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ABSTRACT 

T h i s t h e s i s d e s c r i b e s an i n v e s t i g a t i o n i n t o the photo-
i n i t i a t e d cure of epoxide co a t i n g s * 

Diaryliodonium s a l t p h o t o i n i t i a t o r s were prepared and 
c h a r a c t e r i s e d i n the l a b o r a t o r y . The a n a l y s i s and c h a r a c t e r -
i 8 a t i o n of some i n d u s t r i a l epoxide r e s i n s was a l s o c a r r i e d 
out before they were used i n the p r e p a r a t i o n of c o a t i n g s . A 
s e r i e s of l a c q u e r s was prepared and exposed to u l t r a - v i o l e t 
r a d i a t i o n . The cure c h a r a c t e r i s t i c s of these c o a t i n g s were 
i n v e s t i g a t e d by q u a l i t a t i v e and q u a n t i t a t i v e methods. T h i s 
a s p e c t of the work y i e l d e d some i n t e r e s t i n g r e s u l t s which 
a r e d i s c u s s e d i n the f i n a l chapter,, 
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 



l o 

1 0 1 INTRODUCTIOM 
T h i s t h e s i s i s the r e s u l t of a case study c a r r i e d out i n 

c o n j u n c t i o n with Camrex (Holdings) Limitedo The aim i s to 
i n v e s t i g a t e the p h o t o i n i t i a t e d cure of c o a t i n g s with the 
g e n e r a l a p p l i c a t i o n a r e a of marine tank c o a t i n g s i n mind. 
The main concept behind the development of t h i s new c u r i n g 
system i s the e l i m i n a t i o n of organic s o l v e n t s . Thus,, a i r 
p o l l u t i o n , h e a l t h and f i r e hazards and energy c o s t s may be 
reduced. I t i s , t h e r e f o r e , a p p r o p r i a t e to begin with a b r i e f 
d i s c u s s i o n of marine tank coating,, 

102 MARINE TANK COATING 
The reason f o r c o a t i n g a metal s u r f a c e , whether i n t e r n a l 

o r e x t e r n a l , i s to reduce c o r r o s i o n of t h a t s u r f a c e . C o r r o s i o n 
i s the degradation of a metal by combination with a non-metal 
such as sulphur, oxygen, h a l i d e s , e t c e t e r a . Because of the 
d i f f e r e n c e i n chemical p o t e n t i a l or free=energy between 
m e t a l s and t h e i r o x i d e s ( o r s u l p h i d e s and h a l i d e s ) , degradation 
i s f a c i l e or even spontaneous. 

Man has been aware of c o r r o s i o n and i t s e f f e c t s f o r some 
timet, indeed, methods of c o r r o s i o n p r o t e c t i o n date back to the 
Romanso The p r o t e c t i o n of bronze and i r o n was r e p o r t e d by 
P l i n y (c.100 BC); o i l and t a r being used f o r the p r o t e c t i o n 
of the former, and pitch,, gypsum and white l e a d f o r the l a t t e r . , 
L a t e r 9 r e d l e a d was used which they produced by h e a t i n g white 
leadj, t h i s more o x i d i z e d form of l e a d oxide being more 
e f f i c i e n t . The c o a t i n g of marine tanks i s , however, a 
r e l a t i v e l y new development, only becoming common p r a c t i c e i n 
the second h a l f of the century,. 

Marine tanks were o r i g i n a l l y coated to reduce s t e e l 
c o r r o s i o n and thus i n c r e a s e the working l i f e of the s h i p . 
I n the p r o c e s s other b e n e f i t s have manifested themselves, 
i n c l u d i n g s 
( i ) p r e v e n t i o n of damage to pumps and v a l v e s by l o o s e m a t e r i a l 
( i i ) p r e v e n t i o n of cargo contamination by i r o n , r u s t or former 

cargoes 
( i i i ) ease of c l e a n i n g and g a s - f r e e i n g 
( i v ) ease of i n s p e c t i o n 
(v) improved s a f e t y 
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( v i ) reduced s c a n t l i n g s . 
A l l o f these have o b v i o u s economic b e n e f i t s d e r i v e d from 
g r e a t e r f l e x i b i l i t y , t i m e s a v i n g o r decreased dead w e i g h t . 

The r a p i d e x p a n s i o n o f the c h e m i c a l i n d u s t r y , p a r t i c u l a r l y 
t h e p e t r o c h e m i c a l s i d e , over t h e l a s t t w e n t y - f i v e y e a r s has 
l e d t o an i n c r e a s e i n t h e v a r i a t i o n o f ca r g o s c a r r i e d and 
t h e i r c o r r o s i v e p r o p e r t i e s . C l e a r l y , a p r o t e c t i o n system 
w h i c h i s r e s i s t a n t t o t h e c h e m i c a l a c t i v i t y o f a l l cargos 
o v e r a l l e n v i r o n m e n t a l c o n d i t i o n s e n c o u n t e r e d , i s t h e u l t i m a t e 
g o a l o f t h e a n t i - c o r r o s i o n e n g i n e e r . I n s t r i v i n g t o p e r f e c t 
such a c o a t i n g , systems a r e produced w i t h i n c r e a s i n g f l e x i b i l i t y 
and r e s i s t a n c e t o a wide range o f cargoes, a l t h o u g h i t i 6 
u n l i k e l y t h a t such an i d e a l i z e d c o a t i n g w i l l ever m a t e r i a l i z e 
s i n c e t h e l i s t o f me c h a n i c a l and c h e m i c a l r e s i s t a n c e s i s so 
f o r m i d a b l e . 

I n g e n e r a l , such c o r r o s i o n i s an e l e c t r o c h e m i c a l problem. 
The c o r r o d i n g m e t a l c o n s i s t s o f ano d i c and c a t h o d i c areas 
w h i c h behave as s h o r t c i r c u i t e l e c t r o l y t i c c e l l s on t h e m e t a l 
s u r f a c e . 

Diagram One d e p i c t s t h e c o r r o s i o n o f i r o n . 
Diagram One 

f e 2 ^ 2HzO >fr(OH^ + 2H* 
ZH > Hz 

Such areas a r e c r e a t e d by d i f f e r e n t i a l g r a i n s i z e ; d i f f e r e n t i a l 
t h e r m a l t r e a t m e n t ( w e l d i n g e t c . ) ; d i f f e r e n t i a l s t r a i n ; presence 
o f s c r a t c h e s ; m e t a l - m e t a l o x i d e c o m b i n a t i o n s ; and d i f f e r e n t i a l 
c o n c e n t r a t i o n s o f oxygen i n m o i s t u r e . I n t h e case o f m i l l 
s c a l e on s t e e l , t h e i r o n o x i d e w i l l produce a c a t h o d i c a r e a 
and t h e i r o n m e t a l an ano d i c a r e a . Hence, an e l e c t r o l y t i c 
c e l l i s s e t up. Once c o r r o s i o n ' s e t s i n ' , i t has an a u t o -
c a t a l y t i c e f f e c t , c r e a t i n g s u r f a c e t r a p s f o r s o l u t i o n s o f 
f e r r o u s i o n s and d i s s o l v e d oxygen. The e f f e c t d e s c r i b e d here 
r e f e r s o n l y t o s u r f a c e s i n c o n t a c t w i t h w a t e r . Of c o u r s e , 



t h e d i f f e r e n t c h e m i c a l s p e c i e s and s o l v e n t s i n v o l v e d i n 
carg o e s w i l l c o m p l i c a t e t h e e l e c t r o c h e m i s t r y . A l t h o u g h t h e 
same p r i n c i p l e a p p l i e s , q u a n t i t a t i v e e f f e c t s may be c o n s i d e r a b l y 
d i f f e r e n t . 

The c o n t r o l o f c o r r o s i o n i s c l e a r l y a q u e s t i o n o f p r e v e n t i n g 
t h e g e n e r a t i o n o f such c e l l s . T h i s may be a c h i e v e d by 
i n h i b i t i n g a c t i v i t y a t t h e anode o r ca t h o d e , masking t h e s u r f a c e , 
o r by e l e c t r i c a l methods. 

Among anod i c i n h i b i t o r s a r e r e d l e a d (Pb^O^), z i n c y e l l o w 
(K^O. 4Zn0 o ifCr0^o3H20) and p o t a s s i u m b a r i u m chromate (K 2Ba(CrO^) .>). 
On a p p l i c a t i o n , such i n h i b i t o r s f o r m t h i n f i l m s which r e a c t 
w i t h t h e s o l u b l e f e r r o u s s a l t s produced a t t h e anodic a r e a s 
t o d e p o s i t a m i x t u r e o f f e r r i c and chromic o x i d e s . The 
o x i d a t i v e p r o p e r t i e s o f r e d l e a d a r e s i m i l a r l y employed. 

C a t h o d i c i n h i b i t o r s , among which a r e z i n c o x i d e (ZnO) 
and c a l c i u m b i c a r b o n a t e (CaCHCO^^)* r e a c t a t t h e cathode w i t h 
hydrogen i o n s , e t c e t e r a , i n a r e d u c t i v e c a p a c i t y t o p r e v e n t 
c o m p l e t i o n o f t h e c e l l . 

A d s o r p t i o n i n h i b i t o r s , such as c o l l o i d s ( a l b u m i n and 
g e l a t i n e ) , mask t h e m e t a l s u r f a c e t o p r e v e n t c o n t a c t w i t h t h e 
c o r r o s i v e a g e n t s . 

I n t r o d u c t i o n o f s a c r i f i c i a l e l e c t r o d e s i s a n o t h e r method 
o f p r e v e n t i n g c o r r o s i o n b u t i t i s u n s u i t a b l e where c o n t a m i n a t i o n 
o f t h e cargo i s u n d e s i r a b l e . A d e p o s i t o f met a l which i s more 
e a s i l y o x i d i z e d ( f o r example, z i n c ) i s i n t r o d u c e d t o t h e s t e e l 
s u r f a c e and i s p r e f e r e n t i a l l y eroded, t h u s p r o t e c t i n g t h e s t e e l . 

The use o f e l e c t r i c c u r r e n t s i s i n v o l v e d i n a method known 
as ' c a t h o d i c p r o t e c t i o n ' . The e l e c t r o d e p o t e n t i a l o f a 
c o r r o d i n g m e t a l i s l o w e r e d t o t h e r e v e r s e p o t e n t i a l o f t h e 
a n o d i c r e a c t i o n . Thus, no d i s s o l u t i o n o f t h e m e t a l w i l l o c c u r 
s i n c e t h e back r e a c t i o n r a t e i n d u c e d by t h e a p p l i e d p o t e n t i a l 
i s e q u a l t o t h e f o r w a r d r e a c t i o n r a t e . B a s i c a l l y , t h e m e t a l 
becomes an o v e r a l l cathodes a n o d i c areas e f f e c t i v e l y n e u t r a l i s e d 
and c a t h o d i c a r e a s enhancedo Hence, no s i t e i s a v a i l a b l e f o r 
t h e a n o d i c r e a c t i o n ( o x i d a t i o n o f m e t a l ) . 

The u s u a l c o n t r o l method employed i s t o c o a t t h e t a n k w i t h 
a p r o t e c t i v e m a t e r i a l . Many l i n i n g s have been developed, 
i n c l u d i n g v i t r e o u s enamel; g l a s s ; m e t a l ; g l a s s r e i n f o r c e d 
p o l y e s t e r ; sheet P.V.C. and sheet r u b b e r ; s y n t h e t i c r u b b e r s 
and p a i n t e d c o a t i n g s . The p a i n t c o a t i n g s used have many 



advantages, i n t h a t many d i f f e r e n t p r o p e r t i e s may be i n c o r p o r a t e d 
t o v a r y i n g e x t e n t s when f o r m u l a t i n g t h e p a i n t . 

1.3 THE COATINGS IN USE 
A p a i n t c o n s i s t s o f many i n g r e d i e n t s , , 

( i ) The b a s i c medium which i s commonly a polymer r e s i n 
c o m p r i s e s 50=70% o f t h e mass o f t h e p a i n t when c u r e d . 
T h i s , o f c o u r s e , g i v e s i t t h e r e s i s t i v e p r o p e r t i e s 
r e q u i r e d . 

( i i ) The e x t e n d e r s which a r e i n e r t , and a r e b a s i c a l l y p a d d i n g , 
a l l o w t h e p a i n t t o be made more e c o n o m i c a l l y b u t do n o t 
a f f e c t t h e p r o p e r t i e s o f t h e p a i n t nor i t s e f f e c t i v e n e s s . 

( i i i ) Pigments are i n c l u d e d which s e r v e t h e d u a l purpose o f 
g i v i n g t h e p a i n t c o l o u r and a n t i - c o r r o s i o n p r o p e r t i e s 
(examples are z i n c phosphate, z i n c chromate and c a l c i u m 
p h o s p h a t e ) . 

( i v ) S u r f a c e d r i e r s , such as c o b a l t n a p h t h e n a t e , and t h r o u g h 
d r i e r s , such as l e a d n a p h t h e n a t e , a r e i n c l u d e d . 

( v ) O t h e r a d d i t i v e s , such as t h i x o t r o p e s ( f o r example, 
bentone) f o r f l o w c o n t r o l , a r e i m p o r t a n t c o n s t i t u e n t s . 

( v i ) S o l v e n t s which may be a l i p h a t i c , a r o m a t i c o r p o l a r s i m p l y 
t o t h i n t h e p a i n t f o r a p p l i c a t i o n , comprise about 45% 
o f t h e "wet' mass. 

The medium may be o f f o u r main t y p e s : z i n c s i l i c a t e , epoxy, 
p h e n o l i c epoxy o r p o l y u r e t h a n e . 
(a) Z i n c S i l i c a t e s 

Z i n c d u s t i s combined w i t h i n o r g a n i c o r o r g a n i c s i l i c a t e s . 
H y d r o l y s i s o f t h e s i l i c a t e s r e s u l t s i n t h e f o r m a t i o n o f a 
z i n c cement w h i c h , on subsequent r e a c t i o n w i t h e i t h e r carbon 
d i o x i d e , h a l i d e , o r s u l p h a t e , produces a tough c o a t i n g r e s i s t a n t 
t o o r g a n i c s o l v e n t s . U n f o r t u n a t e l y , s u r f a c e p r e p a r a t i o n , 
h u m i d i t y , s t e e l t e m p e r a t u r e and t h i c k n e s s o f f i l m a r e c r u c i a l . 
I f mud c r a c k i n g , t o which z i n c s i l i c a t e s a r e s u s c e p t i b l e , 
o c c u r s , t h e o n l y remedy i s t o r e b l a s t and r e c o a t . R e s i s t a n c e 
t o s o l v e n t s i s e x c e l l e n t b u t r e s i s t a n c e t o o t h e r c ommodities 
i s l i m i t e d . A c i d and a l k a l i r e s i s t a n c e o u t s i d e pH 5-9 range 
i s v e r y low. T h i s r e s u l t s i n t h e use o f z i n c s i l i c a t e s as 
s p e c i f i c t a n k l i n i n g s . 



( b ) Epoxy R e s i n s 
Epoxy r e s i n s a r e f u n d a m e n t a l l y a l i p h a t i c p o l y e t h e r s b u t 

r e t a i n t h e i r name on t h e b a s i s o f t h e i r s t a r t i n g m a t e r i a l and 
t h e presence o f epoxide groups i n t h e polymer b e f o r e c r o s s -
l i n k i n g . 

H i s t o r i c a l l y s epoxy p a i n t s a r e s o l v e n t c o n t a i n i n g two pack 
p a i n t s , n o r m a l l y c a t e g o r i s e d by t h e c u r i n g agent i n v o l v e d . 
T y p i c a l c u r i n g a g e n t s are p o l y a m i d e , p o l y a m i n e o r amine a d d u c t , 
and i s o c y a n a t e . The r e a c t i o n s a r e p r i n c i p a l l y t h e same, 
i n v o l v i n g n u c l e o p h i l i c a t t a c k a t t h e epoxy f u n c t i o n . 

P o l y a m i n e - c u r e d epoxy r e s i n s p r o v i d e good r e s i s t a n c e t o 
p e t r o l e u m p r o d u c t s and v e r y good r e s i s t a n c e t o s a l t w a t e r 
b a l l a s t and c a u s t i c soda s o l u t i o n s o v e r 30%. M e c h a n i c a l l y , 
t h e y a r e h a r d w i t h o u t b e i n g b r i t t l e . The r a t e and degree o f 
c r o s s - l i n k i n g i s dependent on t e m p e r a t u r e which s h o u l d be 
above 20°C ( s t e e l t e m p e r a t u r e ) f o r f u l l c u r e . 

P o l y a r a i d e - c u r e d epoxy r e s i n s have s i m i l a r m e c h a n i c a l and 
r e s i s t a n c e p r o p e r t i e s t o p o l y a m i n e - c u r e d epoxy r e s i n s . Cure 
t e m p e r a t u r e s s h o u l d a g a i n be over 20°C. 

I s o c y a n a t e c u r e g i v e s r e s i s t a n c e comparable w i t h amine-
c u r e d systems b u t t h e minimum c u r i n g t e m p e r a t u r e i s reduced 
t o 0°C ( s t e e l t e m p e r a t u r e ) , g i v i n g an added advantage i n 
a p p l i c a t i o n . However, i s o c y a n a t e s a r e n o t e n v i r o n m e n t a l l y 
f a v o u r e d because o f t h e h e a l t h h a z a r d s i n v o l v e d . 

(c) Epoxy P h e n o l i c Resins 
Epoxy p h e n o l i c r e s i n s are s i m i l a r t o epoxy r e s i n s e x c e p t 

t h a t t h e epoxy f u n c t i o n s a r e i n p o s i t i o n an s i d e c h a i n s , w h i l e 
t h e polymer back-bone i s composed o f l i n k e d a r o m a t i c r i n g s . 
C r o s s - l i n k i n g i s a c h i e v e d w i t h e i t h e r amine o r amine adduct 
c u r i n g a g e n t s by v i r t u e o f t h e e poxide g r o u p s . R e s i s t a n c e t o 
a wide range o f c h e m i c a l s and s o l v e n t s i s e x c e l l e n t , a l t h o u g h 
l o w e r a l c o h o l homologs r e c e i v e o n l y weak r e s i s t a n c e . U n f o r t u n a t e l y , 
t h e c u r i n g t e m p e r a t u r e f o r e f f e c t i v e r e s i s t a n c e i s about 60°C. 
T h i s may be a c h i e v e d by c a r r y i n g a m i l d h o t cargo ( f o r example, 
l u b r i c a t i n g o i l ) i n i n i t i a l s e r v i c e t o mature t h e c o a t i n g 
s i n c e t h e minimum a p p l i c a t i o n t e m p e r a t u r e i s 15°C ( 6 t e e l 
t e m p e r a t u r e ) 0 



(d) P o l y u r e t h a n e R e s i n s 
P o l y u r e t h a n e c o a t i n g s are l e s s commonly used t h a n epoxy 

p a i n t s because o f t h e h e a l t h hazards a s s o c i a t e d w i t h them and 
t h e i r i s o c y a n a t e p r e c u r s o r s . They are m a n u f a c t u r e d by t h e 
a d d i t i o n o f i s o c y a n a t e s t o a c t i v e h y d r o g e n - c o n t a i n i n g m a t e r i a l s . 

They e x h i b i t v e r y good c h e m i c a l r e s i s t a n c e , i n many r e s p e c t s 
s u p e r i o r t o epoxy pol y a m i d e s and comparable t o epoxy p h e n o l i c 
p o l y a m i n e s . Good r e s i s t a n c e t o methanol and a n i m a l / v e g e t a b l e 
o i l s i s a l s o observed and t h e y have t h e added advantage o f 
b e i n g s a t i s f a c t o r i l y c u r e d a t 0°C ( s t e e l t e m p e r a t u r e ) . 

1 . 4 GENERAL CONSIDERATIONS I N TANK COATING 
Depending on t h e cargoes t h a t a p a r t i c u l a r v e s s e l m i g h t 

c a r r y , one must e v a l u a t e which c o a t i n g , o r c o m b i n a t i o n o f 
c o a t i n g s , t o a p p l y . S i n c e t h e r e i s no u n i v e r s a l c o a t i n g , 
f u t u r e cargo commitments must be p r e d i c t e d and cargo t y p e 
l i m i t a t i o n s must be adhered t o . S o f t e n i n g o f t h e c o a t i n g 
may o c c u r , as i s t h e case when buta n - 2 - o n e (MEK) i s c a r r i e d 
i n t a n k s p r o t e c t e d by epoxy p a i n t s . However, c o a t i n g s w i l l 
r e c o v e r from such e f f e c t s i f t i m e i s a l l o w e d f o r complete 
e v a p o r a t i o n o r d i f f u s i o n o f t h e c h e m i c a l s i n v o l v e d , and i f 
no p r o d u c t i s c a r r i e d which may t a k e advantage, i n terms o f 
c h e m i c a l a t t a c k , o f t h e temporary weakness. The r e c o v e r y 
t i m e may v a r y from 4 8 h o u r s t o s e v e r a l weeks, t h e r e f o r e , even 
w i t h a l i m i t e d cargo l i s t , t h e r e w i l l be o p e r a t i n g r e s t r i c t i o n s . 

Of c o u r s e , i t may n o t always be p o s s i b l e t o a p p l y a f i r s t 
c h o i c e c o a t i n g because t h e a p p l i c a t i o n c l i m a t e may n o t be 
s u i t a b l e ( f o r example, Norway i n autumn o r w i n t e r ) . T h e r e f o r e , 
a l l s p e c i f i c a t i o n s f o r c o a t i n g t h e t a n k must be c o n s i d e r e d 
s i m u l t a n e o u s l y . 

1 . 5 CHOICE OF RESINS 
The r e s i n system chosen as a "medium 1 f o r t h e t r i a l s u r f a c e 

c o a t i n g s must be c a p a b l e o f f o r m i n g a f i l m on v a r i o u s s u b s t r a t e s 
( f o r example, g l a s s , m e t a l and p r i m e d s u r f a c e s ) w i t h good 
a d h e s i o n . 

There a r e a number o f r e s i n s c o m m e r c i a l l y a v a i l a b l e : 
( i ) p h e n o l i c r e s i n s w h i c h have good c h e m i c a l r e s i s t a n c e and 
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hardness p r o p e r t i e s but are l i m i t e d i n adhesion and 
f l e x i b i l i t y 

( i i ) a l k y d r e s i n s which have good d u r a b i l i t y and v e r s a t i l i t y 
but l i m i t e d i n a l k a l i r e s i s t a n c e and adhesion p r o p e r t i e s 

( i i i ) v i n y l r e s i n s which have good chemical r e s i s t a n c e and 
toughness but are l i m i t e d due to t h e i r s o f t n e s s and 
i n s o l u b i l i t y 

( i v ) epoxide r e s i n s p o s s e s s i n g a l l of the d e s i r a b l e p r o p e r t i e s 
mentioned above with a minimum amount of the l i m i t i n g 
q u a l i t i e s . 

I n view of t h e i r thermal s t a b i l i t y , mechanical s t r e n g t h , 
chemical r e s i s t a n c e and s u p e r i o r adhesion, epoxide r e s i n s 
have been chosen as the monomers f o r t r i a l systems. I n 
a d d i t i o n , they are w e l l e s t a b l i s h e d i n g r e d i e n t s i n c o n v e n t i o n a l l y 
cured tank c o a t i n g systems. 

1.6 HISTORY OF EPOXIDE RESIN COATINGS 
Epoxides f i r s t found commercial s u c c e s s i n the c o a t i n g s 

i n d u s t r y . Hardly known t w e n t y - f i v e y e a r s ago, they have 
e s t a b l i s h e d themselves p a r t i c u l a r l y w e l l due to t h e i r a c i d , 
a l k a l i and organic chemical r e s i s t a n c e , hardness, f l e x i b i l i t y , 
weather r e s i s t a n c e and outstanding adhesion to metal s u r f a c e s . 
I n f a c t , the c h i e f use of epoxy r e s i n s , amounting to over 
100 m i l l i o n pounds i n 1978, was for c o a t i n g a p p l i c a t i o n s ( 1 ) . 

Although some p a t e n t s r e g i s t e r e d i n the l a t e 1920s and 
e a r l y 1930s mentioned work on diepoxides, the beginning of 
today's epoxide r e s i n technology i s u s u a l l y accepted as being 
December 1934, when I.G. Farben a p p l i e d f o r the patent of 
'Schlack' ( 2 ) . T h i s patent d e s c r i b e s l i q u i d polyepoxides 
hardened by a v a r i e t y of methods. 

I n 1938 and 1943, P« Castan, a S w i s s chemist employed by 
De Trey F r e r e s of Z u r i c h , f i l e d p a t e n t s d e s c r i b i n g the 
production of d i g l y c i d y l e t h e r s and e s t e r s and p o l y m e r i z a t i o n s 
of these r e s i n s with a c i d anhydrides, p h t h a l i c anhydride, 
and o r g a n i c and i n o r g a n i c b a s e s 0 Attempts to market these 
products f o r d e n t a l use f a i l e d and the p a t e n t s were l i c e n s e d 
to C i b a A.G. of B a e l e . S i m i l a r work was a l s o c a r r i e d out by 
Greenlee f o r the Devoe and Reynolds p a i n t company i n the 
U n i t e d S t a t e s of America. The S h e l l Chemical C o r p o r a t i o n 



r e s e a r c h e r s began i n v e s t i g a t i n g a range o f p o s s i b l e c u r i n g 
a g e n t s and monoepoxide r e a c t i v e d i l u e n t s . W i t h l i c e n c e s on 
t h e Devoe and Raynolds p a t e n t s , t h e y marketed a range o f 
l i q u i d and s o l i d epoxide r e s i n s under t h e t r a d e name Epon i n 
t h e U n i t e d S t a t e s , E p i k o t e i n a l l o t h e r c o u n t r i e s , f o r t h e 
s u r f a c e c o a t i n g i n d u s t r y . 

When t h e Dead Sea s c r o l l s were d i s c o v e r e d i n t h e 1950s, 
P r o f e s s o r H, W r i g h t Baker o f Manchester U n i v e r s i t y had t o 
s o l v e t h e problem o f how t h e b r i t t l e , b a d l y c o r r o d e d copper 
r o l l s c o u l d be u n r a v e l l e d w i t h o u t l o s i n g a s i n g l e l e t t e r . 
Epoxide c o a t i n g s were t h e answer. The s u r f a c e l a y e r was 
c o a t e d w i t h a f i l m o f l i q u i d e p oxide and an a l i p h a t i c amine 
h a r d e n e r . A f t e r warming and c u r i n g f o r a few h o u r s , t h e 
s t r e n g t h e n e d o u t e r l a y e r was c u t t h r o u g h and removed. The 
p r o c e s s was r e p e a t e d i n s u c c e s s i v e l a y e r s , a l l o w i n g t h e s c r o l l s 
t o be b o t h examined and p r e s e r v e d (3) . 

I n t h e l a t e 1950s, f u r t h e r r e s e a r c h p r o v i d e d t h e c o a t i n g s 
i n d u s t r y w i t h a u nique new m a t e r i a l which has been d e s c r i b e d 
as a 'super p h e n o l i c ' (3) w i t h c o n s i d e r a b l e r e s i s t a n c e t o 
c h e m i c a l s . A l s o i n t h e l a t e 1950s and e a r l y 1960s, Dr D. 
Swern's work o f t h e 1940s, on t h e r e a c t i o n o f o l e f i n s w i t h 
oxygen c o n t a i n i n g compounds such as p e r o x i d e s and p e r a c i d s , 
was expanded by s e v e r a l w o r k e r s i n t h e U n i t e d S t a t e s t o 
produce new and u s e f u l epoxide r e s i n s ( 4 ) . 

Even w i t h t h e s u p e r i o r p r o p e r t i e s o f epoxide c o a t i n g s , 
t h e i r r a p i d g r o w t h has been a r e m a r k a b l e commercial c h e m i c a l 
development. There a r e c u r r e n t l y dozens o f d i s t i n c t t y p e s 
o f e p oxide r e s i n s c o m m e r c i a l l y a v a i l a b l e f o r a wide v a r i e t y 
o f a p p l i c a t i o n s . 

1.7 CHARACTERISTICS AND APPLICATIONS OF EPOXIDE RESINS 
C u r i n g t e m p e r a t u r e s o f e poxide r e s i n c o a t i n g s can be 

v a r i e d f r o m 5-200°C s t e e l t e m p e r a t u r e by a p p r o p r i a t e c h o i c e 
o f c a t a l y s t o r r e a c t i v e h a r d e n e r . 

W i t h many c u r i n g a g e n t s , e t h e r l i n k a g e s , among t h e most 
s t a b l e known t o o r g a n i c c h e m i s t s , a r e t h e o n l y b o n d i n g o t h e r 
t h a n c a r b o n t o c a r b o n . T h e r e f o r e , i t f o l l o w s t h a t t h e s e r e s i n s 
a r e h i g h l y r e s i s t a n t t o a t t a c k from a wide range o f s o l v e n t s , 
a c i d s , a l k a l i s and o t h e r c h e m i c a l s 0 
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Shrinkage during cure i s small because the reaction 
between monomers i s an addition reaction which does not 
involve the elimination of small molecules such a s water. 
This, of course, i s a most advantageous property since i t 
helps minimise stresses i n the f i l m . Widely spaced epoxide 
and hydroxyl groups are the reacting species, giving r i s e to 
three dimensional polymers, r e s u l t i n g i n toughness and 
f l e x i b i l i t y i n the cured f i l m . The polar nature of these 
functional groups (mainly hydroxyl i n the cured polymer) i s 
responsible for the excellent adhesion of epoxide resins. 
Shrinkage also contributes to adhesion since there i s less 
d i s t o r t i o n during cure, hence, surface contacts are not 
destroyed i n the process (5) • 

The phenolic hydroxyl groups are often a cause for concern 
i n colouring other resins. However, i n phenolic epoxides, 
also called epoxy novolaks, they have been converted to ether 
linkages, r e s u l t i n g i n resins of good colour and colour 
re t e n t i o n . 

There i s a considerable l i s t of applications for epoxide 
resins, including adhesives for a i r c r a f t ; paint brush b r i s t l e s ; 
body solders and caulking compounds for the repair of p l a s t i c 
and metal boats, cars, etcetera; casting compounds for the 
f a b r i c a t i o n of short run and prototype molds; and sealant 
compounds i n b u i l d i n g applications. 

Epoxide based solution coatings are used as maintenance 
and product finishes i n such areas as marine coatings, 
s t r u c t u r a l steel coatings, tank coatings, a i r c r a f t finishes, 
primer coatings, f u r n i t u r e finishes, and concrete f l o o r paints 
and varnishes. Application of these coatings may be carried 
out at various temperatures by spraying, r o l l e r coating, dip 
coating, or flow coating (3). 



CHAPTER TWO 

CATIONIC POLYMERIZATION OF EPOXIDES 
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2.1 TYPES OF INITIATION 
There are three general categories of p h o t o i n i t i a t i o n 

available (6) which are free r a d i c a l , cationic and anionic. 
The choice of the most suitable depends i n part upon the 

and t h e i r e f f e c t upon the electron density d i s t r i b u t i o n i n 
the epoxide r i n g * 

In general, electron withdrawing substituents, such as 
cyanide, ester and amide groups, reduce electron density at 
the carbon atoms i n the r i n g and favour i n i t i a t i o n by anionic 
specieso Electron donating substituents, such as a l k y l , 
alkoxy and phenyl, render the epoxide group more sensitive 
to cationic i n i t i a t i o n via the oxygen atom i n the r i n g . Due 
to t h e i r e l e c t r i c a l n e u t r a l i t y , free radicals are less 
selective and, therefore, have a wider application than anionic 
or cationic species. 

Although p h o t o i n i t i a t e d radical polymerizations are widely 
employed, they suffer from many problems, among which are: 
the short l i f e - t i m e s of i n i t i a t i n g species; the fact that 
polymerizations suffer from oxygen i n h i b i t i o n ; and the 
requirement for a minimum threshold vi s c o s i t y for high 
polymerization (Tromsdorff-Norrish effect) <> I n order to avoid 
such problems, one may employ an ionic active centre propagation. 

Anionic chain polymerization may be ruled out since i t i s 
even more sensitive to oxygen than radical chain polymerization. 
However, cationic chain polymerizations do not suffer from 
the same l i m i t a t i o n s as radical and anionic polymerizations, 
and also possess some convenient characteristics which lend 
themselves to UV curing. The advantages are; i n i t i a t i n g 
species have long l i f e - t i m e s ; propagation continues a f t e r 
removal of the l i g h t source; i n i t i a t i o n and propagation steps 
are unaffected by oxygen; i t i s not necessary to have a high 
v i s c o s i t y medium; polymerizations proceed at very low 
temperatures with high rates, even at -100°C; and cationic 
I n i t i a t i o n mechanisms are quite well documented. 

nature of the groups R, and R_ i n the monomer below, A CH- CH 
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The Lewis acids may be c l a s s i f i e d as 
( i ) Protonic acids such as perchloric acid, sulphuric acid 

and certain highly acid surfaces ( f o r example, mont-
m o r i l l o n i t e clay) 

( i i ) Friedel-Crafts catalysts such as b o r o n t r i f l u o r i d e , 
aluminiumtrichloride, etcetera. 

Of the two, the Friedel-Crafts halides are the most important, 
In most cases, Friedel-Crafts halidee w i l l only function i n 
the presence of a second component or co-catalyst (SH) such 
as water or alcohol,, The catalyst a c t i v a t i o n step i s 

MX 4 SH > SMX" + H+ 

n n 
Thus the i n i t i a t i o n steps of both protonic acid and Fried e l -
Crafts catalysts are essentially the ŝ me. 

0 OH 
* - - / \ j . I • J . -
H X + RCH CHK > RCH CHIT.X 
Cationic polymerization normally takes place i n a medium 

of low d i e l e c t r i c constant, such as hydrocarbon solutions, i n 
which charge separation i s u n l i k e l y so that i n i t i a t i n g and 
propagating species exist as ion pairs. The propagation 
reaction i s a chain process operating via carbonium ions and 
may be viewed as an i n s e r t i o n of monomer i n t o the p a r t i a l 
bond between the propagating species and the counterion. 

/\ 
HO P-CHR CHR1 0—}-CHR CHR 1—=X° + RCH—-CHR1 

HO + 
—P-CHR—CHR1 0 1 - CHR CHR1 X= 

1 J n+l 
Termination may occur i n a variety of ways i n cationic 

polymerizations, such as proton transfer from the propagating 
species to a monomer; hydride ion abstraction from solvent or 
monomer; or b j carbonium ion rearrangement to produce a more 
stable species incapable of propagation,, However, a l l of the 
above can be minimized with an appropriate choice of monomer„ 
solvent and temperature 8 r e s u l t i n g i n a ' l i v i n g polymer'. 



12. 

2.2 CATIONIC POLYMERIZATION OF EPOXIDES 
Polymerizations proceed by a chain mechanism which may be 

divided i n t o three general processes; i n i t i a t i o n , propagation 
and termination,, Ethylene oxide and other cycli c ethers are 
read i l y polymerizable by r i n g opening mechanisms. 

Such mechanisms are polyadditions leading to products which 
are more conveniently considered condensation polymers. In 
most cases, a catalyst i s required. The most convenient 
catalysts are cationic species. 

Since the propagating species i n cationic polymerizations 
are l i k e l y to be carbonium ion6, those monomers which have 
electron donating substituents, capable of s t a b i l i z i n g such 
ions, are most susceptible to cationic polymerizations. 

The generation of a carbonium ion from a monomer may be 
achieved by addition of a strong Lewis acid (7 ) . 

H.C CH 
L\J 

0 n 

Ck 
0 0 

- f -CHg-O 
n CH H„C 

0 

H* + R —-CH— CH 
0 

R R CH CH—R 

H 
OH 
i 

R—CH — C H - R R CH CH — R 
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2.3 GENERAL KINETIC SCHEME FOR CATIONIC POLYMERIZATION 
As i n section 2.2, there are three main stages. 

1o I n i t i a t i o n 
HX + M — £ [ HM ] X" 

Rate of i n i t i a t i o n , S± = k [ M] [ C ] 
where [c ] i s the catalyst concentration, 
and [M] i s the monomer concentration. 

2. Propagation 
[HM*] X" + M - ^ - » [ H M * ] X" 

i n general [ HM+ J X~ + M ^ > [ HM* _ ] X~ 
Rate of propagation, Rp = k p [ M* ] [ M ] 
where [ M +] i s the concentration of growing cationic species. 

3» Termination , 
by proton transfer, [ HM+ 1 X " — — > M • HX 

n n 
by hydride transfer, SH + [HM*] X ° - ^ — ^ [H 2M] + X~ + S+ 

by carbonium ion rearrangement, t H f ^ ] "~—^HM ^M^] X 

where MJ. i s the rearranged M species. 
Rate of termination, Rfc = k^ [ M*] +• k^ [ M*]* k^ [ M+] 

Rt = (k\ + k^ + k\) [ M+] 

Rt = k t [ M + ] 

Chain Transfer 
The rate of chain transfer does not a f f e c t the overall 

reaction rate since the propagating species i s regenerated 
i n chain transfer, d [ M +] / d t = 0 

[ HM+ ] X" + M ^ > M + [ HM* J X° n n 
Rate of chain transfer, R . s k . [ M +][ M ] 
Under steady state conditions, d [ M +] /dt = 0. 

[M +J = k./k t [ M ] [ C] 



R = k [ M ] [ M + ] p P ~~ J 

Rp = k i k p / k t J CMj 2 

The chain length i s given by: 
Xn = R /R. = k /k. [ M ] n p t p t J 

However, t h i s equation i e not universally applicable when 
chain transfer i s a competing process. When chain transfer 
i s the dominant process, the chain length i s given by: 

X ~ R /R . s k /k . n p ct p ct 

2o4 ENERGETICS OF CATIONIC POLYMERIZATION 
One of the important features of cationic polymerization 

i s that the overall rate increases as one decreases the 
temperature (6 ) . Since the rate i s proportional to k. k /k., 
the overall a c t i v a t i o n energy i s given bys 

E r = E i + E p " E t 
The a c t i v a t i o n energies for i n i t i a t i o n and propagation are 
low since the processes involve the approach of p o s i t i v e l y 
charged ions to the negative pole of a permanently charged 
dipole i n a r e l a t i v e l y non-polar medium. Consequently, E^ 
normally l i e s i n the range -ifO to + 60kJ per mole. When the 
ac t i v a t i o n energy i s negative, an increase i n rate i s observed 
as the temperature decreases. 

For chain length, the energetic expression i s given by: 
E s E — E. 
x p t 

E. i s always greater than E , thus, the chain length always t p 
decreases as the reaction temperature r i s e s . 



CHAPTER THREE 

THE PHOTOINITIATORS; 
PREPARATION AND CHARACTERISATION 



3.1 PHOTOINITIATOR SELECTION 
The choice of p h o t o i n i t i a t o r i s l i m i t e d ; a substance i s 

required which w i l l release a cationic species on i r r a d i a t i o n . 
Aryldiazoniura s a l t s , diaryliodonium s a l t s , triarylsulphonium 
s a l t s and triarylselenonium salts have been shown to be 
e f f e c t i v e . 

(a) Aryldiazonium s a l t s 
Although aryldiazonium salts are reported to be highly 

e f f e c t i v e p h o t o i n i t i a t o r e f o r epoxide r i n g opening polymer
iz a t i o n s (8 & 9), they a l 6 0 have many disadvantages. They 
are sensitive to v i s i b l e r a d i a t i o n and low temperature 
thermolysis; nitrogen gas i s l i b e r a t e d during the reaction; 
and p o t - l i f e , even with s t a b i l i z e r s , i s reported to be only 
two weeks. 

(b) Diaryliodonium s a l t s 
In contrast to t h e i r dialkyliodonium counterparts, these 

are stable, c r y s t a l l i n e compounds, i n s e n s i t i v e to oxygen and 
moisture. The excited state from which photolysis occurs i 6 , 
apparently, not quenched by oxygen nor by singlet and t r i p l e t 
state quenchers (10). Polymerization of epoxide monomers by 
diaryliodonium s a l t p h o t o i n i t i a t o r s has been studied by J.V. 
Cr i v e l l o and co-workers (11). The overall consequences of 
photolysis are the generation of an iodoaromatic compound, 
a radical species and a Bronsted acid. Reaction of the 
cationic active centre of the growing chain with the acid 
counterion i s very slow, hence, such polymers are termed 
l i v i n g i n the absence of nucleophilic or basic impurities. 

(c) Triarylsulphonium s a l t s 
These sa l t s have many photochemical and photosensitivity 

p a r a l l e l s with the diaryliodonium s a l t s * I n i t i a t i o n , again, 
i s through the Bronsted acid of the counterion. Long storage 
times have been reported by C r i v e l l o and Lam (12), and 
preparations, i d e n t i f i c a t i o n s and characterisations of such 
s a l t s are described by the same authors (13 & 14). Photo-
i n i t i a t e d polymerization by thiopyrylium s a l t s , which are 
complex sulphur s a l t s s i m i l a r to triarylsulphonium s a l t s , has 
also been investigated (15). 

s 
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The odour which often accompanies sulphonium salts i s 
disadvantageous, as i s the v o l a t i l e residue which often remains. 
However, i t should be possible to engineer molecules i n which 
these undesirable q u a l i t i e s are minimized. Much attention 
has recently been given to these s a l t s . 

(d) Triarylselenonium s a l t s 
Triarylselenonium s a l t s are reported to be s l i g h t l y less 

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 h e i r sulphur analogues (10). 
Selenium compounds i n general tend to have pungent odours and 
are unpleasant to work with. There has also been l i t t l e work 
on t h e i r p h o t o i n i t i a t i n g properties compared with iodonium 
and sulphonium compounds. 

In choosing the class of i n i t i a t o r , diazonium s a l t s were 
eliminated because of t h e i r i n s t a b i l i t y and nitrogen l i b e r a t i o n , 
and selenonium s a l t s are cle a r l y i n f e r i o r to eulphonium s a l t s , 
therefore, the f i n a l choice was between iodonium and sulphonium 
species. I t was noted that many syntheses of sulphonium s a l t s 
involve an iodonium s a l t intermediate (16). Diaryliodonium 
s a l t s were chosen because they have none of the disadvantages 
of the triarylsulphonium s a l t s , although t h e i r desirable 
q u a l i t i e s are comparable. 

3.2 DIARYLIODONIUM SALT PHOTOINITIATION 
Iodonium s a l t s appear at f i r s t sight to be quite exotic, 

i n that the central iodine atom displays a coordination number 
of two i n a pos i t i v e valence state. However, high valence 
state compounds were described as early as 1885 by the German 
chemist, C. Willgerodt. 

Diaryliodonium s a l t s of the following form have been 
reported by J.V. C r i v e l l o : 

Ar 1 Ar 1 MX" 
n 

where Ar and kr^ represent a r y l groups bearing substituents 
which w i l l not react with epoxide or hydroxyl groups; MX" 

n 
i s a complex non=nucleophilic polyhalide counterion such as 
PF^, BF~, SbF^, etcetera. Iodonium s a l t p h o t o i n i t i a t o r s 
require counterions of t h i s type since photolysis of the 
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corresponding halides does not r e s u l t i n polymerization (17). 
This i s presumably due to reaction of the halide ion with the 
'would-be' propagating carbonium ion i n the i n i t i a t i o n stage. 

More complicated aryliodonium s a l t s have been patented 
as p h o t o i n i t i a t o r s i n photopolymerizable compositions by the 
Minnesota Mining and Manufacturing Company of the United 
States of America (18). They are described i n a patent as 
aromatic iodonium complex sa l t s of the formula, 

Ar 

(Z)n 1+ MX 

Ar 
where Ar and Ar independently represent arylene groups 
having k to 20 carbon atoms which may have fused benzene rings 
or substituents non-reactive with epoxide or hydroxyl groups; 
Z represents a heteroatom or yS = 0, /C - 0, 0 = S = 0, 
B=N<̂  group; n i s zero or one with the proviso that when n i s 
zero, there i s no bond l i n k i n g the aromatic groups; MX̂  i s 
a complex halide of the type already mentioned. This patent 
includes compounds such as, 

o 
H3C—N f PF I PF 

nd a 

O o 
as well as those such as, 

described by J.V. C r i v e l l o 9 

The UV spectra of diaryliodonium s a l t s possess strong 
absorption bands at 230=250nm. The nature of the anion has 
no observable e f f e c t on the position or i n t e n s i t y of these 
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bands. However, the nature of substituents on the cation does 
cause s h i f t s i n both position and i n t e n s i t y of the bands (19)o 
There i s also a very small absorption at wavelengths greater 
than 3 0 0 n m . The photolysis of these s a l t s i s highly e f f i c i e n t , 
as was shown by J.V. Cr i v e l l o and J.H.W. Lam (19) who obtained 
quantum e f f i c i e n c i e s of approximately 0 . 2 when i r r a d i a t i n g 
these p h o t o i n i t i a t o r s at 313nm (E i s approximately 1 0 ) , which 
corresponds to the t a i l of the absorption at 2 3 0 - 2 5 0 n m . 

Predictably, the eff e c t s of d i f f e r e n t anions on photolysis 
rates i s n e g l i g i b l e . I t appears,, therefore, that the anion 
has no influence on the photosensitivity of diaryliodonium 
s a l t s . I t i s important to note that although photolysis i s 
independent of the nature of the anion, the rate of polymer
i z a t i o n i s noto The anion e f f e c t upon polymerization i s , 
apparently, a function of size since the rate and extent of 
polymerization increases with increasing anion size, 
S b F 6 > A s F 6 > P F 6 > BFl" 

Cation structure, however, does have a s l i g h t influence 
on the rate of photolysis, and although no clear trend i s seen 
i n C r i v e l l o and Lam's work, there i s some scope f o r a l i m i t e d 
degree of control over the pho t o s e n s i t i v i t y of the iodonium 
s a l t s through careful choice of cation. 

3 . 3 ONIUM SALT SENSITIZERS 
Suitable sensitizers f o r onium s a l t s are anthracene, 

perylene, acridine orange, and phenothiazines. The mechanism 
of sensitised p h o t o i n i t i a t i o n using triarylsulphonium s a l t s 
has been elucidated, and may be summarized ass 

(Sens) b2 j (Sens)* 

(Sensf + Ph^S+ » (Sens? -s- Ph2S + Ph« 

(Sens)^ +• epoxide ^ Polymer 
The wavelength of maximum absorption was increased by lOOnm 
to 350nm using N=ethylphenothiazone as a sensitizer i n the 
triphenylsulphonium s a l t polymerization of cyclohexeneoxide ( 2 0 ) . 
Quantum yiel d s for i n i t i a t o r = s e n s i t i z e r combinations are 
reported to be high. 
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3*k DIARYLIODONIUM SALT PHOTOINITIATION MECHANISMS 
A generally accepted scheme (17) f o r the photolysis of 

iodonium land sulphonium) s a l t s i s shown below; 

A r 2 I + X' 

SH + Ar 

-> [ A r 2 I + X" 

-) Ar — I - + ° + X 

-» Ar- -H • S< 

Ar • H A r — I Ĥ  
where SH i s a solvent molecule and X™ i s the counterion; the 
ov e r a l l consequence of photolysis being the production of the 
Broneted acid of the counterion, an iodoaromatic compound and 
a ra d i c a l species whose ultimate end i s to produce a r y l and 
b i a r y l species through hydrogen abstraction or by dimerisation 
respectively. The protonic acid, HX, may then react with a 
monomer i n an i n i t i a t i o n step 0 

A. Ledwith (20) has proposed an a l t e r n a t i v e mechanism 
for the photolysis of diaryliodonium salts i n the presence 
of monomer. This mechanism i s as follows: 

Ph.I > Phi; + Ph« + X 

PNT* + A + 

0 \ J + H + Phi 

where /LA i s the monomer and X = i s the counterion. I n t h i s 
case, the overall consequence of photolysis i s to produce 
iodobenzene 9 the Bronsted acid of the counterion and a cationic 
iodobenzene=monomer adduct. Both the acid and the adduct are 
capable of i n i t i a t i n g polymerization,, 

Support may be claimed for both schemes from a series of 
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investigations carried out by A.N0 Nesmeyanov and co-workers, 
i n which the cleavage of the carbon-iodine bond i n diphenyl-
iodonium halides i s found to be horaolytic. A. Ledwith has 
also indicated that ion-pair dissociation constants are 
important when investigations are not carried out i n d i l u t e 
s o l u t i o n , and that clusters rather than free ions are 
encountered i n coatings. 

3 „ 5 COPPER SALT CO-CATALYSTS 
There have been several reports on combining onium s a l t 

i n i t i a t o r s with copper s a l t co-catalysts. CD. Dudgeon ( 2 2 ) 
claimed the use of a triphenylsulphoniura hexafluoroantimonate 
and diphenyliodonium hexafluoroarsenate i n i t i a t o r combination 
with a copper naphthenate co-catalyst, f o r the hardening of 
mineral f i l l e r containing solders. The medium i s a cyclo-
a l i p h a t i c diepoxide and t a l c mixture. Hardening of a 4 .8mm 

layer a f t e r 5 minutes UV i r r a d i a t i o n or 1 minute i r r a d i a t i o n 
and 1 0 = 1 5 seconds i n a flame i s reported. The use of copper 
s a l t s as co-catalysts f o r diaryliodonium s a l t s as thermal 
i n i t i a t o r s f o r cationic polymerization has also been reported 
( 2 3 & 2 4 ) . Such sa l t s may prove to be useful co-catalysts 
i n diaryliodonium s a l t i n i t i a t e d cationic cure of epoxide 
coatings. 

3o6 DIARYLIODONIUM SALT PHOTOINITIATOR PREPARATION 
The preparation of diaryliodonium s a l t s was f i r s t carried 

out by C0 Hartman and Ve Meyer i n 189k, by a method in v o l v i n g 
the condensation of iodosobenzene i n the presence of sulphuric 
acid to produce 4,iododiphenyliodonium bisulphate and water. 
Since then, many other methods have been devised. J0V« 
Cr i v e l l o and J.H.W. Lam ( 2 5 ) have reported methods for the 
synthesis of symmetrical diaryliodonium s a l t s having electron 
donating or electron withdrawing substituents and unsymmetrical 
diaryliodonium saltso 

The synthesis of k,k> diethyldiphenyliodonium s a l t s 
(hexafluoroantimonate and hexafluorophosphate) was attempted 
using C r i v e l l o and Lam's method, the process i s summarized 
below; 
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!fC„HcPh 4 2KI0, * iffl-,30, * 5(CHTC0),0 
2(C^Hr.Ph)^I HSO, + 2KHS0, + 10CH,CO„H + H.,0 

(C„H^Ph) ̂ 1 HSO, + KPF > (C,HcPh) ,1 PF. + KHSO 
A method adapted from work carried out i n the Durham 

Laboratories by I r v i n e Masson i n the l a t e 1930*s (26 & 27) 
was also examined: 

Both of these attempted syntheses were unsuccessful. The 
author's experience suggests that a l k y l substituted diphenyl-
iodonium species cannot be prepared (with the exception of 
methyl and t e r t i a r y butyl substituted derivatives). This 
view i s supported by Berry and co-workers (28) who claim that 
' a l k y l benzenes without a t e r t i a r y carbon atom attached to 
the benzene r i n g (except methyl benzenes) cannot be iodylated' , 
although patent claims would contradict t h i s experience. 

The simplest diaryliodonium cation i s the diphenyliodonium 
cation. The synthesis of t h i s as the hexafluorophosphate 
was attempted by a method adapted from that used i n 1937 by 
I 0 Masson and E„ Race (26) according to the scheme given 
above; diphenyliodonium bisulphate was obtained as an o i l y 
p r e c i p i t a t e . Unfortunately, metathesis with KPF^ occurred 
only with d i f f i c u l t y and i n low y i e l d ; the overall y i e l d of 
p u r i f i e d product was only 1%; the a n a l y t i c a l data i s recorded 
i n Table 3 . 1 . 

The preparation of diphenyliodonium hexafluorophosphate 
by the C r i v e l l o and Lam method was found to be more satis f a c t o r y . 
Details of t h i s method are given below. 

Synthesis of diphenyliodonium hexafluorophosphate 
Potassium iodate (25.0g s 0.115 mole), acetic anhydride 

(25.0ml) and benzene (22.5ml, 0.250 mole) were placed i n a 
100ml, round-bottom, 2=neck flask equipped with dropping 
funnel and thermometer. This mixture was s t i r r e d with a 
magnetic s t i r r e r and cooled to -5°C. A mixture of concentrated 
sulphuric acid (17o5ml) and acetic anhydride (25.0ml) was 

2 I 2 + 3 I 2 0 5 - 5H2SO^ 
(I0)_S0. + i+C.H.-Ph + H_S0 2 k 2 5 2 
(C 0 H c P h ) 0 I + HS0° +• KPF. — 

> 5(I0) 2S0^+ 5H20 
> 2(C 2H 5Ph) 2I" H HS0° + 2H20 

-» (C_HcPh) _ I + PF7 -t- KHSO. 
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prepared, u s i n g an i c e - b a t h to maintain a low temperature; 
e x p e r i e n c e e s t a b l i s h e d t h a t m a i n t a i n i n g a low temperature 
was a c r i t i c a l f a c t o r i n the s u c c e s s or f a i l u r e of t h i s 
procedure. I f the temperature was allowed to r i s e , a red o i l 
was formed, i n which event the r e a c t i o n f a i l e d o A f t e r c o o l i n g 
the c l e a r l i q u i d to = 5°C, i t was added to the r e a c t a n t s i n 
the round-bottomed f l a s k , m a i n t a i n i n g a temperature below 
-$-5°C a t a l l times. T h i s a d d i t i o n took approximately 1-J hours. 
On completion of the a d d i t i o n , the r e a c t i o n mixture and 
c o o l i n g - b a t h were allowed to reach room temperature* The re 
r e a c t i o n mixture was then l e f t s t i r r i n g f o r 42 hours to 
complete r e a c t i o n . I t was then cooled to 0°C. On a d d i t i o n 
of d e m i n e r a l i s e d water ( 5 0 m l ) at approximately 0°C, a c o l o u r 
change from p a l e y e l l o w to pink was observed. D i e t h y l e t h e r 
( 2 5 m l ) was added and the mixture f i l t e r e d to remove potassium 
b i s u l p h a t e D The f i l t r a t e was then e x t r a c t e d twice with 
d i e t h y l e t h e r ( 2 5 m l ) and once with 3 0 / 4 0 petroleum e t h e r ( 2 5 m l ) . 

Potassium hexafluorophosphate ( 2 3 .Og) was added to the 
aqueous l a y e r . The l i q u i d began to t h i c k e n r a p i d l y to a 
p a s t e . I t was then d i l u t e d by a f a c t o r of 4 with d e m i n e r a l i s e d 
water and l e f t to shake on a f l a s k - s h a k e r f o r 2 hours. A f t e r 
f i l t e r i n g and washing with water, i t was d r i e d i n a d r y i n g 
p i s t o l a t 56°C under vacuum f o r 1 8 hours. A white c r y s t a l l i n e 
product was obtained which needed no f u r t h e r p u r i f i c a t i o n . 
Y i e l d was 4 6 . 3 % , melting p o i n t 1 3 8 - 1 4 1°C. 

T h i s method was used i n the p r e p a r a t i o n of 4,4'dimethyl-
diphenyliodonium hexafluorophosphate and 3 , 3 * , 4 , 4 ' t e t r a m e t h y l -
diphenyliodonium hexafluorophosphate. M e t a t h e s i s and 
p u r i f i c a t i o n became i n c r e a s i n g l y d i f f i c u l t as the number of 
methyl groups i n c r e a s e d . S i n c e these compounds decompose 
when warmed i n propan - 2-ol, r e c r y s t a l l i s a t i o n of the methyl 
and dimethyl s u b s t i t u t e d s a l t s had to be c a r r i e d out by 
d i s s o l u t i o n a t room temperature and r e c r y s t a l l i s a t i o n a t 
temperatures below 0°C u s i n g an acetone-dry i c e ( C X ^ ) bath. 

The r e s u l t s of elemental a n a l y s i s ( T a b l e 3.1) i n d i c a t e d 
t h a t the diphenyl s a l t ( P I 1 ) ( C ^ H ^ ) 2 I P F ^ was pure, whereas 
the 4,4'dimethyl d e r i v a t i v e ( P I 2 ) ( CH^-C^H^) 2

I P F6 *as 
contaminated with 13% KPF^ and the t e t r a m e t h y l d e r i v a t i v e 

( P I 3 ) ( ( C H 3 ) 2

C 6 H 3 ) 2 I P F 6 w a s s i S n i f i c a n t l y l e s s pure, 33%, 
w i t h ((CH ) C H ) I F as the l i k e l y major i m p u r i t y . S u c c e s s i v e 

x D c. K> y Z 
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r e c r y s t a l l i s a t i o n s of PI2 and PI3 did not improve the p u r i t y 
of these compounds* The i m p u r i t y i n PI2 i s not important 
with r e s p e c t to i t s use as a p h o t o i n i t i a t o r , whereas the 
f l u o r i d e i o n i n PI3 would r u l e i t out f o r such use<, 

3o7 CHARACTERISATION OF THE PHOTOINITIATORS PREPARED 
The three p h o t o i n i t i a t o r s prepared have been as s i g n e d the 

f o l l o w i n g l a b e l s to avoid r e p e t i t i o n of t h e i r r a t h e r lengthy 
names: 
P I l denotes diphenyliodonium hexafluorophosphatej 
PI2 denotes k%4' dimethyldiphenyliodonium hexafluorophosphate; 
PI3 denotes 3 }3' >4,4' tetramethyldiphenyliodonium hexafluoro-
phosphate 0 

T h e i r c h a r a c t e r i s a t i o n was c a r r i e d out u s i n g a range of 
s p e c t r o s c o p i c techniques,, 

( a ) I n f r a - r e d Spectroscopy 
The i n f r a - r e d spectrum of each p h o t o i n i t i a t o r was recorded 

i n the form of a hexachlorobutadiene mull, u s i n g the P e r k i n -
ELmer 557 I n f r a = r e d Spectrophotometer. The s p e c t r a are almost 
i d e n t i c a l , as can be seen from Appendix 1 0 

A summary of the s p e c t r a and the band assignments i s 
contained i n Table 3»2o 

The Carbon-Iodine s t r e t c h i n g frequency i s not observed 
i n these s p e c t r a s i n c e i t o c c u r s below 400 wavenumbers. The 
s p e c t r a a r e c o n s i s t e n t with the proposed s t r u c t u r e s , however, 
they are not i n f o r m a t i v e enough to be p o s i t i v e p roof a 

(b) U l t r a - v i o l e t Spectroscopy 
The u l t r a - v i o l e t s p e c t r a of p h o t o i n i t i a t o r s 1»3 i n ethanol 

were obtained, u s i n g a Beckman model 25 Spectrophotometer; 
the data i s recorded i n Table 3,3, The wavelength of maximum 
abs o r p t i o n of each of the i n i t i a t o r s i s s i m i l a r to t h a t of 
iodobenzene ( = 227nn0 which i s as expected, and can be 
a t t r i b u t e d to the T f — t r a n s i t i o n 

(c) 'H Nuclear Magnetic Resonance Spectrometry 
The proton NMR s p e c t r a of the three p h o t o i n i t i a t o r s i n 

acetone were recorded u s i n g the V a r i a n EM 360L Spectrometer 
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P I 1 P I 2 P I 3 
>• 9 

ASSIGNMENT 

3080 

3050 

3080 

3050 3050 

AROMATIC G=H STRETCH 

2950 

2920 

2950 

2920 

ALIPHATIC C-H STRETCH 

I6O5 1605 1605 AROMATIC BREATHING 

1465 
1440 

1475 

1445 

1475 

1445 

SUBSTITUTED AROMATIC 
C-H BEND 

830 830 830 P~F STRETCH 

550 550 550 AROMATIC C~H ROCK 

445 

455 

470 

485 

430 SUBSTITUTED AROMATIC 
C=C STRETCH 

TABLE 3.5 
DETERMINED 

INITIATOR v£>OH 

' ^ MAX 
f 

t -

Q 

PI1 225nm 1 4 , 1 7 0 227nra 17,800 

p i 2 ( a ) 

> 

234nm 16,180 237nm 18 , 2 0 0 

P I 3 237nm 1 5 , 2 7 0 

«_ 1 i h 

LITERATURE (10) 

l a ) a d j u s t e d to allo w f o r the 13% KPF^ i m p u r i t y 
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(60 MHz) o The r e s u l t s have been t a b u l a t e d ( T a b l e 3„ 4) . The 
d e t a i l e d assignment of each proton environment i s as f o l l o w s ; 

PI1 

H H H H 

4 + 
I H H 

> H H H H 

7.7(3) 8.4(2) 

P I 2 

H H H H 
H 

H-C CH I 

H 
H H H H 

1-9(3) 6.9(2) 7.7(2) 

PI3 H 

H-C H H CH 

'S 
H H 

I H-C CH 

H 
H H H H 

2.3(6) 6.5(2) 7.1(1) 

The e f f e c t of the iodous moiety i s to d e s h i e l d the n e a r e s t 
aromatic protons r e s u l t i n g i n the s i g n a l of g r e a t e s t down<= 
f i e l d s h i f t 0 The p r o g r e s s i v e i n c r e a s e i n methyl groups, from 
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TABLE 3.4 

O 1 

INITIATOR 
s 

S H I F T * 
) 

DESCRIPTION RATIO 
y • — • - - -o 
ASSIGNMENT 

PI1 7 o 7 DOUBLET 
y 

3 AROMATIC 
DOUBLET OF 2 AROMATIC 
DOUBLETS 

• 

P I 2 1 . 9 SINGLET 3 METHYL 
6 o 9 DOUBLET 2 AROMATIC 
7 o 7 DOUBLET 2 AROMATIC 

P I 3 2 o 3 SINGLET 6 METHYL 
6 o 5 BROAD 2 AROMATIC 

SINGLET 
7 o l BROAD 1 AROMATIC 

SINGLET 
>. < S 1 y , s . > 

Jfc ppa downfield of TMS„ 
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none i n PI1 to two per aromatic r i n g i n PI3» shows a p r e d i c t a b l e 
s h i e l d i n g e f f e c t which tends to counter the d e s h i e l d i n g 
i n f l u e n c e of the iodous moiety,, The methyl protons are 
c o n s i d e r a b l y l e s s d e s h i e l d e d by v i r t u e of t h e i r e x c l u s i o n 
from the aromatic r i n g and d i s t a n c e from the iodous s p e c i e s 0 

No s p l i t t i n g i s observed i n the s i g n a l s from these protons 
s i n c e they are too f a r removed from the other environments. 
The s p l i t t i n g p a t t e r n s and i n t e g r a t i o n r a t i o s are i n agreement 
wi t h the proposed s t r u c t u r e s . The environments were e a s i l y 
a s s i g n e d with the exception of the aromatic proton environments 
i n P I 3 8 where the aromatic p o r t i o n of the spectrum was not 
s u f f i c i e n t l y w e l l r e s o l v e d to give a c l e a r s p l i t t i n g p a t t e r n . 
Assignment was based on the s h i f t and i n t e g r a l r a t i o r a t h e r 
than the s p l i t t i n g p a t t e r n . T h i s suggests th a t the s h i e l d i n g 
e f f e c t of the methyl groups has a g r e a t e r i n f l u e n c e than the 
d e s h i e l d i n g e f f e c t of the iodous moiety on these protons. 

19 
(d) 7 F Nuclear Magnetic Resonance Spectroscopy 

19 
The 7F s p e c t r a of the t h r e e p h o t o i n i t i a t o r s were recorded 

on the V a r i a n EM 360L Spectrometer. The s p e c t r a were i d e n t i c a l , 
which i s to be expected s i n c e they a r i s e from the PF^ counter-
i o n s . The spectrum of t h i s i on shows a doublet 72.9 ppm 
u p f i e l d of CFC1^ 0 Although the f l u o r i n e atoms have i d e n t i c a l 
environments the s i g n a l i s s p l i t by the c e n t r a l phosphorous 
s p e c i e s (both "^F and ^ P s p e c i e s have s p i n quantum numbers 
of „ The s p l i t t i n g constant Jp_p i s observed to be 12„5 ppm 
i n each case* 
(e) Mass Spectrometry 

The mass spectrum of each p h o t o i n i t i a t o r was obtained, 
u s i n g the AEI MS9 Spectrometer,, The mass to charge r a t i o of 
the main fragments was c o r r e l a t e d w i t h the expected fragment
a t i o n of the p h o t o i n i t i a t o r s . T h i s i n f o r m a t i o n i s d i s p l a y e d 
i n the form of a t a b l e ( T a b l e 3„5)o 

Each of the parent c a t i o n s i s seen to be p r e s e n t as w e l l 
as a fragment of the hexafluorophosphate a n i o n 0 The remainder 
of the spectrum shown here i s c o n s i s t e n t with simple break 
up of the c a t i o n . Other peaks were a l s o observed but t h e i r 
assignment was c o n s i d e r a b l y more complicated. However, 
these peaks alone i n d i c a t e the e x i s t e n c e of the proposed 
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s t r u c t u r e s of the d i a r y l i o d o n i u m compounds prepared. The 
presence of a peak corresponding to a mass to charge r a t i o 
of 39 i n the spectrum of PI2 confirms the presence of potassium 
a s an impurity„ 

From the a n a l y s i s and c h a r a t e r i s a t i o n of the p h o t o i n i t i a t o r s , 
i t i s seen th a t p u r i f i c a t i o n of these compounds becomes 
i n c r e a s i n g l y d i f f i c u l t as the c a t i o n s t r u c t u r e becomes more 
complicated. The degree of p u r i t y of i n i t i a t o r s 2 and 3 i s 
questioned by elemental a n a l y s i s r e s u l t s , though the only 
s p e c t r o s c o p i c evidence f o r i m p u r i t i e s i s the presence of a 
peak a s s i g n a b l e to potassium i o n s i n the mass spectrum of PI2. 
One would expect any o r g a n i c i m p u r i t i e s to be observed i n the 
n u c l e a r magnetic resonance s p e c t r a . Any aromatic s p e c i e s 
o t h e r than the product c a t i o n s would give observable absorbances 
i n the u l t r a - v i o l e t s p e c t r a recorded. There were no unexpected 
peaks i n these s p e c t r a . I n both c a s e s , (PI2 and PI3) the 
elemental a n a l y s i s r e s u l t s add up to approximately 97%, no 
s u l p h u r was detected, nor were any C-0 or 1-0 s t r e t c h e s 
observed i n the i n f r a - r e d s p e c t r a . 

Due to t h i s u n l i k e l y disagreement between elemental 
a n a l y s i s and s p e c t r o s c o p i c c h a r a c t e r i s a t i o n , i t was decided 
to continue w i t h PI1 (diphenyliodonium hexafluorophosphate) 
a s the p h o t o i n i t i a t o r to be used i n u l t r a - v i o l e t c u r i n g s t u d i e s , 
s i n c e i t s p u r i t y was not questioned by any of the techniques 
employed. 



CHAPTER FOUR 

THE MONOMERS: 
ANALYSIS AND CHARACTERISATION 
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kol INTRODUCTION 
T h i s chapter i s concerned with the p h y s i c a l and chemical 

nature of the monomer component or components of the c o a t i n g 
systems to be i n v e s t i g a t e d . Rather than prepare monomers i n 
the l a b o r a t o r y , i t was decided th a t the use of commercially 
a v a i l a b l e m a t e r i a l s would be more compatible with the i n d u s t r i a l 
a s p e c t s of t h i s i n v e s t i g a t i o n and l e a d more r a p i d l y to r e s u l t s 
concerning formation of coatings,, the primary o b j e c t i v e of the 
work. 

A v a r i e t y of monomers were generously provided by Ciba 
Geigy Limited,, U n f o r t u n a t e l y , they were l a b e l l e d only with 
code numbers and a delay of approximately t h r e e months was 
i n c u r r e d i n r e c e i v i n g i n f o r m a t i o n on the chemical i d e n t i t y of 
these r e s i n s . During t h i s time work was c a r r i e d out on the 
a n a l y s i s , c h a r a c t e r i s a t i o n and i d e n t i f i c a t i o n of these monomers<> 
Proper d e f i n i t i o n of these m a t e r i a l s i s , of course, e s s e n t i a l 
i f the consequences of any o p e r a t i o n s , r e a c t i o n s and treatments 
are to be adequately i n v e s t i g a t e d and understood a t a molecular 
l e v e l . The t e c h n i c a l i n f o r m a t i o n f i n a l l y r e c e i v e d served 
only to confirm the c o n c l u s i o n s a l r e a d y drawn. I t was, however, 
s t i l l v a l u a b l e because i t shows the techniques i n v o l v e d i n 
a n a l y s i s and c h a r a c t e r i s a t i o n to be a p p r o p r i a t e and s u c c e s s f u l 
i n t h e i r own r i g h t , s i n c e the s t r u c t u r e s and f u n c t i o n a l i t i e s 
of the r e s i n s were c o r r e c t l y e v aluated without any p r i o r 
knowledge. 

Many of the i n v e s t i g a t i o n s c a r r i e d out i n t h i s f i e l d have 
used i n d u s t r i a l monomers without d e t a i l e d a n a l y s i s , quoting 
simply the t e c h n i c a l data a v a i l a b l e from manufacturers, 
consequently, there were few u s e f u l r e f e r e n c e s a v a i l a b l e . 
Chemical and s p e c t r a l a n a l y s i s techniques had to be e s t a b l i s h e d 
on known compounds which was a l s o time-consuming. 

Much of the t e c h n i c a l data, while u s e f u l to the c o a t i n g 
manufacturer, i s not e a s i l y transformed i n t o meaningful 
i n f o r m a t i o n f o r the r e s e a r c h chemist without the use of 
a d d i t i o n a l data. For example, the Epoxide E q u i v a l e n t Weight 
(t h e weight of r e s i n i n grams c o n t a i n i n g one gram e q u i v a l e n t 
of epoxide group) does not g i v e a measurement of the epoxide 
f u n c t i o n a l i t y a t the molecular l e v e l i f the molecular weight 
of the monomer i s unknown,. Molecular weight determinations 
a r e not u s u a l l y i n c l u d e d i n t e c h n i c a l data s h e e t s . T h i s data 
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i s made l e s s u s e f u l by the f a c t t h a t f u n c t i o n a l i t y i s seldom 
an i n t e g e r and Epoxide E q u i v a l e n t Weight i s u s u a l l y quoted a6 
being w i t h i n a q u a l i t y c o n t r o l range. S i n c e each production 
b a t c h d i f f e r s s l i g h t l y , a proper s c i e n t i f i c i n v e s t i g a t i o n 
from the r e s e a r c h chemist's p o i n t of view must begin with as 
d e t a i l e d a d e f i n i t i o n of the raw m a t e r i a l s as p o s s i b l e . 

4.2 INFRA-RED ANALYSIS OF THE MONOMERS 
A f t e r 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 i n f r a - r e d s p e c t r a 

of the f i v e r e s i n s (Appendix 1 ) , the s p e c t r a of four standard 
compounds were recorded (Appendix 1 ) . These compounds were 
pure samples of cyclohexene oxide, e t h y l d i g o l , ethane d i o l , 
and e p i c h l o r o h y d r i n . These s p e c t r a were easy to i n t e r p r e t 
u s i n g standard t a b l e s (29) and very u s e f u l i n the i n t e r p r e t a t i o n 
o f the s p e c t r a of the r e s i n s . Assignments of the bands i n 
these s p e c t r a are given i n T a b l e s 4.1 and 4.2. 

From these s p e c t r a i t i s seen t h a t the r e s i n s s u p p l i e d 
a r e a l l epoxides and f a l l i n t o two groups: the aromatic 
r e s i n s LY 558 and LY 1805; and the a l i p h a t i c r e s i n s CY 177, 
CY 179 and DY 026o I t i s a l s o n o t i c e d t h a t , o f the a l i p h a t i c 
r e s i n s , two have carbonyl groups somewhere i n the molecule 
and one does not (DY 026). A l l of the r e s i n s have an absorption 
due to 0-H s t r e t c h i n g , i n t h e i r i n f r a - r e d spectrum. T h i s 
i n d i c a t e s one or more of the f o l l o w i n g ; the presence of water; 
some epoxide r i n g opening; or some l i n k a g e through epoxide 
f u n c t i o n s r e s u l t i n g i n the formation of secondary a l c o h o l s . 
I n each case, the i n t e n s i t y of the 0-H s t r e t c h i n g bands i s 
r a t h e r low compared to those i n the s p e c t r a of e t h y l d i g o l and 
ethane d i o l and, t h e r e f o r e , w i l l correspond to only a minor 
or t r a c e amount of such impurities,, 

^°3 CHEMICAL ANALYSIS 
S i n c e both epoxide and hydroxyl f u n c t i o n a l i t i e s are thought 

to be p resent i n the r e s i n s (from i n f r a - r e d d e t e r m i n a t i o n ) , 
the problem a r i s e s of how to e v a l u a t e one i n the presence of 
the other. 
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(a) Epoxide Determination 
There are s e v e r a l methods which may be employed: the 

a l c o h o l i c magnesium c h l o r i d e - h y d r o c h l o r i n a t i o n method; hydro
c h l o r i c a c i d c e l l o s o l v e method; h y d r o c h l o r i c a c i d - e t h y l e t h e r 
method; h y d r o c h l o r i c acid-dioxane method; pyr i d i n i u m c h l o r i d e -
p y r i d i n e method 0 A l l are based upon h y d r o c h l o r i n a t i o n of the 
epoxide group, and are d e s c r i b e d by S. S i g g i a ( 3 0 ). The 
b a s i c chemistry of t h i s method i n v o l v e s the formation of a 
c h l o r o h y d r i n and i s shown s c h e m a t i c a l l y below: 

y0x HO CI 
/ \ i I ' l 

R — CH CH PT + HC1 ) R CH CH R 

The r e a c t i o n can be run i n v a r i o u s s o l v e n t s though d i -
oxane, p y r i d i n e and p y r i d i n e - c h l o r o f o r m are the most s u i t a b l e 
f o r r e s i n s . C o n s i d e r i n g the r e a c t i o n c o n d i t i o n s and the 
accuracy o f determinations on Epon r e s i n s ( h i g h M.W. poly-
epoxides) r e p o r t e d by S . S i g g i a , the py r i d i n i u m c h l o r i d e -
p y r i d i n e method was s e l e c t e d . 

P y r i d i n i u m C h l o r i d e - P y r i d i n e Method 
The h y d r o c h l o r i n a t i o n reagent i s made by p i p e t t i n g 4.25ml 

of a n a l a r h y d r o c h l o r i c a c i d i n t o 250ml of a n a l a r p y r i d i n e , 
mixing thoroughly. 

To a weighed amount of sample c o n t a i n i n g 2mM of o(. -epoxide, 
i n a 250ml c o n i c a l f l a s k , add 25ml of the py r i d i n i u m c h l o r i d e -
p y r i d i n e reagent. D i s s o l v e by h e a t i n g the mixture to 40°C, 
then r e f l u x on a hot=plate f o r 20 minutes. Cool the f l a s k 
and contents, add 6ml of de m i n e r a l i s e d water together with 5 
drops of phenolphthalein s o l u t i o n ( n e u t r a l i s e d ) . T i t r a t e 
w ith 0.1 Molar methanolic sodium hydroxide s o l u t i o n . Colour 
change: c o l o u r l e s s to pink. 

Repeat u s i n g 2ml of de m i n e r a l i s e d water as a blank i n s t e a d 
o f the r e s i n . 

CALCULATION: A * N ~ moles of epoxide f u n c t i o n s 
WxlOOO per gram 

A = ml of t i t r a n t f o r blank —= ml of t i t r a n t for sample 
N = normality of sodium hydroxide s o l u t i o n 
W - weight of sample i n grams 
P r e c i s i o n i s estimated to be ~ 0 o8% 
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No i n t e r f e r e n c e i s observed from the f o l l o w i n g : water, a c i d s , 
a l c o h o l s above C^ 9 c h l o r o h y d r i n s , s a t u r a t e d ketones, e s t e r s , 
e t h e r s j hydrocarbons, n i t r i l e s and a l k y l peroxides.. Phenols 
have been observed to giv e poor end po i n t s , though t h i s i s 
not the case f o r s u b s t i t u t e d phenols which may be encountered 
i n the aromatic r e s i n s o 

The method was t e s t e d on a s o l u t i o n of e p i c h l o r o h y d r i n i n 
ethylacetate„ Although the end point was poor and a blank 
was needed f o r comparison, the f o l l o w i n g r e s u l t s were obtained: 

RUN EPOXIDES PER MOLECULE 

1 I c O l 
2 1.00 
3 1.02 
k 

A 1 

lo03 

One may conclude from these r e s u l t s t h a t the e r r o r i s 
approximately 3% when the end point i s poor, and th a t t h i s 
method i s s a t i s f a c t o r y f o r epoxide d e t e r m i n a t i o n s . A n a l y t i c a l 
r e s u l t s from determinations c a r r i e d out on r e s i n s are i n c l u d e d 
i n Table 4*3° 

(b) Hydroxyl Determinations 
The most widely used method f o r determining hydroxyl groups 

i s e s t e r i f i c a t i o n 0 The r e a c t i o n i 6 r a t h e r f a s t and claimed 
to be r e l a t i v e l y s p e c i f i c , C a r b o x y l i c a c i d anhydrides are the 
most commonly used r e a g e n t s . There are three main reagents? 
a c e t i c anhydride (AA)1 p h t h a l i c anhydride (PA); and pyro= 
m e l l i t i c dianhydride (PMDA). The chemistry of the r e a c t i o n 
i s simples 

R-C=0 0 
^ 0 + R'OH > RC-OR 1 + RCOOH 

R-C=0 
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A c e t i c Anhydride Method 
The r e a c t i o n time f o r t h i s method i s reduced by a f a c t o r 

o f about f i v e by a c i d c a t a l y s i s . T h i s adaptation of the 
a c e t i c anhydride method was i n v e s t i g a t e d f i r s t . 

P e r c h l o r i c A c i d C a t a l y s e d A c e t i c Anhydride Method 
The reagent was prepared by p i p e t t i n g 60% p e r c h l o r i c 

a c i d (2.8ml) dropwise i n t o reagent grade e t h y l a c e t a t e (150ml) 
i n a 250ml f l a s k . A f t e r p i p e t t i n g a c e t i c anhydride (10ml) 
i n t o the f l a s k with magnetic s t i r r i n g , i t was allowed to stand 
f o r 30 minutes. The contents of the f l a s k were cooled to 
5°C and c o l d a c e t i c a c i d (/fOml) added. A f t e r keeping the 
f l a s k a t kO°C f o r one hour, i t was allowed to rea c h room 
temperature ( t h i s reagent r e q u i r e d r e p r e p a r a t i o n a f t e r two 
weeks a t room temperature). 

A sample c o n t a i n i n g approximately 5mM of hydroxyl was 
weighed a c c u r a t e l y i n t o a 125ml, g l a s s - s t o p p e r e d f l a s k and 
e x a c t l y 5ml of the above reagent was p i p e t t e d i n t o i t . A f t e r 
s t i r r i n g u n t i l s o l i d s or i m m i s c i b l e l i q u i d s had d i s s o l v e d , 
the r e a c t i o n was allowed to proceed f o r 5 minutes. Detainer-
a l i s e d water (l-2ml) was added and the f l a s k shaken. A 3:1 
p y r i d i n e - w a t e r s o l u t i o n (10ml) was added and the f l a s k allowed 
to stand f o r 5 minutes. A t i t r a t i o n was c a r r i e d out with 
0.55N sodium hydroxide, u s i n g n e u t r a l i s e d thymol b l u e - c r e s o l 
r e d (3:1) i n d i c a t o r , t a k i n g the y e l l o w to v i o l e t end po i n t . 
A blank was a l s o run, using d e m i n e r a l i s e d water i n s t e a d of 
the sample. 

CALCULATIONS As f o r pyri d i n i u m c h l o r i d e - p y r i d i n e method 
P r e c i s i o n i s estimated to be ± 0 . 5 % 

S e v e r a l a l c o h o l s were used to t e s t t h i s method which i s v a l i d 
only f o r primary and secondary hydroxyl groups and the r e s u l t s 
were as t a b u l a t e d below: 

?• 

ALCOHOL OH PER MOLECULE 

PR0PAN-1-0L 
PROPAN-2-OL 

1,9 NONANE-DIOL 

0 . 9 9 9 , 0 . 9 9 0 , 0 . 9 9 8 

0 o 9 2 6 , 1 . 0 5 6 , 1 . 0 2 4 

2 . 0 3 5 
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Error, as seen above, was approximately 5%. 
Two epoxides were tested. These were known to be pure 

and should have had no hydroxy1 content. This was v e r i f i e d 
by t h e i r IR spectra. 

J. 
EPOXIDE 

• •? 

OH PER MOLECULE 

CYCLOHEXENE OXIDE 
EPICHLOROHYDRIN 

a 1 

NEGATIVE RESULTS 
0.209 , 0.530 

. < 

Clearly, these r e s u l t s are unsatisfactory. The reaction 
with epichlorohydrin i s probably: 

.0 CI 0 H0CC1 0 ^ \ I , « 2 I (I 
CH- CH_ CH_ + (CHZCO)_0 >CHzC0CHo CH OCCH, 

d d d 3 d 3 d 3 
In the cyclohexene oxide case, i t i s believed that oxidation 
of the epoxide group by perchloric acid may be the cause of 
the anomolous r e s u l t s observed. Therefore, i t must be 
concluded that t h i s method i s not suitable as an ana l y t i c a l 
probe f o r the systems to be investigated. As a r e s u l t , the 
uncatalysed acetic anhydride method was investigated. 

Uncatal.ysed Acetic Anhydride Method 
The acetic anhydride-pyridine reagent was made by adding 

3 volumes of pyridine to 1 volume of acetic anhydride. 
A weighed sample containing lOmM of hydroxyl functions 

was placed i n a glass-stoppered iodine flask with 10ml of the 
above solution. The flask was placed on a steam bath f o r k5 
minutes. Demineralised water (10ml) was added by means of 
the well on the iodine f l a s k . A f t e r two minutes, the flask 
was cooled under running water. Propan=l-ol (10ml) was added 
as a rinse for the stopper and sides of the fla s k . Five 
drops of thymol blue-cresol red (3s1) i n d i c a t o r were added 
and the t i t r a t i o n carried out with 0.55N methanolic sodium 
hydroxide. 

CALCULATION: As f o r acid catalysed acetic anhydride method 
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Using epichlorohydrin as a test material, the solution 
turned black. The i n d i c a t o r could not be used. Obviously, 
there was also reaction i n t h i s case, although no reaction 
was anticipated. Using cyclohexene oxide with a phenolph-
t h a l e i n i n d i c a t o r , the end point was almost impossible to 
detect as a sharp change, however, when the mixed indicator 
was used, hydroxyl values were obtainable. 

DETERMINATION OH PER MOLECULE 

1 0.11 
2 0.36 
3 0.19 
h 0.30 
5 0.25 

s 1 

Again, there should not have been any hydroxyl groups present. 
Since positive r e s u l t s were obtained, there must be a reaction 
of the acetic anhydride with the epoxide; possibly t h i s 
reaction i s of the form shown below; 

(CHpO)p 
- C - C H , 

o-c-cfi 
II 
0 

In order to overcome these complications caused by the 
presence of the epoxide group, a two stage determination was 
devisedo The epoxide content was determined as moles per 
gram. I f the reaction was repeated, omitting the t i t r a t i o n , 
and then followed by the method f o r hydroxyl determination, 
a t o t a l hydroxyl function fig u r e may be determined. Knowing 
that one mole of epoxide r e s u l t s i n the formation of one mole 
of chlorohydrin i n stage one, then the non=epoxide derived 
hydroxyl content may be found. 

A t r i a l of the above method was carried out, using the 
pyridinium chloride-pyridine reagent i n the f i r s t stage and 



perchloric acid catalysed acetic anhydride method i n the 
second stage This gave negative r e s u l t s , presumably due to 
oxidation of the chlorohydrin by the perchloric acid. 

The uncatalysed acetic anhydride method i s much longer 
but involves no perchloric acid oxidizing agent. When t h i s 
method was employed i n the second stage, r e s u l t s were satis= 
factory. The method was modified s l i g h t l y to make the weight 
of resins used suitable for both steps i n t h i s analysis. 

Modifications 
The weight of resin used was approximately 0»2 to 0,3 

grams which was expected to contain 2 to JmM. of epoxide (M.W. 
of the resins had not been determined at t h i s stage). The 
acetylating reagent i n the second stage i s 4:1 pyridine-acetic 
anhydride solution and 5ml aliquots of t h i s reagent were used 
i n the determinations. The reaction was quenched, f i n a l l y , 
with deraineralised water (16ml)„ 

The reaction scheme i n the determination as a whole i s 
as follows; 

0 OH CI 
( n ) ^ — ^ + (M)HC1 -» U) ' 1 + (M-n)HCl 

OH CI Ĥ CCOO CI 
(n)' 1 + (P)(CH 3CO) 20 >(n) I 1 + (n) CĤ COOH 

+(P-n)(CH 3C0) 20 

(P-n) (CH3C0)20 + (P=n)H20 »2(P-n) CH3C02H 
CH3C00 CI CH3C00 OH 

(n) I 1 + (n)H 20 *(n) ' ' + (n)HCl 

Blank t i t r a t i o n (n = 0) gives (2P 4- M) moles of H + 

Determination t i t r a t i o n (n = n) gives (M + 2P=n) moles of H+ 

Blank^Determination gives n moles of H + 

Therefore,, n moles of H i s equivalent to n moles of hydroxyl 
groups presento This i s t o t a l OH, including that derived 
from the epoxide groups 0 Therefore, the t o t a l hydroxyl group 
content per gram minus the epoxide group content per gram w i l l 
give the non-epoxide derived hydroxyl group content per gram 
of r e s i n 0 

The r e s u l t s of these determinations are given i n Table 
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4.3» along with r e s u l t s of the molecular weight determination 
which i s described i n the next section., 

k.k MOLECULAR WEIGHT DETERMINATION 
The molecular weights of the resins were determined by 

an i s o p i e s t i c (vapour pressure) method. The apparatus used 
was the Perkin-Elmer Model 115 Molecular Weight Apparatus. 
The basic components of t h i s apparatus are shown below: 

S O L U T I O N 
DROP 

S A T U R A T E D 
S O L V E N T VAPOR 

D C . W H E A T S T O N E B R I D G E 

S O L V E N T 
DROP 

TO 
R E F E R E N C E -
THERMISTOR 

M E T E R 

T O S A M P L E 
T H E R M I S T O R 

S O L V E N T L I Q U I D PHASE 

The determination of molecular weight depends on the 
difference i n vapour pressure between a solution and the pure 
solvent. Two closely matched thermistors, each capable of 
holding the same size drop of l i q u i d , are contained i n a 
thermostated chamber* In the bottom of the chamber i s a 
reservoir of pure solvent which creates an equilibrated 
atmosphere of saturated solvent vapour i n the chamber. Each 
thermistor i s connected i n t o a Wheatstone bridge to take the 
place of two re s i s t o r s , as shown i n the diagram above. A 
drop of pure solvent i s placed on one thermistor and a drop 
of solution on the other. As a r e s u l t of the unequal vapour 
pressures, the rate of evaporation/condensation w i l l d i f f e r 
between the two thermistors, thus, giving them a d i f f e r e n t 
r e s i s t a n c e This imbalance can be measured with considerable 
accuracy. When the system i s calibrated with material of 
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known molecular weight, the m o l a l i t y of an unknown solution, 
under the same conditions, may be found and, hence, the 
molecular weight of the material., 

The instrument was calibrated using benzil as the standard 
and spectrosol chloroform as the solvent. By p l o t t i n g a 
graph of the imbalance i n p o t e n t i a l (AR), measured i n a r b i t r a r y 
u n i t s against the molal concentration of benzil, an instrument 
constant (K) may be obtained,, K i s the gradient of t h i s l i n e 
and was found to be 1+3,700 under the conditions of these 
experiments. 

To f i n d the molecular weight of the resins, 4 determinations 
of AR were made f o r d i f f e r e n t concentrations of each resin* 
A graph with AR/C as the ordinate and C as the abscissa was 
constructed. The best s t r a i g h t l i n e was determined by a l e a s t 
mean squares method and extrapolated to zero concentration; 
t h i s value i s used i n the equation (31): 

Mn - K 
l i m AR/C 
C-»0 

to determine the number average molecular weight. The molecular 
weights are given i n Table 4.3* 

4.5 QUALITATIVE AND QUANTITATIVE DETERMINATION OF ALCOHOLIC 
IMPURITIES IN THE RESINS BY 1 9 F NMR 

Hexafluoroacetone (HFA) i n ethylacetate solution reacts 
r a p i d l y with small quantities of organic compounds containing 
active hydrogen groups, such as alcohols, amines, t h i o l s and 
oximes, to form adducts. 

OH 
(CFJ 0C s= 0 + B-nH. \ r.v ~Lr.v 3 2 ^ 3 i 3 

OR 

The amount of bound hexafluoroacetone can be determined 
19 

q u a n t i t a t i v e l y by F NMR spectroscopy. S e n s i t i v i t y over 
proton NMR i s enhanced by v i r t u e of the fact that there are 
s i x f l u o r i n e atoms f o r each active hydrogen i n the adduct. 
The reaction i s rapid at ambient temperatures and proceeds 
nearly to completion f o r primary alcohols and water. However,, 



M+. 

i t i s less complete where there i s s t e r i c hindrance. 

Preparation of Hexafluroacetone-Ethylacetate Solution 
HFA i s a toxic gas, attacking l i v e r c e l l s rapidly and 

must, therefore, be handled with care i n a closed system0 

A solution of 5ml of HFA l i q u i d i n 35ml of dry ethylacetate 
was prepared, using the apparatus i n Diagram 4.4. Ethyl-
acetate was dried over molecular sieve for several hours. 
On addition of 35ml of t h i s solvent to a graduated vessel 
with a vacuum tap attachment, the solution was frozen using 
l i q u i d nitrogen. This operation was carried out i n a fume-
hood. After s o l i d i f y i n g the solvent, the system i s evacuated 
to remove any a i r or residual moisture. Tap A i s then closed 
and the remaining taps opened. By opening Tap B on the HFA 
cylinder, the bladder i s f i l l e d with HFA. Taps B and C are 
closed. The l i q u i d N 2 i 6 removed to allow the solvent to 
l i q u i f y . As the f i r s t drops of l i q u i d solvent appear, the 
bladder reduces, showing that the HFA i s dissolving i n the 
ethylacetate. One b l a d d e r - f u l l of HFA gave a Jml increase 
i n solution volume. Tap D i s closed and with Tap B also 
closed, the system i s opened to a i r under the closed fume-
hood to allow a l l of the remaining gas to be expelled. 

Qualitative Analysis 
Accurate chemical s h i f t s were determined on approximately 

20mg of sample, using the Bruker 90 MĤ  Nuclear Magnetic 
Resonance Spectrometer. The re s u l t s were interpreted with 
the aid of papers by G.R. Leader (32 & 33) and K.D. B a r t l e , 
R.S. Matthews, and J.W. Stadelhofer (34). The i n t e r p r e t a t i o n 
i s given i n Table 4.5. 

Resins DY 026 and CY 179 show low i n t e n s i t y signals at 
0.8 ppm downfield of HFA.H20. These could not be from 

alcoholic groups but are found i n the region where mercaptan-
HFA adducts give signals. The suggestion that these groups 
are t h i o l s , or some sim i l a r sulphur containing groups, i s 
backed up by i d e n t i f i c a t i o n of a trace amount of sulphur i n 
the elemental composition of resins DY 026, CY 177 and CY 179. 
The amount of sulphur present i s so small that i t does not 
merit f u r t h e r i n v e s t i g a t i o n at t h i s stage. One possible 
o r i g i n of the sulphur i s from sulphuric acid which i s commonly 
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used as a catalyst i n the epoxidation of olefins» 

Quantitative Analysis 
The reaction i s reported to be qua n t i t a t i v e f o r primary 

and secondary alcohols, at room temperature over about twenty 
minutes, by P.L. Ho (35). The Varian 360L 60 MH, NMR 

19 
Spectrometer was used to obtain the yF spectra of weighed 
amounts of resin i n ethylacetate-hexafluoroacetone solution. 
By using a known amount of propan-l-ol as a standard and 
assuming complete reaction i n a l l cases, the results recorded 
i n Table 4o3 were obtained. I t was found experimentally that 

_ 5 
the smallest concentration of OH measurable was 3 10 moles 
per gram. 

When a comparison i s made with wet chemical analysis 
19 

r e s u l t s , i t i s seen that i n each case the F NMR res u l t s 
are lower than the chemical analysis r e s u l t s . This i s 
presumably because much of the hydroxyl f u n c t i o n a l i t y i s 
derived from epoxide r i n g opening by water, r e s u l t i n g i n 1,2 
d i o l formation. Since t h i s technique i s sensitive to s t e r i c 
hindrance, one can envisage incomplete reaction at t h i s point, 
caused by increased hindrance i n the primary l:l-adduct. I n 
these s t r u c t u r a l u n i t s , five-membered r i n g formation may occur 
by i n t e r a c t i o n of the lone-pair of electrons on the secondary 
oxygen atom with the central carbon atom of HFA which w i l l be 
somewhat electron d e f i c i e n t , due to the t r i f l u o r o m e t h y l groups. 

I n the extreme case, t h i s may continue to f u l l formation of 
a cyclic ketalo This could also account f o r the peaks at 
0 o8 ppm downfield of HFA„H20 which have not been properly 
i d e n t i f i e d . 

From the nature of the technique, i t i s clear that these 
r e s u l t s must be regarded as minimum rather than maximum 
estimates of hydroxyl content. Conveniently, the chemical 
analysis must be regarded as giving maximum values, since i t 
involves a back t i t r a t i o n . From these two techniques, a 

OH OH 

R - C H - C H , + Cf^COCf^ 

OH 
F 3 C-~ T Q r -CF 3 

H--0'' ' N 0 

* R - C H — CHL 



TABLE 4.5 

RESIN ppm REL. 
TO HFAoĤ O ASSIGNMENT 

DY 026 0.83 
2.66 

THIOL ? 
PRIMARY OH-HFA 

CI 177 1.36 
2.65 

TERTIARY OH-HFA 
PRIMARY OH-HFA 

CY 179 

i 

0.87 
1.80 

THIOL ? 
SECONDARY OH-HFA 

LY 558 1.86 
2.08 
2.65 

SECONDARY OH-HFA 
SECONDARY OH°HFA 
PRIMARY OH-HFA 

LY 1805 

> 1 

1.76 
1<,89 
2.47 
2o58 

i- — . * 

SECONDARY OH-HFA 
SECONDARY OH-HFA 
PRIMARY OH-HFA 
PRIMARY OH=HFA 
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q u a l i t a t i v e and quan t i t a t i v e inspection of functional groups 
and f u n c t i o n a l i t y has been carried out on the resins. 

4 0 6 STRUCTURAL ANALYSIS BY °H AND 1^>C NMR SPECTROMETRY 
1^ 

The ' H and C NMR spectra of each resin were recorded, 
using the Bruker 90 MĤ  and the Varian 36OL 60 MĤ  spectrometer 
The i n t e r p r e t a t i o n s of both spectra of each resin have been 
considered together. Using information on the types of epoxide 
resins commercially available from the 'Handbook of Epoxy 
Resins" (4) , which includes an appendix of i n f r a - r e d spectra, 
combined with the guidance of Dr ReS. Matthews, the structures 
of the resins were elucidated. 
(a) LY 558 

Although regions f o r aromatic aromatic protons, protons 
influenced by epoxide groups, and a l i p h a t i c protons may be 
i d e n t i f i e d i n the 'H NMR spectrum of t h i s r esin, i t i s too 
complicated to be of an a l y t i c a l use and provides l i t t l e 
q u a l i t a t i v e information. 

The assignment of peaks i n the ̂ C spectrum i s given i n 
Table 4 » 6 . The position of the carbon atoms which give r i s e 
to these peaks i s shown on the proposed structure of the 
resin. Due to the Nuclear Overhauser E f f e c t , the i n t e r p r e t 
a tion of t h i s spectrum was made somewhat easier, although 
i n t e g r a l values had l i t t l e meaning i n terms of numbers of 
carbon atoms. The comparison of t h i s spectrum with the spectra 
of the following cyclophanes ( 3 6 ) was also very useful i n 
assigning observed resonances,, 

OCH 

OCH 

CH CH CH 

OCH OCH 

0CH 3 



TABLJL 

1 3C NMR SPECTRUM OF LY 558 
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» 
No 

> 
ppm DOWN FIELD 

OF TMS 
ASSIGNMENT 

2 131.0 AROMATIC C 

3 130el AROMATIC C2 

4 129.7 AROMATIC C. 
4 

5 127 0 4 AROMATIC C6 

6 114.6 AROMATIC C l i C 

7 111.7 AROMATIC C, _ 3+5 

11 68.9 METHOXY CH2 

12 50.2 EPOXIDE CH 

13 49.8 EPOXIDE CH 

14 44.6 EPOXIDE CH£ 

15 40c 2 METHYLENE CH2 

16 
1 , 

35.2 METHYLENE CH2 

1 A 

PROPOSED STRUCTURE OF LY 558 

CH-CH-CH 6 
A 

C H - C H - C H , 

11 12,13 
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The JC spectra of epoxide groups has been investigated by 
W. Moniz and C. Poranski J r . (37), and S. Davies and G. 
Whitham (38). A paper on the "̂ C NMR analysis of formaldehyde 
resins by Jan de Wit and co-workers (39) was also useful here 
but, unfortunately, did not deal with the epoxy formaldehyde 
resins. 

Since there are two methylene environments, i t appears 
that the aromatic rings may be ortho or para linked. 

(*>) LY 1805 
The 'H spectrum of t h i s resin was most useful i n elucidating 

i t s structure. The assignment of the peaks i s given i n Table 
4.7. The aromatic portion of the spectrum shows that the 
aromatic ring(s) has the su b s t i t u t i o n pattern: 

H H 

r Y 

H 
Methyl s raethoxy, and epoxide groups are also seen to be 
present, t h e i r r e l a t i v e abundance,as determined by the 
in t e g r a t i o n , i s also a useful guide i n t h i s case, suggesting 
that the r a t i o of methyl:methoxy:epoxide:aromatic r i n g groups 
i s 1:1:1:1. 

The NMR spectrum of LY 1805 was inte r p r e t e d i n the 
same manner as LY 558, using the same references. The 
assignments are given i n Table 4.8 and the environments shown 
on the proposed structure. Comparisons of the spectra of 
LY 558 and LY 1805 give good agreement where agreement i s 
expected and deviations i n the directions expected i n other 
cases. 

(c) DY 026 
The 'H spectrum of t h i s resin was very complex and, although 

there were regions which indicated the presence of methylene 9 

methoxy and epoxy groups, unambiguous quantitative analysis 
was found to be impossible. 

The ^C spectrum was of much more use, allowing detailed 
q u a l i t a t i v e analysis and giving some in d i c a t i o n of r a t i o s . 
The r a t i o s may be taken only as a rough guide here because of 



TABLE 4.7 

•H NMR SPECTRUM OF LY 1805 

>' • 1 — . 

ppm DOWN FIELD 
OF TMS SPLITTING RATIO 

>. , 
ASSIGNMENT 

1.75 SINGLET 6 METHYL CH3 

> 

> 

> 

2.86 SEXTET 4 METHOXY CH2 

> 

> 

> 

3.42 MULTIPLET 2 EPOXY CH 

> 

> 

> 

4.18 SEPTET 4 EPOXY CH2 

> 

> 

> 

7.13 
i — 

QUARTET 
l;2s2sl 9 AROMATIC CH 

> 

> 

> 



C NMR SPECTRUM OF LY1805 

li ( 
No r>_ 

ppra DOWN FIELD 
OF TMS 

>— —1 

ASSIGNMENT 

1 155 08 AROMATIC C1 

2 143o0 AROMATIC C. 
4 

3 127o2 AROMATIC C 2 + 6 

4 113.4 
1 

AROMATIC C,_ 3+5 

5 68.2 METHOXY CH2 

6 49.6 EPOXIDE CH 

7 44*0 EPOXIDE CH2 

8 42.1 TERTIARY -CCCH^-

9 30o5 METHYL CĤ  

PROPOSED STRUCTURE OF LY 1805 

CH 0 0 

ft D D / \ / \ 
O - C H - C H - C H , 

A A A ^ c C H f C H - C H r O 

CH 

ft 9 2 4 3 1 7 S> 9 2 4 3 1 5 6 7 
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the Nuclear Overhauser E f f e c t . Table 4.9 gives the assignment 
of the peaks i n t h i s spectrum and the proposed structure i s 
numbered to indicate the assignments made. 

(d) CY 179 
The 'H spectrum of t h i s compound was rather broad and 

complicated. However, q u a l i t a t i v e i d e n t i f i c a t i o n of c y c l i c 
methylene, epoxide, and methoxy groups was possible. I n t e g r a t i c 
of these regions seemed to have l i t t l e meaning. 

The "̂ C spectrum was also d i f f i c u l t to i n t e r p r e t f u l l y . 
Cyclohexene oxide was used as a comparison but was of l i m i t e d 
value i n assignment of p a r t i c u l a r environments within the 
a l i p h a t i c r i n g . The carbonyl carbon environment was easily 
distinguished along with the methoxy and epoxide environments. 
The Nuclear Overhauser Effect also made any attempt to use 
the i n t e g r a t i o n r a t i o s valueless. 

The decision upon the structure of t h i s resin was made 
with some d i f f i c u l t y , using a l l of the analyses and charact
erisations carried out as well as some i n t u i t i v e thought. 
The assignment of peaks has been tabulated (Table 4.10) along 
with the assignments f o r CY 177 which has turned out to be a 
very s i m i l a r resin. Those speci f i c environments which were 
i d e n t i f i e d are shown on the proposed structures. I n such 
cyc l o a l i p h a t i c epoxides, there i s fur t h e r confusion introduced 
by the p o s s i b i l i t y of isomerism about the epoxide group. 

(e) CY 177 
The 1H NMR spectrum of CY 177 was very similar to that of 

CY 179, showing epoxide, methoxy and methylene groups to be 
present but giving no useful information about t h e i r r e l a t i v e 
abundance. 

The "^C spectrum was also s i m i l a r to that of CY 179. 
However, there was some s h i f t i n the peaks, p a r t i c u l a r l y the 
carbonyl peak which suggests that the main difference between 
the two i s i n that area. There are also more methylene-type 
groups i n CY 179 than i n CY 177 which i s accounted f o r i n the 
two proposed structures by v i r t u e of the d i f f e r e n t modes of 
l i n k i n g the two ringSo 



TABLE 4 . 9 

C NMR SPECTRUM OF DY 026 

T 1 

No ppm DOWN FIELD 
OF TMS 

, i 

RATIO 
• — 

ASSIGNMENT 

2 ni n <•>-»{ METHOXY CK 2 0 

3 7 1 . 1 METHOXY GH20 

4 5 0 . 7 1 . 0 EPOXY CH 

5 4 3 . 7 1 . 7 EPOXY CH2 

6 2 6 . 5 2 . 3 METHYLENE CH2 

PROPOSED STRUCTURE OF DY 026 

0 ^ . 2 CH CH CH CH CH CH CH 
T 
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TABLE 4.10 

CY 1 7 9 CY 1 7 7 

No ppra DOWNFIELD 
OF TMS 

ppm DOWNFIELD 
OF TMS ASSIGNMENT 

1 1 7 4 . 3 CARBONYL C ~ 0 

2 1 7 2 . 5 CARBONYL C - 0 

z 6 7 o 6 6 7 . 7 METHOXY CH 2 -0 

4 5 1 . 3 5 1 . 8 EPOXY CH 

5 5 0 . 5 5 0 . 8 EPOXY CH 

6 5 0 . 0 5 0 . 3 EPOXY CH 

7 3 7 . 2 ( 
] 

8 3 5 « 2 

9 3 3 . 2 

1 0 3 1 . 7 3 1 . 7 

1 1 2 9 . 0 2 9 . 0 

1 2 2 7 . 5 2 7 . 7 

1 3 2 6 . 6 2 6 . 7 METHYLENE 

GROUPS 

-CH.,-
1 4 2 5 . 7 

METHYLENE 

GROUPS 

-CH.,-

1 5 2 3 o 9 2 3 . 9 

1 6 2 3 . 1 2 3 . 2 

1 7 2 2 . 3 2 2 . 4 

1 8 

< 1 
2 0 . 5 2 0 . 6 

» .— .. ,.> 
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PROPOSED STRUCTURE OF CY 179 

0 
ii CH,—0 \ 0 0 

PROPOSED STRUCTURE OF CY 177 

0 0 
II II O-C-(CK)—C-O-CH^ 

0 0 

9 
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ko7 MASS SPECTRAL ANALYSIS 
The mass spectra of the r e s i n s were obtained, using an 

AEL MS9 mass spectrometer Due to the complexity of the 
monomer structures involved, many intense peaks were observed 
i n each spectrum. I n order to avoid lengthy tables of r e s u l t s 
only the molecular ion peaks and l a r g e s t fragments detected 
are included i n the Table (Table if.11). The mass spectra 
give a good retrospective a n a l y s i s of the structures of the 
f i v e monomers. The majority of the major fragments are 
assignable to parts of the proposed structures of the r e s i n s ; 
however, not a l l of the observed peaks were assigned. The 
v a r i a t i o n i n chain length seems to be greatest for the b i s -
phenol F type r e s i n , LY 558, where pentamers have been 
detected, towards the higher m/e end of the mass spectrometers 
range. There i s also some telomerisation i n the other r e s i n s 
(CY 177 and LY 1805) where mass spectra show mass to charge 
r a t i o s of l£ to 2$ times that of the monomer involved, 

i * . 8 CONCLUSIONS 
A s a t i s f a c t o r y a n a l y s i s of r e s i n s LY 5 5 8 , LY 1805 and 

DY 026 has been carried out with no previous knowledge of 
t h e i r nature. The i d e n t i f i c a t i o n of r e s i n s CY 177 and CY 179 
has been made s u f f i c i e n t l y well to propose structures, although 
i t i s r e a l i s e d that these two s t r u c t u r a l assignments were a 
l i t t l e tenuous, as complete characterisation was not possible. 
I n each of the f i v e cases the structure arrived at experimentally, 
was confirmed by the information on the nature of the r e s i n s 
received from Ciba-Qeigy at a l a t e r date (Appendix 2 ) » These 
structures were also supported by the r e s u l t s of mass spectral 
analysiSo 

Having i d e n t i f i e d the r e s i n s , t h e i r i n f r a - r e d spectra 
compared favourably with those of the same monomers produced 
by dif f e r e n t companies (!*)„ I t was not possible to use t h i s 
method of i d e n t i f i c a t i o n previously because many of the r e s i n s 
produced commercially have very s i m i l a r spectra i n the ifOOO= 
800cm=^ part of t h e i r spectra, given i n the 'Handbook of 
Epoxy Resins' ik). Without a positive match i n the finger
p r i n t region of the spectrum (800-200cm = 1 ), t h i s comparison 
i s only a negative check. 
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TABLE L.)) 
M/e D Y 0 2 6 CY177 CY179 LY558 LY1805 

127 o ^ r C H 2 ° o 
129 

0 

191 

202 
0 

236 croio° 
239 

313 dt—^l ), 
340 

t o 

366 

L75 

638 

802 
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Analysis of purity with respect to functionality has 
been carried out by two independent methods based on dif f e r e n t 
principleso Due to the completely different approaches to 
the a n a l y s i s , both upper and lower l i m i t s of the hydroxyl 
and epoxide functionality of the r e s i n s has been achieved. 

However, because of the exact agreement between the an a l y s i s 
carried out here and the data from Ciba-Geigy, together with 
the absence of any contrary r e s u l t s from mass spectral a n a l y s i s 
and infra - r e d comparisons, the author i s s a t i s f i e d that the 
techniques employed here are useful and e f f e c t i v e i n the 
elucidation of the nature and even the structure of the epoxide 
r e s i n s used as s t a r t i n g materials i n t h i s worke 
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THE COATINGS: 
PREPARATION AND EXAMINATION 
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5ol INTRODUCTION 
The i d e n t i f i c a t i o n and characterisation of the materials 

to be used i n the investigation of photoinitiated cure have 
provided a good platform on which to base preliminary 
investigations,. This chapter deals with the curing of some 
lacquers prepared from the f i v e r e s i n s and the photoinitiator, 
diphenyliodonium hexafluorophosphate 0 

5.2 THE CONDITIONS OF IRRADIATION 
The radiation source must, of course, provide energy which 

can be absorbed by the photoinitiator, causing i t s decompositio 
In Chapter Three, i t was reported that the maximum absorption 
occurs at 225nm, however, i t has been reported (17) that 
i r r a d i a t i o n at wavelengths between 200 and 360nm produces 
the desired ef f e c t because the absorption has a long t a i l , 
extending as far as 365nm» 

An Hanovia 1L Photochemical Reactor was a v a i l a b l e which 
i s comprised of; a mercury lamp I approximately 100 watts) i n 
a synthetic, high purity quartz envelope; a c l e a r quartz 
thimble; and a one l i t r e reaction v e s s e l . This p a r t i c u l a r 
arrangement was of l i t t l e use i n the curing of films, and 
was adapted to s u i t the needs of the following investigation 
(Diagram 5*1) • The lamp was mounted horizontally rather than 
v e r t i c a l l y , with the thimble i n place around the quartz 
envelope., The whole source was shrouded i n an aluminium 
casing for the protection of the user. 

The UV emission from the medium pressure lamp includes 
wavelengths of 185, 238, 248, 254, 265, 280, 297 9 302, 313, 
and 366nm„ Cooling water was pumped through the thimble to 
avoid heating within the s h i e l d a f f e c t i n g the reaction 
temperature,. Nitrogen gas was allowed to flow through the 
envelope to purge i t of oxygen and thus eliminate the formation 
of ozoneo 

A l l i r r a d i a t i o n s were ca r r i e d out with substrates deposited 
on either polyethylene or polytetrafluoroethylene sheet mounted 
on a laboratory jack. I n t h i s way the i r r a d i a t i o n conditions 
for each film could be f a i r l y well defined, the distance from 
the lamp could be varied as could the time of i r r a d i a t i o n , 
and, i f necessary, f i l t e r s could be c i r c u l a t e d around the 
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lamp. In the work carried out, the distance was maintained 
constant at 18cm and the lamp output was u n f i l t e r e d , the only 
v a r i a b l e s being the time of i r r a d i a t i o n and the age of the 
lamp. 

5 o 3 QUALITATIVE COMPARISON OF CURE RATES 
The rate at which coatings cure i s frequently based on a 

subjective judgement of the time required for a film to become 
non-tacky to the touch. The te s t i s simple and widely used, 
but i t i s d i f f i c u l t to quantify. Although an instrument has 
been developed by W.R. Watt at the Princeton Research Centre, 
New Jersey, U.S.A., there i s no commercially a v a i l a b l e 
apparatus for such t e s t s . Consequently, the author has 
improved the tack-free t e s t to incorporate a pencil hardness 
t e s t . This also has an element of s u b j e c t i v i t y , however, i t 
i s hoped that some improvement i n r e p r o d u c i b i l i t y has been 
attained. Certainly, t h i s modified procedure proved more 
useful as a q u a l i t a t i v e and comparitive measurement of the 
post i r r a d i a t i o n cure observed i n the materials investigated 
i n t h i s work. 

I t i s important that the systems under investigation are 
as simple as possible i f useful r e s u l t s are to be obtained 
at t h i s stage. The systems considered were simple lacquers 
which have the formulation s 9736 r e s i n , 2% photoinitiator 
(PI1) and 1% acetone, for r e s i n s LY 1805, DY 026, CY 17? and 
CY 179o Since r e s i n LY 558 i s a s o l i d , with a melting point 
close to room temperature, an additional component, toluene, 
was required to produce a mobile lacquer, In t h i s case, the 
formulation was 8396 r e s i n , 14# toluene, 2% photoinitiator 
(PI1) and 1% acetone. The acetone was necessary since the 
photoinitiator w i l l not dissolve i n the re s i n s d i r e c t l y . 
One would have l i k e d to have avoided the use of acetone and 
ketones generally as solvents for the photoinitiator to 
eliminate any confusion when photochemical implications are 
studied. However, t h i s was not possible because t h i s photo
i n i t i a t o r had a low s o l u b i l i t y i n a wide range of a l t e r n a t i v e 
solvents. 

Each lacquer was applied to a piece of polyethylene sheet, 
using a draw-down block which i s simply a s t e e l cube with a 
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hole d r i l l e d through two faces and a channel of a defined 
depth, between 15 and 300 microns, cut i n one face perpendicular 
to the hole. 

DRAW=D0WN BLOCK 
HOLE 

CHANNEL 

With the block standing on the front face, the hole i s 
f i l l e d with lacquer and then drawn down the polyethylene sheet 
i n the opposite dir e c t i o n to the channel, thus, leaving a 
film of lacquer of given width and depth. By measuring the 
width a f t e r cure, one can assess the spreading of the film 
( i f any) by comparison with the width of the channel and, i f 
necessary, calculate the r e s u l t i n g change i n depth. 

After attempting to cure the films with the u l t r a - v i o l e t 
source described i n 5 .2 , the hardness of the fil m was tested 
by establishing which of a set of pe n c i l s , ranging from 2B 
to ?H, would nark the surface. This t e s t was repeated at 
given i n t e r v a l s during the post cure. Rather l i k e the geologists 
Mohr Scale, t h i s i s q u a l i t a t i v e and cannot be considered to 
be even semi-quantitative, since there i s no reason to assume 
that the increase i n hardness at each point i n the scale i s 
equal to that at the previous point. 

This t e s t gave useful r e s u l t s on the cure of the two 
aromatic r e s i n s LY 1805 and LY 558. The r e s u l t s were tabulated 
and then displayed graphically. Nine diff e r e n t thicknesses 
of film were cured and a uniform change i n cure rate with 
thickness was observed. Only four r e s u l t s for each r e s i n 
have been displayed on graphs 5»2 and 5.3 i n order to avoid 
congestion. The expected pattern emerges and i s explained by 
Beer'8 Law. An increase i n film thickness produces an increase 
i n the cure time, as a r e s u l t of the reduction i n l i g h t 
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penetration into the lower l a y e r s of the film. 
Attempts to cure DY 026 i n t h i s manner were thwarted by 

the mobility of t h i s r e s i n which i s sold as a reactive diluent. 
The two a l i p h a t i c r e s i n s CY 177 and CY 179 were applicable 
only to a thickness of 200 microns because of the spreading 
r e s u l t i n g from t h e i r mobility. In those fims which were cured, 
considerable shrinkage was observed, thus, at thicknesses of 
50 microns and below, the 1 cured' film had the appearance of 
Swiss cheese (large areas of voids) and the pencil hardness 
t e s t was impossible to apply. The remaining films (75=200 
microns) were tested, using the pencil hardness te s t but were 
found to have cured only on the surface, even a f t e r one month. 
The degree of surface hardness of these films corresponded 
at a maximum to that of an HB pencil. The r e s u l t s have not 
been displayed graphically because the t e s t s were considered 
to be too subjective. This phenomenon w i l l be discussed more 
f u l l y i n Section 5 .5 . 

5 .4 QUANTITATIVE COMPARISON OF CURE RATES 
The cure k i n e t i c s of bisphenol A epoxide resin-anhydride 

systems have been investigated by i n f r a - r e d spectroscopy by 
G.C. Stevens (40 fe 41) . The use of i n f r a - r e d absorption as 
a method of observing cure i s also described i n the 'Handbook 
of Epoxy Resins' ( 4 ) . During cure, two phenomena are involved: 
the opening of epoxide rings leading to chain extension or 
crosslihking, depending on the method of cure and r e s i n 
functionality? c r o s s l i n k i n g v i a condensation reactions, leading 
to ether l i n k s . One may follow cure by observation of either 
the disappearance of epoxide rings or the appearance of hydroxy 
and ether groups. 

For the two aromatic r e s i n s , i t was decided to follow the 
cure by infra-red spectroscopy. I t was found from several 
t r i a l s that the optimum film thickness was c i r c a 100 microns 0 

By recording the spectrum of a r e s i n between l800enT^" and 800 
ca°^ continuously during the post cure period, the disappearance 
of epoxide groups at 920cnT^" (epoxide deformation) may be 
observed. The height of t h i s peak was normalised by expressing 
i t as a proportion of the height of the aromatic breathing 
mode at 1605cnf 1 which,, t h e o r e t i c a l l y B should not change i n 
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i n t e n s i t y . This technique proved to be quite successful for 
the aromatic r e s i n s but was of l i t t l e use for the l i n e a r 
a l i p h a t i c r e s i n DY 026 because of i t s mobility, and r e s i n s 
CY 177 and CY 179 because of the dramatic shrinkage involved 
with these materials. The work referred to above was carried 
out on conventionally cured films between sodium chloride 
pl a t e s , unfortunately, t h i s was not p r a c t i c a l here from a 
f i n a n c i a l point of view. However, the use of very thin poly
ethylene sheets, both as a substrate to form films on and 
also i n the reference beam of the Perkin-ELmer 377 i n f r a - r e d 
spectrometer, gave s a t i s f a c t o r y r e s u l t s . 

By recording the i n f r a - r e d spectrum of the lacquers before 
i r r a d i a t i o n , and assuming that the normalised absorbance at 

—1 —1 =1 920cm (absorbance at 920cm = absorbance at 1605cm ) to 
be equal to 100% of the epoxide groups present, then the cure 
could be recorded as the percentage of epoxide groups remaining 
a f t e r i r r a d i a t i o n , and changes i n t h i s number could be 
monitored as a function of time. This procedure was ca r r i e d 
out for lacquers of r e s i n s LY 1805 and LY 558, receiving 
i r r a d i a t i o n for periods of 5 and 10 minutes. The r e s u l t s 
are recorded graphically i n Figures 5»4 and 5 . 5 . 

A comparison of the extent of cure during the i r r a d i a t i o n 
period and the nature of the post i r r a d i a t i o n cure process i s 
possible within each system but not between systems, as the 
LY 558 lacquer has an extra component (toluene) i n i t s 
formulation. There are some s t r i k i n g differences i n the 
behaviour of the two materials. The r e s u l t s for the novolak 
epoxide system LY 558, Figure 5.4, show that a f t e r 5 minutes 
i r r a d i a t i o n only about 2% of the epoxide f u n c t i o n a l i t y has 
been consumed, and the poet i r r a d i a t i o n cure i s a slow process 
which continues for the whole period during which measurements 
were taken (20 minutes), and possibly longer. By contrast, 
when exactly the same formulation i s i r r a d i a t e d for 10 minutes, 
the extent of cure at the end of the i r r a d i a t i o n period i s 
about 50%, and the post i r r a d i a t i o n cure process i s apparently 
completed a f t e r a further 30 minutes. Figure 5 °5 shows that 
the behaviour of the bisphenol A epoxide system, LY 1805, i s 
s i m i l a r for both 5 and 10 minute i r r a d i a t i o n treatments. In 
the former case, the extent of cure immediately a f t e r 



6 8 . 

P4 

2 
Ui 

to 

8 v/1 

SO 

in 

J i 5 CP rv. 

N 2? 



69. 

! 
In 

9> 

& 

00 

8 

Ui 

1 

111 

Ui 

• 1 7 ^1 
S « 2 

vlr 
^ 9 I 



70. 

i r r a d i a t i o n i s about 50% with an add i t i o n a l , r e l a t i v e l y small 
post i r r a d i a t i o n cure occurring w i t h i n 30 minutes, and i n the 
l a t t e r case, the cure on i r r a d i a t i o n i s about 60% with a 
sim i l a r small and rapid post i r r a d i a t i o n cure. 

This l i m i t e d set of re s u l t s with aromatic epoxide systems 
raises some i n t e r e s t i n g points. F i r s t l y , as might reasonably 
be expected, i t i s clear that the extent of cure depends on 
the r a d i a t i o n dose received by the system. Secondly, a post 
i r r a d i a t i o n cure process occurs and, i n three out of four 
cases looked at here, the rate of t h i s process decays ra p i d l y 
and i s v i r t u a l l y complete a f t e r 30 minutes. T h i r d l y , even 
a f t e r a f a i r l y lengthy post i r r a d i a t i o n period, there i s s t i l l 
a s i g n i f i c a n t concentration of epoxide f u n c t i o n a l i t y remaining. 
The spectacular difference between the 5 and 10 minutes 
i r r a d i a t i o n of the novolak formulation i s d i f f i c u l t to explain. 
I t seems that there may be an induction period f o r the photo
chemical cure process i n t h i s case. A l t e r n a t i v e l y , the toluene 
di l u e n t may be a f f e c t i n g the cure process. 

The next stage of t h i s work ought c l e a r l y to be the 
expansion of t h i s i n i t i a l set of observations. Variation of 
the i r r a d i a t i o n dose, and the rate at which i t i s provided, 
would be the f i r s t stage i n the continuation of the invest
i g a t i o n . 

5.5 THE SURFACE CURE PHENOMENON 
This section deals with the surface cure e f f e c t observed 

f o r lacquers of resins CY 177 and CY 179. A f t e r 10 minutes 
i r r a d i a t i o n of a 200 micron f i l m of the above lacquers, only 
surface cure i s observed. Increasing the i r r a d i a t i o n time to 
30 minutes f a i l s to achieve through cure. 

In order to cure the DY 026 lacquer, the most mobile of 
the f i v e , a c r y s t a l l i s i n g dish was used to hold the resin 
during the cure processo Through cure of a f i l m 750 microns 
th i c k was achieved a f t e r 30 minutes i r r a d i a t i o n . Under the 
same conditions, only surface cure was observed f o r 750 micron 
f i l m s of resins CY 177 and CY 179. However, i n these cases, 
by contrast to thinner f i l m s , no wrinkling nor shrinkage 
damage of the f i l m surface was observed which i s c l e a r l y due 
to the mobile reservoir of l i q u i d below the cured surface 
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l a y e r . As a comparison, a lacquer of cyclohexene oxide, 
formulated i n the same way, was exposed to 30 minutes i r r a d 
i a t i o n . The lacquer 'set' but remained tacky for several 
days. One does not expect as complete a cure for t h i s mono-
functional epoxide since no crosslinking should occur and 
the product i s expected to be a l i n e a r polymer, p l a s t i c i s e d 
w i t h unreacted monomer. 

Having cured these lacquers, i t was seen that the l i n e a r 
a l i p h a t i c epoxide (DY 026) and the cycloaliphatic epoxide 
(cyclohexene oxide) achieved through cure, whereas the cyclo
a l i p h a t i c epoxide carboxylates (CY 177 and CY 179) did not. 
I t appears that the group responsible for t h i s e f f e c t i s the 
carboxylate group. 

Since the p h o t o i n i t i a t i o n of cure i s being used i n t h i s 
work, i t seemed sensible to check i f the presence of an ester 
u n i t would be l i k e l y to a f f e c t the photochemistry. Since a l l 
of the a l i p h a t i c epoxide systems, and the a l i p h a t i c ester 
epoxide systems, absorb below 200nm, i t seems most u n l i k e l y 
that they would prevent the diphenyliodonium s a l t being excited, 
indeed, the aromatic epoxides might have been more l i k e l y to 
mask the absorption bands of the i n i t i a t o r , however, there 
i s a window i n the absorption of the resins where the photo-
i n i t i a t o r absorbs. Resins CY 177 and CY 179 also absorb 
r a d i a t i o n of energies much higher than that of the photo-
i n i t i a t o r and, therefore, i t i s most u n l i k e l y that they could 
act as quenchers. Therefore, we must conclude that the e f f e c t 
i s not photochemical. I n order to check that the carboxylate 
group i s i n fa c t responsible f o r t h i s e f f e c t , cyclohexyl-
hexanoate was prepared. By adding small quantities of t h i s 
compound to lacquer DY 026, and to a lacquer of cyclohexene 
oxide, the ef f e c t of the carboxylate group upon t h e i r cure 
may be observed. Cyclohexylhexanoate was prepared as follows 
below. 

Preparation of Cyclohexylhexanoate 
Cyclohexanol (25ml) and hexanoic acid (25ml) were placed 

i n a 250ml round-bottomed f l a s k along with benzene (50ml) and 
a few drops of sulphuric acid as a catalyst. The flask was 
f i t t e d with a Dean-Stark apparatus and condenser. The mixture 
was refluxed f o r Zk hours, c o l l e c t i n g water (6mls) i n the 
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trap, i n d i c a t i n g that the reaction had gone to completion. 
0 

-OH ^ 0 
II 

+ QH-OOH ^ 
)-C-C,H„ 

-f-

The product was obtained by d i s t i l l a t i o n but during over
night storage i n a f r i d g e , the l i q u i d turned pink. Further 
p u r i f i c a t i o n was carried out, using a concentric r i n g 
d i s t i l l a t i o n apparatus. With the o i l bath at 130°C, the 
d i s t i l l a t e was collected at 6 5°C and a pressure of 13mm of 
mercury. Found C, 7 2 . 6 ; H, 11 . 6%. Calculated f o r 
C12 H22°2 C' ^ 2 , / f» H» with correct i n f r a - r e d spectrum 
(Appendix 1). 

Increasing amounts of t h i s compound were added to the 
lacquer of DY 0 2 6 , the l i n e a r a l i p h a t i c epoxide, already 
investigated. The appearance of the r e s u l t i n g lacquers was 
observed, along with the degree of cure, a f t e r 30 minutes 
i r r a d i a t i o n under the conditions already described; the 
re s u l t s are tabulated below. 

« PH0T0-
*INITIATOR 

a, RESIN 
DY 0 2 6 

ESTER APPEARANCE OF LACQUER CURE* 

1 . 9 9 6 . 5 0 . 8 CLEAR TACKFREE 
1.9 9 3 . 4 4.0 CLOUDY TACKFREE 
l o 8 8 9 . 8 7.7 FINE PPT. TACKY 
1.7 8 3 . 3 1 4 . 3 PPT. NO CURE 
1 . 2 71.7 2 6 . 6 PPT. NO CURE 

•j= cyclohexylhexanoate 
a f t e r 30 minutes i r r a d i a t i o n 

As the percentage of cyclohexylhexanoate i n the lacquer 
increases, the s o l u b i l i t y of the p h o t o l n i t i a t o r decreases, 
as i s obvious from the appearance of the lacquer. The eff e c t 
upon cure follows the same pattern,as the ester content 
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increases, cure decreases. Assuming that the cyclohexyl-
hexanoate acts i n the same manner as the cycle-aliphatic 
carboxylates (CY 177 and CY 179)» then one may presume that 
the incomplete cure i s caused by the i n s o l u b i l i t y of diary1= 
iodonium hexafluorophosphates i n such systems, although t h i s 
was not immediately obvious with the other lacquers. The 
f a i l u r e to cure i n the case of resins CY 177 and CY 179 occurs 
i n the lower layers, and there i s a surface skin of cured 
material, whereas the f a i l u r e observed i n the i n h i b i t e d DY 026 
lacquer was t o t a l and there was no cured f i l m at the surface. 
An explanation of t h i s difference i n behaviour may l i e i n the 
difference i n density between the DY and CY resins. Density 
measurements carried out i n the laboratory y i e l d the following 
values? 
Cyclohexylhexanoate 0.8627g cm"3 

DY 026 1.08l0g cm"3 

CY 177 1.15l6g cm"3 

CY 179 1.1707g c n f 3 

Unfortunately, the density of the p h o t o i n i t i a t o r i s not known. 
There i s s u f f i c i e n t difference (accentuated i n the lacquers 
containing i n h i b i t o r ) between the densities of the two resins 
f o r an insoluble compound of intermediate density to f l o a t i n 
one medium and sink i n the other. I f diphenyliodonium hexa-
fluorophosphate i s such a compound, then t h i s would explain 
the surface cure i n CY 177 and CY 179 and the surface cure 
i n h i b i t i o n i n DY 026-cyclohexylhexanoate lacquers. 
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Three diphenyliodonium hexafluorophosphates were prepared 
f o r use as p h o t o i n i t i a t o r s . Increasing d i f f i c u l t y was 
experienced i n p u r i f i c a t i o n as s u b s t i t u t i o n of the phenyl 
groups increased. Elemental analysis and spectroscopic 
characterisation of these p h o t o i n i t i a t o r s was carried out, 
using a variety of techniques which allowed the exact nature 
of these compounds to be determined. 

Five i n d u s t r i a l resins were obtained from Ciba-Geigy f o r 
use as monomers. The i d e n t i f i c a t i o n and analysis of these 
resins was carried out i n the laboratory, using both chemical 
and spectroscopic techniques. The r e s u l t s obtained were 
l a t e r confirmed by Ciba-Geigy. 

Having successfully analysed and characterised the 
components, a variety of simple lacquer systems were prepared. 
The p h o t o i n i t i a t e d cure of these lacquers was carried out 
using a 100 watt u l t r a - v i o l e t lamp with quite a broad output 
spectrum. 

The extent and rate of cure of these systems was observed 
through a pencil hardness method which, although s t i l l subjective, 
was found to be superior to the tackfree tests often employed 
f o r such q u a l i t a t i v e observations. During the course of these 
determinations, i t was found that some cycloaliphatic epoxide 
carboxylate based lacquers achieved cure only at the surface, 
whereas aromatic epoxides and other a l i p h a t i c epoxides not 
containing ester groups achieved through cure. Further 
investigations showed t h i s to be due to the i n s o l u b i l i t y of 
the p h o t o i n i t i a t o r i n the ester containing media. The photo-
i n i t i a t o r segregates at the surface i n the case of these 
p a r t i c u l a r resins. 

A qu a n t i t a t i v e i n v e s t i g a t i o n of the cure of the aromatic 
lacquers was carried out using i n f r a - r e d spectroscopy. This 
method showed some s t r i k i n g differences i n the cure character
i s t i c s of the two lacquers studied. Results suggest that 
there may be an induction period before the i n i t i a t i o n step 
of the polymerization begins. However, fur t h e r work on these 
observations i s c l e a r l y necessary before any d e f i n i t e conclusions 
can be drawn. The a l i p h a t i c lacquers could not be studied 
by t h i s technique due to t h e i r m o b i l i t y , as i t was necessary 
to mount the samples v e r t i c a l l y . However, i f t h i s problem 
were overcome, t h i s technique would be very useful i n the 
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q u a n t i t a t i v e i n v e s t i g a t i o n of the rate and extent of cure 
f o r each resin considered here. 

In the i n i t i a l stages of any continuation of t h i s work, 
a more comprehensive study of the rate and extent of cure of 
the aromatic epoxide based lacquers by i n f r a - r e d spectroscopy 
would seem to be the most p r o f i t a b l e s t a r t i n g point. The 
solution to the problem of mounting mobile lacquers v e r t i c a l l y 
would provide a very powerful tool i n expanding the range of 
monomers investigated. Having overcome t h i s d i f f i c u l t y , the 
e f f e c t of d i l u t i n g the other four monomers with the reactive 
d i l u e n t , DY 026, could be studied p r i o r to the f i n a l expansion 
to more complicated systems, such as those already employed 
i n the coatings industry. Such an expansion would involve 
the i n t r o d u c t i o n of pigments, f i l l e r s , etcetera, and a study 
of t h e i r influence on the p h o t o i n i t i a t e d cure. 
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INDEX TO INFRA-RED SPECTRA 

1 PI1 
2 PI2 
3 P I 3 

k Hexachlorobuta«=l, 3» °dien© 
5 Cyclohexene oxide 
6 Epi c h i o r o hy d r i n 
7 Ethyl digol 
8 Ethane d i o l 
9 LY 558 

10 LY 1805 
11 CY 177 
12 CY 179 
13 DY 026 
Ik Cyclohexylhexanoate 
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THE IDENTITY AND MODE OF PRODUCTION OF THE RESINS 

This appendix deals with the information received from 
Ciba-Geigy a f t e r the work i n Chapter Four had been completed. 
I t served to confirm the analysis of the compounds which was 
carried out with no pre-knowledge of the nature of the resins. 
The information received has been supplemented from the 
general l i t e r a t u r e to give a more complete picture of the 
production processes. The data for each resin has been 
divided i n t o two sections, the data from Ciba-Geigy and the 
supplementary information. 
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ARALPITE LY 558 

T h i s r e s i n i s produced by r e a c t i o n of a phenol novolak 
wi t h e p i c h l o r o h y d r i n . 

0 CI 
+ (n + f) Ch\~CH—CH 

OH rf OH CI 
OCH^H-OH-, OCHf-CH—CH 2 

- 1 n 

ALKALI 

A. 
0CH rCH-CH 2 QCHfCH-C^ 

- J n 
The l i n k a g e s may be e i t h e r ortho or para, and the average 
v a l u e of n i s a number between 1.5 and 2.0 ( i n t h i s p a r t i c u l a r 
c a s e , i t was found to be 1.93). T h i s r e s i n a l s o c o n t a i n s a 
s m a l l amount of g l y c e r o l e t h e r l i n k a g e s , some c h l o r o h y d r i n s 
and a small number of c<- -glycols*, 

Supplements Ciba-Geigy d i d not give d e t a i l s of phenol novolak 
manufacture but i t i s known t h a t phenol novolaks 
of t h i s type are u s u a l l y prepared as the product 
of formaldehyde and phenol. 

n H-C—H + (n+ij 
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ARALDITE LY 1805 

T h i s r e s i n i s made from bisphenol A and e p i c h l o r o h y d r i n . 
The f i r s t s t e p i s the formation of 3-chloro=2,~hydroxypropyl 
e t h e r s , most of the c h l o r o h y d r i n groups are subsequently 
converted to epoxy groups by the a c t i o n of a l k a l i . 

CH» 

A. 
+ 2 CHj—CH •on, 

OH OH CI 
OCH-CH—CH 

A 
i H r C H - C H p 

A 
CH=-CH—CH, 

S i d e r e a c t i o n s produce the f o l l o w i n g compounds as i m p u r i t i e s 
which can a l s o play a r o l e i n c u r i n g r e a c t i o n s . 

0 / — v , — , OH 
C f ^ H C H p ( O ^ - | - < ^ ) 0 C H 2 - C H - C 

QH (j)H OH OH 

Supplement: Again no i n f o r m a t i o n was given on the formation 
of Ciba-Geigy's s t a r t i n g m a t e r i a l but i t i s known 
th a t bisphenol A may be manufactured from the 
a d d i t i o n of phenol to acetone under a c i d i c c o n d i t i o n s . 
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H 

ARALDITE DILUENT DY 026 
T h i s d i l u e n t i s the d i g l y c i d y l e t h e r of 1,4-butanediol 

and c o n t a i n s some of the monoglycidyl et h e r , together with 
some c h l o r o h y d r i n groups. 

Supplement; From the above, i t i s assumed t h a t i t s method of 
production i s simply the r e a c t i o n of 1,4=butanedlol 
with e p i c h l o r o h y d r i n . 

\ 
Cl 

HO CH 2CH 2CH 2CH^ OH + H 2C CH CH 2 

Cl OH A, OH C l ( I * I I 
CH 2 CH CH 2 0 — C H CH2CH CH 2 0 — CH;; CH CH 2 

CH; 
\ 

ALKALI 

•CH CH: -CH 2CH 2CH 2CH- A 
•CH- CH CH 2 

Incomplete r e a c t i o n w i l l r e s u l t i n the formation of the mono= 
g l y c i d y l e t h e r 

HO CH 2CH 2CH 2CH 2 0 — CH- CH CH 2 

and, of course, r e s i d u a l c h l o r o h y d r i n groups. 

ARALDITE CY 179 
T h i s i s an epoxycyclohexane d e r i v a t i v e made by p e r a c i d 

e p o x i d a t i o n of the corresponding cyclohexene=type compound,, 
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0 0 
II I CHr-O-C CK-O-C 0 

Apart from epoxide groups, the e p o x i d i s i n g agent i n t r o d u c e s 
a s m a l l number of hydroxyl groups to the cyclohexane r i n g ( s ) 
o f the product. 

Supplement: The cyclohexene-type compound i s a c t u a l l y c y c l o -
hexylmethylcyclohexane c a r b o x y l a t e and i s commonly 
made from the D i e l s A l d e r r e a c t i o n of buta-1 , 3 -

diene with propenal ( a c r y l a l d e h y d e ) , followed by 
a Tischenko r e a c t i o n . 

~c=o 

z 
(CATALYST) 

0 
CH-O-C 

ARALDITE CY 177 
At p r e s e n t , there i s no data on t h i s product but i t i s 

a l s o an epoxycyclohexane d e r i v a t i v e , d i f f e r i n g from CY 179 
e s s e n t i a l l y i n having a d i f f e r e n t l i n k a g e between the epoxy
cyclohexane groups,. 

Supplement; I n the course of t h i s work, the s t r u c t u r e has been 
e l u c i d a t e d as: 

0. 

0 0 
-CH^O—C—(CHJ—C-0-CHi 



where n i s a number, four or g r e a t e r . Mass spectrometry 
suggests n = 4 but average molecular weight (Mn) a l l o w s 
v a l u e s of n up to e i g h t . 
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