o d i f f e r e n t 
c u r e e x p o s u r e s tended t o d i m i n i s h as time p r o g r e s s e d . 

The t e m p e r a t u r e s of the o n s e t , T^, and the peak 

maximum, T^^, o f the lower temperature o v e r l a p p i n g exotherm were 

d e f i n e d a s i n F i g u r e 4.23. 

Tq T g T e m p e r a t u r e 

FIGURE 4.23 D e f i n i t i o n of T^ and T^. 

The v a l u e s of T^ and T^ a l o n g w i t h the g l a s s t r a n s i t ­

i o n t e m p e r a u t r e , Tg^, measured from t h e r e - r u n samples a r e g i v e n 

i n T a b l e 4.27 f o r f i l m s g i v e n 1, 3, 10 and 20 p a s s e s . I n 
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a d d i t i o n , a f t e r r e - r u n n i n g the samples to measure Tg^/ the 

g l a s s t r a n s i t i o n t e m p e r a t u r e , Tg^, was measured u s i n g pene 

metry. These v a l u e s a r e a l s o shown i n T a b l e 4.27. 

TABLE 4.27 V a l u e s of T^, T^, Tg^ and Tg as a F u n c t i o n of 
Cure E x p o s u r e and Time a f t e r I r r a d i a t i o n f o r F i l m s 
I r r a d i a t e d u s i n g the 1.8kW Source 

l^umber 
of 

p a s s e s 

Time a f t e r 
i r r a d i a t i o n / 

h r s . 
T^/°C T^/°C T g y ° c 

1 1 '^37 48 68 86 

3 ^39 56 89 89 

10 43 63 97 83,112 

20 45 69 107 87,119 

1 168 59 64 80 90 

3 61 69 92 -
10 62 75 100 89,118 

20 61 86 107 85,118 

1 504 64 68 80 89 

3 65 72 91 96 

10 65 75 102 93,123 

20 65 86 104 96,122 

1 1 y e a r 71 - 94 -

3 79 - 94 -

10 70 - 120 -

20 70 - 120 -

The DSC c u r v e s r e c o r d e d 1 hour a f t e r i r r a d i a t i o n show 

a s l i g h t i n c r e a s e i n T^ w i t h i n c r e a s i n g exposure to the s o u r c e 

w h i l s t a t t h e same time the a r e a under the peaks d e c r e a s e s . 

Assuming t h a t T^ i s r e p r e s e n t a t i v e of the t e m p e r a t u r e a t which 

the network i s s u f f i c i e n t l y m.obile f o r t r a p p e d r e a c t i v e s p e c i e s 

to become a c t i v e , then t h e s e o b s e r v a t i o n s i n d i c a t e t h a t the 
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r i g i d i t y of t h e s y s t e m i n c r e a s e s and the amount of u n r e a c t e d 

f u n c t i o n a l i t y p r e s e n t i n t h e f i l m s d e c r e a s e s w i t h i n c r e a s i n g 

c u r e e x p o s u r e . T h i s i s c o n s i s t e n t w i t h i n c r e a s e d cure ex­

p o sure g e n e r a t i n g f u r t h e r i n i t i a t i n g s p e c i e s and a warming of 

t h e f i l m s b o t h of w h i c h c o u l d r e s u l t i n an i n c r e a s e d c o n v e r s i o n 

and hence c r o s s - l i n k i n g . The I R s p e c t r o s c o p i c measurements of 

e p oxide c o n v e r s i o n and the r e s u l t s of TMA on s i m i l a r l y cured 

f i l m s l e d t o t h i s c o n c l u s i o n . The parameter T^ however i s 

s u b s t a n t i a l l y lower t h a n the t e m p e r a t u r e of the o n s e t of pene­

t r a t i o n p l o t t e d i n F i g u r e 4.17 f o r s i m i l a r f i l m s , 10 minutes 

a f t e r i r r a d i a t i o n . As d e f i n e d by the e x t r a p o l a t i o n procedure, 

t h e t e m p e r a t u r e of t h e o n s e t o f p e n e t r a t i o n does not correspond 

w i t h t h e t e m p e r a t u r e a t which the network f i r s t shows i n d i c ­

a t i o n s of m o b i l i t y , i n d e e d the f i r s t s i g n s of p e n e t r a t i o n o c c u r 

a t a s i g n i f i c a n t l y lower t e m p e r a t u r e than the v a l u e of T^ quoted. 

T h i s combined w i t h a g r e a t e r s e n s i t i v i t y of the trapped r e a c t i v e 

s p e c i e s towards network m o b i l i t y c o u l d e x p l a i n the above ob­

s e r v a t i o n . The p a r a m e t e r T shows a more marked i n c r e a s e w i t h 
e 

c u r e e x p o s u r e , r e f l e c t i n g an i n c r e a s e i n the d i f f e r e n c e between 

T„ and T . 
o e 

A f t e r s t o r a g e f o r 168 h o u r s , the d i f f e r e n c e i n T^ 

between the f i l m s h a s v i r t u a l l y d i s a p p e a r e d and the v a l u e of 

T^ has a p p a r e n t l y i n c r e a s e d m a rkedly. T h i s combined w i t h the 

d i m i n u t i o n o f t h e a r e a under the exotherms s u g g e s t s t h a t an i n ­

c r e a s e i n monomer c o n v e r s i o n and hence c r o s s - l i n k i n g has o c c u r ­

r e d a t ambient t e m p e r a t u r e s . The same c o n c l u s i o n s can be drawn 

from t h e d a t a o b t a i n e d 504 hours a f t e r i r r a d i a t i o n a l though the 

i n c r e a s e i n T^ i s not as g r e a t as t h a t o b s e r v e d on going from 

1 t o 168 hours' a f t e r i r r a d i a t i o n . S i m i l a r l y , T^ has i n c r e a s e d 

s l i g h t l y and t h e a r e a under the main exotherms d i m i n i s h e d 
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s l i g h t l y i n the c u r v e s r e c o r d e d 1 y e a r a f t e r i r r a d i a t i o n com­
p a r e d w i t h t h e c u r v e s o b t a i n e d a f t e r 504 h o u r s ' s t o r a g e . The 
par a m e t e r T^ a l s o i n c r e a s e s markedly on going from 1 to 168 
hou r s a f t e r i r r a d i a t i o n but l e s s so on then going to 504 hours 
but the i n c r e a s e of t h i s parameter w i t h i n c r e a s i n g c u r e expos­
u r e , a l t h o u g h reduced, i s s t i l l s i g n i f i c a n t . I t i s i n t e r e s t i n g 
t o note t h a t the temperature of the onset of p e n e t r a t i o n p l o t t e d 
i n F i g u r e 4.17 f o r s i m i l a r l y i r r a d i a t e d f i l m s shows an i n c r e a s e 
o v e r a p e r i o d o f 168 hours a f t e r i r r a d i a t i o n and DSC i n d i c a t e s 
t h a t t h e r e i s a more marked i n c r e a s e i n c o n v e r s i o n and r i g i d i t y 
of t h e system over t h i s time p e r i o d . 

C l o s e r i n s p e c t i o n of the t r a c e s r e c o r d e d 1 hour a f t e r 

i r r a d i a t i o n shows an i n t e r e s t i n g f e a t u r e . The lower temper­

a t u r e e x o t h e r m i c peak of the o v e r l a p p i n g exotherms appears t o 

d i m i n i s h and v i r t u a l l y d i s a p p e a r w i t h i n c r e a s i n g cure exposure 

t o l e a v e a t l e a s t two o v e r l a p p i n g peaks i n the t r a c e of the f i l m 

g i v e n 20 p a s s e s under the lamp. Thus the i n c r e a s e of T^ and the 

d e c r e a s e of the a r e a under the exotherms i s p a r t l y due to t h i s 

f i r s t exotherm d i m i n i s h i n g which a l s o e x p l a i n s why T^ shows a 

more marked i n c r e a s e w i t h i n c r e a s i n g cure exposure. From t h i s 

i t seems r e a s o n a b l e t o propose t h a t t h e r e a r e a t l e a s t t h r e e 

o v e r l a p p i n g e x o t h e r m i c peaks i n the f i l m g i v e n one pass under 

the lamp. A more d e t a i l e d e xamination of the t r a c e s r e c o r d e d 

1 and 168 hours a f t e r i r r a d i a t i o n f o r f i l m s g i v e n 1 and 3 p a s s e s , 

i n d i c a t e s t h a t the two o v e r l a p p i n g exotherms observed i n the 

c u r v e s r e c o r d e d a f t e r the lon g e r s t o r a g e p e r i o d c o u l d c o r r e s p o n d 

t o t h e two h i g h e r temperature exotherms of the o v e r l a p p i n g exo­

therms o b s e r v e d i n the c u r v e s r e c o r d e d 1 hour a f t e r i r r a d i a t i o n . 

F i g u r e 4.24 i s an attempt to i l l u s t r a t e t h i s p o i n t . The c u r v e 

r e c o r d e d 1 hour a f t e r i r r a d i a t i o n f o r the f i l m g i v e n 1 p a s s ( a ) , 

has been r e s o l v e d i n t o t h r e e G a u s s i a n peaks and the t r a c e from a 
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sample of the same f i l m r e c o r d e d 168 hours a f t e r i r r a d i a t i o n , 

(b) , s u p e r i m p o s e d on t h i s . I t must be s t r e s s e d t h a t the decon-

v o l u t i o n o f t h e t r a c e i s v e r y a r b i t r a r y and can o n l y be taken 

as an approximate guide t o the "component peaks" p r e s e n t under 

the e n v e l o p e . As time p r o g r e s s e s i t would appear t h a t the 

l o w e s t and h i g h e s t temperature exotherms v i r t u a l l y d i s a p p e a r 

l e a v i n g t h e middle exotherm which p a r t l y a c counts f o r the i n ­

c r e a s e i n on going from 1 t o 168 hours a f t e r i r r a d i a t i o n . 

I n s p i t e of the f a c t t h a t Tg^ i s measured a f t e r the 

f i l m s have been heated t o 220°C and the thermal r e a c t i o n comp­

l e t e d , t h e r e s u l t s i n T a b l e 4.27 i n d i c a t e t h a t a t a given time 

a f t e r i r r a d i a t i o n Tg^ tends t o i n c r e a s e w i t h i n c r e a s i n g c u r e ex­

p o s u r e . A l s o i t would appear, e s p e c i a l l y f o r f i l m s g i v e n s h o r t e r 

c u r e e x p o s u r e s , t h a t Tg^ i n c r e a s e s w i t h s t o r a g e time and as time 

p r o g r e s s e s the d i f f e r e n c e i n Tg^ between f i l m s g i v e n 1 and 3 

p a s s e s d i m i n i s h e s . These o b s e r v a t i o n s might be r a t i o n a l i z e d as 

f o l l o w s . The f i l m g i v e n t h e l e a s t exposure t o the s o u r c e has t h e 

g r e a t e s t p o t e n t i a l f o r p o s t - i r r a d i a t i o n thermal p o l y m e r i z a t i o n . 

I f t h i s f i l m i s heated, f u r t h e r p o l y m e r i z a t i o n o c c u r s but the 

r a t e of c h a i n t r a n s f e r or t e r m i n a t i o n p r o c e s s e s i s a l s o markedly 

i n c r e a s e d . T h e r e f o r e a l t h o u g h the degree of c r o s s - l i n k i n g has 

i n c r e a s e d i t i s not as h i g h as i t would have been i n the absence 

of s u c h p r o c e s s e s . A f i l m g i v e n a l o n g e r c u r e exposure has a 

g r e a t e r d e g r e e o f c r o s s - l i n k i n g p r i o r t o t h e r m a l treatment and so 

shows a h i g h e r Tg^ v a l u e even though the o c c u r r e n c e of c h a i n t r a n ­

s f e r o r t e r m i n a t i o n w i l l have reduced the e f f e c t i v e n e s s of the 

t h e r m a l p o l y m e r i z a t i o n t o produce a more r i g i d network. I f the 

f i l m g i v e n a lower c u r e exposure i s l e f t a t ambient temperature 

then c o n t i n u e d p o l y m e r i z a t i o n o c c u r s but the r a t e of c h a i n t r a n s ­

f e r i s low. T h e r e f o r e a f t e r s t o r a g e the f i l m has a h i g h e r degree 

o f c r o s s - l i n k i n g and hence g i v e s a h i g h e r Tg^ v a l u e a f t e r h e a t i n g . 
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The f a c t t h a t t h e f i l m s g i v e n 1 and 3 p a s s e s i n i t i a l l y show a 
s i g n i f i c a n t d i f f e r e n c e i n t h e i r I ^ ^ v a l u e s but a f t e r long s t o r ­
age time t h e r e i s l i t t l e d i f f e r e n c e i n the v a l u e s i n d i c a t e s 
t h a t a l t h o u g h fewer i n i t i a t i n g s p e c i e s and hence p r o p a g a t i n g 
c e n t r e s may be g e n e r a t e d i n the f i l m g i v e n the lower c u r e expos­
ur e they e v e n t u a l l y produce a degree of c r o s s - l i n k i n g s i m i l a r t o 
t h a t of t h e f i l m g i v e n the l o n g e r c u r e exposure. 

P e n e t r o n e t r y was used to measure the Tg of samples of 

e a c h f i l m a f t e r t hey had been h e a t e d to 220°C and then 142°C. 

The r e s u l t s a r e c o m p l i c a t e d by the o c c u r r e n c e of two t r a n s i t i o n s 

i n the t r a c e s of f i l m s g i v e n 10 and 20 p a s s e s under the lamp but 

i t does appear as i n s i m i l a r t r e n d s t o t h o s e observed i n the Tg^ 

v a l u e s a r e o c c u r r i n g . G e n e r a l l y the Tgp v a l u e s tend to be 

s l i g h t l y h i g h e r than the Tg^ v a l u e s . T h i s r e s u l t i s d i f f i c u l t 

t o r a t i o n a l i z e i n view o f the s t r e s s a c t i v a t i o n o f r e l a x a t i o n 

p r o c e s s e s b u t i t may be t h a t i n r e - r u n n i n g the samples t o meas­

u r e Tg.^ f u r t h e r low m o l e c u l a r weight m a t e r i a l i s l o s t r e s u l t i n g 

i n a h i g h e r v a l u e of "^p* The penetrometry measurements were 

r e p e a t e d on the sample of t h e f i l m s a n a l y s e d a f t e r 1 hour's 

s t o r a g e , t h e samples h a v i n g been h e a t e d to '^150°C i n the f i r s t 

measurement. No change i n e i t h e r the v a l u e s of Tg^ or the 

o c c u r r e n c e of the two t r a n s i t i o n s o c c u r r e d . The apparent p r e -

s e n s e of r e g i o n s of h i g h e r and lower m o b i l i t y i n the f i l m s g i v e n 

10 and 20 p a s s e s i s d i f f i c u l t to e x p l a i n as i s why t h i s apparent 

d i f f e r e n c e i n m o b i l i t y i s ' l o c k e d ' i n t o the system and why two 

g l a s s t r a n s i t i o n s a r e not d e t e c t e d i n the DSC c u r v e s . 

C r i v e l l o has p u b l i s h e d DSC c u r v e s of a 3,4-epoxycyclo-

h e x y l m e t h y l 3 ' , 4''-epoxycyclohexane c a r b o x y l a t e / t r i p h e n y l s u l -

phonium h e x a f l u o r o a r s e n a t e system r e c o r d e d i m m e d i a t e l y and 24 
39 

h o u r s a f t e r i r r a d i a t i o n . The two c u r v e s i n d i c a t e a s i m i l a r ­

i t y i n t h e b e h a v i o u r o f the above system w i t h t h a t s t u d i e d i n 
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t h i s work. The t r a c e r e c o r d e d i m m e d i a t e l y a f t e r i r r a d i a t i o n 
shows two o v e r l a p p i n g e x o t h e r m i c peaks w h i l s t i n the t r a c e r e ­
corded a f t e r 2 4 hours* s t o r a g e the lower t e m p e r a t u r e exotherm 
has d i m i n i s h e d . I t i s i n t e r e s t i n g to s p e c u l a t e t h a t t h i s be­
h a v i o u r w h i c h o c c u r s f o r t h e DGEBA system may be a r e s u l t of 
inhomogeneous c r o s s - l i n k i n g as d i s c u s s e d p r e v i o u s l y . I f the 
network were composed of r e g i o n s o f d i f f e r e n t m o b i l i t y then as 
h e a t i s a p p l i e d t h e r e a c t i v e s p e c i e s p r e s e n t i n the r e g i o n s of 
h i g h e r m o b i l i t y w i l l become more a c t i v e l e a d i n g to the c o n v e r s i o n 
o f f u n c t i o n a l groups and the lower t e m p e r a t u r e exotherm but as the 
t e m p e r a t u r e i s f u r t h e r r a i s e d , the s p e c i e s t r a p p e d i n lower mob­
i l i t y r e g i o n s w i l l become a c t i v e l e a d i n g t o a second a p p a r e n t l y 
o v e r l a p p i n g exotherm. The c u r v e s r e c o r d e d one hour a f t e r 
i r r a d i a t i o n would t h e r e f o r e i n d i c a t e t h a t the p r o p o r t i o n of 
s p e c i e s p r e s e n t i n h i g h e r m o b i l i t y r e g i o n s d e c r e a s e s w i t h i n ­
c r e a s i n g c u r e e x p o s u r e . A f t e r 168 hou r s ' s t o r a g e the lower 
t e m p e r a t u r e exotherm i s a b s e n t which s u g g e s t s t h a t the c a t i o n i c 
s p e c i e s p r e s e n t i n the h i g h m o b i l i t y r e g i o n s have r e a c t e d a t 
ambient t e m p e r a t u r e s . T h i s q u a l i t a t i v e a n a l y s i s of the DSC 
d a t a i s r e a s o n a b l y s e l f - c o n s i s t e n t and not i n c o n s i s t e n t w i t h the 
o t h e r i n t e r p r e t a t i o n s of the r e s u l t s from t e c h n i q u e s used to 
a n a l y s e t h e s y s t e m . However some of the a s p e c t s of the DSC d a t a 
such as t h e o c c u r r e n c e of a t h i r d h i g h e r t e m p e r a t u r e o v e r l a p p i n g 
peak would e i t h e r r e q u i r e a much deeper u n d e r s t a n d i n g of the 
p r o c e s s e s t h a t c a n o c c u r i n t h e s e systems or p r o g r e s s i v e l y more 
f a n c i f u l i n t e r p r e t a t i o n s of t h e d a t a . 

( i i ) E f f e c t o f I n c r e a s i n g Cure Exposure to F i l t e r e d L i g h t 

Samples of f i l m s g i v e n i n c r e a s i n g c u r e exposures under 

t h e h i g h i n t e n s i t y s o u r c e w i t h the 'pyrex' f i l t e r i n p l a c e were 

removed a t i n t e r v a l s a f t e r i r r a d i a t i o n f o r DSC a n a l y s i s as i n 

the p r e v i o u s e x p e r i m e n t . Other samples were ta k e n from s i m i l -
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a r l y i r r a d i a t e d f i l m s t h a t had been s t o r e d i n the dark f o r 1 
y e a r . The DSC c u r v e s o b t a i n e d f o r f i l m s g i v e n 1, 3, 10 and 
20 p a s s e s a r e r e p r o d u c e d i n Appendix 7 to i l l u s t r a t e the t r e n d s 
o u t l i n e d below. 

The DSC c u r v e o f the f i l m g i v e n 1 p a s s r e c o r d e d 3 hours 

a f t e r i r r a d i a t i o n shows what appears t o be a f a i r l y broad s i n g l e 

e x o t h e r m i c peak i n the r e g i o n of 30-100°C w h i l s t the c u r v e f o r 

the f i l m g i v e n 3 p a s s e s , r e c o r d e d 1 hour a f t e r i r r a d i a t i o n , shows 

a t l e a s t two o v e r l a p p i n g exothermic peaks w i t h the lower temper­

a t u r e peak more prominent. As the number of p a s s e s i s i n c r e a s e d 

t o 10 and then 20, what i s p o s s i b l y a t h i r d h i g h e r temperature 

o v e r l a p p i n g e x o t h e r m i c peak becomes apparent and the prominence 

of t h e lower t e m p e r a t u r e peak of t h e s e o v e r l a p p i n g exotherms 

d i m i n i s h e s . A l l the t r a c e s show a v e r y broad, q u i t e s m a l l , 

h i g h t e m p e r a t u r e e x o t h e r m i c peak. The a r e a under the main exo­

therms ap p e a r s t o i n c r e a s e markedly on going from 1 to 3 p a s s e s 

m a i n l y because of the growth of the second o v e r l a p p i n g exotherm 

and on g o i n g from 3 t o 10 p a s s e s because of the growth of a 

t h i r d o v e r l a p p i n g exotherm, whereas on going from 10 to 20 p a s s e s 

t h e r e i s a s l i g h t d e c r e a s e i n the a r e a under the exotherms. 

A f t e r 168 h o u r s ' s t o r a g e the DSC c u r v e of the f i l m 

g i v e n 1 p a s s a g a i n shows a s i n g l e f a i r l y broad exotherm i n the 

r e g i o n of 30-100°C w h i l s t the o t h e r f i l m s show a r e a s o n a b l y 

s h a r p e x o t h e r m i c peak w i t h a s m a l l o v e r l a p p i n g peak on the high 

t e m p e r a t u r e s i d e which i n c r e a s e s i n prominence w i t h i n c r e a s i n g 

c u r e e x p o s u r e . Both the c u r v e s f o r the f i l m s g i v e n 1 and 3 

p a s s e s show the o n s e t of an endothermic peak or s h i f t i n the 

b a s e l i n e i m m e d i a t e l y b e f o r e the main exothermic e v e n t , an e f f e c t 

o b s e r v e d i n the DSC c u r v e of a f i l m g i v e n 1 p a s s u s i n g the f u l l 

o u t p u t of the lamp r e c o r d e d a f t e r 168 hours' s t o r a g e . Again a 
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s m a l l , broad h i g h t e m p e r a t u r e e x o t h e r m i c peak i s p r e s e n t i n 
the c u r v e s . The a r e a under t h e main exotherms i n each curve 
a p p e a r s to have d e c r e a s e d s i n c e t h e l a s t a n a l y s i s . I n the 
f i l m g i v e n 3 p a s s e s t h i s d e c r e a s e i s m a i n l y due to the dimin­
u t i o n of t h e low t e m p e r a t u r e o v e r l a p p i n g exotherm w h i l s t i n 
t h e f i l m s g i v e n 10 and 20 p a s s e s the t h i r d h i g h e r temperature 
o v e r l a p p i n g exotherm d i m i n i s h e s as w e l l . S i m i l a r c u r v e s a r e 
o b t a i n e d a f t e r 504 h o u r s ' s t o r a g e w i t h a s l i g h t d e c r e a s e i n the 
a r e a under the exotherms o c c u r r i n g s i n c e the a n a l y s i s c a r r i e d 
out a f t e r 168 h o u r s ' s t o r a g e . A f t e r s t o r a g e f o r 1 y e a r the 
DSC c u r v e s o f s i m i l a r f i l m s show a broad e x o t h e r m i c event w i t h , 
i n t h e c u r v e s of t h e f i l m s g i v e n 1 and 3 p a s s e s , the o n s e t of 
an e n d o t h e r m i c e v e n t i m m e d i a t e l y b e f o r e the o n s e t of the exo­
therm. T h i s shows t h e r e i s s t i l l the p o t e n t i a l f o r r e a c t i o n 
one y e a r a f t e r i r r a d i a t i o n . I t was noted t h a t as time pro­
g r e s s e d the d i f f e r e n c e i n the a r e a s under the main exotherms, 
due t o the d i f f e r e n t c u r e e x p o s u r e s , d i m i n i s h e d . 

The p a r a m e t e r s T^ and T^ were d e f i n e d as i n the p r e ­

v i o u s s e c t i o n and t h e v a l u e s o b t a i n e d a r e shown i n T a b l e 4.28 

a l o n g w i t h t h o s e o f Tg^ and Tg^. 

I n t h e c u r v e s r e c o r d e d 1 hour a f t e r i r r a d i a t i o n , T^ 

t e n d s t o i n c r e a s e s l i g h t l y w i t h c u r e exposure i n d i c a t i n g t h a t 

t h e r i g i d i t y of t h e network i n c r e a s e s . The a r e a under the 

main e x o t h e r m i c peaks however shows more complex b e h a v i o u r . 

C o n t r a r y t o what one might e x p e c t , the a r e a under the main exo­

t h e r m i c peak i n the c u r v e o f t h e f i l m g i v e n 1 p a s s i s l e s s than 

t h e a r e a under the exotherms i n - t h e f i l m g i v e n 3 p a s s e s . T h i s 

e f f e c t may a r i s e b e c a u s e the r e s i d u a l h e a t of polymeriz.ation 

w i l l be r e l a t e d t o t h e number of r e a c t i v e s p e c i e s trapped as 

w e l l as t h e amount of u n r e a c t e d f u n c t i o n a l i t y p r e s e n t . I n the 

f i l m g i v e n 1 p a s s t h e number o f i n i t i a t i n g and hence propagating 
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TABLE 4.28 V a l u e s of T , T , Tg, and Tq as a F u n c t i o n of Cure o - e ^d ^ p 
Exposure and Time a f t e r i r r a d i a t i o n f o r F i l m s I r r a d ­
i a t e d w i t h F i l t e r e d L i g h t u s i n g the 1.8kW Source 

Number 
of 

p a s s e s 

Time a f t e r 
i r r a d i a t i a i 

/ h r s . 
T,/°C ^ d / ° ^ 

1 3 -^31 55 '\'29 -

3 1 '̂ 3̂0 44 62 -

10 1 %37 49 85 -

20 1 ^39 54 92 -
1 168 50 66 55 62 

3 56 62 76 80 

10 61 68 90 86 

20 60 68 93 82 

1 504 60 66 64 67 

3 63 66 80 86 

10 64 70 94 93 

20 64 71 97 93 

1 1 y e a r 73 - 79 -

3 76 - 87 -

10 76 - 97 -

20 - - - -

c e n t r e s produced and tr a p p e d may be v e r y low l e a d i n g to an appar­

e n t l y lower r e s i d u a l h e a t of p o l y m e r i z a t i o n even though t h e r e i s 

p o s s i b l y a g r e a t e r number of u n r e a c t e d f u n c t i o n a l groups p r e s e n t 

i n t h e system whereas 3 p a s s e s r e s u l t s i n a g r e a t e r number of 

t r a p p e d r e a c t i v e s p e c i e s which a r e a b l e t o c o n v e r t a g r e a t e r 

p r o p o r t i o n of t he u n r e a c t e d f u n c t i o n a l groups g i v i n g r i s e to a 

l a r g e r exotherm. The i n c r e a s e i n a r e a under the exotherms on 

going from 3 to 10 p a s s e s may not be due t o a g r e a t e r p o t e n t i a l 

f o r t h e r m a l p o l y m e r i z a t i o n but to the o c c u r r e n c e of some o t h e r 

p r o c e s s s i n c e t h i s i n c r e a s e i s m a i n l y due to the appearance of 
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a t h i r d o v e r l a p p i n g exotherm and i n s p i t e of the i n c r e a s e i n 

a r e a , T^ i n c r e a s e s . On going from 10 t o 20 p a s s e s the a r e a 

under the exotherms a p p e a r s to d e c r e a s e s l i g h t l y and T^ i n ­

c r e a s e s w h i c h i s a t l e a s t i n p a r t due t o the d i m i n u t i o n of the 

lower t e m p e r a t u r e peak of the o v e r l a p p i n g exotherms. T h i s i s 

c o n s i s t e n t w i t h an i n c r e a s e i n the c o n v e r s i o n of f u n c t i o n a l 

groups and an i n c r e a s e of the r i g i d i t y of the system w i t h i n ­

c r e a s i n g e x p o s u r e . The v a l u e s of T^ i n the f i l m s a r e c l o s e t o 

the t e m p e r a t u r e of the o n s e t of p e n e t r a t i o n measured 10 minutes 

a f t e r i r r a d i a t i o n , r e p o r t e d i n S e c t i o n 4.11(A) (iv).The b e h a v i o u r 

of T^ i s more c o m p l i c a t e d s i n c e i t d e c r e a s e s on going from 1 t o 

3 p a s s e s under t h e lamp and then i n c r e a s e s w i t h f u r t h e r c u r e ex­

posure r e f l e c t i n g t h e complex r e l a t i o n s h i p between the o v e r a l l 

r a t e o f p o l y m e r i z a t i o n and the form o f t h e r e s u l t i n g DSC c u r v e . 

A f t e r a f u r t h e r 167 h o u r s ' s t o r a g e T^ has i n c r e a s e d 

s i g n i f i c a n t l y , but s t i l l shows an i n c r e a s e w i t h i n c r e a s i n g c u r e 

e x p o s u r e . T h i s i n c r e a s e of T^ combined w i t h the d e c r e a s e i n 

the a r e a under the exotherms over t h e same p e r i o d i n d i c a t e s t h a t 

t h e r i g i d i t y o f t h e network and t h e e x t e n t o f r e a c t i o n have i n ­

c r e a s e d a t ambient t e m p e r a t u r e s . The v a l u e o f T^ from the 

c u r v e s r e c o r d e d 504 h o u r s a f t e r i r r a d i a t i o n shows an i n c r e a s e , 

e s p e c i a l l y i n the f i l m s g i v e n s h o r t e r c u r e e x p o s u r e s , over the 

v a l u e o b t a i n e d a f t e r 168 hours ' s t o r a g e but the magnitude i s 

s i g n i f i c a n t l y l e s s than t h a t o b s e r v e d on going from 1 to 168 

h o u r s ' s t o r a g e . A l s o the v a l u e of T^ now i n c r e a s e s o n l y 

s l i g h t l y w i t h i n c r e a s i n g c u r e e x p o s u r e . The a r e a under the 

exotherms a p p e a r s t o d i m i n i s h s l i g h t l y on going from 168 to 504 

h o u r s ' s t o r a g e w h i c h , combined w i t h the i n c r e a s e of T^, i s i n ­

d i c a t i v e o f f u r t h e r r e a c t i o n and c r o s s - l i n k i n g . S i m i l a r l y the 

DSC c u r v e s r e c o r d e d a f t e r 1 y e a r ' s s t o r a g e i n d i c a t e t h a t the ex­

t e n t of r e a c t i o n and r i g i d i t y of t h e network has i n c r e a s e d over 
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the l e n g t h y p e r i o d s i n c e the a n a l y s i s c a r r i e d out 504 hours 

a f t e r i r r a d i a t i o n . The parameter T^, a l t h o u g h i n c r e a s e d i n 

e a c h f i l m , s t i l l shows a d e c r e a s e on going from 1 to 3 p a s s e s 

and t h e n an i n c r e a s e w i t h f u r t h e r c u r e exposure i n the t r a c e s 

r e c o r d e d 168 hours a f t e r i r r a d i a t i o n . A f t e r a f u r t h e r 336 hours' 

s t o r a g e T^ has a g a i n i n c r e a s e d , although o n l y s l i g h t l y , i n a l l 

the f i l m s e x c e p t t h a t g i v e n 1 p a s s . I t i s i n t e r e s t i n g t o note 

t h a t the t e m p e r a t u r e of the o n s e t of p e n e t r a t i o n i n t o f i l m s c u r e d 

i n a s i m i l a r manner showed a marked i n c r e a s e w i t h i n 168. hours 

of i r r a d i a t i o n and t h a t the DSC d a t a a l s o i n d i c a t e s a marked i n ­

c r e a s e i n c o n v e r s i o n and c r o s s - l i n k i n g o v e r t h i s same p e r i o d . 

The v a l u e s of Tg^ o b t a i n e d from the r e - r u n samples 

g i v e n i n T a b l e 4.28 show q u i t e c l e a r l y an i n c r e a s e w i t h i n ­

c r e a s i n g c u r e exposure and s t o r a g e time. The v a l u e s of Tg^ 

o b t a i n e d from samples t h a t have been heated t o 2 20°C and then 

137°C show the same t r e n d s as the Tg^ v a l u e s . U n l i k e the TMA 

t r a c e s of f i l m s i r r a d i a t e d w i t h o u t the f i l t e r p r e s e n t , o n l y one 

t r a n s i t i o n was a p p a r e n t i n a l l the above samples. Comparison 

of t h e two measures of Tg i n d i c a t e t h a t Tg^ i s o n l y h i g h e r than 

l ^ p i n the f i l m s g i v e n l o n g e r c u r e e x p o s u r e s . 

The DSC c u r v e s of t h e s e f i l m s may a g a i n be l o o s e l y 

i n t e r p r e t e d as b e i n g i n d i c a t i v e of inhomogeneous c r o s s - l i n k i n g , 

l e a d i n g t o the f o r m a t i o n of a two phase network. One hour 

a f t e r i r r a d i a t i o n the DSC c u r v e of the f i l m g i v e n 3 p a s s e s shows 

two o v e r l a p p i n g exotherms which may be a t t r i b u t e d t o s p e c i e s 

t r a p p e d i n r e g i o n s of h i g h and low m o b i l i t y becoming a c t i v e , 

l e a d i n g t o the c o n v e r s i o n of r e s i d u a l f u n c t i o n a l groups. As 

the c u r e exposure i n c r e a s e s , t h e lower temperature exotherm dim­

i n i s h e s i n prominence i n d i c a t i n g t h a t a g r e a t e r p r o p o r t i o n of 

s p e c i e s a r e t r a p p e d i n r e g i o n s of low m o b i l i t y . A f t e r 168 
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h o u r s ' s t o r a g e the lower t e m p e r a t u r e e x o t h e r m i c peak of t h e 
o v e r l a p p i n g e x o t h e r m i c peaks has d i s a p p e a r e d , which c o n t r i b u t e s 
t o t h e i n c r e a s e i n T^, l e a v i n g a t l e a s t one h i g h e r t e m p e r a t u r e 
exotherm wh i c h c o u l d c o r r e s p o n d t o r e a c t i v e s p e c i e s trapped i n 
low m o b i l i t y r e g i o n s becoming a c t i v e , t h e r e a c t i v e s p e c i e s i n 
h i g h m o b i l i t y r e g i o n s h a v i n g r e a c t e d a t ambient t e m p e r a t u r e s . 
The DSC c u r v e of the f i l m g i v e n 1 p a s s r e c o r d e d 3 hours a f t e r 
i r r a d i a t i o n shows the p r e s e n c e of a s i n g l e q u i t e broad exotheirmic 
peak perhaps s u g g e s t i n g t h a t the two phase n a t u r e o f the s y s t e m 
has n o t developed because of the s l o w e r r a t e of p o l y m e r i z a t i o n 
as a r e s u l t of a r e d u c t i o n i n the f o r m a t i o n of i n i t i a t i n g s p e c i e s , 
C o n t i n u e d r e a c t i o n d u r i n g 168 h o u r s ' s t o r a g e r e s u l t s i n a marked 
i n c r e a s e i n T^ i n d i c a t i n g t h a t the r e a c t i v e s p e c i e s a r e m.ore 
f i r m l y h e l d i n the network. I t i s i n t e r e s t i n g t o note t h a t t h e 
p e n e t r o m e t r y t r a c e of a s i m i l a r l y c u r e d f i l m showed o n l y one 
t r a n s i t i o n 3 hours a f t e r i r r a d i a t i o n whereas 24 hours l a t e r two 
t r a n s i t i o n s become apparent. The p i c t u r e of an inhomogeneous 
network o u t l i n e d above from the DSC d a t a i s c o n s i s t e n t w i t h t h a t 
o u t l i n e d f o r the f i l m s i r r a d i a t e d u s i n g the f u l l output of the 
lamp w i t h the same l i m i t a t i o n s a p p l y i n g . 

The DSC a n a l y s e s c a r r i e d out one hour a f t e r i r r a d i a t i o n 

i n d i c a t e t h a t f o r each c u r e e x p o s u r e the f i l m s i r r a d i a t e d w i t h 

f i l t e r e d l i g h t have a lower degree o f c u r e than f i l m s i r r a d i a t e d 

w i t h the f u l l output of the lamp s i n c e the a r e a under the main 

e x o t h e r m i c peaks i s g r e a t e r ( e x c e p t i n g the f i l m g i v e n 1 p a s s ) 

w h i l s t t h e v a l u e s of T^ and Tg^ a r e lower. As time p r o g r e s s e s 

t h e v a l u e s o f T^ become e q u i v a l e n t i n the two s e t s of f i l m s 

w h i l s t t h e d i f f e r e n c e between the a r e a s and the main e x o t h e r m i c 

peaks and the v a l u e s of T^ tend t o d i m i n i s h . The r e s u l t s from 

the TMA of s i m i l a r l y i r r a d i a t e d f i l m s a l s o s u g g e s t e d t h a t f o r 

each c u r e e x p o s u r e , i r r a d i a t i o n w i t h f i l t e r e d l i g h t r e s u l t s i n 
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a lower degree of c u r e which may not be u n r e a s o n a b l e . However 
the DSC a n a l y s i s i n d i c a t e s t h a t the a d d i t i o n a l c o n v e r s i o n on 
h e a t i n g i s g r e a t e r f o r f i l m s g i v e n 10 or 20 p a s s e s w i t h the 
f i l t e r i n p l a c e t h a n f o r a f i l m g i v e n 1 p a s s u s i n g the f u l l 
o u t p u t of lamp even though the v a l u e s of Tg^ a r e s i g n i f i c a n t l y 
g r e a t e r i n the former f i l m s and the v a l u e s of T^ s i m i l a r . With 
the p r o g r e s s i o n o f time the d i f f e r e n c e i n the a r e a under the 
main e x o t h e r m i c peaks and the v a l u e s of Tg^ tend t o d i m i n i s h . 
As r e p o r t e d i n S e c t i o n 4 . 1 1 ( A ) ( i v ) , TMA a l s o i n d i c a t e d t h a t the 
degree of c u r e i n f i l m s g i v e n l o n g e r e x p o s u r e s to f i l t e r e d l i g h t 
was lower than t h a t i n a f i l m g i v e n a s h o r t exposure to un-
f i l t e r e d l i g h t . As mentioned p r e v i o u s l y i n c o n n e c t i o n w i t h 
t h e TMA r e s u l t s , one might e x p e c t the former f i l m s to show a 
s i m i l a r or h i g h e r degree of c u r e than a f i l m i r r a d i a t e d under 
the l a t t e r regime as i s i n d i c a t e d by IR s p e c t r o s c o p i c measure­
ments of the e p o x i d e c o n v e r s i o n i n such f i l m s . C o n t r a r y to 
e x p e c t a t i o n and t h e c o n v e r s i o n measurements i t might be t h a t 
f i l m s g i v e n 10 or 20 p a s s e s w i t h the f i l t e r i n p l a c e a r e l e s s 
w e l l c u r e d , f o r m a t i o n of the network by a lower r a t e of polymer­
i z a t i o n due t o t h e use of the f i l t e r p o s s i b l y f a c i l i t a t i n g the 
t r a p p i n g of p r o p a g a t i n g s p e c i e s a t an e a r l i e r s t a g e i n the c r o s s -
l i n k i n g p r o c e s s t h u s s h o r t e n i n g the k i n e t i c c h a i n l e n g t h . I f 
t h i s were t o be t h e c a s e then i t i s d i f f i c u l t t o e x p l a i n why 
the v a l u e of Tg^ i s h i g h e r i n the two f i l m s c u r e d u s i n g f i l t e r e d 
l i g h t s i n c e i t i s proposed t h a t the magnitude of Tg^ i s depend­
e n t on the d e g r e e o f c r o s s - l i n k i n g p r i o r t o h e a t i n g . An a l t e r ­
n a t i v e p r o p o s i t i o n i s t h a t even though the o v e r a l l degree of 
c o n v e r s i o n and c r o s s - l i n k i n g i s g r e a t e r i n the f i l m s g i v e n l o n g e r 
c u r e e x p o s u r e s u s i n g f i l t e r e d l i g h t than the f i l m g i v e n a s h o r t e r 
c u r e exposure w i t h o u t the f i l t e r i n p l a c e , the lower r a t e of 
i n i t i a t i o n and hence p o l y m e r i z a t i o n as a r e s u l t of u s i n g the 
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f i l t e r g i v e s r i s e to a network s t r u c t u r e c o n t a i n i n g a g r e a t e r 

p r o p o r t i o n of lower m o b i l i t y r e g i o n s as i s i n d i c a t e d by the TMA 

r e s u l t s . The l a r g e r exotherm on h e a t i n g the two f i l m s g i v e n 

l o n g e r c u r e e x p o s u r e s t o f i l t e r e d l i g h t might then r e s u l t from 

a c o m b i n a t i o n of a g r e a t e r number of t r a p p e d p r o p a g a t i n g s p e c i e s 

and a g r e a t e r p r o b a b i l i t y of r e s i d u a l f u n c t i o n a l i t y i n h i g h 

m o b i l i t y r e g i o n s r e a c t i n g even on h e a t i n g . The h i g h e r T^^ 

v a l u e s would then be e x p l a i n e d by the g r e a t e r o v e r a l l degree 

o f c r o s s - l i n k i n g 

(B) I r r a d i a t i o n w i t h the lOOW Source 

( i ) E f f e c t of I n c r e a s i n g Cure Exposure 

Samples of f i l m s i r r a d i a t e d f o r 3, 8, 20 and 45 min­

u t e s w i t h a l i g h t i n t e n s i t y of 17.1raV^ cm ^ were removed a t 

i n t e r v a l s a f t e r c u r e f o r DSC a n a l y s i s . O ther samples were 

t a k e n from s i m i l a r l y i r r a d i a t e d f i l m s t h a t had been s t o r e d i n 

t h e d a r k f o r 1 y e a r . The DSC c u r v e s o b t a i n e d a r e shown i n 

Appendix 7 t o i l l u s t r a t e the t r e n d s o u t l i n e d below. 

The DSC c u r v e r e c o r d e d 1 hour a f t e r i r r a d i a t i o n of 

a f i l m f o r 3 minutes shows a t l e a s t two o v e r l a p p i n g e x o t h e r m i c 

p eaks i n the r e g i o n of 30 t o 100°C. As the c u r e exposure i n ­

c r e a s e s a t h i r d h i g h e r temperature o v e r l a p p i n g peak becomes 

a p p a r e n t and t h e lower temperature peak becomes l e s s prominent. 

I n a d d i t i o n a l l the c u r v e s e x h i b i t a minor, v e r y b r o a d , h i g h e r 

t e m p e r a t u r e e x o t h e r m i c peak. The a r e a under the main peaks 

a p p e a r s to i n c r e a s e on going from 3 t o 8 m i n u t e s ' i r r a d i a t i o n , 

m a i n l y due t o the appearance o f the t h i r d o v e r l a p p i n g exotherm, 

w h i l s t the a r e a d e c r e a s e s on going to 20 and then 45 m i n u t e s ' 

i r r a d i a t i o n . The c u r v e s r e c o r d e d 168 hours a f t e r i r r a d i a t i o n 

show a q u i t e s h a r p e x o t h e r m i c peak i n the r e g i o n of 30-100°C 

w i t h a second, s m a l l e r , o v e r l a p p i n g peak on the h i g h e r temperature 
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s i d e . The v e r y broad, h i g h e r t e m p e r a t u r e , exothermic peak i s 
s t i l l p r e s e n t . I m m e d i a t e l y b e f o r e the main exothermic event, 
i n t h e t r a c e s f o r t h e f i l m s g i v e n 3 and 8 m i n u t e s ' i r r a d i a t i o n , 
t h e r e i s t h e o n s e t of e i t h e r an endothermic peak or s h i f t i n 
t h e b a s e l i n e i n d i c a t i v e of e i t h e r s t r e s s r e l e a s e or a g l a s s 
t r a n s i t i o n . The a r e a under the main ex o t h e r m i c peaks appears 
t o have d e c r e a s e d somewhat i n the t r a c e of the f i l m g i v e n 3 
m i n u t e s ' i r r a d i a t i o n over the 167 hour p e r i o d s i n c e the p r e v i o u s 
r u n m a i n l y b e c a u s e o f the lower t e m p e r a t u r e peak of o v e r l a p p i n g 
e xotherms d i m i n i s h i n g w h i l s t t h e d e c r e a s e of the a r e a under the 
main e x o t h e r m i c p e a k s , over the same p e r i o d , i n the c u r v e s f o r 
f i l m s g i v e n l o n g e r c u r e e x p o s u r e s i s due t o a d i m i n u t i o n of 
b o t h t h e h i g h e r and lower temperature peaks of the t h r e e o v e r ­
l a p p i n g e x o t h e r m s . S i m i l a r c u r v e s were o b t a i n e d 504 hours a f t e r 
i r r a d i a t i o n w i t h a s l i g h t d e c r e a s e i n the a r e a under the main 
e x o t h e r m i c p e a k s o c c u r r i n g over the p e r i o d of s t o r a g e s i n c e the 
l a s t a n a l y s i s . The DSC c u r v e s of f i l m s s t o r e d f o r 1 year show 
a t l e a s t two o v e r l a p p i n g exotherms w i t h the lower temperature 
one b e i n g q u i t e d i s t i n g u i s h a b l e . As w i t h the p r e v i o u s DSC 
a n a l y s e s , a l l t h e above samples showed an endothermic s h i f t i n 
t h e b a s e l i n e when r e - r u n , a t t r i b u t e d t o a g l a s s t r a n s i t i o n . 

The p a r a m e t e r s T^, T^ and I ^ ^ measured from the c u r v e s 

a s i n p r e v i o u s DSC a n a l y s e s . The v a l u e s of t h e s e parameters 

a l o n g w i t h the t e m p e r a t u r e of the o n s e t of p e n e t r a t i o n , Tgp, f o r 

s a m p l e s of e a c h f i l m measured a f t e r the DSC a n a l y s i s are r e ­

c o r d e d i n T a b l e 4.29. 

The v a l u e s of T_ from the c u r v e s r e c o r d e d 1 hour o 

a f t e r i r r a d i a t i o n show a s l i g h t i n c r e a s e w i t h i n c r e a s i n g i r r a d ­

i a t i o n t i m e . T h i s i n c r e a s e of T^ i n d i c a t e s t h a t the network 

becomes more r i g i d w i t h i n c r e a s i n g c u r e exposure but i s a t l e a s t 
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TABLE 4.2 9 V a l u e s of T^,T^, Tg^andTg^as a F u n c t i o n of Cure 
Exposure and Time a f t e r I r r a d i a t i o n f o r F i l m s 
I r r a d i a t e d w i t h the lOOW Source 

I r r a d i a t i o n 
time/mins. 

Time a f t e r 
irradiation/hrs T„/°C T,/°C T g / ° c 

3 

8 

20 

45 

1 -^35 

^̂ 36 

39 

42 

47 

48 

52 

55 

64 

88 

92 

95 

76 

87 

90,113 

3 

8 

20 

45 

168 55 

59 

59 

60 

63 

65 

66 

67 

78 

92 

98 

97 

82 

92 

93 

93 

3 

8 

20 

45 

504 60 

63 

63 

63 

66 

68 

69 

70 

79 

91 

98 

99 

86 

93 

97 

98 

3 

8 

20 

45 

1 y e a r 68 

70 

71 

70 

80 

83 

82 

88 

93 

97 

95 

80 

91 

92 

96 

p a r t l y due to the d i m i n u t i o n of the lower temperature peak of 

t h e o v e r l a p p i n g e x o t h e r m i c peaks. The i n c r e a s e i n a r e a under 

the m.ain e x o t h e r m i c peaks on going from 3 to 8 m i n u t e s ' i r r a d ­

i a t i o n may not be a consequence of an i n c r e a s e i n the p o t e n t i a l 

f o r p o l y m e r i z a t i o n s i n c e i t i s m o s t l y due to the appearance of a 

t h i r d o v e r l a p p i n g exotherm and T^ i n c r e a s e s which i s t a k e n as 

b e i n g i n d i c a t i v e of an i n c r e a s e i n the r i g i d i t y of the network 

and hence the c o n v e r s i o n of epoxide f u n c t i o n a l i t y . The v a l u e s 

of T^ a r e q u i t e c l o s e to the temperature of the o n s e t of pene-
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t r a t i o n measured i n s i m i l a r l y i r r a d i a t e d f i l m s , p l o t t e d i n 
F i g u r e 4.20, The v a l u e s of a l s o show an i n c r e a s e w i t h i n ­
c r e a s i n g c u r e e x p o s u r e . 

A f t e r a f u r t h e r 167 h o u r s ' s t o r a g e the v a l u e s of 

i n e a c h f i l m have i n c r e a s e d and t h e d i f f e r e n c e i n T between 
o 

f i l m s g i v e n l o n g e r c u r e e x p o s u r e s has become n e g l i g i b l e . T h i s 

i n c r e a s e of T^ combined w i t h a d e c r e a s e i n the a r e a under the 

main e x o t h e r m i c peaks i n d i c a t e s , a s seen w i t h o t h e r f i l m s , t h a t 

the e x t e n t o f c o n v e r s i o n and the r i g i d i t y of t he system have 

i n c r e a s e d . An a d d i t i o n a l 336 h o u r s ' s t o r a g e r e s u l t s i n a s l i g h t 
i n c r e a s e of T and T^ w i t h a d e c r e a s e i n the a r e a under the main o e 
e x o t h e r m i c p e a k s . The DSC c u r v e s of s i m i l a r l y i r r a d i a t e d f i l m s 

s t o r e d i n t h e d a r k f o r one y e a r , show a f u r t h e r s l i g h t i n c r e a s e 

o f T and T o v e r t h e v a l u e s o b t a i n e d 504 hours a f t e r i r r a d i a t -o e 

i o n w h i l s t t h e a r e a under the e x o t h e r m i c peaks has again dimin­

i s h e d s l i g h t l y . 

The v a l u e s of Tg^ i n T a b l e 4.29 show the t r e n d of i n ­

c r e a s i n g w i t h i n c r e a s i n g c u r e e x p o s u r e and s t o r a g e time although 

the d i f f e r e n c e r e s u l t i n g from i n c r e a s e d c u r e exposure d i m i n i s h e s 

w i t h i n c r e a s e d s t o r a g e time and t h e magnitude of the i n c r e a s e 

on g o i n g from 336 t o 504 h o u r s ' s t o r a g e i s s i g n i f i c a n t l y l e s s 

t h a n t h a t on g o i n g from 1 t o 168 h o u r s ' s t o r a g e . The v a l u e s 

of Tgp show s i m i l a r t r e n d s t o t h o s e e x h i b i t e d by the Tg^ v a l u e s . 

The TMA t r a c e of t h e f i l m g i v e n 45 m i n u t e s ' i r r a d i a t i o n , r e c o r d e d 

a f t e r 1 h o u r ' s s t o r a g e and the DSC a n a l y s i s , showed two t r a n s i t ­

i o n s but s u b s e q u e n t t r a c e s r e c o r d e d a f t e r f u r t h e r s t o r a g e and 

DSC a n a l y s e s showed one t r a n s i t i o n . I t would appear t h a t as 

s e e n f o r o t h e r f i l m s , t h e v a l u e o f Tg^ i s lower than Tg^ i n 

f i l m s g i v e n s h o r t e r c u r e e x p o s u r e s . 

The p r e s e n c e of o v e r l a p p i n g e x o t h e r m i c peaks i n the 

DSC c u r v e s r e c o r d e d 1 hour a f t e r i r r a d i a t i o n and the d i m i n u t i o n 
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of the lower temperature o v e r l a p p i n g peak w i t h i n c r e a s i n g c u r e 
exposure and a f t e r s t o r a g e of the f i l m s may a g a i n be i n t e r p r e t e d 
as b e i n g i n d i c a t i v e of inhomogeneous c r o s s - l i n k i n g . 

C o n p a r i s o n of the DSC d a t a from t h e a n a l y s i s of f i l m s 

i r r a d i a t e d w i t h the 1.8kW and lOOW s o u r c e s s u g g e s t s , i n s p i t e 

of t h e v a l u e s of Tgj^ and be i n g i n t h e same range, t h a t the 

f i l m s i r r a d i a t e d w i t h the l a t t e r s o u r c e a r e l e s s w e l l c u r e d s i n c e 

t h e a r e a under the main exothermic peaks i s g r e a t e r a l t h o u g h the 

d i f f e r e n c e does tend to d i m i n i s h w i t h time. TMA of s i m i l a r l y 

i r r a d i a t e d f i l m s a l s o suggested t h a t the degree of c r o s s - l i n k i n g 

i n t h e f i l m s i r r a d i a t e d w i t h the low i n t e n s i t y lamp was lower. 

As a l r e a d y mentioned i n c o n n e c t i o n w i t h the TIAA r e s u l t s i n 

S e c t i o n 4.11(B) ( i ) one might e x p e c t the f i l m i r r a d i a t e d w i t h 

the lOOW s o u r c e f o r 45 minutes to show a degree of cur e s i m i l a r 

to o r g r e a t e r than t h a t of a f i l m g i v e n 1 p a s s under the h i g h 

i n t e n s i t y lam.p as the IR s p e c t r o s c o p i c measurements of the epoxide 

c o n v e r s i o n i n s i m i l a r l y i r r a d i a t e d f i l m s i n d i c a t e . The DSC 

a n a l y s e s , l i k e the r e s u l t s from TMA, s u g g e s t t h a t t h i s i s not the 

c a s e even though t h e v a l u e of Tg^ i s i n i t i a l l y s i g n i f i c a n t l y 

lower f o r the f i l m g i v e n 1 pass under the 1.8kW s o u r c e . As 

time p r o g r e s s e s t h e v a l u e s of Tg^ tend t o become e q u i v a l e n t f o r 

the two f i l m s and the d i f f e r e n c e i n the a r e a under the main exo­

t h e r m i c peaks d i m i n i s h e s . The p o s s i b i l i t y e x i s t s t h a t , i n 

s p i t e of what might be expected and the c o n v e r s i o n measurements, 

the f i l m g i v e n 45 minutes' i r r a d i a t i o n w i t h the lOOW s o u r c e i s 

l e s s w e l l c u r e d than the f i l m g i v e n the s h o r t e r c u r e exposure 

t o t h e h i g h i n t e n s i t y lamp. The lower r a t e of i n i t i a t i o n and 

hence p o l y m e r i z a t i o n ( r e s u l t i n g from the use of the low i n t e n s i t y 

s o u r c e under the above c o n d i t i o n s ) might, as proposed p r e v i o u s l y , 

f a c i l i t a t e the t r a p p i n g of p r o p a g a t i n g s p e c i e s p o s s i b l y a t an 

e a r l i e r s t a g e i n the c r o s s - l i n k i n g p r o c e s s t h u s s h o r t e n i n g the 
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k i n e t i c c h a i n l e n g t h . Again an a l t e r n a t i v e p r o p o s i t i o n i s t h a t 
the o v e r a l l degree of c o n v e r s i o n and hence c r o s s - l i n k i n g might 
be g r e a t e r i n the f i l m g i v e n t h e l o n g e s t exposure t o the low 
i n t e n s i t y lamp but t h e lower r a t e o f p o l y m e r i z a t i o n r e s u l t s i n 
a network composed of a g r e a t e r p r o p o r t i o n of lower m o b i l i t y 
r e g i o n s . The l a r g e r exotherm on h e a t i n g the f i l m i r r a d i a t e d 
f o r 45 m i n u t e s u s i n g t h e lOOW s o u r c e might then r e s u l t from a 
g r e a t e r p r o b a b i l i t y o f r e s i d u a l f u n c t i o n a l i t y i n h i g h m o b i l i t y 
r e g i o n s r e a c t i n g p e r h a p s combined w i t h t h e p r e s e n c e of a g r e a t e r 
number of t r a p p e d r e a c t i v e s p e c i e s . The i n c r e a s e d o v e r a l l 
d egree o f c r o s s - l i n k i n g might a l s o a c c o u n t f o r the h i g h e r Tg^ 
v a l u e . 

( i i ) E f f e c t of I n c r e a s i n g Cure E x p o s u r e t o F i l t e r e d L i g h t 

F i l m s were i r r a d i a t e d f o r 3, 8, 20 and 45 minutes 

w i t h t h e 'pyrex' f i l t e r i n p l a c e , so t h a t t h e y r e c e i v e d a 
-2 

s i m i l a r l i g h t i n t e n s i t y , 17.1mW cm , t o the f i l m s i r r a d i a t e d 

i n the p r e v i o u s e x p e r i m e n t w i t h o u t t h e f i l t e r p r e s e n t . Samples 

were t a k e n a t i n t e r v a l s a f t e r c u r e f o r DSC a n a l y s i s w h i l s t o t h e r 

samples were t a k e n from s i m i l a r l y i r r a d i a t e d f i l m s s t o r e d i n the 

dark f o r 1 y e a r . The DSC c u r v e s o b t a i n e d a r e shown i n App­

en d i x 7 to i l l u s t r a t e t h e t r e n d s o u t l i n e d below. 

One hour a f t e r i r r a d i a t i o n , t h e DSC c u r v e of the f i l m 

i r r a d i a t e d f o r 3 m inutes shows a q u i t e b road e x o t h e r m i c peak 

i n t h e r e g i o n o f 30 t o 100°C w i t h p e r h a p s a s m a l l e r peak o v e r ­

l a p p i n g on t h e h i g h t e m p e r a t u r e s i d e . The c u r v e of the f i l m 

i r r a d i a t e d f o r 8 m inutes shows two o v e r l a p p i n g e x o t h e r m i c peaks 

i n t h e r e g i o n of 30-100°C. As the i r r a d i a t i o n time i s i n ­

c r e a s e d t o 20 and 45 minutes the lower t e m p e r a t u r e exotherm 

peak becomes l e s s prominent and a t h i r d h i g h e r t e m p e r a t u r e over­

l a p p i n g peak a p p e a r s . The a r e a under t h e main e x o t h e r m i c peaks 
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a p p e a r s t o i n c r e a s e on going from 3 t o 8 m i n u t e s ' i r r a d i a t i o n due 
t o t h e growth of t h e second o v e r l a p p i n g peak. There i s l i t t l e 
d i f f e r e n c e i n t h e a r e a under the main e x o t h e r m i c on going from 
8 t o 20 m i n u t e s ' i r r a d i a t i o n as the d e c r e a s e i n the lower temper­
a t u r e exotherm i s o f f s e t by the growth of the t h i r d o v e r l a p p i n g 
peak. The a r e a under t h e main e x o t h e r m i c peaks i n the curve of 
the f i l m g i v e n 45 m i n u t e s ' i r r a d i a t i o n i s s l i g h t l y l e s s than t h a t 
f o r t h e f i l m i r r a d i a t e d f o r 20 m i n u t e s . 

I n t h e c u r v e s o b t a i n e d a f t e r 168 h o u r s ' s t o r a g e , a 

f a i r l y s h a r p e x o t h e r m i c peak i s o b s e r v e d i n the 30 to 100°C 

r e g i o n w i t h a second exotherm o v e r l a p p i n g on the h i g h temperature 

s i d e w h i c h becomes more prominent as the c u r e exposure r e c e i v e d 

by t h e f i l m i n c r e a s e s . Immediately p r i o r to the main exotherm­

i c e v e n t i n t h e c u r v e f o r the f i l m g i v e n 3 m i n u t e s ' cure expos-

u c r e t h e r e i s t h e o n s e t of e i t h e r an endothermic peak or s h i f t 

i n t h e b a s e l i n e due t o a r e l e a s e o f s t r a i n or a g l a s s t r a n s i t i o n . 

The s m a l l , b r o a d , h i g h e r temperature exotherm i s s t i l l apparent 

i n t h e s e c u r v e s . O v e r a l l the a r e a under the exothermic peaks 

has d e c r e a s e d s i n c e t h e l a s t a n a l y s i s . I n the c a s e of the f i l m 

g i v e n 8 m i n u t e s ' i r r a d i a t i o n t h i s d e c r e a s e i n a r e a i s due to the 

d i m i n u t i o n of the lower temperature o v e r l a p p i n g exothermic peak 

w h i l s t f o r f i l m s g i v e n 20 and 45 m i n u t e s ' i r r a d i a t i o n i t i s due 

to both the d i m i n u t i o n of the lower and h i g h e r temperature over­

l a p p i n g p e a k s . S i m i l a r c u r v e s are o b t a i n e d 504 hours a f t e r 

i r r a d i a t i o n w i t h a s l i g h t d e c r e a s e i n the a r e a under the main 

e x o t h e r m i c peaks compared w i t h the t r a c e s r e c o r d e d a f t e r 16 8 

h o u r s ' s t o r a g e . The DSC c u r v e s of samples s t o r e d f o r 1 year 

a f t e r b e i n g c u r e d show the p r e s e n c e of a t l e a s t two o v e r l a p p i n g 

exotherms w i t h t h e lower temperature one b e i n g q u i t e d i s t i n g ­

u i s h a b l e . A l l t h e c u r v e s show the o n s e t of e i t h e r an endo­

t h e r m i c peak o r s h i f t i n the b a s e l i n e p r i o r to the exothermic 
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e v e n t and a g a i n t h e a r e a under the e x o t h e r m i c peaks appears t o 

be l e s s t h a n t h a t i n t he c u r v e s o b t a i n e d a f t e r 504 hours' s t o r ­

age. As time p r o g r e s s e s i t a p p e a r s t h a t t h e d i f f e r e n c e i n a r e a 

under t h e main e x o t h e r m i c p e a k s , due t o d i f f e r e n t c u r e expos­

u r e s , t e n d s t o d i m i n i s h . A l l o f the above samples showed an 

e x o t h e r m i c s h i f t i n t h e b a s e l i n e when r e - r u n which was a g a i n 

a t t r i b u t e d t o a g l a s s t r a n s i t i o n . 

The p a r a m e t e r s T^, T^ and Tg^ were d e f i n e d as i n p r e ­

v i o u s a n a l y s e s and a r e shown i n T a b l e 4.30 a l o n g w i t h the v a l u e s 

of Tg_. 

TABLE 4.30 V a l u e s of T^, T^, Tg^ and Tg as a F u n c t i o n of Cure 
E x p o s u r e and Time a f t e r I r r a d i a t i o n f o r F i l m s i r r a d ­
i a t e d w i t h F i l t e r e d L i g h t u s i n g t h e lOOW Lamp 

I r r a d i a t i o n 
t i m e / m i n s . 

Time a f t e r 
i r r a d i a t i c n / h r s . T /°C o T /°C e Tgd/°^ 

3 1 49 41 51 

8 48 72 82 

20 43 55 93 85 

45 45 59 94 83,110 

3 168 55 63 65 75 

8 59 64 87 89 

20 60 67 98 92 

45 61 68 99 91 

3 504 60 60 71 86 

8 63 67 86 90 

20 64 70 97 95 

45 64 70 100 95 

3 1 y e a r 71 78 86 95 

8 72 79 93 95 

20 72 82 94 96 

45 71 81 95 98 
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The v a l u e s of T^ from the DSC c u r v e s recorded 1 hour 

a f t e r i r r a d i a t i o n t e n d to i n c r e a s e w i t h i n c r e a s i n g cure expos­

u r e , t h e d i m i n u t i o n of the lower temperature o v e r l a p p i n g exo­

therm c o n t r i b u t i n g a t l e a s t i n p a r t f o r t h i s i n c r e a s e , e s p e c i a l l y 

on i n c r e a s i n g t h e i r r a d i a t i o n time from 8 to 20 and then 45 

m i n u t e s . The a r e a under the main exothermic peaks shows more 

complex b e h a v i o u r . 

L i k e t h e f i l m g i v e n the l e a s t exposure to the 1.8kW 

s o u r c e w i t h t h e 'pyrex' f i l t e r i n p l a c e the f i l m i r r a d i a t e d f o r 

3 m i n u t e s shows a broad s i n g l e e xothermic peak a g a i n i l l u s t ­

r a t i n g t h e complex r e l a t i o n s h i p between the number of i n i t i a t i n g 

and hence p r o p a g a t i n g s p e c i e s produced on i r r a d i a t i o n and the 

magnitude and form of the p o s t - i r r a d i a t i o n exotherm. I n c r e a s ­

i n g t h e i r r a d i a t i o n time to 8 minutes r e s u l t s i n an i n c r e a s e i n 

the a r e a under t h e e x o t h e r m i c peaks p r o b a b l y because a g r e a t e r 

number o f i n i t i a t i n g s p e c i e s a r e produced and hence a g r e a t e r 

number o f p r o p a g a t i n g c e n t r e s a r e trapped l e a d i n g t o a g r e a t e r 

p r o p o r t i o n o f t h e r e s i d u a l f u n c t i o n a l i t y to be c o n v e r t e d on 

h e a t i n g . T h e r e i s v i r t u a l l y no d i f f e r e n c e i n the a r e a under 

the e x o t h e r m i c peaks i n the c u r v e s of f i l m s g i v e n 8 and 20 

m i n u t e s ' i r r a d i a t i o n , t h e d e c r e a s e of the lower temperature over­

l a p p i n g exotherm b e i n g o f f s e t by the growth of a t h i r d over­

l a p p i n g exotherm y e t T^ i n c r e a s e s i n d i c a t i n g t h a t the c o n v e r s i o n 

of f u n c t i o n a l groups and the r i g i d i t y of the network have i n ­

c r e a s e d . On g o i n g from 20 t o 45 minutes' i r r a d i a t i o n t h e r e i s 

a d e c r e a s e i n t h e a r e a under t h e exotherms and s l i g h t i n c r e a s e 

i n T^. The p a r a m e t e r T^ behaves i n a more complex manner, de­

creasing s l i g h t l y on going from 3 to 8 minutes' i r r a d i a t i o n but 

i n c r e a s i n g w i t h f u r t h e r c u r e exposure. 

The d a t a from, the c u r v e s recorded 168 hours' a f t e r 

i r r a d i a t i o n i n d i c a t e s t h a t f u r t h e r p o l y m e r i z a t i o n has o c c u r r e d 
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s i n c e T has i n c r e a s e d and the a r e a under the main e x o t h e r m i c o 

p eaks has d i m i n i s h e d . The d i f f e r e n c e i n T^ between f i l m s 

g i v e n 8, 20 and 45 m i n u t e s ' i r r a d i a t i o n has become n e g l i g i b l e 

b ut t h e v a l u e of T^ f o r the f i l m g i v e n 3 minutes' i r r a d i a t i o n 

i s somewhat lower. The v a l u e s of T have a l s o i n c r e a s e d and 
e 

now show a s l i g h t i n c r e a s e w i t h i n c r e a s i n g c u r e exposure even 

on going from 3 to 8 m i n u t e s ' i r r a d i a t i o n . A f u r t h e r 336 h o u r s ' 

s t o r a g e r e s u l t s i n a s m a l l e r i n c r e a s e i n the T^ v a l u e s and de­

c r e a s e i n the a r e a under the main e x o t h e r m i c peaks. The DSC 

a n a l y s i s o f f i l m s s t o r e d f o r a y e a r shows t h a t T^ has a g a i n i n ­

c r e a s e d and t h e a r e a under the exotherms has d i m i n i s h e d compared 

w i t h the samples run a f t e r 504 h o u r s ' s t o r a g e . I t i s i n t e r e s t ­

i n g t o note t h a t the t e m p e r a t u r e of the o n s e t of p e n e t r a t i o n 

of s i m i l a r l y i r r a d i a t e d f i l m s p l o t t e d i n F i g u r e 4,21 show a 

marked i n c r e a s e w i t h i n 168 hours of i r r a d i a t i o n and a much s l o w e r 

i n c r e a s e w i t h f u r t h e r s t o r a g e time and t h a t the DSC d a t a i n d i c ­

a t e s a s i m i l a r t r e n d f o r the c o n v e r s i o n of epoxide f u n c t i o n a l i t y 

and r i g i d i t y of the network. 

The Tg^ v a l u e s shown i n T a b l e 4.30 a g a i n show the t r e n d 

of i n c r e a s i n g w i t h i n c r e a s i n g c u r e exposure a l t h o u g h the d i f f e r ­

ence i s v e r y s m a l l f o r 20 and 45 m i n u t e s ' i r r a d i a t i o n and, 

e s p e c i a l l y w i t h f i l m s g i v e n the two s h o r t e r i r r a d i a t i o n t i m e s , 

an i n c r e a s e w i t h i n c r e a s i n g time a f t e r i r r a d i a t i o n so t h a t 1 

y e a r a f t e r i r r a d i a t i o n the Tg^ v a l u e s a r e much c l o s e r i n each 

o f t h e f i l m s . The Tg^ v a l u e s show s i m i l a r t r e n d s t o the Tq^ 

v a l u e s . As seen i n o t h e r e x p e r i m e n t s the Tg^ v a l u e f o r the f i l m 

g i v e n lower c u r e e x p o s u r e s a r e s i g n i f i c a n t l y h i g h e r than the 

Tg^ v a l u e s whereas f o r f i l m s g i v e n l o n g e r c u r e e x p o s u r e s , the 

v a l u e of Tg^ i s s i m i l a r or lower. L i k e the f i l m g i v e n 45 

m i n u t e s ' i r r a d i a t i o n i n the p r e v i o u s a n a l y s e s , the f i l m g i v e n 

45 m i n u t e s ' i r r a d i a t i o n i n t h i s s e t of f i l m s shows two t r a n s i t -
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i o n s i n t h e p e n e t r o m e t r y t r a c e r e c o r d e d 1 hour a f t e r i r r a d i a t i o n , 
but o n l y one g l a s s t r a n s i t i o n on subsequent a n a l y s e s . 

The form of the DSC c u r v e s may a g a i n be i n t e r p r e t e d as 

b e i n g i n d i c a t i v e o f inhomogeneous c r o s s - l i n k i n g l e a d i n g t o the 

f o r m a t i o n o f h i g h and low m o b i l i t y r e g i o n s . The curve f o r the 

f i l m g i v e n 3 m i n u t e s ' i r r a d i a t i o n o b t a i n e d a f t e r 1 hour's s t o r ­

age e s s e n t i a l l y shows one main ex o t h e r m i c peak which may be a 

r e s u l t of t h e two phase n a t u r e of the network not h a v i n g d e v e l ­

oped a t t h i s s t a g e due t o a r e d u c t i o n i n the r a t e of polymer­

i z a t i o n . The p e n e t r o m e t r y t r a c e of a s i m i l a r l y i r r a d i a t e d 

f i l m r e c o r d e d 10 m inutes a f t e r c u r e showed on l y one t r a n s i t i o n 

whereas 24 hours l a t e r two t r a n s i t i o n s were apparent. A f i l m 

i r r a d i a t e d f o r 3 m i n u t e s w i t h o u t the f i l t e r p r e s e n t a l s o o n l y 

showed one t r a n s i t i o n i n the TMA t r a c e r e c o r d e d 10 minutes a f t e r 

i r r a d i a t i o n and two t r a n s i t i o n s i n the t r a c e o b t a i n e d 24 hours 

l a t e r . However the DSC c u r v e s of a s i m i l a r l y i r r a d i a t e d f i l m 

r e c o r d e d one hour a f t e r c u r e e x h i b i t e d two o v e r l a p p i n g exo­

t h e r m i c p e a k s , a s d e s c r i b e d p r e v i o u s l y , which i s i n t e r p r e t e d 

as i n d i c a t i n g r e g i o n s o f d i f f e r e n t m o b i l i t y . I t i s probable 

t h a t a g r e a t e r number of i n i t i a t i n g s p e c i e s a r e produced i n the 

f i l m i r r a d i a t e d w i t h o u t the f i l t e r p r e s e n t so t h a t the r a t e of 

p o l y m e r i z a t i o n i s such t h a t i n t h e 50 minute i n t e r v a l between 

the TMA and DSC a n a l y s e s the two phase n a t u r e of the system 

d e v e l o p s . 

Comparison of the DSC d a t a f o r the f i l m s i r r a d i a t e d 

f o r 45 m i n u t e s w i t h and w i t h o u t the f i l t e r i n p l a c e i n d i c a t e s 

t h a t t h e y p o s s e s s s i m i l a r d e g r e e s of c u r e s i n c e the v a l u e s o f 

T and Tg, a r e s i m i l a r as a r e the a r e a s under the main e x o t h e r -
o ^d 

mic p e a k s . L i k e w i s e the DSC a n a l y s i s of f i l m s i r r a d i a t e d f o r 

20 m i n u t e s w i t h and w i t h o u t the f i l t e r i n p l a c e i n d i c a t e s t h a t 
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they have similar degrees of c u r e . The above c o n c l u s i o n s were a l s o 
r e a c h e d from the IR s p e c t r o s c o p i c measurements of c o n v e r s i o n 
and t h e TMA of s i m i l a r l y i r r a d i a t e d f i l m s . U s i n g the DSC d a t a 
i t i s more d i f f i c u l t t o comment on the r e l a t i v e degree of c u r e 
of f i l m s g i v e n s h o r t e r cure e x p o s u r e s w i t h and w i t h o u t the 
f i l t e r p r e s e n t . C o n t r a r y t o e x p e c t a t i o n , one hour a f t e r c u r e , 
the a r e a under the main exothermic peaks i s g r e a t e r f o r the f i l m 
g i v e n 8 m i n u t e s ' i r r a d i a t i o n w i t h o u t the f i l t e r p r e s e n t than f o r 
the f i l m i r r a d i a t e d w i t h the f i l t e r p r e s e n t even though the 
v a l u e s o f T^ a r e s i m i l a r , but t h i s d i f f e r e n c e i s m a i n l y due t o 
the p r e s e n c e o f a t h i r d h i g h e r t e m p e r a t u r e o v e r l a p p i n g exotherm­
i c peak which may not be r e l a t e d t o the t h e r m a l c u r e of the 

f i l m s . However the v a l u e of Tg, i s lower f o r the l a t t e r f i l m 
a 

i n d i c a t i n g t h a t the degree of c r o s s - l i n k i n g i s lower a t t h i s 

p o i n t i n time a f t e r i r r a d i a t i o n . Subsequent a n a l y s e s of the 

two f i l m s show t h a t Tg^ becomes s i m i l a r i n d i c a t i n g t h a t the 

degree of c r o s s - l i n k i n g becomes s i m i l a r . The a r e a under the 

e x o t h e r m i c peak i n the DSC curve o f the f i l m g i v e n 3 minutes' 

i r r a d i a t i o n w i t h the f i l t e r i n p l a c e , r e c o r d e d 1 hour a f t e r c u r e , 

i s l e s s than t h e a r e a under the main scothermic peaks f o r the 

f i l m i r r a d i a t e d f o r 3 minutes u s i n g the f u l l w a v e l e n g t h output 

of the lamp even though the v a l u e s of T^ a r e s i m i l a r . I n s p i t e 

of t h i s , i t i s r e a s o n a b l e to s u g g e s t t h a t the former f i l m has a 

lower degree of c u r e , the d i s p a r i t y i n the magnitudes of the 

p o s t - i r r a d i a t i o n exotherms being a t t r i b u t a b l e t o a r e d u c t i o n i n 

the number of i n i t i a t i n g s p e c i e s formed. T h i s i s f u r t h e r sup­

p o r t e d by the v a l u e o f Tg^ b e i n g s i g n i f i c a n t l y lower f o r the 

f i l m i r r a d i a t e d w i t h the f i l t e r i n p l a c e . As time p r o g r e s s e s , 

however, the v a l u e of I b ^ f o r the f i l m i r r a d i a t e d w i t h the f i l t e r 

i n p l a c e approaches t h a t of the f i l m i r r a d i a t e d w i t h o u t the 

f i l t e r p r e s e n t which i s i n t e r p r e t e d as i n d i c a t i n g t h a t a l t h o u g h 
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fewer i n i t i a t i n g s p e c i e s a r e g e n e r a t e d and the magnitude of 
the p o s t i r r a d i a t i o n exotherm i s lower, a network of s i m i l a r 
c r o s s - l i n k d e n s i t y i s e v e n t u a l l y a c h i e v e d . I n f r a - r e d s p e c t r o ­
s c o p i c measurements of the epoxide c o n v e r s i o n and TMA a l s o i n ­
d i c a t e d t h a t a f i l m g i v e n 3 m i n u t e s ' i r r a d i a t i o n w i t h the f i l t e r 
p r e s e n t had a g r e a t e r degree of c u r e than a f i l m i r r a d i a t e d f o r 
3 m i n u t e s w i t h o u t t h e f i l t e r p r e s e n t . I n a d d i t i o n , the TMA 
r e s u l t s l i k e t h e DSC r e s u l t s i n d i c a t e d t h a t the degree of c u r e 
of t h e two f i l m s becomes s i m i l a r . 

4.13 Comparison of t he P r o p e r t i e s of P h o t o c a t i o n i c a l l y 
and C o n v e n t i o n a l l y Cured Epoxy R e s i n s U s e f u l f o r 
S u r f a c e C o a t i n g s A p p l i c a t i o n s 

The c h e m i c a l r e s i s t a n c e , a d h e s i o n and a b i l i t y of the 

p h o t o c u r e d DGEBA and epoxy n o v o l a c systems t o p r e v e n t c o r r o s i o n 

of t h e s u b s t r a t e , p r o h e s i o n , w e r e compared w i t h t h r e e c o n v e n t i o n a l 

c o a t i n g s s y s t e m s . The commercial systems used were 'camkote EP' 

an epoxy n o v o l a c / p o l y f u n c t i o n a l amine system; 'camkote A', a 

D G E B A / p o l y f u n c t i o n a l amide system and 'camkote N', a p o l y u r e -

t h a n e system. The commercial systems c o n s i s t e d of j u s t the 

r e s i n , c u r i n g agent and s o l v e n t . 

The s u b s t r a t e used was m i l d s t e e l and t o a i d the 

a d h e s i o n o f the c o a t i n g s , the s u r f a c e of the s t e e l had been 

roughened and then d e c r e a s e d . The c u r i n g agent and base r e s i n 

of t h e commercial systems were mixed i n the a p p r o p r i a t e p r o p o r t ­

i o n s and u s i n g a d h e s i v e tape as a b a r r i e r , f i l m s of 200pm nominal 

t h i c k n e s s p r e p a r e d on the p a n e l s . The film.s were then p l a c e d 

i n an oven a t 60°C f o r t h r e e d a y s . F i l m s of the two UV c u r ­

a b l e s y s t e m s were p r e p a r e d i n a s i m i l a r way and i r r a d i a t e d f o r 

45 m i n u t e s , 9cm from the lOOW s o u r c e . The l a c q u e r of the DGEBA 
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r e s i n c o n t a i n e d 96.9% r e s i n , 2.0% p h o t o i n i t i a t o r and 1.1% a c e t o n e 

w h i l s t t h a t of t h e epoxy n o v o l a c c o n t a i n e d 84.4% r e s i n , 12.6% 

t o l u e n e , 2.0% p h o t o i n i t i a t o r and 1.0% w/w acetone. The f i l m s were 

then l e f t f o r a t l e a s t 24 hours a f t e r i r r a d i a t i o n b e f o r e use 

i n t h e t e s t s . 

(A) C h e m i c a l R e s i s t a n c e 

Two f i l m s o f each system were used i n the c h e m i c a l r e s i s t ­

ance t e s t s . The i n i t i a l h a r d n e s s of each f i l m was measured 

w i t h t h e m i c r o - i n d e n t a t i o n t e s t e r u s i n g a p r i m a r y weight of I g 

and a s e c o n d a r y w e i g h t of lOOg.each a p p l i e d f o r 30 seconds. 

The c e l l s used t o c o n t a i n the c h e m i c a l s were then p l a c e d on the 

p a n e l s u s i n g g r e a s e to h o l d them i n p l a c e and p r e v e n t any l e a k ­

age o f t h e c o n t e n t s . The ten c h e m i c a l s chosen were w h i t e 

s p i r i t ( hydrocarbon f r a c t i o n s ) , x y l e n e , o x i t o l ( 2 - e t h o x y e t h a n o l ) , 

a c e t o n e , methanol, t r i e t h y l a m i n e , w a t e r , 5% a c e t i c a c i d s o l u t i o n , 

30% s u l p h u r i c a c i d and 50% sodium h y d r o x i d e . A f t e r 4 h o u r s ' 

e x p o s u r e the c e l l s were emptied and the a r e a of f i l m beneath 

the c e l l exposed t o the c h e m i c a l checked f o r s o f t e n i n g . T h i s 

was r e p e a t e d a f t e r 24 and 168 h o u r s ' e x p o s u r e . A f t e r 168 hours' 

exposure the f i l m was l e f t f o r 24 hours and then the h a r d n e s s 

measured a g a i n t o determine whether any r e c o v e r y o c c u r r e d i f 

the f i l m had been s o f t e n e d by the c h e m i c a l . 

White s p i r i t , 5% a c e t i c a c i d , 30% s u l p h u r i c a c i d and 50% 

sodium h y d r o x i d e had no e f f e c t on the h a r d n e s s of any of the 

s y s t e m s . Water c a u s e d a s l i g h t s o f t e n i n g of the f i l m s o f the 

epoxy n o v o l a c and 'camkote A' but the f i l m s r e c o v e r e d over the 

24 hour p e r i o d a f t e r exposure. T r i e t h y l a m i n e produced a s l i g h t 

h a r d e n i n g of t h e fcamkote' f i l m but s l i g h t l y s o f t e n e d 'camkote 

N', and had no e f f e c t on the r e m a i n i n g s y s t e m s . F i g u r e s 4.25 

( a ) , ( b ) , (c) and (d) show the i n d e n t a t i o n depth p l o t t e d a g a i n s t 
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FIGURE 4.2 5 Hardness of the Photocured and C o n v e n t i o n a l l y 
C u r e d Epoxy R e s i n s as a F u n c t i o n o f Exposure Time 
t o V a r i o u s C h e m i c a l s 
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the time of e x p o s u r e t o x y l e n e , acetone, methanol and o x i t o l 

r e s p e c t i v e l y . As can be seen from F i g u r e 4 . 2 5 ( a ) , x y l e n e pro­

duced marked s o f t e n i n g of the p o l y u r e t h a n e system, 'camkote N', 

but d i d not a f f e c t t h e o t h e r s y s t e m s . F i g u r e 4.25(b) shows 

t h a t a c e t o n e s o f t e n e d t h e 'camkote N' system b ut the f i l m remained 

i n t a c t whereas t h e pho t o c u r e d systems and 'camkote A' were 

s o f t e n e d and d e t a c h e d from the s u b s t r a t e , a f t e r o n l y 4 hours' 

e x p o s u r e i n t h e c a s e o f t h e photocured DGEBA system; 'camkote 

EP' was u n a f f e c t e d . E x p o s u r e t o methanol. F i g u r e 4.25(c) l e d 

t o s o f t e n i n g o f a l l t h e f i l m s b u t t h e two photocured systems 

were d e t a c h e d from t h e s u b s t r a t e . The 'camkote EP' system was 

l e a s t a f f e c t e d . E x p o s u r e t o o x i t o l . F i g u r e 4.25(d) r e s u l t e d 

i n s o f t e n i n g o f t he 'camkote N' and 'A' systems as w e l l as the 

ph o t o c u r e d DGEBA s y s t e m w i t h the l a t t e r b e i n g d e t a c h e d from the 

s u b s t r a t e ; the 'camkote EP' and photocured epoxy n o v o l a c s y s ­

tems were u n a f f e c t e d . I n a l l c a s e s where s o f t e n i n g o c c u r r e d 

and t h e f i l m remained i n t a c t , s o m e r e c o v e r y was seen 24 hours 

a f t e r e x p o s u r e . When s o f t e n i n g of the photocured systems 

o c c u r r e d , they were d e t a c h e d from the s u b s t r a t e which may be a 

r e f l e c t i o n of t h e poor a d h e s i o n of t h e s e s y s t e m s . 

V i s u a l o b s e r v a t i o n s were a l s o r e c o r d e d and a r e g i v e n i n 

T a b l e 4.31. 

The d i s c o l o u r a t i o n of s t e e l seen i n some c a s e s , such as 

w i t h exposure t o a c e t o n e , i s p r o b a b l y due to m o i s t u r e being 

c a r r i e d through t h e f i l m and a t t a c k i n g to the s t e e l . I n time 

t h i s c o u l d l e a d t o u n d e r f i l m c o r r o s i o n . 

G e n e r a l l y t h e uv c u r e d systems h e l d up w e l l a g a i n s t the 

a c i d s , a l k a l i s and l e s s a g g r e s s i v e s o l v e n t s . A g a i n s t more 

a g g r e s s i v e s o l v e n t s t h a t l e d t o s o f t e n i n g , such as acetone. 
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TABLE 4.31 V i s u a l O b s e r v a t i o n s made a f t e r 168 Hours' E x p o s u r e 
of the c o n v e n t i o n a l l y C u r e d and photocured s y s t e m s 
of V a r i o u s C h e m i c a l s 

C h e m i c a l System Comments 

Acet o n e 'Camkote N' 

'Camkote EP ' 

S l i g h t d i s c o l o u r a t i o n of the s t e e l 

D i s c o l o u r a t i o n of the s t e e l 

Methanol 'Camkote A' S l i g h t d i s c o l o u r a t i o n of the s t e e l 

Water DGEBA 
Epoxy 

Novolac 
'Camkote EP' 

D i s c o l o u r a t i o n of the s t e e l 

S l i g h t d i s c o l o u r a t i o n of the s t e e l 

D i s c o l o u r a t i o n of the s t e e l 

5% A c e t i c 

a c i d 

DGEBA 
Epoxy 

Novolac 

'Camkote N' 

'Camkote EP' 

D i s c o l o u r a t i o n of the s t e e l 

D i s c o l o u r a t i o n of the s t e e l 

D i s c o l o u r a t i o n of the s t e e l 

S B i a l l b l i s t e r s and u n d e r f i l m c o r r o s i o n 

30% s u l ­

p h u r i c a c i d 

'Camkote EP' Se v e r e b l i s t e r i n g and u n d e r f i l m 

c o r r o s i o n 

the UV c u r e d systems f a r e d worse than the c o n v e n t i o n a l 

s y s t e m s w i t h the epoxy no v o l a c system showing more p o t e n t i a l 

t h a n the DGEBA system. 

(B) A d h e s i o n 

The a d h e s i v e p r o p e r t i e s of a c o a t i n g have an important 

b e a r i n g on i t s p r o t e c t i v e p r o p e r t i e s . The adhesion of the rjy 

c u r e d s y s t e m s t o s t e e l might be expected to be lower than t h a t 

of t h e c o n v e n t i o n a l l y c u r e d epoxy r e s i n s s i n c e they c o n t a i n fewer 

h y d r o x y l groups and no amine m o i e t i e s which a r e r e p u t e d l y r e s -
40 

p o n s i b l e f o r good a d h e s i o n . 

The a d h e s i o n of t h e f i v e systems to s t e e l was determined 
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by measuring the f o r c e r e q u i r e d to d e t a c h t h e f i l m s from the 

s u b s t r a t e . Metal s t u b s were a t t a c h e d t o each f i l m u s i n g a 

r a p i d c u r e , epoxy a d h e s i v e . The s t u b s were then p u l l e d o f f 

u s i n g an E l c o m e t e r p u l l - o f f gauge whic h c o n s i s t s of a 'hook' 

t h a t s l o t s around the s t u b and can t h e n be r a i s e d p u l l i n g the 

s t u b and h o p e f u l l y the f i l m , from the s u b s t r a t e . The f o r c e 

r e q u i r e d t o a c h i e v e t h i s i s measured by the gauge. I t i s 

q u i t e a s u b j e c t i v e t e s t s i n c e the r a t e of a p p l i c a t i o n of the 

f o r c e r e q u i r e d t o remove t h e s t u b and f i l m can a f f e c t t h e r e s u l t , 

The f o r c e r e q u i r e d t o remove a f i l m of each system from 

t h e s u b s t r a t e i s r e c o r d e d i n T a b l e 4.32. 

TABLE 4.32 F o r c e r e q u i r e d to d e t a c h f i l m s of the c o n v e n t i o n a l l y 
c u r e d and photocured s y s t e m s from S t e e l 

System E l c o m e t e r r e a d i n g / k g cm ^ 

DGEBA 16 
Epoxy 

Novolac 18 

'Camkote N' >16 

'Camkote EP' 17 

'Camkote A' >17 

The r e s u l t s from t h i s r e l a t i v e l y s i m p l e t e s t i n d i c a t e t h a t 

t h e UV c u r e d systems adhere j u s t as w e l l as the commercial 

systems t o s t e e l . Of t he two uV c u r e d s y s t e m s the epoxy 

n o v o l a c system has the b e t t e r a d h e s i o n . 

(C) P r o h e s i o n 

A f i l m of each system, as p r e p a r e d p r e v i o u s l y was s c o r e d 

w i t h a c r o s s t o expose the s u b s t r a t e . The f i l m s were the n 

p l a c e d i n a p r o h e s i o n c a b i n e t f o r f i v e d a y s . I n the c a b i n e t , 

the f i l m s a r e a l t e r n a t e l y s p r a y e d w i t h an aqueous s a l t s o l u t i o n 
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and t h e n d r i e d , w h i c h mimics, f o r example, a marine environment, 

The s a l t s o l u t i o n c o n t a i n e d ammonium s u l p h a t e and sodium 

c h l o r i d e . 

The t h r e e commercial systems showed the l e a s t amount of 

u n d e r f i l m c o r r o s i o n , r u s t i n g of the s t e e l being l i m i t e d t o the 

exposed a r e a s . The two uv c u r e d s y s t e m s , however, showed 

a g r e a t e r degree of u n d e r f i l m c o r r o s i o n , w i t h the epoxy n o v o l a c 

s y s t e m f a r i n g s l i g h t l y b e t t e r . 
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CHAPTER F I V E 

THE PHOTO-OXIDATION OF PHOTOCURABLE 

EPOXY RESIN SYSTEMS DURING CURE AND 

THEIR SUBSEQUENT PHOTO-OXIDATIVE STABILITY 
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5.1 I n t r o d u c t i o n 

When exposed t o l o n g e r wavelength UV l i g h t p r e s e n t i n 

s u n l i g h t (A>290nm) a l l commercial polymers w i l l sooner or 

l a t e r e x h i b i t s i g n s of p h o t o - o x i d a t i v e d e g r a d a t i o n , t h a t i s 

the g e n e r a t i o n of oxygen c o n t a i n i n g s p e c i e s such as h y d r o x y l 

and c a r b o n y l groups, via the p h o t o c h e m i c a l f o r m a t i o n of s p e c i e s 

c a p a b l e o f r e a c t i n g w i t h oxygen. T h i s g e n e r a l l y r e s u l t s i n a 

d e t e r i o r a t i o n of t h e o p t i c a l and m e c h a n i c a l p r o p e r t i e s of the 

polymer. Whether a polymer i n t e r a c t s w i t h l i g h t of a p a r t i c ­

u l a r w a v e l e n g t h w i l l not o n l y be d e t e r m i n e d by the s t r u c t u r e 

of t h e polymer but a l s o the c o n d i t i o n s of i t s p r e p a r a t i o n and 

t h e p r e s e n c e o f any a d d i t i v e s . Much r e s e a r c h e f f o r t has been 

expended o v e r a number of y e a r s t o i n v e s t i g a t e the p r o c e s s e s 

t h a t g i v e r i s e t o p h o t o - o x i d a t i o n , a l l o w i n g t e c h n i q u e s t o be 

d e v e l o p e d t h a t r e d u c e or e l i m i n a t e the o c c u r r e n c e of t h i s 

problem. Ho w e v e r , r e s e a r c h i n t h i s a r e a of polymer s c i e n c e 

i s s t i l l v e r y a c t i v e i n an attempt t o d e v e l o p more p h o t o s t a b l e 

polymer s y s t e m s . 

P o t e n t i a l a p p l i c a t i o n s of the photocured epoxy r e s i n s 

s t u d i e d i n t h i s work, may r e q u i r e p r o l o n g e d exposure to sun­

l i g h t ; t h i s c h a p t e r r e p o r t s the r e s u l t s of an i n v e s t i g a t i o n 

i n t o t h e i r p h o t o s t a b i l i t y . S i n c e the f o r m a t i o n of a c r o s s -

l i n k e d network i n t h e s e systems i n v o l v e s i r r a d i a t i o n w i t h UV 

l i g h t , t h e o c c u r r e n c e of p h o t o - o x i d a t i o n d u r i n g the c u r i n g 

p r o c e s s may i n f l u e n c e the subsequent p h o t o s t a b i l i t y of the 

c u r e d system . E l e c t r o n s p e c t r o s c o p y f o r c h e m i c a l a p p l i c a t i o n s , 

ESCA, and t r a n s m i s s i o n i n f r a - r e d s p e c t r o s c o p y were used t o 

examine t h e s u r f a c e s and the b u l k of f i l m s f o r e v i d e n c e of 

p h o t o - o x i d a t i o n d u r i n g the c u r i n g p r o c e s s and on subsequent 
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p r o l o n g e d exposure t o l o n g e r w a v e l e n g t h UV l i g h t , 

5.2 E l e c t r o n S p e c t r o s c o p y f o r C h e m i c a l A p p l i c a t i o n s 

ESCA i s a v e r y u s e f u l t o o l f o r the a n a l y s i s of polymer 

s u r f a c e s , a w e a l t h of d a t a on s t r u c t u r e and bonding can be 

o b t a i n e d r a n g i n g from e l e m e n t a l c o m p o s i t i o n to s t r u c t u r a l 

i s o m e r i s m . D e t a i l e d r e v i e w s of instrumentation''" and a p p l i c ­

a t i o n s o f ESCA i n g e n e r a l , and t o polymer s u r f a c e s i n p a r t i c ­

u l a r , have been published."'"'^ 

The ESCA s p e c t r o m e t e r measures the k i n e t i c energy of 

e l e c t r o n s e m i t t e d by the i n t e r a c t i o n of m o l e c u l e s w i t h photons 

o f t h e r e q u i r e d energy; knowing the energy of the i n c i d e n t 

r a d i a t i o n and mea s u r i n g the k i n e t i c energy of the e l e c t r o n s 

e m i t t e d a l l o w s the energy r e q u i r e d to remove on e l e c t r o n from 

a g i v e n o r b i t a l to be determined; t h i s i s known as the b i n d i n g 

e n e r g y . I n most ESCA s t u d i e s , e l e c t r o n s e j e c t e d from c o r e 

o r b i t a l s r a t h e r t h a n v a l e n c e o r b i t a l s a r e i n v e s t i g a t e d . The 

r e a s o n s f o r t h i s a r e t h e g r e a t e r p r o b a b i l i t y of p h o t o i o n i z a t i o n 

o f an e l e c t r o n from a c o r e o r b i t a l and core o r b i t a l s g i v e r i s e 

t o p h o t o e l e c t r o n s of a b i n d i n g energy c h a r a c t e r i s t i c of a 

p a r t i c u l a r element. To study the p h o t o i o n i z a t i o n of core 

e l e c t r o n s , photons i n the low wave l e n g t h X-ray r e g i o n of the 

e l e c t r o m a g n e t i c spectrum are r e q u i r e d . The ESCA s p e c t r o m e t e r 

t h u s e s s e n t i a l l y c o n s i s t s of a s o u r c e f o r g e n e r a t i n g a beam of 

s o f t , monochromatic X - r a y s , an i n s t r u m e n t f o r d i f f e r e n t i a t i n g 

between e l e c t r o n s of d i f f e r e n t k i n e t i c energy, an i n s t r u m e n t 

f o r d e t e c t i n g and ' c o u n t i n g ' t h e e l e c t r o n s , and a means of 

d i s p l a y i n g the d a t a . 
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The i n t e r i o r of t h e s p e c t r o m e t e r i s kept under q u i t e a 

h i g h vacuvim ( 10 t o r r ) so as t o l i m i t t h e s c a t t e r i n g of the 

e m i t t e d e l e c t r o n s by c o l l i s i o n w i t h gas m o l e c u l e s and to l i m i t 

s u r f a c e c o n t a m i n a t i o n o f the sample. The s u r f a c e s e n s i t i v i t y 

of ESCA a r i s e s from the s h o r t mean-free path of e l e c t r o n s i n 

s o l i d s , t h e e l e c t r o n s d e t e c t e d r e s u l t i n g from p h o t o i o n i z a t i o n 

o c c u r r i n g w i t h i n a few nanometers of the s u r f a c e of the sample. 

The d a t a from the s p e c t r o m e t e r i s p r e s e n t e d i n the form 

o f a p l o t o f the number of e l e c t r o n s 'counted' a g a i n s t t h e i r 

k i n e t i c o r b i n d i n g energy. The peaks due t o p h o t o i o n i z e d e l e c t ­

r o n s i n c o r e l e v e l ESCA s p e c t r a a r e c h a r a c t e r i s t i c of the elem­

e n t s p r e s e n t i n t h e s u r f a c e so f o r example, peaks a r i s i n g from 

the p h o t o i o n i z a t i o n of e l e c t r o n s i n t he I s c ore o r b i t a l s o f 

c a r b o n , f l u o r i n e and oxygen may e a s i l y be d i s t i n g u i s h e d . The 

e l e m e n t a l c o m p o s i t i o n o f the s u r f a c e can be determined q u a n t i t ­

a t i v e l y u s i n g the a r e a under the peaks due t o d i f f e r e n t elements 

and a c a l i b r a t i o n f a c t o r o b t a i n e d from the s p e c t r a of w e l l 

c h a r a c t e r i z e d model compounds. Core e l e c t r o n s might not be 

e x p e c t e d t o r e f l e c t t h e bonding environment o f an atom but t h i s 

i s not t h e c a s e . S m a l l but s i g n i f i c a n t s h i f t s i n the b i n d i n g 

energy o f e l e c t r o n s do o c c u r depending on the environment of 

the atom. F o r example, c h a r a c t e r i s t i c s h i f t s i n b i n d i n g energy 

due t o c a r b o n s a s s o c i a t e d w i t h hydrocarbon f u n c t i o n a l i t y (carbon 

atoms e x c l u s i v e l y bound t o hydrogen or o t h e r c a r b o n s ) , C-H, 

c a r b o n atoms s i n g l y bound t o oxygen, C-0, c a r b o n y l f u n c t i o n a l i t y , 

C=0, and c a r b o x y l a t e f u n c t i o n a l i t y , 0-C=0, can be d i s t i n g u i s h e d 

i n t h e C, s p e c t r a which i s u s e f u l f o r the study of photo-
X s 

o x i d a t i o n . Although the s h i f t s a r e s m a l l , producing o v e r ­

l a p p i n g p e a k s , d a t a h a n d l i n g systems can be used to r e s o l v e the 

s p e c t r a a l l o w i n g the r e l a t i v e a r e a s under the component peaks to 

be d e t e r m i n e d and hence the p e r c e n t a g e of carbon atoms i n each 

e n v i r o n m e n t . 



248 

5.4 A G e n e r a l Mechanism of the P h o t o - O x i d a t i v e Degradation 
of P o l y m e r s 

The mechanism o f t h e p h o t o - o x i d a t i o n o f p o l y a l k e n e s i s 
3 4 

thought t o be q u i t e s i m i l a r t o t h a t o f t h e i r t h e r m a l o x i d a t i o n . ' 

I n t h e former type of o x i d a t i v e d e g r a d a t i o n l i g h t i s absorbed 

by a chromophore r e s u l t i n g i n the h o m o l y t i c c l e a v a g e of a weak 

bond t o g e n e r a t e the i n i t i a l r a d i c a l s p e c i e s whereas i n the 

l a t t e r t y p e , t h e r m a l energy r e s u l t s i n bond c l e a v a g e . T h i s 

d i f f e r e n c e i n i n i t i a t i o n l e a d s to d i f f e r e n c e s i n t he r a t e s of 

subsequent p r o c e s s e s but p h o t o - o x i d a t i v e d e g r a d a t i o n can be 

r e p r e s e n t e d by the same g e n e r a l f r e e r a d i c a l c h a i n mechanism 

as f o r t h e r m o - o x i d a t i v e d e g r a d a t i o n which i s shown below. P* 

r e p r e s e n t s a r a d i c a l s p e c i e s on the polymer c h a i n . 

I n i t i a t i o n 
P — R 

hv o r 
P- + R' 

P r o p a q o t i o n 

P- + 0 , P O O -
P H 

P O O H + P-

B r a n c h i n g 

hv or 
P O O H • P O - + -OH 

T e r m i n a t i o n 

P O - + P H 

HO- + P H 

2 P O O -

2 P-

P- + P O O -

A 

P O H + P-

H^O + P-

U n r e a c t i v e 

P r o d u c t s 

Although the above g e n e r a l type of mechanism i s proposed 

t o a c c o u n t f o r p h o t o - o x i d a t i o n i n polymers, a u t o - c a t a l y t i c 

b e h a v i o u r may n o t be a p p a r e n t . The absence of such b e h a v i o u r 

has been a t t r i b u t e d t o an i n c r e a s e d r a t e of i n i t i a t i o n and a 

l i m i t e d k i n e t i c c h a i n l e n g t h f o r the b r a n c h i n g processes."^ 
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The o c c u r r e n c e of p h o t o - o x i d a t i o n i s e x p e c t e d to be a 

f u n c t i o n of the wave l e n g t h of i r r a d i a t i o n . P o l y s t y r e n e 

f o r example, undergoes photodegradation when i r r a d i a t e d w i t h 

UV l i g h t of 254nm s i n c e the a r o m a t i c moiety a b s o r b s l i g h t of 
5 t h i s wavelength, P h o t o - o x i d a t i o n would not be expected t o 

o c c u r when p o l y s t y r e n e i s i r r a d i a t e d w i t h the l o n g e r wavelength 

UV l i g h t p r e s e n t i n s u n l i g h t , y e t i t does.^ S i m i l a r l y o t h e r 

polymers such as p o l y e t h y l e n e p o s s e s s no i n h e r e n t chromophore 

c a p a b l e of a b s o r b i n g l o n g e r wavelength UV l i g h t but a g a i n photo-

o x i d a t i o n does o c c u r on exposure to s u n l i g h t e s p e c i a l l y i n 

commercial samples. The a b s o r p t i o n of l o n g e r wavelength UV 

l i g h t by p o l y a l k e n e s i s a t t r i b u t e d to the p r e s e n c e of a combin­

a t i o n of i m p u r i t y chromophores a r i s i n g from o x i d a t i o n of the 

polymer d u r i n g manufacture or p r o c e s s i n g , c a t a l y s t r e s i d u e s , 

and a complex p h o t o p h y s i c a l i n t e r a c t i o n between the polymer and 

oxygen t o g e n e r a t e h y d r o p e r o x i d e s . ^ 

Two t y p e s of chroraophore thought to r e s u l t from the o x i d ­

a t i o n of p o l y a l k e n e s d u r i n g manufacture a r e c a r b o n y l and hydro­

p e r o x i d e groups. P h o t o l y s i s of c a r b o n y l and hydr o p e r o x i d e 

groups proceeds a s f o l l o w s to ge n e r a t e r a d i c a l s p e c i e s : 

H 
I 

• C H — C - C H ~ 
2 I 2 

O O H 

h v 
• C H r - C - C H - ' 

2 I 2 
+ -OH 

• C H - C H - C - C H ~ 
hv 

• C H ^ - C H ^ + - 0 — C H ^ 

I n a d d i t i o n t o t he N o r r i s h Type I p r o c e s s shown above, 

c a r b o n y l groups may undergo a N o r r i s h Type I I p r o c e s s g i v i n g 

r i s e to a l k e n e and ketone f u n c t i o n a l i t y : 
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^ ° \ h v 11 
C H — ^ C H — ^ • C H - C - C H ^ + H2C = CH 

C H ^ - C H ^ 

G e n e r a t i o n of r a d i c a l s p e c i e s from c a r b o n y l groups i s 

one o f the p r o c e s s e s r e s u l t i n g i n c h a i n s c i s s i o n , a f e a t u r e 

common t o photo- and p h o t o - o x i d a t i v e d e g r a d a t i o n , although 

c r o s s - l i n k i n g due t o the r e c o m b i n a t i o n of r a d i c a l s p e c i e s i n 

the t e r m i n a t i o n s t e p s can more tha n e q u a l t h e o c c u r r e n c e of 

c h a i n s c i s s i o n . 

The g e n e r a l scheme o u t l i n e d above shows how photo-oxid­

a t i o n g i v e s r i s e t o h y d r o x y l groups. The fo r m a t i o n of c a r ­

b o n y l s p e c i e s as a r e s u l t of p h o t o - o x i d a t i v e d e g r a d a t i o n i s 

shown i n a f o l l o w i n g s e c t i o n i n r e f e r e n c e t o the photo-

o x i d a t i o n of epoxy r e s i n s . 

5.4 P h o t o - O x i d a t i o n of R e s i n s Photocured u s i n g F r e e 
R a d i c a l P h o t o i n i t i a t o r s 

At l e a s t two s t u d i e s have i n d i c a t e d t h a t the p r e s e n c e of 

r e s i d u a l f r e e r a d i c a l p h o t o i n i t i a t o r s can markedly a f f e c t the 

p h o t o s t a b i l i t y of r e s i n s c u r e d by t h i s t e c h n i q u e . A l l e n et al? 

i n v e s t i g a t e d the p h o t o - o x i d a t i v e s t a b i l i t y of UV and e l e c t r o n 

beam c u r e d a c r y l a t e r e s i n s . P h o t o - o x i d a t i o n o c c u r r e d much 

more r e a d i l y i n t h e UV c u r e d systems than t h e e l e c t r o n beam 

c u r e d s y s t e m s , w h i c h was a t t r i b u t e d to the p h o t o l y s i s of r e ­

s i d u a l p h o t o i n i t i a t o r i n t h e former s y s t e m s . The l a t t e r method 

o f c u r e does not i n v o l v e t h e use of p h o t o i n i t i a t o r s , c o l l i s i o n 

o f e n e r g e t i c e l e c t r o n s w i t h monomer m o l e c u l e s produces r a d i c a l 

s p e c i e s c a p a b l e of i n i t i a t i n g p o l y m e r i z a t i o n . Furthermore 

t h e p h o t o - o x i d a t i v e s t a b i l i t y of the UV c u r e d systems depended 
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Q 

on the n a t u r e of the p h o t o i n i t i a t o r used. H u l t et al a l s o 

showed t h a t the p r e s e n c e of r e s i d u a l f r e e r a d i c a l photo-

i n i t i a t o r i n UV c u r e d systems can a f f e c t t h e subsequent photo-

s t a b i l i t y . I n t h i s s t u d y s o l u t i o n s o r f i l m s of p o l y s t y r e n e 

c o n t a i n i n g p h o t o i n i t i a t o r were i r r a d i a t e d . The i n i t i a l r a t e 

and e x t e n t of d e g r a d a t i o n of the p o l y s t y r e n e were found t o 

i n c r e a s e w i t h i n c r e a s i n g p h o t o i n i t i a t o r c o n c e n t r a t i o n and 

were dependent on t he n a t u r e of the p h o t o i n i t i a t o r . 
P h o t o - o x i d a t i o n o c c u r r i n g d u r i n g the UV c u r e of u n s a t u r a t e d 

g 
r e s i n s was a l s o i n v e s t i g a t e d by H u l t et al. Comparison of 

the C,„ and 0, ESCA s o e c t r a of the top and bottom s u r f a c e s I s I s ' 

of a UV cured f i l m of an a c r y l a t e d u r e t h a n e system i n d i c a t e d 

t h a t p h o t o - o x i d a t i o n does o c c u r d u r i n g c u r e but i s l i m i t e d t o 

a t h i n s u r f a c e l a y e r . Subsequent i r r a d i a t i o n o f a f i l m d u r i n g 

a g e i n g e x p e r i m e n t s r e s u l t e d i n an i n c r e a s e i n t h e e x t e n t of 

p h o t o - o x i d a t i o n a t t he s u r f a c e t o a c o n s t a n t v a l u e l e a d i n g 

the workers t o propose t h a t p h o t o - o x i d a t i o n of the s u r f a c e 

proceeds r a p i d l y as long as r e s i d u a l p h o t o i n i t i a t o r i s p r e s e n t . 

5.5 P h o t o - O x i d a t i v e S t u d i e s of C o n v e n t i o n a l l y Cured Epoxy 
R e s i n s and Model Compounds 

Many of the a p p l i c a t i o n s of c o n v e n t i o n a l l y c u r e d DGEBA and 

epoxy novolac r e s i n s i n v o l v e prolonged exposure t o s u n l i g h t 

which u n f o r t u n a t e l y r e s u l t s i n a d e t e r i o r a t i o n of t h e d e s i r a b l e 

m e c h a n i c a l or o p t i c a l p r o p e r t i e s of the c u r e d r e s i n s due to 

photo d e g r a d a t i o n . ̂ ' A number of s t u d i e s have been c a r r i e d 

out i n an attempt to a s c e r t a i n the chromophore r e s p o n s i b l e f o r 

l i g h t a b s o r p t i o n and t he mechanism of p h o t o - o x i d a t i o n . 

B e l l e n g e r et al^^ i n v e s t i g a t e d the p h o t o - o x i d a t i v e s t a b i l -
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i t y of DGEBA r e s i n c u r e d w i t h v a r i o u s a l i p h a t i c amine c u r i n g 

a g e n t s . F i l m s o f t h e c u r e d r e s i n were i r r a d i a t e d u s i n g a 

s o u r c e e m i t t i n g l i g h t between 300-450nm. I n f r a - r e d s p e c t r o ­

scopy showed t h e growth of c a r b o n y l (1725-1735 cm ''") and amide 

(1650-1660 cm "*") f u n c t i o n a l i t y w i t h i n c r e a s i n g i r r a d i a t i o n time, 

The growth o f t he c a r h o n y l f u n c t i o n a l i t y appeared t o i n c r e a s e 

w i t h i n c r e a s i n g h y d r o x y l c o n t e n t of t h e s y s t e m which l e d the 

w o r k e r s t o pr o p o s e t h e f o l l o w i n g scheme f o r c a r b o n y l f o r m a t i o n 

from s e c o n d a r y h y d r o x y l groups r e s u l t i n g from the c u r i n g pro­

c e s s o r i n i t i a l l y p r e s e n t i n the s t r u c t u r e of the uncured 

DGEBA re s i n . * 
OH OH 
I i) P- I 

—CH^CHCHr -CH-,CCH: 
PH 

i i ) 0 . 2 y " " 2 

0 0 -

OH 
I 

—CH-CCHx-
2 , 2 

OOH 

OH 
I 

•CH-CCHr-2 I 2 

OOH 

O H 
I 

C H . C C H T - + - O H 
2 I 2 

—CH-CCHz-
2II 2 

O H 

•CH_CCH:r-2 I 2 
O H 

O H 
I 

0 0 -
I 

— C H „ C C H : r - + — O H — 
2 | 2 

00 -

O H 0-
I I 

— C H 2 C C H 2 - + — C H — 

0-

+ 0 . 

c a g e 

O H 0 
I II 

— C H - C C H = - + — C H — 
2 | 2 

O H 

— C H 2 C C H 2 - + H ^ O 

On i r r a d i a t i o n , the Tg of the c u r e d r e s i n system d e c r e a s e d 

i n d i c a t i n g t h e o c c u r r e n c e of c h a i n s c i s s i o n which was a t t r i b u t e d 

t o N o r r i s h Type I and I I p r o c e s s e s i n v o l v i n g t h e c a r b o n y l groups, 

B e l l e n g e r and Verdu''"'^ went on to st u d y the p h o t o - o x i d a t i v e 

s t a b i l i t y of DGEBA and DGEBF r e s i n s c u r e d w i t h a r o m a t i c c u r i n g 

a g e n t s and i r r a d i a t e d under c o n d i t i o n s s i m i l a r to those i n the 
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p r e v i o u s s t u d y . Again c a r b o n y l and amide f o r m a t i o n were 

o b s e r v e d , the r a t e of f o r m a t i o n of t h e s e s p e c i e s showing auto-

i n h i b i t i o n which was a t t r i b u t e d to u n r e a c t e d amine c u r i n g 

agent a c t i n g as a r a d i c a l s c a v e n g e r . Hydroperoxide f o r m a t i o n 

was a l s o f o l l o w e d and o b s e r v e d to i n c r e a s e r a p i d l y on i r r a d ­

i a t i o n t h e n d e c r e a s e t o a s t e a d y s t a t e c o n c e n t r a t i o n . L i g h t 

a b s o r p t i o n by the c u r e d r e s i n was found to be r e l a t e d to the 

s t r u c t u r e of the epoxy r e s i n r a t h e r than the c u r i n g agent. 

A b s o r p t i o n of l i g h t by the epoxy r e s i n was a t t r i b u t e d to the 

phenoxy moiety o r t o the p r e s e n c e of i m p u r i t i e s perhaps as a 

r e s u l t of t h e r m a l o x i d a t i o n of the r e s i n d u r i n g manufacture. 

I n t h e p r e v i o u s s t u d y , "̂ ^ c a r b o n y l s p e c i e s formed d u r i n g the 

c u r i n g p r o c e s s were found to a c t as p h o t o s e n s i t i z e r s i n c r e a s i n g 

t h e r a t e of c a r b o n y l f o r m a t i o n . 

A l l e n et al^'^ r e a c h e d the same c o n c l u s i o n s from t h e i r 

i n v e s t i g a t i o n of t h e s p e c t r o s c o p i c p r o p e r t i e s and p h o t o s e n s i t i v y 

of c o m m e r c i a l epoxy r e s i n s . A b s o r p t i o n s a t 1760 cm ^ were 

o b s e r v e d i n t h e I R s p e c t r a of the commercial r e s i n s which i t 

was s u g g e s t e d might be due t o p e r e s t e r f u n c t i o n a l i t y , R(C=O)0OR. 

T h i s shows t h a t some o x i d a t i o n of the r e s i n s has o c c u r r e d but 

p e r e s t e r i m p u r i t i e s a r e not e x p e c t e d t o c o n t r i b u t e t o the photo­

s e n s i t i v i t y of epoxy r e s i n s t o l o n g e r w a v e l e n g t h UV l i g h t s i n c e 

t hey s h o u l d o n l y absorb l i g h t w e l l below 300nm. However the 

UV d e r i v a t i v e s p e c t r a of c u r e d r e s i n s d i d show the p r e s e n c e 

of i m p u r i t y chromophores a b s o r b i n g above 300nm which i t was 

s u g g e s t e d might be due t o quinone groups formed d u r i n g the manu­

f a c t u r e or c u r e of the r e s i n s . I t was a l s o s u g g e s t e d t h a t 

t h e phenoxy moiety of the epoxy r e s i n may absorb l i g h t a t the 

h i g h e r e n e r g y end o f the s o l a r e m i s s i o n spectrum t o i n i t i a t e 

p h o t o - o x i d a t i o n . 
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14 L i n n et al compared the thermo-and p h o t o - o x i d a t i v e de­
g r a d a t i o n of a DGEBA r e s i n c u r e d u s i n g t r i m e t h y l b o r o x i n e which 
r e s u l t s i n h o m o p o l y m e r i z a t i o n of the r e s i n . F o u r i e r t r a n s f o r m 
i n f r a - r e d s p e c t r o s c o p y was used to d e t e c t any changes i n the 
s t r u c t u r e of the r e s i n on d e g r a d a t i o n . Therrao-oxidative de­
g r a d a t i o n r e s u l t e d i n an i n c r e a s e i n , or the appearance o f , 
a b s o r p t i o n s due t o c a r b o n y l f u n c t i o n a l i t y a t 1808, 1784, 1765, 
1745, 1732, 1715 and 1665 cm as w e l l as an absorbance a t 
885 cm due t o h y d r o p e r o x i d e groups and an i n c r e a s e i n the 
h y d r o x y l group a b s o r p t i o n . The f o l l o w i n g scheme was pro­
posed t o a c c o u n t f o r the f o r m a t i o n of the c a r b o n y l f u n c t i o n a l i t y , 

i) P-
OR i i , 0 OR 
I " ' " 2 I - - O H 

C C H , 
I 

OOH 

— O C H ^ C H C H ^ O — • — O C H . C C H . O 

OR 0 
I II 

— O C H . C C H ^ O • — O C H _ C — O R + - C H - O — 
2 I 2 2 2 

0- ( 1 7 ^ 5 c m - 1 ) 

The c u r e d r e s i n s t r u c t u r e c o n t a i n s hydrogen atoms on t h r e e 

c a r b o n s a t o e t h e r groups. The above scheme shows hydrogen 

a b s t r a c t i o n from a s e c o n d a r y carbon atom but a b s t r a c t i o n from 

the two p r i m a r y c a r b o n atoms can o c c u r although not as r e a d i l y 

as from the s e c o n d a r y carbon atom. T h i s w i l l r e s u l t i n the 

f o r m a t i o n of a l d e h y d e groups which i t i s proposed may g i v e r i s e 

t o o t h e r c a r b o n y l s p e c i e s by the r o u t e shown o v e r l e a f . 

The r e m a i n i n g a b s o r p t i o n a t 1685 cm was a t t r i b u t e d to 

the f o r m a t i o n of semi-quinone m o i e t i e s . P h o t o - o x i d a t i o n on 

i r r a d i a t i o n w i t h l i g h t from a xenon-mercury s o u r c e r e s u l t e d i n 

s i m i l a r a b s o r p t i o n s i n the i n f r a - r e d spectrum of the c u r e d 

r e s i n . The w o r k e r s t h u s proposed t h a t the c a r b o n y l f u n c t i o n -



255 
0 
II 

R — C — H 

0 
II 

R — C -

( 1 7 3 2 c m - 1 ) 

R- + C O 

•OR 

R — C — O R 

[ 1 7 4 5 c m - ' ' ) 

R — C — 0 0 -
PH 

R — C — O ^ H 

•OH 

1 7 6 5 c m - i ) 

R — C — 0 — C — R 2 R — C — O H 

( 1 7 1 5 c m - l ) ( 1 7 4 5 & 1 8 0 8 c m - l ) 

a l i t y r e s u l t e d from the same p r o c e s s e s as i n th e r m a l o x i d a t i o n . 

The i n f r a - r e d spectrum of the uncured r e s i n showed an a b s o r p t i o n 

a t 17 32 cm "'" a t t r i b u t e d to aldehyde groups formed by r e a r r a n g e -

men t of the ep o x i d e group d u r i n g the p r e p a r a t i o n of the r e s i n 
-1 and an a b s o r p t i o n a t 1765 cm ^ a t t r i b u t e d to p e r e s t e r f u n c t i o n ­

a l i t y r e s u l t i n g from o x i d a t i o n o f t h e al d e h y d e groups. 

Tempe ef al"^^ have i n v e s t i g a t e d the ph o t o c h e m i s t r y of a 

number o f a r y l e t h e r compounds, such as (XXV) (XXVI) and ( X X V I I ) , 

r e l a t e d t o t h e s t r u c t u r e of epoxy r e s i n s : 

A 
OCH2CH-CH2 

( x x v ; 

OH O C H . 
I I ^ 

OCH2CH-CH2 

i x x v i ; 

OH 
I 

PhOCH2CHCH20Ph 

[ X X V I D 

e . g . R r H . p - C H ^ a n d p - O C H ^ 

The UV a b s o r p t i o n s p e c t r a and the f l u o r e s c e n c e e m i s s i o n 

s p e c t r a of t h e model compounds and DGEBA were v e r y s i m i l a r i n ­

d i c a t i n g t h a t t h e p h o t o c h e m i s t r y of the model compounds and 

DGEBA a r e s i m i l a r . I r r a d i a t i o n o f compounds (XXV) and (XXVI) 

i n s o l u t i o n under a n i t r o g e n atmosphere w i t h 254nm l i g h t gave 

phen o l and s u b s t i t u t e d p h e n o l s as the major p r o d u c t s d e t e c t e d . 

h v - 2 5 4 n m 
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No p r o d u c t s from the e x p e c t e d P h o t o - F r i e s rearrangement, 

shown below, were d e t e c t e d . 

h v 

The f o r m a t i o n of the p h e n o l s was proposed t o o c c u r via 

f o r m a t i o n of phenoxy and a l k y l r a d i c a l s due to the h o m o l y t i c 

c l e a v a g e o f the p h e n o x y - a l k y l bond. S i m i l a r l y the l o s s of 

t h e s u b s t i t u e n t on the p h e n y l r i n g may proceed via the homo­

l y t i c c l e a v a g e of the bond a t t a c h i n g the s u b s t i t u e n t to the 

r i n g . A b s o r p t i o n of l i g h t of t h i s wavelength was a t t r i b u t e d 

t o t h e phenoxy chromophore i n d i c a t i n g t h a t e x c i t a t i o n of t h i s 

m o i e t y r e s u l t s i n h o m o l y t i c bond c l e a v a g e . More i n t e r e s t i n g l y 

p h o t o l y s i s of ( X X V I I ) under a n i t r o g e n atmosphere u s i n g 254nm 

l i g h t y i e l d e d phenol and phenoxyacetone ( X X V I I I ) as the major 

p r o d u c t s . A p o s s i b l e mechanism a c c o u n t i n g f o r the f o r m a t i o n 

of phenoxyacetone via the e n o l tautomer was proposed: 

OH 
I hv-25U nm 

P h O — C H - , C H C H ^ O P h 
2 2 

OH 
I 

PhD- • C H 2 C H C H 2 - O P h 

H 2 C = C C H 2 - 0 P h - — ' C H ^ - C C H ^ - O P h ( X X V I I I ) ^ 
I OH 

P h O H + 

R e p e a t i n g the i r r a d i a t i o n o f ( X X V I I ) w i t h a i r p r e s e n t j u s t r e ­

s u l t e d i n f a s t e r r a t e s o f p h e n o l f o r m a t i o n . However, i r r a d ­

i a t i o n o f ( X X V I I ) w i t h l o n g e r wavelength l i g h t i n the p r e s e n c e 

of a i r y i e l d e d p h e n y l formate (XXIX) as a major v o l a t i l e p r o ­

d u c t a l o n g w i t h minor amounts of phenol, phenoxyacetone and 

p h e n o x y a c e t i c a c i d (XXX). The f o l l o w i n g mechanism, i n v o l v i n g 

a change t r a n s f e r complex between (XXVII) and oxygen, was p r o ­

posed t o a c c o u n t f o r the f o r m a t i o n of (XXIX) and (XXX): 
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OH 
I 

P h O C H ^ C C H ^ O P h 
h v - > 2 8 0 nm 

OH 
I 

P h O C H C H C H O P h + 0 . 

OH 

P h O C H ^ C H C H O P h •O2H 

OH OOH 
I I 

P h O C H ^ C H — C H O P h 

P h O C H ^ C O ^ H + O C H O P h 

(XXX) ( X X I X ) 

The above study shows t h a t s h o r t wavelength UV l i g h t i s 

absorbed by t h e a r y l e t h e r chromophore and r e s u l t s i n the form­

a t i o n o f r a d i c a l species t h a t c o u l d i n i t i a t e p h o t o - o x i d a t i o n . 

T h i s i s p a r t i c u l a r l y r e l e v a n t t o the e x p e r i m e n t a l r e s u l t s d i s ­

cussed i n th e f o l l o w i n g s e c t i o n s i n c o n n e c t i o n w i t h the DGEBA 

r e s i n . C o n s i d e r a t i o n o f t h e r e s u l t s of s t u d i e s of the photo-

d e g r a d a t i o n o f phenoxy r e s i n s (XXXI) show t h a t cleavage o f bonds 

i n t h e b i s p h e n o l A u n i t can occur"^, e.g. 

C H OH 

C H . 

h v 

C H . 

I 
C H , 

q h c - < p ; 
CH3 

( X X X I I I ) 

+ - C H . 

( X X X I I ) 

The r e s u l t s o f Tempe et al^^ would i n d i c a t e t h a t t h i s i s due 

t o l i g h t a b s o r p t i o n by the a r y l e t h e r chromophore. I n the 

presence o f oxygen, the two r a d i c a l species (XXXII) and (XXXIII) 

c o u l d g i v e r i s e t o ace t o - o r benzophenone type chromophores, the 

l a t t e r m o i e t y b e i n g e s p e c i a l l y capable o f fo r m i n g r a d i c a l 

s p e c i e s on i r r a d i a t i o n w i t h l o n g e r wavelength UV l i g h t . The 

f o r m a t i o n o f such chromophores i n DGEBA r e s i n s i s a l s o sus­

p e c t e d t o occur by t h e r m o - o x i d a t i o n o f the b i s p h e n o l A moiety 

d u r i n g manufacture. 
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The above s t u d i e s have i n d i c a t e d t h e presence o f a number o f 

s i t e s i n t h e DGEBA and d i g l y i c i d y l e t h e r o f b u t a n e d i o l r e s i n s 

which c o u l d undergo o x i d a t i o n and these s i t e s w i l l a l s o be 

p r e s e n t i n t h e s t r u c t u r e o f t h e p h o t o c u r e d r e s i n s prepared i n 

t h i s work, t h e p h o t o - o x i d a t i v e s t a b i l i t y o f which are des­

c r i b e d i n t h e f o l l o w i n g s e c t i o n s . 

5.6 P h o t o - O x i d a t i o n o f th e DGEBA System 

The l a c q u e r s o f t h e DGEBA r e s i n used i n the f o l l o w i n g 

e x p e r i m e n t s c o n t a i n e d 97.0% r e s i n , 2.0% p h o t o i n i t i a t o r and 1.0% 

w/w acetone o r were c l o s e t o t h i s c o m p o s i t i o n . Unless o t h e r ­

wise s t a t e d f i l m s of lOOym nominal t h i c k n e s s were prepared on 

p o l y e t h y l e n e f o r t h e ESCA measurements and f i l m s o f SOum 

nominal t h i c k n e s s f o r t h e i n f r a - r e d s p e c t r o s c o p i c measurements. 

For t h e p r o l o n g e d i r r a d i a t i o n o f samples w i t h UV l i g h t o f 

wavelengths s i m i l a r t o those p r e s e n t i n s u n l i g h t , a UV f l u o r ­

e scent lamp ( P h i l l i p s , 40W) was used. The emission o f l i g h t 

by t h i s source commences a t '̂ SOOnm and peaks a t 360-365nm. 

Samples were p l a c e d a t a d i s t a n c e o f 2mm from the source and 

r e c e i v e d a photon f l u x o f 1.2mW cm ^, as measured by the 

t h e r m o p i l e d e t e c t o r , a t a temper a t u r e o f 27°C. 

(A) P h o t o - O x i d a t i o n as a Res u l t o f th e C u r i n g Process 

( i ) E f f e c t o f I n c r e a s i n g Cure Exposure t o the 1.8kW Source 

ESCA s p e c t r a o f f i l m s g i v e n on i n c r e a s i n g number of 

passes under the l.BkW source were r e c o r d e d ^̂ 24 hours a f t e r 

i r r a d i a t i o n . The c o n f i g u r a t i o n o f th e X-ray source, sample 

and d e t e c t o r i n the s p e c t r o m e t e r gave a sampling depth o f 

The C, and 0 core l e v e l s p e c t r a i n F i g u r e 5.1 i l l u s t r a t e the 
X s X s 
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t r e n d s observed. The C. s p e c t r a show t h e g r o w t h o f carbon 

environments w i t h h i g h e r b i n d i n g e n e r g i e s i n t h e s u r f a c e of 

f i l m s g i v e n l o n g e r cure exposures w h i l s t t h e peak i n the Ô ^̂  

s p e c t r a broadens w i t h i n c r e a s i n g cure exposure i n d i c a t i n g an 

i n c r e a s e i n the number o f oxygen environments. The Ĉ ^ 

spectrum o f t h e f i l m g i v e n 1 pass c o n t a i n s an envelope o f 

peaks w i t h a s m a l l s a t e l l i t e peak a t h i g h e r b i n d i n g energy. 

The l a t t e r peak a r i s e s from the process known as shake-up, 

where the t r a n s i t i o n o f a valence e l e c t r o n f r o m an occupied 

t o an unoccupied m o l e c u l a r o r b i t a l accompanies photo i o n i z a t i o n , 

a f e a t u r e commonly observable i n the ESCA s p e c t r a o f polymers 

c o n t a i n i n g u n s a t u r a t e d u n i t s . A s m a l l s a t e l l i t e peak a t 

h i g h e r b i n d i n g energy due t o shake-up i s a l s o v i s i b l e i n the 

Oj^g s p e c t r a . D e c o n v o l u t i o n o f the Ĉ ^ envelope f o r the f i l m 

g i v e n 1 pass shows t h e presence o f two component peaks. The 

peak a t lower b i n d i n g energy i s a t t r i b u t e d t o C-H f u n c t i o n a l i t y 

which occurs a t 285.0 eV. The o t h e r component peak occurs a t 

286.7 + 0.1 eV r e l a t i v e t o the C-H peak and corresponds t o C-0 
16 * f u n c t i o n a l i t y . The shake-up peak, TT->Tr , occurs a t a b i n d i n g 

energy of 291.6 ±0.1 eV which i s c l o s e t o t h a t found f o r p o l y ­

styrene.'''^ F i g u r e 5.2 i s t h e d e c o n v o l u t e d spectrum o f the 

f i l m g i v e n 20 passes. T h i s shows the presence o f a d d i t i o n a l 

component peaks a t 286.8 ± 0.1 eV and 289.4 ± 0.1 eV which 

correspond t o carbonyl,C=0,and c a r b o x y l or c a r b o x y l a t e f u n c t ­

i o n a l i t y , 0-C=0, respectively.''"^ 

A second s e t o f f i l m s were p r e p a r e d , i r r a d i a t e d and 

analysed i n a s i m i l a r way t o those d e s c r i b e d above, the good 

agreement between t h e two s e t s o f data g i v e c o n f i d e n c e i n t h e 

a n a l y t i c a l method. The average c o m p o s i t i o n o f the s u r f a c e o f 

the f i l m s g i v e n 1 pass was found t o be 64.8% C-H and 35.2% C-0 
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FIGURE 5.2 Cj^g Core L e v e l Spectrum o f a F i l m Given 20 passes 
Showing t h e component peaks 

w i t h a r a t i o o f carbon t o oxygen atoms o f -1.1:0.21. The 

expected c o m p o s i t i o n o f the s u r f a c e from the s t r u c t u r e of the 

DGEBA r e s i n ( X V I I I ) and the c o m p o s i t i o n o f the lacquer would be 

62.4% C-H and 37.2% C-0 w i t h a r a t i o o f carbon t o oxygen atoms 

o f "^^1:0.19. The s u r f a c e c o m p o s i t i o n o f the c r o s s - l i n k e d n e t ­

work as d e t e r m i n e d by ESCA i s t h e r e f o r e reasonably c l o s e t o 

t h a t e x p e c t e d from the r e s i n s t r u c t u r e . 

The e f f e c t o f in c r e a s e d cure exposure on the 0, /C, 

i n t e n s i t y r a t i o i s shown i n F i g u r e 5.3, each p o i n t r e p r e s e n t i n g 

the average f o r two f i l m s . There appears t o be an i n d u c t i o n 

p e r i o d b e f o r e t h e r e l a t i v e amount o f oxygen a t the s u r f a c e s t a r t s 

t o i n c r e a s e l i n e a r l y w i t h i n c r e a s i n g cure exposure. A f t e r 20 

passes, t h e carbon t o oxygen atom r a t i o has doubled t o '^1:0.4. 

F i g u r e 5,4 c l e a r l y shows decreases i n the C-H and C-0 component 

i n t e n s i t i e s and the f o r m a t i o n and inc r e a s e i n the i n t e n s i t i e s 

o f C=0 and 0-C=0 components w i t h i n c r e a s i n g cure exposure. 
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I t i s i n t e r e s t i n g t o not e t h a t t h e i n d u c t i o n p e r i o d a s s o c i a t e d 

w i t h t h e f o r m a t i o n o f 0-C=0 f u n c t i o n a l i t y i s s i m i l a r t o t h a t 

a s s o c i a t e d w i t h t h e i n c r e a s e i n t h e 0, /C, r a t i o . 

The decrease i n t h e C-H component i n t e n s i t y as the 

C=0 and 0-C=0 components are formed and i n c r e a s e i m p l i e s t h a t 

p h o t o - o x i d a t i v e d e g r a d a t i o n o f the b i s p h e n o l A moiety o f the 

r e s i n s t r u c t u r e i s t a k i n g p l a c e s i n c e t h i s accounts f o r the 

C-H component. One m i g h t expect t h a t t h e i s o p r o p y l i d e n e 

b r i d g i n g u n i t would be p a r t i c u l a r l y s u s c e p t i b l e t o p h o t o - o x i d ­

a t i o n b u t t h e r e i s a l s o evidence f o r p h o t o - o x i d a t i v e d e g r a d a t i o n 

o f t h e p h e n y l r i n g s . 
* 

TABLE 5.1 T T ^ T T Component I n t e n s i t y as a F u n c t i o n of Cure Exposure 

No.of passes 1 2 3 5 10 20 

% C, I s 2.1 1.8 1.8 1.8 1.8 1.0 

Table 5.1 shows t h e i n t e n s i t y o f the T I ^ T T shake-up 

t r a n s i t i o n d i m i n i s h e s w i t h i n c r e a s i n g cure exposure and hence 

may be i n d i c a t i v e o f a l o s s o f a r o m a t i c i t y due t o the degrad­

a t i o n o f t h e p h e n y l r i n g s . P h o t o - o x i d a t i v e d e g r a d a t i o n o f the 

b i s p h e n o l A m o i e t y , i n c l u d i n g t h e ar o m a t i c r i n g s , has been ob-
18 

served i n b i s p h e n o l A p o l y ( s u l p h o n e ) f o r example. The de­

crease i n t h e i n t e n s i t y o f t h e C-0 component w i t h i n c r e a s i n g 

cure exposure i m p l i e s t h a t t h e l o s s of e t h e r or h y d r o x y l f u n c t ­

i o n a l i t y due t o t h e d e g r a d a t i o n o f the p o l y e t h e r network i s 

n o t compensated f o r by the g e n e r a t i o n o f new h y d r o x y l , hydro­

p e r o x i d e o r e s t e r groups. 

I t must be no t e d t h a t ESCA can o n l y g i v e the r e l a t i v e 

amount o f each component p r e s e n t a t the s u r f a c e . Changes i n 

the r e l a t i v e i n t e n s i t i e s o f t h e component peaks co u l d t h e r e f o r e 
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be due t o th e growth o f one ty p e o f f u n c t i o n a l i t y a t the ex­

pense o f another or t o the l o s s o f a p a r t i c u l a r component as 

a r e s u l t o f the f o r m a t i o n of v o l a t i l e s p e c i e s , both processes 

c o n t r i b u t i n g t o the changes i n s u r f a c e c o m p o s i t i o n . Indeed, 

t h e h i g h vacuum c o n d i t i o n s employed i n th e ESCA spectrometer 

p r o b a b l y r e s u l t i n an increased l o s s o f p h o t o - o x i d a t i o n p r o ­

d u c t s from the s u r f a c e . 

I n f r a - r e d s p e c t r a o f la c q u e r s o f the DGEBA res i n ' 

show the presence o f two weak a b s o r p t i o n s t h a t can be a t t r i b u t e d 

t o c a r b o n y l groups. One i s a t ̂ ^1710 cm""*" and does not appear 

i n t h e i n f r a - r e d spectrum of the r e s i n alone so i s presumably 

due t o th e t r a c e o f acetone i n the l a c q u e r . The oth e r ab­

s o r p t i o n occurs a t '̂ '1750 cm and does appear i n the i n f r a - r e d 

spectrum o f the r e s i n alone and may be due t o non-conjugated 

e s t e r c a r b o n y l groups or perhaps t o p e r e s t e r f u n c t i o n a l i t y . 

I n f r a - r e d s p e c t r a o f 100pm f i l m s g i v e n 1 t o 20 passes showed 

t h e presence of these two a b s o r p t i o n bands w i t h no f u r t h e r bands 

appe a r i n g i n the c a r b o n y l r e g i o n . The two absorbances were 

expressed as a r a t i o o f the absorbance a t 1605 cm ''". The two 

no r m a l i z e d absorbances showed no change w i t h i n c r e a s i n g cure 

exposure and were no g r e a t e r than t h e same r a t i o s i n the un-

cured l a c q u e r . T h i s would s t r o n g l y suggest t h a t the p h o t o - o x i d ­

a t i o n o c c u r r i n g d u r i n g the c u r i n g process i s l i m i t e d t o a t h i n 

s u r f a c e l a y e r . I n a d d i t i o n t h e O and C. ESCA s p e c t r a o f 
X s X s 

the underneath o f a f i l m g i v e n 20 passes under the lamp gave no 

i n d i c a t i o n of p h o t o - o x i d a t i o n p r o d u c t s whereas the top s u r f a c e 

has s u f f e r e d e x t e n s i v e p h o t o - o x i d a t i o n , f u r t h e r s u p p o r t i n g t h e 

c o n c l u s i o n t h a t p h o t o - o x i d a t i o n d u r i n g cure does not occur 

t h r o u g h o u t the b u l k . 
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Since t h e f i l m s are i r r a d i a t e d w i t h s h o r t as w e l l as 

l o n g w a v e l e n g t h UV l i g h t i t seems pr o b a b l e t h a t the chromophore 

r e s p o n s i b l e f o r the i n i t i a t i o n o f p h o t o - o x i d a t i o n i s the a r y l 

e t h e r m o i e t y o f t h e r e s i n . The above r e s u l t s would tend t o 

s u p p o r t t h i s c o n c l u s i o n s i n c e i t was shown i n the p r e v i o u s 

c h a p t e r , S e c t i o n 4.5, t h a t the DGEBA r e s i n absorbs much o f the 

s h o r t e r (A<297nm) wavelength UV l i g h t e m i t t e d by the source 

w i t h i n a few micrometers o f t h e s u r f a c e o f a f i l m o f a lacquer of 

s i m i l a r c o m p o s i t i o n t o those used i n these experiments. There­

f o r e i f t h e a r y l e t h e r chromophore were t o be r e s p o n s i b l e f o r 

the i n i t i a t i o n o f p h o t o - o x i d a t i o n then one might expect i t t o 

be l i m i t e d t o t h e s u r f a c e as appears t o be the case. 

( i i ) E l i m i n a t i o n o f t h e P h o t o - O x i d a t i o n O c c u r r i n g 
D u r i n g Cure 

As p h o t o - o x i d a t i v e d e g r a d a t i o n r e q u i r e s oxygen as w e l l 

as l i g h t o f t h e a p p r o p r i a t e wavelength, t h e i n i t i a l approach t o 

e l i m i n a t i n g i t s occurrence was t o i r r a d i a t e the system w i t h 

l o n g e r w a v e l e n g t h UV l i g h t i n t h e absence o f oxygen. Films 

were p r e p a r e d from a degassed lacquer under a n i t r o g e n atmos­

phere and i r r a d i a t e d u s i n g the 1.8kW source through the 'pyrex' 

f i l t e r , t h e space beneath the f i l t e r b e i n g f l u s h e d w i t h n i t r o g e n . 

ESCA was c a r r i e d o u t on t h e f i l m s a p p r o x i m a t e l y 24 hours a f t e r 

c u r e . The C^^ component a n a l y s i s i n F i g u r e 5.5 shows t h a t the 

C-H and C-O component i n t e n s i t i e s remain c o n s t a n t and no C=0 

or 0-C=0 f u n c t i o n a l i t y i s formed as the cure exposure i s i n ­

creased. L i k e w i s e t h e 0^ /C^ i n t e n s i t y r a t i o remains c o n s t a n t 
I s I s 

w i t h i n c r e a s i n g cure exposure as i s a l s o shown i n F i g u r e 5.5. 

Thus t h e o c c u r r e n c e o f s u r f a c e p h o t o - o x i d a t i o n has been e l i m i n ­

a t e d . 
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I n t e n s i t i e s 

The p h o t o - o x i d a t i o n o f f i l m s prepared from a non-

degassed l a c q u e r and i r r a d i a t e d t h r o u g h t h e 'pyrex' f i l t e r i n 

a i r was a l s o i n v e s t i g a t e d . I n t e r e s t i n g l y the r e s u l t s . F i g u r e 

5.6, again show the absence o f p h o t o - o x i d a t i o n . 

Since t h e f i l t e r removes a l l wavelengths below 275nm, 

as shown i n F i g u r e 4.10, p h o t o - o x i d a t i o n d u r i n g cure may be 

e l i m i n a t e d o r s u b s t a n t i a l l y reduced by removing wavelengths 

s t r o n g l y absorbed by the DGEBA r e s i n , t e n d i n g t o c o n f i r m t h a t 

the a r y l e t h e r chromophore o f the DGEBA r e s i n i s r e s p o n s i b l e 

f o r t h e a b s o r p t i o n o f s h o r t e r wavelength l i g h t l e a d i n g t o the 

i n i t i a t i o n o f p h o t o - o x i d a t i o n . As the r e s i n s t i l l cures on i r r a d -

a t i o n w i t h t h e l o n g e r wavelength l i g h t , a l b e i t not as e f f e c t ­

i v e l y as when i r r a d i a t e d w i t h the t o t a l o u t p u t o f the lamp under 

these c o n d i t i o n s , d i r e c t o r s e n s i t i z e d p h o t o l y s i s o f the photo-

i n i t i a t o r must be o c c u r r i n g which w i l l give r i s e t o r a d i c a l species. 
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Component I n t e n s i t i e s 

These r a d i c a l species (even w i t h oxygen p r e s e n t ) must, t h e r e f o r e , 

have l i t t l e o r no b e a r i n g on th e p h o t o - o x i d a t i o n o f t h i s r e s i n . 

( i i i ) E f f e c t o f Increased Cure Exposure t o U n f i l t e r e d and 
F i l t e r e d L i g h t u s i n g the lOOW Source 

Al t h o u g h the f i l t e r absorbs a l l r a d i a t i o n below 275nm 

the p o s s i b i l i t y remains t h a t i t s e f f e c t i v e n e s s i n p r e v e n t i n g 

s u r f a c e p h o t o - o x i d a t i o n i s r e l a t e d t o a r e d u c t i o n i n the number 

of photons r e a c h i n g t h e f i l m s and no t t o th e removal o f s h o r t e r 

w avelength l i g h t . T h i s experiment was c a r r i e d o u t t o e l i m i n a t e 

the above p o s s i b i l i t y s i n c e i r r a d i a t i o n s u s i n g t h e lOOW source 

can be c a r r i e d o u t so t h a t f i l m s i r r a d i a t e d w i t h u n f i l t e r e d and 

f i l t e r e d l i g h t r e c e i v e a s i m i l a r l i g h t i n t e n s i t y . 

F ilms were i r r a d i a t e d w i t h and w i t h o u t t h e 'pyrex' 

f i l t e r i n p l a c e as i n p r e v i o u s experiments so t h a t they r e c e i v e d 
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FIGURE 5.7 E f f e c t on the Surface P h o t o - o x i d a t i o n o f Increased 
Cure Exposure t o U n f i l t e r e d (Open Symbols) and 
F i l t e r e d ( F i l l e d Symbols) L i g h t u s i n g the lOOW Source 
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-2 
a photon f l u x o f 17.4 and 17.6 mW cm r e s p e c t i v e l y . F i g u r e s 
5.7(a) and (b) i n d i c a t e t h a t p h o t o - o x i d a t i o n o f the f i l m s i r r a d ­
i a t e d w i t h o u t the 'pyrex' f i l t e r i n p l a c e does occur and i n ­
creases w i t h i n c r e a s i n g exposure, IR spectroscopy i n d i c a t e d 
t h a t the n o r m a l i z e d c a r b o n y l absorbances a t 1750 and 1710 cm ^ 
were no g r e a t e r than i n the uncured l a c q u e r and d i d not i n c r e a s e 
w i t h i n c r e a s i n g cure exposure. The r e s u l t s from the a n a l y s i s 
of f i l m s i r r a d i a t e d w i t h the 'pyrex' f i l t e r i n place are a l s o 
shown i n F i g u r e s 5.7(a) and 5.7(b) and i n d i c a t e t h a t photo-
o x i d a t i o n i s n o t o c c u r r i n g , s u p p o r t i n g the c o n c l u s i o n s reached 
i n t h e p r e v i o u s s e c t i o n . 

(B) Subsequent Photo-Oxidation o f Cured F i l m s on Prolonged 
I r r a d i a t i o n w i t h Longer Wavelength UV L i g h t (A>300nm) 

( i ) E f f e c t o f I n c r e a s i n g Cure Exposure 

The f o l l o w i n g work was c a r r i e d o u t t o determine whether 

the s u r f a c e p h o t o - o x i d a t i o n o f f i l m s o f the DGEBA r e s i n d u r i n g 

cure a f f e c t s t h e subsequent p h o t o - o x i d a t i v e s t a b i l i t y on p r o ­

longed exposure t o longer wavelength UV l i g h t as i s p r e s e n t i n 

s u n l i g h t . A p r e l i m i n a r y experiment was c a r r i e d o u t , u s i n g 

f i l m s e x h i b i t i n g the g r e a t e s t degree o f s u r f a c e p h o t o - o x i d a t i o n 

t o determine an optimum exposure time t h a t would r e s u l t i n a 

degree o f p h o t o - o x i d a t i o n d e t e c t a b l e by IR spectroscopy y e t n o t 

so l o n g t h a t f i l m s g i v e n d i f f e r e n t cure exposures would show 

the same degree o f p h o t o - o x i d a t i o n d e t e c t a b l e by bot h ESCA and 

IR sp e c t r o s c o p y . 

F i l m s o f lOOym nominal t h i c k n e s s g i v e n 20 passes under 

the 1.8kW source were l e f t i n the dark f o r 24 hours and then 

i r r a d i a t e d u s i n g the f l u o r e s c e n t lamp. IR s p e c t r a o f a f r e e 

s t a n d i n g f i l m were recorded a t i n t e r v a l s and samples o f another 

f i l m taken f o r s u r f a c e a n a l y s i s . The t a b l e o v e r l e a f shows t he 

ESCA r e s u l t s . 
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TABLE 5.2 E f f e c t o f Prolonged I r r a d i a t i o n (A>300nm) on the 
Surfac e Composition o f a F i l m g i v e n 20 passes 

I r r a d i a t i o n 
t i m e / h r s . 

% I s 
O l s / ^ l s I r r a d i a t i o n 

t i m e / h r s . C-H C-0 C=0 0-C=0 * 
1T-»-1T 

O l s / ^ l s 

0 51.0 27.8 11.4 9.8 1.2 0.704 

96 45.7 26.9 10.3 16.1 1.0 0.889 

142 47.1 24.1 10.7 17.0 1.1 0.879 

504 46.6 25.1 9.3 17.8 1.1 0.771 

I r r a d i a t i o n f o r 96 hours r e s u l t s i n a marked decrease 

i n t h e C-H component i n t e n s i t y , a s l i g h t decrease i n the C-0 and 
* 

C=0 component i n t e n s i t i e s w i t h the T T ^ T T component i n t e n s i t y r e ­

m a i n i n g c o n s t a n t w h i l s t t h e 0-C=0 component i n t e n s i t y and the 
0, /C, r a t i o i n c r e a s e s i g n i f i c a n t l y . F u r t h e r i r r a d i a t i o n r e -I s I s 
s u i t s i n o n l y s l i g h t changes i n the C, component i n t e n s i t i e s 

X s 

b u t does l e a d t o a decrease i n the Oj^^/C^^ r a t i o , p o s s i b l y due t o 

the e v o l u t i o n o f ̂ 0^. A l t h o u g h q u i t e h e a v i l y o x i d i z e d i n i t i a l l y 

the s u r f a c e o f t h e f i l m does undergo f u r t h e r o x i d a t i o n . 

The IR s p e c t r a recorded as a f u n c t i o n of the i r r a d i a t i o n 

t i m e showed t h e growth o f a t l e a s t t h r e e o v e r l a p p i n g peaks i n the 

c a r b o n y l a b s o r p t i o n r e g i o n . Two of the peaks corresponded t o 

th e absorbances seen a t 1750 and 1710 cm •'' i n the spectra o f 

uncured l a c q u e r s w i t h a t h i r d a b s o r p t i o n peak a t a frequency 

between t h e o t h e r two absorbances. The species r e s p o n s i b l e f o r 

the absorbance a t 1750 cm might again be e s t e r or p e r e s t e r 

f u n c t i o n a l groups, the peak a t i n t e r m e d i a t e frequency c o u l d be 

due t o aldehyde f u n c t i o n a l i t y w h i l s t t h a t a t 1710 cm ^ could be 

due t o e i t h e r ketone o r c a r b o x y l i c a c i d f u n c t i o n a l i t y . I t was 

a l s o noted t h a t t h e i n t e n s i t y o f the -OH a b s o r p t i o n a t 3500 cm "'" 

in c r e a s e d on i r r a d i a t i o n . F i g u r e 5.8 shows t h a t the two absorb­

ances a t 1750 and 1710 cm expressed as a r a t i o o f the absorbance 
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F i l m Given 20 Passes 

a t 1605 cm , e x h i b i t t h e t r e n d o f i n c r e a s i n g towards a 

p l a t e a u v a l u e w i t h i n c r e a s i n g i r r a d i a t i o n t i m e . 

I t i s apparent from F i g u r e 5.8 t h a t t h e growth o f the 

c a r b o n y l s p e c i e s does n o t e x h i b i t a u t o c a t a l y t i c behaviour. 

However, b u l k p h o t o - o x i d a t i o n as d e t e c t e d by IR spectroscopy 

does occur on i r r a d i a t i o n w i t h longer wavelength l i g h t a l b e i t 

t o a r e l a t i v e l y low l e v e l . 

From the above d a t a i t was decided t o i r r a d i a t e f i l m s 

g i v e n i n c r e a s i n g cure exposures f o r 192 hours w i t h t h e f l u o r e s c e n t 

lamp, i n t h e hope t h a t d i f f e r e n c e s i n the s u r f a c e and b u l k photo-

o x i d a t i o n r e l a t e d t o t h e i n i t i a l s u rface p h o t o - o x i d a t i o n would be­

come apparent. The IR s p e c t r o s c o p i c a n a l y s i s was c a r r i e d o u t on 

f i l m s o f SOym t h i c k n e s s b u t o t h e r w i s e i n the same way as t h a t above, 

F i g u r e 5.9 i s the 0 /C, r a t i o found i n the s u r f a c e 

o f t he cured f i l m s , a f t e r 192 hours' i r r a d i a t i o n , as a f u n c t i o n 
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FIGURE 5.9 O^g/C^g I n t e n s i t y R a t i o a f t e r 192 Hours I r r a d i a t i o n 
(A>300nm) as a F u n c t i o n o f t h e I n i t i a l Cure Exposure 

of t h e i n i t i a l cure exposure. T h i s f i g u r e shows t h a t the 

r e l a t i v e amount o f oxygen p r e s e n t i n the s u r f a c e increases t o 

a p l a t e a u v a l u e as t h e i n i t i a l cure exposure and hence the i n i t i a l 

s u r f a c e o x i d a t i o n i n c r e a s e s . 

F i g u r e 5.10, i n which the d i f f e r e n c e i n Ô ^̂ /Ĉ ^ r a t i o 

i s p l o t t e d a g a i n s t the i n i t i a l cure exposure, i n d i c a t e s more 

c l e a r l y how t h e i n c r e a s e i n t h e r e l a t i v e oxygen c o n t e n t due t o 

t h e p r o l o n g e d i r r a d i a t i o n v a r i e s w i t h the i n i t i a l s u r f a c e photo-

o x i d a t i o n . The i n c r e a s e i n t h e 0, /C, r a t i o becomes g r e a t e r 
X S X s 

on g o i n g from 1 t o 5 passes and th e n d i m i n i s h e s w i t h f u r t h e r cure 

exposure. The f i l m g i v e n 1 pass shows an i n c r e a s e i n 0, /C, 
X S X 5 

r a t i o i n d i c a t i n g t h a t d e t e c t a b l e amounts o f c a r b o n y l f u n c t i o n a l i t y 

a f t e r c u r e are n o t a p r e r e q u i s i t e f o r subsequent p h o t o - o x i d a t i o n . 

I n t h i s case the chromophore r e s p o n s i b l e f o r i n i t i a t i n g photo-

o x i d a t i o n c o u l d be due t o an i m p u r i t y or the a r y l e t h e r moiety of 
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FIGURE 5.10 Change i n the O^s^^ls ^ ' ^ t e n s i t y R a t i o r e s u l t i n g from 
192 hours I r r a d i a t i o n (X>300nni) as a Function o f the 
I n i t i a l Cure Exposure 

t h e r e s i n . The oxygen uptake does, however, i n c r e a s e on go i n g 

t o 5 passes as does the r e l a t i v e amount o f c a r b o n y l and c a r b o x y l a t e 

f u n c t i o n a l i t y p r e s e n t i n i t i a l l y as a r e s u l t o f the c u r i n g process, 

i m p l y i n g t h a t t h i s type o f f u n c t i o n a l i t y p h o t o s e n s i t i z e s o r 

promotes i n some o t h e r way f u r t h e r p h o t o - o x i d a t i o n . Since t h e 

s u r f a c e s o f t h e f i l m s g i v e n 10 and 20 passes are q u i t e h e a v i l y 

o x i d i z e d i n i t i a l l y , i t i s n ot s u r p r i s i n g t h a t the magnitude o f 

th e i n c r e a s e i n oxygen a t the s u r f a c e o f these f i l m s i s not as 

g r e a t as f o r some o f the f i l m s g i v e n s h o r t e r cure exposures. 

The C^g component a n a l y s i s o f the f i l m s a f t e r 192 

h o u r s ' i r r a d i a t i o n shows t h a t t h e C-H and C-0 component i n t e n s i t i e s 

have decreased t o p l a t e a u v a l u e s w h i l s t t h e C=0 and 0-C=0 i n ­

t e n s i t i e s i n c r e a s e t o p l a t e a u values w i t h i n c r e a s i n g cure ex­

posure as i l l u s t r a t e d i n F i g u r e 5.11. 

The change i n the C^^ component i n t e n s i t i e s r e s u l t i n g 

from t h e p r o l o n g e d i r r a d i a t i o n are shown i n F i g u r e 5.12 as a 
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f u n c t i o n o f the i n i t i a l cure exposure. The o v e r a l l change i n 

s u r f a c e c o m p o s i t i o n i n c r e a s e s on going from 1 t o 5 passes and 

then d i m i n i s h e s a l t h o u g h the maximum changes i n the f o u r com­

ponents shown i n F i g u r e 5.12 occur a t d i f f e r e n t cure exposures. 

This f i g u r e a l s o shows more c l e a r l y t h a t as the i n i t i a l 

s u r f a c e p h o t o - o x i d a t i o n i n c r e a s e s , 0-C=0 f o r m a t i o n predominates 

over C=0 f o r m a t i o n on subsequent p h o t o - o x i d a t i o n . The i n t e n -
* 

s i t i e s o f the TT-^TT components are not shown i n Fi g u r e 5.11 b u t 

are t a b u l a t e d below as a f u n c t i o n o f the i n i t i a l cure exposure. 
TA.BLE 5. 3̂  TT-^TT I n t e n s i t y a f t e r 192 Hours I r r a d i a t i o n (X>300nm) 

as a F u n c t i o n o f the I n i t i a l Cure Exposure 

Nuiter of passes 1 2 3 5 10 20 

% C, I s 1.4 1.4 1.6 1.2 1.1 1.0 

From a comparison o f the above values w i t h those i n 

Table 5.1 i t appears t h a t t h e 7T->-7T* i n t e n s i t y decreases i n the 

f i l m s g i v e n 1 t o 10 passes on prolonged i r r a d i a t i o n i m p l y i n g 

t h a t d e g r a d a t i o n o f t h e aromatic moiety of t h e r e s i n i s o c c u r r i n g , 

No decrease i n t h e I T - ^ T T * i n t e n s i t y i s observed i n a f i l m g i v e n 20 

passes on prolonge d i r r a d i a t i o n . As the s u r f a c e becomes h e a v i l y 
II 

o x i d i z e d , carbonate, 0-C-O,formation may occur g i v i n g r i s e t o a 

peak a t a s i m i l a r b i n d i n g energy t o the T T - ^ T T * peak o f f s e t t i n g any 

decrease i n t h i s l a t t e r peak and hence ac c o u n t i n g f o r the above 

o b s e r v a t i o n . W h i l s t i r r a d i a t i n g f i l m s f o r t h e above measure­

ments o t h e r f i l m s were l e f t i n the dark as c o n t r o l s . These 

f i l m s showed no change i n t h e i r C. component a n a l y s i s o r 
J. s 

0, /C, r a t i o c o n f i r m i n g t h a t i r r a d i a t i o n w i t h the f l u o r e s c e n t 

lamp i n t h e presence o f a i r i s r e s p o n s i b l e f o r the changes i n 

s u r f a c e o x i d a t i o n . 
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The IR s p e c t r a of the f i l m s g i v e n i n c r e a s i n g cure 

exposures r e c o r d e d p r i o r t o p r o l o n g e d i r r a d i a t i o n showed the 

presence o f the two a b s o r p t i o n s i n the 1700-1750 cm "'" r e g i o n . 

These two absorbances expressed as a r a t i o o f the absorbance a t 

1605 cm were no g r e a t e r t h a n i n the uncured lacquer nor d i d 

they i n c r e a s e w i t h i n c r e a s i n g cure exposure. A f t e r 192 hours 

i r r a d i a t i o n w i t h t h e l o n g e r wavelength UV l i g h t , , the two normal­

i z e d c a r b o n y l absorbances had i n c r e a s e d i n a l l the f i l m s and 

F i g u r e 5.13 shows t h a t t h e magnitude o f the i n c r e a s e becomes 

g r e a t e r as t h e i n i t i a l cure exposure and hence s u r f a c e photo-

o x i d a t i o n i n c r e a s e s , t e n d i n g towards a p l a t e a u v a l u e . 

FIGURE 5.13 Change i n the Normalized Carbonyl Absorbances a t 
1750 (•) and 1710 cm~-̂  (O) a f t e r 192 hours I r r a d ­
i a t i o n (X>300nm) as a F u n c t i o n of I n i t i a l Cure 
Exposure 
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The e x p e r i m e n t was r e p e a t e d u s i n g s i m i l a r f i l m s and the same 

t r e n d s were observed. W h i l s t t he above f i l m s were being i r r a d ­

i a t e d , o t h e r f i l m s were l e f t i n the dark. There were no s i g n i f ­

i c a n t changes i n t h e two n o r m a l i z e d absorbances although t he one 

a t 1710 cm •'' d i d t e n d t o decrease s l i g h t l y p o s s i b l y r e s u l t i n g 

from t h e l o s s o f acetone. Thus the s u r f a c e p h o t o - o x i d a t i o n 

r e s u l t i n g f r o m t h e c u r i n g process does appear t o have an a f f e c t 

on t h e subsequent p h o t o - o x i d a t i v e s t a b i l i t y o f both the s u r f a c e 

and t h e b u l k . 

The l e v e l o f p h o t o - o x i d a t i o n a t the surfa c e o f the 

f i l m s a f t e r 192 h o u r s ' i r r a d i a t i o n i s h i g h l y u n l i k e l y t o be 

r e p r e s e n t a t i v e o f t h a t i n the b u l k o f t h e f i l m s . For example 

t h e ESCA d a t a f o r t h e f i l m g i v e n 1 pass i n d i c a t e s t h a t '̂ 6̂% o f 

carbon atoms are a s s o c i a t e d w i t h c a r b o n y l f u n c t i o n a l i t y , e q u i v ­

a l e n t t o each r e s i n molecule c o n t a i n i n g a t l e a s t one c a r h o n y l 

group which would be expected t o g i v e r i s e t o an i n t e n s e ab­

s o r p t i o n i n t h e i n f r a - r e d spectrum. Taken i n c o n j u n c t i o n w i t h 

t h e i n f r a - r e d d a t a t h i s would i n d i c a t e t h a t t he p h o t o - o x i d a t i o n 

does e x t e n d i n t o t h e b u l k b u t becomes a t t e n u a t e d w i t h i n c r e a s i n g 

d e p t h . When i r r a d i a t i n g the f i l m s o f lOOym t h i c k n e s s f o r sur­

f a c e a n a l y s i s t h e y were l e f t on the p o l y e t h y l e n e s u b s t r a t e . As 

t h e i n i t i a l cure exposure in c r e a s e d i t became p r o g r e s s i v e l y more 

d i f f i c u l t t o remove t h e f i l m from the s u b s t r a t e a f t e r the pro ­

longed i r r a d i a t i o n . Thus changes must have occurred a t the 

s u b s t r a t e - f i l m i n t e r f a c e becoming more pronounced w i t h i n c r e a s i n g 

c u r e exposure. I t i s probable t h a t t h e above o b s e r v a t i o n a r i s e s 

f r o m t h e p h o t o - o x i d a t i v e d e g r a d a t i o n o f the f i l m s which suggests 

t h a t as t h e i n i t i a l s u r f a c e p h o t o - o x i d a t i o n i n c r e a s e s , t he sub­

sequent p h o t o - o x i d a t i o n progresses f u r t h e r i n t o the b u l k o f the 

f i l m t o r e a c h t h e s u b s t r a t e - f i l m i n t e r f a c e . I f the photo-
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o x i d a t i v e d e g r a d a t i o n were t o be l i m i t e d t o the upper r e g i o n s 
o f t h e f i l m one would exp e c t t he n o r m a l i z e d c a r b o n y l a b s o r p t i o n s 
t o i n c r e a s e w i t h d e c r e a s i n g f i l m t h i c k n e s s as has been observed 
i n a s t u d y o f t h e p h o t o - o x i d a t i o n o f c o n v e n t i o n a l l y cured epoxy 
r e s i n s r e p o r t e d i n t h e l i t e r a t u r e , "''"̂  a l t h o u g h i n t h i s case t h e 
o b s e r v a t i o n was a t t r i b u t e d t o unreacted amine c u r i n g agent p r e ­
s e n t i n g r e a t e r amounts i n the t h i c k e r f i l m s , a c t i n g as an a n t i ­
o x i d a n t . Comparing t h e v a l u e s o f the no r m a l i z e d c a r b o n y l absorp­
t i o n i n t h e 50ym f i l m g i v e n 20 passes i n F i g u r e 5.13 w i t h t h a t ex­
pec t e d from F i g u r e 5.8 f o r t h e lOOym f i l m g i v e n 20 passes a f t e r 
192 h o u r s ' i r r a d i a t i o n shows t h a t they are very s i m i l a r . Since 
i t appears t h a t t h e p h o t o - o x i d a t i o n extends t h r o u g h the b u l k of 
the f i l m s o f lOOpm g i v e n 20 passes, t h i s w i l l reduce the ex­
pected d i f f e r e n c e i n t h e n o r m a l i z e d c a r b o n y l a b s o r p t i o n s between 
the two f i l m s o f d i f f e r e n t t h i c k n e s s . Other f a c t o r s may f u r t h e r 
c o n t r i b u t e t o a r e d u c t i o n i n the d i f f e r e n c e . For example the 
d i f f e r e n c e i n f i l m t h i c k n e s s may lead t o d i f f e r e n c e s i n the 
c h a r a c t e r i s t i c s o f t h e cured f i l m s which, i n t u r n , a f f e c t s how 
the f i l m s p h o t o - o x i d i z e o r a l t e r n a t i v e l y the closeness o f the 
samples t o t h e source f o r the prolonged i r r a d i a t i o n s means t h a t 
o n l y a s l i g h t s h i f t i n t h e sample p o s i t i o n ( t e n t h s of a m i l l i m e t r e ) 
has a s i g n i f i c a n t e f f e c t on t h e i n t e n s i t y o f l i g h t i n c i d e n t on 
the sample. 

I f t h e p r o d u c t s o f p h o t o - o x i d a t i v e d e g r a d a t i o n were 

t o absorb t h e wavelengths o f l i g h t r e s p o n s i b l e f o r i n i t i a t i n g 

the d e g r a d a t i o n then as the c o n c e n t r a t i o n o f such pr o d u c t s i n 

the s u r f a c e and sub - s u r f a c e r e g i o n s i n c r e a s e s , and the r e s u l t s 

do i n d i c a t e t h a t t h e s u r f a c e i s r i c h e r i n p h o t o - o x i d a t i o n p r o ­

d u c t s than t h e b u l k b o t h b e f o r e and a f t e r p r o l o n g e d i r r a d i a t i o n , 

t h e depth o f p e n e t r a t i o n o f t h e damaging wavelengths o f l i g h t 

i n t o the f i l m c o u l d becomie a t t e n u a t e d . This c o u l d e x p l a i n 
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why t h e b u l k p h o t o - o x i d a t i o n as i n d i c a t e d i n Figure 5.8 tends 

towards a p l a t e a u v a l u e w i t h i n c r e a s i n g i r r a d i a t i o n time and 

why t h e magnitude o f the i n c r e a s e i n b u l k p h o t o - o x i d a t i o n tends 

towards a p l a t e a u v a l u e w i t h i n c r e a s i n g exposure on prolonged 

i r r a d i a t i o n w i t h l o n g e r wavelength l i g h t as i n Figure 5.13. 

A l t e r n a t i v e l y , t h e above o b s e r v a t i o n s may be r e l a t e d t o a lack 

o f d i f f u s i o n o f oxygen i n t o t h e f i l m s which could l i m i t the 

o c c u r r e n c e o f p h o t o - o x i d a t i v e d e g r a d a t i o n . 

From t h e IR s p e c t r a o f the f i l m s used i n the above 

e x p e r i m e n t , t h e e f f e c t of pro l o n g e d i r r a d i a t i o n on the e x t e n t 

o f r e a c t i o n o f epoxide f u n c t i o n a l i t y may be determined. 

TABLE 5.4 E f f e c t o f the Prolonged I r r a d i a t i o n w i t h Longer Wave­
l e n g t h UV L i g h t on the Percentage Conversion o f 
Epoxide F u n c t i o n a l i t y 

Number o f p asses 
C o n d i t i o n s 1 2 3 5 10 20 

0 hrs i r r a d i a t i o n 88 88 90 89 89 91 

192 hrs i r r a d i a t i o n 92 92 92 91 89 92 

0 hrs dark 90 88 89 88 91 89 

192 hrs dark 90 89 90 90 91 91 

The r e s u l t s shown i n Table 5.4 i n d i c a t e t h a t a small but s i g n i f i c ­

a n t i n c r e a s e i n the degree o f c o n v e r s i o n o f epoxide f u n c t i o n a l i t y 

o c c u r s i n t h e f i l m s g i v e n the two lower cure exposures. 

The Tg o f f i l m s o f lOOpm t h i c k n e s s given i n c r e a s i n g 

c u r e exposures were a l s o measured a f t e r 192 hours' i r r a d i a t i o n 

u s i n g TMA as d e s c r i b e d i n Chapter Four. The values obtained are 

shown i n Table 5.5 and i n d i c a t e t h a t t h e r e i s a small increase i n 

Tg compared w i t h s i m i l a r f i l m s l e f t i n the dark, even f o r the 

f i l m s g i v e n 10 and 20 passes which e x h i b i t e d the g r e a t e s t degree 

o f b u l k p h o t o - o x i d a t i o n and m.ight be expected t o show signs of 

c h a i n s c i s s i o n i f i t were o c c u r r i n g . Any chain s c i s s i o n t h a t 
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TABLE 5.5 Tg of Films I r r a d i a t e d w i t h Longer Wavelength UV L i g h t 

Number of 
passes 

Tg of unirradiated 
f i W ^ : 

- Tg of irr a d i a t e d 
f i W ^ 

Tg of irradiated f i l m 
a f t e r heating/Pc 

1 55 58 68 

3 66 70 93 

10 72 74 112 

20 76 78 114 

occurs must t h e r e f o r e be more than o f f s e t by an i n c r e a s e i n the 

c r o s s - l i n k d e n s i t y p o s s i b l y due t o the p h o t o l y s i s o f photo-

i n i t i a t o r o r t o the temperature under t h e lamp a c c e l e r a t i n g t h e 

c o n t i n u e d p o l y m e r i z a t i o n , which c o u l d a l s o e x p l a i n the i n c r e a s e i n 

the e x t e n t o f r e a c t i o n o f epoxide f u n c t i o n a l i t y . A l s o shown i n 

Table 5.5 i s the Tg value o b t a i n e d when the measurement i s r e ­

peated on t h e same sample. The i n c r e a s e i n Tg shows t h a t even 

a f t e r p rolonged i r r a d i a t i o n , t h e p o t e n t i a l f o r f u r t h e r t h e r m a l 

c r o s s - l i n k i n g e x i s t s . 

( i i ) E f f e c t of I n c r e a s i n g Cure Exposure t o F i l t e r e d L i g h t 

F i l m s g i v e n i n c r e a s i n g cure exposures under the 1.8kV^ 

source w i t h the "pyrex" f i l t e r i n p l a c e were i r r a d i a t e d f o r 192 

hours w i t h t h e low i n t e n s i t y f l u o r e s c e n t lamp as i n the above 

experiments. 

F i g u r e 5.14 shows the 0, /C, r a t i o and the C, com-
I s I s I s 

ponent i n t e n s i t i e s a t the su r f a c e o f the f i l m s , a f t e r i r r a d i a t i o n , 

as a f u n c t i o n of the i n i t i a l cure exposure. The '^i^/^i^ r a t i o has 

in c r e a s e d compared w i t h u n i r r a d i a t e d f i l m s b u t remains c o n s t a n t 

w i t h i n c r e a s i n g cure exposure. The C, component a n a l y s i s shows 

the presence o f C=0 and 0-C=0 f u n c t i o n a l i t y w i t h a concomitant 

decrease i n the C-H and C-0 component i n t e n s i t i e s compared w i t h 

u n i r r a d i a t e d f i l m s but the s u r f a c e c o m p o s i t i o n does n o t change 
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FIGURE 5.14 0. /C, I n t e n s i t y R a t i o and C, Component I n t e n s i t i e s I s I s I s 
a f t e r 192 Hours I r r a d i a t i o n (A>300nm) as a F u n c t i o n 
of t h e I n i t i a l Cure Exposure t o F i l t e r e d L i g h t 
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s i g n i f i c a n t l y w i t h i n c r e a s i n g cure exposure. The degree of 

s u r f a c e p h o t o - o x i d a t i o n i n the above f i l m s i s e q u i v a l e n t t o t h a t 

observed i n a n o r m a l l y cured f i l m g i v e n 2 passes. The i n t e n s i t y 

o f t h e T T ^ - T T * component not shown i n F i g u r e 5.14 was found t o be 

c o n s t a n t a t around 2 % , s i m i l a r t o the i n t e n s i t y observed i n un­

i r r a d i a t e d f i l m s . The f i l m g i v e n 1 pass cured u s i n g the f u l l 

o u t p u t o f the lamp showed a decrease i n the TT->-Tr* component i n ­

t e n s i t y on p r o l o n g e d i r r a d i a t i o n i m p l y i n g t h a t a r o m a t i c groups 

are degraded whereas t h e f i l m s cured w i t h t h e f i l t e r i n place 

show no l o s s o f T T - ^ T T * i n t e n s i t y a l t h o u g h l i k e t h e above f i l m no 

p h o t o - o x i d a t i o n was apparent as a r e s u l t o f t h e c u r i n g process. 

I t may be t h a t t h e above o b s e r v a t i o n r e s u l t s from the d i f f e r ­

ence i n cure c o n d i t i o n s a f f e c t i n g the subsequent photo-

o x i d a t i o n o r a l t e r n a t i v e l y i t may be a r e f l e c t i o n o f the 
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d i f f i c u l t y i n a c c u r a t e l y measuring t he i n t e n s i t y o f t h i s q u i t e 
s m a l l peak. These r e s u l t s c o n f i r m t h a t t h e presencie o f c a r ­
b o n y l f u n c t i o n as a r e s u l t of the c u r i n g process i s not a p r e ­
r e q u i s i t e f o r subsequent p h o t o - o x i d a t i o n t o occur. 

1750 (•) and 1710 cm" -1 (O) a f t e r 192 hours I r r a d -
i a t i o n as a F u n c t i o n o f the I n i t i a l Cure Exposure 
t o F i l t e r e d L i g h t 
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0-0 1 :8 

10 
- I — 
15 2 0 

Number of P a s s e s 

IR a n a l y s i s of f i l m s a f t e r 192 hours i r r a d i a t i o n 

i n d i c a t e d t h a t t h e two normalized c a r b o n y l absorbances had i n ­

creased b u t the magnitude of the i n c r e a s e remains v i r t u a l l y con­

s t a n t w i t h i n c r e a s i n g cure exposure as i l l u s t r a t e d i n F i g u r e 5.15. 

The i n c r e a s e i n the absorbances i s o f the same l e v e l as t h a t o f 

a f i l m g i v e n 3 passes under t h e f u l l o u t p u t o f the 1.8kW lamp 

r a t h e r than t h a t o f a f i l m g i v e n 1 pass which showed no s u r f a c e 

p h o t o - o x i d a t i o n a f t e r cure. The g r e a t e r than expected degree 

o f s u r f a c e and b u l k p h o t o - o x i d a t i o n i n the f i l m s cured w i t h the 
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'pyrex' f i l t e r i n p l a c e may be due t o d i f f e r e n c e s i n the cure 

c h a r a c t e r i s t i c s l e a d i n g t o d i f f e r e n c e s i n t h e p h o t o - o x i d a t i v e 

d e g r a d a t i o n o r a l t e r n a t i v e l y t o the l a t t e r f i l m s r e c e i v i n g a 

h i g h e r i n t e n s i t y o f l i g h t f o r the reasons d i s c u s s e d p r e v i o u s l y . 

From t h e IR s p e c t r a recorded i n t h e course o f t h e 

above work t h e e f f e c t of the prolonged i r r a d i a t i o n on the e x t e n t 

o f r e a c t i o n o f t h e epoxide f u n c t i o n a l i t y o f the f i l m s c o u l d be 

dete r m i n e d . The values i n Table 5.6 i n d i c a t e t h a t e x c e p t i n g 

the f i l m g i v e n 20 passes, t h e r e i s a s m a l l i n c r e a s e i n the con­

v e r s i o n o f epoxide f u n c t i o n a l i t y . 

TABLE 5.6 E f f e c t o f the Prolonged I r r a d i a t i o n on the Percentage 
Conversion o f Epoxide F u n c t i o n a l i t y f o r Films cured 
w i t h t h e F i l t e r i n Place 

C o n d i t i o n s Number o f passes C o n d i t i o n s 
2 5 10 20 

0 h r s i r r a d i a t i o n 92 90 89 90 

192 h r s i r r a d i a t i o n 95 94 92 90 

0 h r s dark 89 91 88 87 

192 h r s dark 91 91 90 86 

The e f f e c t o f the prolonged exposure on the Tg o f 

f i l m s o f lOOum t h i c k n e s s was a l s o i n v e s t i g a t e d u s i n g TMA. 

TABLE 5.7 E f f e c t o f the Prolonged I r r a d i a t i o n on the Tg o f 
F i l m s Cured w i t h t h e F i l t e r i n Place 

Number o f 
passes 

Tg o f u n i r r a d i a t e d 
f i l m / o c 

Tg o f i r r a d i a t e d 
film/°C 

Tg of irradiated 
f i l m a f t e r 
heating/°C 

2 37,64 66 80 

5 51,69 67 86 

10 52,69 68 86 

20 55,- 70 86 
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The v a l u e s recorded i n Table 5.7 i n d i c a t e t h a t a l l but one 
of t he u n i r r a d i a t e d f i l m s kept i n the dark show two g l a s s t r a n ­
s i t i o n s whereas t h e i r r a d i a t e d f i l m s show o n l y one t r a n s i t i o n ; 
the t e m p e r a t u r e o f which i s q u i t e c l o s e t o t h a t o f the second 
g l a s s t r a n s i t i o n observed i n the u n i r r a d i a t e d f i l m s . The above 
r e s u l t s i m p l y t h a t the prolonged i r r a d i a t i o n leads t o an i n ­
crease i n t h e c r o s s - l i n k d e n s i t y of the r e g i o n s o f low c r o s s ­
l i n k d e n s i t y p r e s e n t i n the f i l m s g i v e n 2,5 and 10 passes t o 
y i e l d a more homogeneously c r o s s - l i n k e d network w h i l s t i n the 
f i l m g i v e n 20 passes, which appears t o be q u i t e homogeneously 
c r o s s - l i n k e d i n i t i a l l y , the prolonged i r r a d i a t i o n r e s u l t s i n a 
g e n e r a l i n c r e a s e of the c r o s s - l i n k d e n s i t y and hence Tg. Both 
the i n c r e a s e d c o n v e r s i o n of epoxide f u n c t i o n a l i t y and the changes 
i n t he Tg as a r e s u l t o f the prolonged exposure t o l o n g e r wave­
l e n g t h UV l i g h t c o u l d be a t t r i b u t e d t o e i t h e r the p h o t o l y s i s o f 
r e s i d u a l p h o t o i n i t i a t o r or t o the temperature under the lamp 
a c c e l e r a t i n g t h e c o n t i n u e d p o l y m e r i z a t i o n t h a t occurs a f t e r c u r e . 
Table 5.7 a l s o shows t h a t the Tg i n c r e a s e s when the measurement 
i s r e p e a t e d i n d i c a t i n g t h a t the p o t e n t i a l f o r t h e r m a l polymer­
i z a t i o n remains a f t e r prolonged i r r a d i a t i o n . 

5.7 P h o t o - O x i d a t i o n o f t h e D i g l y c i d y l E t h e r o f B u t a n e d i o l System 

The p r e v i o u s work i n d i c a t e d t h a t t h e DGEBA system under­

went s u r f a c e p h o t o - o x i d a t i o n d u r i n g cure as a r e s u l t of l i g h t 

a b s o r p t i o n by the a r y l e t h e r moiety of the r e s i n and t h a t t h i s 

had a d e l e t e r i o u s e f f e c t on the subsequent p h o t o s t a b i l i t y of 

the cured system. The a l i p h a t i c d i g l y c i d y l e t h e r , (XX),does 

not possess an i n h e r e n t chromophore capable o f absorbing l i g h t 

above '̂ '240nm e m i t t e d by the medium pressure mercury lamps and 

so would n o t be expected t o undergo p h o t o - o x i d a t i o n d u r i n g cure 
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by t h e d i r e c t a b s o r p t i o n o f l i g h t and might a l s o prove t o ex­

h i b i t a g r e a t e r degree o f p h o t o s t a b i l i t y on prolonged exposure 

t o l o n g e r wavelength UV l i g h t . 

The l a c q u e r s used i n the f o l l o w i n g experiments c o n t a i n e d 

94.3% r e s i n , 3.8% p h o t o i n i t i a t o r and 1.9% w/w acetone and 97.2% 

1.9% p h o t o i n i t i a t o r and 0.9% w/w acetone or were c l o s e t o these 

c o m p o s i t i o n s . Films o f lOOym nominal t h i c k n e s s were prepared 

f o r s u r f a c e a n a l y s i s w h i l s t f i l m s o f 50Mm nominal t h i c k n e s s 

( a c t u a l t h i c k n e s s '̂ '35̂ lm measured u s i n g a micrometer gauge) were 

prepared f o r the IR a n a l y s i s u s i n g the ' s e l l o t a p e ' t e c h n i q u e , 

w i t h p o l y e t h y l e n e as t h e s u b s t r a t e . The f i l m s were cured u s i n g 

t h e 1.8kW source and p r o l o n g e d i r r a d i a t i o n s were c a r r i e d o u t as 

p r e v i o u s l y u s i n g t h e f l u o r e s c e n t lamp. 

(A) Comments on t h e Cure o f t h i s System 

Lacquers c o n t a i n i n g 3.8% p h o t o i n i t i a t o r were prepared so 

t h a t t h e molar r a t i o o f epoxide groups t o p h o t o i n i t i a t o r was 

s i m i l a r t o the DGEBA l a c q u e r s . I t was noted when p r e p a r i n g 

the l a c q u e r s t h a t a t l e a s t some o f the p h o t o i n i t i a t o r d i d not 

d i s s o l v e i n the r e s i n b u t formed a f i n e suspension. One pass 

under t h e lamp was found t o be i n s u f f i c i e n t t o cure the f i l m s 

but 2 passes d i d r e s u l t i n the apparent through-cure o f the 

f i l m s . The IR s p e c t r a recorded f o r t h e i n v e s t i g a t i o n o f b u l k 

p h o t o - o x i d a t i o n i n d i c a t e d t h a t t h e r e was l i t t l e unreacted epoxide 

f u n c t i o n a l i t y p r e s e n t i n t h e cured f i l m s p r o b a b l y r e f l e c t i n g 

the h i g h e r m o b i l i t y o f t h i s system. The above comments a l s o 

apply t o t h e la c q u e r s c o n t a i n i n g 1.9% p h o t o i n i t i a t o r prepared 

and cured i n the course o f t h i s work. I n a d d i t i o n film.s con­

t a i n i n g 3.8% p h o t o i n i t i a t o r were i r r a d i a t e d w i t h the 'pyrex' 

f i l t e r i n p l a c e , r e q u i r i n g a t l e a s t 15 passes under the lamp 
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b e f o r e a s a t i s f a c t o r y degree o f cure was obt a i n e d . T h i s , 
i n c i d e n t l y , made i t necessary t o improve the w e t t a b i l i t y of 
the p o l y e t h y l e n e s u b s t r a t e by o x i d i z i n g t h e surface u s i n g an 
oxygen plasma so t h a t t h e f i l m o f uncured lacquer remained 
i n t a c t . 

There are a number o f p o s s i b l e e x p l a n a t i o n s t o account f o r 

t h e above o b s e r v a t i o n o f an i n d u c t i o n p e r i o d associated w i t h 

t h e c u r e o f t h i s r e s i n . I t might be t h a t the p e n e t r a t i o n of 

l i g h t i n t o t h e i n t e r i o r o f the f i l m s i s s e r i o u s l y a t t e n u a t e d 

so t h a t l o n g e r i r r a d i a t i o n times are r e q u i r e d t o produce an 

adequate degree o f p h o t o l y s i s o f the p h o t o i n i t i a t o r and hence 

g e l a t i o n . The r e s u l t s o f c a l c u l a t i o n s u s i n g the e x t i n c t i o n 

c o e f f i c i e n t s o f the r e s i n and p h o t o i n i t i a t o r a t wavelengths, A, 

e m i t t e d by medium pressure mercury lamps and assuming t h a t t h e 

s c a t t e r i n g o f l i g h t by u n d i s s o l v e d p h o t o i n i t i a t o r i s n e g l i g i b l e 

are shown i n Table 5.8. 

TABLE 5.8 Depth o f P e n e t r a t i o n o f L i g h t i n t o a F i l m of a 
Lacquer o f the A l i p h a t i c D i g l y c i d y l Ether Resin 
c o n t a i n i n g 3.8% or 1.9 % w/w P h o t o i n i t i a t o r 

X/ nm 

Depth a t which 50% 
of l i g h t i s 
absorbed/ym 

1.9% photo-
i n i t i a t o r 

3.8% photo^ 
i n i t i a t o r 

Depth a t which 
of l i g h t i s 
absorbed/ym 

90^ 

1.9% photo­
i n i t i a t o r 

3.8% photoi 
i n i t i a t o r 

Depth a t which 99% 
of l i g h t i s 
absorbed/urn 

1.9% f^oto-
i n i t i a t o r 

3.8% 
photo-
i n i t i a t o r j 

313 

303 

297 

265 

254 

248 

1900 

1100 

540 

20 

17 

14 

1200 

660 

330 

11 

9 

7 

6 300 

3600 

1800 

67 

56 

45 

4100 

2200 

1100 

37 

29 

23 

12600 

7200 

3600 

134 

113 

90 

8100 

4 400 

2200 

74 

58 

46 

The v a l u e s r e c o r d e d i n Table 5.8 i n d i c a t e t h a t longer wavelength 

UV l i g h t can pass through the f i l m s used i n t h i s work v i r t u a l l y 

w i t h o u t a t t e n u a t i o n w h i l s t , a l t h o u g h s h o r t e r wavelength UV l i g h t 
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i s absorbed more r e a d i l y , i t can s t i l l p e n e t r a t e t o a s i g n i f i c ­

ant d e p t h . Table 5.9 shows the percentage o f i n c i d e n t l i g h t 

absorbed by the p h o t o i n i t i a t o r and r e s i n a t each wavelength 

f o r a g i v e n d e p t h . 

TABLE 5 .9 Percentage o f T o t a l L i g h t A b s o r p t i o n due t o the 
P h o t o i n i t i a t o r (3.8% and 1.9% w/w) and Resin 

1.9' h P h o t o i n i t i a t o r 3.8% P h o t o i n i t i a t o r 
A/nm ^AP 

Â 
X 100 ^AR 

X 100 
A 

^AP 
X 100 

A 

ÂR 
~ X 100 
A 

313 55 45 71 29 

303 62 38 77 23 

297 62 38 77 23 

265 79 21 88 12 

254 90 ' 10 95 5 

248 93 7 96 4 

I = T o t a l i n t e n s i t y o f l i g h t absorbed 

I = I n t e n s i t y o f l i g h t absorbed by th e p h o t o i n i t i a t o r 

I = I n t e n s i t y o f l i g h t absorbed by the r e s i n . 

The f a c t t h a t l i g h t i s absorbed by the r e s i n a t wavelengths 

g r e a t e r than 240nm i s due t o th e presence o f an i m p u r i t y chromo-

phore (A = 276nm). Comparison o f th e v a l u e s i n Tables 5.8 max 
and 5.9 w i t h those f o r the DGEBA system i n Tables 4.1 and 4.2 

shows t h a t l i g h t o f a l l wavelengths p e n e t r a t e s f u r t h e r i n t o t h e 

f i l m s o f th e a l i p h a t i c r e s i n and the percentage o f l i g h t absorbed 

by t h e p h o t o i n i t i a t o r i s much g r e a t e r . Since t h e f i l m s o f 

DGEBA la c q u e r cured s a t i s f a c t o r i l y , i t i s u n l i k e l y t h a t t h e i n ­

d u c t i o n p e r i o d a s s o c i a t e d w i t h t h e cure o f th e above r e s i n i s 

r e l a t e d t o the p e n e t r a t i o n of l i g h t i n t o t he i n t e r i o r o f the 

f i l m s . I n view o f the e f f e c t o f c u r i n g f i l m s o f the above 

system w i t h t h e 'pyrex' f i l t e r i n p l a c e one might s p e c u l a t e t h a t 
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p h o t o s e n s i t i z e d p h o t o l y s i s of the p h o t o i n i t i a t o r i s o c c u r r i n g 

i n t h e DGEBA system i n v o l v i n g l o n g e r wavelength UV l i g h t and 

the r e s i n b u t i s n o t o c c u r r i n g i n the above system as cross -

l i n k e d f i l m s o f the DGEBA system were q u i t e r e a d i l y formed on 

i r r a d i a t i o n w i t h f i l t e r e d l i g h t . 

One cannot r u l e o u t the p o s s i b i l i t y t h a t the i n d u c t i o n 

p e r i o d i s caused by th e presence o f some r e a c t i v e i m p u r i t y . 

The presence o f m o n o g l y c i d y l e t h e r c o u l d a l s o account f o r the 

i n d u c t i o n p e r i o d as i t would tend t o i n c r e a s e the e x t e n t o f r e ­

a c t i o n and hence the time r e q u i r e d f o r g e l a t i o n t o occur. Another 

p o s s i b i l i t y i s t h a t the d i f f e r e n c e i n s t r u c t u r e between the a l i ­

p h a t i c d i g l y c i d y l e t h e r and the DGEBA r e s i n r e s u l t s i n a de­

creased r a t e o f i n i t i a t i o n i n the former r e s i n . One f u r t h e r ex­

p l a n a t i o n c o u l d be t h a t t h e p h o t o i n i t i a t o r i s a c t i n g l i k e an 

'heterogeneous c a t a l y s t ' due t o i t s i n s o l u b i l i t y which may r e ­

duce t h e e f f e c t i v e n e s s o f the i n i t i a t i n g process. The e f f e c t 

o f t h e above f a c t o r s might be f u r t h e r exacerbated when f i l t e r e d 

l i g h t i s used due t o a r e d u c t i o n i n the number o f i n i t i a t i n g 

s pecies formed per pass under the lamp. 

When c u r i n g f i l m s o f the a l i p h a t i c d i g l y c i d y l e t h e r system, 

i t was no t e d t h a t a vapour was g i v e n o f f as they cured and t h a t 

the f i l m s possessed an a c r i d , pungent,odour which n e i t h e r the 

uncured r e s i n even when i r r a d i a t e d nor f i l m s o f the DGEBA system 
19 

possessed. Berger and Lohse have r e p o r t e d t h a t the a r y l / a l k y l 

e t h e r bond undergoes a c i d h y d r o l y s i s d u r i n g the p h o t o i n i t i a t e d 

p o l y m e r i z a t i o n o f p - c r e s y l g l y c i d y l e t h e r : 
H - O C H _ C H - K 

2 | n 
CH 
0 2 
Ar \ 

• 
0 / 

/ \ / H 
A r O C H 2 C H — " ArOH + R 
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A s i m i l a r r e a c t i o n i s l i k e l y t o o c c u r i n t h e c u r e o f the g l y -
c i d y l e t h e r used i n t h i s work, however one might e x p e c t t h a t 
s u c h a r e a c t i o n would be more p r e v a l e n t i n the a l i p h a t i c d i -
g l y c i d y l e t h e r r e s i n s i n c e e l e c t r o n d e n s i t y on the a r y l e t h e r 
oxygen of the a r y l g l y c i d y l e t h e r s w i l l t e n d to be reduced 
through c o n j u g a t i o n w i t h t h e a r o m a t i c r i n g , r e p r e s e n t e d by 
(XXX I V ) , t h e r e f o r e making the e t h e r oxygen l e s s b a s i c : 

< @ ^ 0 R . -Q=6 r 

( X X X I V ) 

I f t h i s type of r e a c t i o n were t o o c c u r w i t h g r e a t e r e a s e i n the 

a l i p h a t i c g l y c i d y l e t h e r then i t c o u l d compete w i t h the i n i t i a t ­

i o n o f p o l y m e r i z a t i o n , h a v i n g a g r e a t e r chance of o c c u r r i n g 

p r i o r t o p r o t o n a t i o n of t he o x i r a n e oxygen thus g i v i n g r i s e t o 

v o l a t i l e s p e c i e s as shown below: 

0 0 
/ \ • / \ 

C H 2 - C H C H 2 0 ( C H 2 ) ^ 0 H + C H ^ C H — C H ^ 

H* / ( X X X V ) A / • 
C H z - C H C H _ 0 ( C H - ) , O C H ^ C H - C H - V o l a t i l e P r o d u c t s 

2 2 2 4 2 2 \ 

Ao 0 
/ \ • / \ 

C H 2 - C H C H 2 0 ( C H 2 ) 3 C H 2 + H O C H ^ C H - C H ^ 

The p h o t o i n i t i a t o r i s o n l y p r e s e n t i n s m a l l amounts and would 

not be e x p e c t e d t o produce a s i g n i f i c a n t amount of v o l a t i l e p r o ­

d u c t and t h e -OH a b s o r p t i o n i n c u r e d f i l m s does not appear t o be 

t h a t much g r e a t e r than i n the uncured r e s i n . However the 

f o l l o w i n g t y p e of r e a c t i o n c o u l d a l s o g i v e r i s e t o v o l a t i l e 

p r o d u c t s . 
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J 
' C H ^ O C H , C H - C H , 

2 2 i I J A 
• C H 2 O C H 2 C H - C H 2 

• C H . O C H - C H C H ^ 
2 2 I 2 0 

. ^ / \ 
C H 2 0 - M : H 2 C H - C H 2 

• C H - O C H - C H C H . 
2 2 I 2 

C H 2 O 

. A 
+ C H 2 C H - C H 2 

( X X X V ) 

Thus the above p r o c e s s c o u l d a c c o u n t f o r both the i n d u c t i o n 

p e r i o d and the e v o l u t i o n o f a v o l a t i l e s p e c i e s both of which 

a r e a s s o c i a t e d w i t h t h e c u r e of t h i s r e s i n . An attempt was 

made t o i d e n t i f y t h e v o l a t i l e s p e c i e s r e s p o n s i b l e f o r the odour 

by u s i n g the lOOW s o u r c e t o i r r a d i a t e samples of the r e s i n con­

t a i n i n g j u s t p h o t o i n i t i a t o r i n a q u a r t z tube s e a l e d w i t h a 

r u b b e r septum and w i t h d r a w i n g samples of the atmosphere above 

t h e c u r e d r e s i n f o r mass s p e c t r a l a n a l y s i s . The r e s u l t s were 

i n c o n c l u s i v e a l t h o u g h the mass s p e c t r a o b t a i n e d d i d show s p e c i e s 

a t 55, 56 and 57 mass u n i t s which c o u l d r e s u l t from p r o d u c t s 

formed via the c a t i o n i c s p e c i e s (XXXV), t h e r e were a l s o o t h e r 

peaks a t h i g h e r mass u n i t s so t h a t the peaks a t lower mass u n i t s 

c o u l d be due t o the f r a g m e n t a t i o n of h i g h e r m o l e c u l a r weight 

s p e c i e s . 

D u r i n g the c o u r s e of the work i t was a l s o noted t h a t f i l m s 

g i v e n 20 p a s s e s were p a l e y e l l o w . UV s p e c t r a of f i l m s con­

t a i n i n g 3.8% p h o t o i n i t i a t o r g i v e n 2 and 20 p a s s e s i n d i c a t e d 

t h a t the l a t t e r f i l m p o s s e s s e d a weak a b s o r p t i o n band a t '̂ '360nm 
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t a i l i n g i n t o the v i s i b l e r e g i o n of the spectrum. The UV s p e c t ­
rum of a f i l m c o n t a i n i n g 1.9% p h o t o i n i t i a t o r g i v e n 20 p a s s e s 
however d i d not show t h i s a b s o r p t i o n band a l t h o u g h the y e l l o w 
c o l o u r was s t i l l a p p a r e n t . The l a c k o f the a b s o r p t i o n band 
i n the l a t t e r f i l m might i n d i c a t e t h a t the c o n c e n t r a t i o n of 
the s p e c i e s r e s p o n s i b l e f o r the c o l o u r a t i o n i s v e r y low i n t h i s 
c a s e which i m p l i e s t h a t t h e f o r m a t i o n o f t he c o l o u r e d s p e c i e s 
may be r e l a t e d to t he c o n c e n t r a t i o n of p h o t o i n i t i a t o r used. 
The f i l m c o n t a i n i n g 3.8% p h o t o i n i t i a t o r g i v e n 20 p a s s e s w i t h 
the 'pyrex' f i l t e r i n p l a c e d i d not show t h i s c o l o u r a t i o n which 
may i n d i c a t e t h a t i t s o c c u r r e n c e i s a l s o w a v e l e n g t h dependent. 

(B) P h o t o - O x i d a t i o n as a R e s u l t of the C u r i n g P r o c e s s 

F i l m s c o n t a i n i n g 3.8% p h o t o i n i t i a t o r were g i v e n an i n c r e a s ­

i n g number o f p a s s e s and a n a l y s e d u s i n g ESCA, 24 hours a f t e r c u r e 

F i g u r e 5.16 i s t h e C, s p e c t r a of a f i l m g i v e n 5 p a s s e s and 

C — 0 1 

c = o 

0 — c = o 

—, —̂ 
29 0 285 

B i n d i n g E n e r g y / eV 

FIGURE 5.16 C-j^s Core L e v e l Spectrum of a F i l m of the A l i p h a t i c 
n i g l y c i d y l E t h e r System c o n t a i n i n g 3.8% Photoinitiator 
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i l l u s t r a t e s t h e form of the s p e c t r a o b t a i n e d . Peak f i t t i n g 

showed t h e p r e s e n c e o f f o u r peaks i n t h i s and the o t h e r s p e c t r a 

r e c o r d e d . R e l a t i v e t o the C-H peak a t 285 eV, the o t h e r peaks 

o c c u r a t b i n d i n g e n e r g i e s of 286.5+0.1, 287.8±0.1 and 288.7±0.2eV 

and a r e a t t r i b u t a b l e t o C-0, C=0 and 0-C=0 f u n c t i o n a l i t y r e s ­

p e c t i v e l y , a l t h o u g h i n the l a t t e r c a s e the b i n d i n g energy of 

the peak i s a l i t t l e low. 

hO-9 ' Is 

Number of P a s s e s 

FIGUFIE 5.17 Oj^g/Cj^g I n t e n s i t y R a t i o and C^^ Component I n t e n s i t i e s 
a s a F u n c t i o n of Cure Exposure f o r F i l m s of the A l i p ­
h a t i c D i g l y c i d y l E t h e r System c o n t a i n i n g 3.8% w/w 
P h o t o i n i t i a t o r 

The two most s t r i k i n g f e a t u r e s of F i g u r e 5.17 which i s a 

combined p l o t o f the '^i^/'^i^ ̂ ^tio and C^^ component i n t e n s i t i e s 

a g a i n s t c u r e e x p o s u r e a r e the p r e s e n c e of c a r b o n y l and c a r b o x y l -

a t e f u n c t i o n a l i t y and the v i r t u a l c o n s t a n c y of both the O ^ s ^ ^ l s 

r a t i o and t h e component i n t e n s i t i e s as the c u r e exposure i n ­

c r e a s e s . The u n d e r n e a t h of a f i l m g i v e n 5 p a s s e s was found to 

be o f s i m i l a r c o m p o s i t i o n t o the s u r f a c e i n c l u d i n g the p r e s e n c e 

of o x i d i z e d s p e c i e s . 
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TABLE 5.10 Comparison of the E x p e c t e d and the E x p e r i m e n t a l l y 
Measured S u r f a c e C o m p o s i t i o n of F i l m s C o n t a i n i n g 
3.8% P h o t o i n i t i a t o r 

% C, I s °ls 
C-H C-0 C=0 0-C=0 ^ i s 

Average surface corposition 
of the films 

25.8±1.3 69.1±1.7 2.9+0.5 2.2±0.2 0.757± 
0.015 

A. Expected surface canpositicxi 22.3 76.6 0.7 — 0.696 

B. E}q3ected surface cotposition 23.3 75.6 0.7 — 0.702 

A. = 94.3% r e s i n , 3.8% p h o t o i n i t i a t o r and 1.9% w/w acetone. 

B. = as A, b u t w i t h r e s i n c o n t a i n i n g 12 mole % mo n o g l y c i d y l 
i m p u r i t y . 

T a b l e 5.10 shows a comparison of t he average s u r f a c e c o m p o s i t i o n 

from F i g u r e 5.17 w i t h t h a t e x p e c t e d from a l a c q u e r of pure r e s i n 

and one w i t h r e s i n c o n t a i n i n g m o n o g l y c i d y l e t h e r i m p u r i t y . 

I n s p i t e of t h e o c c u r r e n c e of o x i d a t i o n which might i n v o l v e r e ­

a c t i o n of hydrocarbon f u n c t i o n a l i t y , the C-H component i n t e n s i t y 

i s s i g n i f i c a n t l y g r e a t e r than t h a t e x p e c t e d w h i l s t the C-0 com­

ponent i n t e n s i t y i s s i g n i f i c a n t l y lower than t h a t expected a l ­

though t h e f o r m a t i o n of o x i d i z e d s p e c i e s w i l l account a t l e a s t 

i n p a r t f o r some of the d e c r e a s e . The C=0 component i n t e n s i t y 

i s s i g n i f i c a n t l y g r e a t e r than the e x p e c t e d i n t e n s i t y which 

would, i f a c e t o n e were to be p r e s e n t i n the s u r f a c e , probably 

be below t h e l i m i t s of d e t e c t i o n whereas the 0-C=0 f u n c t i o n a l i t y 

i s t o t a l l y u n e x p e c t e d . A l s o i t appears t h a t the O^s'^^ls ^^^-^^ 

i s s l i g h t l y g r e a t e r than e x p e c t e d . 

To d e t e r m i n e whether c o n t a m i n a t i o n from the ' s e l l o t a p e ' 

used i n t h e p r e p a r a t i o n o f t h e above f i l m s was o c c u r r i n g , a f i l m 

was c u r e d i n t he bottom of a g l a s s p e t r i d i s h , being g i v e n 5 

p a s s e s under t h e lamp. Both the top and bottom s u r f a c e s of 
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t h i s f i l m were found t o be of s i m i l a r c o m p o s i t i o n t o t h o s e above. 
The e f f e c t o f a c e t o n e on the s u r f a c e c o m p o s i t i o n was a l s o i n v e s t ­
i g a t e d by c u r i n g a f i l m c o n t a i n i n g 96% r e s i n and 4% p h o t o i n i t i a t o r 
A g a i n t h e s u r f a c e of t h i s f i l m g i v e n 5 p a s s e s under the lamp was 
found t o be o f s i m i l a r c o m p o s i t i o n t o t h o s e above. 

F i l m s c o n t a i n i n g 1.9% p h o t o i n i t i a t o r were a l s o p r e p a r e d 

and a n a l y s e d as above, t o determine whether the c o n c e n t r a t i o n 

of p h o t o i n i t i a t o r had any e f f e c t on the s u r f a c e o x i d a t i o n . 
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2 0 H 
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-O-

• c - 0 
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o - c = o c=o 
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FIGURE 5.18 0. /C, I n t e n s i t y R a t i o and C^ Component I n t e n s -
i t i e s as a F u n c t i o n o f Cure Exposure f o r F i l m s of 
the A l i p h a t i c D i g l y c i d y l E t h e r System c o n t a i n i n g 
1.9% w/w P h o t o i n i t i a t o r 

F i g u r e 5.18 i n d i c a t e s t h a t C^^ component i n t e n s i t i e s a r e q u i t e 

s i m i l a r t o t h o s e f o r t h e f i l m s c o n t a i n i n g 3.8% p h o t o i n i t i a t o r , 

a l t h o u g h t h e 0. /C, r a t i o i s a l i t t l e l ower, and l i k e the f i l m s 
X S X s 

examined p r e v i o u s l y both the C,_ component i n t e n s i t i e s and 
X s 

0, /C, r a t i o remain v i r t u a l l y c o n s t a n t w i t h i n c r e a s i n g c u r e 
X S X s 

exposure. The bottom s u r f a c e of the f i l m g i v e n 5 p a s s e s under 
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the lamp showed a s i m i l a r c o m p o s i t i o n t o t h a t of the top s u r f a c e . 

T a b l e 5.11 shows t h a t the d i s p a r i t y between the expected C-H 

and C-0 component i n t e n s i t i e s and the average v a l u e from F i g u r e 

5.18 i s g r e a t e r than f o r the f i l m s c o n t a i n i n g 3.8% p h o t o i n i t i a t o r , 

m a i n l y by v i r t u e of changes i n the expected i n t e n s i t i e s , whereas 

the Oj.s^'^ls q u i t e c l o s e t o t h a t e x p e c t e d . The r e s u l t s 

s u g g e s t t h a t the c o n c e n t r a t i o n of p h o t o i n i t i a t o r has v i r t u a l l y 

no e f f e c t on the s u r f a c e c o m p o s i t i o n and o x i d a t i o n . 

TABLE 5.11 Comparison of the E x p e c t e d and the E x p e r i m e n t a l l y 
Measured S u r f a c e c o m p o s i t i o n of F i l m s c o n t a i n i n g 
1.9% P h o t o i n i t i a t o r 

% C I s °ls 
C-H C-0 C=0 o-c=o ^ i s 

Average surface cotposition 26.5±2.0 68.4+2.1 3.2±0.4 1.9+0.4 0.71Q+ 
of the films 0.026 

A. Expected surface corpos- 21.1 78.3 0.3 - 0.705 
i t i o n 

B. Expected surface cotpos- 21.3 77.7 0.3 - 0.714 
i t i o n 

A. = 97.2% r e s i n , 3.9% p h o t o i n i t i a t o r and 1.9% acetone 

B = as A but w i t h r e s i n c o n t a i n i n g 12 mole % m o n o g l y c i d y l 
i m p u r i t y . 

The o b s e r v a t i o n t h a t the bottom s u r f a c e of f i l m s appears 

to e x h i b i t o x i d a t i v e d e g r a d a t i o n i s not s u r p r i s i n g i n view of 

the e a s e o f p e n e t r a t i o n of l i g h t i n t o the f i l m s of t h i s system 

but t h i s would imply t h a t the b u l k i s a l s o undergoing o x i d a t i o n , 

From t h e ESCA d a t a "^5% of carbon atoms a t the two s u r f a c e s a r e 

associated with carbcnyl or carboxylate functicxiality i n d i c a t i n g t h a t 

r o u g h l y one i n two r e s i n m o l e c u l e s c o n t a i n such a f u n c t i o n a l 

group. On t h i s b a s i s one would e x p e c t a q u i t e i n t e n s e absorp­

t i o n i n the c a r b o n y l r e g i o n of the IR s p e c t r a of c u r e d f i l m s . 

A l t h o u g h the IR s p e c t r a of c u r e d f i l m s do show an a b s o r p t i o n a t 
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1725 cm which i s a t t r i b u t a b l e t o aldehyde f u n c t i o n a l i t y , i t 

i s q u i t e weak and a l s o o c c u r s i n t h e spectrum of the uncured 

r e s i n . E x p r e s s i n g t h i s a b s o r p t i o n as a r a t i o of one a t 1450cm •'• 

shows i t i s o n l y s l i g h t l y , i f a t a l l g r e a t e r , i n the cured f i l m s 

and i t does not show any s i g n i f i c a n t change w i t h i n c r e a s i n g c u r e 

e x p o s u r e . Thus the f a c t t h a t the top and bottom s u r f a c e s of 

a f i l m a p p a r e n t l y undergo p h o t o - o x i d a t i o n y e t the bulk does not 

o r a t l e a s t o n l y a t a much s l o w e r r a t e , i s somewhat p a r a d o x i c a l 

and d i f f i c u l t t o r a t i o n a l i z e . 

C l e a v a g e of the e t h e r bond o f t h e r e s i n as d e s c r i b e d p r e ­

v i o u s l y would account f o r the d i f f e r e n c e of the C-H and C-0 

component i n t e n s i t i e s i n the s u r f a c e s from those expected. I t 

i s u n l i k e l y t h a t the l i g h t a b s o r p t i o n c h a r a c t e r i s t i c s of the 

p r o d u c t s g e n e r a t e d by such a p r o c e s s would be v a s t l y d i f f e r e n t 

t o t h o s e of the pure r e s i n , t h e r e f o r e the i n i t i a t i o n of photo-

o x i d a t i o n would r e q u i r e an i m p u r i t y chromophore. A more sp e c ­

u l a t i v e e x p l a n a t i o n f o r the h i g h e r C-H and lower C-0 component 

i n t e n s i t i e s t h a t a l s o a c c o u n t s i n p a r t f o r c a r b o n y l formation 

i n v o l v e s t h e a c i d c a t a l y s e d r e a r r a n g e m e n t of the o x i r a n e r i n g s 

t o g i v e a l d e hyde groups: 

H 

A A/" A r 
C H 2 C H C H 2 0 ( C H 2 ) ^ O C H 2 C H - C ^ • C H 2 - C H C H 2 0 ( C H 2 ) ^ 0 C H 2 C H 2 C H 

0 U A II 
C H 2 C H C H 2 0 ( C H 2 ) ^ 0 C H 2 C H 2 C H + H 

The o c c u r r e n c e of t h i s t y p e o f r e a c t i o n c a t a l y s e d by Lewis 

a c i d s i s q u i t e w e l l documented f o r a l i p h a t i c and c y c l o a l i p h a t i c 

e x p o x i d e s w i t h v a r i o u s s u b s t i t u e n t s around the o x i r a n e r i n g . ^ * ^ 

The f o r m a t i o n of the aldehyde f u n c t i o n a l i t y may promote photo-

o x i d a t i o n l e a d i n g to the p r o d u c t i o n of c a r b o x y l a t e groups. 
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However i f s u c h a p r o c e s s were t o be o c c u r r i n g , i t i s d i f f i c u l t 
t o u n d e r s t a n d why i t i s l i m i t e d t o the f i l m - s u b s t r a t e and f i l m -
a i r i n t e r f a c e s . S e g r e g a t i o n of some i m p u r i t y to the two i n t e r ­
f a c e s might not o n l y a c c o u n t f o r the i n c r e a s e i n t h e C-H and the 
d e c r e a s e i n t h e C-0 component i n t e n s i t i e s compared w i t h t h o s e 
e x p e c t e d but a l s o the l i m i t a t i o n of p h o t o - o x i d a t i o n t o t h e top 
and bottom s u r f a c e s . As to the n a t u r e of the i m p u r i t y , i t i s 
s u s p e c t e d t h a t t h e r e s i n c o n t a i n s an a r o m a t i c i m p u r i t y w h i l s t 
I R s p e c t r o s c o p y has shown the p r e s e n c e of a c a r b o n y l c o n t a i n i n g 
i m p u r i t y . As i n d i c a t e d i n Appendix Two the s e g r e g a t i o n of 
p h o t o i n i t i a t o r t o the two i n t e r f a c e s i s u n l i k e l y t o be t a k i n g 
p l a c e . I f t h e i m p u r i t y were s e g r e g a t i n g and e i t h e r underwent 
p h o t o - o x i d a t i o n g i v i n g r i s e t o c a r b o x y l a t e and c a r b o n y l f u n c t ­
i o n a l i t y o r p h o t o s e n s i t i z e d t h e p h o t o - o x i d a t i o n of the r e s i n 
then one might e x p e c t the p h o t o - o x i d a t i o n t o o c c u r a t a f a s t e r 
r a t e i n t h e s u r f a c e s where the c o n c e n t r a t i o n of the i m p u r i t y i s 
g r e a t e r . The above p r o c e s s c o u l d a l s o o c c u r i n c o n j u n c t i o n 
w i t h t h e c l e a v a g e of e t h e r l i n k s t o g i v e r i s e t o t h e observed 
s u r f a c e c o m p o s i t i o n . 

One f u r t h e r f e a t u r e of the r e s u l t s i s the l a c k of any i n ­

c r e a s e i n the degree of o x i d a t i o n w i t h i n c r e a s i n g c u r e exposure as 

one might e x p e c t . The ESCA d a t a i m p l i e s t h a t the l e v e l of 

o x i d a t i o n a t t h e s u r f a c e i s e q u i v a l e n t t o r o u g h l y one i n e v e r y 

two r e s i n m o l e c u l e s c o n t a i n i n g a c a r b o n y l group so i t i s un­

l i k e l y t h a t the maximum l e v e l has been r e a c h e d . I f photo-

o x i d a t i o n of an i m p u r i t y were t a k i n g p l a c e then the degree of 

p h o t o - o x i d a t i o n might r e p r e s e n t the maximum degree o f degrad­

a t i o n o f t h e i m p u r i t y . A l t e r n a t i v e l y i f the r e s i n i s under­

going p h o t o - o x i d a t i o n then a s t a t i o n a r y s t a t e may be r a p i d l y 

a t t a i n e d i n which the r a t e of f o r m a t i o n of o x i d i z e d s p e c i e s i s 

matched by the r a t e of l o s s of such s p e c i e s due t o c h a i n s c i s s i o n 
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and t h e e v o l u t i o n o f v o l a t i l e s p e c i e s . T h i s e f f e c t may be 

more p r e v a l e n t i n the a l i p h a t i c d i g l y c i d y l e t h e r system r a t h e r 

than t h e DGEBA sys t e m due t o the g r e a t e r p r o p o r t i o n of e t h e r 

l i n k s i n the former system. 

(C) Subsequent P h o t o - O x i d a t i o n of Cured F i l m s on I r r a d i a t i o n 
w i t h Longer Wavelength UV L i g h t (A>300nm) 

F i l m s c o n t a i n i n g 3.8% p h o t o i n i t i a t o r were g i v e n 2 and 5 

p a s s e s under t h e 1.8kW lamp, l e f t f o r 24 hours and then i r r a d ­

i a t e d u s i n g t h e f l u o r e s c e n t lamp. A f t e r 192 h o u r s ' i r r a d i a t i o n , 

t h e f i l m s were found t o have t a c k y s u r f a c e s which i s i n d i c a t i v e 

of c h a i n s c i s s i o n and i n a d d i t i o n the i n f r a - r e d s p e c t r a of the 

f i l m s showed t h a t t h e c a r b o n y l a b s o r p t i o n a t 1725 cm ^ p r e s e n t 

i n the s p e c t r a r e c o r d e d p r i o r t o i r r a d i a t i o n had i n c r e a s e d 

g r e a t l y . T h e r e was a l s o some i n c r e a s e i n the -OH a b s o r p t i o n 

a t 3460 cm ^. The i r r a d i a t i o n s were r e p e a t e d u s i n g f i l m s g i v e n 

2, 5 and 20 p a s s e s and IR s p e c t r a r e c o r d e d as a f u n c t i o n of the 

i r r a d i a t i o n t i m e . F i g u r e 5.19(a) i s a p l o t of the c a r b o n y l 

a b s o rbance a t 1725 cm ^ e x p r e s s e d as a r a t i o of t h a t a t 

1450 cm ^ a g a i n s t i r r a d i a t i o n time showing t h a t the i n c r e a s e 

o f t h e c a r b o n y l s p e c i e s e x h i b i t s a t y p i c a l s i g m o i d a l curve 

i n d i c a t i v e of an a u t o c a t a l y t i c p r o c e s s . The growth of 

c a r b o n y l s p e c i e s i n t he f i l m g i v e n 20 p a s s e s o c c u r s a t a sl o w e r 

r a t e and the i n d u c t i o n p e r i o d i s l o n g e r than f o r the f i l m s g i v e n 

s h o r t e r c u r e e x p o s u r e s . F i l m s c o n t a i n i n g 1.9% photo­

i n i t i a t o r g i v e n 2, 5 and 20 p a s s e s were i r r a d i a t e d as i n the 

above e x p e r i m e n t . L i k e the p r e v i o u s f i l m s , t h e r e was no i n d i c ­

a t i o n of y e l l o w i n g as a r e s u l t of the prolonged exposure i n the 

f i l m s g i v e n 2 and 5 p a s s e s w h i l s t t h a t g i v e n 20 p a s s e s showed 

no n o t i c e a b l e i n c r e a s e i n the i n t e n s i t y of i t s c o l o u r a t i o n . 

As i n d i c a t e d i n F i g u r e 5.19 (b) the growth of the 
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FIGURE 5.19 Growth of the N o r m a l i z e d C a r b o n y l A b s o r p t i o n a t 
1725 cm"-̂  i n F i l m s of the A l i p h a t i c D i g l y c i d y l E t h e r 
on P r o l o n q e d I r r a d i a t i o n (X>300nm) as a F u n c t i o n of 
I n i t i a l Cure Exposure (A,2; • ,5; O,20 P a s s e s ) 

1 0 0 1 5 0 2 0 0 

I r r a d i a t i o n T i m e / t i r s . 

(a) F i l m s C o n t a i n i n g 3.8% P h o t o i n i t i a t o r 

5 0 1 0 0 1 5 0 2 0 0 

I r r a d i a t i o n T i m e / h r s . 

(b) F i l m s C o n t a i n i n g 1.9% P h o t o i n i t i a t o r 
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c a r b o n y l s p e c i e s i n t h e s e f i l m s e x h i b i t s s i m i l a r t r e n d s t o 
t h o s e o b s e r v e d i n the f i l m s c u r e d w i t h a h i g h e r p h o t o i n i t i a t o r 
c o n c e n t r a t i o n a l t h o u g h the i n d u c t i o n p e r i o d i s s h o r t e r and the 
r a t e o f c a r b o n y l f o r m a t i o n g r e a t e r , e s p e c i a l l y i n the f i l m g i v e n 
20 p a s s e s . I n h i b i t i o n of the p h o t o - o x i d a t i o n p r o c e s s by r e ­
a c t i o n o f t h e s p e c i e s r e s p o n s i b l e f o r the y e l l o w c o l o u r and i n 
the c a s e of t h e f i l m c o n t a i n i n g 3.8% p h o t o i n i t i a t o r , the ab­
s o r p t i o n of l i g h t r e s p o n s i b l e f o r i n i t i a t i n g the p r o c e s s by t h i s 
s p e c i e s might a c c o u n t f o r the i n c r e a s e d p h o t o s t a b i l i t y of the 
f i l m s g i v e n 20 p a s s e s . A l t e r n a t i v e l y t h i s may be a consequence 
of a d i f f e r e n c e i n the c h a r a c t e r i s t i c s of the c r o s s - l i n k e d n e t ­
work r e s u l t i n g from the i n c r e a s e d c u r e e x p o s u r e . The a p p a r e n t 
d e c r e a s e i n t h e p h o t o s t a b i l i t y of f i l m s c o n t a i n i n g the lower 
c o n c e n t r a t i o n of p h o t o i n i t i a t o r , e s p e c i a l l y the one g i v e n 20 
p a s s e s i s a l s o c o n s i s t e n t w i t h the above e x p l a n a t i o n s s i n c e i t 
i s s u s p e c t e d t h a t t h e c o n c e n t r a t i o n o f the c o l o u r e d s p e c i e s i s 
r educed i n t h i s f i l m and the use of a lower c o n c e n t r a t i o n of 
p h o t o i n i t i a t o r may r e s u l t i n a change i n the c h a r a c t e r i s t i c s of 
the c r o s s - l i n k e d network. I n a d d i t i o n i t might p o s s i b l y be 
t h a t t h e two s e t s of f i l m s r e c e i v e d d i f f e r e n t l i g h t i n t e n s i t i e s . 

F i l m s c o n t a i n i n g both amounts of p h o t o i n i t i a t o r g i v e n 2 

and 20 p a s s e s were i r r a d i a t e d as above f o r 50 hours and then 

ESCA used t o d e t e r m i n e whether the s u r f a c e had undergone any 

f u r t h e r p h o t o - o x i d a t i o n . 

F i g u r e s 5.19(a) and (b) show t h a t the c a r b o n y l f u n c t i o n a l i t y 

p r e s e n t i n t h e b u l k has i n c r e a s e d s l i g h t l y a f t e r 50 hours i r r a d ­

i a t i o n so i t would seem r e a s o n a b l e to e x p e c t t h a t the s u r f a c e 

p h o t o - o x i d a t i o n would show a more marked change. However com­

p a r i s o n of thp r e s u l t s i n T a b l e 5.12 w i t h the average s u r f a c e 

c o m p o s i t i o n of f i l m s a f t e r c u r e i n T a b l e s 5.10 and 5.11 i n d i c ­

a t e s t h a t the s u r f a c e c o m p o s i t i o n and 0, /C, r a t i o have changed 
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TABLE 5.12 ESCA D a t a from F i l m s o f the A l i p h a t i c R e s i n System 
i r r a d i a t e d f o r 50 Hours w i t h t h e F l u o r e s c e n t Lamp 

% Photo­
i n i t i a t o r 

Number of 
passes 

% C, I s I s % Photo­
i n i t i a t o r 

Number of 
passes C-H C-0 C=0 o-c=o I s 

1.9 
2 

20 

24.6 

24.9 

70.1 

68.4 

3.2 

3.5 

2.1 

3.2 

0.75 

0.78 

2 24.6 70.0 3.2 2.2 0.76 
3.8 

20 25.8 68.9 3.2 2.1 0.76 

v e r y l i t t l e i f a t a l l a f t e r 50 hours i r r a d i a t i o n . The e x p l a n ­

a t i o n s put f o r w a r d f o r t he c o n s t a n c y of the s u r f a c e p h o t o - o x i d ­

a t i o n w i t h i n c r e a s i n g c u r e e x p o s u r e a l s o a p p l y to the above 

o b s e r v a t i o n . 

Comparison of F i g u r e s 5.19 (a) and (b) w i t h the s i m i l a r p l o t 

f o r t h e f i l m o f t h e DGEBA s y s t e m g i v e n 20 p a s s e s i n F i g u r e 5.8 

shows the p h o t o s t a b i l i t y of t h e c u r e d a l i p h a t i c r e s i n to be much 

l e s s than t h a t o f t h e a r o m a t i c r e s i n . I n a d d i t i o n the photo-

o x i d a t i o n o f t h e a l i p h a t i c system e x h i b i t s a u t o c a t a l y t i c behav­

i o u r whereas t h e a r o m a t i c s y s t e m does n o t . T h i s i m p l i e s t h a t 

the r a t e of i n i t i a t i o n i s s l o w e r and the k i n e t i c c h a i n l e n g t h 

of t h e b r a n c h i n g s t e p s i s l o n g e r i n the a l i p h a t i c system. The 

bulk p h o t o - o x i d a t i o n o f t h e a l i p h a t i c s y s t e m p r o g r e s s e s t o q u i t e 

a h i g h degree w h i l s t t h a t . o f the DGEBA sys t e m i s l i m i t e d t o a 

r e l a t i v e l y low l e v e l . The l a t t e r o b s e r v a t i o n i s a t t r i b u t e d t o 

the a t t e n u a t i o n of l i g h t p e n e t r a t i n g the f i l m by the h e a v i l y 

o x i d i z e d s u r f a c e r e g i o n s o r t o a v e r y slow r a t e of oxygen d i ­

f f u s i o n i n t o t h e f i l m . I n t h e c a s e o f t he a l i p h a t i c system, 

the s u r f a c e p h o t o - o x i d a t i o n does not appear t o r e a c h a h i g h l e v e l 

so t h a t the p e n e t r a t i o n o f l i g h t i n t o t h e f i l m might be l e s s 

r e s t r i c t e d and a l s o the d i f f u s i o n of oxygen i n t o the f i l m s may 
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t a k e p l a c e more r e a d i l y thus f a c i l i t a t i n g the o c c u r r e n c e of 

b u l k p h o t o - o x i d a t i o n . 
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6.1 I n t r o d u c t i o n 

D u rinc; t h e c o u r s e o f t h i s w ork i t was n o t e d t h a t f i l m s 

o f t h e ep o x y n o v o l a c s y s t e m , g i v e n l o n g e r c u r e e x p o s u r e s u s i n g 

t h e lOOW s o u r c e , e x h i b i t e d a r e d c o l o u r a t i o n . T h i s c o l o u r a t i o n 

was f o u n d t o be more p r o n o u n c e d i n f i l m s i r r a d i a t e d u s i n g t h e 

1.8kW s o u r c e and, as i n d i c a t e d above, a p p e a r e d t o i n c r e a s e w i t h 

i n c r e a s i n g c u r e e x p o s u r e . The c o l o u r a t i o n was f o u n d t o f a d e 

w i t h t i m e o r on h e a t i n g t h e f i l m s . S i m i l a r l y , f i l m s o f t h e 

DGEBF s y s t e m showed a t r a n s i e n t r e d c o l o u r a t i o n w h i l s t f i l m s 

o f t h e DGEBA s y s t e m showed a f a i n t , t r a n s i e n t , y e l l o w / b r o w n 

c o l o u r a t i o n . The p h o t o g r a p h s i n F i g u r e 6.1 i l l u s t r a t e t h e 

f o r m a t i o n and d i s a p p e a r a n c e o f t h e c o l o u r e d s p e c i e s . 

FIGURE 6.1 F o r m a t i o n and D i s a p p e a r a n c e o f t h e C o l o u r e d 
S p e c i e s i n t h e Epoxy N o v o l a c , (a) DGEBA, (b) 
and DGEBP, (c) Systems 

(a) (b) t o 

1. F i l m i m m e d i a t e l y a f t e r c u r e . 

2. F i l m s t o r e d a t room t e m p e r a t u r e f o r 1 week. 
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T h i s C h a p t e r d e a l s w i t h t h e i n v e s t i g a t i o n i n t o t h e cause 

o f t h e t r a n s i e n t c o l o u r a t i o n w h i c h , as f a r as i s known, has 

n o t p r e v i o u s l y been commented upon i n t h e l i t e r a t u r e . 

6.2 U V / V i s i b l e S p e c t r o s c o p i c A n a l y s i s o f C u r e d F i l m s 

(A) The.Epoxy N o v o l a c System 

A f i l m o f a l a c q u e r o f t h e epoxy n o v o l a c c o n t a i n i n g 

84.0% r e s i n , 13.0% t o l u e n e , 2.0% p h o t o i n i t i a t o r and 1.0% w/w 

a c e t o n e was p r e p a r e d on p o l y e t h y l e n e and g i v e n 5 passes u n d e r 

t h e 1.8kW lamp, U V / v i s i b l e s p e c t r a o f t h e f r e e - s t a n d i n g 

f i l m (lOOym n o m i n a l t h i c k n e s s , 'veOym c u r e d t h i c k n e s s ) w e re 

r e c o r d e d a t i n t e r v a l s a f t e r i r r a d i a t i o n . The s p e c t r a i n 

F i g u r e 6.2 show an a b s o r p t i o n band r e s p o n s i b l e f o r t h e c o l o u r ­

a t i o n a t 524nm w h i c h d i m i n i s h e s w i t h t i m e . 

FIGURE 6.2 U V / V i s i b l e S p e c t r a o f a F i l m o f t h e Epoxy N o v o l a c 
System R e c o r d e d a t I n t e r v a l s o f 4,8,12,20,30 M i n s , 
1,2,4,8 and 24 H r s a f t e r I r r a d i a t i o n 

0-8 H 
0) o c o 
^ 0-6 

0-/. H 

0-2 H 

^ 0 0 5 0 0 6 0 0 7 0 0 

W a v e l e n g t h / nm 
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(B) The DGEBF System 

A f i l m o f lOOpm n o m i n a l t h i c k n e s s c o n t a i n i n g 9 6.4% r e s i n , 

2.5% p h o t o i n i t i a t o r and 1.0% w/w a c e t o n e was p r e p a r e d on p o l y ­

e t h y l e n e and g i v e n 5 p a s s e s u n d e r t h e 1.8kW lamp. U V / v i s i b l e 

s p e c t r a o f t h e f r e e - s t a n d i n g f i l m were r e c o r d e d a t i n t e r v a l s 

a f t e r i r r a d i a t i o n . The s p e c t r a i n F i g u r e 6.3 show an ab­

s o r p t i o n maximum a t 517nm r e s p o n s i b l e f o r t h e c o l o u r a t i o n t h a t 

d i m i n i s h e s w i t h tim.e and a d d i t i o n a l weaker bands a t '̂ 4̂28 and 

'v354nm t h a t a l s o d i m i n i s h w i t h t i m e . 

FIGURE 6.3 U V / V i s i b l e S p e c t r a o f a F i l m o f t h e DGEBF System 
R e c o r d e d a t I n t e r v a l s o f 4,8,12,20,30 M i n s , 
1,2,4,8 and 24 H r s a f t e r I r r a d i a t i o n 

0) 
o c o 
I— 

o 
-Q 
< 

i. m i n s . 

h r s 

4 0 0 5 0 0 6 0 0 7 0 0 

W a v e l e n g t h / nm 

(C) The DGEBA System 

A f i l m o f lOOym n o m i n a l t h i c k n e s s c o n t a i n i n g 97.0% r e s i n , 

2.0% p h o t o i n i t i a t o r and 1.0% w/w a c e t o n e was prepared and given 20 

p a s s e s u n d e r t h e 1.8kW s o u r c e . The U V / v i s i b l e s p e c t r u m o f t h e 

f i l m was r e c o r d e d a t i n t e r v a l s a f t e r i r r a d i a t i o n . F i g u r e 6.4 

shows t h a t a l t h o u g h t h e s p e c t r u m does change s l i g h t l y w i t h t i n e , 
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no a b s o r p t i o n maximum i s detected i n t h e n e a r UV o r v i s i b l e 

r e g i o n s . 

FIGURE 6.4 U V / V i s i b l e S p e c t r a o f a F i l m o f t h e DGEBA System 
Recorded a t I n t e r v a l s o f 4 M i n s , 1 and 24 H r s . a f t e r 
I r r a d i a t i o n 

0-6 H 

u m i n s . 

1 h r 

2L h r s 

4 0 0 5 0 0 6 0 0 

W a v e l e n g t h / nm 

I n c r e a s i n g t h e c o n c e n t r a t i o n o f p h o t o i n i t i a t o r a p p e a r e d 

t o i n c r e a s e t h e i n t e n s i t y o f t h e c o l o u r a t i o n and more p r o n o u n c e d 

changes were o b s e r v e d i n t h e s p e c t r a r e c o r d e d a t i n t e r v a l s a f t e r 

c u r e b u t no c l e a r l y d i s c e r n a b l e a b s o r p t i o n band i n t h e n e a r UV 

o r v i s i b l e r e g i o n s was a p p a r e n t . 

6.3 A P o s s i b l e E x p l a n a t i o n f o r t h e T r a n s i e n t C o l o u r a t i o n 

When t h e epoxy n o v o l a c o r DGEBA r e s i n s a r e i r r a d i a t e d i n 

t h e absence o f p h o t o i n i t i a t o r t h e y n e i t h e r c o l o u r n o r c u r e , 
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i n d i c a t i n g t h a t t h e c o l o u r a t i o n i s r e l a t e d t o t h e c u r i n g p r o ­
c e s s . The a b s o r p t i o n bands o b s e r v e d i n t h e epoxy novo l a c and 
DGEBF s y s t e m s do n o t c o r r e s p o n d t o any o f t h e known o r p o t e n t i a l 
p r o d u c t s o f p h o t o i n i t i a t o r p h o t o l y s i s i n c l u d i n g t h e i o d i n i u m -
r a d i c a l c a t i o n . F u r t h e r m o r e t h e c o l o u r o f c u r e d f i l m s o f t h e 
e p o x y n o v o l a c s y s t e m s t o r e d u n d e r h i g h vacuum f a d e d a t a s i m i l a r 
r a t e t o t h o s e s t o r e d a t a t m o s p h e r i c p r e s s u r e i n d i c a t i n g t h a t a 
v o l a t i l e s o e c i e s i s n o t r e s p o n s i b l e f o r t h e e f f e c t . 

The f a c t t h a t f i l m s o f t h e a l i p h a t i c d i g l y c i d y l e t h e r do 

n o t r e a d i l y c o l o u r s u g g e s t s t h a t t h e s p e c i e s r e s p o n s i b l e f o r t h e 

c o l o u r a t i o n o f r e s i n s ( X V I I I ) , ( X I X ) and ( X X I ) r e s u l t s f r o m an 

i n t e r a c t i o n o f a p h o t o l y s i s p r o d u c t w i t h some m o i e t y common t o 

t h e above r e s i n s . S i n c e t h e epoxy n o v o l a c and DGEBF systems 

e x h i b i t a d i f f e r e n t c o l o u r t o t h e DGEBA system, i t w o u l d seem 

l i k e l y t h a t t h e b r i d g i n g u n i t b e t w e e n t h e a r o m a t i c r i n g s i n t h e 

r e s i n s t r u c t u r e i s i n v o l v e d i n some way, as t h i s i s t h e o n l y 

m a j o r s t r u c t u r a l d i f f e r e n c e b e t w e e n t h e epoxy n o v o l a c o r DGEBF 

s y s t e m s and t h e DGEBA s y s t e m . ESR c a r r i e d o u t on f i l m s o f t h e 

epoxy n o v o l a c s y s t e m i n a i r w h i l s t t h e c o l o u r was s t i l l a p p a r e n t , 

showed t h a t t h e r e w e re no r a d i c a l s p e c i e s p r e s e n t i n t h e system. 

S i n c e n e i t h e r i n i t i a t o r p r o d u c t s n o r r a d i c a l s p e c i e s a r e 

i m p l i c a t e d as b e i n g r e s p o n s i b l e f o r t h e c o l o u r a t i o n i t seems 

r e a s o n a b l e t o c o n s i d e r p o s s i b l e i o n i c i n t e r m e d i a t e s t h a t c o u l d 

r e s u l t f r o m an i n t e r a c t i o n o f a p r o d u c t o f t h e p h o t o l y s i s o f t h e 

p h o t o i n i t i a t o r w i t h t h e b r i d g e d a r o m a t i c m o i e t y o f t h e r e s i n 

s t r u c t u r e . I t h a s been r e p o r t e d i n t h e l i t e r a t u r e t h a t t h e 

p r e c u r s o r p h e n o l s o f t h e DGEBA and DGEBF r e s i n s a l o n g w i t h o t h e r 

compounds o f t h i s t y p e g i v e c o l o u r e d s o l u t i o n s w i t h a b s o r p t i o n 

bands i n t h e n e a r UV and v i s i b l e r e g i o n s when d i s s o l v e d i n 
1 2 3 

s u l p h u r i c a c i d . ' ' I t was a l s o f o u n d , f o r e x a m p l e , t h a t t h e 
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U V / v i s i b l e s p e c t r a o f b i s p h e n o l A and t h e p-methoxy d e r i v a t i v e 

o f a , a - d i m e t h y l b e n z y l a l c o h o l i n s u l p h u r i c a c i d were s i m i l a r . 

The l a t t e r compound i s e x p e c t e d t o f o r m a c a r b o n i u m i o n i n 

a c i d : 

C H 3 C H ^ C 

I 
C H C H . 

C H , 

u • 
I 

C H . 

+ H^O 

T h i s and o t h e r c o m p a r i s o n s o f a s i m i l a r n a t u r e l e d t o t h e 

p r o p o s a l t h a t t h e f o l l o w i n g p r o c e s s was o c c u r r i n g when, f o r 

e x a m p l e , b i s p h e n o l A and b i s p h e n o l F a r e d i s s o l v e d i n c.H2S0^: 

R' • 

R" 

R", R" a n d R '" f r o m 

- H a n d / o r - C H ^ 

* ;;-oR 

a - c o m p l e x 

OR" 

R" 

The o c c u r r e n c e o f t h e above p r o c e s s i s n o t u n r e a s o n a b l e s i n c e 

t h e i n t e r m e d i a t e a-complex and t h e c a t i o n i c s p e c i e s p r o ­

d u c e d by t h e c l e a v a g e o f t h e m o l e c u l e a r e s t a b i l i z e d by e l e c t ­

r o n d o n a t i o n f r o m t h e oxygen atom: 

a n d R " ' 0 

F u r t h e r e v i d e n c e f o r t h i s p r o c e s s was g a i n e d by i s o l a t i n g 

p h e n o l and h y d r o l y s i s p r o d u c t s c o n s i s t e n t w i t h t h e f o r m a t i o n o f 

c a r b o n i u m i o n s . 
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S o l u t i o n s o f t h e epoxy n o v o l a c and DGEBF r e s i n s i n s u l ­

p h u r i c a c i d e x h i b i t e d a s i m i l a r c o l o u r t o t h a t o b s e r v e d i n t h e 

c u r e d f i l m s o f t h e s e r e s i n s . B e f o r e o b t a i n i n g t h e U V / v i s i b l e 

s p e c t r a o f t h e s o l u t i o n s , t h e y were f i l t e r e d t o remove any 

i n s o l u b l e m a t e r i a l w h i c h i s p r e s u m a b l y c r o s s - l i n k e d p o l y m e r 

f o r m e d by r i n g - o p e n i n g p o l y m e r i z a t i o n . The s p e c t r a a r e shown 

i n F i g u r e 6.5 a l o n g w i t h t h a t o f 4 - m e t h o x y b e n z y l a l c o h o l w h i c h 

i f t h e above p r o c e s s i s t a k i n g p l a c e , s h o u l d g i v e r i s e t o a 

s i m i l a r a b s o r p t i o n s p e c t r u m . As can be seen t h e s p e c t r a o f 

t h e t h r e e compounds a r e s i m i l a r . 

FIGURE 6.5 U V / V i s i b l e S p e c t r a o f S o l u t i o n s i n C o n c e n t r a t e d 
S u l p h u r i c A c i d o f 3-methoxybenzy1 a l c o h o l ( a ) , t h e 
Epoxy N o v o l a c R e s i n , (b) and t h e DGEBF R e s i n (c) 

3 0 0 5 0 0 6 0 0 7 0 0 

W a v e l e n g t h / nm 

The a b s o r p t i o n maxima i n t h e v i s i b l e r e g i o n o f t h e s p e c t r a 

o f t h e epoxy n o v o l a c and DGEBF r e s i n s i n s u l p h u r i c a c i d , 5 01 

and 503nra r e s p e c t i v e l y , a r e n o t i n c o m p l e t e a greement w i t h t h e 

a b s o r p t i o n bands o b s e r v e d i n t h e c u r e d f i l m s b u t t h i s i s h a r d l y 

s u r p r i s i n g i n v i e w o f t h e d i f f e r e n t e n v i r o n m e n t o f t h e c a t i o n i c 

s p e c i e s t h o u g h t t o be r e s o o n s i b l e f o r t h e a b s o r p t i o n . I n t h e 



312 

c a s e o f t h e DGEBA s y s t e m , s o l u t i o n s o f t h i s r e s i n i n s u l p h u r i c 

a c i d e x h i b i t a y e l l o w / b r o w n c o l o u r , s i m i l a r t o t h a t o b s e r v e d 

i n c u r e d f i l m s , w i t h a main a b s o r p t i o n band a t 366nm, t a i l i n g 

i n t o t h e v i s i b l e r e g i o n o f t h e s p e c t r u m . The p r e c u r s o r p h e n o l , 

b i s p h e n o l A, showed a s i m i l a r c o l o u r i n a c i d s o l u t i o n w i t h an 

a b s o r p t i o n maximum a t 350nm. 

The f o r m a t i o n o f p - a l k o x y b e n z y l i c c a t i o n s from, t h e r e s i n s 

i n s u l p h u r i c a c i d s o l u t i o n and i n t h e c u r i n g p r o c e s s a l l o w s one 

t o r a t i o n a l i z e t h e s h i f t i n t h e a b s o r p t i o n maximum and hence t h e 

c o l o u r on g o i n g f r o m t h e epoxy n o v o l a c o r DGEBF s y s t e m t o t h e 

DGEBA s y s t e m . On t h e b a s i s t h a t t h e U V / v i s i b l e a b s o r p t i o n 

s p e c t r u m a r i s e s f r o m a t y p i c a l p a r a - d i s u b s t i t u t e d benzene chromo-

p h o r e , t h e p r e s e n c e o f e l e c t r o n i c a l l y c o m p l e m e n t a r y g r o u p s 
+ 

( d o n o r , -OR, and a c c e p t o r , - C R ' R ' ' ) , w i l l p r o d u c e a r e d s h i f t i n 

t h e m a i n a b s o r p t i o n maxima. However t h e e f f e c t i v e n e s s o f t h e 

a c c e p t o r g r o u p i s d i m i n i s h e d when t h e b e n z y l c-H bonds a r e r e ­

p l a c e d by C-CH^ bonds r e s u l t i n g i n a s h i f t t o s h o r t e r w a v e l e n g t h s 

i n t h e case o f t h e c a r b o n i u m i o n d e r i v e d f r o m t h e DGEBA r e s i n . 

From t h e above i t seems r e a s o n a b l e t o p r o p o s e t h a t t h e 

c o l o u r a t i o n o f t h e epoxy n o v o l a c , DGEBF and DGEBA systems as 

a r e s u l t o f t h e c u r i n g process arises f r o n the f o r m a t i o n o f p - a l k o x y ­

b e n z y l i c c a t i o n s by t h e i n t e r a c t i o n o f t h e s t r o n g a c i d , p r o d u c e d 

by t h e p h o t o l y s i s o f t h e p h o t o i n i t i a t o r , w i t h t h e b r i d g e d arom­

a t i c m o i e t y o f t h e r e s i n s t r u c t u r e . The e v e n t u a l f a t e o f t h e 

c a t i o n s t h u s p r o d u c e d i s u n c e r t a i n . C l e a r l y t h e y must have a 

l i m i t e d l i f e - t i m e and t h e r e a r e a number o f p o s s i b l e p r o c e s s e s 

t h a t c o u l d a c c o u n t f o r t h e c o n s u m p t i o n o f such s p e c i e s . T h e r e 

a r e s e v e r a l n u c l e o p h i l i c m o i e t i e s i n h e r e n t t o t h e system w i t h 

w h i c h t h e c a t i o n i c s p e c i e s c o u l d r e a c t s uch as e t h e r g r o u p s , 
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u n r e a c t e d e p o x i d e g r o u p s and a r o m a t i c r i n g s , t h e l a t t e r u n d e r ­
g o i n g e l e c t r o p h i l i c s u b s t i t u t i o n . I n a d d i t i o n r e a c t i o n w i t h 
t h e c o u n t e r i o n , w h i c h i s p r e s u m a b l y PF^, c o u l d a l s o t a k e p l a c e 
and t h e r e i s a l s o t h e p o s s i b i l i t y o f r e a c t i o n w i t h a d v e n t i t i o u s 
n u c l e o p h i l e s such as m o i s t u r e . The p r o c e s s i n v o l v i n g e l e c t r o ­
p h i l i c a r o m a t i c s u b s t i t u t i o n , i f i t were t o be o c c u r r i n g , m i g h t 
be r e g a r d e d as a mechanism f o r t h e r e l a x a t i o n o f s t r e s s c r e a t e d 
d u r i n g n e t w o r k f o r m a t i o n . F u r t h e r t o t h e above p r o c e s s e s , t h e 
b e n z y l i c c a r b o n i u m i o n g e n e r a t e d i n t h e DGEBA sy s t e m has t h e 
o p p o r t u n i t y t o s i m p l y e l i m i n a t e a p r o t o n t o f o r m a para s u b s t i t ­
u t e d a - m e t h y l s t y r e n e m o i e t y . T h i s m i g h t a c c o u n t f o r t h e 
a p p a r e n t l y l o w c o n c e n t r a t i o n o f t h i s c a t i o n i c s p e c i e s i n c u r e d 
f i l m s a l t h o u g h a n o t h e r p o s s i b i l i t y i s t h a t t h e e x t i n c t i o n c o ­
e f f i c i e n t f o r t h i s b e n z y l i c c a t i o n i s l o w . 

6.4 The Decay K i n e t i c s o f t h e C o l o u r e d S p e c i e s 

(A) The Epoxy N o v o l a c System 

From t h e U V / v i s i b l e s p e c t r a o f a f i l m o f t h i s s y s t e m r e ­

c o r d e d as a f u n c t i o n o f t h e t i m e a f t e r i r r a d i a t i o n , t , t h e 

a b s o r b a n c e a t 524nm, A^, was measured and an i n f i n i t y a b s o r p t i o n 

v a l u e , A^, e s t i m a t e d . The decay o f t h e c o l o u r e d s p e c i e s i s 

shown i n F i g u r e 6.6 w h i c h i s a p l o t o f (A^-A_^) versus t . 

P l o t s o f I n ( A ^ - A ^ ) and 1/(A^-A^) a g a i n s t t i n d i c a t e d t h a t 

t h e d e c a y o f t h e s p e c i e s d i d n o t p r o c e e d via a s i m p l e f i r s t -

o r d e r o r s e c o n d - o r d e r p r o c e s s . The f o r m o f t h e decay c u r v e 

i n d i c a t e d t h a t i t m i g h t r e s u l t from, t h e o c c u r r e n c e o f a number 

o f c o n c u r r e n t p r o c e s s e s . E x a m i n a t i o n o f t h e d ecay c u r v e by 

e x p e r i e n c e d k i n e t l c i s t s c o n firm.ed t h i s v i e w , t h e f o r m o f t h e 

d e cay c u r v e b e i n g a t t r i b u t a b l e t o a t l e a s t two f i r s t o r d e r p r o -
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FIGURE 6 . 6 P l o t o f (A^-A^) versus t f o r t h e Epoxy N o v o l a c 
S y s t e m Showing t h e Decay o f t h e A b s o r p t i o n Band 
a t 524nm. 

0-3 H 
< 

I 

0-2 H 

0-H 

8 12 16 20 
— I — 
24 

t / h r s . 

c e s s e s . The d ecay o f t h e c o l o u r e d s p e c i e s by f i r s t - o r d e r 

p r o c e s s e s i s n o t i n c o n s i s t e n t w i t h t h e s p e c i e s b e i n g a p-

a l k o x y b e n z y l c a t i o n . Such a s p e c i e s w o u l d be h i g h l y u n l i k e l y 

t o u n d e r g o a d ecay p r o c e s s t h a t i n v o l v e d s e l f - r e a c t i o n , w h i c h 

w o u l d f o l l o w s i m p l e s e c o n d - o r d e r k i n e t i c s and hence g i v e a 

s t r a i g h t l i n e when 1/(A^-A^) i s p l o t t e d a g a i n s t t . Of t h e 

p r o c e s s e s i n d i c a t e d p r e v i o u s l y t h a t c o u l d l e a d t o t h e d i s a p p e a r ­

ance o f s u c h a s p e c i e s , r e a c t i o n w i t h t h e c o u n t e r i o n w o u l d obey 

f i r s t - o r d e r k i n e t i c s w h i l s t r e a c t i o n w i t h o t h e r n u c l e o p h i l i c 

s p e c i e s , a l t h o u g h p o t e n t i a l l y s e c o n d - o r d e r p r o c e s s e s , w o u l d 

i n a l l l i k e l i h o o d obey pseudo f i r s t - o r d e r k i n e t i c s s i n c e t h e 

c o n c e n t r a t i o n - i f one can l o o s e l y use t h e t e r m c o n c e n t r a t i o n 

i n c o n n e c t i o n w i t h s o l i d s t a t e p r o c e s s e s - o f t h e c a t i o n i c s p e c i e s 

i s l i k e l y t o be much l o w e r t h a n t h a t o f t h e n u c l e o p h i l i c s p e c i e s 
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p r e s e n t , even a d v e n t i t i o u s n u c l e o p h i l e s such as m i o i s t u r e . 

F i g u r e 6.7 shows t h a t t h e s e m i - l o g p l o t i s l i n e a r ( c o r r e l ­

a t i o n c o e f f i c i e n t = -0.999) o v e r t h e 8 t o 24 h o u r p e r i o d a f t e r 

i r r a d i a t i o n . The g r a d i e n t o f t h e s t r a i g h t l i n e c o r r e s p o n d s 

t o t h e f i r s t - o r d e r o r pseudo f i r s t - o r d e r r a t e c o n s t a n t o f t h e 

s l o w e s t p r o c e s s . 

FIGURE 6.7 P l o t o f Ln(A^-A^) versus t f o r t h e Epoxy 
N o v o l a c System 

< 1-8H 

-2-2H 

2-6 H 

3-0 H 

t / h r s . 

To d e t e r m i n e how many p r o c e s s e s a r e r e s p o n s i b l e f o r t h e decay 

and t h e i r r a t e c o n s t a n t s t h e d a t a was a n a l y s e d i n t h e f o l l o w i n g 

manner. The s t r a i g h t l i n e was e x t r a p o l a t e d b a c k t o z e r o t i m e . 

V a l u e s o f I n ( A ^ - A ^ ) w e r e t a k e n f r o m b o t h t h e c u r v e and t h e l i n e 

f o r v a r i o u s v a l u e s o f t . The v a l u e s o f l n { A ^ - A ^ ) were c o n ­

v e r t e d t o a b s o r b a n c e and f o r e a c h v a l u e o f t , (A^-Aoo) f r o m t h e 

l i n e s u b t r a c t e d from> t h a t o f t h e c u r v e t o g i v e A-j^. 

F i g u r e 6.8 shews a p l o t o f InA^^ versus t w h i c h i n d i c a t e s t h e 

p r e s e n c e o f an a d d i t i o n a l p r o c e s s . The s t r a i g h t l i n e p o r t i o n 
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FIGURE 6.8 P l o t o f LnA^ (X) and LnA2 (O) versus t f o r t h e 

rsi 
< 
c 
T3 
C 
o 
< 
c 

Epoxy N o v o l a c System 

- i - 4 - O H 

t / h r s . 

o f t h e p l o t ( c o r r e l a t i o n c o e f f i c i e n t = -0.999) g i v e s t h e r a t e 

c o n s t a n t f o r t h e s e c o n d s l o w e s t p r o c e s s . T r e a t i n g t h e p l o t 

as p r e v i o u s l y g i v e s v a l u e s o f A2 w h i c h , when c o n v e r t e d t o 

n a t u r a l l o g a r i t h m s and p l o t t e d a g a i n s t t , g i v e a s t r a i g h t l i n e 

( c o r r e l a t i o n c o e f f i c i e n t =-0.991) as i s a l s o shown i n F i g u r e 6.8, 

t h e g r a d i e n t b e i n g e q u a l t o t h e r a t e c o n s t a n t o f t h e t h i r d and 

m o s t r a p i d p r o c e s s . Thus t h e decay c u r v e o f t h e c o l o u r e d spec­

i e s i n t h e e p o x y n o v o l a c s y s t e m a p p e a r s t o be t h e r e s u l t o f 

t h r e e f i r s t - o r d e r o r p s e u d o f i r s t - o r d e r p r o c e s s e s w i t h r a t e c o n ­

s t a n t s o f SxlO"'^, SOxlO"*^ and 820x10"^^ min""'". Due t o t h e 

n a t u r e o f t h e d a t a m . a n i p u l a t i o n t h e e x p e r i m e n t a l e r r o r i n t h e 

r a t e c o n s t a n t s f o r t h e t w o f a s t e r p r o c e s s e s w i l l be v e r y l a r g e . 
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The i n t e r c e p t o f t h e t h r e e s t r a i g h t l i n e s g i v e s t h e a m p l i t u d e 

o f t h e p r o c e s s , w h i c h i s a measure o f t h e amount o f t h e c o l o u r e d 

s p e c i e s r e a c t i n g by each p r o c e s s . The v a l u e s o f 0.066 ( 2 6 % ) , 

0.054 (21%) and 0.138 (53%) f o r t h e s l o w medium and f a s t p r o ­

c e s s e s r e s p e c t i v e l y i n d i c a t e t h e f a s t p r o c e s s i s t h e most 

i m p o r t a n t . As i n d i c a t e d p r e v i o u s l y t h e r e a r e a number o f 

p o s s i b l e r e a c t i o n s t o a c c o u n t f o r t h e d ecay o f t h e c o l o u r e d 

s p e c i e s each h a v i n g a d i f f e r e n t r a t e c o n s t a n t b u t i t i s n o t 

u n r e a s o n a b l e , i n v i e w o f t h e p r e v i o u s e v i d e n c e , t o s u g g e s t t h a t 

t h e r e i s inhomogeneous c r o s s - l i n k i n g and t h e s l o w e s t p r o c e s s 

c o r r e s p o n d s t o t h e d ecay o f t h e c a t i o n i c s p e c i e s i n r e g i o n s o f 

low m o b i l i t y w i t h one o f t h e o t h e r r a t e c o n s t a n t s c o r r e s p o n d i n g 

t o t h e o c c u r r e n c e o f t h e same p r o c e s s i n h i g h m o b i l i t y r e g i o n s . 

(3) The DGEBF System 

From t h e U V / v i s i b l e s p e c t r a o f a f i l m o f t h i s s y s t e m r e ­

c o r d e d as a f u n c t i o n o f t h e t i m e a f t e r i r r a d i a t i o n , t , t h e 

a b s o r b a n c e a t 517nm, A^, was measured and an i n f i n i t y a b s o r p t i o n 

v a l u e , A^, e s t i m a t e d . The f o r m o f t h e d ecay c u r v e f o r t h e 

c o l o u r e d s p e c i e s as shown by F i g u r e 6.9 i s s i m i l a r t o t h a t f o r 

t h e epoxy n o v o l a c s y s t e m e x c e p t t h a t t h e d ecay i s s l o w e r i n t h e 

i n i t i a l s t a g e s . 

F i g u r e 6.10 shows l n ( A ^ - A^) p l o t t e d a g a i n s t t w h i c h i s 

l i n e a r ( c o r r e l a t i o n c o e f f i c i e n t = -0.999) o v e r t h e p e r i o d be­

tween 8 and 24 h o u r s a f t e r i r r a d i a t i o n , t h e g r a d i e n t c o r r e s ­

p o n d i n g t o t h e r a t e c o n s t a n t o f t h a t s l o w e s t p r o c e s s . 

The d a t a was t r e a t e d as f o r t h e e poxy n o v o l a c s y s t e m 

t o g e n e r a t e v a l u e s o f A^. 
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FIGURE 6.9 P l o t o f (A^-A^) versus t f o r t h e DGEBF System 

Shov/ing t h e Decay o f t h e A b s o r p t i o n Band a t 517nm 

t / h r s . 

FIGURE 6.10 P l o t o f Ln(A^-A^) versus t f o r t h e DGEBF System 

t / h r s . 
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The p l o t o f Ln A^ a g a i n s t t . F i g u r e 6 .11, i n d i c a t e s t h a t 

a t h i r d p r o c e s s i s o c c u r r i n g and t h e l i n e a r p o r t i o n o f t h e p l o t 

g i v e s t h e r a t e c o n s t a n t o f t h e second p r o c e s s . 

FIGURE 6.11 Ln A-j^(X) and Ln A2 (O) versus t f o r t h e 
DGEBF System 

CM 
< 
C 

X3 c o 

-2-0 

3-OH 

< -4-0 c 

- 5 - O H 

6-OH 

t / h r s . 

V a l u e s o f A2 were c a l c u l a t e d as f o r t h e epoxy n o v o l a c 

s y s t e m and t h e n a t u r a l l o g a r i t h m o f t h e s e v a l u e s p l o t t e d a g a i n s t 

t g i v e a s t r a i g h t l i n e . F i g u r e 6.11 , t h e g r a d i e n t c o r r e s p o n d i n g 

t o t h e r a t e c o n s t a n t o f t h e f a s t e s t p r o c e s s . Thus,as i n t h e 

epoxy n o v o l a c s y s t e m ^ t h e decay o f t h e c o l o u r e d s p e c i e s can be 

a t t r i b u t e d t o t h r e e f i r s t - o r d e r o r pseudo f i r s t - o r d e r p r o c e s s e s 
-4 -4 -4 - 1 

w i t h r a t e c o n s t a n t s o f 5x10 , 90x10 and 530x10 min 
A g a i n t h e n a t u r e o f t h e d a t a m a n i p u l a t i o n w i l l make t h e e r r o r 
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i n t h e t w o l a r g e r r a t e c o n s t a n t s s u b s t a n t i a l . The a m p l i t u d e s 

o f t h e s l o w , medium and f a s t p r o c e s s e s a r e 0.089 ( 2 9 % ) , 0.089 

(29 % ) and 0.133 (42%) a g a i n i n d i c a t i n g t h a t t h e f a s t e r p r o c e s s 

i s t h e m o s t i m p o r t a n t p r o c e s s f o r t h e decay o f t h e c o l o u r e d 

s p e c i e s . As w i t h t h e e p o x y n o v o l a c s y s t e m i t i s n o t unreason­

a b l e t o s u g g e s t t h a t t h e s l o w e r p r o c e s s i s due t o decay o f t h e 

c o l o u r e d s p e c i e s i n low m o b i l i t y r e g i o n s w i t h one o f t h e o t h e r 

r a t e c o n s t a n t s c o r r e s p o n d i n g t o t h e same r e a c t i o n t a k i n g p l a c e 

i n h i g h m o b i l i t y r e g i o n s . 

I n v e s t i g a t e t h e P o t e n t i a l R e a c t i o n o f t h e I n i t i a t i n g 
S p e c i e s and t h e R e s i n s t o G e n e r a t e B e n z y l i c C a t i o n s 

From t h e p r e v i o u s w o r k i t w o u l d seem, p r o b a b l e t h a t t h e 

s p e c i e s r e s p o n s i b l e f o r t h e c o l o u r a t i o n o f t h e t h r e e r e s i n s 

( X V I I I ) , ( X I X ) and (XXI) d u r i n g p h o t o i n i t i a t e d c a t i o n i c c u r e i s a 

p - a l k o x y b e n z y l i c c a t i o n g e n e r a t e d by t h e i n t e r a c t i o n o f t h e 

a c i d i c i n i t i a t i n g s p e c i e s and t h e r e s i n s . I n an a t t e m p t t o 

p r o v i d e f u r t h e r s u p p o r t f o r t h e o c c u r r e n c e o f such a p r o c e s s , 

two m o n o g l y c i d y l e t h e r compounds based on t h e s t r u c t u r e o f t h e 

r e s i n s , b u t i n c a p a b l e o f f o r m i n g a n e t w o r k p o l y m e r , were p r e p a r e d ; 

^ ^ .0. 

R 

( X X X V I ) , R = - H ; ( X X X V I I ) , R = -CH2 

The a i m o f t h e t h e w o r k r e p o r t e d i n t h e f o l l o w i n g s e c t i o n s 

v/as t o p h o t o c a t i o n i c a l l y p o l y m e r i z e t h e above compounds and t h e n 

use g a s - l i q u i d c h r o m a t o g r a p h y , GLC, and h i g h r e s o l u t i o n ''"'̂ C-NMR 

s p e c t r o s c o p y t o d e t e r m i n e w h e t h e r p r o d u c t s c o n s i s t e n t w i t h t h e 

g e n e r a t i o n o f b e n z y l (R = -H) o r p h e n e t h y l (R = -CH^) c a t i o n s 

r e s u l t e d : 
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n ^ H 

The two compounds were a l s o p o l y m e r i z e d u s i n g a t r i e t h y l -

a l u m i n i u m / H 2 0 c a t a l y s t s y s t e m t o y i e l d l i n e a r p o l y e t h e r s o f 

t h e f o l l o w i n g f o r m : 
- ( - C H = - C H — 0 - 4 -2 I n 

C H . 

R - C - H 

( X X X V I I I ) , R = - H 

( X X X I X ) , R z - C H ^ 

The p o l y m e r s were i r r a d i a t e d i n t h e p r e s e n c e o f p h o t o i n i t i a t o r 

and h i g h r e s o l u t i o n "'""̂ C-NMR s p e c t r o s c o p y used t o l o o k f o r p r o ­

d u c t s c o n s i s t e n t w i t h t h e f o r m a t i o n o f b e n z y l o r p h e n e t h y l 

c a t i o n s . 

6.6 P r e p a r a t i o n o f t h e Model E p o x i d e s 

The t w o e p o x i d e compounds were p r e p a r e d by t h e r e a c t i o n o f 

t h e a p p r o p r i a t e p r e c u r s o r p h e n o l w i t h ECH: 

R R 

( X L ) . R = - H 

( X L I ) , R = - C H 3 

The p r e c u r s o r p h e n o l (XL) was c o m m e r c i a l l y a v a i l a b l e w h i l s t 

( X L I ) was p r e p a r e d by t h e f o l l o w i n g r o u t e , i n v o l v i n g t h e alley 1 -

a t i o n o f p h e n o l , w h i c h does n o t r e q u i r e a c a t a l y s t ^ : 

^Q^ C - C I + OH ^ • {0)~'^~^) d i s u b s t i t u t e d 

C H 3 C H 3 p r o d u c t s 

o - / p - i s o m e r s 
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The p - i s o m e r was t h e n s e p a r a t e d f r o m t h e p r o d u c t m i x t u r e . 

The p h e n e t h y l c h l o r i d e used f o r t h e s y n t h e s i s was p r e p a r e d by 

t h e r e a c t i o n o f p h e n e t h y l a l c o h o l w i t h t h i c n y l c h l o r i d e ^ : 

H H 

<^O^C-0H + S O C I 2 • <̂ Qy-C-Cl + + H C l 

R R 

(A) S y n t h e s i s and C h a r a c t e r i z a t i o n o f 4 - ( p h e n y l m e t h y l ) -
p h e n o x y m e t h y l o x i r a n e (XXXVI) 

The p h e n o l (XL) was o b t a i n e d f r o m A l d r i c h ( 9 6 % p - i s o m e r ) 

and r e a c t e d w i t h ECH u n d e r n i t r o g e n f o l l o w i n g t h e method used 

by Damont et al P The p h e n o l (XL) ( 4 7 . 9 g , 0.26 m o l e s ) , 

ECH ( 1 5 6 . 4 g , 1.69 m o l e s ) and a few d r o p s o f w a t e r were p l a c e d 

i n a t h r e e - n e c k , r o u n d b o t t o m f l a s k e q u i p p e d w i t h a t h e r m o m e t e r , 

c o n d e n s e r and m e c h a n i c a l s t i r r e r . The m i x t u r e was h e a t e d t o 

60°C and s o d i u m h y d r o x i d e ( 1 0 . 4 g , 0.26 m o l e s ) added i n p o r t i o n s 

so t h a t t h e t e m p e r a t u r e d i d n o t r i s e e x c e s s i v e l y . As t h e 

so d i u m h y d r o x i d e was added a w h i t e p r e c i p i t a t e , p r e s u m a b l y sodium 

c h l o r i d e , f o r m e d . A f t e r c o m p l e t i n g t h e a d d i t i o n o f soduum 

h y d r o x i d e , t h e r e a c t i o n m i x t u r e was l e f t s t i r r i n g a t 60-80°C 

f o r 5 h o u r s . The w h i t e p r e c i p i t a t e was t h e n f i l t e r e d o f f and 

t h e e x c e s s ECH removed u s i n g a r o t a r y e v a p o r a t o r . D i s t i l l ­

a t i o n o f t h e i m p u r e p r o d u c t u n d e r h i g h vacuum (5x10 "̂mm Hg) 

t h r o u g h a s h o r t V i g r e u x column gave a m a j o r f r a c t i o n (44.Og) 

b o i l i n g a t 132^136°C. T h i s c l e a r , c o l o u r l e s s , v i s c o u s l i q u i d was 

t a k e n t o be t h e p r o d u c t g i v i n g a y i e l d o f 7 1 % . 

The IR s p e c t r u m o f t h i s m a t e r i a l ( A p p e n d i x 4, S p e c t r u m No.6) 

i s c o n s i s t e n t w i t h i t b e i n g t h e d e s i r e d p r o d u c t . T a b l e 6.1 g i v i n g 

t h e a s s i g n m e n t o f a number o f t h e bands p r e s e n t i n t h e s p e c t r u m . 
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TABLE 6.1 A s s i g n m e n t o f A b s o r p t i o n Bands i n t h e IR 
S p e c t r u m o f (XXXVI) 

Frequency/cm ^ A s s i g n m e n t 

3070 - 2990 O x i r a n e C-H s t r e t c h + 

a r o m a t i c C-H s t r e t c h 

2910 - 2830 A l i p h a t i c C-H s t r e t c h 

1605 A r o m a t i c r i n g b r e a t h i n g 

1505 - 1330 A r o m a t i c r i n g b r e a t h i n g + 

C-H bend 

1240 A s y m m e t r i c C-O-C s t r e t c h 

1035 S y m m e t r i c C-O-C s t r e t c h 

915 O x i r a n e r i n g s t r e t c h 

850 O x i r a n e r i n g s t r e t c h 

The H-NMR s p e c t r u m o f t h i s m a t e r i a l ( A p p e n d i x 5, S p e c t r u m 

N o . 9 ) , i s a l s o c o n s i s t e n t w i t h i t b e i n g ( X X X V I ) . The a s s i g n ­

ments o f t h e r e s o n a n c e s a r e shown i n T a b l e 6.2. 
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TABLE 6.2 A s s i g n m e n t o f t h e H Resonances i n t h e 
S p e c t r u m o f (XXXVI) 

\ ( H. \ I C 0 HQ 

^̂ k "̂ k ^ h ' ^ g ' 

P r o t o n S h i f t / p p m S p l i t t i n g Integratic*! 

«a = 2.67 

a _b=4.9 HZ, J ^ _ ^ = 4.5 Hz 

1 

"b «B = 2.82 = 2.6 Hz 
a-c 

1 

H 
c 

3 .27 M u l t i p l e t 1 

H, o r H d e ^A = 3.85 

. 7Hz 

3 

(2Hf^Ve^ 
H o r H, e d = 4.12 ^e/d-c = HZ 1 

«f 3 .88 S i n g l e t 

Hg and Hg. ^A. = 6.81 

g 

Pseudo ABq 

^ = J ^ . , 8.4 Hz -h g -h 

2 

H, and H, . h h = 7.07 2 

«k 7 .20 M u l t i p l e t 5 

The a s s i g n m e n t s f r o m t h e '''"̂ C-NMR s p e c t r u m ( A p p e n d i x 5, 

S p e c t r u m No.10) a r e shown i n T a b l e 6.3. 
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TABLE 6.3 A s s i g n m e n t o f t h e "''̂C Resonances i n t h e 
S p e c t r u m o f (XXXVI) 

C 0 a / A / \ 

8 7 9 5 

N u c l e u s S h i f t / p p m N u c l e u s S h i f t / p p m 

1 41.08 7 128.48 

2 44.67 8 128.86 

3 50.17 9 128.96 

4 68.88 10 133.91 

5 114.73 11 141.49 

6 126.05 12 156.98 

B o t h t h e •'"H and "'""̂ C-NMR s p e c t r a i n d i c a t e t h e r e i s v e r y 

l i t t l e , i f any, o f t h e o - i s o m e r p r e s e n t . 

E l e m e n t a l a n a l y s i s gave 80.0% c a r b o n and 6.9% h y d r o g e n 

w h i c h a g r e e s w i t h t h e e x p e c t e d v a l u e s o f 80.0% c a r b o n and 6.7% 

h y d r o g e n . The Mass S p e c t r u m ( A p p e n d i x 6) was a l s o c o n s i s t e n t 

w i t h t h e m a t e r i a l b e i n g t h e d e s i r e d p r o d u c t . 

(B) S y n t h e s i s and C h a r a c t e r i z a t i o n o f 4 - ( 1 - p h e n y l e t h y l ) -
p h e n o x y m e t h y l o x i r a n e ( XXXVII) 

( i ) S y n t h e s i s and C h a r a c t e r i z a t i o n o f t h e P r e c u r s o r 
P h e n o l ( X L I ) 

P h e n e t h y l c h l o r i d e was p r e p a r e d as f o l l o w s . T h i o -

n y l c h l o r i d e (243.Og, 2.0 m o l e s ) t h a t had been d i s t i l l e d and 

s t o r e d u n d e r n i t r o g e n was added t o a r o u n d b o t t o m t h r e e - n e c k 
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f l a s k e q u i p p e d w i t h a c o n d e n s e r and t h e r m o m e t e r . The 

c o n t e n t s o f t h e f l a s k were s t i r r e d u s i n g a m a g n e t i c f o l l o w e r 

and p h e n e t h y l a l c o h o l ( 1 0 0 . I g , 0.80 m o l e s ) added i n p o r t i o n s 

via a d r o p p i n g f u n n e l . Each a d d i t i o n o f t h e a l c o h o l was 

a c c o m p a n i e d by a v i o l e n t e v o l u t i o n o f g a s , p r e s u m a b l y HCl and 

S O 2 / b u t i n s p i t e o f t h i s , t h e t e m p e r a t u r e d i d n o t r i s e above 

26°C. A f t e r c o m p l e t i n g t h e a d d i t i o n o f t h e a l c o h o l , t h e r e ­

a c t i o n m i x t u r e was l e f t s t i r r i n g f o r a c o u p l e o f h o u r s . 

The e x c e s s t h i o n y l c h l o r i d e was rem.oved by e v a p o r a t i o n 

u n d e r r e d u c e d p r e s s u r e and t h e r e m a i n i n g m a t e r i a l was d i s t i l l e d 

u n d e r r e d u c e d p r e s s u r e t h r o u g h a V i g r e u x c o l u m n . The m a j o r 

f r a c t i o n b o i l e d a t 94-98°C (23-25 mm Hg) and t h e IR s p e c t r u m 

( A p p e n d i x 4, S p e c t r u m No.7) i s c o n s i s t e n t w i t h t h i s b e i n g t h e 

d e s i r e d p r o d u c t , g i v i n g a y i e l d o f 96.5g ( 8 4 % ) , The n e x t s t e p 

was t h e a l k y l a t i o n o f p h e n o l u s i n g t h e p h e n e t h y l c h l o r i d e . 

P h e n o l (131.5g, 1.40 m o l e s ) was p l a c e d i n a t h r e e - n e c k , 

r o u n d b o t t o m f l a s k e q u i p p e d w i t h a c o n d e n s e r d r o p p i n g f u n n e l and 

m e c h a n i c a l s t i r r e r . P h e n e t h y l c h l o r i d e (90.Og, 0.64 moles) was 

s l o w l y added t o t h e p h e n o l w i t h s t i r r i n g . A l i g h t brown sus­

p e n s i o n f o r m e d i n i t i a l l y . A f t e r an i n d u c t i o n p e r i o d o f ^^15 

m i n u t e s t h e m i x t u r e c l e a r e d and t u r n e d o r a n g e , a p r o c e s s accomp­

a n i e d by a r a p i d e v o l u t i o n o f g a s , p r e s u m a b l y HCl. The r e a c t i o n 

v e s s e l was f l u s h e d w i t h n i t r o g e n t o h e l p remove t h e HCl. When 

t h e r e a c t i o n h a d s u b s i d e d t h e c o n t e n t s o f t h e f l a s k were k e p t a t 

70°C f o r 4 h o u r s . The e x c e s s p h e n o l was t h e n removed by d i s t ­

i l l a t i o n u n d e r r e d u c e d p r e s s u r e (69°C, 9mm H g ) . D i s t i l l a t i o n 

o f t h e r e m a i n i n g m . a t e r i a l t h r o u g h a s h o r t V i g r e u x column under 

a h i g h e r vacuum (1.0mm Hg) gave two main f r a c t i o n s b o i l i n g at 122-124°C 

(31.8g) and 13a-136°C (38.6g),the l a t t e r f r a c t i o n s o l i d i f i e d t o g i v e 

a w h i t e s o l i d . From t h e "''H-NMR s p e c t r u m o f t h e m i x t u r e p r i o r 
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t o f r a c t i o n a t i o n , t w o r e s o n a n c e s o f s i m i l a r i n t e n s i t y s p l i t 

i n t o q u a r t e t s were r e a d i l y d i s c e r n i b l e a t '^4.0 and '^4.3 ppm. 

I t i s u n l i k e l y t h a t s i g n i f i c a n t amounts o f t h e m-isomer a r e 

f o r m e d and i t i s t h e r e f o r e r e a s o n a b l e t o a s s i g n t h e two r e s o n ­

ances t o t h e o- and p - i s o m e r s v / i t h t h e r e s o n a n c e a t ^^4.0 ppm 

c o r r e s p o n d i n g t o t h e p - i s o m e r . The "̂ H-NMR s p e c t r u m o f t h e 

l o w e r b o i l i n g f r a c t i o n i n d i c a t e d t h a t i t c o n t a i n e d m o s t l y t h e 

o - i s o m e r w h i l s t t h e s p e c t r i i m o f t h e h i g h e r b o i l i n g f r a c t i o n 

i n d i c a t e d t h a t i t c o n t a i n e d m o s t l y t h e p - i s o m e r . The h i g h e r 

b o i l i n g f r a c t i o n was f u r t h e r p u r i f i e d by r e c r y s t a l l i z a t i o n 

( t w i c e ) f r o m 40/60 p e t r o l e u m e t h e r . The y i e l d o f t h e p u r i f i e d 

s o l i d (m.pt = 58-59°C) was 24.8g ( 2 0 % ) . The p r o d u c t , t a k e n t o 

be ( X L I ) , was t h e n c h a r a c t e r i z e d u s i n g t h e u s u a l t e c h n i q u e s . 

The IR s p e c t r u m ( A p p e n d i x 4, S p e c t r u m No.8) i s c o n ­

s i s t e n t w i t h t h e p r o d u c t b e i n g ( X L I ) . The a s s i g n m e n t s o f a 

number o f bands a r e shown i n T a b l e 6.4. 

TABLE 6.4 A s s i g n m e n t o f A b s o r p t i o n Bands i n t h e 
I R S p e c t r u m o f ( X L I ) 

F requency/cm ^ A s s i g n m e n t 

3220 P h e n o l i c 0-H s t r e t c h 

3020 A r o m a t i c C-H s t r e t c h 

2960 - 2870 A l i p h a t i c C-H s t r e t c h 

1595 A r o m a t i c r i n g b r e a t h i n g 

1510 - 1375 A l i p h a t i c C-H bend + 

a r o m a t i c r i n g b r e a t h i n g 

1220 P h e n o l i c 0-H bend 
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The a s s i g n m e n t o f t h e r e s o n a n c e s i n t h e ^H-NMR 

s p e c t r u m ( A p p e n d i x 5, S p e c t r u m No.11) a r e shown i n T a b l e 6.5 

TABLW 6.5 A s s i g n m e n t o f t h e '*"H Resonances i n t h e 
S p e c t r u m o f ( X L I ) 

P r o t o n S h i f t / p p m S p l i t t i n g I n t e g r a t i o n 

H 
a 

1.65 D o u b l e t 

J-^ ^ = 7.2 Hz a-b 

3 D o u b l e t 

J-^ ^ = 7.2 Hz a-b 

% 4.13 Q u a r t e t 

^ = 7.2 Hz b- a 

1 

«c 5.63 B r o a d s i n g l e t 1 

H^ and H^^ ^A = Pseudo AB . 
q 

JI = JI- '= 8.5 Hz d-e d -e 

2 

H and H . e e 6g = 7.12 2 

«f 7.28 M u l t i p l e t 5 

The a s s i g n m e n t s f r o m t h e ''"•̂ C-NMR S p e c t r u m ( A p p e n d i x 5, 

S o e c t r u m No.12) a r e shown i n T a b l e 6.6. 
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TABLE 6.6 A s s i g n m e n t o f t h e "*"'̂C Resonances i n t h e 
S p e c t r u m o f ( X L I ) 

N u c l e u s S h i f t / p p m N u c l e u s S h i f t / p p m 

1 22.12 6 128.44 

2 44.01 7 128.84 

3 115.33 8 138.92 

4 126.05 9 146.82 

5 127.63 10 153.48 

B o t h t h e """H-and """"̂ C-NMR s p e c t r a i n d i c a t e t h a t any 

o - i s o m e r must be p r e s e n t i n v e r y s m a l l amounts i f a t a l l . 

E l e m e n t a l a n a l y s i s gave 8 4 . 1 % c a r b o n and 7.3% h y d r o g e n 

w h i c h compares r e a s o n a b l y w e l l w i t h t h e e x p e c t e d v a l u e s o f 

84.8% c a r b o n and 7 . 1 % h y d r o g e n . The mass s p e c t r u m ( A p p e n d i x 

6) i s a l s o c o n s i s t e n t with t h e p r o d u c t b e i n g ( X L I ) . 

( i i ) R e a c t i o n o f ( X L I ) w i t h ECH 

The r e a c t i o n o f t h e p r e c u r s o r p h e n o l ( X L I ) w i t h ECH 

was c a r r i e d o u t as i n t h e p r e p a r a t i o n o f ( X X V I ) . Sodium 

h y d r o x i d e ( 4 . 9 g , 0.12 m o l e s ) was added i n p o r t i o n s t o a m i x t u r e 

o f ( X L I ) ( 2 3 . 6 g , 0.12 mo l e s ) and ECH (60.Og, 0.65 moles) w i t h 

a c a t a l y t i c amount o f w a t e r p r e s e n t . A f t e r a d d i n g t h e s o d i u m 
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h y d r o x i d e t h e r e a c t i o n m i x t u r e was l e f t f o r 4 h o u r s a t 70-80*^0. 

The w h i t e p r e c i p i t a t e and e x c e s s ECH were t h e n removed and t h e 

r e m a i n i n g m a t e r i a l d i s t i l l e d t h r o u g h a s h o r t V i g r e u x column 

u n d e r vacuum. The m a j o r f r a c t i o n , c o l l e c t e d between 142-147°C 

(0.6 ram Hg) , c r y s t a l l i z e d on s t a n d i n g t o g i v e a w h i t e s o l i d . 

The s o l i d was f u r t h e r p u r i f i e d by r e c r y s t a l l i z a t i o n f r o m n-

h e x a n e . The y i e l d o f t h e p u r i f i e d s o l i d (m.pt. = 69-71°C) 

was 23.6g ( 7 7 % ) . The p r o d u c t , t a k e n t o be ( X X X V I I ) , was t h e n 

c h a r a c t e r i z e d u s i n g t h e u s u a l t e c h n i q u e s . 

The IR s p e c t r u m ( A p p e n d i x 4, S p e c t r u m No.9) i s c o n ­

s i s t e n t w i t h t h e p r o d u c t b e i n g (XXXVII) t h e a s s i g n m e n t o f t h e 

m a j o r b a n d s b e i n g shown i n T a b l e 6.7. 

TABLE 6.7 A s s i g n m e n t o f t h e A b s o r p t i o n Bands i n t h e 
I R S p e c t r u m o f ( X X X V I I ) 

F r e q u e n c y / c m A s s i g n m e n t 

3060 - 3010 O x i r a n e C-H s t r e t c h + 

a r o m a t i c C-H s t r e t c h 

2970 - 2870 A l i p h a t i c C-H s t r e t c h 

1610 A r o m a t i c r i n g b r e a t h i n g 

1510 - 1350 A l i p h a t i c C-H bend + 

a r o m a t i c r i n g b r e a t h i n g 

1250 A s y m m e t r i c C-O-C s t r e t c h 

1035 S y m m e t r i c C-O-C s t r e t c h 

920 O x i r a n e r i n g s t r e t c h 

840 Oxir.ane r i n g s t r e t c h 
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The •'"H-NMR (A p p e n d i x 5, S p e c t r u m No. 13) i s a l s o 

c o n s i s t e n t w i t h t h e p r o d u c t b e i n g ( X X X V I I ) . T a b l e 6.8 shows 

t h e a s s i g n m e n t o f t h e r e s o n a n c e s . 

TABLE 6.8 A s s i g n m e n t o f t h e H Resonances i n t h e 
S p e c t r u m o f ( X X V I I ) 

^k 
C(Hg,3 C 0 

\ 

P r o t o n S h i f t / p p m S p l i t t i n g I n t e g r a t i o n 

H 
a 

1.70 D o u b l e t 

J-^ = 7.2 Hz a-g 

1 

% 

H 
c 

6^ = 2.81 

6g = 2.96 

AB 
q 

JI =4.9 HZ, O~4.5 HZ b-c c-d 
^ = 2.6 Hz b-d 

1 

1 

»d 3.41 M u l t i p l e t 1 

H o r H^ e f 

H. o r H f e 

6^ = 4.00 

6g = 4.26 

AB 
q 

JI =11.0 Hz, =5.6 Hz f - e e / f - c 
J ^ , = 3.2 Hz f / e - c 

1 

4 

(Hf/3+3Hg) 

H 
g 

4.20 Q u a r t e t 

J-^ = 7.2 Hz g-a 

H^ and H^^ h h 

"k \ ^ 

6^ = 6.94 

6g = 7.23 

Pseudo AB 
q 

3 3 J , 1 = J v . . 1 > = 8.6 Hz h-k h -k 

2 

2 

7.23 M u l t i p l e t 5 
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T a b l e 6.9 g i v e s t h e assignm.ent o f t h e r e s o n a n c e s 
13, i n t h e C NMR S p e c t r u m ( A p p e n d i x 5, S p e c t r u m No.14) 

TABLE 6.9 A s s i g n m e n t o f t h e "'"'̂C Resonances i n t h e 
S p e c t r u m o f ( X X X V I I ) 

N u c l e u s S h i f t / p p m N u c l e u s S h i f t / p p m 

1 22.12 8 127.61 

2 44.03 9 128.42 

3 44.77 10 128.65 

4 50.24 11 139.24 

5 68.90 12 146.74 

6 114.61 13 156.88 

7 126.04 

E l e m e n t a l a n a l y s i s gave 81.6% c a r b o n and 7.6% 

h y d r o g e n w h i c h i s n o t v e r y good when compared w i t h t h e ex­

p e c t e d c o m p o s i t i o n o f 80.3% c a r b o n and 7 . 1 % h y d r o g e n . The 

mass s p e c t r u m ( A p p e n d i x 6) i s c o n s i s t e n t w i t h t h e p r o d u c t 

b e i n g ( X X X V I I ) . 

6.7 C o n v e n t i o n a l P o l y m e r i z a t i o n o f t h e Model E p o x i d e s 

A w h o l e r a n g e o f compounds have been shown t o a c t as 

i n i t i a t o r s o r c a t a l y s t s f o r t h e p o l y m e r i z a t i o n o f e p o x i d e s by 
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c a t i o n i c , a n i o n i c o r c o o r d i n a t e mechanisms. An i n d i c a t i o n 

o f t h e v a r i e t y o f i n i t i a t o r s o f c a t i o n i c p o l y m e r i z a t i o n was 

g i v e n i n C h a p t e r One. The e f f e c t i v e n e s s o f t h e c a t a l y s t 

s y s t e m s a p p e a r s t o be l a r g e l y d ependent on t h e s t r u c t u r e o f 

t h e e p o x i d e monomer. T h e r e f o r e i t was d e c i d e d t o use a 

c a t a l y s t s y s t e m t h a t l e d t o t h e e f f i c i e n t o o l y m . e r i z a t i o n o f 

p h e n o x y m e t h y l o x i r a n e , b e a r i n g i n mind t h e s i m i l a r i t y o f t h e 

o x i r a n e r i n g e n v i r o n m e n t i n t h i s compound w i t h t h a t i n t h e 

m o d e l e p o x i d e compounds t o be p o l y m e r i z e d . 

The d i s c o v e r y t h a t o r g a n o m e t a l l i c systems such as ZnR2, 

A l R ^ and MgR2 o r t h e p r o d u c t s o f t h e i r r e a c t i o n w i t h w a t e r a c t 

as c a t a l y s t s f o r t h e p o l y m e r i z a t i o n o f e p o x i d e s has a l l o w e d 

h i g h m o l e c u l a r w e i g h t p o l y m e r s t o be p r e p a r e d f r o m a v a r i e t y 

o f monomers. I n t h e l i t e r a t u r e i t i s r e p o r t e d t h a t t h e 

A l E t 2 / H 2 0 c a t a l y s t s y s t e m where t h e m o l a r r a t i o o f A l E t ^ t o 

H2O i s 1:'^0.6 l e a d s t o t h e f o r m a t i o n o f h i g h m o l e c u l a r w e i g h t , 

i s o t a c t i c , p o l y ( p h e n o x y m e t h y l o x i r a n e ) i n good y i e l d ( 9 2 % , 19 

h o u r s a t 30°C) 

(A) M e c h a n i s t i c and S t e r e o c h e m i c a l A s p e c t s o f E p o x i d e 
P o l y m e r i z a t i o n u s i n g t h e A l E t 2 / H 2 0 System 

The e x a c t n a t u r e o f t h e c a t a l y t i c s p e c i e s i s unknown b u t 

i t i s t h o u g h t t o be b u i l t up by t h e s e l f - a s s o c i a t i o n o f b i s -

( d i a l k y l a l u m i n i u m ) o x i d e u n i t s w h i c h a r e f o r m e d f r o m t h e r e -
9 

a c t i o n o f t h e t r i a l k y l a l u m i n i u m w i t h w a t e r : 

2 A I R 3 + H 2 O • R 2 A I - O - A I R 2 + 2 R H 

The p r e s e n c e o f t w o o r more o r g a n o m e t a l g r o u p s j o i n e d by 

o x y g e n was r e c o g n i s e d as b e i n g a r e q u i s i t e f o r good c a t a l y t i c 

a c t i v i t y . 
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The o b s e r v a t i o n t h a t t h e A l E t 2 / H 2 0 s y s t e m l e a d s t o t h e 

r a p i d p o l y m e r i z a t i o n o f some monomers {e.g. 1 , 2 - d i m e t h y l o x i r a n e ) 

a t l o w t e m p e r a t u r e s w h i l s t o t h e r monomers (.e.g. m e t h y l o x i r a n e ) 

p o l y m e r i z e o n l y s l o w l y a t room t e m p e r a t u r e has l e d t o t h e 

s u g g e s t i o n t h a t t h e c a t a l y s t s y s t e m can i n i t i a t e c a t i o n i c 
9 

p o l y m e r i z a t i o n o r a c t as a c o o r d i n a t e c a t a l y s t . A mechanism 

f o r c o o r d i n a t e p o l y m e r i z a t i o n i n v o l v i n g t h e c o o r d i n a t i o n o f a 

monomer u n i t t o an a l u m i n i u m atom p r i o r t o i t s a t t a c k by t h e 

g r o w i n g c h a i n bonded t o an a d j a c e n t m e t a l atom has been p r o p o s e d : 

R H C 
I / \ 

C H T - C H — 0 . H ^ C — 0 
^ 1 ^ 2 ^1 

A l , ^ * A l 

A 
C H R R 
/ \ I I 
0 - r C H „ ^ 0 - C H - C H : r - 0 - C H - C H , V — 2 \K 1 / 

A l A ^ ^ A l 

I 

R i n g - o p e n i n g o c c u r s w i t h i n v e r s i o n o f c o n f i g u r a t i o n a t 

t h e c a r b o n atom a t t a c k e d , a f e a t u r e common t o many, i f n o t a l l , 

e p o x i d e p o l y m e r i z a t i o n s . 

M o n o s u b s t i t u t e d e p o x i d e s a r e c h i r a l and can be o b t a i n e d 

i n t h e R o r S c o n f i g u r a t i o n . The p o l y m e r p r o d u c e d f r o m s u c h 

monomers g e n e r a l l y f a l l s i n t o one o f t h r e e c l a s s e s d e f i n e d by 

t h e s t e r e o c h e m i s t r y o f t h e r e p e a t u n i t s . The a b s o l u t e c o n ­

f i g u r a t i o n o f t h e monomer u n i t s c o m p r i s i n g t h e p o l y m e r may be 

i d e n t i c a l , a l t e r n a t e o r random, t h e t e r m s i s o t a c t i c , s y n d i c -
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t a c t i c and a t a c t i c b e i n g a p p l i e d r e s p e c t i v e l y . T h i s can 

be r e p r e s e n t e d as b e l o w : 

— ( - R — R — R — R — R - l — o r — { - $ — S - S - S - S - h -
n n 

i s o t a c t i c 

0 

R - C H - C H - • — f - R - S — R — S - R - S - R — S - h r -
» ^ >̂  " 

^ s y n d i o t a c t i c 
R / S 

— ( - R - R - S - R - S - R — R - S — S - R — S - } ^ 

a t a c t i c 

G e n e r a l l y t h e p o l y m e r i z a t i o n o f a r a c e m i c monomer u s i n g c o ­

o r d i n a t e c a t a l y s t s r e s u l t s i n t h e f o r m a t i o n o f i s o t a c t i c p o l y ­

mer a l o n g w i t h l o w m o l e c u l a r w e i g h t amorphous p o l y m e r w h i c h 

can be s e p a r a t e d by v i r t u e o f t h e i r d i f f e r e n t s o l u b i l i t i e s . " ' ' * ^ 

The c r y s t a l l i n e , i s o t a c t i c p o l y m e r t e n d s n o t t o be o p t i c a l l y 

a c t i v e s u g g e s t i n g t h a t t h e r e a r e c a t a l y t i c s i t e s t h a t s p e c i f i c ­

a l l y p o l y m e r i z e t h e R o r S f o r m s o f t h e monom.er.^^ The r e a s o n 

f o r t h e f o r m a t i o n o f t h e amorphous p o l y m e r i s n o t c l e a r . I n 

t h e c a s e o f p o l y ( m e t h y l o x i r a n e ) p r e p a r e d u s i n g A l E t 2 / H 2 0 and 

o t h e r c o o r d i n a t i o n c a t a l y s t s y s t e m s , t h e amorphous f r a c t i o n 

i s f o u n d t o c o n t a i n a s i g n i f i c a n t p r o p o r t i o n o f h e a d - t o - h e a d , 

HH, o r t a i l - t o - t a i l , TT, bonded units:'^''^ 

R R R R 
I I I I 

^ 0 C H 2 C H — O C H C H 2 O C H C H 2 - O C H 2 C H 

T H — — H T H T — — T H 

The i s o t a c t i c p o l y m e r c o n t a i n s m o s t l y h e a d - t o - t a i l , HT, 

bonded u n i t s : 

R R 
I I 

^ ^ 0 C H 2 C H — O C H 2 C H 

T H — — T H 



336 

The o c c u r r e n c e o f HT l i n k a g e s i n t h e i s o t a c t i c p o l y m e r i n d i c ­

a t e s t h a t r i n g - o p e n i n g o c c u r s by a t t a c k o f t h e sam.e r i n g c a r b o n 

atom i n each p r o p a g a t i o n s t e p . The p r e s e n c e o f TT and HH 

l i n k a g e s a c c o u n t s f o r t h e amorphous n a t u r e o f t h e l o w e r m o l e ­

c u l a r w e i g h t f r a c t i o n and i n d i c a t e s t h a t r i n g - o p e n i n g o c c u r s 

by a t t a c k a t e i t h e r r i n g c a r b o n atom. 

(B) P r e p a r a t i o n o f t h e C a t a l y s t S o l u t i o n 

The c a t a l y s t was p r e p a r e d f o l l o w i n g t h e method o f 

Van d e n b e r g . A l l t h e s o l v e n t s used had been d i s t i l l e d and 

s t o r e d u n d e r n i t r o g e n . I m m e d i a t e l y p r i o r t o t h e i r use t h e y 

were t h o r o u g h l y d e g a s s e d and a g a i n p l a c e d u n d e r n i t r o g e n . Care 

was t a k e n t o e n s u r e t h a t a l l m a n i p u l a t i o n s w e re c a r r i e d o u t 

u n d e r n i t r o g e n . 

T r i e t h y l a m u m i n i u m (2.6 cm"^, 0.019 m o l e s ) was c a r e f u l l y 

added t o n-hexane (7.8 cm"̂ ) . The b u l k o f t h e above s o l u t i o n 

(10 cm"^) was t r a n s f e r r e d t o a 50 cm"̂  r o u n d b o t t o m , t w o - n e c k 

f l a s k e q u i p p e d w i t h a c o n d e n s e r and r u b b e r s e p t u m . D i e t h y l 

e t h e r (26.6 cm'^) was t h e n added t o t h e s o l u t i o n . W i t h t h e 

s o l u t i o n r e f l u x i n g , w a t e r (0.16 cm"^) , was s l o w l y added o v e r a 

1 h o u r p e r i o d ( r a t i o [ A l E t ^ ] / [H2O] = 2 ) . The m . i x t u r e was t h e n 

r e f l u x e d f o r a f u r t h e r h o u r , a l l o w e d t o c o o l , and t r a n s f e r r e d 

t o a n o t h e r c o n t a i n e r f o r easy s t o r a g e and a c c e s s u n d e r n i t r o g e n . 

(C) P o l y m e r i z a t i o n o f (XXXVI) and t h e C h a r a c t e r i z a t i o n 
o f t h e R e s u l t i n g P o l y e t h e r ( X X X V I I I ) 

The p o l y m e r i z a t i o n was c a r r i e d o u t u n d e r n i t r o g e n i n a 

50 cm"̂  r o u n d b o t t o m , t w o - n e c k f l a s k e q u i p p e d w i t h a m e c h a n i c a l 

s t i r r e r . The monomer (XXXVI) ( 6 . 1 0 g , 0.025 m o l e s ) was p l a c e d 

i n t h e f l a s k and t h e c a t a l y s t s o l u t i o n ( 3 . 0 cm."̂ , r a t i o [ m o n o m e r ] / 

[ A l E t ^ ] = 17) added. On a d d i t i o n o f t h e c a t a l y s t s o l u t i o n , 

t h e p o l y m e r i z a t i o n m i x t u r e t u r n e d a l i g h t g r e e n c o l o u r and was 
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l e f t s t i r r i n g f o r 30 m i n u t e s . As the p o l y m e r i z a t i o n m i x t u r e 

was t h e n s l o w l y h e a t e d t o 85-90°C the s o l v e n t was a l l o w e d t o 

e s c a p e . A f t e r 7 h o u r s t h e v i s c o u s p o l y m e r i z a t i o n m i x t u r e was 

a l l o w e d t o c o o l and methanol (40 cm"̂ ) added which a l s o p r e c i p i t ­

a t e d the polymer. A f t e r washing the polymer w i t h methanol 

s e v e r a l t i m e s i t was d r i e d under h i g h vacuum. F u r t h e r p u r i f i c ­

a t i o n was c a r r i e d out by d i s s o l v i n g the polymer i n c h l o r o f o r m , 

f i l t e r i n g o f f the s m a l l amount of i n s o l u b l e m.aterial and then 

r e o r e c i p i t a t i n g t h e polymer u s i n g methanol as the n o n - s o l v e n t . 

T h i s was c a r r i e d out t w i c e . A f t e r d r y i n g under vacuum, the 

y i e l d of the w h i t e , m a l e a b l e m a t e r i a l was 2.2g ( 3 6 % ) . 

The above p o l y m e r i z a t i o n p r o c e d u r e was adopted s i n c e i t 

was found t h a t p o l y m e r i z a t i o n i n s o l u t i o n a t 30°C o n l y y i e l d e d 

3% polymer a f t e r 8 h o u r s . C o o l i n g the p o l y m e r i z a t i o n m i x t u r e 

u s i n g an i c e - b a t h d i d not i n c r e a s e the y i e l d . 

The I R s p e c t r u m of the polymer (Appendix 4, Spectrum No.10) 

shows many bands a t s i m i l a r f r e q u e n c i e s and r e l a t i v e i n t e n s i t i e s 

to t h o s e o b s e r v e d i n the s p ectrum of the monomer. However t h e r e 

i s t h e appearance of a weak a b s o r p t i o n due t o h y d r o x y l f u n c t i o n ­

a l i t y (3450 cm •'•) and a band a t 1110 cm due to an a l i p h a t i c 

C-O-C s t r e t c h i n g mode a l o n g w i t h the d i s a p p e a r a n c e of absorbances 

due t o the o x i r a n e r i n g s t r e t c h i n g modes (915 and 850 cm •*•) . 

These d i f f e r e n c e s a r e c o n s i s t e n t w i t h the f o r m a t i o n of polymer 

( X X X V I I I ) c o n t a i n i n g h y d r o x y l end-groups. 

E l e m e n t a l a n a l y s i s gave 79.6% carbon and 7.0% hydrogen 

which i s q u i t e c l o s e t o the e x p e c t e d c o m p o s i t i o n of 80.0% 

carbon and 6.7% hydrogen. 

The "'""̂ C-NMR spe c t r u m of t h e m a t e r i a l (Appendix 5, Spectrum 

No.15) i s c o n s i s t e n t w i t h i t b e i n g p o l y e t h e r ( X X X V I I I ) . The 
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a s s i g n m e n t of the r e s o n a n c e s a r e g i v e n i n T a b l e 6.10. 

TABLE 6.10 Assignment of "*"'̂C Resonances i n the 
Spectrum of the P o l y e t h e r ( X X X V I I I ) 

N u c l e u s Shift/ppm Nucleus Shift/ppm 

1 40.89 6 125.84 

2 67.98 7 128.29 

3 69.71 8 128.68 

70.02 9 129.71 

4 78.09 10 133.24 

78.13 11 141.42 

78.27 12 157.04 

5 114.51 

A l l of the s i g n a l s due to the a r o m a t i c carbons, the b r i d g i n g 

c a r b o n and the methoxy carbon appear a t s i m i l a r s h i f t s to thos e 

o b s e r v e d i n the spectrum of the monomer. The methine and methy­

l e n e c a r b o n s o f what was the o x i r a n e r i n g have m>arkedly s h i f t e d 

d o w n f i e l d which i s c o n s i s t e n t w i t h the f o r m a t i o n of a p o l y e t h e r . 

S e v e r a l s m a l l peaks of unknown o r i g i n a r e p r e s e n t i n the 

s p e c t r u m a t 30.00, 31.06, 31.44, 33.88, 45.25 and 118.75 ppm 
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and t h e r e a r e a l s o a number o f s m a l l r e s o n a n c e s a s s o c i a t e d w i t h 

the m a j o r r e s o n a n c e s . The s m a l l r e s o n a n c e s between 70.88 and 

71.88 ppm might be c o n n e c t e d w i t h HH and TT l i n k a g e s w h i l s t 

t h e t h r e e r e s o n a n c e s a t 82.44, 82.75 and 83.14 appear to be due 

t o some d e u t e r a t e d i m p u r i t y i n the s o l v e n t . 

To o b t a i n a measure of the average m o l e c u l a r weight of the 

polymer, g e l p e r m e a t i o n chromatography, GPC, was used. I n 

t h i s t e c h n i q u e a l i q u i d m o b i l e phase i s used i n c o n j u n c t i o n w i t h 

polymer g e l s of s p e c i f i e d pore s i z e as the s t a t i o n a r y phase. 

S m a l l e r m o l e c u l e s p e n e t r a t e t h e p o r e s o f the g e l more e f f e c t ­

i v e l y t h a n l a r g e r m o l e c u l e s g i v i n g a degree of s e p a r a t i o n on 

the b a s i s of m o l e c u l a r s i z e w h i c h i s r e l a t e d to m o l e c u l a r weight. 

Thus u s i n g a s u i t a b l e d e t e c t o r t o m.onitor the e l u e n t g i v e s a 

measure o f the amount ( d e t e c t o r r e s p o n s e ) and m o l e c u l a r weight 

( e l u t i o n volume) o f e a c h s p e c i e s p r e s e n t which, a f t e r s u i t a b l e 

c a l i b r a t i o n , a l l o w s number average m o l e c u l a r w e i g h t s t o be 

d e t e r m i n e d ) . I n t h i s work THF was used as the s o l v e n t , a 

d i f f e r e n t i a l r e f r a c t o m e t e r was used as the d e t e c t o r and the 

GPC t r a c e s were c a l i b r a t e d u s i n g p o l y s t y r e n e samples of w e l l 

d e f i n e d . 

The GPC t r a c e of t h e polymer ( X X X V I I I ) i s shown i n 

F i g u r e 6.12. As can be s e e n t h e r e a p p e a r s t o be h i g h and low 

m o l e c u l a r w e i g h t polymer p r e s e n t c o r r e s p o n d i n g t o "̂ 1 x 10^ and 

'̂ 1̂ X 10^ p o l y s t y r e n e e q u i v a l e n t s . The o c c u r r e n c e of t h i s 

b imodal d i s t r i b u t i o n i n h i b i t s a n a l y s i s o f the t r a c e t o d e t e r ­

mine a v e r a g e m o l e c u l a r w e i g h t s . 
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FIGURE 6.12 GPC T r a c e of Polymer ( X X X V I I I ) 

" 1 1 1 1 1 \ 1 1 1 r ~ 
2 6 2 2 18 U 10 

E l u t i o n Volume / c m 3 

— I 1—i-n 1 — r - T ] 1 — r n — 
1 0 ^ 1 0 ^ 1 0 ^ 1 0 ^ 

P S E q u i v a l e n t s 

(D) P o l y m e r i z a t i o n of (XXXVII) and t he C h a r a c t e r i z a t i o n 
of t h e R e s u l t i n g P o l y e t h e r (XXXIX) 

Monomer (XXXVII) (5.5g, 0.022 moles) was p o l y m e r i z e d , 

u s i n g t h e c a t a l y s t s o l u t i o n (2.7 cm"̂ , [monomer] / [ A l E t ^ ] = 1 6 ) , 

and p u r i f i e d by the procedure d e s c r i b e d i n the p r e v i o u s s e c t i o n , 

The y i e l d of the l i g h t y e l l o w , c l e a r , e x t r e m e l y v i s c o u s o i l 

was 1.9g (34%) . 

The I R spectrum (Appendix 4, Spectrum. No. 11) of the 

polymer i s s i m i l a r t o t h a t of the monom.er but t h e r e are some 

d i f f e r e n c e s w h i c h a r e c o n s i s t e n t w i t h the foinnaticn of a p o l y ­

e t h e r w i t h h y d r o x y l end-groups. A s m a l l h y d r o x y l absorbance 

(3480 cm ^) i s p r e s e n t as i s an absorbance a t 1115 cm a t t r i b ­

u t a b l e t o an a l i p h a t i c C-O-C s t r e t c h i n g mode w h i l s t absorbances 
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a t 9 20 and 840 cm due to o x i r a n e r i n g s t r e t c h i n g modes have 

d i s a p p e a r e d . 

E l e m e n t a l a n a l y s i s of the polymer gave 80.3% carbon and 

7.4% hydrogen which i s i n agreement w i t h t h e e x p e c t e d v a l u e s 

o f 80.3% c a r b o n and 7.1% hydrogen. 

The "'••̂ C-NMR spectrum. (Appendix 5, Spectrum No. 16a) of the 

polymer i s a l s o c o n s i s t e n t w i t h i t b e i n g t h e p o l y e t h e r (XXXIX), 

The a s s i g n m e n t of the r e s o n a n c e s i s g i v e n i n T a b l e 6.11. 

TABLE 6.11 Assignment of the "'"'̂C Resonances i n the 
Spectrum of the P o l y e t h e r (XXXIX) 

N u c l e u s Shift/ppm Nucleus S h i f t / p p m 

1 21.93 6 114.36 

2 43.78 7 115.78 

3 67.98 8 127.39 

4 69.76 9 128.18 

70.01 10 128.33 

5 77.99 11 138.50 

78.11 12 146.61 

78.25 13 156.91 
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Many o f the above r e s o n a n c e s c o r r e s p o n d t o those observed 

i n t h e s p e c t r u m of the monomer, o n l y the s i g n a l s of what were 

the m e t h y l e n e and methine carbons of the o x i r a n e r i n g show a 

marked d i f f e r e n c e i n t h e i r s h i f t v a l u e s . The r e s o n a n c e s of 

the m a i n - c h a i n methylene and methine c a r b o n s were a s s i g n e d w i t h 

the h e l p of the D i s t o r t i o n l e s s Enhancement by Polarization T r a n s f e r , 

DEPT, s p e c t r u m (Appendix 5, Spectrum No.16b). Resonances due 

to unknown s p e c i e s a r e p r e s e n t a t 15.00, 31.12, 31.37, 32.17, 

33.75, 44.60, 45.19, 50.03, 68.74, 71.47, 115.75, 116.72, 137.62 

and 139.09 ppm, w i t h o t h e r s m a l l r e s o n a n c e s a s s o c i a t e d with the 

main r e s o n a n c e s . The r e s o n a n c e s a t 44.60, 50.03 and 68.74 ppm 

c o u l d be c o n n e c t e d w i t h the p r e s e n c e of u n r e a c t e d monomer. The 

m u l t i p l e t o f s m a l l peaks a t 71.47 ppm might be due t o HH or TT 

l i n k a g e s . I t seems r e a s o n a b l e t h a t t h e t h r e e r e s o n a n c e s a t 

82.38, 82.75 and 83.12 ppm a r e due t o some d e u t e r a t e d i m p u r i t y 

i n t h e s o l v e n t . 

The GPC t r a c e of the polymer. F i g u r e 6.13, shows a b i -

modal m o l e c u l a r w e i g h t d i s t r i b u t i o n s i m i l a r to t h a t observed 

f o r p olymer ( X X V I I I ) . There i s a l s o a t h i r d peak p r e s e n t 

c o r r e s p o n d i n g t o low m o l e c u l a r w e i g h t m a t e r i a l which c o u l d be 

due t o monomer. 
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(E) Comments on t h e Bimodal M o l e c u l a r Weight D i s t r i b u t i o n and 
the T a c t i c i t y of the P o l y e t h e r s ( X X X V I I I ) and (XXXIX) 

As mentioned p r e v i o u s l y , when p o l y m e r i z i n g e p o x i d e s u s i n g 

c o o r d i n a t i o n c a t a l y s t s i t i s not uncommon t o o b t a i n high mole­

c u l a r w e i g h t i s o t a c t i c polymer and low m o l e c u l a r weight amor­

phous polymer. T h i s was de m o n s t r a t e d i n a st u d y of the p o l y -

m.erization of o c t a d e c y l o x i r a n e u s i n g a b i s ( d i m e t h y l g l y o x i n e ) 

n i c k l e I I / A l E t ^ c a t a l y s t s ystem. "''̂  

The two m e l t i n g p o i n t s e x h i b i t e d by t h e r e s u l t i n g polymer 

were t a k e n as b e i n g i n d i c a t i v e of two c r y s t a l l i n e p h a s e s . The 

h i g h e r m e l t i n g t e m p e r a t u r e phase was found t o have a v i s c o s i t y 

a v e r a g e m o l e c u l a r w e i g h t , M^, of ~1 x 10^ w h i l s t the phase w i t h 
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the l ower m e l t i n g p o i n t had a of 32 x 10"^. From the 

•̂̂ C NMR s p e c t r a o f the two f r a c t i o n s the h i g h polymer was 

found t o be i s o t a c t i c w h i l s t t h e low m a t e r i a l was found t o 

be a t a c t i c , p o s s i b l y w i t h TT and HH l i n k a g e s p r e s e n t . The 

a u t h o r s o f f e r no e x p l a n a t i o n as t o why the a t a c t i c phase ex­

h i b i t e d a m e l t i n g p o i n t . 

NMR s p e c t r o s c o p y has proved v e r y u s e f u l f o r i n v e s t i g a t i n g 

the t a c t i c i t y o f polymers as w e l l as o t h e r f e a t u r e s of t h e micro-

structure."'""^ F o r a p o l y e t h e r p r e p a r e d from a m o n o s u b s t i t u t e d 

e p o x i d e and composed of HT l i n k a g e s t h e r e a r e two p o s s i b l e 

e n v i r o n m e n t s f o r the main-chain methylene carbons i f they are sensitive 

t o t h e a b s o l u t e c o n f i g u r a t i o n of the two n e a r e s t main-chain 

c a r b o n s (dyad s e n s i t i v i t y ) : 

R R R R I I I I 
• O C H 2 C H — O C H 2 C H OCH^CH—0 C H 2 C H -

R R R S 

S S S R 

m r 

Thus f o r an i s o t a c t i c polymer o n l y one environment o c c u r s , 

c o r r e s p o n d i n g to the meso, m, dyad. L i k e w i s e , t h e r e i s o n l y 

one e n v i r o n m e n t f o r such carbons i n a s y n d i o t a c t i c polymer, 

c o r r e s p o n d i n g t o t he r a c e m i c , r , dyad whereas f o r an a t a c t i c 

polymer both environments o c c u r . Longer range i n t e r a c t i o n s 

g i v e r i s e t o a g r e a t e r number of p o s s i b l e environments and hence 

r e s o n a n c e s f o r t h e main-c h a i n methylene carbons i n an a t a c t i c 

polymer. When the m a i n - c h a i n methine carbons a r e s e n s i t i v e to 

the c o n f i g u r a t i o n of the two n e a r e s t methine carbons ( t r i a d 

s e n s i t i v i t y ) f o u r d i s t i n c t environronts a r e p o s s i b l e : 
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• O C H ^ C H - O C H ^ C H - O C H ^ C H -

R 

S 

m 

R 

S 

m 

R 

S 

I i I 
> O C H ^ C H - O C H . , C H — O C H ^ C H -

R 

S 

m 

R 

S 

S 

R 

• O C H ^ C H — O C H ^ C H - O C H ^ C H 

S 

R 

2 -

R 

S 

m 

R 

S 

R I R 

I 
• O C H 2 C H - O C H 2 C H — O C H 2 C H ' 

R 

S 

S 

R 

R 

S 

I n i s o t a c t i c and s y n d i o t a c t i c p o l y e t h e r s o n l y one environment 

o c c u r s , c o r r e s p o n d i n g t o the mm and r r t r i a d s r e s p e c t i v e l y , 

whereas a l l f o u r environments o c c u r i n an a t a c t i c polymer 

Again, l o n g e r range s e n s i t i v i t y i n c r e a s e s t h e number of p o s s i b l e 

environments f o r such carbons i n an a t a c t i c polymer and hence 

the number o f r e s o n a n c e s . 

The •'""̂ C-NMR spectrum of the low f r a c t i o n of p o l y ( o c t a -

d e c y l o x i r a n e ) showed t h r e e r e s o n a n c e s f o r t h e m a i n - c h a i n methine 

carbons which were a t t r i b u t e d t o the mm (low f i e l d ) , mr/rm and 

r r ( h i g h f i e l d ) t r i a d e n v i r o n m e n t s ; t h e mr and rm e n v i r o n m e n t s 
12 

a r e not u s u a l l y d i s t i n g u i s h a b l e . Four r e s o n a n c e s were a s s o c ­

i a t e d w i t h the main- c h a i n methylene carbons w h i c h were i n t e r ­

p r e t e d , perhaps i n c o r r e c t l y , as b e i n g due t o t r i a d s e n s i t i v i t y . 
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The monomer was a l s o p o l y m e r i z e d u s i n g ^ u O K which g i v e s a t a c t i c 

polymer w i t h p r e d o m i n a n t l y HT l i n k a g e s . The "̂ "̂C NMR spectrum 

of t h i s m a t e r i a l was found t o be s i m i l a r t o t h a t of the low M 
V 

f r a c t i o n . However t h e d i f f e r e n t r e l a t i v e i n t e n s i t i e s of the 

m a i n - c h a i n methylene r e s o n a n c e s i n t h e spectrum of the low 

m a t e r i a l from t h e c o o r d i n a t e p o l y m e r i z a t i o n along w i t h the p r e ­

s e n c e o f a d d i t i o n a l s m a l l peaks was t a k e n as being i n d i c a t i v e 

of HH and TT l i n k a g e s . The "̂ "̂ C NMR spectrum of the high M^ 

f r a c t i o n from t h e c o o r d i n a t e p o l y m e r i z a t i o n showed on l y one 

r e s o n a n c e f o r t h e m a i n - c h a i n methine and methylene carbons. 

The r e s o n a n c e f o r t h e m a i n - c h a i n m.ethine carbons o c c u r r e d a t 

the same s h i f t a s t h a t a t t r i b u t e d t o the mm t r i a d resonance i n 

th e s p e c t r u m o f t h e low M̂  m a t e r i a l and s i m i l a r l y t h a t of the 

m a i n - c h a i n methylene c a r b o n s c o r r e s p o n d e d t o the mm t r i a d r e ­

sonance f o r su c h c a r b o n s . T h e r e f o r e the high M^ m a t e r i a l was 

c o n s i d e r e d t o be i s o t a c t i c . 

O t her e v i d e n c e o f t h e f o r m a t i o n of i s o t a c t i c and a t a c t i c 

polymer i n t he c o o r d i n a t e p o l y m e r i z a t i o n of epoxides has come 

from t h e use of "'"'̂ C-NMR spectroscopy.'^"'" The spectrum of p o l y -

(methyloxi^'ane) p r e p a r e d by a n i o n i c p o l y m e r i z a t i o n u s i n g ^BuOK 

showed t h r e e r e s o n a n c e s w i t h an i n t e n s i t y r a t i o of 1:2:1, a s s o c ­

i a t e d w i t h t h e methine c a r b o n s which were a t t r i b u t e d to the 

mm (low f i e l d ) , mr/rm and r r (h i g h f i e l d ) t r i a d s . Two r e s o n ­

ances w i t h a 1:1 i n t e n s i t y r a t i o were a s s o c i a t e d w i t h the methy­

l e n e c a r b o n s and were a t t r i b u t e d t o t h e m (low f i e l d ) and r 

(h i g h f i e l d ) dyads. Thus t h e polymer was c o n s i d e r e d t o be 

a t a c t i c . The s p e c t r u m of p o l y ( m e t h y l o x i r a n e ) p r e p a r e d u s i n g 

a ZnEt2/H20 c o o r d i n a t e c a t a l y s t s y s t e m a g a i n showed t h r e e r e s o n ­

ances a s s o c i a t e d w i t h the m a i n - c h a i n methine carbons but w i t h 

d i f f e r e n t r e l a t i v e i n t e n s i t i e s and two r e s o n a n c e s a s s o c i a t e d w i t h 
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the m a i n - c h a i n methylene carbons but a g a i n w i t h d i f f e r e n t 

r e l a t i v e i n t e n s i t i e s t o t h o s e o b s e r v e d i n the a t a c t i c sample. 

The i n t e n s i t i e s of the r e s o n a n c e s c o r r e s p o n d i n g t o the mm t r i a d 

and m d i a d were found t o be s i g n i f i c a n t l y i n c r e a s e d . T h i s was 

i n t e r p r e t e d as b e i n g i n d i c a t i v e o f the p r e s e n c e of i s o t a c t i c 

polymer along w i t h a t a c t i c m a t e r i a l . 

The p o l y e t h e r s ( X X X V I I I ) and (XXXIX) p r e p a r e d i n t h i s 

work u s i n g an AlEt2/H20 c o o r d i n a t e c a t a l y s t s y stem c o n t a i n both 

low and h i g h m o l e c u l a r weight m a t e r i a l . The ''"•̂ C-NMR s p e c t r a 

o f t h e polymers show t h r e e r e s o n a n c e s f o r the m a i n - c h a i n methine 

carbons and two r e s o n a n c e s f o r the m a i n - c h a i n methylene carbons 

(Appendix 5, Spectrum Nos. 15 and 16a; T a b l e s 6.10 and 6.11). 

The s i m i l a r i t y of the r e l a t i v e i n t e n s i t i e s of the t h r e e methine 

r e s o n a n c e s w i t h those f o r the m a i n - c h a i n methine carbons i n the 

spectrum of p o l y ( m e t h y l o x i r a n e ) p o l y m e r i z e d u s i n g a ZnEt2/H20 

sys t e m and the p r e s e n c e of two f r a c t i o n s make i t r e a s o n a b l e t o 

a s s i g n the r e s o n a n c e s t o mm (low f i e l d ) , mr/rm and r r t r i a d s . 

S i m i l a r l y i t seems r e a s o n a b l e t o a s s i g n the two m a i n - c h a i n methy­

l e n e carbon r e s o n a n c e s t o the m (low f i e l d ) and r ( h i g h f i e l d ) 

dyads. T h e r e f o r e i t would appear t h a t the polymers p r e p a r e d 

i n t h i s work are composed of h i g h m o l e c u l a r weight i s o t a c t i c and 

low m o l e c u l a r weight a t a c t i c f r a c t i o n s as has been obse r v e d w i t h 

o t h e r c o o r d i n a t e c a t a l y s t systems and/or monomers. 

6.8 A d d i t i o n of t h e Model E p o x i d e s and P o l y e t h e r s t o 
S u l p h u r i c A c i d 

(A) Compound (XXXVI) and the P o l y e t h e r ( X X X V I I I ) 

A d d i t i o n of (XXXVI) and the c o r r e s p o n d i n g p o l y e t h e r t o 

s u l p h u r i c a c i d r e s u l t e d i n a p a l e y e l l o w s o l u t i o n . The UV/ 

v i s i b l e s p e c t r a of the a c i d s o l u t i o n s a r e reproduced i n F i g u r e 
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6.14 and show an a b s o r p t i o n maximum a t 467nm f o r (XXXVI) and 

a main a b s o r p t i o n maximum a t 469nm w i t h a weaker a b s o r p t i o n a t 

379nm f o r t h e p o l y e t h e r . A p a l e y e l l o w s o l u t i o n a l s o r e s u l t e d 

when the p r e c u r s o r p h e n o l (XL) was added t o s u l p h u r i c a c i d and 

as shown i n F i g u r e 6.14 the U V / v i s i b l e spectrum shows a main 

a b s o r p t i o n maximum a t 457nm w i t h a weaker one a t 371nm. 

FIGURE 6.14 U V / V i s i b l e S p e c t r a of S o l u t i o n s i n C o n c e n t r a t e d 
S u l p h u r i c A c i d of (XXXVI) ( a ) , ( X X X V I I I ) (b) and 
(XL)_ (c) 

<D 
O 
C 
o 
l _ 
o 
I/) 

< 

3 0 0 ^ 0 0 500 600 700 
W a v e l e n g t h / nm 

I t i s r e a s o n a b l e t o s u g g e s t t h a t the c o l o u r e d s p e c i e s 

g e n e r a t e d from the above compounds by the a c t i o n of a c i d i s a 

carbonium i o n . However i t i s d i f f i c u l t t o say w i t h any c e r t ­

a i n t y what t h e s t r u c t u r e o f t he carbonium i s . When commencing 

the s y n t h e s i s o f t h e model epoxide i t was thought t h a t i n a c i d 

i t would g i v e r i s e t o a b e n z y l c a t i o n as shown below: 
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H 
H 

a - c o m p l e x 

H 
I * 

• C + I 
H 

OR 

Attem.pts t o g e n e r a t e the b e n z y l c a t i o n by adding b e n z y l 

a l c o h o l t o s u l p h u r i c a c i d were f r u i t l e s s due t o the formation 

of a s o l i d , presumably p o l y ( b e n z y l ) , a branched polymer of 

methylene b r i d g e d a r o m a t i c r i n g s . The l i t e r a t u r e p e r t a i n i n g 

t o t h e g e n e r a t i o n and c h a r a c t e r i z a t i o n of carbonium i o n s i n ­

d i c a t e s i t i s u n l i k e l y t h a t b e n z y l c a t i o n s can be generated i n 

s o l u t i o n b e c a u se of t h e i r i n s t a b i l i t y and hence t h e i r p r o p e n s i t y 
14 15 

f o r p o l y m e r i z a t i o n . ' Only i n one s t u d y was such a s p e c i e s 

thought t o have been formed by the a d d i t i o n of b e n z y l a l c o h o l 

t o s u l p h u r i c acid."*"^ The U V / v i s i b l e spectrum of the a c i d 

s o l u t i o n showed an a b s o r p t i o n maximum a t 4 70nm. Other workers 

doubted t h a t the c o l o u r e d s p e c i e s g e n e r a t e d i n the above study 

was t h e b e n z y l c a t i o n s i n c e they were unable t o generate such 

a s p e c i e s i n an even more a c i d i c environment (S02-SbF^-FS02H) . "̂"̂  

I t may be t h a t the b e n z y l c a t i o n i s g e n e r a t e d from the 

a d d i t i o n o f compounds such as (XXXVI) t o a c i d but i n lov/ concen­

t r a t i o n s so t h a t p o l y m e r i z a t i o n i s p r e v e n t e d . Hov/ever the f a c t 

t h a t t h e s p e c i e s g e n e r a t e d from the p r e c u r s o r phenol (XL) ab­

s o r b s a t a s l i g h t l y d i f f e r e n t w a v e l e n g t h than the s p e c i e s gener­

a t e d from the epoxide (XXXVI) or the p o l y e t h e r ( X X X V I I I ) s u g g e s t s 
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t h a t the s u b s t i t u e n t on the oxygen atom a f f e c t s the a b s o r p t i o n 

c h a r a c t e r i s t i c s of the carbonium i o n formed. T h i s would not 

be the c a s e i f a s i m p l e b e n z y l c a t i o n were b e i n g g e n e r a t e d . 

A p o s s i b l e e x p l a n a t i o n i s t h a t the a-complex i s b e i n g formed 

which does not then undergo c l e a v a g e . 

An attem.pt was made to o b t a i n e v i d e n c e f o r the f o r m a t i o n 

of the b e n z y l c a t i o n by the a c t i o n of a c i d on the p o l y e t h e r . 

A s o l u t i o n o f the polymer (0.46g) i n s u l p h u r i c a c i d (10 cm"̂ ) 

was c o o l e d , i c e (lOOg) added i n p o r t i o n s and the s o l u t i o n 

n e u t r a l i z e d u s i n g a d i l u t e s o l u t i o n of sodium h y d r o x i d e . The 

n e u t r a l i z e d s o l u t i o n was then washed s e v e r a l times w i t h d i ­

e t h y l e t h e r t o remove any o r g a n i c m a t e r i a l . The e t h e r wash­

i n g s were then c o n c e n t r a t e d , vacuum t r a n s f e r r e d to remove any 

i n v o l a t i l e m a t e r i a l and then f u r t h e r c o n c e n t r a t e d . GLC of 

the e t h e r s o l u t i o n showed the p r e s e n c e of two components i n 

minor amounts n e i t h e r of which corresponded t o b e n z y l a l c o h o l , 

an e x p e c t e d p r o d u c t of the h y d r o l y s i s of the b e n z y l c a t i o n i f 

i t were t o be formed. 

(B) Compound (XXXVII) and the P o l y e t h e r (XXXIX) 

A d d i t i o n of (XXXVII) and the c o r r e s p o n d i n g p o l y e t h e r to 

s u l p h u r i c a c i d r e s u l t e d i n orange/red c o l o u r e d s o l u t i o n s w i t h 

a b s o r p t i o n maxima a t 452 and 453nm r e s p e c t i v e l y as shown by the 

U V / v i s i b l e a b s o r p t i o n s p e c t r a i n F i g u r e 6.15. A d d i t i o n of the 

p r e c u r s o r phenol ( X L I ) to s u l p h u r i c a c i d y i e l d e d a s i m i l a r l y 

c o l o u r e d s o l u t i o n w i t h a main a b s o r p t i o n maximum a t 446nm as 

shown i n F i g u r e 6.15. Although p h e n e t h y l a l c o h o l gave a r e d / 

orange c o l o u r e d s o l u t i o n i n s u l p h u r i c a c i d , a s o l i d was a l s o 

formed. However the s o l i d c o u l d be f i l t e r e d o f f and the UV/ 

v i s i b l e spectrum of the c o l o u r e d s o l u t i o n r e c o r d e d . As shown 
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FIGURE 6.15 U V / V i s i b l e S p e c t r a i n C o n c e n t r a t e d S u l p h u r i c 
A c i d S o l u t i o n of (XXXVII) ( a ) , (XXXIX) ( b ) , 
( X L I ) (c) and p h e n e t h y l a l c o h o l ( d ) . 

3 0 0 LOO 5 0 0 6 0 0 7 0 0 

W a v e l e n g t h / nm 

i n F i g u r e 6.15 a broad a b s o r p t i o n maximum o c c u r s a t 438nm 

w i t h a second s h a r p e r band a t 312nm. 

One might e x p e c t the c o l o u r e d s p e c i e s g e n e r a t e d from 

p h e n e t h y l a l c o h o l i n a c i d t o be the p h e n e t h y l c a t i o n . Com­

p a r i s o n o f t he a b s o r p t i o n spectrum of p h e n e t h y l a l c o h o l i n 

s u l p h u r i c a c i d w i t h t h o s e of t h e e p o x i d e , p o l y e t h e r and p e r -

c u r s o r p h e n o l i n a c i d , i n d i c a t e s t h a t the same s p e c i e s i s 

p o s s i b l y b e i n g g e n e r a t e d from t h e l a t t e r compounds by the a c t i o n 

of a c i d . The l i t e r a t u r e p e r t a i n i n g t o t h i s f i e l d , however, 

a g a i n s u g g e s t s t h a t t h e s i t u a t i o n i s more complex than one 

might e x p e c t . 

A l t h o u g h s e v e r a l w orkers have a s s i g n e d bands i n the near 

UV o r v i s i b l e r e g i o n s t o the p h e n e t h y l c a t i o n , i t i s u n l i k e l y 
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t h a t t h i s c arbonium i o n i s g e n e r a t e d by the a c t i o n of a c i d 

on t h e a p p r o p r i a t e a l c o h o l or a l k e n e . I t has been proposed 

t h a t t h e s p e c i e s g e n e r a t e d i s an o l i g o m e r i c carbonium ion'^'^ 
18 

o r t h e l - m e t h y l - 3 - p h e n y l i n d a n e c a t i o n : 

I t i s a s s e r t e d t h a t t h i s l a t t e r s p e c i e s r e s u l t s from the 

c y c l i z a t i o n o f u n s a t u r a t e d oligomers to g i v e l - m e t h y l - 3 -

p h e n y l i n d a n e w h i c h then undergoes h y d r i d e i o n a b s t r a c t i o n to 

g e n e r a t e the c a t i o n . V a r i o u s o t h e r carbonium i o n s can be 

g e n e r a t e d from the p r o t o n a t i o n of l-methyl-3-phenylindone de­

p e n d i n g on the c o n d i t i o n s used, which may e x p l a i n the d i f f e r ­

e n c e s i n t h e a b s o r p t i o n maxima quoted by o t h e r workers f o r 

what i s s u p p o s e d l y the same s p e c i e s , the p h e n e t h y l c a t i o n . 

T h e r e f o r e i t i s p o s s i b l e t h a t complex carbonium i o n s are 

g e n e r a t e d from the t r i s u b s t i t u t e d b r i d g i n g methane moiety of 

the e p o x i d e , p o l y e t h e r and p r e c u r s o r phenol by the a c t i o n of 

a c i d . However t h e r e i s a s l i g h t , but s i g n i f i c a n t d i f f e r e n c e 

between the a b s o r p t i o n maximum of the c o l o u r e d s p e c i e s generated 

from t h e p r e c u r s o r phenol and the s p e c i e s g e n e r a t e d from the 

e p o x i d e and p o l y e t h e r . T h i s may be as a r e s u l t of the form­

a t i o n of the o-complex which does not then undergo c l e a v a g e 

as s u g g e s t e d i n the p r e v i o u s s e c t i o n . I t i s i n t e r e s t i n g to 

note t h a t t h e R u s s i a n worker c o u l d not d e t e c t phenol from the 

a c t i o n of a c i d on ( X L I ) . " ^ 
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6.9 P r e p a r a t i o n o f P o l y ( b e n z y l ) and P o l y ( p h e n e t h y l ) 

When b e n z y l a l c o h o l on p h e n e t h y l a l c o h o l a r e added t o 

s u l p h u r i c a c i d , s o l i d s a r e formed which a r e assumed t o be 

p o l y (benzyl) and p o l y (phenethyl) r e s p e c t i v e l y . "'"̂  I t was d e c i d e d 

to i s o l a t e the s o l i d s and o b t a i n '''̂ C-NMR s p e c t r a to compare 

w i t h th o s e of the model ep o x i d e s and p o l y e t h e r s i r r a d i a t e d i n 

the p r e s e n c e o f p h o t o i n i t i a t o r t o determine whether such mater­

i a l i s produced via b e n z y l and p h e n e t h y l c a t i o n s formed as a 

r e s u l t of t he a c i d i c n a t u r e of the i n i t i a t i n g s p e c i e s . 

(A) P o l y ( b e n z y l ) 

B e n z y l a l c o h o l (2.0g) was added dropwise w i t h c o o l i n g and 

r a p i d s t i r r i n g t o s u l p h u r i c a c i d (10 cm^). On a d d i t i o n of the 

b e n z y l a l c o h o l a w h i t e s o l i d formed. A f t e r b e i n g l e f t s t i r r ­

i n g f o r 20 m i n u t e s , c r u s h e d i c e (250g) was added and the e x c e s s 

s u l p h u r i c a c i d n e u t r a l i z e d w i t h a d i l u t e s o l u t i o n of sodium 

h y d r o x i d e . As the s o l i d was being f i l t e r e d o f f i t t u r n e d a 

l i g h t brown c o l o u r . The y i e l d of the s o l i d a f t e r d r y i n g under 

h i g h vacuum was 1.6g. I n f r a - r e d s p e c t r o s c o p y , e l e m e n t a l a n a l ­

y s i s and •'•"̂C NMR s p e c t r o s c o p y were then used t o c h a r a c t e r i z e 

the s o l i d . 

The I R spectrum of the s o l i d (Appendix 4, Spectrum No.12) 

shows a broad 0-H s t r e t c h i n g band a t 3400 cm ^ w h i l s t the r e ­

mainder of the spectrum i s not i n c o n s i s t e n t w i t h the s o l i d being 

p o l y ( b e n z y l ) . 

E l e m e n t a l a n a l y s i s gave 88.1% carbon and 6,6% hydrogen. 

Fo r h i g h m o l e c u l a r w e i g h t p o l y ( b e n z y l ) one would expect 93.3% 

carbon w i t h 6.7% hydrogen. The a n a l y s i s f i g u r e s and IR s p e c t ­

rum would s u g g e s t t h a t the m a t e r i a l i s of low m o l e c u l a r weight 

w i t h h y d r o x y l end-groups. 
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Not s u r p r i s i n g l y , i f as seems l i k e l y , the s o l i d i s a 

b r a n c h e d polymer w i t h methylene u n i t s l i n k i n g a r o m a t i c r i n g s 

t h e """"̂ C-NMR spectrum i s r a t h e r complex (Appendix 5, Spectrum 

No.17a). The g e n e r a l assignment of the r e s o n a n c e s a r e g i v e n 

i n T a b l e 6.12. 

TABLE 6.12 G e n e r a l Assignment of '̂ '̂ C Resonances i n the 
Spectrum o f P o l y ( b e n z y l ) 

N u c l e u s Shift/ppm Nucleus Shift/ppm 

Methylene 38.08 128.28 

c a r b o n s 38.47 128.55 

38.87 128.66 

41.02 128.82 

41.43 129.48 

A r o m a t i c 125.77 130.40 

me t h i n e 125.88 131.16 

c a r b o n s 126.39 Q u a t e r n a r y 138.76 

126.77 a r o m a t i c 138.99 

126.94 c a r b o n s 140.50 

128.21 141.09 

The DEPT spectrum (Appendix 5, Spectrum No.17b) was 

u s e f u l i n a s s i g n i n g the r e s o n a n c e s . The m u l t i p l i c i t y of the 

r e s o n a n c e s a s s o c i a t e d w i t h the methylene carbons and a r o m a t i c 

c a r b o n s i s c o n s i s t e n t w i t h the e x p e c t e d s t r u c t u r e of p o l y s u b -

s t i t u t e d arom.atic r i n g s l i n k e d by methylene groups. I n a d d i t ­

i o n t h e s h i f t of the methylene carbons i s c o n s i s t e n t with them 

l i n k i n g a r o m a t i c r i n g s . 
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(B) P o l y ( p h e n e t h y l ) 

P h e n e t h y l a l c o h o l (2.3g) was added t o s u l p h u r i c 

a c i d (10 cm"̂ ) as i n the p r e v i o u s e x p e r i m e n t . A f t e r l e a v i n g 

the c o o l e d m i x t u r e s t i r r i n g f o r 20 m i n u t e s , c r u s h e d i c e (250g) 

was added a t which p o i n t the red/orange c o l o u r a t i o n d i s a p p e a r e d . 

The e x c e s s s u l p h u r i c a c i d was n e u t r a l i z e d u s i n g a d i l u t e sodium 

hy d r o x i d e s o l u t i o n and an attempt made t o f i l t e r o f f what 

appeared t o be a s o l i d . T h i s proved u n s u c c e s s f u l so i t was 

e x t r a c t e d i n t o d i e t h y l e t h e r . The e t h e r s o l u t i o n e x h i b i t e d 

f l u o r e s c e n c e . A f t e r d r y i n g the e t h e r w a s h i n g s o v e r magnesium 

s u l p h a t e and removing most of the e t h e r u s i n g a r o t a r y e v a p o r a t o r 

the r e m a i n i n g s o l v e n t was removed under h i g h vacuum t o l e a v e a 

p a l e y e l l o w v i s c o u s o i l . T h i s m a t e r i a l was then c h a r a c t e r i z e d 

u s i n g i n f r a - r e d s p e c t r o s c o p y , e l e m e n t a l a n a l y s i s and '''"̂C NMR 

s p e c t r o s c o p y . 

The I R spectrum (Appendix 4, Spectrum No.13) of t h i s 

m a t e r i a l i s not i n c o n s i s t e n t w i t h i t b e i n g p o l y ( p h e n e t h y l ) . 

U n l i k e p o l y ( b e n z y l ) t h e r e i s no i n d i c a t i o n of s i g n i f i c a n t amounts 

of h y d r o x y l f u n c t i o n a l i t y . E l e m e n t a l a n a l y s i s gave 92.6% 

carbon and 8.0% hydrogen which compares f a v o u r a b l y w i t h the ex­

p e c t e d v a l u e s f o r h i g h m.olecular w e i g h t p o l y ( p h e n e t h y l ) of 

92.3% carbon and 7.7% hydrogen. However t h i s does not n e c e s s ­

a r i l y i n d i c a t e t h a t the m a t e r i a l i s h i g h m o l e c u l a r weight s i n c e 

the s t r u c t u r e of the m a t e r i a l might be t h a t shown below which 

i t has been proposed o c c u r s f o r some samples of p o l y (benzyl)''"^: 

CH3 CH3 C H 3 C H 3 CH3 C H ^ 

C g H 5 - C H - f - C g H ^ C H - 4 ^ C g H ^ C = C - C 5 H ^ C H - C g H ^ - f ^ C H - C g H 5 

The •'••̂ C-NMR spectrum (Appendix 5, Spectrum No. 18a) of the 

m a t e r i a l shows numerous r e s o n a n c e s , the s h i f t s and g e n e r a l a s s i g n -
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ment o f the more i n t e n s e ones b e i n g g i v e n i n Table 6.13, 

TABLE 6.13 G e n e r a l Assignment of t h e "*""̂C Resonances 
i n the Spectrum of P o l y ( p h e n e t h y l ) 

N u c l e u s S h i f t / p p m N u c l e u s Shift/ppm 

M e t h y l 15.04 A r o m a t i c 125.21 

Carbons 15. 34 ra e t h i n e 125.83 

14.01 c arbons 126.14 

21.87 126.45 

22.41 127.39 

M e t h y l e n e 25.03 127.67 

c a r b o n s 28.27 128.20 

Methine 37.92 128.67 

c a r b o n s 43.96 A r o m a t i c 143.78 

44.34 q u a t e r n a r y 143.91 

44.72 c a r b o n s 146.42 

46.93 

The DEPT spectrum (Appendix 5, Spectrum No.18b) was use­

f u l f o r a s s i g n i n g the r e s o n a n c e s i n the spectrum. 

The m u l t i p l i c i t y of the r e s o n a n c e s due to methyl and 

methine c a r b o n s a s s o c i a t e d w i t h t h e b r i d g i n g u n i t and the arom­

a t i c m ethine c a r b o n s i s c o n s i s t e n t w i t h a branched polymer 

a l t h o u g h t h e s p r e a d of s h i f t s f o r t h e former carbons combiined 

w i t h t h e p r e s e n c e of r e s o n a n c e s due to methylene carbons i s 

i n d i c a t i v e o f some i m p u r i t y o r o t h e r p r o d u c t b e i n g p r e s e n t . 

The s h i f t of the methine c a r b o n s i s c o n s i s t e n t w i t h them being 

b r i d g i n g u n i t s between a r o m a t i c r i n g s . 
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6.10 I r r a d i a t i o n of the Model E p o x i d e s and P o l y e t h e r s 
i n the P r e s e n c e o f P h o t o i n i t i a t o r 

(A) C o l o u r a t i o n of the Model Systems 

( i ) Compound (XXXVI) and the P o l y e t h e r ( X X X V I I I ) 

F i l m s of (XXXVI) were p r e p a r e d by d i s s o l v i n g the 

r e q u i s i t e amount of p h o t o i n i t i a t o r i n the minimum amount of 

a c e t o n e , adding t h i s s o l u t i o n t o the epoxide and then s p r e a d ­

i n g t h e m i x t u r e on p o l y e t h y l e n e between p i e c e s of " s e l l o t a p e " 

t h a t a c t e d as b a r r i e r s . F i l m s of lOOym nominal t h i c k n e s s 

were p r e p a r e d i n t h i s way. The e x c e s s acetone was a l l o w e d 

t o e v a p o r a t e and then any r e m a i n i n g acetone was removed under 

h i g h vacuum. 

F i l m s p r e p a r e d i n t h i s way c o n t a i n i n g v a r i o u s amounts 

of p h o t o i n i t i a t o r both p o l y m e r i z e d and c o l o u r e d on exposure t o 

the 1.8kW lamp. A f t e r 1 p a s s the f i l m s showed a f a i n t y e l l o w 

c o l o u r a t i o n as would be e x p e c t e d from the c o l o u r of the a c i d 

s o l u t i o n of (XXXVI) but on f u r t h e r exposure a brown c o l o u r d e v e l ­

oped. T h i s c o l o u r a t i o n d i d not fade s i g n i f i c a n t l y w i t h time 

I r r a d i a t i o n o f the r e s i n above r e s u l t e d i n n e i t h e r p o l y m e r i z ­

a t i o n nor c o l o u r a t i o n . 

I t was i m p o s s i b l e to remove the f i l m s from the s u b s t r a t e 

to o b t a i n U V / v i s i b l e s p e c t r a because of t h e i r t a c k i n e s s c l o s e 

t o t h e s u b s t r a t e . However by d i s s o l v i n g the f i l m i n c h l o r o ­

form and f i l t e r i n g o f f an i n s o l u b l e w h i t e s o l i d which was i d e n t ­

i f i e d as p h o t o i n i t i a t o r , i t was p o s s i b l e to o b t a i n an a b s o r p t i o n 

spectrum. The e t h a n o l used t o s t a b i l i z e c h l o r o f o r m was r e ­

moved p r i o r t o i t s use by s h a k i n g w i t h water and then d i s t i l l i n g 

i t onto m o l e c u l a r s i e v e . F i g u r e 6.16 shows such a spectrum 

f o r a f i l m o f the epoxide c o n t a i n i n g a 3:1 molar r a t i o of epoxide 
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t o i n i t i a t o r , g i v e n 20 p a s s e s under the 1.8kW s o u r c e and d i s ­

s o l v e d i n c h l o r o f o r m i m m e d i a t e l y a f t e r i r r a d i a t i o n . An ab­

s o r p t i o n maximum i s o b s e r v e d a t 40QTm w i t h weaker ones a t 510 

and 580nm. 

FIGURE 6.16 U V / V i s i b l e Spectrum of a C h l o r o f o r m S o l u t i o n of 
(XXXVI) I r r a d i a t e d i n the P r e s e n c e of P h o t o i n i t i a t o r 

o c o 
XI 
t_ o in 
< 

1-0 

0-8H 

0-6 H 

0-^ H 

0-2H 

3 0 0 L O O 5 0 0 6 0 0 7 0 0 

W a v e l e n g t h / n m 

F i l m s o f t h e p o l y e t h e r (XXXIX) c o n t a i n i n g p h o t o i n i t i a t o r 

were p r e p a r e d as f o l l o w s . The polymer was d i s s o l v e d i n 

c h l o r o f o r m w h i l s t t h e p h o t i n i t i a t o r was d i s s o l v e d i n acetone 

as no common s o l v e n t c o u l d be found. A p o r t i o n of the polymer 

s o l u t i o n was s p r e a d on a g l a s s p l a t e and t h e s o l v e n t a l l o w e d 

t o e v a p o r a t e . A p o r t i o n of t h e p h o t o i n i t i a t o r s o l u t i o n was 

then s p r e a d o v e r t h e polymer f i l m and t he s o l v e n t a l l o w e d to 

e v a p o r a t e . T h i s was r e p e a t e d s e v e r a l t i m e s t o b u i l d up a 

f i l m composed o f l a y e r s of polymer and p h o t o i n i t i a t o r . C o l o u r -
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a t i o n of f i l m s c o n t a i n i n g v a r i o u s amounts of p h o t o i n i t i a t o r 

p r e p a r e d i n t h i s way o c c u r r e d on exposure t o the 1.8kW s o u r c e . 

As w i t h f i l m s of the epoxide, a f a i n t y e l l o w c o l o u r a t i o n was 

apparent a f t e r 1 p a s s but a brown c o l o u r a t i o n developed on sub­

sequent e x p o s u r e . No c o l o u r a t i o n was a p p a r e n t when j u s t t h e 

polymer was i r r a d i a t e d . 

Thus a c o l o u r e d s p e c i e s i s g e n e r a t e d on i r r a d i a t i o n 

of (XXXVI) and the c o r r e s p o n d i n g p o l y e t h e r i n t h e p r e s e n c e of 

p h o t o i n i t i a t o r a l t h o u g h i t does not appear t o be the same as 

t h a t g e n e r a t e d i n a c i d s o l u t i o n . I f the c o l o u r e d s p e c i e s i s 

a carbonium i o n then i t must be r e l a t i v e l y s t a b l e . 

( i i ) Compound (XXXVII) and the P o l y e t h e r (XXXIX) 

F i l m s o f (XXXVII) c o u l d not be p r e p a r e d s i n c e i t i s 

a s o l i d , however ( X X V I I ) was mixed w i t h p h o t o i n i t i a t o r and 

i r r a d i a t e d i n the f o l l o w i n g manner. The r e q u i s i t e amounts of 

(XXXVII) and p h o t o i n i t i a t o r were d i s s o l v e d i n the m.inimum amount 

of a c e t o n e , the s o l u t i o n s p r e a d on p o l y e t h y l e n e and the 

s o l v e n t a l l o w e d to e v a p o r a t e ' s l o w l y . Any r e s i d u a l 

s o l v e n t was then removed under high vacuum. Exposure of m i x t ­

u r e s p r e p a r e d i n t h i s way r e s u l t e d i n the t r a n s f o r m a t i o n of the 

w h i t e powdery m a t e r i a l t o a g l a s s y m a t e r i a l w i t h a f a i n t r e d 

c o l o u r a t i o n a p parent a f t e r 1 p a s s but then the development of a 

green c o l o u r a t i o n on f u r t h e r exposure. T h i s c o l o u r a t i o n d i d 

not fade a p p r e c i a b l y w i t h time. I r r a d i a t i o n of t he epoxide 

alone d i d not r e s u l t i n p o l y m e r i z a t i o n or the g e n e r a t i o n of 

c o l o u r e d s p e c i e s . 

I t was a g a i n i m p o s s i b l e t o remove the f i l m from the 

s u b s t r a t e t o o b t a i n a U V / v i s i b l e spectrum so the procedure out-
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l i n e d p r e v i o u s l y was adopted. The s p e c t r u m o f a c h l o r o f o r m 

s o l u t i o n of a m i x t u r e of ( X X V I I ) (3 moles) and p h o t o i n i t i a t o r 

(1 mole) g i v e n 20 p a s s e s under the 1.8kW lamp i s reproduced i n 

F i g u r e 6.17 and shows an a b s o r p t i o n maximum a t 39 7nm w i t h a 

l e s s i n t e n s e one a t 672nm. 

FIGURE 6.17 U V / V i s i b l e Spectrum o f a C h l o r o f o r m S o l u t i o n of 
(XXXVII) I r r a d i a t e d i n the P r e s e n c e of P h o t o i n i t a t o r 
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F i l m s o f the p o l y e t h e r (XXXIX) c o n t a i n i n g p h o t o i n i t i a t o r 

were p r e p a r e d i n the manner d e s c r i b e d p r e v i o u s l y . I r r a d i a t i o n 

of such f i l m s c o n t a i n i n g v a r i o u s amounts of p h o t o i n i t i a t o r r e ­

s u l t e d i n a f a i n t r e d c o l o u r a t i o n a f t e r 1 p a s s and the d e velop­

ment of a g r e e n c o l o u r a t i o n on s ubsequent e x p o s u r e . I r r a d i a t i o n 

of the polymer a l o n e d i d not r e s u l t i n c o l o u r a t i o n . 
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As w i t h the p r e v i o u s system c o l o u r e d s p e c i e s a r e 

g e n e r a t e d on i r r a d i a t i o n of (XXXVII) and the c o r r e s p o n d i n g 

p o l y e t h e r i n the p r e s e n c e of p h o t o i n i t i a t o r . Again i f 

carbonium i o n s a r e r e s p o n s i b l e f o r t h i s e f f e c t they must be 

r e l a t i v e l y s t a b l e . 

(B) GLC A n a l y s i s 

( i ) Compound (XXXVI) 

A f i l m of (XXXVI) (4.06g, 1.69xlo"^ moles) c o n t a i n i n g 
-4 

p h o t o i n i t i a t o r (0.08g, 2.0x10 moles) was p r e p a r e d on p o l y ­

e t h y l e n e by the method mentioned p r e v i o u s l y . The f i l m was 

g i v e n 5 p a s s e s under the 1.8kW lam.p to g e n e r a t e the brown 

c o l o u r , s c r a p e d from the s u b s t r a t e and p l a c e d i n w a t e r . The 

s t i c k y brown s o l i d s l o w l y turned w h i t e as i t was s t i r r e d i n t he 

w a t e r . The o r g a n i c m a t e r i a l was then e x t r a c t e d i n t o c h l o r o ­

form. The s o l u t i o n was then reduced i n volume, vacuum t r a n s ­

f e r r e d t o remove any i n v o l a t i l e m a t e r i a l and then reduced f u r t h e r 

i n volume. GLC a n a l y s i s of t h i s s o l u t i o n showed the p r e s e n c e 

of a number o f components none of which c o r r e s p o n d e d t o b e n z y l 

a l c o h o l one o f the expected p r o d u c t s from b e n z y l c a t i o n s . 
The. above experiment was r e p e a t e d u s i n g a f i l m con-

-4 

t a i n i n g a h i g h e r r a t i o of p h o t o i n i t i a t o r (0.26g, 6x10 moles) 

to r e s i n (1.48g, 6.2x10 m o l e s ) . Again t h e r e were s e v e r a l 

p r o d u c t s d e t e c t e d but none of t h e s e c o r r e s p o n d e d to benzyl a l c o h o l . 

One o f the more abundant s p e c i e s p r e s e n t gave a mass spectrum 

c o n s i s t e n t w i t h i t being iodobenzene. 

A c o n t r o l experiment was c a r r i e d out i n which b e n z y l 

a l c o h o l (4 X 10 ^g) was added to water and a l l the s t e p s out­

l i n e d above c a r r i e d out. T h i s amount of b e n z y l a l c o h o l was 
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chosen on the a r b i t r a r y assumption t h a t '̂ 2̂0% of the p h o t o i n i t i a t o r 

i n t h e f i r s t e xperiment gave r i s e t o b e n z y l a l c o h o l . Under 

t h e s e n s i t i v i t y c o n d i t i o n s used i n t h e p r e v i o u s e x p e r i m e n t s , 

GLC q u i t e c l e a r l y showed the p r e s e n c e of b e n z y l a l c o h o l i n the 

r e s u l t i n g c h l o r o f o r m s o l u t i o n . 

( i i ) Compound (XXXVII) 

A m i x t u r e of (XXXVII) (1.04g, 4.1xlO~-^ moles) and 
-4 

p h o t o i n i t i a t o r (0.35g, 8x10 moles) was p r e p a r e d i n the manner 

o u t l i n e d p r e v i o u s l y . The m i x t u r e was g i v e n 20 p a s s e s under the 

1.8kW lamp. On p l a c i n g the i r r a d i a t e d m i x t u r e i n wa t e r , the 

gre e n c o l o u r s l o w l y d i s a p p e a r e d . The sample was t r e a t e d a s 

th o s e i n the p r e v i o u s s e c t i o n and GLC showed the p r e s e n c e of 

two main components i n e t h e r e x t r a c t s . From i t s r e t e n t i o n 

t i m e , one of the components c o r r e s p o n d e d t o iodobenzene but the 

o t h e r d i d not c o r r e s p o n d t o p h e n e t h y l a l c o h o l or s t y r e n e , pot­

e n t i a l p r o d u c t s r e s u l t i n g from t h e g e n e r a t i o n o f p h e n e t h y l 

c a t i o n s . 

(C) "'"'̂ C-NMR S p e c t r o s c o p i c A n a l y s i s 

( i ) Compound (XXXVI) and the P o l y e t h e r ( X X X V I I I ) 

A f i l m o f (XXXVI) (0.48g, 2.0 xlo""^ moles) c o n t a i n i n g 
-4 

p h o t o i n i t i a t o r (0.29g, 6.8x10 moles) was p r e p a r e d on p o l y ­

e t h y l e n e as i n p r e v i o u s e x p e r i m e n t s . The f i l m was g i v e n 20 

p a s s e s under the 1.8kW lamp, d i s s o l v e d i n CDCl^ and the un-

p h o t o l y s e d p h o t o i n i t i a t o r f i l t e r e d o f f . 

The main r e s o n a n c e s i n t h e ''"•̂ C-NMR spectrum (Appendix 

5, Spectrum No.19) o c c u r e d a t s i m i l a r s h i f t s t o t h o s e o b s e r v e d 

i n t h e spe c t r u m of the p o l y e t h e r ( X X X V I I I ) p r e p a r e d by the 

c o n v e n t i o n a l p o l y m e r i z a t i o n of (X X X V I ) . T a b l e 6.14 g i v e s the 
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a s s i g n m e n t o f t h e s e r e s o n a n c e s , 

TABLE 6.14 Assignment of the Main Resonances i n the C-NMR 
Spectrum of (XXXVI) I r r a d i a t e d i n the P r e s e n c e of 
P h o t o i n i t i a t o r 

N u c l e u s S h i f t / p p m Nucleus Shift/ppm 

1 40.91 7 128.29 

2 67.82 8 128.64 

3 70.00 9 129.73 

4 77.94 10 133.39 

5 114.49 11 141.38 

6 125.85 12 156.97 

The r e l a t i v e i n t e n s i t i e s of the r e s o n a n c e s due t o the b r i d g i n g 

and a r o m a t i c c a r b o n s do i n some c a s e s , e s p e c i a l l y the q u a t e r n a r y 

a r o m a t i c c a r b o n s , show s i g n i f i c a n t d i f f e r e n c e s from the r e l a t i v e 

i n t e n s i t i e s i n the spectrum o f the p o l y e t h e r p r e p a r e d by con­

v e n t i o n a l p o l y m e r i z a t i o n . 

I n a d d i t i o n t o t h o s e t a b u l a t e d above, o t h e r , gener­

a l l y s m a l l , r e s o n a n c e s a r e p r e s e n t i n the spectrum. Those a t 

44.61, 50.06, 68.75 and 133.88 ppm a r e p o s s i b l y due to the p r e ­

s e n c e o f u n r e a c t e d monomer. The r e s o n a n c e a t 68.75 ppm might 
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a l s o be connected w i t h HH and TT l i n k a g e s as might the s m a l l 

r e s o n a n c e s between 70.90 and 72.50 ppm. Some d e u t e r a t e d im­

p u r i t y from the s o l v e n t i s l i k e l y t o be r e s p o n s i b l e f o r t h e 

r e s o n a n c e s a t 82.37, 82.72 and 83.08 ppra. F u r t h e r r e s o n a n c e s 

o c c u r a t 15.25, 30.00, 31.06*, 31,44*, 33.75*, 45.19*, 115.19, 

118.75*, 127.31, 132,43, 132.75, 135.11 and 137.38 ppm. Re­

sonances o c c u r a t s i m i l a r s h i f t s t o t h o s e m>arked w i t h an a s t e r i s k 

i n t h e spectrum of the p o l y e t h e r . There a r e a l s o a number of 

s m a l l r e s o n a n c e s a s s o c i a t e d w i t h the main r e s o n a n c e s . 

There i s no e v i d e n c e o f the p r e s e n c e o f the known 

p r o d u c t s of p h o t o i n i t i a t o r p h o t o l y s i s , namely, iodobenzene, 
4 

b i p h e n y l and f l u o r o b e n z e n e , A l s o t h e r e i s no c o n c l u s i v e 

e v i d e n c e f o r the p r e s e n c e of b e n z y l a l c o h o l o r p o l y ( b e n z y l ) 

m o i e t i e s , p o t e n t i a l p r o d u c t s of t h e g e n e r a t i o n o f b e n z y l c a t i o n s . 

A f i l m o f the p o l y e t h e r ( X X X V I I I ) (0.13g) c o n t a i n i n g 

p h o t o i n i t i a t o r (0.08g) was p r e p a r e d on g l a s s i n the manner de­

s c r i b e d p r e v i o u s l y . The f i l m was g i v e n 20 p a s s e s under the 

1.8kW lamp, removed from the s u b s t r a t e , d i s s o l v e d i n CDCl^ and 

u n p h o t o l y s e d p h o t o i n i t i a t o r f i l t e r e d o f f . 

The "̂ Ĉ-NMR (Appendix 5, Spectrum No. 20) shows the 

e x p e c t e d r e s o n a n c e s a s s i g n a b l e t o the p o l y e t h e r . The r e l a t i v e 

i n t e n s i t i e s of the r e s o n a n c e s a s s i g n e d t o the p o l y e t h e r have 

changed s i g n i f i c a n t l y , the r e s o n a n c e s a t 115.41 and 129.71 

f o r example, compared w i t h the spectrum of u n t r e a t e d p o l y e t h e r 

and t h e r e s o n a n c e s a t t r i b u t e d t o the q u a t e r n a r y a r o m a t i c c a r b o n s , 

p a r t i c u l a r l y t h a t a t 133.25 ppm, have broadened. These 

changes a r e not g e n e r a l l y c o n s i s t e n t w i t h t h o s e observed i n the 

spectrum of the p o l y e t h e r p r e p a r e d by the p h o t o i n i t i a t e d p o l y ­

m e r i z a t i o n of (XXXVI) which may i n d i c a t e t h a t the d i f f e r e n c e s a r e 

r e l a t e d to the c o n d i t i o n s under which the s p e c t r a were r e c o r d e d . 
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I n a d d i t i o n t o the r e s o n a n c e s a s s i g n e d to the p o l y ­

e t h e r o t h e r , g e n e r a l l y s m a l l , r e s o n a n c e s a r e p r e s e n t . The 

r e s o n a n c e s between 70.9 4 and 71.94 ppm o c c u r i n the spectrum 

of t h e u n t r e a t e d p o l y e t h e r as does the resonance a t 127.31 ppm. 

F u r t h e r r e s o n a n c e s o c c u r a t 132.51, 132.68, 134.97 and 137.38 

ppm w i t h o t h e r s m a l l r e s o n a n c e s a s s o c i a t e d w i t h the main r e ­

s o n a n c e s . T h e r e i s a g a i n no e v i d e n c e of d e t e c t a b l e amounts 

of t h e known p r o d u c t s of p h o t o i n i t i a t o r p h o t o l y s i s nor of 

b e n z y l a l c o h o l o r p o l y ( b e n z y l ) m o i e t i e s . Resonances w i t h 

s h i f t s c l o s e t o t h o s e a t 132.51, 132.68 and 134.97 ppm are 

o b s e r v e d i n t h e sp e c t r u m of (XXXVI) i r r a d i a t e d i n the p r e s e n c e 

of p h o t o i n i t i a t o r but not i n the spectrum of the u n t r e a t e d 

p o l y e t h e r . T h e r e f o r e t h e s e r e s o n a n c e s might be connected 

w i t h t h e c o l o u r e d s p e c i e s g e n e r a t e d by the a c t i o n of the i n i t ­

i a t i n g s p e c i e s . 

( i i ) Compound (XXXVII) and the P o l y e t h e r (XXXIX) 

A m i x t u r e of (XXXVII) (0.36g, 1.5 x i o " ^ m.oles) and 

p h o t o i n i t i a t o r were p r e p a r e d on p o l y e t h y l e n e by the method de­

s c r i b e d p r e v i o u s l y . A f t e r b e i n g g i v e n 20 p a s s e s under the 

1.8kV7 s o u r c e , t h e m a t e r i a l was removed from the s u b s t r a t e , d i s ­

s o l v e d i n CDCl^ and u n p h o t o l y s e d p h o t o i n i t i a t o r f i l t e r e d o f f . 

The main r e s o n a n c e s i n the ''""̂ C-NMR spectrum (Appendix 

5, Spectrum No. 21) have s i m i l a r s h i f t s to those observed i n the 

s p e c t r u m of the p o l y e t h e r (XXXIX) p r e p a r e d by the c o n v e n t i o n a l 

p o l y m e r i z a t i o n o f ( X X X V I I ) . T a b l e 6.15 g i v e s the assignment 

of t h e s e main r e s o n a n c e s . 



366 

13, TABLE 6.15 Assignment o f the Main Resonances i n the C-NMR 
Spectrum of (XXXVII) I r r a d i a t e d i n the P r e s e n c e 
of P h o t o i n i t i a t o r 

2C—01 

Nucleus Shift/ppm Nucleus S h i f t / p p m 

1 21.94 6 114.38 

2 43.81 7 125.79 

3 68.00 8 127.41 

4 69.69 9 128.20 

70.03 10 128.35 

5 77.94 11 138.52 

78.14 12 146.63 

78.27 13 156.93 

The r e l a t i v e i n t e n s i t i e s of the r e s o n a n c e s a s s o c i a t e d 

w i t h the b r i d g i n g group and a r o m a t i c c a r b o n s do i n one or two 

c a s e s show s i g n i f i c a n t d i f f e r e n c e s from t h e i r r e l a t i v e intens.-

i t i e s i n the spectrum of the p o l y e t h e r p r e p a r e d by c o n v e n t i o n a l 

p o l y m e r i z a t i o n . A l s o the r e s o n a n c e s a t 138.52 ppm has 

broadened s l i g h t l y . 

Other, g e n e r a l l y s m a l l , r e s o n a n c e s a r e p r e s e n t i n 

a d d i t i o n to those t a b u l a t e d above. The r e s o n a n c e s a t 
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68.69 ppm and between 70.43 and 72.50 ppm appear i n the s p e c t ­

rum of u n t r e a t e d p o l y e t h e r and might be due to HH and TT l i n k ­

a g e s . F u r t h e r r e s o n a n c e s a r e o b s e r v e d a t 15.00, 115.06, 

116.19, 129.12, 129.44, 130.06 and 137.38 ppm. That a t 

15.00 ppm i s a l s o o b s e r v e d i n the spectrum of the u n t r e a t e d 

p o l y e t h e r . A l s o a s i n t h e sp e c t r u m o f the u n t r e a t e d p o l y ­

e t h e r t h e r e a r e many s m a l l r e s o n a n c e s a s s o c i a t e d w i t h the main 

r e s o n a n c e s . None of the above u n a t t r i b u t e d r e s o n a n c e s appear 

t o be c o n n e c t e d w i t h the known p r o d u c t s of p h o t o i n i t i a t o r photo­

l y s i s n o r w i t h t h r e e of t h e p o t e n t i a l p r o d u c t s of the g e n e r a t i o n 

o f p h e n e t h y l c a t i o n s , namely p h e n e t h y l a l c o h o l , s t y r e n e , or 

p o l y ( p h e n e t h y l ) m o i e t i e s . 

I t i s i n t e r e s t i n g t h a t t h e r e a r e t h r e e r e s o n a n c e s 

a s s o c i a t e d w i t h t h e m a i n - c h a i n methine carbons which have a 

s i m i l a r r e l a t i v e i n t e n s i t y t o t h e t h r e e r e s o n a n c e s observed i n 

t h e s p e c t r u m of the p o l y e t h e r (XXXIX) p r e p a r e d by the convent­

i o n a l p o l y m e r i z a t i o n o f ( X X X V I I ) , S i m i l a r l y t h e r e a r e two 

r e s o n a n c e s a s s o c i a t e d w i t h t h e m a i n - c h a i n methylene carbons. 

I n t h e c a s e of t h e c o n v e n t i o n a l l y p r e p a r e d p o l y e t h e r the m u l t i ­

p l i c i t y of t h e s e r e s o n a n c e s and t h e i r r e l a t i v e i n t e n s i t i e s were 

a t t r i b u t e d t o the p r e s e n c e o f a t a c t i c and i s o t a c t i c polymer 

f r a c t i o n s , 

T h e r e a r e two p o s s i b l e e x p l a n a t i o n s f o r the apparent 

o c c u r r e n c e o f a t a c t i c and i s o t a c t i c m a t e r i a l i n the p h o t o i n i t a t e d 

c a t i o n i c p o l y m e r i z a t i o n o f ( X X X V I I ) . S i n c e the p o l y m e r i z a t i o n 

i s c a r r i e d out i n the s o l i d s t a t e , r e g i o n s r i c h i n e i t h e r s t e r e o ­

i s o m e r c o u l d form as t he monomer i s s l o w l y d e p o s i t e d from s o l u t ­

i o n . Thus polymer formed i n t h e s e a r e a s c o u l d be mostly i s o ­

t a c t i c . A l t e r n a t i v e l y a s t e r e o b l o c k polymer c o u l d be formed 
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as r e p r e s e n t e d below: 

— ( - R — R — R — R — R — S — S — S — S - S — S — R — R — R - ^ 

T h i s would r e q u i r e some degree of s t e r e o c h e m i c a l c o n t r o l t o be 

e x e r t e d over the a d d i t i o n of monomer, an e f f e c t o b s e r v e d i n the 

p o l y m e r i z a t i o n of o t h e r mono- and d i s u b s t i t u t e d e p o x i d e s u s i n g 

c a t a l y s t s not a c t i n g by a c o o r d i n a t e mechanism. "'"̂  Such 

c o n t r o l has been a t t r i b u t e d to the s t e r i c i n t e r a c t i o n between 

t h e s u b s t i t u e n t s on the incoming monomer u n i t and t h e growing 

c h a i n end. I n t h i s c a s e i n t e r a c t i o n s c o u l d f a v o u r the i n c o r ­

p o r a t i o n of monomer u n i t s of the same c o n f i g u r a t i o n as the p r e ­

v i o u s monomer u n i t t o j o i n the polymer c h a i n . An o c c a s i o n a l 

f a i l u r e o f t h i s c o n t r o l would g i v e r i s e t o a s t e r e o b l o c k polymer. 

The p r e s e n c e of a t a c t i c and i s o t a c t i c m a t e r i a l i s not 

r e a d i l y apparent from the ''""̂C-NMR spectrum of the polymer of 

(XXXVI) p r e p a r e d by p h o t o i n i t i a t e d c a t i o n i c p o l y m e r i z a t i o n . 

A f i l m o f the p o l y e t h e r (XXXIX) ( 0 . 2 6 g ) , c o n t a i n i n g 

p h o t o i n i t i a t o r (0.15g) was pr e p a r e d on c l a s s by the method de­

s c r i b e d p r e v i o u s l y . The f i l m was g i v e n 20 p a s s e s under the 

1.8kW lamp, removed from the s u b s t r a t e d i s s o l v e d i n CDCl^ and 

unph o t o l y s e d p h o t o i n i t i a t o r f i l t e r e d o f f . 

The •'""̂ C-NMR spectrum (Appendix 5, Spectrum No. 22) shows 

the e x p e c t e d r e s o n a n c e s due to the p o l y e t h e r . The r e l a t i v e 

i n t e n s i t i e s o f t h e r e s o n a n c e s due t o the b r i d g i n g group and 

ar o m a t i c carbons a r e , i n some c a s e s , markedly d i f f e r e n t from 

those o b s e r v e d i n the spectrum of the u n t r e a t e d p o l y e t h e r . 

However t h e d i f f e r e n c e s i n the i n t e n s i t i e s a r e not g e n e r a l l y 

c o n s i s t e n t w i t h t h o s e o c c u r r i n g i n the spectrum, of the p o l y e t h e r 

p r e p a r e d b'y p h o t o i n i t i a t e d p o l y m e r i z a t i o n of (XXXVII) . 
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A number of other, generally weak, resonances are 
apparent i n the spectrum i n a d d i t i o n t o those assigned to the 
polyether. The resonances at 68.63 ppm and between 70.42 
and 72.4 3 ppm appear i n the spectrum of the untreated polyether 
and are probably due t o HH and TT linkages. Other resonances 
are at 30,75, 31.22*, 31.43*, 32.23*, 45.29*, 129.31, 129.50 

* 

130.16, 137.38 and 137.70 ppm. The resonances marked w i t h an 
as t e r i s k occur a t s h i f t s s i m i l a r t o resonances observed i n the 
spectrum of the untreated polyether. Other small resonances 
are also associated w i t h the main resonances. There i s no 
evidence of detectable amounts of the known products of photo-
i n i t i a t o r p h o t o l y s i s nor of the presence of phenethyl alcohol, 
styrene or poly(phenethyl) moieties, three p o t e n t i a l products 
r e s u l t i n g from the generation of phenethyl cations. I t i s 
noted t h a t the resonances at 129.50 and 130.10 ppm also occur 
i n the spectrum of (XXXVII) i r r a d i a t e d i n the presence of photo-
i n i t i a t o r and may the r e f o r e be connected w i t h the species 
g i v i n g r i s e t o the c o l o u r a t i o n . Also the resonance at 
137.78 ppm occurs i n the spectra of a l l four samples i r r a d i a t e d 
i n the presence of p h o t o i n i t i a t o r and may be due to some pro­
duct of p h o t o i n i t i a t o r p h o t o l y s i s . 

6.11 Conclusions 

The c o l o u r a t i o n of the DGEBA, DGEBF and epoxy novolac 
systems when p h o t o c a t i o n i c a l l y cured can be ascribed w i t h a 
reasonable degree of c e r t a i n t y to the formation of p-alkoxy-
benzylic cations. These species are produced by the proton-
a t i o n of the bridged aromatic moieties of the r e s i n s . I n two 
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of the systems, the decay of the coloured species was found 
to r e s u l t from three f i r s t - o r d e r or pseudo f i r s t - o r d e r pro­
cesses which i s not i n c o n s i s t e n t w i t h the proposed nature of 
the coloured species. 

I t was i n i t i a l l y thought t h a t the occurrence of such a 
process i n the simpler model epoxide and polyether systems, 
chosen f o r t h e i r s i m i l a r i t y to the s t r u c t u r e of the r e s i n s , 
would generate products e a s i l y i d e n t i f i a b l e as r e s u l t i n g from 
the formation of benz y l i c cations. However i t appears t h a t the 
species generated by such a process i n the model systems are 
more complex than o r i g i n a l l y envisaged and indeed no evidence 
f o r the formation of benzylic cations was obtained. The l a t t e r 
species lack the s t a b i l i z i n g influence of the p-alkoxy group of 
the species generated i n the r e s i n systems which g r e a t l y a f f e c t s 
t h e i r chemistry. Coloured species were generated by the model 
compounds i n aci d s o l u t i o n or when i r r a d i a t e d i n the presence of 
p h o t o i n i t i a t o r but since these species were u n i d e n t i f i e d the 
question remains as t o whether they o r i g i n a t e from the expected 
process or some other process. The species generated i n 
s o l u t i o n appear t o be d i f f e r e n t to those generated via photo-
i n i t i a t o r p h o t o l y s i s i n d i c a t i n g t h a t a d i f f e r e n t process and/or 
f i n a l product takes precedence i n the s o l i d s t a t e . The s t a b i l ­
i t y of the species generated i n the s o l i d s tate suggests t h a t 
they are not carbonium ions. 
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CHAPTER SEVEN 

ATTEMPTS TO OBTAIN FLUQRINATED SURFACES 
VIA THE SURFACE SEGREGATION OF 

SMALL AMOUNTS OF POLYFLUORINATED MONOMER 
ADDED TO LACQUERS OF CONVENTIONAL EPOXY RESIN 
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7.1 I n t r o d u c t i o n 

Fluoropolymers o f f e r the p o t e n t i a l advantages of low 
surface energy, good chemical resistance, low c o e f f i c i e n t of 
f r i c t i o n and good thermal s t a b i l i t y . These p r o p e r t i e s , u s e f u l 
i n a number of a p p l i c a t i o n s , stem from the high e l e c t r o n a f f i n ­
i t y , small atomic radius and low p o l a r i z a b i l i t y of f l u o r i n e . 
However the high cost of such materials r e s t r i c t s t h e i r a p p l i c ­
ations t o areas where such p r o p e r t i e s are e s s e n t i a l and where a 
comparable performance cannot be achieved using less expensive 
polymers. 

The desirable surface p r o p e r t i e s of fluoropolymers such 
as t h e i r ease of cleaning v/ould be u s e f u l i n several areas of 
surface coatings technology, f o r example, a n t i - f o u l i n g coatings. 
Since surface properties are determined by the nature and 
packing of the exposed species at the surface,"'' the bulk of such 
coatings need not be composed of fluoropolymer. Thus the sur­
face p r o p e r t i e s associated w i t h fluoropolymers might be achieved 
by having a hydrocarbon polymer w i t h a surface r i c h i n f l u o r -
inated moieties. Low surface free energy species have a tend­
ency t o migrate t o the surface when incorporated i n t o a s u i t a b l e 
organic medium. This o f f e r s a p o t e n t i a l l y low cost route t o 
obtain i n g a surface composed of f l u o r i n a t e d m a t e r i a l . 

Since photocurable systems only polymerize on exposure t o 
l i g h t of a s u i t a b l e wavelength i t i s , i n p r i n c i p l e , possible t o 
prepare f i l m s containing small amounts of p o l y f l u o r i n a t e d mono­
mer and leave them p r i o r t o i r r a d i a t i o n f o r the f l u o r i n a t e d 
species t o migrate to the surface. This approach, using photo-
curable systems o f f e r s tv;o advantages over other systems. 
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Segregation takes place w h i l s t the system i s s t i l l mobile and 
should occur more r a p i d l y , w h i l s t the use of a monomeric species 
means t h a t the f l u o r i n a t e d moiety i s l i k e l y t o be bound i n t o 
the network on cure. 

This chapter reports the r e s u l t s of attempts to obtain a 
f l u o r i n a t e d , low energy surface, by adding small amounts of 
p o l y f l u o r i n a t e d epoxide compounds to lacquers of conventional 
epoxy r e s i n , mainly the DGEBA r e s i n . 

7.2 Surface Segregation of Low Surface Energy Species 

The l i t e r a t u r e contains a number of studies showing t h a t 
surface segregation of low surface free energy species does 
occur. For example, Zisman et al have in v e s t i g a t e d the sur­
face segregation of small amounts of compounds containing acid 
or e s t e r moieties w i t h p e r f l u o r o a l k y l chains added to polymers 
such as polystyrene, PS or PMMA.'̂ ' I t was found that the 
e f f e c t i v e n e s s of a p a r t i c u l a r a d d i t i v e i n a polymer depended 
on i t s organophilic-organophobic nature, t h a t i s the balance 
between the c o m p a t i b i l i t y and i n c o m p a t i b i l i t y of the ad d i t i v e 
w i t h the polymer s t r u c t u r e . The study d i d show that the 
a d d i t i o n of small amounts of f l u o r i n a t e d a d d i t i v e s could pro­
duce a marked decrease i n the surface energy and c o e f f i c i e n t s 
of f r i c t i o n of the polymers. The systems where surface seg­
regation d i d occur also e x h i b i t e d the property of s e l f - h e a l i n g , 
t h a t i s when damaged, the f l u o r i n a t e d surface could be regener­
ated by warming the f i l m t o encourage f u r t h e r migration of the 
a d d i t i v e . 



375 

As mentioned i n Chapter Two, a surface a c t i v e photo­
i n i t i a t o r c o n t a i n i n g a p e r f l u o r o a l k y l moiety has been used i n 
free r a d i c a l photocurable systems.'^ Using ESCA, the concen­
t r a t i o n of the p h o t o i n i t i a t o r at the f i l m - a i r i n t e r f a c e was 
found t o increase as the v i s c o s i t y of the coating decreased 
or the i n t e r v a l between a p p l i c a t i o n and i r r a d i a t i o n increased. 
The p h o t o i n i t i a t o r was also found t o migrate t o the substrate-
f i l m i n t e r f a c e . 

Surface segregation of the low energy components of polymer 
mixtures or block copolymers has also been observed^ using sur­
face energy measurements, ESCA and attenuated t o t a l r e f l e c t a n c e 
i n f r a - r e d spectroscopy. Using the surface s e n s i t i v e i n f r a - r e d 
spectroscopic technique, the surface of a mixture of poly-
( d i m e t h y l s i l o x a n e ) , PDMS, w i t h a polyether-polyurethane type 
copolymer was found t o be r i c h i n the lower surface energy PDMS 
component.^ The surface energy of a PDMS-PS block copolymer 
was found to be the same as t h a t of pure PDMS and ESCA showed 
t h a t the surface was mostly composed of PDMS.̂  Surface segreg­
a t i o n of the PS component i n a PS-poly(oxirane) block copolymer 
has been observed using ESCA although the d i f f e r e n c e i n surface 

g 

energy between the two components i s q u i t e small. I t was also 
found t h a t the concentration of polystyrene i n the surface was 
dependent on the solvent used t o prepare the f i l m s . 

7.3 Determination of the Surface Free Energy of Sol i d Polymers 

C l a s s i c a l l y the surface energy of a s o l i d may be defined 
as h a l f the energy required to separate two u n i t areas of ad-
jacent atomic planes t o i n f i n i t y i n a vacuum. The force of 
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a t t r a c t i o n between atoms generally arises from short range 

disp e r s i o n forces but may also involve hydrogen bonding. The 

above d e f i n i t i o n i s i d e a l i z e d and i n p r a c t i c e i t i s very 

d i f f i c u l t , i f not impossible, to d i r e c t l y determine the sur­

face energy of a s o l i d such as a polymer which has an important 

bearing, f o r example, the adsorption and adhesion properties of 

the surface. The i n d i r e c t methods of measuring the surface 

energy o f s o l i d s g enerally involve the determination of the 

w e t t a b i l i t y of the surface by various l i q u i d s of known surface 

tension. W e t t a b i l i t y i s quite r e a d i l y defined by the contact 

angle, 6, as shown,in Figure 7.1. 

FIGURE 7.1 Contact Angle of a L i q u i d Drop on a S o l i d 

s V 

Two l i m i t i n g cases are possible, e i t h e r the l i q u i d wets 
the surface t o t a l l y and 9=0° or the l i q u i d i s t o t a l l y non-

o w e t t i n g and 6=180 
r e a l i z e d . 

I n p r a c t i c e the l a t t e r case i s never 

One of the f i r s t and possibly most successful approaches 

to determining the surface energy of s o l i d s was t h a t developed 

by Zisman. For a drop i n e q u i l i b r i u m on a stress free sur­

face the r e l a t i o n s h i p , shown below, between the surface tensions 

at the l i q u i d - v a p o u r , li^, s o l i d - l i q u i d , Yg-̂ f and solid-vapour, 

Ŷ ,̂ i n t e r f a c e s should hold: 
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Y ~ Y -, = YT cose, sv s i ' 1v 

The contact angles of an homologous series of n-alkanes on 
various polymeric surfaces were measured and a l i n e a r r e l a t i o n ­
ship between cosQ and the surface tension of the l i q u i d found 
f o r each surface. E x t r a p o l a t i o n of the l i n e t o the point 
where cose = 1, i.e. the l i q u i d j u s t wets the surface t o t a l l y , 
gives Y-ĵ ^ = Yg^ assuming t h a t Yĝ ^ i s zero. The value of Y-Ĵ ^ 
at which cosQ = 1 was termed the ' c r i t i c a l ' surface energy, y^, 

since i t cannot be d i r e c t l y equated wit h the surface energy of 
the s o l i d as y^^ may not be zero when cos0 = 1. 

10 
Owens and Wendt i n an attempt t o r e l a t e the contact angle 

of a l i q u i d t o the surface energy of a s o l i d without the need 
f o r the unknown parameter Yg-ĵ  developed the f o l l o w i n g expression 
based on the work of Fowkes'^'^: 

1 + cos9 = 2 Jy^ 
^ I v 

\ / 

The parameter Y^ i s the surface energy of the s o l i d due t o 

d i p o l e - d i p o l e i n t e r a c t i o n s w h i l s t Y'̂  i s the component of the 
surface energy r e s u l t i n g from H-bonding i n t e r a c t i o n s . The 

d h 
parameters Y-ĵ ^ and Y-j^^ are the corresponding components of the 
surface tension o f the l i q u i d , w h i l s t Y-, (= + Y!̂  ) i s the 

I v I v I v 
o v e r a l l surface t e n s i o n of the l i q u i d . The measurement of the 
contact angle of two l i q u i d s f o r which Y j ^ / Y^ and Y^ are known 
gives two simultaneous equations which can be solved f o r Y^ and 

s Y^. The o v e r a l l surface energy of the s o l i d , Y / i s then s s 
given by the sxim o f the two components. 

From contact angle measurements of water and methylene 
iodide,Owens and Wendt c a l c u l a t e d the values of Y- f o r various 
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polymers and compared them w i t h values of y^- Although some 
ob j e c t i o n s t o the method of the d e r i v a t i o n of the above equation 

12 
have been r a i s e d , the values of Y- generally i n reasonable 

agreement w i t h values of Ŷ ,-
I n t h i s work, the contact angles of l i q u i d s were measured 

by p l a c i n g a 1-2IJ£ drop of the l i q u i d on the surface and measur­
ing the h e i g h t , h, and base, b, of the drop using a microscope 
equipped w i t h a g r a t i c u l e . The contact angle , 8, i s then 
given by the f o l l o w i n g expression: 

= 2 tan"-"- /2_h 
b 

With some l i q u i d s the contact angle was found t o decrease w i t h 
time which was a t t r i b u t e d to the e f f e c t s of evaporation. Thus 
contact angles were m.easured immediately a f t e r a p p l i c a t i o n of 
the drop or f o l l o w e d w i t h time and an extrapolated value of 0 
corresponding t o zero time obtained. Also f o r each surface 
and l i q u i d , 9 was measured several times and an average taken. 

The surface energies of commercial samples of polyethylene 
and p o l y t e t r a f l u o r o e t h y l e n e were estimated using the methods 
o u t l i n e d above. The polymer samples were washed w i t h detergent 
and water, r i n s e d thoroughly w i t h d i s t i l l e d water and then l e f t 
f o r several days under high vacuum over P2*̂ 5" 

A p l o t of cos6 against the surface tension of a series of 
u n p u r i f i e d n-alkanes (heptane, octane, nonane, decane and hexa-
decane) on the p o l y t e t r a f l u o r o e t h y l e n e sample gave a good 
s t r a i g h t l i n e from which a value of 19±2 dyn cm ^ f o r y was 
obtained. This compares favourably w i t h the l i t e r a t u r e value"*" 
of 18 dyn cm The n-alkanes could not be used to determine 
Y f o r the polyethylene sample since they wet the sample t o t a l l y 
i n d i c a t i n g t h a t the value of y^ must be above 27.5 dyn cm 
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A measure of Y^ f o r the p o l y t e t r a f l u o r o e t h y l e n e sample 
was made using a non-homologous series of l i q u i d s (water, g l y c e r o l , 
fcrmamide, methylene i o d i d e , b e n z o n i t r i l e , benzyl alcohol, n-
hexadecane and n-decane) most of which were u n p u r i f i e d . The 
p l o t of cos9 against the surface tension of the series of 
l i q u i d s gave a good s t r a i g h t l i n e w i t h a Ŷ , value of 14±3 dyn cm ^ 
which i s lower than the l i t e r a t u r e value. S i m i l a r l y Y^ f o r 
the polyethylene sample was measured using the above series of 
l i q u i d s w i t h the exception of the two n-alkanes. The p l o t of 
cos© against the surface tension of the l i q u i d s was not very 
good but gave a Y„ value of 32±4 dyn cm "'" which i s close t o the 
l i t e r a t u r e value"^ of 31 dyn cm 

Doubly d i s t i l l e d water and methylene iodide t h a t had been 
vacuum t r a n s f e r r e d were used to estimate the surface energy, 
Yg, of the two samples by the method of Owens and Wendt. The 
value of Y f o r the p o l y t e t r a f luoroethylene sample was found 
to be 16±1 dyn cm ^ which i s lower than the l i t e r a t u r e value"''*^ 
of 19 dyn cm ^. The value of Y f o r the sample of polyethylene 
was found t o be 31±1 dyn cm ^ which i s again s l i g h t l y lower than 
the l i t e r a t u r e value'''*^ of 33 dyn cm ̂ . 

Thus, w i t h i n the l i m i t s of the methods, the l i q u i d s and 
techniques adopted f o r the estimation of surface energies i n 
t h i s work give values i n reasonable agreement to those quoted 
i n the l i t e r a t u r e . 

7.4 Preparation of the Polyf l u o r i n a t e d Epoxides used i n t h i s Work 

The work reported i n the l i t e r a t u r e on poly- and p e r f l u o r -
i n a t e d epoxide compounds i s qu i t e extensive. Much of the 
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i n t e r e s t i n f l u o r i n a t e d monoepoxides stems from t h e i r p o t e n t i a l 
use as monomers f o r the preparation of l i n e a r f l u o r i n a t e d poly-
ethers. "'""̂  Also they may be used t o obtain f l u o r i n a t e d sur­
faces by attachment via r e a c t i o n of the oxirane r i n g w i t h s u i t -

14 
able f u n c t i o n a l groups on the surface. P o l y f l u o r i n a t e d d i -
epoxide compounds have been synthesised f o r use i n surface 
coatings since they give a c r o s s - l i n k e d network on cure.''"^'^^ 
To o b t a i n desirable surface p r o p e r t i e s the f l u o r i n e content of 
these resins must be high which makes t h e i r cost p r o h i b i t i v e . " ^ ^ 

I t was decided to synthesise simple monoepoxide compounds 
w i t h p o l y f l u o r o a l k y l chains f o r these surface segregation 
studies r a t h e r than the more complex diepoxy compounds mentioned 
above. The f o l l o w i n g compounds were used i n t h i s study: 

A 
H C F j I C F j I j C H j O C H j C H - C H j C F j I C F j l j C H j C H - C H j 

I X L I I l I X L I I I l 

A A 
C F 2 C F 2 C H 2 O C H 2 C H - C H 2 C F 3 C F 2 C H 2 C H - C H 2 

(XLIV) (XLV) 

7,7 , 7 , 6 , 6 , 5 , 5,4,4,3,3,2,2-tridecafluoroheptyl oxirane ( X L I I I ) 

(95%) was purchased from Prosynth. The IR spectrum of t h i s 
m a t e r i a l i n d i c a t e d t h a t i t was contaminated w i t h a small amount 
of i m p u r i t y containing hydroxyl and carbonyl moieties. The 
m a t e r i a l was d i s t i l l e d through a Vigreux column under reduced 
pressure and the major f r a c t i o n (72-75°C, 18-19mmHg) t r a n s f e r r e d 
under vacuum. The IR spectrum of the p u r i f i e d m a t e r i a l 
(Appendix 4, Spectrum No.14) was consistent w i t h the s t r u c t u r e 
of ( X L I I I ) and d i d not show any hydroxyl or carbonyl absorptions, 
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The compounds ( XLII) and ( XLIV) were synthesised by 

the simple r e a c t i o n of the appropriate p o l y f l u o r o a l c o h o l w i t h 

ECH via the manner described previously f o r the synthesis of 

(XXXVI) (Chapter 6, Section 6.6(A)). 
18 

The compound (XLV ) was prepared by the method of Brace 
which involves the f r e e r a d i c a l reaction of a l l y l acetate and 
p e r f l u o r o e t h y l iodide i n the presence of a small amount of 
a z o b i s i s o b u t y r o n i t r i l e , ABN: 

0 0 I C - F ^ 
II ABN II I |2 5 

C H - C - O C H ^ C H = CH^ + C^F^I • C H - C - O C H ^ C H - C H ^ 
3 2 2 2 0 ^ 3 2 2 

(XLVI ) 

The intermediate (XLVI ) i s then t r e a t e d w i t h sodium hydroxide 
t o generate the required product: 

II I |2 5 NaOH A II 
C H 3 - C — O C H j C H — • C F ^ C F j C H ^ C H - C H j + CH^-C-OH + N Q I 

(XLV) 

(A) Synthesis and Characterization of ((7,7,6,6,5,5,4,4,3,3,2,2-
dodecafluoroheptyl)oxy)methyl oxirane (XLII) 

The r e a c t i o n of 7 ,7,6,6,5,5,4,4,3,3,2,2-dodecafluoro-
heptanol (164.8g, 0.50 moles) w i t h ECH (231.5g, 2.50 moles) i n 
the presence of sodium hydroxide (20.2g, 0.51 moles) and a 
c a t a l y t i c amount of water was c a r r i e d out under nitrogen i n 
the manner described previously f o r the synthesis of (XXXVI) 
A f t e r the r e a c t i o n mixture had been l e f t s t i r r i n g at 70°C f o r 
5 hours, the white s o l i d f i l t e r e d o f f and the excess ECH removed 
using a r o t a r y evaporator, the impure product was d i s t i l l e d 
through a Vigreux column under reduced pressure. The major 
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f r a c t i o n b o i l e d between 108-112 C (9-11 mm Hg) but GLC analysis 
of t h i s m a t e r i a l , taken to be the product, i n d i c a t e d t h a t i t 
contained some i m p u r i t y . The f r a c t i o n was then r e d i s t i l l e d 
using a Fischer-Spaltrohr concentric r i n g d i s t i l l a t i o n apparatus 
under vacuum. The major f r a c t i o n (83.5g) b o i l e d between 
82-83°C (1.1 mm Hg) and GLC i n d i c a t e d t h a t i t contained a s i n g l e 
component. This m a t e r i a l was taken t o be the product, g i v i n g 
a y i e l d of 43%. A f t e r being t r a n s f e r r e d under vacuum using 
grease-free apparatus, the m a t e r i a l v;as characterized using the 
usual techniques. 

o 

The IR spectrum of t h i s m a t e r i a l (Appendix 4, Spectrum No.15) 
was consistent w i t h i t being the desired product. Table 7.1 
shows the assignment of a number of the bands i n the spectrum. 

TABLE 7.1 Assignment of Absorption Bands i n the 
IR Spectrum of (XLII) 

Frequency/cm "'" Assignment 

3070-3010 Oxirane C-H s t r e t c h 
2940-2860 A l i p h a t i c C-H s t r e t c h 

1485-1405 A l i p h a t i c C-H bend 
1210-1155 C-H s t r e t c h + a l i p h a t i c 

C-O-C asymmetric s t r e t c h 

905 Oxirane r i n g s t r e t c h 

The H-NMR spectrum (Appendix 5, Spectrum No.23a) i s also 
consistent w i t h the m a t e r i a l being the desired product. The 
assignments of the resonances are shown i n Table 7.2. The 
spectrum w i t h H decoupled i s also reproduced i n Appendix 5, 

(Spectrum No. 2 3b) 
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TABLE 7.2 Assignment of the H Resonances i n the 
Spectrum of ( XLII) 

C C 0 H-
/ l \ / ' \ / \ / 

HgCF2(CF2)5Hf^0 Hg^c 

He Hb 

Proton Shift/PPM S p l i t t i n g Integration 

H 
a 

*A = 2.58 

a-b 

AB 
q 

= 4.9Hz, J^ = 4 . b-c 2 Hz 
1 

% 63 = 2.77 J^ = 2.6 Hz a-c 1 

H 
c 

3.13 M u l t i p l e t 1 

H, or H d e Â = 3-48 

4 -
d-e 

AB 
q 

= 11.9Hz, J^, =6 d/e-c . OHz 
1 

"e °^ "d 63 = 3.93 J^ /, = 2.5 Hz e/d-c 

" f 4.00 M u l t i p l e t 
3 

H 
g 

6.02 T r i p l e t of t r i p l e t s 1 

b 
= 51.9 Hz,J^ _p=5 

g 
. 2Hz 

The assignments of the resonances i n the NMR Spectrum 
(Appendix 5, Spectrum No.24) of (XLII ) are shown i n Table 7.3 



TABLE 7.3 Assignment of the "'"̂C Resonances i n the 
Spectrum of (XLII) 

H C F , O F , C F , C C 0 
5 \ V \ V \ V 3 \ / . \ / \ 

C F 2 C F 2 C F 2 0 c — c 
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Nucleus Shift/PPM S p l i t t i n g 

1 43.32 S i n g l e t 

2 50.21 S i n g l e t 

3 68.07 T r i p l e t 

^ = 25.6 Hz C3-F 

4 73.12 S i n g l e t 

5 107.67 T r i p l e t of t r i p l e t s 

J""" =254.6 Hz, T;,=31.5 HZ C5-F C5-F 

-CF2- 104.51-118.68 Overlapping m u l t i p l e t s 

Elemental analysis gave 30.4% carbon, 2.4% hydrogen and 

56.1% f l u o r i n e which i n the case of the f l u o r i n e analysis does 

not compare favourably w i t h the expected composition of 30.9% 

carbon, 2.1% hydrogen and 58.8% f l u o r i n e . The mass spectrum 

(Appendix 6) was also consistent w i t h the m a t e r i a l being the 

desired product. 

(B) Synthesis and C h a r a c t e r i z a t i o n of ((3,3,3,2,2-penta-
f l u o r o p r o p y l ) oxy)methyl oxirane (XLIV)" " 

The r e a c t i o n of 3,3,3,2,2-pentafluoropropanol (112.8g, 

0.75 moles) w i t h ECH (352.8g, 3.81 moles) i n the presence of 
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sodium hydroxide (32.Og, 0.80 moles) and a c a t a l y t i c amount 

of water was c a r r i e d out i n the manner described previously. 

A f t e r the r e a c t i o n mixture had been l e f t s t i r r i n g for 8 hours 

at 70°C, the white s o l i d was f i l t e r e d o f f and the excess ECH 

removed by d i s t i l l a t i o n under N2 using a Vigreux column. From 

GLC, the d i s t i l l a t e was thought to contain some product. The 

d i s t i l l a t e and the r e s i d u e s were then r e d i s t i l l e d under nitrogen 

using the F i s c h e r - S p a l t r o h r apparatus. The product f r a c t i o n 

(51.Og) was c o l l e c t e d between 144.5-144.7°C. This material 

was shown by GLC to be a s i n g l e compound. The y i e l d of t h i s 

m a t e r i a l was 33%. A f t e r t r a n s f e r under vacuum as described 

i n the previous s e c t i o n the m a t e r i a l was c h a r a c t e r i z e d using 

the u s u a l techniques. 

The IR spectrum of the m a t e r i a l (Appendix 4, Spectrum 

No.16) i s c o n s i s t e n t , i t being the d e s i r e d product. Table 7.4 

shows the assignments of a number of bands i n the spectrum. 

IR Spectrum of (XLIV) 

Frequency/cm Assignment 

3040-3000 Oxirane C-K s t r e t c h 

2920 A l i p h a t i c C-H s t r e t c h 

1450-1350 A l i p h a t i c C-H bend 

1200-1100 , C-F s t r e t c h + a l i p h a t i c 

C-O-C asymmetric s t r e t c h 

900 Oxirane r i n g s t r e t c h 

The -"-H-NMR spectrum of the m a t e r i a l (Appendix 5, Spectrum 

No.25a) i s a l s o c o n s i s t e n t with i t being the desired product. 
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Table 7.5 shows the assignment of the resonances, The 

spectrum with H^ decoupled i s a l s o reproduced i n Appendix 5, 

(Spectrum No.25b). 

TABLE 7.5 Assignment of the H Resonances i n 
the Spectrum of (XLIV) 

H H, 

\ 
Hi 

Proton Shift/PPM S p l i t t i n g Integration 

H 
a 

6^ = 2.59 Ab 
q 

j 2 ,=4.9 Hz, =4.2 Hz a-b b-c 

1 

«b 6^ = 2.78 J"^ = 2.7 Hz a-c 1 

H 
c 

3.4 Mul t i p l e t 1 

H, or H d e 6^ = 3.47 
A 

AB 
q 

j 2 =11.9 Hz, J ^ , =6.0 Hz d-e d/e-c 

1 

H or H, e d 6^ = 3.94 
B 

3 J = 2.6 Hz e/d-c 

»f 3.96 Mul t i p l e t 3 
(2H^ + Ĥ /̂ ) 

Table 7.6 gives the assignments of the resonances i n the 
13 C-NMR spectrum (Appendix 5, Spectrum No.26a). The DEPT 

spectrum (Appendix 5, Spectrum No.26b) was u s e f u l i n the 

assignment of the resonances. 
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13. TABLE 7.6 Assignment of the C Resonances i n 
the Spectrum of ( XLIV) 

C F - C C O 
^ \ V 3 \ / ^ \ / \ 

C F - 0 C 1 
5 ^ 2 

Nucleus Shift/PPM S p l i t t i n g 

1 42.83 S i n g l e t 

2 49.87 S i n g l e t 

3 67. 38 T r i p l e t 

^ = 2.64 Hz C3-F 

4 72.88 S i n g l e t 

5 112.94 T r i p l e t of quartets 

J!; =254.2 Hz, T;,=37.1 HZ C^-F C5-F 

6 118.61 Quartet of t r i p l e t s 

Jp =285.3 Hz, Jp p=35.0 Hz 
6 5 

Elemental a n a l y s i s gave 35.2% carbon, 3.1% hydrogen and 

45.6% f l u o r i n e which compares favourably with the expected 

composition of 35.0% carbon, 3.4% hydrogen and 46.1% fluorine, 

The mass spectrum of the m a t e r i a l (Appendix 6) was con s i s t e n t 

with i t being the d e s i r e d product. 

(C) S y n t h e s i s and C h a r a c t e r i z a t i o n of 3,3,3,2,2-penta-
f l u o r o p r o p y l oxirane (XLV) 

The a l l y l a c e t a t e used i n t h i s preparation was d i s t i l l e d 
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under nitrogen onto molecular sieve p r i o r to i t s use. 

ABN (4.1g, 0.025 moles) and a l l y l acetate (75.8g, 0.76 moles) 

were placed i n a c y l i n d r i c a l , high pressure, s t e e l r e a c t i o n 

v e s s e l of 1100 cm^ c a p a c i t y . P e r f l u o r o e t h y l iodide (185.4g, 

0.75 moles) was then t r a n s f e r r e d under vacuum into the cooled 

v e s s e l . The v e s s e l was then heated slowly using a furnace 

i n an i s o l a t i o n c e l l , the temperature of the reaction mixture 

being monitored by means of a thermocouple placed i n a w e l l 

i n the bottom of the v e s s e l . As the temperature of the 

mixture approached 50-60°C i t s t a r t e d to r i s e quite r a p i d l y 

peaking at '\'85°C i n d i c a t i n g that an exothermic reaction had 

taken p l a c e . The r e a c t i o n mixture was then l e f t at '^n°C 

f o r 5 hours. 

A f t e r allowing the v e s s e l to cool, i t was opened and 

the c l e a r , pale green r e a c t i o n mixture f i l t e r e d to remove the 

small amount of i n s o l u b l e m a t e r i a l . D i s t i l l a t i o n of the r e ­

a c t i o n mixture using a Vigreux column under reduced pressure 

y i e l d e d a main f r a c t i o n (194.2g) between 82-85°C (6-7 mm Hg). 

Combined GLC-mass s p e c t r a l a n a l y s i s indicated that t h i s 

m a t e r i a l was mostly the d e s i r e d intermediate ( XLVI ) giving a 

y i e l d of ^̂ 7̂5%. 

The intermediate ( XLVI ) / (193.2g, 0.56 moles) was placed, 
3 3 along with d i e t h y l ether (150 cm ) , in a 500 cm round bottom, 

three-neck f l a s k equipped with a mechanical s t i r r e r / n i t r o g e n 

i n l e t , condenser and thermometer. A small portion of the 

sodium hydroxide (42.9g, 1.1 moles) was added and the mixture 

gently warmed to i n i t i a t e r e a c t i o n . Further portions of the 

sodium hydroxide were then added at i n t e r v a l s to keep the d i ­

e t h y l ether r e f l u x i n g . A f t e r addition of the sodium hydroxide 

the mixture was r e f l u x e d for a further 7 hours. 
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The r e a c t i o n mixture was f i l t e r e d to remove the white 

p r e c i p i t a t e t h a t had formed. D i s t i l l a t i o n of the f i l t r a t e 

using a Vigreux column under nitrogen y i e l d e d a manor f r a c t i o n 

b o i l i n g between 78-81°C, which combined GLC-mass spectroscopic 

a n a l y s i s i n d i c a t e d was mainly the d e s i r e d product. This 

m a t e r i a l was then r e d i s t i l l e d under nitrogen using the F i s c h e r -

S p a l t r o h r apparatus g i v i n g a f r a c t i o n (20.9g) b o i l i n g between 

67-69°C. GLC a n a l y s i s of t h i s f r a c t i o n i n d i c a t e d that i t was 

the d e s i r e d product with a very small amount of d i e t h y l ether 

present. A f t e r being t r a n s f e r r e d under vacuum to remove any 

grease, the m a t e r i a l was c h a r a c t e r i z e d using the usual techniques. 

The IR spectrum of the m a t e r i a l (Appendix 4, Spectrum No.17) 

i s c o n s i s t e n t with i t being the d e s i r e d product. Table 7.7 

shows the assignment of a number of the bands present i n the 

spectrum. 

TABLE 7. 7 Assignment of Absorption Bands in the IR Spectrum of (XLV) 

Frequency/cm Assignment 

3060-3010 Oxirane C-H s t r e t c h 

2930 A l i p h a t i c C-H s t r e t c h 

1480-1315 A l i p h a t i c C-H bend 

1200 C-F s t r e t c h 

905 Oxirane r i n g s t r e t c h 

The •''H-NMR spectrum of the m a t e r i a l (Appendix 5, Spectrum 

No.27) i s c o n s i s t e n t with i t being the d e s i r e d product. Table 

7.8 shows the assignment of the main resonances. 

A small resonance present at 7.34 ppm i s a t t r i b u t a b l e to 

CHCI3 w h i l s t the small quartet and t r i p l e t resonances at 3.48 
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and 1.20 ppm are a t t r i b u t a b l e to d i e t h y l ether. Small re­

sonances at 2.14 and 1.86 ppm are of unknown o r i g i n . 

TABLE 7.8 Assignment of the H Resonances i n the 
Spectrum of (XLV) 

C 0 Ĥ j 

3 2 y \ \ 

Proton Shift/ppm S p l i t t i n g Integration 

H 
a 

2.29 Mul t i p l e t 2 

"b 6^ = 2.56 A AB 
q 

j2_^=4.8 Hz, J^.^=4.4 Hz 

1 

H 
c 

6^ = 2.85 ^b-d = 2.5 Hz 1 

"d 3.18 Multi p l e t 1 

13 
Table 7.9 shows the assignment of the resonances i n the 

C-NMR spectrum of the mat e r i a l (Appendix 5, Spectrum No.28) 

13, TABLE 7.9 Assignment of the C Resonances i n the 
Spectrum of (XLV) 

C F - C 0 5 \ V i \ / \ 
C F , C C 
4 ^ 2 3 
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TABLE 7.9 (contd.) 

Nucleus Shift/ppm S p l i t t i n g 

1 35.10 T r i p l e t 

j 2 _ = 21.8 Hz 
^1 ^ 

2 44.71 T r i p l e t 

3 45.62 S i n g l e t 

4 115.05 T r i p l e t of q u a r t e t s 

j j i ,,=252.5 Hz, Jp _p=38.6 Hz C4-F C^ F 

5 119.07 Quartet of t r i p l e t s 

:,=284.8 Hz, _p=35.6 Hz C3-F C5 F 

Elemental a n a l y s i s gave 34.6% carbon, 3.1% hydrogen and 

53.3% f l u o r i n e which compared reasonably with the expected 

composition of 34.1% carbon, 2.8% hydrogen and 54.0% fl u o r i n e , 

The mass spectrum of the m a t e r i a l (Appendix 6) was c o n s i s t e n t 

with i t being the d e s i r e d product. 

7.5 C h a r a c t e r i z a t i o n and Surface Energy Measurements of 
Polymers Prepared by the Conventional C a t i o n i c Polymer­
i z a t i o n of Monomers ( X L I I ) and ( X L I I I ) 

The compounds ( X L I I ) and ( X L I I I ) were polymerized using 

the AlEt3/0.5 H2O c a t a l y s t system to give polymers of the 

following type; 
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- f - C H ^ C H - O - f - _ 4 _ C H - C H - 0 - h -2 I n 2 I n 

I '|'2'5 
C H ^ C F 3 

I C F - ) . 
I 2 5 

H C F 2 

( X L V I I ) ( X L V I I I ) 

The p o l y m e r i z a t i o n s were c a r r i e d out i n the same way as the 

p o l y m e r i z a t i o n of compounds (XXXVI) and (XXXVII) using the same 

c a t a l y s t s o l u t i o n . 

The s u r f a c e energy measurements were c a r r i e d out using 

the s e r i e s of n-alkanes and the water/methylene iodide method. 

Gla s s s l i d e s t h a t had been cleaned with n i t r i c a c i d , r i n s e d 

thoroughly with d i s t i l l e d water and then dried were coated using 

s o l u t i o n s of the polymer. A f t e r allov/ing the solvent to 

evaporate the coated s l i d e s were stored under high vacuum for 

s e v e r a l daysw 

(A) P o l y m e r i z a t i o n of ( X L I I ) and the C h a r a c t e r i z a t i o n of 
the R e s u l t i n g Polyether (XLVII) 

Compound ( X L I I ) (6.6g, 0.017 moles) was polymerized using 

the AlEt3/0.5 H2.0 c a t a l y s t s o l u t i o n (1.7 cm"̂ , [nonater ] / 

[AlEt2] = 20) . The polymerization mixture was l e f t s t i r r i n g 

for 6 hours a t 80°C. Methanol (40 cm"̂ ) was then added which 

did not p r e c i p i t a t e the polymer. The s o l u t i o n was f i l t e r e d 

to remove a s m a l l amount of i n s o l u b l e m a t e r i a l and chloroform 

added to the f i l t r a t e to p r e c i p i t a t e the polymer. The polymer 

was d i s s o l v e d i n methanol and r e p r e c i p i t a t e d a further two times 

and then d r i e d under high vacuum. The y i e l d of the white, very 

v i s c o u s o i l was 4.4g ( 6 6 % ) . 



393 

The I R spectrum of the polymeric m a t e r i a l (Appendix 4, 

Spectrum No.18) shows many absorption bonds at s i m i l a r f r e ­

quencies and with s i m i l a r r e l a t i v e i n t e n s i t i e s to those ob­

served i n the spectrum of the monomer. However the spectrum 

of the polymer contains a number of d i f f e r e n c e s c o n s i s t e n t with 

i t being a polyether with hydroxyl end groups. There i s a weak, 

broad, hydroxyl absorption a t ' v 3440 cm ^. The absorptions 

a t t r i b u t a b l e to the oxirane C-H s t r e t c h i n g mode (3070-3010 cm""'') 

and the oxirane r i n g s t r e t c h i n g mode (905 cm ^) are not present. 

Absorptions a t t r i b u t a b l e to a l i p h a t i c C-H s t r e t c h i n g mode 

(2920-2880 cm ''") have increased i n r e l a t i v e i n t e n s i t y as has 

the absorption i n the 1240-1080 cm region which i s assignable 

to a l i p h a t i c C-O-C s t r e t c h i n g mode. 

Elemental a n a l y s i s gave 30.7% carbon, 2.2% hydrogen and 

59.2% f l u o r i n e which i s i n very good agreement with the ex­

pected composition of 30.9% carbon, 2.1% hydrogen and 58.8% 

f l u o r i n e . 

The polymer was a l s o analysed using GPC, with THF as the 

solvent, as for polymers (XXXVI) and (XXXVII). The GPC t r a c e 

reproduced i n Figure 7.2 gives the following: 

Mn = 1-28 x 10^ M̂  = 3.12 x 10^ 

DPn = 329 M^Mj, = 2.4 

Thus the polymer i s of a reasonably high molecular weight. 
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FIGURE 7.2 GPC Trace of Polymer (XLVII) 

1 1 1 \ 1 1 1 1 1 1 — 
2 6 2 2 1 8 1 i 10 

E l u t i o n Volume / c m 3 

— \ 1 — r n 1 — r - T i 1 r-ri— 

10^ 10^ 10^ 10^ 
PS Equivalents 

Unlike polymers (XXXVI) and (XXXVII) prepared i n a 

s i m i l a r way, t h i s polymer does not e x h i b i t a bimodal molecular 

weight d i s t r i b u t i o n although there i s a t a i l on the low mole­

c u l a r weight s i d e of the peak. The low molecular weight 

m a t e r i a l observed with previous polymers may not be formed 

when monomer ( X L I I ) i s polymerized or a l t e r n a t i v e l y i t may be 

formed but i s removed during the p u r i f i c a t i o n of the polymer. 

G l a s s s l i d e s were coated using a s o l u t i o n of the polymer 

i n methanol f o r the s u r f a c e energy measurements. The plot of 

cos9 a g a i n s t the s u r f a c e tension of the s e r i e s of n-alkanes 

gave a reasonable s t r a i g h t l i n e and a y value of 19 + 3 dyn cm ^. 

The water/methylene iodide method y i e l d e d a y value of 15±2 dyn 

cm which i s lower than the value of v • However the measure-

ments i n d i c a t e that the surface energy i s quite low being of 

the order of t h a t of p o l y t e t r a f l u o r o e t h y l e n e . 

(B) P o l y m e r i z a t i o n of ( X L I I I ) and the C h a r a c t e r i z a t i o n of 
the R e s u l t i n g Polyether ( X L V I I I ) 

Compound ( X L I I I ) (8.0g, 0.021 moles) was polymerized 
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using the AlEt2/0.5 H2O c a t a l y s t solution (2.7 cm^, b3nciter]/ 

[ A l E t ^ ] = 16). The polymerization mixture was l e f t s t i r r i n g 

for 5 hours at 85°C. Methanol (40 cm^) was then added which 

p r e c i p i t a t e d the polymer. After washing the polymer s e v e r a l 

times with methanol i t was further p u r i f i e d by r e p r e c i p i t a t i o n 

from perfluoro-2-butyl THE using carbon t e t r a c h l o r i d e as the 

non-solvent. The f l u o r i n a t e d solvent was used as no common 

solvent could be found. The y i e l d of the d i r t y yellow coloured, 

very viscous o i l was 4.04g (51%) a f t e r being d r i e d under high 

vacuum. 

The IR spectrum of the polymeric m a t e r i a l (Appendix 4, 

Spectrum No.19) shows many absorption bands at s i m i l a r f r e ­

quencies and with s i m i l a r r e l a t i v e i n t e n s i t i e s to those present 

i n the spectrum of the monomer. The spectrum of polymer does 

however e x h i b i t a number of d i f f e r e n c e s c o n s i s t e n t with i t being 

a polyether with hydroxy1 end-groups. There i s a weak, broad, 

hydroxy 1 absorption at 3400 cm . The absorptions a t t r i b u t a b l e 

to the oxirane C-H s t r e t c h i n g mode (3070-3010 cm ^) and the 

oxirane r i n g s t r e t c h i n g mode (900 cm •*") are not present. Ab­

sorptions a t t r i b u t a b l e to the a l i p h a t i c C-H s t r e t c h i n g mode 

(3900 cm ^) have increased in r e l a t i v e i n t e n s i t y as has the 

absorption i n the 1120-1020 cm region which i s assignable to 

the a l i p h a t i c C-O-C s t r e t c h i n g mode. 

Elemental a n a l y s i s gave 28.5% carbon, 1.1% hydrogen and 

65.3% f l u o r i n e which i s i n good agreement with the expected 

composition of 28.7% carbon, 1.3% hydrogen and 65.7% f l u o r i n e . 

Unfortunately the polymer could not be analysed using 

GPC as i t was not soluble in THE. 
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G l a s s s l i d e s were coated using a s o l u t i o n of the polymer 

i n p e r f l u o r o - 2 - b u t y l THF for the surface energy measurements. 

The p l o t of cos9 a g a i n s t the surface tension of the s e r i e s of 

n-alkanes gave a reasonable s t r a i g h t l i n e and a value of 

13±3 dyn cm w h i l s t the water/methylene iodide method gave a 

value of 12±1 dyn cm Both values are i n reasonable agree­

ment and are somewhat lower than for polymer ( X L V I I ) . This 

may be a t t r i b u t e d to the presence of a -CF^ group and the higher 

f l u o r i n e content. 

7.6 Addition of the P o l y f l u o r i n a t e d Epoxides to 
Lacquers of Conventional Epoxy Resin 

Unless otherwise s t a t e d f i l m s of lOOym nominal thickness 

were prepared on polyethylene using a draw-down block. The 

f i l m s thus prepared contained approximately 2% p h o t o i n i t i a t o r 

and 1% w/w acetone with the remainder comprising, i n most cases, 

the DGEBA r e s i n alone or a mixture of the DGEBA r e s i n and the 

p o l y f l u o r i n a t e d epoxides. The f i l m s were given 2 passes under 

the 1.8kw source and then stored for 2 4 hours p r i o r to the con­

t a c t angle measurements being c a r r i e d out. Unless otherwise 

s t a t e d the measurements were c a r r i e d out on the free surface 

(top s u r f a c e ) using the water/methylene iodide method to give 

Yg v a l u e s . 

(A) E f f e c t of Low Concentrations of ( X L I I ) on the 
Surface Energy of Films 

The values of y f o r both the top surface and the surface 

adjacent to the s u b s t r a t e (bottom surface) were determined for 

f i l m s c o n t a i n i n g 0%, 2% and 5% w/w ( X L I I ) . The fi l m s containing 

( X L I I ) were e i t h e r i r r a d i a t e d immediately a f t e r a p p l i c a t i o n or 

l e f t for 4 hours. 
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0%, 2% and 5% w/w (XLII) 
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% w/w ( X L I I ) Time l e f t p r i o r 
to cure/hrs 

^s/dyn -1 
cm Time l e f t p r i o r 

to cure/hrs Top Bottom 

0 0 48±1 42±1 

2 0 43±2 43±1 

4 43±2 43±1 

5 0 41±1 45 + 1 

4 39±1 38±1 

From Table 7.10, the value of y for the bottom surface 

of the f i l m containing no (XLII) appears to be s i g n i f i c a n t l y 

lower than that f o r the top sur f a c e . The value of Yg for the 

top s u r f a c e of the f i l m containing 2% w/w ( X L I I ) i s lower than 

t h a t of the f i l m containing none of t h i s compound and Yg shows 

a f u r t h e r s l i g h t decrease when 5% w/w ( X L I I ) i s used. There 

i s no decrease i n Y^ the top surfaces of the film s con-

t a i n i n g ( X L I I ) i f they are l e f t p r i o r to i r r a d i a t i o n . The 

values of Y<, f o r the bottom surface of f i l m s containing (XLII) 

i n d i c a t e that i t i s not segregating to the f i l n - s u b s t r a t e i n t e r ­

f a c e . I f segregation of (XLII) to the top surface were to be 

oc c u r r i n g then one would expect the value of Y- to approach that 

of the polymer ( X L V I I ) . The measurement of YC the sub-

s t r a t e surface adjacent to the film s showed that i t was not 

s i g n i f i c a n t l y d i f f e r e n t from that for a p r i s t i n e sample. 

The s e r i e s of n-alkanes were found to wet the top surfaces 

of the f i l m s t o t a l l y i n d i c a t i n g that Y^ i s greater than 27.5 dyn 

cm An estimate of Y^ for the top s u r f a c e s of the f i l m s v;as 

made using a non-homologous s e r i e s of l i q u i d s (water, g l y c e r o l , 

methylene iodide, b e n z o n i t r i l e , benzyl a l c o h o l , g l y c o l and 
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formamide) . T h i s gave a value of 44±3 dyn cm for the f i l m 

c ontaining no ( X L I I ) and values of 39+2 and 38±1 dyn cm ^ for 

the f i l m s containing 5% ( X L I I ) l e f t for 0 and 4 hours p r i o r to 

i r r a d i a t i o n . 

An attempt was made to a i d the surface segregation of 

(X L I I ) by reducing the v i s c o s i t y of the DGEBA system using the 

r e a c t i v e d i l u e n t (XX). Films were prepared from lacquers of 

the DGEBA r e s i n containing 15% (XX) along with 5% w/w 

( X L I I ) . The f i l m s containing ( X L I I ) were l e f t f or 0 or 45 

minutes p r i o r to cure. The values of Y„ were s i m i l a r to those 
s 

obtained p r e v i o u s l y and there was no evidence of the surface 

segregation of ( X L I I ) i n the f i l m l e f t p r i o r to i r r a d i a t i o n . 

Unfortunately i t was found that i n c r e a s i n g the temperature 

at which f i l m s were stored p r i o r to cure reduced the e f f e c t i v e ­

ness with which the lacquers wet the polyethylene. For example 

f i l m s prepared from lacquers of the DGEBA r e s i n containing 2% 

and 5% ( X L I I ) could only be l e f t f or 8 and 16 minutes re s p e c t ­

i v e l y at a tem.perature of 58°C, before they s t a r t e d breaking 

up i n t o d r o p l e t s . The y values for these f i l m s were found to 

be no d i f f e r e n t to the values for control f i l m s l e f t at room 

temperature. 

I t was hoped that the use of a high surface energy sub­

s t r a t e , s t e e l , would encourage surface segregation of ( X L I I ) . 

However f i l m s prepared on mild s t e e l panels from a lacquer of 

the DGEBA r e s i n containing 5% w/w (XLII) and l e f t for 0 or 12 

hours p r i o r to i r r a d i a t i o n showed s i m i l a r values of y which 

were c l o s e to those reported p r e v i o u s l y . 

The s u r f a c e segregation of (XLII) i n the epoxy novolac 

system was a l s o i n v e s t i g a t e d . Films were prepared from lacquers 
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containing 2% and 5% w/w ( X L I I ) and l e f t for 0 or 5 hours. 

Both lacquers a l s o contained 13% w/w toluene. The values of 

Yg measured for the f i l m s cured immediately a f t e r a p p l i c a t i o n 

were s l i g h t l y lower than the value for a f i l m containing none 

of the f l u o r i n a t e d epoxy. However when l e f t for 5 hours the 

Yg values were found to be s i m i l a r to that obtained i n the f i l m 

containing no ( X L I I ) . 

I t appears that surface segregation of ( X L I I ) i s not 

occurring although the presence of small amounts of t h i s com­

pound do r e s u l t i n a decrease i n the value of YC i t was 

a l s o noted that the presence of ( X L I I ) i n such small amounts 

increa s e d the lacquers' a b i l i t y to wet the s u b s t r a t e . The 

non-surface segregation of (XLII) could be a r e s u l t of i t s good 

c o m p a t i b i l i t y with the r e s i n or a l t e r n a t i v e l y be r e l a t e d to 

the aggregation of molecules of ( X L I I ) to form m i c e l l e s with 

i n t e r i o r s composed of p o l y f l u o r o a l k y l chains and the e x t e r i o r s 

of oxirane r i n g s . This l a t t e r p o s s i b i l i t y was i n v e s t i g a t e d by 

using an e l e c t r o n microscope to examine f r a c t u r e surfaces of 

f i l m s of DGEBA lacquers containing 0, 2 or 5% w/w ( X L I I ) . No 

evidence for the formation of m i c e l l e s was observed, only 

c r a z i n g of the s u r f a c e s . 

(B) E f f e c t of I ncreasing the Concentration of (XLII) on 
the Surface Energy of Films 

Films of lacquers containing up to 60% w/w (XLII) were 

prepared using the 'sellotape' technique and l e f t for 0 or 4 

hrs. p r i o r to i r r a d i a t i o n . A f i l m containing 85% w/w ( X L I I ) 

v/as found not to gel on i r r a d i a t i o n and a f i l m containing 97% 

w/w ( X L I I ) was found to be s t i l l mobile and tacky even a f t e r 

prolonged i r r a d i a t i o n . 
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Figure 7.3 shows a p l o t of y as a f u n c t i o n of the mol % 

of ( X L I I ) present for f i l m s cured immediately a f t e r a p p l i c a t i o n . 

The value of y decreases quite markedly as the concentration 

of ( X L I I ) r i s e s to 20 mole % and then shows a l e s s pronounced 

decrease as the concentration i s i n c r e a s e d f u r t h e r , perhaps 

eventually becom.ing s i m i l a r to the value of y for the polymer 

( X L V I I ) . The values of y f o r f i l m s l e f t f o r 4 hours p r i o r to 

cure tend to be s l i g h t l y higher than the values exhibited by 

f i l m s cured immediately a f t e r a p p l i c a t i o n for y e x h i b i t s the 

same behaviour as the concentration of ( X L I I ) i n c r e a s e s as i s 

a l s o shown i n Figure 7.3. 

FIGURE 7.3 Decrease of y_ as the Concentration of ( X L I I ) 
I n c r e a s e s (A, F i l m s l e f t 0 H r s ; A , Films l e f t 4 Hrs.) 
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The r e s u l t s again i n d i c a t e that s u r f a c e segregation i s 

not occurring although a s i g n i f i c a n t reduction of y ^ can be 

achieved by i n c r e a s i n g the concentration of ( X L I I ) . 
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An ESCA analysis was also c a r r i e d out on a number of the 

f i l m s . Figure 7.4 shows the C, core l e v e l spectra of the 

f i l m s c o n t a i n i n g 1.7, 8.6 and 35.6 mol % (XLII) cured immed­

i a t e l y a f t e r a p p l i c a t i o n . Similar spectra were obtained f o r 

the corresponding f i l m s l e f t 4 hours p r i o r to i r r a d i a t i o n . 

FIGURE 7.4 Core Level Spectra as a Function of the 
Concentration of (XLII) (a, 1.7; b, 8.6; c, 35.6mol %) 
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The two component peaks at 288.15 and 292.00 eV are 

a t t r i b u t a b l e t o CF2-CH2-O and -CFj moieties respectively and, 

and as expected,increase i n i n t e n s i t y as the concentration of 

(XLII) increases. The F^^ signal was also found t o increase 

i n i n t e n s i t y as the concentration of (XLII) increased and no 

s i g n a l due t o PF^ could be detected (see Appendix 2) . 
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The F/C atom r a t i o was determined from both the Ĉ^̂  core 
l e v e l spectra and the F, /C,_ i n t e n s i t y r a t i o and compared 
w i t h the expected value from the lacquer composition. Table 
7.11 gives the r e s u l t s as a f u n c t i o n of the concentration of 
(XLII) and the i n t e r v a l between a p p l i c a t i o n and i r r a d i a t i o n . 

TABLE 7.11 F/C Ratios from the Ĉ^̂  Core Level Spectra (a) and 
F /C, I n t e n s i t y Ratios (b) as a Function of the X S X s 
Concentration of (XLII) 

Mol % of Time l e f t p r i o r F/C r a t i o Expected 
(XLII) t o cure /hrs. (a) (b) F/C r a t i o 

1.7 0 0.034 0.050 0.010 

4 0.038 0.043 

8.6 0 0.110 0.137 0.053 

4 0.09 4 0.136 

35.6 0 0. 340 0.433 0.265 

4 0.340 0.435 

As expected the experimental F/C r a t i o s increase w i t h i n ­
creasing concentration of ( X L I I ) . Both the experimental r a t i o s 
however, are s i g n i f i c a n t l y greater than the expected value f o r 
each concentration of (XLII) and although the magnitude of the 
d i f f e r e n c e increases as the concentration of (XLII) increases, 
the p r o p o r t i o n a t e increase i n f l u o r i n e at the surface diminishes. 
This would suggest that there i s a l i m i t e d surface segregation 
of (XLII) which occurs as soon as the f i l m i s applied to the 
substrate since leaving f i l m s f o r 4 hours does not r e s u l t i n 
a s i g n i f i c a n t change i n the F/C r a t i o . Quite why the surface 
segregation i s l i m i t e d and does not progress f u r t h e r t o give a 
F/C r a t i o of '̂ 1.2 corresponding to a surface composed of (XLII) 
i s unclear. 
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Comparison of the experimental F/C r a t i o s i n Table 7.11 
determined from the C, core l e v e l soectra and F, /C, i n t e n s i t y 

I s Is Is ^ 
r a t i o s shows t h a t the l a t t e r gives a higher F/C r a t i o than the 
former. A p l a u s i b l e explanation f o r t h i s observation, bearing 
i n mind the shallower sampling depth f o r f l u o r i n e than f o r 
carbon, i s t h a t the concentration of (XLII) increases towards 
the surface which, i f c o r r e c t , provides f u r t h e r evidence of 
segregation. 

I t was mentioned previously t h a t the ad d i t i o n of (XLII) 
increased the a b i l i t y of lacquers t o wet the substrate. Figure 
7.5 i n which the contact angle of lacquers on polyethylene i s 
p l o t t e d against the mole % of (XLII) present, i l l u s t r a t e s t h i s 
p o i n t . As can be seen the contact angle,9,decreases and hence 
the a b i l i t y of the lacquer t o wet polyethylene increases as the 
concentration of (XLII) increases. 
FIGURE 7.5 Decrease of the Contact Angle of Lacquers on 

Polyethylene as the Concentration of (XLII) 
Increases 

10 15 

Mole % ( X L I I ) 
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(C) E f f e c t of Low Concentrations of ( X L I I I ) Alone or w i t h 
(XLII) on the Surface Energy of Films 

Lacquers con t a i n i n g 2 or 5% w/w ( X L I I I ) were prepared and 
found to be cloudy. Attempts t o prepare f i l m s from the lacquers 
were unsuccessful because of the i n c o m p a t i b i l i t y of ( X L I I I ) 
w i t h the DGEBA r e s i n . Reducing the amount of ( X L I I I ) t o 0.6% 
w/w re s u l t e d i n a cl e a r lacquer from which f i l m s could be pre­
pared. Unfortunately such f i l m s began t o break up i n t o drop­
l e t s a f t e r '̂ 20 minutes. However the value of ('iO-l dyn cm ^) 
f o r such a f i l m l e f t 20 minutes before i r r a d i a t i o n was s l i g h t l y 
lower than the value (45 dyn cm ^) f o r a f i l m cured immediately 
a f t e r a p p l i c a t i o n i n d i c a t i n g t h a t a l i m i t e d degree of surface 
segregation might be occurring. 

In order t o overcome the i n c o m p a t i b i l i t y o f ( X L I I I ) i t 
was decided t o prepare lacquers containing both ( X L I I I ) and 
(XLII) i n the hope t h a t the l a t t e r would act as a w e t t i n g agent. 
Lacquers containing 5% (XLII) w i t h 1% or 2% w/w ( X L I I I ) were 
found to be clear and gave good f i l m s . Increasing the con­
c e n t r a t i o n of ( X L I I I ) r e l a t i v e to (XLII) r e s u l t e d i n the pro­
blem of i n c o m p a t i b i l i t y reappearing. 

Films of the above composition were prepared and measured 
as a fu n c t i o n of the substrate and i n t e r v a l between a p p l i c a t i o n 
and i r r a d i a t i o n . Table 7.12 shows the r e s u l t s . 

I t appears from the r e s u l t s i n Table 7.12 t h a t a l i m i t e d 
degree of surface segregation of low surface energy m a t e r i a l 
does occur and t h a t the i n i t i a l and f i n a l value of Y_ i s de-
pendant on the concentration of ( X L I I I ) but not the substrate. 
The f i n a l values of YC obtained do not however reach those of 
e i t h e r polymer (XLVII) or ( X L V I I I ) . 



405 

TABLE 7.12 Values of Films Containing both ( X L I I I ) and (XLII) 

% w/w 
( X L I I I ) 

% w/w 
(XLII) Substrate Time l e f t p r i o r 

t o cure/hrs. Yg/dyn cm "'• 

1 5 Polyethylene 0 
8 

72 

37±2 
31±2 
32±3 

2 5 Polyethylene 0 

48 

32±1 

25±1 

2 5 Steel 0 
48 

34±1 
26 + 2 

(D) E f f e c t of Low Concentrations of (XLIV) Alone or w i t h 
(XLII) on the Surface Energy of Films 

I n view of the r e l a t i v e l y unsuccessful attempts to obtain 
a p o l y f l u o r i n a t e d surface using (XLII) and(XLIII) i t was 
decided to prepare and use compounds (XLIV) and (XLV) i n the 
hope t h a t these smaller species would show a greater propensity 
f o r surface segregation. 

Films containing 2% and 5% w/w (XLIV) were prepared, but 
un f o r t u n a t e l y they began to break up i n t o d r o p l e t s a f t e r only 
5-10 minutes. Unlike previous systems, a f i l m cured immediately 
a f t e r a p p l i c a t i o n showed a value of YO s i m i l a r t o those of a 
f i l m c o ntaining no f l u o r i n a t e d a d d i t i v e . Films containing 
1% (XLIV) w i t h 5% (XLII) were prepared and l e f t f o r 0, 10, 20 
minutes and 4 hours before being i r r a d i a t e d . The values of YC 
f o r the f i l m s d i d not vary s i g n i f i c a n t l y and were s i m i l a r to 
t h a t of a f i l m c o ntaining 5% w/w ( X L I I ) . 
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The above r e s u l t s i n d i c a t e t h a t the presence of (XLIV) 
has no e f f e c t on the surface energy of f i l m s . I t was then 
thought t h a t the v o l a t i l i t y of (XLIV) might r e s u l t i n i t s 
r a p i d loss from f i l m s . A f i l m c o ntaining 10% (XLIV) w i t h 
5% w/w (XLII) was prepared and i t s weight followed w i t h time. 
As Figure 7.6 shows, there i s a r a p i d weight loss over the 
f i r s t 10-20 minutes amounting t o '̂ 6̂% of the i n i t i a l weight of 
the f i l m . A f t e r 22 hours the weight loss amounts t o -^10% 
of the i n i t i a l weight of the f i l m . 

FIGURE 7.6 Weight Loss of a Film c o n t a i n i n g 10% (XLIV) 
w i t h 5% w/w (XLII) as a Function of Time 
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Thus i t i s l i k e l y t h a t the v o l a t i l i t y of (XLIV) i s 

responsible f o r i t s lack of e f f e c t . The loss of (XLIV) w i l l 

be exacerbated when i r r a d i a t i n g f i l m s due t o the heat emitted 

by the l.SkW source. 
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(E) E f f e c t of Low Concentrations of (XLV) Alone or 
w i t h (XLII) on the Surface Energy of Films 

Lacquers c o n t a i n i n g 2% and 5% w/w (XLV) were prepared 
and found t o be c l e a r . Films were prepared from such lacquers 
and l e f t f o r 0 or 30 minutes p r i o r t o i r r a d i a t i o n . The values 
of Y c these f i l m s d i d not vary s i g n i f i c a n t l y and were 

s i m i l a r t o t h a t of a f i l m c o n t a i n i n g no f l u o r i n a t e d a d d i t i v e . 
Films were prepared containing 2% (XLV) w i t h 5% w/w (XLII) and 
l e f t f o r 0, 30 minutes and 4 hours p r i o r t o i r r a d i a t i o n . The 
values of Yg f o r the f i l m s d i d not vary s i g n i f i c a n t l y and were 
comparable t o t h a t of a f i l m c o n t a i n i n g 5% w/w (XLII) alone. 

I t appears t h a t the presence of (XLV) has no e f f e c t on 
the surface energy of the f i l m s . As i n the case of (XLIV) 
t h i s lack of e f f e c t may be a t t r i b u t e d t o the v o l a t i l i t y of 
(XLV). 
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APPENDIX ONE 

EXPOSURE OF THE UV CURABLE SYSTEMS 

TO SUNLIGHT 
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The aim of the experiment described below was t o deter­
mine whether the UV curable DGEBA and epoxy novolac systems 
would cure on exposure to su n l i g h t under favourable conditions. 
A representative of Camrex k i n d l y agreed to take some samples 
on a v i s i t t o Saudi Arabia and carry out some simple experiments 

The lacquer of the DGEBA res i n contained 97.0% r e s i n , 
2.0% p h o t o i n i t i a t o r and 1.0% w/w acetone w h i l s t t h a t of the 
epoxy novolac r e s i n contained 84.0% r e s i n , 13.0% toluene, 
2.0% p h o t o i n i t i a t o r and 1.0% w/w acetone. Films of 200)jm 
nominal thickness were prepared on mild s t e e l panels using 
the "sellotape" technique and treated as fol l o w s . 

(a) Films were exposed i n the shade at an a i r temperature 

of 30°C. 
(b) One h a l f of f i l m s were shielded and the other h a l f ex­

posed to d i r e c t s u n l i g h t at an a i r temperature of 37°C. 

Films exposed as i n (a) were found to be tack-free w i t h i n 
3 hours of being exposed. The unshielded halves of f i l m s 
exposed as i n (b) were found to be tack-free a f t e r 20 minutes 
w h i l s t the shielded halves were s t i l l s o f t and tacky a f t e r t h i s 
p e r i o d but became tack-free l a t e r . On t h e i r r e t u r n to the 
U.K. the average hardness of the f i l m s were measured using the 
microhardness t e s t e r and compared w i t h values f o r equivalent 
samples i r r a d i a t e d f o r 45 minutes, 9 cm from the lOOW source. 

The r e s u l t s i n Table A l . l show that the f i l m s exposed i n 
the shade or to d i r e c t s u n l i g h t e x h i b i t a hardness s i m i l a r t o 
f i l m s exposed t o the lOOW source. Undoubtedly the r e l a t i v e l y 
high a i r temperatures w i l l have aided the cure of the f i l m s 
but these r e s u l t s show t h a t longer wavelength UV l i g h t present 
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TABLE A l . l Hardness of Films Exposed t o Sunlight 

Conditions of Indentation / ym 
exposure Films of the DGEBA 

lacquer 
Films of the epoxy 

novolac lacquer 
(a) 13.9 15.0 

(b) 
Exposed h a l f 13.9 14.7 

Shielded h a l f 44.2 36.5 

45 minutes, 9 cm 
from lOOW source 

13.9 15.7 

i n s u n l i g h t (A>'v300nm) leads t o the cure of the photocurable 
systems. I n a d d i t i o n t o the above observations i t was also 
noted t h a t lacquers of the photocurable systems i n glass con­
t a i n e r s g e l l e d and became tack-free a f t e r '̂'3 days when l e f t 
i n the l a b o r a t o r y at an a i r temperature of 17-21 C, 
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APPENDIX TWO 

DETECTION OF PF, AT THE SURFACE OF FILMS 6 
IRRADIATED UNDER VARIOUS CONDITIONS 
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When c a r r y i n g out the i n v e s t i g a t i o n i n t o the surface 
photo-oxidation of the DGEBA.and a l i p h a t i c d i g l y c i d y l ether 
systems using ESCA, the presence of f l u o r i n e at the surface 
from the hexafluorophosphate anion of the p h o t o i n i t i a t o r was 
also i n v e s t i g a t e d . 

(A) Films of the DGEBA System 

Examination of both the top and bottom surfaces of f i l m s 
cured using the 1.8kW source showed an absence of f l u o r i n e . 
No detectable amount of f l u o r i n e was found at the surface of 
f i l m s cured w i t h the 'pyrex' f i l t e r i n place or a f t e r pro­
longed i r r a d i a t i o n of f i l m s w i t h the fluorescent lamp. Films 
cured by i r r a d i a t i o n w i t h the lOOW source d i d have f l u o r i n e 

at the surface and the table below shows the F̂  /C, i n t e n s i t y 
Is Is 

r a t i o s measured. 

TABLE A2.1 F, /C, Ratios measured i n Films of the 
X 5 X 3 

DGEBA System Cured using the lOOW Lamp 

I r r a d i a t i o n F, /C, Ratio Is I s 

time/mins. Films i r r a d i a t e d w i t h 
u n f i l t e r e d l i g h t 

Films i r r a d i a t e d w i t h 
f i l t e r e d l i g h t 

3 0.008 0.008 

8 0.010 0.006 

13 0.011 0.005 

20 0.017 0.005 

30 0.015 0.008 

45 0.013 0.006 

From the lacquer compositions used^a F^^/C^^ r a t i o i n the region 
of 0.009 would be expected assuming the f l u o r i n e i s present as 

PF^ . Therefore the values i n Table A2.1 f o r the f i l m s i r r a d -6 
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i a t e d w i t h the f u l l output of the lamp tend t o be s i m i l a r 
t o or greater than the expected value w h i l s t the value f o r 
f i l m s i r r a d i a t e d w i t h longer wavelength l i g h t tend to be 
lower than expected. I t i s d i f f i c u l t to r a t i o n a l i z e the 
above observations. One could suggest, f o r example, tha t 
the slower cure of f i l m s i r r a d i a t e d w i t h the lOOW lamp allows 
the p h o t o i n i t i a t o r t o segregate to the surface before a degree 
of c r o s s - l i n k i n g r e s t r i c t i n g m o b i l i t y i s reached and that the 
higher surface energy of an oxidized surface r e s u l t i n g from 
i r r a d i a t i o n w i t h the f u l l output of the lamp must aid t h i s pro­
cess since f i l m s l e f t f o r 4 hours p r i o r to i r r a d i a t i o n w i t h the 
1.8kW lamp showed no f l u o r i n e at the surface due to PFg . 

However i t i s d i f f i c u l t t o understand why PF, i s i n i t i a l l v 
b 

absent from the surface. 

(B) Films of the A l i p h a t i c D i g l y c i d y l Ether System 

Fluorine was detected at the surface of f i l m s of t h i s 
system cured using the 1.8kW source, containing both 3.8 and 
1.9% p h o t o i n i t i a t o r , although i n the l a t t e r case the i n t e n s i t y 
of the s i g n a l was j u s t about on the l i m i t s of detection. The 
Table below shows F, /C, i n t e n s i t y r a t i o s measured i n the f i l m s 

Is I s ^ 
con t a i n i n g 3.8% p h o t o i n i t i a t o r . 

TABLE A2.2 F, /C, Ratios Measured i n Films of the A l i p h a t i c I s I s ^ 
D i g l y c i d y l Ether Containing 3.8% P h o t o i n i t i a t o r 

Number of Passes 2 3 5 10 20 

Is I s 0.013 0.013 0.013 0.008 0.011 

The values i n Table A2.2 are a l l s i g n i f i c a n t l y lower than the 
value of ̂ ^0.021 expected from the lacquer composition even allow­
ing f o r 12 mol% of the monoglycidyl ether. The F̂ /̂Ĉ ^ r a t i o 
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i n the f i l m s containing 1.9% w/w p h o t o i n i t i a t o r were found 
to be of the order of 0.004 which i s again lower than the 
expected value of 0.011. Sim i l a r F, /C, r a t i o s were found 

X 5 X 5 

i n the bottom surfaces of f i l m s examined to those i n the top 
surfaces f o r f i l m s cured on polyethylene. One might i n t e r p r e t 
the r e s u l t s as being i n d i c a t i v e of the segregation of some im­
p u r i t y t o the surface, decreasing the r e l a t i v e amount of 
f l u o r i n e but i n view of the r e s u l t s from the DGEBA system, i t 
cannot be ru l e d out t h a t the actual amount of f l u o r i n e i s much 
lower and t h a t a loss of carbon through the formation of vo l a ­
t i l e products i s occurring to give the measured f̂ ĵ g/C-ĵ g r a t i o . 
One f u r t h e r i n t e r e s t i n g observation i s t h a t the top surface of 
a f i l m cured on glass containing 3.7% p h o t o i n i t i a t o r showed a 
s i m i l a r F. /C, r a t i o i n the top surface to the f i l m s i n Is I s ^ 
Table A2.2 w h i l s t the bottom surface showed a s i g n i f i c a n t l y 
higher r a t i o of 0.022 which may i n d i c a t e t h a t the r e l a t i v e 
amount of f l u o r i n e at the bottom surface i s dependent on the 
substrate. 
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APPENDIX THREE 

INSTRUMENTS AND APPARATUS 
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D i f f e r e n t i a l Scanning C a l o r i m e t r y (DSC) 

Th i s was c a r r i e d o u t u s i n g a Perkin-Elmer DSC-2 

D i f f e r e n t i a l Scanning C a l o r i m e t e r . The i n s t r u m e n t was 

temp e r a t u r e c a l i b r a t e d u s i n g the m e l t i n g p o i n t o f a standa r d 

i n d i u m sample. Samples were se a l e d i n aluminium, pans and 

pl a c e d i n the sample h o l d e r which was f l u s h e d c o n t i n u o u s l y 

w i t h n i t r o g e n . 

D i s t i l l a t i o n Apparatus 

The f i n a l p u r i f i c a t i o n o f l i q u i d compounds prepared i n 

th e course o f t h i s work was g e n e r a l l y c a r r i e d o u t u s i n g a 

F i s c h e r - S p a l t r o h r HMS 500 c o n c e n t r i c r i n g d i s t i l l a t i o n appar­

a t u s . The column has a v e r y low h o l d up and '̂ 90 t h e o r e t i c a l 

p l a t e s . 

E l e c t r o n Microscopy (EM) 

Samples, coated w i t h g o l d , were examined u s i n g a 

Cambridge Instruments S 600 Scanning E l e c t r o n Microscope. 

E l e c t r o n Spectroscopy f o r Chemical A p p l i c a t i o n s (ESCA) 

ESCA s p e c t r a were recorded u s i n g a Kratos ES 300 E l e c t r o n 

Spectrometer i n c o n j u n c t i o n w i t h a Kratos OS 300 data a c q u i s ­

i t i o n and curve f i t t i n g system. A magnesium X-ray source and 

a t a k e - o f f angle o f 30° were employed. 

E l e c t r o n Spin Resonance (ESR) 

Spectra were r e c o r d e d u s i n g a V a r i a n V-4502-15 X-band 

Spectrometer. 

El e m e n t a l A n a l y s i s 

For C and H a n a l y s e s , a Perkin-Elmer CHN 240 Analyser 

was used. The f l u o r i n e c o n t e n t was determined by f u s i o n w i t h 
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p o t a s s i u m and t h e n t i t r a t i o n w i t h sodium h y d r o x i d e . Phos­

phorous a n a l y s i s was c a r r i e d o u t s p e c t r o p h o t o m e t r i c a l l y a f t e r 

c o n v e r s i o n t o a vanadomolybdenophosphate complex. The a n a l y s i s 

f o r i o d i n e was c a r r i e d o u t by combusting the compound i n oxygen 

t o l i b e r a t e f r e e i o d i n e which was then q u a n t i f i e d by t i t r a t i o n 

w i t h sodium t h i o s u l p h a t e . 

Gas L i q u i d Chromatography (GLC) 

A Pye-Unicam CCD equipped w i t h a 152m x 4mm bore glass 

column packed w i t h 10% (w/w) s i l i c o n e elastomer on c e l i t e was 

used. A n i t r o g e n f l o w r a t e o f '̂ '20 cm"̂  man ^ and a flame 

i o n i z a t i o n d e t e c t o r were used. I n a d d i t i o n analyses were 

a l s o c a r r i e d o u t u s i n g a H e w l e t t Packard 5890 chromatograph 

equipped w i t h a 25m x 0.2 mm bore g l a s s column i n t e r n a l l y 

c o a t e d w i t h c r o s s - l i n k e d m e t h y l s i l i c o n e and a flame i o n i z ­

a t i o n d e t e c t o r . 

GLC - Mass Spectroscopy 

T h i s was c a r r i e d o u t u s i n g two systems. A Pye 104 Gas 

Chromatograph, equipped w i t h a s i m i l a r column t o t h a t used 

w i t h t h e Pye-Unicam CCD, coupled t o a VG Micromass 12 Chroma-

ograph o r a l t e r n a t i v e l y a Hewlett-Packard Chromatograph s i m i l a r 

t o t h a t d e s c r i b e d above coupled t o a VG A n a l y t i c a l 7070E 

Spect r o m e t e r . 

Gel P ermeation Chromatography (GPC) 

A P e r k i n - E l m e r 601 L i q u i d Chromatography Apparatus 

equipped w i t h t h r e e PL g e l columns (10 , 10 and 50oS) s u p p l i e d 

by Polymer L a b o r a t o r i e s L t d . was used. Samples, d i s s o l v e d i n 

THF, were passed t h r o u g h f i l t e r s o f 10 and O.Symi pore s i z e . 

A Knauer D i f f e r e n t i a l R efractometer was used as the d e t e c t o r . 
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Hardness Measurements 

A Wallace M i c r o - I n d e n t a t i o n T e s t e r was used f o r such 

measurements. 

I n f r a - R e d Spectroscopy (IR) 

I n f r a - r e d s p e c t r a o f compounds used i n t h i s work were 

recorded on Perkin-Elmer 457 or 577 G r a t i n g I n f r a - R e d Spectro­

photometers. Q u a n t i t a t i v e measurements o f epoxide consumption 

were c a r r i e d o u t u s i n g a Perkin-Elmer 377 G r a t i n g I n f r a - r e d 

Spectrophotometer w h i l s t the measurements o f b u l k p h o t o - o x i d a t i o n 

were c a r r i e d o u t u s i n g the PE 577 i n s t r u m e n t . 

Mass Spectroscopy ( j 

Mass s p e c t r a were recorded u s i n g a VG A n a l y t i c a l 7070E 

i n s t r u m e n t . For chemical i o n i z a t i o n , i s o b u t a n e was used as 

th e c a r r i e r gas. 

Nuclear Magnetic Resonance (NMR) 

Unless o t h e r w i s e s t a t e d , s p e c t r a were recorded through 

the SERC s e r v i c e s a t Newcastle and Edinburgh U n i v e r s i t i e s . At 

Newcastle, s p e c t r a were recorded on a B r i i k e r WM 300 WB Spectro­

meter o p e r a t i n g a t 300 MHz f o r "''H n u c l e i i and 75 MHz f o r '''"̂C 

n u c l e i i . At Edinburgh, s p e c t r a were r e c o r d e d on a Briiker 

WH 360 Spectrometer o p e r a t i n g a t 360 MHz f o r ''"H n u c l e i i and 

91 MHz f o r •'"̂C n u c l e i i . A l l s p e c t r a r e c o r d e d w i t h the samples 

were d i s s o l v e d i n CDCl^ u s i n g an i n t e r n a l TMS s t a n d a r d . 

Thermo-Gravimetric A n a l y s i s (TGA) 

A St a n t o n R e d c r o f t TG 750 was used f o r the analyses 

r e p o r t e d i n t h i s t h e s i s . Samples were heated a t a r a t e o f 

10°C min ^ under n i t r o g e n . 
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Thermo-Mechanical A n a l y s i s (TMA) 

A Stanton R e d c r o f t TMA 691 was used i n the penetrometry 
2 

mode w i t h a 1mm t i p on the q u a r t z probe. G e n e r a l l y a l o a d 

o f 50g was a p p l i e d t o t h e probe and the samples were heated 

a t 5°C min i n a i r . 
T h e r m o p i l e D e t e c t o r 

T h i s d e t e c t o r , used t o measure l i g h t i n t e n s i t i e s , was 

purchased from A p p l i e d Photophysics and e x h i b i t s l i n e a r sen­

s i t i v i t y over a 200-800nm range. 

U V / V i s i b l e Spectroscopy 

U V / v i s i b l e s p e c t r a were re c o r d e d on a Pye-Unicam SP8-100 

U l t r a v i o l e t Spectrophotometer. When f o l l o w i n g t h e disappear­

ance o f t h e c o l o u r e d species p r e s e n t i n some systems a f t e r 

c u r e , t h e sample compartment o f the i n s t r u m e n t was m a i n t a i n e d 

a t 25±1°C. 

Vacuum Systems 

C o n v e n t i o n a l o r g r e a s e l e s s vacuum systems i n c o r p o r a t i n g 

a s t a n d a r d r o t a r y o i l pump were used f o r degassing m a t e r i a l s , 

vacuum d i s t i l l a t i o n s , removing v o l a t i l e r e s i d u e s , vacuum 

t r a n s f e r s , eta. 
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APPENDIX FOUR 

INFRA-RED SPECTRA 
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The IR s p e c t r a were recorded as a l i q u i d f i l m between 

KBr p l a t e s , LF, w i t h t h e m a t e r i a l i n c o r p o r a t e d i n t o a KBr 

d i s c , D, i n a s o l u t i o n c e l l , SC, o r as a f i l m on a KBr 

p l a t e , F. 

Spectrum ^ , — No Compound 

1 d i p h e n y l i o d o n i u m h e x a f l u o r o p h o s p h a t e 

2 DGEBA, ( X V I I I ) , LF 

3 epoxy novolac, (XIX) , F 

4 d i g l y c i d y l e t h e r o f b u t a n e d i o l , (XX), SC 

5 DGEBF ( X X I ) , LF 

6 4-(phenylmethyl)-phenoxymethyl o x i r a n e , (XXXVI), LF 

7 p h e n e t h y l c h l o r i d e , LF 

8 4 - ( 1 - p h e n y l e t h y l ) - p h e n o l ( X L I ) , D 

9 4 - ( 1 - p h e n y l e t h y l ) - p h e n o x y m e t h y l o x i r a n e (XXXVII), D 

10 p o l y ( 4 - ( p h e n y l m e t h y l ) - p h e n o x y m e t h y l o x i r a n e ) 

(XXXVIII) , F 

11 p o l y ( 4 - ( 1 - p h e n y l e t h y l ) - p h e n o x y m e t h y l o x i r a n e ) 

(XXXIX) , F 

12 p o l y ( b e n z y l ) , D 

13 p o l y ( p h e n e t h y l ) , F 

14 7 , 7 , 7 , 6 , 6 , 5 , 5 , 4 , 4 , 3 , 3 , 2 , 2 - t r i d e c a f l u o r o h e p t y l o x i r a n e 

( X L I I I ) , LF 

15 ((7,7,6,6,5,5,4,4,3,3,2,2-dodecafluoroheptyl)oxy) 

methyl o x i r a n e ( X L I I ) , LF 

16 ( ( 3 , 3 , 3 , 2 , 2 - p e n t a f l u o r o p r o p y l ) o x y ) m e t h y l o x i r a n e 

(XLIV), LF 
17 3 , 3 , 3 , 2 , 2 - p e n t a f l u o r o p r o p y l o x i r a n e (XLV), LF 

18 p o l y ( ( ( 7 , 7 , 6 , 6 , 5 , 5 , 3 , 3 , 2 , 2 - d o d e c a f l u o r o h e p t y l ) o x y ) 

methyl o x i r a n e ) ( X L V I I ) , F 

19 p o l y ( 7 , 7 , 7 , 6 , 6 , 5 , 5 , 4 , 4 , 3 , 3 , 2 , 2 - t r i d e c a f l u o r o h e p t y l 
o x i r a n e ) ( X L V I I I ) , F 
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APPENDIX FIVE 

NUCLEAR MAGNETIC RESONANCE SPECTRA 
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1) ^H-Spectrum of CH^CHCH^O-^^Q^C-^Q^OCH^CH—CH^ 
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A. 3) ^H-Spectrum of XH2CH-CH2 OCH^CM—W^ 
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5) ^H-Spectrum of OCH2CH—CHj 
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The more i n t e n s e peaks observed i n the mass spectrum 

of a compound a r e t a b u l a t e d below i n the f o l l o w i n g manner: 

183 (3.7, C^^E^^O) 

The m a s s - t o - c h a r g e r a t i o , m/e, i s 188, the i n t e n s i t y of the 

peak i s 3.7 e x p r e s s e d as a percentage of the h e i g h t of the 

base, B, peak and C^^^H^ i s a s p e c i e s p o t e n t i a l l y p r e s e n t 

t h a t c o r r e s p o n d s t o the m/e r a t i o (the +ve charge being under­

stood) . The m o l e c u l a r i o n i s d e s i g n a t e d as M. 

(1) 4 - ( p h e n y l m e t h y l ) - p h e n o x y m e t h y l o x i r a n e (XXXVI) 

241 ( 1 . 2 , M+1), 240 (7.4, M), 184 ( 3 . 4 ) , 183 (3.7, 

^13^11°^' ^̂ "̂  ^13^11^' -̂ ^̂  ( 2 . 6 ) , 119 ( 2 . 8 ) , 105 ( 3 . 8 ) , 

94 (3.8, C^H^), 91 ( 5 . 2 ) , 83 ( 2 . 7 ) , 82 ( 2 . 2 ) , 77 (3.6, CgH^), 

71 ( 3 . 6 ) , 70 ( 2 . 8 ) , 69 ( 5 . 0 ) , 65 (2.5, C^H^), 57 (11.2, C^H^O), 

56 ( 3 . 5 , C3H^0), 51 ( 2 . 7 ) , 44 ( 3 . 5 ) , 43 (13.0, C2H3O), 42 (3.1, 

C2H20),41 (10.3, C^H^), 40 (10.1, C^H^), 39 {e.O,C^H^), 29 (13.1, 

CHO), 28 (B, CO), 27 ( 8 . 3 ) , C2H3). 

(2) 4 - ( 1 - p h e n y l e t h y l ) - p h e n o l ( X L l ) 

199 (4.6, M+1), 198 (31.6, M) , 184 (14 . 2 ) , 183 (B,C^3H^^0), 

182 (3.9), 181 (6.8, Ĉ 4H;L3̂  ' ^̂ '"̂ '̂ (16.6), 155 (4.6), 154 (3.4), 

153 ( 8 . 9 ) , 152 ( 6 . 5 ) , 150 ( 4 . 8 ) , 149 ( 5 1 . 5 ) , 121 (6.9, CgHgO), 

115 ( 5 . 4 ) , 105 (3.4, CgHg), 91 (8.6, C^H^), 81 ( 3 . 1 ) , 78 ( 3 . 7 ) , 

77 ( 5 . 0 , C,H^) , 69 ( 6 . 6 ) , 65 (7.4, C^H^) , 63 ( 5 . 1 ) , 5 9 (6 .2),-

57 (20.8, C3H^0), 55 (7.6, C3H3O), 51 (9 . 3 ) , 45 ( 7 . 6 ) , 43 (9 . 9 ) , 

41 ( 1 9 . 6 ) , 39 ( 1 3 . 8 ) , 31 ( 7 . 6 ) , 29 (12.5, CHO), 28 (33.0, CO), 

27 (10.6, C2H3). 

(3) 4 - ( 1 - p h e n y l e t h y l ) - p h e n o x y m e t h y l o x i r a n e ( X X X V I I I ) 

255 (8.4 , M+1), 254 (46.1, M) , 240 ( 1 9 . 1 ) , 239 (B, C^gH^^02), 
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209 ( 3 . 8 ) , 198 ( 3 . 6 ) , 197 (5.0, C^^H^^O), 196 ( 5 . 1 ) , 195 ( 5 . 5 ) , 

184 ( 8 . 1 ) , 183 ( 5 0 . 3 ) , 181 (9.8, C^^H^^), 177 ( 2 . 5 ) , 169 ( 2 . 9 ) , 

167 ( 4 . 6 ) , 166 ( 9 . 4 ) , 165 ( 2 0 . 0 ) , 154 ( 7 . 6 ) , 153 ( 1 4 . 3 ) , 

152 ( 8 . 7 ) , 149 (9.7, C^H^O^}, 141 ( 4 . 6 ) , 128 ( 5 . 8 ) , 115 ( 7 . 7 ) , 

106 ( 1 8 . 1 ) , 105 (13.4, CgHg), 103 ( 9 . 0 ) , 91 (13.1, C^H^), 

85 ( 4 . 0 ) , 83 ( 3 . 5 ) , 81 ( 4 . 7 ) , 77 (15.2, C^H^), 69 ( 1 1 . 0 ) , 

65 ( 6 . 6 ) , 63 ( 4 . 4 ) , 57 (47.2, C^H^O), 56 (4.2, C3H^0), 55 (9.4, 

C^H^O) , 45 (8 . 9 ) , 44 (6. 1 ) , 43 (11.0, C^'d^O) , 41 (17.0, C^H^) , 

40 (8.0, C3H^), 39 (10.7, C^H^), 31 ( 2 9 . 4 ) , 29 (49.6, CKO), 

28 (94.0, CO), 27 (23.2, C^R^). 

(4) ( ( 7 , 7 , 6 , 6 , 5 , 5 , 4 , 4 ^ 3 , 3 , 2 , 2 - d o d e c a f l u o r o h e p t y l ) o x y ) m e t h y l 
o x i r a n e ( X L I I ) 

A m o l e c u l a r i o n (m/e 388) c o u l d not be d e t e c t e d u s i n g 

e l e c t r o n impact. 

372 (0.5, C^QHQF^^O), 368 (1.1, C^QH^F^^02), 358 (0.7, 

C^U^F^^O), 345 (12 .6, CgH5F^2°) ' 245 (5.1, CgH^FgO) , 151 (1. 5 , 

C^FgH), 137 ( 2 . 0 ) , 131 (2.1, C3F^) , 113 ( 2 . 3 ) , 101 (3.1, C2F^H), 

95 ( 2 . 5 ) , 83 ( 3 . 6 ) , 81 (10.2, C 2 F 3 ) , 63 (1.7, C2F2H), 61 (6.9, 

C2H2FO) , 58 (11. 7 ) , 57 (B, C^H^O), 56 (3.2 , C^H^O) , 51 (18.0, 

CHF2), 45 (9.1, C2H2F), 43 (8.8, C2H3O), 42 (2.0, C2H2O), 

41 (5.6, C^H^), 33 ( 1 6 . 9 ) , 32 (6.3, CHF), 31 (49.2, C F ) , 30 (4.8, 

CH2O), 29 (61.3, CHO), 28 (29.1, CO), 27 (8.7, C2H3). 

C h e m i c a l i o n i z a t i o n gave a s p e c i e s a t m/e 387 which c o r r e s ­

ponds t o an M-1 s p e c i e s commonly formed by the l o s s of H2 from 

the iM+1 s p e c i e s b u t no M+1 s p e c i e s was d e t e c t e d . 

(5) ( ( 3 , 3 , 3 , 2 , 2 - p e n t a f l u o r o p r o p y l ) o x y ) m e t h y l o x i r a n e (XLIV) 

A m o l e c u l a r i o n (m/e 206) c o u l d not be d e t e c t e d u s i n g 

e l e c t r o n impact. 
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205 (0.8, C,H,F.O„), 186 ( 5 . 0 , C^H,F,0_), 177 ( 5 . 5 ) , 
o b D Z 6 6 4 2 

176 (8.4, C^H^F^O), 164 ( 3 . 0 ) , 163 (81.6, C^H^F^O), 156 ( 6 . 7 ) . 

133 (10.0, C3H2F5), 119 (3.4, C 2 F 5 ) , 113 (5.4, C3HF^), 111 ( 3 . 4 ) , 

100 ( 3 . 5 , C 2 F ^ ) , 83 ( 1 8 . 7 ) , 81 (26.4, C 2 F 3 ) , 69 (49.2, C F 3 ) , 

64 ( 9 . 6 , C2H2F2), 63 ( 4 . 7 , C2HF2), 61 ( 4 . 7 , C2H2FO), 58 ( 1 0 . 6 ) , 

57 (B, C3H^0), 56 ( 3 . 0 , C3H^0), 55 ( 3 . 5 , C3H3O), 51 (21.8, CHF2), 

45 ( 8 . 6 , C2H2F), 41 ( 5 . 5 , C3H5), 39 ( 3 . 9 ) , 33 ( 9 . 9 ) , 32 (4.7,CHF), 

31 (66.8, C F ) , 30 ( 3.1, CH2O), 29 (94.5, CHO), 28 (15.0, CO), 

27 (28 . 3 , C2H3). 

C h e m i c a l i o n i z a t i o n gave a s p e c i e s a t m/e 207 c o r r e s p o n d i n g 

to t h e e x p e c t e d M+1 s p e c i e s . 

(6) 3 , 3 , 3 , 2 , 2 - p e n t a f l u o r o p r o p y l o x i r a n e (XLV) 

177 (1.0, M+1), 176 (9.7, M), 119 ( 5 . 9 , C^F^), 113 (2.2, 

C3HF^), 109 ( 6 . 3 ) , 108 ( 4 . 4 ) , 107 (B, C^H^F20), 100 (9.7, C^F^), 

95 ( 8 . 5 ) , 91 ( 2 . 9 , C^H^F^), 89 (12.4, C4H3F2), 79 ( 3 . 6 ) , 

77 (44.8, C3H3F2), 76 ( 3 . 2 ) , 75 ( 9 . 8 ) , 69 (40.3, C F 3 ) , 65 ( 5 . 7 ) , 

64 ( 7 . 8 , C2H2F2), 61 (2.5, C2H2FO), 59 ( 1 9 . 0 ) , 57 (63.1, C3H^0) 

56 ( 2 . 3 , C3H^0), 51 (34.3, HCF2), 45 ( 4 . 7 , C2H2F), 43 (34.0, 

C2H3O), 42 ( 6 . 2 , C2H2O), 41 ( 2 . 1 , C2HF), 38 ( 3 . 4 ) , 33 ( 6 . 4 ) , 

32 ( 4 . 9 , CHF), 31 (66.4, C F ) , 30 (6.4, CH2O), 29 (83.8, CHO), 

28 (14.6, CO), 27 (31.7, C2H3), 
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APPENDIX SEVEN 

DIFFERENTIAL SCANNING CALORIMETRY CURVES 
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