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A b s t r a c t

The p r i m a r y  o b j e c t i v e  o f  t h e  wor k  d e s c r i b e d  i n  t h i s  t h e s i s  

was t o  d e v i s e  a r e d - s e n s i t i v e  p h o t o r e s i s t  i m a g i n g  p r o c e s s  f o r  

use  i n  t h e  r e p l i c a t i o n  o f  d i f f r a c t i o n  o p t i c s .

I n  t h e  i n t r o d u c t i o n  t h e  c h e m i s t r y  of  c o n v e n t i o n a l  

p h o t o p o l y m e r  s y s t e m s  and p h o t o r e s i s t s  used  f o r  h o l o g r a p h i c  

r e c o r d i n g  and t h e  f a b r i c a t i o n  of  d i f f r a c t i o n  g r a t i n g s  and 

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

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

a p p l i c a t i o n s  r e q u i r i n g  t h e  use  o f  r e d  l i g h t  a r e  d i s c u s s e d .

A p o l y m e r  s y s t e m has been i n v e s t i g a t e d  w h i c h  c o u l d  be 

i mage d  by p h o t o c h e m i c a l l y  g e n e r a t e d  f r e e  r a d i c a l s ,  f o l l o w e d  by a 

s i m p l e  a q u e o u s  d e v e l o p m e n t  p r o c e d u r e  as r e q u i r e d  by t h e  o r i g i n a l  

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

me t h y l  m e t h a c r y l a t e ,  m e t h a c r y l i c  a c i d  and 2- h y d r o x y e t h y l  

m e t h a c r y l a t e .  T h i s  was d e r i v a t i z e d  u s i n g  m e t h a c r y l o y l  c h l o r i d e  

or  m e t h a c r y l i c  a n h y d r i d e  i n  o r d e r  t o  i n t r o d u c e  c r o s s - l i n k a b l e  

u n i t s  t o  t h e  p o l y m e r  b a c k b o n e .

P o l y m e r s  h ave  been  c h a r a c t e r i z e d  by a number  o f  t e c h n i q u e s  

and t h e  e f f e c t  o f  v a r y i n g  c o m p o s i t i o n  on aq u e o u s  b a s e  s o l u b i l i t y  

has  been  t h o r o u g h l y  s t u d i e d .  V a r i o u s  me t ho d s  o f  d e r i v a t i z a t i o n  

h a v e  been  e m p l o y e d .  The e a s e  o f  i m a g i n g  has  been f o u n d  t o  be  

v e r y  s e n s i t i v e  t o  b o t h  t h e  c o m p o s i t i o n  o f  t h e  p o l y m e r  and t h e  

e x t e n t  o f  f u n c t i o n a l i z a t i o n .  H i g h  q u a l i t y  i mag e s  h ave  been  

o b t a i n e d  f r o m t h i s  p o l y m e r  u s i n g  an o r g a n i c  s o l v e n t  d e v e l o p e r .

I m a g i n g  e x p e r i m e n t s  h a v e  been  c a r r i e d  o u t  on t h i n  f i l m s  o f  

t h e  p h o t o p o l y m e r  c o a t e d  on g l a s s  u s i n g  p h e n y l a z o t r i p h e n y l  me t ha ne  

( PATH)  as  p h o t o i n i t i a t o r .  Good i ma g e s  o f  100 l i n e s  p e r



m i l l i m e t r e  (1 mm"M h a v e  been r e c o r d e d  by c o n t a c t  p r i n t i n g .  

I n t e r f e r o m e t r y  has been  used t o  d e m o n s t r a t e  t h a t  i n t e r f e r e n c e  

p a t t e r n s  h a v i n g  60 0  and 1200 1 mm“  ̂ can be r e c o r d e d  u s i n g  t h i s  

p o l y m e r  w i t h  PATM as i n i t i a t o r ,  ex po s e d  t o  an a r g o n  i on  l a s e r  

o p e r a t i n g  a t  458nm.

A number  of  t wo c ompone nt  p h o t o r e d o x  i n i t i a t o r  s y s t e ms  h ave  

been i n v e s t i g a t e d ,  t h e  l i g h t  a b s o r b i n g  s p e c i e s  o f  such s y s t e ms  

b e i n g  a dye such as m e t h y l e n e  b l u e  or  c e r t a i n  c y a n i n e  d y e s .  The  

se cond  compone nt  o f  t h e s e  i n i t i a t o r s  may be an a r y l  s u l p h i n a t e  

s a l t ,  a 1 , 3 - d i k e t o n e  o r  some a l k y l  s u l p h i d e s .  The r e d  l i g h t -  

i n i t i a t e d  p h o t o p o l y m e r i z a t i o n  o f  a c r y l a m i d e  has  been  

d e m o n s t r a t e d  u s i n g  some of  t h e s e  i n i t i a t o r s  and a l ow r e s o l u t i o n  

p h o t o p o l y m e r  i mage  has  been r e c o r d e d  u s i n g  A z u r e  A and 

p e r i n a p h t h - 1 , 3 - i n d a n d i o n e  as t h e  p h o t o i n i t i a t o r  s y s t e m .

T h i s  p o l y m e r  c a n ,  i n  p r i n c i p l e ,  p r o d u c e  i ma g e s  o v e r  a w i d e  

r a n g e  of  w a v e l e n g t h s  d e p e n d i n g  on t h e  n a t u r e  o f  t h e  i n i t i a t o r  

u s e d .
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L i s t of  A b b r e v i a t i o n s  Used i n  T h i s  T h e s i s

A a c e t o n e
AcAnh a c e t i c  a n h y d r i d e
AcCl a c e t y l  c h l o r i d e
AI BN a z o - b i s - i s o b u t r y o n i t r i l e
B b ase
BN W- me t h y l  -  2 - b e n z o y l  “/ * - n a p h t  h o t  h i  a z o l  i ne
bp b o i l i n g  p o i n t
B u " - n o r ma l  b u t y l
B u t - t e r t i a r y  b u t y l
c a l  c c a l c u l a t e d
COP same as p ( GMA- EA)
d d o u b1 e t
DMF W ; W - d i m e t h y l  f o r m a m i d e
DMSO d i m e t h y l  s u l p h o x i d e
E e x c i t a t i o n
EA e t h y l  a c e t a t e
E t - e t h y l
eV e l e c t r o n  v o l t s
F f 1u o r e s c e n c e
f i g f i g u r e

g grams
gpc g e l - p e r m e a t i o n  c h r o m a t o g r a p h y
h h o u r s
HEMA 2- h y d r o x y e t h y l  m e t h a c r y l a t e
HOE h o l o g r a p h i c  o p t i c a l  e l e m e n t
HPLC h i g h  p e r f o r m a n c e  ( o r  h i g h  p r e s s u r e )  l i q u i d

c h r o m a t o g r a p h y
IC i n t e r n a l  c o n v e r s i o n
ISC i n t e r - s y s t e m  c r o s s i n g
1 mm" ^ l i n e s  p e r  m i l l i m e t r e
LSI l a r g e  s c a l e  i n t e g r a t e d
l u t 2 , 6 - 1u t i  d i  ne
m me di um,  m i n u t e s ,  m u l t i p l e t
M monomer
MAA m e t h a c r y l i c  a c i d
MACl m e t h a c r y l o y l  c h l o r i d e
MB m e t h y l e n e  b l u e
Me- m e t h y l
MEK m e t h y l  e t h y l  k e t o n e  ( b u t a n o n e )
MG m e t h y l e n e  g r e e n
MHz m e g a h e r t z
MK M i c h l e r ' s  k e t o n e
ml mi 11 i 1 i t r e s
MMA m e t h y l  m e t h a c r y l a t e
mp m e l t i n g  p o i n t
MV m e t h y l e n e  v i o l e t
NaTS so d i u m p a r a - t o l u e n e s u l p h i n a t e
nmr n u c l e a r  m a g n e t i c  r e s o n a n c e  ( a l s o  NMR)
P p h o s p h o r e s c e n c e
PA n - p e n t y l  a c e t a t e
PATM p h e n y l a z o t r i p h e n y l  me t h a n e
p( GMA- EA) c o p o l y m e r  o f  g l y c i d y l  m e t h a c r y l a t e  and e t h y l

a c r y l a t e
Ph - p h e n y l
p i c 2 - p i  c o l i  ne
PMMA p o l y ( m e t h y l  m e t h a c r y l a t e )
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p( MMA-MAA)  c o p o l y m e r  o f  m e t h y l  m e t h a c r y l a t e  and m e t h a c r y l i c  
a c i d

pNAT p a r a - n i t r o p h e n y l a z o t r i p h e n y l  me t h a n e
ppm p a r t s  p e r  m i l l i o n
py p y r i d i n e
q q u a r t e t
R-  a l k y l  ( g e n e r a l l y )
r e p p t  r e p r e c i p i t a t e d
RHBNC Ro y a l  H o l l o w a y  and B e d f o r d  New C o l l e g e
RT room t e m p e r a t u r e
R4TS t e t r a - n - b u t y l a m m o n i u m  p a r a - t o l u e n e s u l p h i n a t e
s s i n g l e t ,  s t r o n g
t  t r i p l e t
TB t o l u i d i n e  b l u e
TEA t r i e t h a n o l  ami  ne
THF t e t r a h y d r o f u r a n
TMS t e t r a m e t h y 1 s i  1 ane
TPP t r i p h e n y l p y r y l i u m
TSA p a r a - t o l u e n e s u l p h i n i c  a c i d
UV u l t r a - v i o l e t
VLSI  v e r y  l a r g e  s c a l e  i n t e g r a t e d
w weak
wt w e i g h t
w / v  w e i g h t  p e r  v o l u m e  ( c o n c e n t r a t i o n )
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1.  I n t r o d u c t i o n  

T h i s  work was s p o n s o r e d  by t h e  D i v i s i o n  o f  M e c h a n i c a l  and  

O p t i c a l  M e t r o l o g y ,  The N a t i o n a l  P h y s i c a l  L a b o r a t o r y ,  T e d d i n g t o n  

M i d d l e s e x .  The a i m was t h e  d e v e l o p m e n t  of  a new p h o t o r e s i s t  

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

a t  t h e  r e d  end of  t h e  e l e c t r o m a g n e t i c  s p e c t r u m ,  s p e c i f i c a l l y  

633nm,  t h i s  b e i n g  t h e  w a v e l e n g t h  of  t h e  o u t p u t  f r o m t h e  He - Ne  

l a s e r .  Work on t h e  p o l y m e r  s y s t e m was c a r r i e d  o u t  i n  

c o n s u l t a t i o n  w i t h  p o l y m e r  s c i e n t i s t s  a t  I l f o r d  L t d . ,  M o b b e r l e y ,  

K n u t s f o r d ,  C h e s h i r e .

1 . 1  P h o t o r e s i s t

A p h o t o r e s i s t  1-4 j g  o r g a n i c  m a t e r i a l  wh i c h  may be 

c o a t e d  as a t h i n  f i l m  on a s u b s t r a t e ,  t h e  f i l m  so f o r me d  b e i n g  

c a p a b l e  o f  p r o d u c i n g  a p h o t o g r a p h i c  i mage  on e x p o s u r e  t o  l i g h t  

of  a s u i t a b l e  w a v e l e n g t h .  The i mage  c o n s i s t s  o f ,  a f t e r  

d e v e l o p m e n t ,  a r e a s  s h o wi n g  t h e  p r e s e n c e  or  a b s e n c e  of  an 

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

The u n e x p o s e d  r e s i s t  l a y e r  may c o n s i s t  o f  o n e ,  t w o ,  t h r e e  

or  more c o m p o n e n t s ,  one o f  wh i c h  i s  g e n e r a l l y  p o l y m e r i c  i n  

n a t u r e ,  d e p o s i t e d  f r o m  an o r g a n i c  s o l v e n t .  The l a t e n t  i mage  i s  

c r e a t e d  i n  t h e  p h o t o r e s i s t  l a y e r  by p h o t o c h e m i c a l l y  i n i t i a t e d  

c h a n g e s  t o  t h e  s t r u c t u r e  o f  t h e  r e s i s t  m a t e r i a l s  g i v i n g  r i s e  t o  

a d i f f e r e n t i a l  s o l u b i l i t y  b e t w e e n  e x p o s e d  and u n e x p os e d  r e g i o n s  

A s o l v e n t ,  e i t h e r  a q u e o u s  or  o r g a n i c ,  i s  t h e n  used t o  d e v e l o p  

t h e  r e s i s t  l a y e r  r e v e a l i n g  t h e  r e l i e f  i ma g e .  A w i d e  v a r i e t y  o f  

c h e m i c a l  s t r a t e g i e s  may be e mp l o y e d  t o  a c h i e v e  a d i f f e r e n c e  i n  

s o l u b i l i t y ,  many o f  t hem i n v o l v i n g  t h e  c r o s s - l i n k i n g  of  o r g a n i c  

p o l y m e r s .

A p h o t o r e s i s t  may be t e r m e d  " n e g a t i v e - w o r k i n g "  or  

" p o s i t i v e - w o r k i n g "  d e p e n d i n g  on wh i c h  a r e a s  of  t h e  c o a t i n g
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r e m a i n  a f t e r  p r o c e s s i n g .  P h o t o c h e m i c a l  p r o c e s s e s  l e a d i n g  t o  t h e  

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

p o l y m e r s  g i v e  r i s e  t o  n e g a t i v e  t o n e  i ma g e s  s i n c e  i t  i s  t h e  

u n e x p o s e d  r e g i o n s  wh i c h  a r e  d i s s o l v e d  d u r i n g  d e v e l o p m e n t .  A 

r e s i s t  f u n c t i o n i n g  i n  t h i s  manner  i s  n e g a t i v e - w o r k i n g ,  ( f i g .  

1 . 1 a ) .  I n  c o n t r a s t ,  r e s i s t s  s h owi ng  i n c r e a s e d  s o l u b i l i t y  of  

ex p o s e d  r e g i o n s  a r e  p o s i t i v e - w o r k i n g ,  ( F i g .  1 . 1 b ) .

H i s t o r i c a l l y ,  p h o t o r e s i s t s  a r e  among t h e  o l d e s t  known 

p h o t o g r a p h i c  m a t e r i a l s .  The f i r s t  p e r m a n e n t  p h o t o g r a p h i c  i ma g e ,  

t a k e n  by N i c e p h o r e  N i e p c e  i n  1 8 2 6 ,  was r e c o r d e d  i n  b i t u m e n  of  

J u d e a  c o a t e d  on a p e w t e r  p l a t e . H i s  p h o t o g r a p h ,  of  t h e  v i e w  

f r o m a wi ndow o f  h i s  house  i n  C h a l o n ,  B u r g u n d y ,  t o o k  e i g h t  h o u r s  

t o  e x p o s e .  U n s a t u r a t e d  o r g a n i c  m a t e r i a l  i n  t h e  b i t u m e n  

c r o s s - l i n k e d ,  r e n d e r i n g  i t  i n s o l u b l e  i n  o i l  of  l a v e n d e r .  W i l l i a m  

He n r y  F o x - T a l b o t ,  t h e  i n v e n t o r  o f  t h e  n e g a t i v e - p o s i t i v e  p r o c e s s  

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

p l a t e s  i n  1 8 5 2 .  T h i s  m a t e r i a l  c o n s i s t e d  o f  g e l a t i n e  s e n s i t i z e d  

w i t h  d i c h r o m a t e . 3'7

1 . 2  A p p l i c a t i o n s  o f  p h o t o r e s i s t  

P h o t o r e s i s t  has a w i d e  v a r i e t y  o f  i n d u s t r i a l  uses  wh i c h  

i n c l u d e  t h e  p r e p a r a t i o n  o f  p r i n t i n g  p l a t e s ,  s m a l l  compone nt  

m a n u f a c t u r e  by e l e c t r o f o r m i n g ,  t h e  p r e p a r a t i o n  of  p r i n t e d  

c i r c u i t  b o a r d s ,  s e m i c o n d u c t o r  d e v i c e  f a b r i c a t i o n  

( m i c r o e l e c t r o n i c s )  and o p t i c a l  d e v i c e s  such as v i d e o  and c ompac t  

a u d i o  l a s e r  d i s k s .  R e l a t e d  r a d i a t i o n - c u r e d  r e s i n s  a r e  used i n  

o t h e r  a r e a s  such as c o a t i n g s ,  p r i n t i n g  i n k s  and d e n t a l  f i l l i n g s .

The f o u r  me t ho d s  o f  i n d u s t r i a l  p r i n t i n g  i l l u s t r a t e  some of  

t h e  ways i n  wh i c h  p h o t o r e s i s t  may be u s e d :

I n t a g l i o  ( o r  G r a v u r e )  p r i n t i n g  p l a t e s  a r e  made by e t c h i n g  

i n t o  t h e  m e t a l  s u b s t r a t e  a f t e r  f o r m i n g  a p h o t o r e s i s t  mask.  When
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;?z;

pho t omas k

r e s i  s t

s u b s t r a t e
1) E x p o s u r e

n

2)  D e v e l o p m e n t

a.  N e g a t i v e - w o r k i n g  b.  P o s i t i v e  w o r k i n g

F i g .  1 . 1  N e g a t i v e -  and P o s i t i v e - w o r k i n g  P h o t o r e s i s t

roller.roller^

paper 

• ink

b)  P l a n o g r a p h i ca)  I n t a g l i o

paperroller.

ink
■squeegee

silk screen

paperd)  S i l k - s c r e e nc)  L e t t e r p r e s s

F i g .  1 . 2  The Four  Ma i n  T ypes  of  P r i n t i n g  P l a t e



16

t h e  p h o t o r e s i s t  i s  r e move d  t h e  d e p r e s s i o n s  i n  t h e  m e t a l  p l a t e  

h o l d  t h e  i n k  wh i c h  i s  t r a n s f e r r e d  t o  t h e  p a p e r  d u r i n g  t h e  

p r i n t i n g  p r o c e s s ,  ( f i g .  1 . 2 a ) .

P l a n o g r a p h i c  ( o r  o f f s e t  L i t h o g r a p h i c )  p r i n t i n g  p l a t e s  have  

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

p r i n t i n g  p l a n .  The p l a t e  i s  made h y d r o p h i l i c  and so r e p e l  I s  t h e  

i n k  wh i ch  i s  r e t a i n e d  by t h e  o l e o p h i l i c  r e s i s t  a r e a s .  I n k  i s  

t h e r e f o r e  t r a n s f e r r e d  f r o m an e s s e n t i a l l y  p l a n a r  p l a t e  a c c o r d i n g  

t o  t h e  d e s i r e d  p a t t e r n ,  ( f i g .  1 . 2 b ) .

L e t t e r p r e s s  p r i n t i n g  i n v o l v e s  t r a n s f e r  o f  i n k  f r o m t h e  t o p  

s u r f a c e  of  t h e  r e l i e f  f o r me d  by a p h o t o c r o s s - l i n k e d  p o l y m e r  t o  

t h e  p a p e r , ( f i g .  1 . 2 c ) .

S i l k - s c r e e n  p r i n t i n g  ( s e r i g r a p h y )  i s  a c h i e v e d  by p r e s s i n g  

i n k  t h r o u g h  a mesh s c r e e n  o n t o  t h e  r e c e p t i v e  s u r f a c e .

P h o t o r e s i s t  may be used  t o  mask a r e a s  o f  t h e  s c r e e n  t h r o u g h  

w h i c h  i n k  must  n o t  p a s s ,  ( f i g .  1 . 2 d ) .

In a l l  f o u r  i n s t a n c e s  t h e  a d v a n t a g e  o f  u s i n g  p h o t o r e s i s t  i s  

t h a t  f a i t h f u l  r e p r o d u c t i o n  o f  a r t w o r k  and p h o t o g r a p h s  can be  

a c h i e v e d  by v i r t u e  o f  t h e  p h o t o g r a p h i c  p r o c e s s .

I n t h e  m a n u f a c t u r e  o f  p r i n t e d  c i r c u i t  b o a r d s  a n e t w o r k  o f  

c o p p e r  t r a c k s  c o n n e c t i n g  i n d i v i d u a l  c o mp o n e n t s  has t o  be f o r me d  

on an i n s u l a t i n g  s u b s t r a t e ,  u s u a l l y  a r e i n f o r c e d  p l a s t i c  

m a t e r i a l .  The b o a r d ,  w i t h  a t h i n  c o p p e r  s h e e t  bound t o  one or  

b o t h  s i d e s ,  i s  c o a t e d  w i t h  p h o t o r e s i s t  and e x p o s e d  t h r o u g h  a 

mask.  A f t e r  d e v e l o p m e n t  t h e  b o a r d  i s  i mmer sed  i n  a s u i t a b l e  

e t c h a n t ,  f o r  e x a m p l e  a q u e o u s  i r o n  ( I I I )  c h l o r i d e  s o l u t i o n .  

Removal  of  t h e  r e s i s t  r e v e a l s  t h e  c o p p e r  t r a c k s ,  ( f i g .  1 . 3 ) .  

F i n i s h i n g  i n v o l v e s  d r i l l i n g  of  t h e  b o a r d ,  t h r o u g h - p l a t i n g  o f  

h o l e s  and t h e  a p p l i c a t i o n  o f  a s o l d e r  c o a t  t o  t h e  c o p p e r  t r a c k s .
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F i g u r e  1 . 3  The M a n u f a c t u r e  o f  a P r i n t e d  C i r c u i t  Boar d
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The m a n u f a c t u r e r s  o f  s e m i c o n d u c t o r  d e v i c e s ,  t h e  

m i c r o e l e c t r o n i c s  i n d u s t r y ,  r e q u i r e  p h o t o r e s i s t  m a t e r i a l s  c a p a b l e  

o f  v e r y  h i g h  r e s o l u t i o n .  I n  p a r t i c u l a r  t h e  m a n u f a c t u r e  of  

l a r g e - s c a l e  i n t e g r a t e d ,  ( L . S . I . )  and v e r y  l a r g e - s c a l e  

i n t e g r a t e d ,  ( V . L . S . I . )  c i r c u i t s  i s  mov i ng  t o w a r d s  e v e r  s m a l l e r  

d e v i c e  a r c h i t e c t u r e  w i t h  t h e  c o n c o m m i t a n t  i n c r e a s e  i n  speed  of  

o p e r a t i o n  and economy o f  m a t e r i a l s .  I t  i s  i n  t h i s  f i e l d  t h a t  

r e s e a r c h  i n t o  new p h o t o r e s i s t  m a t e r i a l s  i s  c o n c e n t r a t e d .

1 . 3  M i c r o e l e c t r o n i c s  and P h o t o r e s i s t

The p r o d u c t i o n  o f  i n t e g r a t e d  c i r c u i t s ^ ' ?  i n  a s l i c e  of  

u l t r a - p u r e  s i l i c o n  i n v o l v e s  many s t a g e s  o f  m a s k i n g ,  e t c h i n g ,  

d e p o s i t i o n  and s e l e c t i v e  d i f f u s i o n  o f  d o p i n g  i m p u r i t i e s .  The  

ma sk s ,  wh i c h  a l l o w  s e l e c t i v e  e t c h i n g  o f  an i n s u l a t i n g  l a y e r  o f  

s i l i c o n  o x i d e ,  a r e  r e p l i c a t e d  i n  p h o t o r e s i s t  on t h e  s u r f a c e  of  

t h e  s i l i c o n  w a f e r .  F e a t u r e s  w i t h  a t y p i c a l  w i d t h  o f  2-3/^m must  

be r e c o r d e d  w i t h  h i g h  d e f i n i t i o n  and a v e r y  l ow i n c i d e n c e  o f  

d e f e c t s  such as p i n - h o l e s  i n  t h e  r e s i s t  l a y e r .  As many as n i n e  

masks may be r e q u i r e d  i n  t h e  p r o d u c t i o n  o f  one b a t c h  o f  c i r c u i t s  

on a s i n g l e  w a f e r ,  each  mask r e q u i r i n g  e x t r e m e l y  a c c u r a t e  

a l i g n m e n t .

P r o g r e s s  i n  t h e  d e s i g n  o f  V . L . S . I .  d e v i c e s ,  a good e x a m p l e  

b e i n g  m i c r o p r o c e s s o r s ,  w i t h  t h e  a c c o mp a n y i n g  i n c r e a s e  i n  s i z e  

and c o m p l e x i t y  o f  t h e  ma s k i n g  p a t t e r n s ,  i mp os e s  a v e r y  h i g h  

s p e c i f i c a t i o n  on t h e  r e s i s t  m a t e r i a l s  used  i f  f a i l u r e  r a t e s  a r e  

t o  be k e p t  a t  an e c o n o m i c a l l y  a c c e p t a b l e  l e v e l .  As t h e  

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

consumer  o f  l i q u i d  p h o t o r e s i s t  p r o d u c t s ,  c o m m e r c i a l  m a t e r i a l s  

h a v e  been s p e c i f i c a l l y  d e s i g n e d  t o  meet  t h e  r e q u i r e m e n t s  o f  t h i s  

m a r k e t .

Hi gh  p u r i t y  o f  m a t e r i a l s  and s o l v e n t s ^ * ' ! '  and f r e e d o m
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f r o m s u s p e n d e d  p a r t i c l e s * ^  make t h e  c o m m e r c i a l  m a t e r i a l s  

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

a r e  m a i n l y  s e n s i t i v e  t o  u l t r a - v i o l e t  l i g h t  w i t h  l i t t l e  or  no 

s e n s i t i v i t y  t o  v i s i b l e  l i g h t .  T h i s  has a number  o f  a d v a n t a g e s  

o v e r  s e n s i t i v i t y  t o  l o n g e r  w a v e l e n g t h  ( v i s i b l e )  l i g h t ;

S e n s i t i z e d  m a t e r i a l s  may be h a n d l e d  u n d e r  a l m o s t  w h i t e - l i g h t  

c o n d i t i o n s .  E x p o s u r e  t i m e s  may be v e r y  s h o r t  w i t h  h i g h  e n e r g y  

l i g h t  s o u r c e s  and t h e  h i g h  m o l a r  e x t i n c t i o n  c o e f f i c i e n t s  o f  

u l t r a - v i o l e t  c h r o m o p h o r e s .  The h i g h  p h o t o n  e n e r g y  may i n i t i a t e  a 

w i d e r  v a r i e t y  o f  c h e m i c a l  p a t h w a y s  t h a n  c o u l d  be a c h i e v e d  w i t h  

v i s i b l e  l i g h t .  For  any o p t i c a l  p r i n t i n g  t e c h n i q u e  t h e  maximum 

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

used t o  make t h e  e x p o s u r e ,  t h e r e f o r e  mask r e p l i c a t i o n  w i t h  

u l t r a - v i o l e t  l i g h t  has  an i n t r i n s i c a l l y  h i g h e r  r e s o l u t i o n  

c a p a b i l i t y  t h a n  w i t h  v i s i b l e  l i g h t .

T h i s  l a s t  p r o p e r t y  of  u l t r a - v i o l e t  s e n s i t i v e  m a t e r i a l s ,  

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

l i m i t  of  t h e i r  u s e f u l n e s s .  F or  h i g h e r  r e s o l u t i o n  u s e s  m a t e r i a l s  

such as X - r a y , 1 3 - 1 =  e l e c t r o n - b e a m ^ ^ ®  and i o n - b e a m * ?  

r e s i s t s  h a v e  been d e v e l o p e d .

1 . 4  P h o t o r e s i s t  as a H o l o g r a p h i c  R e c o r d i n g  Medi um

A f u r t h e r  use o f  p h o t o r e s i s t  i s  as a m a t e r i a l  f o r  r e c o r d i n g  

t h i n ,  r e l i e f ,  p ha s e  h o i  o g r a ms .  One a d v a n t a g e  o f  t h i s  o v e r

o t h e r  h o l o g r a p h i c  r e c o r d i n g  me di a  i s  t h e  p o s s i b i l i t y  of  

m a s s - p r o d u c t i o n  by t h e  t e c h n i q u e  of  e m b o s s i n g ; ^ *  a me t a l  

m a s t e r  i s  used t o  p r e s s  f u r t h e r  c o p i e s  f r o m a t h e r m o p l a s t i c  

m a t e r i a l  such as v i n y l .

H o l o g r a p h y  was f i r s t  d i s c u s s e d  as a t e c h n i q u e  a p p l i c a b l e  t o  

m i c r o s c o p y  i n  a s e r i e s  of  p a p e r s  by G a b o r ^ = ~ ^ ^  i n  t h e  l a t e  

1 9 4 0 ' s .  U n t i l  t h e  d e v e l o p m e n t  o f  t h e  l a s e r ,  h o w e v e r ,  h o l o g r a p h y
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r e m a i n e d  a t e c h n i q u e  w i t h  l i t t l e  p r a c t i c a l  a p p l i c a t i o n  due t o  

t h e  u n a v a i l a b i l i t y  of  a s u i t a b l e  l i g h t  s o u r c e .  Ad v a nc e s  i n  t h e  

e a r l y  1 9 6 0 ' s  paved  t h e  way f o r  f u r t h e r  r e f i n e m e n t s  by s o l v i n g  

some of  t h e  p r o b l e m s  a s s o c i a t e d  w i t h  G a b o r ' s  i n v e n t i o n .

H o l o g r a p h y  uses  a f u n d a m e n t a l l y  d i f f e r e n t  met hod of  i mage  

r e c o r d i n g  and f o r m a t i o n  f r o m o t h e r  p h o t o g r a p h i c  t e c h n i q u e s .  

I n f o r m a t i o n  a b o u t  t h e  o b j e c t  i s  s t o r e d  as an i n t e r f e r e n c e  

p a t t e r n  p r o d u c e d  by t wo beams of  c o h e r e n t ,  m o n o c h r o m a t i c  l i g h t  

a t  t h e  r e c o r d i n g  p l a n e .  One beam i s  an u n m o d u l a t e d  r e f e r e n c e  

beam,  t h e  o t h e r ,  t h e  o b j e c t  beam,  i s  m o d i f i e d  by t h e  p r e s e n c e  of  

t h e  o b j e c t  b e f o r e  a r r i v i n g  a t  t h e  r e c o r d i n g  m a t e r i a l .  The  

h o l o g r a m  so p r o d u c e d  w i l l  r e g e n e r a t e  t h e  o b j e c t  beam when 

r e - i l l u m i n a t e d  by t h e  r e f e r e n c e  beam,  ( f i g .  1 . 4 ) .  The  

r e c o n s t r u c t e d  i mage  has  a l l  of  t h e  c h a r a c t e r i s t i c s  of  t h e  

o r i g i n a l  s c e n e ,  as t h e  l i g h t  r e a c h i n g  our  e y e s  i s  i d e n t i c a l  t o  

t h a t  wh i c h  we wou l d  p e r c e i v e  i f  l o o k i n g  a t  t h e  o r i g i n a l  s c e n e  

l i t  f r o m t h e  d i r e c t i o n  of  t h e  o b j e c t  beam.  T h i s  i n c l u d e s  f u l l  

p a r a l l a x  and t h e  need t o  r e - f o c u s  t h e  e y e s  when l o o k i n g  f r o m a 

d i s t a n t  p a r t  t o  one c l o s e r  t o  t h e  o b s e r v e r .  T h e r e f o r e  t h e  i mage  

i s  seen as an e x a c t  r e c o n s t r u c t i o n  i n  t h r e e  d i m e n s i o n s .

H o l o g r a m s  may be c l a s s i f i e d  a c c o r d i n g  t o  t h e  r e c o r d i n g  

g e o m e t r y ,  t h e  t y p e  of  m o d u l a t i o n  i mposed on t h e  i l l u m i n a t i n g  

wa v e ,  t h e  t h i c k n e s s  o f  t h e  r e c o r d i n g  m a t e r i a l  and t h e  mode of  

i mage  f o r m a t i o n .

I f  t h e  t wo i n t e r f e r i n g  beams a r e  t r a v e l l i n g  i n  e s s e n t i a l l y  

t h e  same d i r e c t i o n  t h e  h o l o g r a m  i s  s a i d  t o  be a G a b o r ,  or  

i n - l i n e  h o l o g r a m .  I f  t h e  t wo beams a r e  t r a v e l l i n g  i n  

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

L e i t h - U p a t n i e k s , or  o f f - a x i s  h o l o g r a m .  Beams t r a v e l l i n g  i n  

o p p o s i t e  d i r e c t i o n s  g i v e  r i s e  t o  L i p p ma n n ,  or  r e f l e c t i o n
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h o l o g r a m s .

A f u r t h e r  c l a s s i f i c a t i o n  i s  p o s s i b l e  a c c o r d i n g  t o  t h e  

r e c o r d i n g  g e o m e t r y .  I f  t h e  o b j e c t  i s  r e a s o n a b l y  c l o s e  t o  t h e  

r e c o r d i n g  p l a n e ,  say  l e s s  t h a n  t e n  o b j e c t  d i a m e t e r s ,  t h e  

d i f f r a c t i o n  p a t t e r n  r e c o r d e d  a t  t h e  h o l o g r a m  p l a n e  i s  t h e  

F r e s n e l  d i f f r a c t i o n  p a t t e r n  of  t h e  o b j e c t ,  g i v i n g  r i s e  t o  a

F r e s n e l  h o l o g r a m .  I f  t h e  s e p a r a t i o n  b e t w e e n  o b j e c t  and r e c o r d i n g

p l a n e  i s  l a r g e  t h e n  F r a u n h o f e r  or  f a r - f i e l d  d i f f r a c t i o n  r e s u l t s  

and a F r a u n h o f e r  h o l o g r a m  i s  r e c o r d e d .  I f  a l e n s  i s  used t o  

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

l e n g t h  d i s t a n t  f r o m b o t h  t h e  o b j e c t  and t h e  r e c o r d i n g  p l a n e ,

t h e n  a F o u r i e r  T r a n s f o r m  h o l o g r a m  r e s u l t s ,  p r o v i d e d  t h e

r e f e r e n c e  beam i s  a p l a n e  wa v e .  I f  t h e  r e f e r e n c e  beam o r i g i n a t e s  

f r o m  a p o i n t  t h e  same d i s t a n c e  f r o m t h e  r e c o r d i n g  p l a n e  as t h e

o b j e c t  a L e n s l e s s  F o u r i e r  T r a n s f o r m  h o l o g r a m  r e s u l t s .

D e p e n d i n g  on t h e  r e c o r d i n g  medi um,  a t h i c k  o r  t h i n  h o l o g r a m  

may be p r o d u c e d .  A t h i n ,  or  p l a n e  h o l o g r a m ,  i s  one f o r  wh i c h  t h e

t h i c k n e s s  of  t h e  r e c o r d i n g  medi um i s  s m a l l  compar ed  t o  t h e

f r i n g e  s p a c i n g .  A t h i c k ,  or  v o l u me  h o l o g r a m ,  i s  one f o r  wh i c h  

t h e  t h i c k n e s s  of  t h e  r e c o r d i n g  medium i s  of  t h e  o r d e r  o f ,  or  

g r e a t e r  t h a n ,  t h e  f r i n g e  s p a c i n g .  To d e t e r m i n e  w h e t h e r  a

h o l o g r a m  i s  t h i c k  or  t h i n  a Q - p a r a m e t e r  i s  d e f i n e d  as:

Q = 27r A d / ( n X ‘ )

w h e r e  % i s  t h e  r e c o r d i n g  w a v e l e n g t h ,  n i s  t h e  r e f r a c t i v e  i n d e x  

o f  t h e  r e c o r d i n g  m a t e r i a l ,  d i t s  t h i c k n e s s  and A  t h e  f r i n g e  

s p a c i n g .  A t h i c k  h o l o g r a m  r e s u l t s  when Q 10.

A f u r t h e r  d i s t i n c t i o n  i s  made a c c o r d i n g  t o  t h e  mechani sm by 

wh i c h  t h e  i l l u m i n a t i n g  l i g h t  i s  d i f f r a c t e d .  An a m p l i t u d e  

h o l o g r a m  r e c o r d s  t h e  i n t e r f e r e n c e  p a t t e r n  as a d e n s i t y  v a r i a t i o n

i n  t h e  r e c o r d i n g  m a t e r i a l  r e s u l t i n g  i n  a m o d u l a t i o n  of  t h e
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a m p l i t u d e  of  t h e  i l l u m i n a t i n g  wave.  A p h a s e  h o l o g r a m  i s  one i n  

wh i c h  a p h a s e  m o d u l a t i o n  i s  i mposed on t h e  i l l u m i n a t i n g  wave .  

T h i s  p h a s e  m o d u l a t i o n  may be due t o  a v a r i a t i o n  o f  t h e  

r e f r a c t i v e  i n d e x  o f  t h e  m a t e r i a l ,  or  a s u r f a c e  d i s t o r t i o n ,  or  a 

c o m b i n a t i o n  o f  b o t h .

1 . 4 . 1  H o l o g r a p h i c  M a t e r i a l s  

To be u s e f u l  as a h o l o g r a p h i c  r e c o r d i n g  m a t e r i a l  a 

p h o t o g r a p h i c  m a t e r i a l  must  f u l f i l  some s p e c i f i c  r e q u i r e m e n t s ;  

F i r s t l y  t h e  m a t e r i a l  must  be s e n s i t i v e  t o  t h e  w a v e l e n g t h  of  t h e  

l a s e r  o u t p u t  used i n  t h e  r e c o r d i n g  o f  t h e  h o l o g r a m .  S e c o n d l y ,  

t h e  m a t e r i a l  must  be c a p a b l e  o f  r e s o l v i n g  t h e  m i c r o s c o p i c  

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

s p a t i a l  r e s o l u t i o n  c a p a b i l i t y .  T h i r d l y ,  t h e  m a t e r i a l  must  

e x h i b i t  a l i n e a r  r e s p o n s e  o v e r  a w i d e  r a n g e  o f  e x p o s u r e s .

The s p a t i a l  f r e q u e n c y  r e s o l u t i o n  r e q u i r e d  i n  h o l o g r a p h i c  

m a t e r i a l s  can be shown by c o n s i d e r i n g  a l i m i t i n g  c a s e .  The  

f r e q u e n c y  (V)  , a t  wh i c h  t h e  i mage  i n f o r m a t i o n  i s  encoded  i s  

g i v e n  by:

V  = S i n A  - S i n ^ r  im"*

%

wh e r e  A i s  t h e  r e c o r d i n g  w a v e l e n g t h  and ( X  and &  a r e  t h e  a n g l e s  

b e t w e e n  t h e  d i r e c t i o n  of  p r o r o g a t i o n  of  t h e  o b j e c t  and r e f e r e n c e  

beams t o  t h e  r e c o r d i n g  p l a n e  n o r m a l .  F or  a s i m p l e  s e t - u p  t y p i c a l  

v a l u e s  m i g h t  be R = 633nm ( H e - N e  l a s e r ) ,  ( Z = 0 ° ,  (9^= 4 5 °  

g i v i n g  T? = 1120 mm"^.  F or  s h o r t e r  w a v e l e n g t h s  and t h e  l a r g e r  

a n g l e s  used  i n  a l t e r n a t i v e  r e c o r d i n g  g e o m e t r i e s  h i g h e r  c a r r i e r  

f r e q u e n c i e s  w i l l  r e s u l t .

S i l v e r  h a l i d e  e m u l s i o n s , l o n g  known as p h o t o g r a p h i c  

m a t e r i a l s ,  h ave  t h e  h i g h e s t  s e n s i t i v i t i e s  of  any m a t e r i a l s  used  

f o r  h o l o g r a p h i c  or  p h o t o g r a p h i c  r e c o r d i n g .  P h o t o g r a p h i c
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e m u l s i o n s = =  c o n s i s t  of  m i c r o s c o p i c  c r y s t a l s  of  a l i g h t  

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

g e l a t i n e .  A b s o r p t i o n  o f  a p h o t o n  by a s i l v e r  h a l i d e  c r y s t a l  

c a u s e s  a s i l v e r  i o n  t o  be r e d u c e d  t o  a s i l v e r  a t o m.  The  

a b s o r p t i o n  p r o c e s s  may o c c u r  a n y w h e r e  t h r o u g h o u t  t h e  body of  t h e  

c r y s t a l ,  l i b e r a t i n g  an e l e c t r o n  wh i ch  may move t h r o u g h  t h e  

c r y s t a l  l a t t i c e  u n t i l  i t  e n c o u n t e r s  a s i l v e r  i o n  a t  a c r y s t a l  

d e f e c t ,  ( Scheme 1 . 1 ) .  The s e n s i t i v i t y  o f  i n d i v i d u a l  c r y s t a l s  i s  

t h e r e f o r e  d e p e n d e n t  on t h e i r  v o l u me .

B r -  ---------— --------- >  Br*^ + e"

e “ + Ag-" -------------------------- >  Ag*

Scheme 1 . 1  P h o t o r e d u c t i o n  o f  Ag^ i n  AgBr  

Each s i l v e r  at om so p r o d u c e d  p r o v i d e s  a s i t e  a t  whi ch  

s u b s e q u e n t  s i l v e r  a t oms  a r e  d e p o s i t e d  as f u r t h e r  p h o t o n s  a r e  

a b s o r b e d .  I t  i s  t h i s  s p e c k  o f  m e t a l l i c  s i l v e r  t h a t  f o r ms  t h e  

l a t e n t  i ma g e  a n d ,  p r o v i d e d  i t  i s  o f  c r i t i c a l  s i z e ,  c a t a l y s e s  t h e  

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

d e v e l o p m e n t  p r o c e s s .

H o l o g r a p h i c  e m u l s i o n s  must  have  an e x t r e m e l y  f i n e  g r a i n ,  

t h a t  i s  v e r y  s m a l l  s i l v e r  h a l i d e  c r y s t a l s ,  i n  o r d e r  t o  a c h i e v e  

t h e  r e q u i r e d  r e s o l u t i o n .  T h i s ,  h o w e v e r ,  r e s u l t s  i n  a r e d u c t i o n  i n  

s e n s i t i v i t y  o f  t h e  t h e  e m u l s i o n  as t h i s  i s  r e l a t e d  t o  c r y s t a l  

s i z e .  S i l v e r  h a l i d e  e m u l s i o n s ,  on t h e  o t h e r  h a n d ,  may be 

s e n s i t i z e d  t o  t h e  w h o l e  of  t h e  v i s i b l e  s p e c t r u m  by t h e  a d d i t i o n  

of  s u i t a b l e  dyes  and i n t o  t h e  i n f r a - r e d  r e g i o n  so c o m p a t a b i 1 i t y  

w i t h  l i g h t  s o u r c e s  i s  n o t  a p r o b l e m .

The i n t e r f e r e n c e  p a t t e r n  i s  r e c o r d e d  i n  p h o t o g r a p h i c  

e m u l s i o n  as a v a r i a t i o n  i n  t h e  t r a n s m i s s i o n  c h a r a c t e r i s t i c  due  

t o  t h e  d i s t r i b u t i o n  of  d e v e l o p e d  s i l v e r  g r a i n s  i n  t h e  e m u l s i o n .  

T h i s  g i v e s  r i s e  t o  an a m p l i t u d e  h o l o g r a m .  Be c a us e  o f  t h e  g r a i n
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i n h e r e n t  i n  p h o t o g r a p h i c  e m u l s i o n s ,  h o l o g r a m s  r e c o r d e d  i n  t h i s  

manner  a r e  s u b j e c t  t o  n o i s e ,  due t o  s c a t t e r i n g  o f  l i g h t  f r o m t h e  

s i l v e r  p a r t i c l e s ,  wh i c h  g e n e r a l l y  d e g r a d e s  t h e  i ma g e .  Phase  

h o l o g r a m s  h ave  a much h i g h e r  t h e o r e t i c a l  e f f i c i e n c y  t h a n  

a m p l i t u d e  h o l o g r a m s  and t h e s e  may be c r e a t e d  by f u r t h e r  

p r o c e s s i n g .  The s i l v e r  i n  t h e  g e l a t i n e  l a y e r  may be b l e a c h e d  o u t  

by one of  a number  of  t e c h n i q u e s  l e a v i n g  a r e f r a c t i v e  i n d e x  

v a r i a t i o n  i n  t h e  g e l a t i n e  or  a s u r f a c e  r e l i e f  e f f e c t .  Such  

b l e a c h e d  p h o t o g r a p h i c  e m u l s i o n s ,  as w e l l  as p r o d u c i n g  p ha se  

h o l o g r a m s  w i t h  h i g h e r  d i f f r a c t i o n  e f f i c i e n c i e s  t h a n  t h e  s i l v e r  

i m a g e ,  a l t h o u g h  n o t  c o m p l e t e l y  g r a i n l e s s ,  a r e  l e s s  p r o n e  t o  

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

D i c h r o m a t e d  g e l a t i n e , = 3 - = =  as w e l l  as b e h a v i n g  as a 

r e s i s t ,  may be used  t o  r e c o r d  p ha s e  h o l o g r a m s  of  v e r y  h i g h  

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

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

f o r m i n g  a r i g i d  g e l  when a q u e o us  s o l u t i o n s  a r e  c o o l e d .  P o t a s s i u m  

or  ammonium b i c h r o m a t e ,  when added t o  t h e  g e l a t i n e  l a y e r ,  

s e n s i t i z e s  t h e  m a t e r i a l  t o  l i g h t  o f  w a v e l e n g t h s  of  520nm or  

l e s s .  T h i s  s e n s i t i v i t y  may be e x t e n d e d  t o  l o n g e r  w a v e l e n g t h s  by 

t h e  a d d i t i o n  of  s e n s i t i z i n g  d y e s . = *

The i m a g i n g  p r o c e s s  i n  d i c h r o m a t e d  g e l a t i n e  f i l m s  i s  due t o  

a p h o t o i n i t i a t e d  r e d u c t i o n  o f  t h e  chr omi um ( V I ) ,  i n  t h e  p r e s e n c e  

of  o x i d i z a b l e  g e l a t i n e ,  t o  chr omi um ( I I I ) .  T h i s  c o o r d i n a t e s  

s t r o n g l y  t o  p o l a r  g r o u p s  i n  t h e  g e l a t i n e  p r o d u c i n g  a l o c a l  

h a r d e n i n g  e f f e c t .  The d e g r e e  of  s w e l l i n g  when i mmer sed  i n  w a t e r  

w i l l  t h e n  depend  on t h e  e x p o s u r e  s i n c e  h a r d e n e d  a r e a s  t a k e  up 

l e s s  w a t e r  and d i s s o l v e  l e s s  r e a d i l y  t h a n  n or ma l  g e l a t i n e .  

P r e - h a r d e n i n g ^ ^  of  t h e  g e l a t i n e  r e s u l t s  i n  d i f f e r e n t i a l  

s w e l l i n g  of  t h e  i maged m a t e r i a l  w i t h  no d i s s o l u t i o n ,  s u b s e q u e n t
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r a p i d  d e h y d r a t i o n  by t r e a t m e n t  w i t h  i s o p r o p a n o l  r e s u l t s  i n  a 

p e r m a n e n t  r e c o r d  i n  t h e  g e l a t i n e  f i l m  as a l a r g e  r e f r a c t i v e  

i n d e x  c h a n g e .

D i c h r o m a t e d  g e l a t i n e  i s  c a p a b l e  of  p r o d u c i n g  h i g h  

e f f i c i e n c y ,  t h i c k  p h a s e  h o l o g r a m s  w i t h  l ow n o i s e  l e v e l s ,  b u t  

c o n s i d e r a b l e  c a r e  must  be t a k e n  w i t h  t h i s  m a t e r i a l  t o  a c h i e v e  

i t s  p o t e n t i a l  due t o  t h e  p r o b l e m s  o f  d i s t o r t i o n s  of  t h e  

p h o t o s e n s i t i v e  l a y e r  wh i c h  may be i n t r o d u c e d  d u r i n g  p r o c e s s i n g .  

I n  a d d i t i o n  t o  g e l a t i n e ,  a r a n g e  of  c o l l o i d s  may be s e n s i t i z e d  

by t h e  a d d i t i o n  of  d i c h r o m a t e  i n c l u d i n g  p o l y v i n y l  a l c o h o l ,  

a l b u m e n ,  s h e l l a c ,  f i s h  g l u e  and gum a r a b i c .

T h e r m o p l a s t i c - p h o t o c o n d u c t i v e  m a t e r i a l s  may a l s o  be used t o  

r e c o r d  h o l o g r a m s , ^ ^ - * *  i n  t h i s  c a s e  t h i n  p h a s e  h o l o g r a m s  a r e  

c r e a t e d  by a s u r f a c e  d e f o r m a t i o n  g i v i n g  r i s e  t o  a r e l i e f  i ma g e .

A p h o t o c o n d u c t i v e  t h e r m o p l a s t i c  f i l m  i s  c o a t e d  on a c o n d u c t i v e  

s u b s t r a t e ,  ( f i g .  1 . 5 ) ,  t h e  t h e r m o p l a s t i c  i s  u n i f o r m l y  c h a r g e d  

w i t h  s t a t i c  e l e c t r i c i t y  b e f o r e  e x p o s u r e .  E x p o s u r e  c a u s e s  c h a r g e  

t o  l e a k  away due t o  p h o t o c o n d u c t i o n ,  l o w e r i n g  t h e  c h a r g e  d e n s i t y  

i n  a r e a s  o f  h i g h  e x p o s u r e .  H e a t i n g ,  s o f t e n i n g  t h e  t h e r m o p l a s t i c ,  

c a u s e s  a d e f o r m a t i o n  o f  t h e  s u r f a c e  due t o  e l e c t r o s t a t i c  

p r e s s u r e .  The i mage  i s  f i x e d  by c o o l i n g .

t h e r m o p l a s t i c
p h o t o c o n d u c t o r

e l e c t r o d e

c o n d u c t i v e
c o a t i n g

F i g u r e  1 . 5  S t r u c t u r e  of  a t h e r m o p l a s t i c - p h o t o c o n d u c t o r  p l a t e

A m o d i f i c a t i o n  o f  t h i s  met hod i s  p o s s i b l e  wh e r e b y  a 

s y n t h e t i c  h o l o g r a m * ^  may be p r o d u c e d  by w r i t i n g  on t h e  s u r f a c e
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of  a t h e r m o p l a s t i c  f i l m  w i t h  an e l e c t r o n  b e a m. ^ ^

Hi g h  s e n s i t i v i t y  and h i g h  r e s o l u t i o n  a r e  p o s s i b l e  w i t h  t h i s  

t e c h n i q u e  and t h e  m a t e r i a l  may be e a s i l y  t h e r m a l l y  e r a s e d  and 

r e - u s e d .  D i s a d v a n t a g e s  i n c l u d e  t h e  c o mp l e x  a p p a r a t u s  r e q u i r e d  t o  

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

t h e r m o p l a s t i c  d e v i c e s  and t h e  p r o b l e m s  o f  d u s t  wh i c h  may a d h e r e  

t o  t h e  s u r f a c e ,  e s p e c i a l l y  when e l e c t r o s t a t i c a l l y  c h a r g e d .

O t h e r  m a t e r i a l s  wh i x h  may be used f o r  r e v e r s i b l e  r e c o r d i n g  

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

1 . 4 . 2  P h o t o p o l y m e r s  as r e c o r d i n g  m a t e r i a l s  

P h o t o r e s i s t s  a r e  o r g a n i c  p o l y m e r s  e x h i b i t i n g  a s o l u b i l i t y  

c h a n g e  on i r r a d i a t i o n .  O t h e r  p o l y m e r i c  m a t e r i a l s  h ave  been f o u n d  

t o  be u s e f u l  h o l o g r a p h i c  r e c o r d i n g  m a t e r i a l s ,  t h e  d i f f r a c t i o n  

p a t t e r n  b e i n g  r e c o r d e d  o t h e r  t h a n  by a s u r f a c e  m o d u l a t i o n  

p r o d u c e d  by s o l v e n t  a c t i o n .  A number  o f  s y s t e m s  e m p l o y i n g  

p h o t o p o l y m e r i z a t i o n  o f  v i n y l  monomers w i t h  a s u i t a b l e  i n i t i a t o r  

h a v e  been r e p o r t e d . I n  g e n e r a l  t h e s e  s y s t e ms  g i v e  r i s e  t o  

a r e f r a c t i v e  i n d e x  m o d u l a t i o n  i n  t h e  p h o t o p o l y m e r  f i l m ,  a l t h o u g h  

a s u r f a c e  m o d u l a t i o n  i s  a l s o  f o u n d  i n  some i n s t a n c e s . * *

The r e f r a c t i v e  i n d e x  m o d u l a t i o n  i s  due t o  a v a r i a t i o n  i n  

d e n s i t y  o f  t h e  i maged m a t e r i a l  c a u s e d  by t h e  d i f f u s i o n  of  

monomer f r o m a r e a s  o f  l ow i n t e n s i t y  i l l u m i n a t i o n  t o  a r e a s  of  

r a p i d  p h o t o p o l y m e r i z a t i o n ,  ( f i g .  1 . 6 ) .  I n  one such m a t e r i a l  a 

m i x t u r e  o f  monomers ,  each  w i t h  d i f f e r e n t  r e l a t i v e  r e a c t i v i t i e s  

and each  p r o d u c i n g  p o l y m e r  o f  d i f f e r e n t  r e f r a c t i v e  i n d e x ,  i s  

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

v a r i a t i o n . * ®  A number  o f  p a p e r s  g i v i n g  d e t a i l s  of  t h e  

p r o c e s s i n g  and a p p l i c a t i o n s  o f  some p h o t o p o l y m e r  h o l o g r a p h i c  

r e c o r d i n g  m a t e r i a l s  h ave  a p p e a r e d  i n  t h e  1 i t e r a t u r e .
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b) U n f i x e d  i ma g e .

t  ' /  \ t  \ !  \ t  Vf V

w/mm////////////////////////m
c)  O p t i c a l  f i x i n g  by u n i f o r m  e x p o s u r e .

F i g u r e  1 . 6  Monomer d i f f u s i o n  i n  p h o t o p o l y m e r  m a t e r i a l s

In g e n e r a l  p h o t o p o l y m e r  m a t e r i a l s  use  s i m p l e  v i n y l  monomers  

such as a c r y l a m i d e  w i t h  d i f u n c t i o n a l  monomers such as  

N , N ' - m e t h y l e n e ^ b z s - a c r y l a m i d e * * ' ^ *  and t h e  a c r y l a t e s  of  

Ba =+ ,  Pb=+ 4 = ' 4 4  and Zn=+ i n c l u d e d  i n  t h e  m i x t u r e  

i n  o r d e r  t o  p r o d u c e  a c r o s s - l i n k e d  p o l y m e r  i ma g e .

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

o f  monomers or  monomer s o l u t i o n s ,  r e s i d u a l  monomer t r a p p e d  i n  a 

p o l y m e r  m a t r i x  has been p h o t o p o l y m e r i z e d  g i v i n g  r i s e  t o  an i n d e x  

c h a n g e .  T h i s  e x p l a n a t i o n  has  been p r o po s e d®® f o r  t h e  i n d e x  

v a r a t i o n  o b s e r v e d  when p a r t i a l l y  o x i d i z e d  p o l y m e t h y l  

m e t h a c r y l a t e  (PMMA) was i r r a d i a t e d  w i t h  u l t r a - v i o l e t  l i g h t  a t  

325nm,  ( He - Cd  l a s e r ) . ® ?  C r o s s - l i n k i n g  was r e j e c t e d  as t h e  

i m a g i n g  mechani sm as no i n s o l u b l i z a t i o n  oc c u r r e d . I n c o n t r a s t ,  

c r o s s - l i n k i n g  has been  shown t o  o c c u r  i n  p a r a - b e n z o q u i n o n e  

s e n s i t i z e d  PMMA f i l m s  on e x p o s u r e  t o  488nm l i g h t  w i t h  a
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c o r r e s p o n d i n g  i n d e x  c h a n g e . ^

P o l y m e r i z a t i o n  of  r e s i d u a l  monomer i s  a l s o  g i v e n  as t h e  

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

a - d i  k e t o n e s ,  p a r t i c u l a r l y  c a mp h o r q u i  n o n e , a l t h o u g h  a

n o n - p o l y m e r i c  h o s t  m a t r i x ,  s u c r o s e  b e n z o a t e * *  may a l s o  be  

u s e d ,  w i t h  d i m e r i z a t i o n  of  s u c r o s e  b e n z o a t e  r a d i c a l s  g i v i n g  r i s e  

t o  t h e  i ma g e .

One d i s a d v a n t a g e  of  s e l f - d e v e l o p i n g  p h o t o p o l y m e r  s y s t e ms  i s  

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

d e v e l o p  d u r i n g  t h e  e x p o s u r e  s t e p .  T h i s  l e a d s  t o  d i s t o r t i o n  due  

t o  s c a t t e r i n g  o f  t h e  w r i t i n g  beam by t h e  d e v e l o p i n g  i ma g e .  An 

a l t e r n a t i v e  s t r a t e g y  f o r  t h e  f o r m a t i o n  of  p h o t o p o l y m e r  h o l o g r a m s  

d e s i g n e d  t o  o v e r c o me  t h i s  p r o b l e m  i n v o l v e s  t h e  f o r m a t i o n  o f  a 

l a t e n t  i mage  on a r e c e p t i v e  s u r f a c e  wh i c h  i s  l a t e r  b r o u g h t  i n t o  

c o n t a c t  w i t h  t h e  p o l y m e r i s a t i o n  m i x t u r e .  I n  an e x a m p l e  of  t h i s  

t y p e * ®  a s e n s i t i z e r ,  b e n z o i n ,  i s  a d s o r b e d  o n t o  t h e  s u r f a c e  of  

a m i c r o p o r o u s  g l a s s  by i m m e r s i o n  i n  a s u i t a b l e  s o l u t i o n .  The  

s u r p l u s  i s  r emoved by a s o l v e n t  wash and a l a t e n t  i mage i s  

r e c o r d e d  by e x p o s u r e  t o  an a r g o n  i on  l a s e r  o p e r a t i n g  a t  364nm.  

The p o r e s  i n  t h e  g l a s s  a r e  s m a l l  compar ed  t o  t h e  w a v e l e n g t h  of  

l i g h t  used so s c a t t e r i n g  i s  m i n i m a l .  I r r a d i a t i o n  d e s t r o y s  

i n i t i a t o r  i n  a r e a s  of  h i g h  i n t e n s i t y  e x p o s u r e  such t h a t  when t h e  

s u r f a c e  i s  f l o o d e d  w i t h  a monomer s o l u t i o n  and e x pos ed  t o  

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

a c r o s s  t h e  s u r f a c e  w i l l  depend on t h e  p r e v i o u s l y  r e c o r d e d  l a t e n t  

i mage.

T h i s  p r o c e s s  p r o d u c e s  an i mage  wh i c h  i s  n e g a t i v e  i n  t o n e  

c o mpar ed  t o  t h e  d i r e c t  p h o t o p o l y m e r i z a t i o n  s y s t e m d e s c r i b e d  

a b o v e ,  t h a t  i s  t h e  i n d e x  v a r i a t i o n  i s  o p p o s i t e  i n  s i g n  t o  t h a t  

o b t a i n e d  when u s i n g  t h e  same monomer m i x t u r e s .
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The use of  m e f a - p h e n y l e n e  d i a c r y l i c  a c i d  ( 1 ) ,  whi ch  

p o l y m e r i z e s  v i a  a [ 2+ 2 ] c y c l o a d d i t i o n  r e a c t i o n  i n  t h e  

c r y s t a l l i n e  s t a t e ,  (Scheme 1 . 2 ) ,  i s  a l s o  r e p o r t e d  as t h e  b a s i s  

of  a m a t e r i a l  c a p a b l e  of  p r o d u c i n g  h o l o g r a p h i c  g r a t i n g s . * * ’ *?

H 0 2 C H C = H C - " " ^ < ^ C H = C H C 0 2 H
i i )

H O j C H C =

C O ,H

- < H = C H C 0 2 H

n-1
Scheme 1 . 2  P h o t o c h e m i c a l  p o l y m e r i z a t i o n  of  ( 1)

A s o l u t i o n  c o n t a i n i n g  ( 1 )  and a l a r g e  amount  of  p i c r a m i d e  

as s e n s i t i z e r  i s  s p i n - c o a t e d  t o  f o r m an i n h o mo g e n e o u s  l a y e r  

c o n t a i n i n g  c r y s t a l s  of  t h e  p h e n y l e n e  d i a c r y l i c  a c i d . * *  I n a 

v a r i a t i o n  on t h i s  t e c h n i q u e  p o l y m e t h y l  m e t h a c r y l a t e  i s  used as a 

b i n d e r  i n  t h e  f i l m . * ?  A f t e r  e x p o s u r e  t h e  p l a t e  i s  h e a t e d  t o  

d e v e l o p  t h e  i mage .

The use of  n e g a t i v e  p h o t o r e s i s t  as a v a r i a b l e  i n d e x  

r e c o r d i n g  m a t e r i a l  has been r e p o r t e d . * ® - * ?  In t h i s  ca se  a 

c o m m e r c i a l l y  a v a i l a b l e  n e g a t i v e  p h o t o r e s i s t  p r o d u c e d  by Ko d ak ,  

Kodak M i c r o r e s i s t  7 4 7 ,  was ex p o s e d  t o  a g r a t i n g  p a t t e r n  of  100  

l i n e s / m m  and h e a t e d  f o r  one t o  two h o u r s  a t  8 0 ” C. An i n d e x  

v a r i a t i o n  of  up t o  27. was r e p o r t e d ,  no i n d e x  v a r i a t i o n  was seen  

i n  ex p o s e d  m a t e r i a l s  a t  room t e m p e r a t u r e .

V a r i a b l e  i n d e x  m a t e r i a l s ,  i n c l u d i n g  p h o t o p o l y m e r s ,  a r e  t h e  

s u b j e c t  of  a r e c e n t  r e v i e w  by Thompson and C h a n d r o s s . ? *

A number  of  o t h e r  o r g a n i c  m a t e r i a l s  used i n  h o l o g r a p h i c
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a p p l i c a t i o n s  use t h e  p h o t o i s o m e r i z a t i o n  of  u n s a t u r a t e d  

m o l e c u l e s ,  f o r  e x a m p l e  azo  d y e s ,  i n  a p o l y m e r  m a t r i x . ^ i - ^ s  

Such s y s t e ms  a r e  e s s e n t i a l l y  r e v e r s i b l e ,  b e i n g  e r a s e d  o p t i c a l l y  

or  on s t a n d i n g  i n  t h e  d a r k .  M e t h y l  o r a n g e  ( 2 ) ^ ^  and 4 - a m i n o  

a z o b e n z e n e  ( 3 ) ^ 5  h ave  b o t h  been used .

N = N

I n t h e  c a s e  of  m e t h y l  o r a n g e ^ ^  and a p l a s t i c  m a t e r i a l  

c o n t a i n i n g  an u n s p e c i f i e d  r e d  d y e , 7 3  t h e  h o l o g r a m  i s  

r e c o r d e d  as a p h o t o i n d u c e d  b i r e f r i n g e n c e  g i v i n g  r i s e  t o  a 

p o l a r i z a t i o n  h o l o g r a m .

L ' - T he F o r m a t i o n  of  Hol o g r a p h i c  O p t i c a l  E l e m e n t s

I n p r i n c i p l e  any c o n v e n t i o n a l  o p t i c a l  e l e m e n t  can be 

r e p l a c e d  by i t s  h o l o g r a p h i c  e q u i v a l e n t  and i n  p r a c t i c e  

h o l o g r a p h i c  o p t i c a l  e l e me n t s  (HOEs)  may be p r o d u c e d  f o r  

a p p l i c a t i o n s  whe r e  i t  woul d  be d i f f i c u l t  or  i m p o s s i b l e  t o  use  

c o n v e n t i o n a l  o p t i c s .  One d i s a d v a n t a g e  of  HOEs,  p a r t i c u l a r l y  

t h o s e  r e c o r d e d  as t h i c k  h o l o g r a m s ,  i s  t h a t  t h e  o p t i c a l  e l e m e n t  

w i l l  o n l y  p e r f o r m  w e l l  a t  t h e  w a v e l e n g t h  a t  wh i ch  i t  was 

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

c h a n g e s .  T h i c k  h o l o g r a m s  may be t h o u g h t  of  as l a y e r s  of  d i s c r e t e  

t h i n  h o l o g r a m s  r e c o r d e d  i n  p a r a l l e l  p l a n e s ,  t h e  p l a n e s  

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

w a v e f r o n t s .  The d i f f r a c t e d  beam o be ys  t h e  Br agg c o n d i t i o n ;
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X =  2 n A S i n f ?

D i f f r a c t i o n  e f f i c i e n c y  w i l l  f a l l  o f f  as t h e  a n g l e  Û  o f  t h e  

r e a d - o u t  beam or  i t s  w a v e l e n g t h  A d e v i a t e s  f r o m t h e  r e c o r d i n g  

c o n d i t i o n s .  A i s  t h e  f r i n g e  s p a c i n g .

HOEs h ave  t h e  a d v a n t a g e  of  p o s s i b l e  mass p r o d u c t i o n  and may 

be l i g h t e r  and more c o mp a c t  t h a n  e q u i v a l e n t  g l a s s  e l e m e n t s .  The  

s i m p l e s t  h o l o g r a p h i c  e l e m e n t  i s  t h e  d i f f r a c t i o n  g r a t i n g ? * ,  t h e  

h o l o g r a p h i c  e q u i v a l e n t  o f  a p r i s m .  The o p t i c a l  s e t - u p  f o r  

r e c o r d i n g  a l i n e a r  d i f f r a c t i o n  g r a t i n g  woul d  have  two p l a n e  

w a v e f r o n t s  c o i n c i d i n g  a t  t h e  r e c o r d i n g  p l a n e ,  t h e  p i t c h  o f  t h e  

g r a t i n g  d e p e n d i n g  on t h e  w a v e l e n g t h  of  t h e  i n t e r f e r i n g  l i g h t  and 

t h e  a n g l e  b e t w e e n  t h e  r e c o r d i n g  beams.  H o l o g r a ms  of  p o i n t s ,  one  

s p h e r i c a l  w a v e f r o n t  and one p l a n e  w a v e f r o n t ,  can be used as t h e  

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

r u l e d  z o n e  p l a t e  or  F r e s n e l  l e n s .  For  p r a c t i c a l  r e a s o n s  i t  i s  

more u s u a l  t o  r e c o r d  h o l o g r a p h i c  z o n e - p l a t e s  as t h e  i n t e r f e r e n c e  

of  t wo s p h e r i c a l  w a v e f r o n t s ? ? ,  t h e  f o c a l  l e n g t h  f of  such an 

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

i n t e r f e r i n g  w a v e f r o n t s  f r o m t h e  r e c o r d i n g  p l a n e  by;

1 1 1 
f a b

Such a z o ne  p l a t e  , when used i n  t r a n s m i s s i o n ,  w i l l  a c t  as  

a l e n s .  A r e f l e c t i n g  z o ne  p l a t e  w i l l  mi mi c  a c o n c a v e  m i r r o r .  

R e f l e c t i n g  e l e m e n t s  o f  t h i s  t y p e  can be made u s i n g  p h o t o r e s i s t  

o r  s i m i l a r  m a t e r i a l  g i v i n g  r i s e  t o  a s u r f a c e  r e l i e f  h o l o g r a m  

whi c h  can be c o a t e d  w i t h  a r e f l e c t i v e  c o a t i n g  such as a l u m i n i u m .  

The m a n u f a c t u r e  of  h o l o g r a p h i c  o p t i c a l  e l e m e n t s  and t h e  

s u i t a b i l i t y  of  a r a n g e  of  m a t e r i a l s  i s  d i s c u s s e d  by S t e v e n s  and 

Hut  1e y ? ® .

As has a l r e a d y  been  s t a t e d ,  g r a t i n g s  a r e  t h e  s i m p l e s t
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h o l o g r a p h i c  e l e m e n t s ,  b e i n g  t h e  r e s u l t  o f  i n t e r f e r e n c e  o f  t wo  

p l a n e  w a v e s ,  ( F i g .  1 . 7 ) .  The g e n e r a l i s e d  h o l o g r a m  i s  a g r a t i n g  

t h a t  has f u r t h e r  m o d u l a t i o n  i mposed upon i t .  B e f o r e  t h e  a d v e n t  

of  h o l o g r a p h i c  t e c h n i q u e s  wh i c h  can " w r i t e "  t h o u s a n d s  of  l i n e s  

on an o p t i c a l  s u r f a c e  w i t h  a s i n g l e  e x p o s u r e ,  g r a t i n g s  wer e  

p r o d u c e d  m e c h a n i c a l l y  by v e r y  p r e c i s e  r u l i n g  e n g i n e s .  O p t i c a l  

g r a t i n g s  h ave  a p p l i c a t i o n s  i n  s p e c t r o s c o p y  and i n t e g r a t e d  

o p t i c s .  As i t  i s  a c o n v e n i e n t  me a s ur e  of  t h e  p e r f o r m a n c e  of  a 

h o l o g r a p h i c  r e c o r d i n g  m a t e r i a l ,  a l i n e a r  g r a t i n g  i s  o f t e n  

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

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

of  t h e  g r a t i n g s  d e s c r i b e d  a b o v e ,  a b l a z e d  g r a t i n g  may a l s o  be 

r e c o r d e d  by e x p o s i n g  p h o t o r e s i s t  t o  t h e  s t a n d i n g  wave p a t t e r n  

p r o d u c e d  by a beam of  l i g h t  p a s s e d  back  a l o n g  i t s  own p a t h .

a)  E x p o s u r e

b ) S i n u s o i d a l  g r a t i n g  i n  p h o t o r e s i s t

F i g u r e  1 . 7  D i f f r a c t i o n  G r a t i n g  P r o d u c e d  by I n t e r f e r e n c e  o f  Two 
P l a n e  Waves
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a ) E x p o s u r e

b ) B l a z e d  p r o f i l e  r e c o r d e d  i n  p h o t o r e s i s t  

F i g u r e  1 . 8  P r o d u c t i o n  of  B l a z e d  G r a t i n g s

S i n u s o i d a l  g r a t i n g s  w i l l  d i f f r a c t  an i l l u m i n a t i n g  w a v e f r o n t  

a c c o r d i n g  t o  t h e  f o l l o w i n g  r e l a t i o n :

d ( S i n « :  + S i n > 5 )  = n A  

w h e r e  d i s  t h e  p e r i o d  o f  t h e  g r a t i n g ,  oc and ft a r e  t h e  a n g l e s  

b e t w e e n  t h e  e x p o s i n g  w a v e f r o n t s  and t h e  nor ma l  t o  t h e  r e c o r d i n g  

p l a n e .  The p i t c h  o f  a b l a z e d  g r a t i n g  i s  d e p e n d a n t  on t h e  a n g l e ,  

b e t w e e n  t h e  r e c o r d i n g  p l a n e  and t h e  p l a n e  of  t h e  s t a n d i n g  

w a v e f r o n t s  and t h e  w a v e l e n g t h  The p e r i o d  o f  t h e  g r a t i n g  i s  

g i v e n  by:

2 S i n  ^

t h e  nodes  o f  t h e  s t a n d i n g  wave p a t t e r n  b e i n g  s p a c e d  by ^ / 2 .
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D i f f r a c t i o n  o p t i c s  may be used i n  h e a d - u p  d i s p l a y s  f o r  

a v i o n i c s ' ^ ,  h o l o g r a p h i c  o p t i c a l  s c a n n e r s " ' ^  and i n  many o t h e r  

a p p l i c a t i o n s .  At  t h e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y  p h o t o r e s i s t  i s  

used t o  p r o d u c e  d i f f r a c t i o n  g r a t i n g s  and zone  p l a t e s  f o r  use by 

i n d u s t r y  and i n  m e t r o l o g y .  The s e n s i t i v i t y  of  c o m m e r c i a l  

m a t e r i a l s  r e s t r i c t s  e x p o s u r e  c o n d i t i o n s  t o  s h o r t  w a v e l e n g t h  

l i g h t  s o u r c e s  such as k r y p t o n  and a r go n  l a s e r s .  The r e s u l t a n t  

d i f f r a c t i o n  o p t i c s  w i l l  n o r m a l l y  be used w i t h  h e l i u m - n e o n  l a s e r s  

o p e r a t i n g  a t  653nm as t h e s e  may be r e a d i l y  o b t a i n e d  and a r e  l ow 

c o s t ,  p o r t a b l e  u n i t s .  P h o t o r e s i s t  o p t i c a l  e l e m e n t s ,  when 

p l a y e d - b a c k  w i t h  l i g h t  of  d i f f e r e n t  w a v e l e n g t h  t o  t h a t  a t  wh i ch  

t h e y  we r e  r e c o r d e d ,  a r e  s u b j e c t  t o  a b e r r a t i o n s ^ ^ .  T e c h n i q u e s  

h ave  been d e v e l o p e d  w h e r e b y  o p t i c a l  e l e m e n t s  may be f a b r i c a t e d  

a t  one w a v e l e n g t h  f o r  p l a y - b a c k  a t  a n o t h e r ,  f o r  e x a m p l e  t h e  use  

of  c u r v e d  s u b s t r a t e s ^ ' ,  such met hods  h owev er  must  be chosen t o  

s u i t  t h e  t y p e  of  o p t i c a l  e l e m e n t  b e i n g  made and t h e  a p p l i c a t i o n .  

I t  wou l d  be much e a s i e r  f r o m t h e  p o i n t  o f  v i e w  of  f a b r i c a t i o n ,  

t o  r e c o r d  t h e  g r a t i n g ,  z one p l a t e  or  h o l o g r a m  i n  p h o t o r e s i s t  

s e n s i t i v e  t o  l i g h t  of  t h e  same w a v e l e n g t h  as t h a t  used i n  

r e c o n s t r u c t i o n ,  h e n c e  t h e  need f o r  a r e d - s e n s i t i v e  h o l o g r a p h i c  

p h o t o r e s i s t  m a t e r i a l .

1.; .5 Ne gat_i_y^ P h o t o r e s i  s t  

The p h o t o - i n d u c e d  i n s o l u b i l i z a t i o n  of  o r g a n i c  m a t e r i a l s  has  

been u t i l i z e d  f o r  o v e r  150 y e a r s  f r o m t h e  e a r l y  e x p e r i m e n t s  of  

N i e p c e  and W.H.  Fox T a l b o t  w i t h  b i t u m e n  and d i c h r o m a t e d  

g e l a t i n e ,  t h r o u g h  m a t e r i a l s  used f o r  p r i n t i n g  and p r i n t e d  

c i r c u i t s  t o  modern h i g h - r e s o l u t i o n  m a t e r i a l s  used i n  i n t e g r a t e d  

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

number  of  i .hese m a t e r i a l s  i s  t h e  s u b j e c t  of  an a r t i c l e  by 

H e p h e r " "  and a number  of  t h e  e a r l y  p a t e n t s  a r e  g i v e n  as
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r e f e r e n c e s  i n  O s t r o f f ' s  " H i s t o r y  o f  P h o t o m e c h a n i c a l  

R e p r o d u c t i o n " ^ .

I n s o l u b i l i z a t i o n  of  o r g a n i c  f i l m s  may be a c h i e v e d  by 

r e a c t i o n s  l e a d i n g  t o  t h e  p o l y m e r i z a t i o n  o f  monomers ,  or  a 

m o n o m e r / p o l y m e r  m i x t u r e  or  t o  t h e  c r o s s - l i n k i n g  o f  p r e - f o r m e d  

p o l y m e r s .  Be ca us e  o f  t h e  s u p e r i o r  f i l m - f o r m i n g  p r o p e r t i e s  and 

t h e  w i d e  v a r i e t y  of  o r g a n i c  g r o u p s  wh i c h  may be a t t a c h e d ,  most  

n e g a t i v e  p h o t o r e s i s t s  i n v o l v e  c r o s s - l i n k i n g  of  p o l y m e r s .  A 

c o m p r e h e n s i v e  r e v i e w  of  p h o t o c r o s s - l i n k a b l e  r e s i n  s y s t e ms  by 

G r e e n ,  S t a r k  and Z a h i r ® ^  c o v e r s  p h o t o r e s i s t  c h e m i s t r y  as w e l l  

as r a d i a t i o n  c u r e d  r e s i n s  used i n  o t h e r  a r e a s .  I n a s e r i e s  of  

a r t i c l e s  on p h o t o r e s i s t  t e c h n o l o g y ,  C l a r k  d e s c r i b e s  some 

c o m m e r c i a l  n e g a t i v e  p h o t o r e s i s t s  e m p l o y i n g  

p h o t o p o l y m e r i z a t i o n ® *  and p h o t o c r o s s - 1 i n k i n g ® = .

1 . 5 . 1  C r o s s - L i n k i n g  by C y c l o a d d i t i o n  R e a c t i o n s

C i n n a m i c  a c i d  ( 4 )  and i t s  d e r i v a t i v e s ,  i n  p a r t i c u l a r  

c i n n a m a t e  e s t e r s ,  u n d e r g o  a p h o t o c h e m i c a l  eye 1o d i m e r i z a t i o n , 

( Scheme 1 . 3 ) ,  on i r r a d i a t i o n  w i t h  s h o r t  w a v e l e n g t h  l i g h t .  

C i n n a m a t e  e s t e r s  o f  p o l y m e r i c  a l c o h o l s ,  f o r  e x a m p l e  p o l y v i n y l  

c i n n a m a t e ,  w i l l  t h e r e f o r e  f o r m c r o s s - l i n k s  u n d e r  s i m i l a r  

c o n d i t i o n s ,  (Scheme 1 . 4 ) .

HO: c = c
(4J

+

Scheme 1 . 3  P h o t o d i m e r i z a t i o n  of  c i n n a m i c  a c i d



3 7

C ô H s

— CH

V

H g C a — H (

C H - C . H c

Scheme 1 . 4  C r o s s - L i n k i n g  of  P o l y v i n y l  C i n n a ma t e

P o l y v i n y l  c i n n a m a t e s  d e r i v e d  f r om p o l y v i n y l  a l c o h o l  or  

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

f o r me d  t h e  b a s i s  of  t h e  f i r s t  p h o t o r e s i s t s  based  on t h i s  

c r o s s - l i n k i n g  me c h a n i s m® * " ® ? ,  f o l l o w e d  by s y s t e ms  e m p l o y i n g  

s u b s t i t u t e d  c i n n a m i c  a c i d  d e r i v a t i v e s .  A l t e r n a t i v e  l i g h t  

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

2 - f u r f u r y l a c r y l a t e  ( 5 ) ? * ,  c i n n a m y l i d e n e a c e t a t e  ( 6 )?^ and 

p - C 2 - ( 2 - e t h y l h e x y l o x y c a r b o n y l ) v i n y l ]  c i n n a m a t e  ( 7 ) ? = .

0
H C = C  H — CO 2----

( 5 )

// \ H C = H C — C H = C H — CO;

( 6 )

Hi ?C g O 2C H C  C H ' "CH— C H ----- CO 2----

( 7 )
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I n  a d d i t i o n  t o  p o l y m e r s  w i t h  p e n d a n t  p h o t o c r o s s - l i n k a b l e  

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

c i n n a m a t e - 1 i k e  g r o u p s  may be i n c o r p o r a t e d  i n t o  t h e  p o l y m e r  

b a c k b o n e ,  f o r  e x a m p l e  i n  p o l y a m i d e s  or  p o l y e s t e r s  d e r i v e d  f r o m  

p a r a - p h e n y l e n e - 6 z s - a c r y l i c  a c i d  ( 8 ) and t h e  a p p r o p r i a t e  

d i f u n c t i o n a l  a mi n e s  o r  a l c o h o l s ? = .

HO2C— H C = H C — (( — C H = C H ---- CO2H

( 8 )

Gr oups  whose s t r u c t u r e  i s  based  on b e n z y l i d e n e a c e t o p h e n o n e  

( c h a l c o n e ) ,  ( 9 ) ,  a l s o  h ave  l i g h t  s e n s i t i v i t y ,  f o r m i n g  

c y c l o b u t a n e  d i m e r s .  These  g r o u p s  may be i n c o r p o r a t e d  i n  a l i g h t  

s e n s i t i v e  p o l y m e r  c o m p o s i t i o n  by a F r i e d e l - C r a f t s  a c y l a t i o n  o f  

p o l y s t y r e n e  or  s t y r e n e  c o p o l y m e r s  w i t h  c i n n a m o y l  c h i  or  i d e ‘̂ =*“ ‘' =  

or  by g r a f t i n g  o f  a s u b s t i t u t e d  c h a l c o n e  t o  a p o l y a m i d e

c h a i n ^ * .

•TA
0 
II

HC— CH---- C

( 9 )

As w i t h  t h e  c i n n a m a t e - 1 i k e  p o l y m e r s ,  s t r u c t u r a l  v a r i a t i o n s  

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

h e t e r o c y c l e s  f o r  t h e  p h e n y l  g r o u p s ? ^  and i n c o r p o r a t i o n  o f  t h e  

c h a l c o n e  g r o u p  i n  a p o l y e s t e r  c h a i n ,  a l s o  g i v e  p h o t o c r o s s -  

l i n k a b l e  p o l y m e r s .

V i n y l  c i n n a m a t e s  and c h a l c o n e s  h a v e  i n t r i n s i c  s e n s i t i v i t i e s  

i n  t h e  u l t r a - v i o l e t  r e g i o n ,  f o r  e x a m p l e  p o l y m e r s  of  ( 7 )  ha v e  a 

s p e c t r a l  r a n g e  q u o t e d  as 2 7 0 - 3 8 0 n m ? 2 .  The a d d i t i o n  of  a w i d e
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r a n g e  of  s e n s i t i s e r s  can i n c r e a s e  bot h  t h e  s p e c t r a l  r a n g e  and 

p h o t o g r a p h i c  speed o f  p o l y v i n y l  c i n n a m a t e  and i t s  a n a l o g u e s .  

P o l y v i n y l  c i n n a m a t e  has been s e n s i t i z e d  w i t h ,  among o t h e r s :  

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

n i t r o p h e n o l s , a r o m a t i c  a l d e h y d e s  and k e t o n e s ,  q u i n o n e s  and 

a n t h r o n e s ’ ®. The mechani sm of  s e n s i t i z a t i o n  of  p o l y v i n y l  

c i n n a m a t e s  has been i n v e s t i g a t e d  f o r  a number  of  compounds i n  

t h i s  l i s t  and was f o u n d  t o  be c o n s i s t e n t  w i t h  t r i p l e t - t r i p l e t  

e n e r g y  t r a n s f e r ? ? .  V i n y l  c i n n a m a t e  p o l y m e r s  can a l s o  be 

s e n s i t i z e d  w i t h  t r i p h e n y l  met hane®® and t r i m e t h i n e  c y a n i n e  

d y e s i * ® .  The use of  mo n ome t h i n e  c y a n i n e s  ( 10 ) i n  c o m b i n a t i o n  

w i t h  a r o m a t i c  n i t r o  compounds i s  a l s o  r e p o r t e d  as g i v i n g  

e n h a n c e d  s e n s i t i v i t y ^ ® * .

( 1 0 )

Y , Y ' =  S or  Se,  R , R ' =  C1-3 a l k y l ,  A r , A r ' =  f u s e d  a r o m a t i c
X= p r e f e r a b l y  Cl

S e n s i t i z e r s  based  on s u b s t i t u t e d  t r i p h e n y l p y r y l i u m  

s a l t s ? :  ( T P P ) ,  ( 1 1 )  and N - m e t h y l - 2 - b e n z o y l - ^ - n a p h t h o -  

t h i a z o l i n e ? = ' * ® :  ( B N ) ,  ( 1 2 )  have  been d e s c r i b e d  as g i v i n g  

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

R

R

( 1 1 )

R ( 1 2 )
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W i l l i a m s  e t  a J ? =  h a v e  r e - e x a m i n e d  t h e  me c h a n i s m of  

s e n s i t i z a t i o n  f o l l o w i n g  t h e  d i s c o v e r y  o f  a n o m a l i e s  i n  t h e  

f l u o r e s c e n c e  and p h o s p h o r e s e n c e  s p e c t r a  o f  c o m b i n a t i o n s  o f  TPP 

and s t i l b e n e ,  and t h e  p h o t o s t a t i o n a r y  s t a t e  a c h i e v e d  i n  t h e  

s e n s i t i z e d  c i s - t r a n s  i s o m e r i s m  o f  s t i l b e n e .  T he y  p r o p o s e d  t h a t  

a n o t h e r  me c h a n i s m was o p e r a t i n g  i n  a d d i t i o n  t o  t r i p l e t  e n e r g y  

t r a n s f e r ,  t h e  o b s e r v a t i o n  t h a t  TPP s a l t s  can i n i t i a t e  v i n y l  

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

s t a t e  e l e c t r o n - t r a n s f e r  r e a c t i o n s .  I t  was a l s o  shown t h a t  t h e  

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

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

m e t h y l  c i n n a m a t e ,  r e a c t s  d i r e c t l y  w i t h  b o t h  c i s  and t r a n s  

m e t h y l  c i n n a m a t e  i n  i t s  s i n g l e t  e x c i t e d  s t a t e ,  ( Scheme 1 . 5 ) .  

T h i s  l e d  t o  t h e  i n v e s t i g a t i o n  o f  n o v e l  p h o t o p o l y m e r s  c o n t a i n i n g  

p h e n a n t h r o a t e  r e s i d u e s .

1* Ph COzMe

Ph COzMe

H

Ph COzMe

Scheme 1 . 5  R e a c t i o n s  o f  P h o t o - e x c i t e d  P h e n a n t h r e n e  and M e t h y l
C i n n a m a t e

S t y r y l p y r i d i n i u m  g r o u p s  on p h o t o s e n s i t i v e  p o l y m e r s ,  ( 1 3 )  

a r e  n o t  a m e n a b l e  t o  s e n s i t i z a t i o n  by t r i p l e t  s e n s i t i z e r s .
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p h o t o c r o s s - l i n k i n g  o c c u r i n g  v i a  t h e  s i n g l e t  e x c i t e d  s t a t e .  The  

s e n s i t i v i t y  and s p e c t r a l  r e s p o n s e  of  such p o l y m e r s  i s  enhance d  

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

s p e c t r a l  c o v e r a g e  f r o m 2 7 0 - 6 3 Onm i s  p o s s i b l e ^ ^ .

N.
7  ^

^ O S O s C H j

• C H = C H -

( 1 3 )

//
X

A number  of  o t h e r  g r o u p s  c o n t a i n i n g  u n s a t u r a t e d  l i n k a g e s  

h a v e  been used t o  s e n s i t i z e  p o l y m e r s  t o  c r o s s - l i n k i n g  i n v o l v i n g  

p h o t o c y c l o a d d i t i o n ,  f o r  e x a m p l e  m a l e i c  a c i d  d e r i v a t i v e s  such as 

m a l e i m i d e s .  A p o l y a m i d e  c h a i n  d e r i v e d  f r o m a d i c a r b o x y l i c  a c i d  

and an u n s a t u r a t e d  d i a m i n e ,  ( 1 4 ) ,  may be s e n s i t i z e d  by r e a c t i n g  

t h e  t e r m i n a l  ami ne  g r o u p s  w i t h  d i m e t h y l  m a l e i c  a n h y d r i de 

The r e s u l t a n t  o l i g o m e r ,  ( 1 5 )  i s  c r o s s - l i n k e d  by r e a c t i o n  o f  t h e  

p h o t o - e x c i t e d  m a l e i m i  de w i t h  t h e  d o u b l e  bonds on t h e  p o l y me r  

c h a i n ,  d i m e r i z a t i o n  o f  t h e  m a l e i m i d e  a l s o  o c c u r s ,  i n c r e a s i n g  t h e  

l e n g t h  of  t h e  p o l y m e r  c h a i n .

C H ] C H 3

CH

-  H 2N — N H 2

( 1 4 )

H,G CH:

( 1 5 )
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1 . 5 . 2  A z i d e  S e n s i t i z e d  R e s i s t s  

A z i d e s ,  ( 1 6 ) ,  u n d e r g o  p h o t o d i s s o c i a t i o n  f o r m i n g  n i t r e n e s  

( 1 7 )  and m o l e c u l a r  n i t r o g e n ,  (Scheme 1 . 6 ) .

R- N= -------------— -------------------- >  R- N:  + Nz

( 1 6 )  ( 1 7 )

Scheme 1 . 6  P h o t o - d i s s o c i a t i o n  of  a z i d e s

N i t r e n e s  a r e  r e a c t i v e  s p e c i e s  and may u n d e r g o  a v a r i e t y  of  

r e a c t i o n  p a t h w a y s  i n  t h e  p r e s e n c e  of  o r g a n i c  compounds ,  as w i t h  

c a r b e n e s  t h e  r e a c t i o n s  of  s i n g l e t  and t r i p l e t  n i t r e n e s  t a k e  a 

d i f f e r e n t  c o u r s e .  P o s s i b l e  r e a c t i o n s  i n c l u d e  d i m e r i z a t i o n ,  

s i n g l e t  or  t r i p l e t ,  (Scheme 1 . 7 a ) ,  C-H bond i n s e r t i o n ,  s i n g l e t  

o n l y ,  ( Scheme 1 . 7 b ) ,  h y d r o g e n  a b s t r a c t i o n ,  t r i p l e t  o n l y ,  ( Scheme  

1 . 7 c )  and a d d i t i o n  t o  d o u b l e  b o n d s ,  s i n g l e t  or  t r i p l e t ,  ( Scheme  

1 . 7 d ) .  I n some i n s t a n c e s  t h e  p r o d u c t s  f o r me d  i n  t h e s e  r e a c t i o n s  

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

s t a b l e  p r o d u c t s  a r e  f o r m e d .

a)  2 R- N:   >  R - N = : N - R

I I
b) R-N:  + H - C -   >  R - N H - C -

I . I
R-N:  + H - C -   >  R-NH + *C-

d) R-N:  + It  > R— N

Ri  

- H  
- H  

R?

Scheme 1 . 7  R e a c t i o n s  of  N i t r e n e s  w i t h  O r g a n i c  Compounds

The l a s t  r e a c t i o n ,  f o r m i n g  an a z i r i d i n e  r i n g ,  p r o v i d e s  t h e  

mechani sm f o r  c r o s s - l i n k i n g  of  p o l y m e r s  c o n t a i n i n g  d o u b l e  bonds



43

by b i s  a z i d e s .  P h o t o r e s i s t s  u t i l i z i n g  t h i s  r e a c t i o n  a r e  

g e n e r a l l y  based  on r u b b e r s ,  e i t h e r  n a t u r a l  r u b b e r  or  s y n t h e t i c  

m a t e r i a l s  such as c i s - p o l y i s o p r e n e , ( 1 8 ) ,  or  p o l y b u t a d i e n e .

T he se  e l a s t o m e r s  h a v e  t o  be m o d i f i e d  i n  o r d e r  t o  p r o v i d e  a more  

r i g i d  p o l y m e r  f o r  r e s i s t  p u r p o s e s ,  t h i s  i s  a c h i e v e d  by a p a r t i a l  

c y c l i z a t i o n  of  t h e  p o l y m e r  r e s u l t i n g  i n  some l o s s  of  

u n s a t u r a t i o n ,  ( Scheme 1 . 8 ) .

CHa H

H  -

- [ H j C  C H z h

C H2 C H 3

C H .—
+ i s o m e r s

+ i s o m e r s

C H 3

2 \
Scheme 1 . 8  C y c l i z a t i o n  o f  c i s - P o l y i s o p r e n e

Bi s  a z i d e s  used i n  r e s i s t  f o r m u l a t i o n s  o f  t h i s  t y p e  a r e  

g e n e r a l l y  a r o m a t i c  a z i d e s  c o u p l e d  a t  t h e  4 - p o s i t i o n  by an 

u n s a t u r a t e d  k e t o n e  l i n k a g e ,  e x a m p l e s  b e i n g  ( 1 9 )  and ( 2 0 ) .  A 

n o v e l  s e n s i t i z e r  b a s e d  on t h i s  t y p e  o f  compound i s  4 , 4 ' - d i a z i d o -  

b e n z o q u i n o n e - p a r a - c a r b o x y p h e n y l h y d r a z o n e ,  ( 2 1 ) 1* * .

( 1 9 )

N 3
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N

( 2 1 )

A r e v i e w  of  some c o m m e r c i a l  a z i d e - r u b b e r  p h o t o r e s i s t s  has  

a p p e a r e d  by T s u n o d a i * = .

A z i d e  g r o u p s  may a l s o  be p r e s e n t  as p e n d a n t  g r o u p s  or  

i n c o r p o r a t e d  i n  t h e  p o l y m e r  c h a i n  i n  o t h e r  p h o t o c r o s s - l i n k a b l e  

c o m p o s i t i o n s ^ ® * .

1 . 5 . 3  P h o t o r e s i s t s  i n v o l v i n g  a d d i t i o n  p o l y m e r i z a t i o n

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

may i n c l u d e  a w i d e  v a r i e t y  of  monomers ,  o l i g o m e r s  and p o l y m e r s  

w i t h  r e a c t i v e  d o u b l e  bonds i n  t h e i r  c o m p o s i t i o n s .  At  l e a s t  one  

of  t h e s e  p o l y m e r i z a b l e  c o mp o n e n t s  must  c o n t a i n  m u l t i p l e  d o u b l e  

bonds t o  p r o v i d e  t h e  f a c i l i t y  f o r  f o r m i n g  a t h r e e - d i m e n s i o n a l  

c r o s s - l i n k e d  m a t r i x .  Such c r o s s - l i n k e r s  may be m u l t i - f u n c t i o n a l  

monomers such as a c r y l a t e s  or  m e t h a c r y l a t e s  of  p o l y o l s ,  or  

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

or  p o l y m e r s  w i t h  r e a c t i v e  d o u b l e  bonds i n c o r p o r a t e d  i n t o  t h e  

p o l y m e r  b a c k b o n e  or  p r e s e n t  as p e n d a n t  g r o u p s .

The second compone nt  o f  such a r e s i s t  f o r m u l a t i o n  w i l l  be a 

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

A s i n g l e  s u b s t a n c e  u n d e r g o i n g  d i r e c t  bond c l e a v a g e  on 

i r r a d i a t i o n  i s  t e r me d  a p h o t o i n i t i a t o r ,  e x a m p l e s  b e i n g  a r o m a t i c  

k e t o n e s ,  k e t o - d e r i v a t i v e s  and a z o - c o m p o u n d s .  A p h o t o s e n s i t i z e r  

on t h e  o t h e r  h a n d ,  w h i l e  a b s o r b i n g  t h e  l i g h t ,  g e n e r a t e s  r a d i c a l s
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by t h e  i n t e r a c t i o n  of  i t s  e x c i t e d  s t a t e  w i t h  a n o t h e r  s u b s t a n c e  

and not  by i t s  b r e a k d o w n .  T h i s  second s u b s t a n c e  may be monomer  

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

i n t e r a c t i o n  may be t r i p l e t - t r i p l e t  e n e r g y  t r a n s f e r  or  t h e  

f o r m a t i o n  of  an e x c i t e d - s t a t e  compl ex  ( o r  e x c i p l e x ) .  I n a d d i t i o n  

t o  f r e e - r a d i c a l s  o t h e r  r e a c t i v e  i n t e r m e d i a t e s  such as a n i o n s ,  

c a t i o n s  and s t r o n g  a c i d s  can i n i t i a t e  a d d i t i o n  p o l y m e r i z a t i o n  

and may be e mpl o y e d  i n  some c i r c u m s t a n c e s  i n  p h o t o p o l y m e r i z a b l e  

s y s t e m s .

A g e n e r a l  o v e r v i e w  of  i m a g i n g  s y s t e ms  e m p l o y i n g  

p h o t o p o l y m e r i z a t i o n ' ® 7 ' i ® 8  and a d i s c u s s i o n  of  p h o t o a c t i v e  

c a t a l y s t  s y s t e ms ^ ®?  may be f o u n d  i n  t h e  p h o t o g r a p h i c  

l i t e r a t u r e .  A r e v i e w  by O s t e r  and Yang^^® c o v e r s  t h e  g e n e r a l  

s u b j e c t  of  p h o t o p o l y m e r i z a t i o n  o f  v i n y l  monomers .

O s t e r  has r e p o r t e d  a met hod of  p h o t o p o l y m e r i z a t i o n ^ ‘ 

e m p l o y i n g  a p h o t o s e n s i t i z e r  c o n s i s t i n g  o f  an o r g a n i c  dye and a 

m i l d  r e d u c i n g  a g e n t  c a p a b l e  of  r e d u c i n g  t h e  p h o t o e x c i t e d  s t a t e  

o f  t h e  dye  b u t  n o t  i t s  g r o un d  s t a t e .  S e v e r a l  c l a s s e s  of  dye  and  

a w i d e  v a r i e t y  of  r e d u c i n g  a g e n t s  h a v e  been r e p o r t e d  as 

s u i t a b l e .  I n  a f u r t h e r  p a t e n t a i *  a number  o f  e x a m p l e s  of  

c o n v e n t i o n a l  p h o t o r e s i s t  t e c h n i q u e s  a r e  d e s c r i b e d  e m p l o y i n g  t h e  

new s e n s i t i z i n g  s y s t e m and monomers such as a c r y l a m i d e ,

W, W' - m e t h y l e n e - b z s - a c r y l a m i  de and c a l c i u m  a c r y l a t e  

p o l y m e r i z e d  i n  v i s i b l e  l i g h t .

F r e e - r a d i c a l  p h o t o p o l y m e r i z a t i o n  i s  a c h a i n  p r o c e s s  and may 

be d e s c r i b e d  by i n i t i a t i o n ,  p r o p a g a t i o n ,  c h a i n  t r a n s f e r  and 

t e r m i n a t i o n  s t e p s ,  ( Scheme 1 . 9 ) .
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I n i t i a t i o n

/ y
I ------------>  R'  + R' '

( P h o t o i n i t i a t o r )

P r o p a g a t i o n

R ( M ) n *  + M ----------------- >  R( M) n  + , "

Ch a i n  t r a n s f e r

R ( M ) n '  + R ' H  --------------->  R' .  + R( M) oH

T e r m i n a t i o n

R( M) n *  + R( M) m"  -------- >  p o l y m e r

Scheme 1 . 9  P h o t o p o l y m e r i z a t i o n  R e a c t i o n  S t e p s

The e x t e n t  of  p o l y m e r i z a t i o n  f o r  a c o n s t a n t  r a t e  of  

i n i t i a t i o n  i s  shown i n  t h e  g r a p h  b e l o w ,  ( f i g .  1 . 9 ) ,  t h e  

i n d u c t i o n  p e r i o d  i s  due t o  t h e  p r e s e n c e  of  i n h i b i t o r s  i n  t h e  

p o l y m e r i z a t i o n  m i x t u r e .  I n h i b i t o r s  a r e  s u b s t a n c e s  whi ch  r e a c t  

w i t h  t h e  i n i t i a t i n g  and p r o p a g a t i n g  r a d i c a l s  f a s t e r  t h a n  t h e  

p r o p a g a t i o n  s t e p  f o r m i n g  i n a c t i v e  s p e c i e s  and must  a l l  be 

consumed b e f o r e  p o l y m e r i z a t i o n  can c o n t i n u e .  I n  a d d i t i o n  t o  

i n h i b i t o r s ,  r e t a r d e r s  may be p r e s e n t ,  s l o w i n g  t h e  o v e r a l l  r a t e  

of  p o l y m e r i z a t i o n .  R e t a r d e r s  may e i t h e r  a c t  i n  t h e  same way as 

i n h i b i t o r s  ( c h a i n  t e r m i n a t o r s )  b u t  a t  a much r e d u c e d  r a t e  or  

r e a c t  f o r m i n g  r a d i c a l  i n t e r m e d i a t e s  ( t h r o u g h  c h a i n  t r a n s f e r  f o r  

e x a m p l e )  o f  l ow r e a c t i v i t y  t o w a r d s  monomers .
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e x t e n t  of  
p o l y m e r i z a t i o n

added
r e t a r d e r

i n d u c t i o n
p e r i o d

l og  e x p o s u r e

F i g u r e  1 . 9  G e n e r a l i z e d  g r a p h  o f  t h e  p h o t o p o l y m e r i z a t i o n  p r o c e s s

I n h i b i t o r s  may be added t o  p o l y m e r i z a b l e  c o m p o s i t i o n s  i n  

o r d e r  t o  e x t e n d  s h e l f - l i f e ,  h y d r o q u i n o n e  and i t s  d e r i v a t i v e s  a r e  

f r e q u e n t l y  u s e d ,  as a r e  some p h e n o l s .  M o l e c u l a r  oxyge n  i s  a l s o  

an i n h i b i t o r  o f  p o l y m e r i z a t i o n  and w i t h  a c r y l i c  monomers no 

p o l y m e r i z a t i o n  o c c u r s  u n t i l  a l l  of  t h e  oxyge n  p r e s e n t  i s  

consume d,  e i t h e r  i n  p h o t o s e n s i t i z e d  o x i d a t i o n s  o f  s u i t a b l e  

s p e c i e s  or  by c o n v e r s i o n  t o  p e r o x i d e s .  D i f f u s i o n  o f  oxygen f r o m  

t h e  a t m o s p h e r e  may c o n t i n u e  t o  i n t e r f e r e  w i t h  p o l y m e r i z a t i o n  

once t h e  i n d u c t i o n  p e r i o d  i s  o v e r ,  t h i s  may be q u i t e  l i k e l y  w i t h  

m a t e r i a l s  c o a t e d  as t h i n  l a y e r s .  The c o n s e q u e n c e  of  oxygen  

d i f f u s i o n  d u r i n g  e x p o s u r e  i s  t h a t  t h e  p h o t o g r a p h i c  speed  o f  t h e  

s y s t e m w i l l  depend on t h e  i n t e n s i t y  of  t h e  i l l u m i n a t i n g  l i g h t  

and he n c e  e x p o s u r e  t i m e s  w i l l  show r e c i p r o c i t y  f a i l u r e  when 

c h a n g i n g  l i g h t  s o u r c e s .

Oxygen i n h i b i t i o n  i n  p r a c t i c a l  s y s t e ms  i s  d e a l t  w i t h  i n  a 

number  of  wa y s ,  o x y g e n - f r e e  a t m o s p h e r e s  of  n i t r o g e n  or  c a r b o n  

d i o x i d e  a r e  u s e d ,  as a r e  gas i m p e r m e a b l e  c o a t i n g s ^ ^ °  whi ch  

p r e v e n t  d i f f u s i o n  o f  oxyge n  i n t o  t h e  p o l y m e r i z i n g  l a y e r .  

P o l y m e r i c  b i n d e r s  such as g e l a t i n e ,  wh i ch  has a l ow p e r m e a b i l i t y
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t o  o x y g e n ,  may a l s o  be e m p l o y e d .  Among c h e m i c a l  s t r a t e g i e s  f o r  

d e a l i n g  w i t h  oxyge n  i n h i b i t i o n  i s  t h e  c o n v e r s i o n  o f  m o l e c u l a r  

oxyge n  i n t o  r e a c t i v e  s i n g l e t  oxygen by i n t e r a c t i o n  w i t h  a dye  

s e n s i t i z e r  such as m e t h y l e n e  b l u e  e x c i t e d  by a f l a s h  o f  r e d  

l i g h t . 117 The s i n g l e t  oxygen  f o r me d  r e a c t s  r a p i d l y  w i t h  

a c c e p t o r s  p r e s e n t  i n  t h e  m i x t u r e .

An e x a m p l e  of  a p o l y m e r  c r o s s - l i n k e d  by a d d i t i o n  

p o l y m e r i z a t i o n  i s  t h e  Kodak p h o t o p o l y m e r  c o n t a i n i n g  b o t h  

p o l y h a l o g e n  and u n s a t u r a t e d  g r o u p s  wh i ch  i s  s e n s i t i z e d  by a 

t r a n s i t i o n  m e t a l  c a r b o n y l  compound , 1 1 ® • 1 1 ’  t y p i c a l l y  b e n z e n e  

chr omi um t r i c a r b o n y l .  I n an e x a mp l e  of  a p o l y m e r  o f  t h i s  t y p e ,  a 

c o p o l y m e r  of  m e t h y l  m e t h a c r y l a t e ,  b u t y l  m e t h a c r y l a t e  and 

2 - h y d r o x y e t h y l  m e t h a c r y l a t e  i s  e s t e r i f i e d  w i t h  t r i b r o m o a c e t y 1 

b r o m i d e  and m e t h a c r y l o y l  c h l o r i d e ,  ( 2 2 ) .

fjle Me I^e l^e
- ( C H 2— Ç )-------- ( C H ; — Ç)- - - - - - - - - (G H z ----- C )- - - - - - - - - - - - (C M ;— C)—

COjMe C O ;B u" CO CO

Ô 0

Ç H ;  ( | h 2

CH2 CH;
I I

? ?
/ o  / o

C B r ,  H 2 C = C ^
C H 3

( 2 2 )

S e n s i t i z a t i o n  of  such a s y s t e m i s  p o s s i b l e  by i n c o r p o r a t i o n  

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

o x y g e n - i m p e r m e a b l e  b a r r i e r  l a y e r  i s  a l s o  r ecommende d.

In a v a r i a t i o n  on t h e  t e c h n i q u e  of  i m a g i n g  by 

p h o t o p o l y m e r i z a t i o n  a p o s i t i v e  i mage may be r e c o r d e d  by 

i n c l u d i n g  a p h o t o - i n h i b i t o r  i n  a p h o t o p o l y m e r i z a b l e  l a y e r .
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An i n i t i a l  i m a g i n g  e x p o s u r e  p r o d u c e s  a l a t e n t  i mage  i n  t h e  f o r m  

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

p o l y m e r i z e s  monomer r a p i d l y  e x c e p t  i n  a r e a s  o f  h i g h  i n h i b i t o r  

c o n c e n t r a t i o n .  S o l v e n t  d e v e l o p m e n t  r e v e a l s  a r e s i s t  i mage  wh i c h  

i s  p o s i t i v e  i n  t o n e .  I n  o r d e r  f o r  such an i m a g i n g  s y s t e m t o  wor k  

t h e  w a v e l e n g t h  of  t h e  l i g h t  a b s o r b e d  by t h e  p h o t o - i n h i b i t o r  must  

n o t  i n i t i a t e  p o l y m e r i z a t i o n ,  s i m i l a r l y  p o l y m e r i z a t i o n  must  be  

i n i t i a t e d  by l i g h t  of  a w a v e l e n g t h  a t  wh i c h  no f u r t h e r  

i n h i b i t o r  i s  p r o d u c e d .  Such a m a t e r i a l  i s  s t i l l  c a p a b l e  of  

f o r m i n g  n e g a t i v e  i ma g e s  by e x p o s i n g  a t  t h e  p h o t o p o l y m e r i z a t i o n  

w a v e l e n g t h .

P h o t o - i n h i b i t o r s  a r e  s u b s t a n c e s  w h i c h ,  on i r r a d i a t i o n ,  

p r o d u c e  compounds c a p a b l e  o f  i n h i b i t i o n  o f  f r e e - r a d i c a l  

p o l y m e r i z a t i o n ,  f o r  e x a m p l e  n i t r o s o  compounds .  N i t r o s o  compounds  

may be f o r me d  by t h e  d e c o m p o s i t i o n  of  n i t r o s o  d i m e r s  ( Scheme  

1 . 1 0 a )  1=2 o r  by t h e  r e a r r a n g e m e n t  o r  or  t / ?o - n i  t r o a l  k y l b e n z e n e  

( Scheme l . l O b ) ^ ^ ^ .  Bot h  of  t h e s e  p r o c e s s e s  r e q u i r e  

u l t r a - v i o l e t  i r r a d i a t i o n .

0
Î  A tp

R - N = N — R - - - - - - - -- - - - - - - - >  2 R — NO
\
0

OH
a)

b)

Scheme 1 . 1 0  P h o t o c h e m i c a l  G e n e r a t i o n  of  N i t r o s o  S p e c i e s

N i t r o s o  compounds a r e  p a r t i c u l a r l y  e f f e c t i v e  as i n h i b i t o r s ,  

h a v i n g  t h e  a b i l i t y  t o  r e a c t  w i t h  t wo p r o p a g a t i n g  r a d i c a l  c h a i n s ,
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i n i t i a l l y  f o r m i n g  a n i t r o x i d e  r a d i c a l  wh i ch  i s  i n a c t i v e  as a 

c h a i n  p r o p a g a t o r ,  ( scheme I . 1 1 ) .

R —  NO + R̂ * ----------------------------- ^ R— NO*
ni  t r o x i  de 

r a d i c a l

f  r'
R — NO- + R"' ------------------------- ^ R— NO— R"

Scheme 1 . 1 1  C h a i n  T e r m i n a t i o n  by N i t r o s o  Compounds

The p o s s i b i l i t y  o f  t o n e  r e v e r s a l  i n  a p h o t o p o l y m e r  s y s t e m  

was a l s o  s u g g e s t e d  by Ma r ge r u m e t  a i  u s i n g  a n i t r o p h e n y l  

a c e t i c  a c i d  s a l t  as t h e  p h o t o i n h i b i t o r . T h i s  i s  n o r m a l l y  

p r e s e n t  i n  t h e i r  p h o t o p o l y m e r  m a t e r i a l  as a means of  o p t i c a l l y  

f i x i n g  t h e  i ma g e .  On i r r a d i a t i o n  w i t h  u l t r a - v i o l e t  l i g h t  p a r a -  

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

d e c a r b o x y l a t i o n ,  ( Scheme 1 . 1 2 ) .  T h i s  i s  n o t  an i n h i b i t o r  of  

v i n y l  p o l y m e r i z a t i o n  b u t  f u n c t i o n s  as a r e d u c i n g  a g e n t ,  

d e s t r o y i n g  p h e n o t h i a z i ne d y e s ,  such as m e t h y l e n e  b l u e  or  

t h i o n i n e ,  p r e s e n t  as t h e  l i g h t  a b s o r b i n g  s p e c i e s  i n  t h e  

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

w i t h o u t  a p p r e c i a b l e  p o l y m e r  f o r m a t i o n .  Some of  t h e  i n t e r m e d i a t e s  

p o s t u l a t e d  i n  t h e  dye  r e d u c t i o n  a r e  s u g g e s t e d  t o  be r a d i c a l  

c h a i n  i n h i b i t o r s .



51

O2N — \ \  / ^ C H 2— C O2
- C O 2

O 2N H z

a c i - a n i o n

C O f
-  C 02

02N C H —V y— NO2

a c i - a n i o n

Scheme 1 . 1 2  P h o t o d e c a r b o x y l a t i o n  o f  p a r a - N i t r o p h e n y l  A c e t a t e

1 . 5 . 4  P h o t o i n i t i a t o r s  f o r  N e g a t i v e  R e s i s t s  

The e n e r g y  s t a t e s  and t r a n s i t i o n s  c h a r a c t e r i s t i c  of  o r g a n i c  

m o l e c u l e s i z *  a r e  r e p r e s e n t e d  i n  t h e  J a b l o n s k i  d i a g r a m ,  ( f i g u r e  

1 . 1 0 ) .  E x c i t a t i o n  ( E)  o c c u r s  by t h e  a b s o r p t i o n  of  a p h o t o n ,  

r a i s i n g  t h e  m o l e c u l e  f r o m i t s  s i n g l e t  g r o un d  s t a t e  t o  some 

e x c i t e d  s i n g l e t  s t a t e .  I n t e r n a l  c o n v e r s i o n  ( I . C . )  i s  a 

r a d i a t i o n l e s s  p r o c e s s  a l l o w i n g  t h e  m o l e c u l e  t o  r e l a x  t o  a l o w e r  

e n e r g y  s t a t e  o f  t h e  same m u l t i p l i c i t y .  I n t e r - s y s t e m  c r o s s i n g  

( I . S . C . )  i s  a r a d i a t i o n l e s s  p r o c e s s  a l l o w i n g  t h e  m o l e c u l e  t o  

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

e x c i t e d  s t a t e s  h a v e  v e r y  s h o r t  l i f e t i m e s ;  u n d e r g o i n g  i n t e r n a l  

c o n v e r s i o n ,  f l u o r e s c e n c e  ( F)  o r  i n t e r - s y s t e m  c r o s s i n g .  T r i p l e t  

l i f e t i m e s  a r e  much l o n g e r  compar ed  t o  t h o s e  of  s i n g l e t  e x c i t e d  

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

e x a m p l e  p h o s p h o r e s c e n c e  ( P)  ( t h e  r a d i a t i v e  p r o c e s s )  a r e
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f o r b i d d e n  on t h e  g r o u n d s  of  c o n s e r v a t i o n  of  s p i n .  I t  i s  t h e  

r e a c t i o n s  o f  t r i p l e t  s p e c i e s  wh i c h  a r e  n o r m a l l y  i m p o r t a n t  i n  

p h o t o c h e m i c a l  p r o c e s s e s  b e c a u s e  o f  t h e i r  c o m p a r a t i v e  l o n g e v i t y .  

Qu e n c h i n g  of  e x c i t e d  s t a t e s ,  by e n e r g y  t r a n s f e r  t o  a n o t h e r  

m o l e c u l e  d u r i n g  an i n e l a s t i c  c o l l i s i o n ,  may a l s o  o c c u r  and 

a c c o u n t s  f o r  t h e  phenomenon of  p h o t o s e n s i t i z a t i o n .

Si

ISC

So

Ti

F i g u r e  1 . 1 0  A J a b l o n s k i  D i a g r a m

The a b s o r p t i o n  s p e c t r a  o f  o r g a n i c  m o l e c u l e s  a r e  due t o  

t r a n s i t i o n s  b e t w e e n  e l e c t r o n i c  s t a t e s ,  t h e  p r o b a b i l i t y  of  each  

t r a n s i t i o n  d e t e r m i n i n g  t h e  s t r e n g t h  of  t h e  a b s o r b a n c e  a t  each  

w a v e l e n g t h .  The e l e c t r o n i c  c o n f i g u r a t i o n  of  a c a r b o n y l  compound  

may be r e p r e s e n t e d  u s i n g  m o l e c u l a r  o r b i t a l  t h e o r y  ( f i g u r e  1 . 1 1 ) .  

The c r - f r a m e w o r k  i s  assumed t o  make a n e g l i g i b l e  c o n t r i b u t i o n  t o  

t h e  TT-bond and o n l y  t h e  h i g h e s t  o c c u p i e d  and l o w e s t  u n o c c u p i e d  

m o l e c u l a r  o r b i t a l s  a r e  c o n s i d e r e d .  The gr o un d  s t a t e  i s  shown as  

h a v i n g  a d o u b l y  o c c u p i e d  ^ - b o n d i n g  o r b i t a l  and a d o u b l y  o c c u p i e d  

n ( n o n - b o n d i n g  ) o r b i t a l  l o c a l i z e d  on o x y g e n ,  c o r r e s p o n d i n g  t o  

an a t o m i c  p - o r b i t a l .  The n e x t  h i g h e s t  i n  e n e r g y  i s  t h e  

a n t i - b o n d i n g  7r * - o r b i t a l .  The l o w e s t  e n e r g y  t r a n s i t i o n  i s  t h e  

n —>7T* wh i c h  w i l l  be of  l ow i n t e n s i t y ,  b e i n g  f o r b i d d e n  on t h e
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g r o u n d s  of  sy mme t r y  a n d / o r  o v e r l a p .  The tT-^TX*  t r a n s i t i o n  i s  a 

h i g h e r  e n e r g y  p r o c e s s  and w i l l  n o r m a l l y  be of  much g r e a t e r  

i n t e n s i t y  t h a n  n —>7T* ,  b e i n g  f u l l y  a l l o w e d .  C o n j u g a t i o n  has  

t h e  e f f e c t  o f  l o w e r i n g  t h e  e n e r g y  gap b e t w e e n  t h e  f r o n t i e r  

o r b i t a l s ,  s h i f t i n g  t h e  s p e c t r u m  t o  l o n g e r  w a v e l e n g t h .

71

/

f

F i g u r e  1 . 1 1  E l e c t r o n i c  T r a n s i t i o n s  o f  C a r b o n y l  Compounds

I n i t i a t o r s  f o r  p h o t o g r a p h i c  p r o c e s s e s  must  be s e l e c t e d  such  

t h a t  t h e  maxi ma i n  t h e i r  a b s o r p t i o n  s p e c t r a  c o i n c i d e  w i t h  t h e  

maximum e m i s s i o n s  of  commonl y used l i g h t  s o u r c e s ,  g e n e r a l l y  

t h o s e  w o r k i n g  i n  t h e  u l t r a - v i o l e t .

Azo compounds h ave  a weak band a t  a r o u n d  350nm ( £ ^ 1  t o  10)  

due t o  an n - >  Yt* t r a n s i t i o n .  Azo compounds may be f r a g m e n t e d  

e i t h e r  on p h o t o c h e m i c a l  e x c i t a t i o n  or  by t h e r m a l  means,  ( scheme  

1 . 1 3 ) ,  y i e l d i n g  t wo r a d i c a l s  c a p a b l e  of  i n i t i a t i n g  

p o l y m e r i z a t i o n ,  and m o l e c u l a r  n i t r o g e n .

CN ÇN

H ]C — C N-----N “ C— C H 3
I I
CH] (23) CH3

CN

or A
2 H3C— C* + N2

C H b

Scheme 1 . 1 3  F r a g m e n t a t i o n  of  A z o - t 15 - i s o b u t y r o n i t r i 1e
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Azo compounds such as a z o - f c i s - i s o b u t y r o n i t r i 1e ( 2 3 )  

decompose t h e r m a l l y  a t  a s i g n i f i c a n t  r a t e  a t  n o r ma l  room 

t e m p e r a t u r e s ,  s e v e r e l y  l i m i t i n g  t h e i r  use i n  p h o t o s e n s i t i z e d  

c o m p o s i t i o n s .  d - A z o - l - c y c l o h e x a n e c a r b o n i t r i l e  ( 2 4 )  does n o t  have  

a h i g h  d e c o m p o s i t i o n  r a t e  due t o  t h e r m a l  d a r k  r e a c t i o n  and i s  

r e p o r t e d  as b e i n g  more s u i t a b l e  f o r  use  i n  r e s i s t  

c o m p o s i t i o n s .

NC CN

N = N

( 2 4 )

P e r o x i d e s  may a l s o  be p h o t o c h e m i c a l  1 y f r a g m e n t e d ,  g e n e r a l l y  

a b s o r b i n g  l i g h t  o f  w a v e l e n g t h  a r o u n d  320nm or  l e s s .  Dark  s t o r a g e  

a t  a m b i e n t  t e m p e r a t u r e s  i s  a l s o  a p r o b l e m  w i t h  p e r o x i d e s .

A v e r y  i m p o r t a n t  c l a s s  o f  i n i t i a t o r  u n d e r g o i n g  d i r e c t  

p h o t o f r a g m e n t a t i o n  i s  r e p r e s e n t e d  by b e n z o i n  ( 2 5 )  and i t s  

d e r i v a t i v e s ,  b e n z o i n  e t h e r s  or  e s t e r s ,  b e n z o i n  t h i o e s t e r s  or  

b e n z i l  a l k y l  k e t a l s .

( 2 5 )

P h o t o f r a g m e n t a t i o n  o f  b e n z o i n  p r o d u c e s  a b e n z o y l  r a d i c a l  

and a b e n z y l  a l c o h o l  r a d i c a l ,  ( scheme 1 . 1 4 )  wh i c h  may r e a c t  i n  a 

number  of  ways:  by r e c o m b i n i n g  t o  f o r m b e n z o i n ,  b e n z i l  or  

1 , 2 - d i h y d r o x y - 1 , 2 - d i p h e n y l  e t h a n e ,  by d i s p r o p o r t i o n a t i o n  t o  t wo  

m o l e c u l e s  of  b e n z a l d e h y d e , by h y d r o g e n  a b s t r a c t i o n ,  by 

i n i t i a t i n g  p o l y m e r i z a t i o n  or  by t e r m i n a t i o n  o f  a g r o w i n g  p o l y m e r  

c h a i n .
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OH 
1

c* + *C— Ph 

rt H

0 OH

Ph— C— C— Ph — —  > Ph

Scheme 1 . 1 4  P h o t o f r a g m e n t a t i o n  o f  B e n z o i n

O t h e r  c l a s s e s  o f  compounds u n d e r g o i n g  p h o t o f r a g m e n t a t i o n  

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

i n i t i a t o r s  o f  t h e  du Pont  company .

D i r e c t  p h o t o f r a g m e n t a t i o n  can a l s o  be seen i n  h a l o g e n a t e d  

compounds ,  r e p r e s e n t e d  by s t r u c t u r e  ( 2 6 )  and ( 2 7 ) ,  ( scheme 1 . 1 5 )  

whe r e  R i s  t h e  c h r o m o p h o r i c  g r o up  and X i s  c h l o r i n e ,  b r o m i n e  or  

i o d i n e .

R - C H z - X     >  R - C H z '  + X -

( 2 6 )

Â vR - S O z - X  - - - - - - - - - - - - - - - - -  >  R - S O z '  + X

( 2 7 )

Scheme 1 . 1 5  P h o t o f r a g m e n t a t i o n  of  H a l o g e n a t e d  Compounds

H a l o g e n a t e d  compounds a r e  a l s o  used  i n  c o m b i n a t i o n  w i t h  

o r g a n o m e t a l 1 i c s  , e x a m p l e s  b e i n g  2 - h a l o m e t h y 1 - 5 - a r y 1 - 1 , 3 , 4 , -  

o x a d i a z o l e s i 26 ( 2 8 )  and t h e  Kodak p h o t o p o l y m e r s ^ ( 22)  

d e s c r i b e d  a b o v e .

( 2 8 )
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On e x c i t a t i o n  a c o mp l ex  i s  f o r me d  b e t w e e n  t h e  h a l o g e n a t e d  

compound and t h e  o r g a n o m e t a l l i e .  The co mp l ex  b r e a k s  down w i t h  

o x i d a t i o n  o f  t h e  m e t a l  atom and t r a n s f e r  o f  h a l i d e  a n i o n ,  

r e l e a s i n g  a f r e e  r a d i c a l ,  ( scheme 1 . 1 6 ) .  Z e r o v a l e n t  me t a l  

c a r b o n y l  c o m p l e x e s  a r e  among t h e  o r g a n o m e t a l l i e  compounds a c t i n g  

i n  t h i s  ma nn e r .  The s e  o r g a n o m e t a l l i e  c o m p l e x e s  a r e  c o l o u r e d  and 

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

y

R - C X =  + A r M ( C O ) n — ^ [ c o m p l e x ] ^  > R - C X z  + A r M  +  ( C O ) n X '

Scheme 1 . 1 6  M e t a l  C a r b o n y l  S e n s i t i z e d  Loss of  H a l o g e n

The r e l e a s e  of  L e w i s  a c i d s ,  b or on  t r i f l u o r i d e  f o r  e x a m p l e ,  

may a l s o  be a c c o m p l i s h e d  p h o t o c h e m i c a l l y .  L e w i s  a c i d s  a r e  

c a t a l y s t s  f o r  e p o x i d e  p o l y m e r i z a t i o n  and a r e  g e n e r a t e d  by t h e  

p h o t o - d e c o m p o s i t i o n  o f  t h e  a p p r o p r i a t e  d i a z o n i u m  compound ( 2 9 ) ,  

( scheme 1 . 1 7 ) .

+ N2 + BF3

Scheme 1 . 1 7  P h o t o - d e c o m p o s i t i o n  of  D i a z o n i u m  T e t r a f 1u o r o b o r a t e s

I n a d d i t i o n  t o  t h e  d i r e c t  p h o t o - e x c i t a t i o n  o f  i n i t i a t o r  and 

i t s  s u b s e q u e n t  d i s s o c i a t i o n ,  a p h o t o s e n s i t i z e d  p a t h wa y  may a l s o  

be p o s s i b l e  wh e r e b y  t h e  a b s o r b i n g  s p e c i e s ,  t h e  s e n s i t i z e r ,  

t r a n s f e r s  e n e r g y  t o  t h e  i n i t i a t o r  wh i c h  t h e n  d i s s o c i a t e s .  For  

t h i s  t o  be a v i a b l e  p a t h w a y  t h e  t r i p l e t  e x c i t e d  s t a t e  of  t h e  

s e n s i t i z e r  must  be c l o s e  i n  e n e r g y  t o  a t r i p l e t  s t a t e  of  t h e  

i n i t i a t o r .  T h a t  t h i s  p r o c e s s  i s  t a k i n g  p l a c e  can be shown by
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e x p o s i n g  a t  a w a v e l e n g t h  a t  wh i c h  t h e  s e n s i t i z e r  a b s o r b s  b u t  t h e  

i n i t i a t o r  does n o t .  An e x a mp l e  of  t h i s  e n e r g y - t r a n s f e r  p r o c e s s  

i s  p r o v i d e d  by t h e  t h i o x a n t h o n e  ( 3 0 )  s e n s i t i z e d  d e c o m p o s i t i o n  of  

q u i n o l i n e - 8 - s u l p h o n y l  c h l o r i d e  ( 3 1 ) .

S O 2CI

( 3 0 ) ( 3 1 )

Hy d r o g e n  a b s t r a c t i o n  by e x c i t e d - s t a t e  c a r b o n y l  compounds  

f r o m s u i t a b l e  d o n o r s  i s  a l s o  a met hod used f o r  t h e  p h o t o c h e m i c a l  

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

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

e t h y l e n i c a l l y  u n s a t u r a t e d  m a t e r i a l s ,  ( scheme 1 . 1 8 ) .  T h i s  i s  

emp l o y e d  i n  t h e  f o r m a t i o n  of  n e t w o r k  p o l y m e r s  i n  p h o t o - c u r e d  

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

of  m e r c a p t a n s  t e n d s  t o  l i m i t  t h e  a p p l i c a t i o n s  o f  such m a t e r i a l s  

h o w e v e r .

R - S H

R - S H

OH

P h — Ç— X R— S

Scheme 1 . 1 8  M e r c a p t o  R a d i c a l s  G e n e r a t e d  by Hy dr og e n  A b s t r a c t i o n  
and T h e i r  A d d i t i o n  t o  A l k e n e s



5 8

P h o t o i n i t i a t e d  e l e c t r o n  t r a n s f e r  p r o c e s s e s  may a l s o  l e a d  t o  

f r e e - r a d i c a l  i n t e r m e d i a t e s .  The t r i p l e t  e x c i t e d  s t a t e  of  

b e n z o p h e n o n e  f o r ms  an e x c i p l e x  ( o r  e n c o u n t e r  c o m p l e x )  w i t h  

t r i e t h y l  a m i n e .  E l e c t r o n  t r a n s f e r  f o l l o w e d  by p r o t o n  t r a n s f e r  

l e a d s  t o  b r e a k d o wn  of  t h e  compl ex  w i t h  t h e  f o r m a t i o n  of  a 

s e m i b e n z p i n a c o l  r a d i c a l  and a r a d i c a l  d e r i v e d  f r o m t h e  a m i n e ,  

t h e  r a d i c a l  s i t e  b e i n g  on a c a r b o n  at om t o  t h e  n i t r o g e n ,  

( scheme 1 . 1 9 ) .

3^  . -  t  1
[ p h 2 C = o ]  + ( C H 3 C H z ) 3 N  >  [ phzC— 0 N ( C H 2 C H  = ) j

e x c i p l e x

Ph z C— OH + C H s C H - N - ( C H 2 C H 3 ) 2

Scheme 1 . 1 9  P h o t o - e l e c t r o n  T r a n s f e r  Be t we en  Be nz o p he no n e  and
T r i e t h y l  ami ne

The p h o t o r e d o x  s y s t e m o f  O s t e r   ̂  ̂  ̂  ̂ i s  o f  t h i s  t y p e ,  

t h e  p h o t o - o x i d a n t  b e i n g  a dye wh i ch  i s  r e d u c e d  by a m i l d  

r e d u c i n g  a g e n t ,  b u t  o n l y  i n  i t s  p h o t o - e x c i t e d  s t a t e .  Dyes of  

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

f l u o r e s c e i n s ,  r h o d a m i n e  B , t h i o n i n e  and c h l o r o p h y l l s .  The l i s t  

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

h y d r o c h l o r i d e ,  h y d r o x y l  a m i n e ,  t h i o u r e a ,  a l l y l  t h i o u r e a  and 

g l u t a t h i o n e .

P h e n o t h i a z i ne d y e s ,  commonl y t h i o n i n e  ( 3 2 a )  and m e t h y l e n e  

b l u e  ( 3 2 b ) ,  ha v e  been used w i d e l y  i n  p h o t o r e d o x  s y s t e ms  of  t h i s  

t y p e .
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The p h o t o p o l y m e r i z a t i o n  of  a c r y l a m i d e ,  r e p o r t e d  t o  be 

s e n s i t i z e d  by t h i o n i n e , w a s  l a t e r  shown i n  f a c t  t o  be a 

p h o t o r e d o x - i n i t i a t e d  p r o c e s s , t h e  se cond component  of  t h e  

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

t h e  s a mp l e  of  a c r y l a m i d e  u s e d .  I n  t h e s e  s t u d i e s  p o l y m e r i z a t i o n s  

we r e  c a r r i e d  o u t  u n d e r  a n a e r o b i c  c o n d i t i o n s ,  oxyge n  b e i n g  f o un d  

t o  c a u s e  an i n d u c t i o n  p e r i o d  when a d m i t t e d  t o  t h e  s a mp l e .  The  

r e d u c e d  f o r m of  t h e  d y e ,  s e m i t h i o n i n e  r a d i c a l ,  was s a i d  t o  be 

t h e  i n i t i a t i n g  s p e c i e s .  T r i e t h a n o l  a mi n e  has a l s o  been u s e d ,  i n  

c o m b i n a t i o n  w i t h  t h i o n i n e  or  m e t h y l e n e  b l u e ,  t o  i n i t i a t e  t h e  

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

by oxyge n  b e i n g  n o t e d .

T he se  o b s e r v a t i o n s  d i f f e r  f r o m t h o s e  o f  Q s t e r * ^ ®  who 

r e p o r t e d  t h a t  oxygen was e s s e n t i a l  f o r  t h e  p h o t o p o l y m e r i z a t i o n  

of  a c r y l a m i d e  t o  p r o c e e d  when r i b o f l a v i n  was used as t h e  

p h o t o s e n s i t i z e r .  R i b o f l a v i n  i s  somewhat  u n u s u a l  i n  h a v i n g  an 

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

m o l e c u l e  as t h e  dye f u n c t i o n a l i t y  and r e q u i r e s  no second  

c ompone nt  t o  f u n c t i o n  as a p h o t o r e d o x  i n i t i a t o r .  A met hod of  

m a i n t a i n i n g  t h e  oxyge n  c o n c e n t r a t i o n  a t  s o m e t h i n g  a p p r o a c h i n g  

t h e  opt i mum l e v e l ,  u s i n g  c o b a l t ( 1 1 )  as a r e v e r s i b l e  oxygen  

c a r r i e r ,  has been r e p o r t e d , o x y g e n  b e i n g  r e q u i r e d  f o r  t h e  

i n i t i a t i o n  s t e p  b u t  a l s o  i n h i b i t i n g  p o l y m e r i z a t i o n .  The r o l e  of
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o xygen i n  t h e  i n i t i a t i o n  i s  t o  r e - o x i d i z e  t h e  r e d u c e d  f o r m of  

t h e  d y e ,  t h i s  r e g e n e r a t e s  dye and p r o d u c e s  p e r o x y  s p e c i e s  wh i c h  

i n i t i a t e  p o l y m e r i z a t i o n .  T h i s  was shown by p h o t o r e d u c t i o n  of  dye  

i n  t h e  p r e s e n c e  of  monomer whe r e  no p o l y m e r  was p r o d u c e d  u n t i l  

t h e  a d m i s s i o n  of  o x y g e n . T h e  p e r o x y  s p e c i e s  was r e p o r t e d  by 

D e l z e n n e  and c o - w o r k e r s ^ ^ z  t o  be h y d r o g e n  p e r o x i d e .  They a l s o  

f o u n d  g e n e r a l  a g r e e m e n t  w i t h  O s t e r  on t h e  mechani sm of  

p h o t o p o l y m e r i z a t i o n  of  a c r y l a m i d e  and m e t h a c r y l i c  a c i d  by e o s i n  

( t e t r a b r o m o f 1u o r e s e i n ) and a s c o r b i c  a c i d  o r  t h i o u r e a .

I n a n o t h e r  s t u d y  of  t h e  p h o t o p o l y m e r i z a t i o n  of  a c r y l a m i d e  

i n  aq u e o u s  s o l u t i o n ,  u s i n g  m e t h y l e n e  b l u e  and t r i e t h a n o l  ami  n e , 

t h e  dye was shown t o  be a p h o t o s e n s i t i z e r  b u t  t h e  a s s o c i a t e d  

( d i m e r i c )  f o r m i s  a c h a i n  t e r m i n a t o r . i = *  The r a t e  of  

p h o t o p o l y m e r i z a t i o n  c o u l d  be i n c r e a s e d  by met hods  wh i ch  r e d u c e d  

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

C o m b i n a t i o n s  of  an an i on l cand c a t i o n i c  d y e ^ ^ =  and t h e  use of  

e t h y l e n e  g l y c o l  as s o l v e n t ^ ’ *  wer e  b o t h  s u c c e s s f u l l y  e m p l o y e d .  

S i m i l a r  r e s u l t s  w e r e  r e p o r t e d  f o r  two o t h e r  p h e n o t h i a z i ne dyes  

i n v e s t i g a t e d .

Some d i c a r b o n y l  compounds have  a l s o  been shown t o  r e d u c e  

t h e  p h o t o - e x c i t e d  s t a t e  o f  p h e n o t h i a z i ne d y e s ,  i n i t i a t i n g  t h e  

p o l y m e r i z a t i o n  of  a c r y l a m i d e  i n  t h e  p r o c e s s . ' = 8 , 1 3 9  

2 , 4 - P e n t a n e d i o n e  ( a c e t y l  a c e t o n e )  and 5 , 5 - d i m e t h y l -

1 . 3 - c y c l o h e x a n e d i o n e  ( d i m e d o n e )  a c t e d  as p h o t o i n i t i a t o r s  when 

used i n  c o n j u n c t i o n  w i t h  t h i o n i n e  or  m e t h y l e n e  b l u e .  The e x t e n t  

of  e n o l i z a t i o n  of  t h e s e  ^ - d i k e t o n e s  i s  s u g g e s t e d  as b e i n g  

s i g n i f i c a n t .  T h i s  was s u p p o r t e d  by t h e  o b s e r v a t i o n  t h a t

2 . 3 - b u t a n e d i o n e  and 2 , 5 - h e x a n e d i o n e  d i d  n o t  show any s i m i l a r  

a c t i v i t y .  P h o t o a c t i v i t y  was a l s o  seen f o r  a number  of  me t a l  

a c e t y l a c e t o n a t e s .
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The p h o t o p o l y m e r i z a t i o n  of  a c r y l a m i d e  and ' - m e t h y l e n e  

i » i 5 - a c r y l a m i d e  s e n s i t i z e d  by m e t h y l e n e  b l u e  and 2 , 4 - p e n t a n e -  

d i o n e  or  t r i e t h a n o l a m i n e  has been used f o r  t h e  r e c o r d i n g  of  

h o l o g r a m s  i n  a v a r i a b l e  i n d e x  p h o t o p o l y m e r  m a t e r i a l . * *  The  

o b s e r v a t i o n  t h a t  a r y l  s u l p h i n i c  a c i d s  may be used w i t h  

p h e n o t h i a z i ne dyes  t o  i n i t i a t e  p h o t o p o l y m e r i z a t i o n ' * *  has been  

e x p l o i t e d  i n  t h e  f o r m a t i o n  o f  p h o t o p o l y m e r  i m a g e s ' ^ ’  and i n  

some h o l o g r a p h i c  r e c o r d i n g  m a t e r i a l s .  M e t h y l e n e  b l u e  or  t h i o n i n e  

was used t o  p o l y m e r i z e  m i x t u r e s  of  me t a l  a c r y l a t e s  and 

a c r y l a m i d e  w i t h  p a r a - t o l u e n e  s u l p h i n i c  a c i d , * *  or  i t s  sod i um  

s a l t , * =  p r o d u c i n g  a v a r i a b l e  i n d e x  p o l y m e r  i ma g e .  The r e a c t i o n  

o f  t h e  t r i p l e t  s t a t e  o f  t h e  dye  and v a r i o u s  p a r a - s u b s t i t u t e d  

b e n z e n e  s u l p h i n a t e s  has been s t u d i e d , ' * '  w i t h  t h e  c o n c l u s i o n  

t h a t  t h e  o x i d i s e d  f o r m  of  t h e  s u l p h i n a t e  i s  l i k e l y  t o  be t h e  

a c t i v e  i n i t i a t o r  r a t h e r  t h a n  t h e  r e d u c e d  f o r m  o f  t h e  dy e .

The s h e l f - l i f e  o f  s o l u t i o n s  of  a r y l s u l p h i  n a t e s  and v i n y l  

monomers i s  l i m i t e d  by an i o n i c  d a r k  r e a c t i o n ' * ^ ” ' * *  l e a d i n g  

t o  s u l p h o n e  f o r m a t i o n ,  ( scheme 1 . 2 0 ) .  S u l p h o n e s  a r e  i n a c t i v e  i n  

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

X-C6H/.-SO2 + C H j= C H Y  + H2O --- - - - -> X-C6H4-SO2 C H 2C H 2Y +0H

Scheme 1 . 2 0  A d d i t i o n  of  A r y l s u l p h i n a t e s  t o  V i n y l  Compounds
f o r m i n g  S u l p h o n e s

E o s i n  ( t e t r a b r o m o f l u o r e s c e i n )  i s  r e p o r t e d  t o  i n t e r a c t  

d i r e c t l y  w i t h  a c r y l a m i d e  ( v i a  an e x c i p l e x  w i t h  w a t e r )  t o  

p h o t o p o l y m e r i z e  t h a t  monomer i n  t h e  a b s e n c e  of  any r e d u c i n g  

a g e n t  or  o x y g e n , ' * ®  ( scheme 1 . 2 1 ) .
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D + HzO
A v

(D - - -  HOH) *  + M -> DH'  + HOM

Scheme 1 . 2 1  D i r e c t  P h o t o s e n s i t i z a t i o n  o f  A c r y l a m i d e  by E o s i n  (D)

The a b i l i t y  of  a r a n g e  of  dyes  t o  d i r e c t l y  s e n s i t i z e  t h e  

p h o t o p o l y m e r i z a t i o n  of  a c r y l o n i t r i l e , i * *  and t h e  

p h o t o b 1 e a c h i n q  of  a c r i d i n e  y e l l o w  i n  a v a r i e t y  of  v i n y l  monomers  

and t h e  p o l y m e r i z a t i o n  i n i t i a t e d  t h e r e b y , have  a l s o  been  

i n v e s t i g a t e d .  The p h o t o p o l y m e r i z a t i o n  o f  s t y r e n e  by a s e l e c t i o n  

of  s i m p l e  c y a n i n e  dyes  has been r e p o r t e d  i n  a s e r i e s  of  p a p e r s  

by W a t a n a b e . i 4 G - i 3 o  Ch a n g i n g  t h e  h a l o g e n  c o u n t e r - i o n  was f o un d  

t o  a f f e c t  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  p r o c e s s  i n  e x p e r i m e n t s  

c a r r i e d  o u t  on dyes  w i t h  i d e n t i c a l  c a t i o n s ,  i n d i c a t i n g  t h e  

p a r t i c i p a t i o n  of  h a l i d e  i o n  i n  t h e  i n i t i a t i o n  s t e p .  C y a n i n e  dyes  

of  t h e  s t r u c t u r e s  shown b e l o w  ( 3 3  a - b )  h ave  a l s o  been shown t o  

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

X
( 3 3 )

a)  X = 0 ,  R = Me.  b) X = S,  R = Et

1 . 6  P o s i t i v e  P h o t o r e s i s t s  

I n c o n t r a s t  t o  t h e  w i d e  r a n g e  of  a v a i l a b l e  mechani sms f o r  

t h e  p h o t o c r o s s - l i n k i n g  and i nsolubil i z a t i  on of  o r g a n i c  m a t e r i a l s ,  

t h e  s c ope  f o r  e n g i n e e r i n g  an i n c r e a s e  i n  s o l u b i l i t y  on e x p o s u r e  

t o  l i g h t  i s  more s e v e r e l y  l i m i t e d .  O u t s i d e  of  r e s i s t s  f o r  use
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w i t h  h i g h  e n e r g y  r a d i a t i o n  s o u r c e s  ( e l e c t r o n  beam and X - r a y  

r e s i s t s )  wh i ch  can f u n c t i o n  by bond s c i s s i o n ,  o n l y  one t y p e  of  

p o s i t i v e - w o r k i n g  p h o t o r e s i s t  has f o un d  s u c c e s s f u l  a p p l i c a t i o n .  

A l l  of  t h e  c o m m e r c i a l  p o s i t i v e  p h o t o r e s i s t s  a r e  based  on t h i s  

same p r o c e s s ,  t h e  p h o t o c h e m i c a l  d e c o m p o s i t i o n  of  a n o ( - d i a z o  

k e t o n e ,  t h e  W o l f f  r e a r r a n g e m e n t .

1 . 6 . 1  The W o l f f  R e a r r a n g e m e n t  

o(-D i a z 0 c a r b o n y l  compounds may u n d e r g o  a t h e r m a l - ,  

p h o t o c h e m i c a l -  or  m e t a l  i o n - c a t a l y s e d  r e a r r a n g e m e n t ,  w i t h  t h e  

l o s s  o f  m o l e c u l a r  n i t r o g e n ,  t o  f o r m a k e t e n e  ( 3 4 ) . * 3 =  T h i s  i s  

a r e a c t i v e  i n t e r m e d i a t e  a n d ,  w i t h  a l c o h o l s  f o r  e x a m p l e ,  w i l l  be 

t r a p p e d  as an a d d i t i o n  p r o d u c t ,  i n  t h i s  c a s e  an e s t e r ,  ( scheme  

1 . 2 2 ) .

( 3 4 )

Scheme 1 . 2 2  W o l f f  R e a r r a n g e m e n t  of  o c - D i a z o  K e t o n e  and T r a p p i n g  
of  t h e  K e t e n e  I n t e r m e d i a t e  by an A l c o h o l

The p h o t o c h e m i c a l  r e a r r a n g e m e n t  p r o c e e d s  v i a  a s i n g l e t  

e x c i t e d  s t a t e  of  t h e  d i a z o  k e t o n e ,  t r i p l e t  s e n s i t i z a t i o n  l e a d i n g  

t o  s u p p r e s s i o n  of  k e t e n e  f o r m a t i o n  and t o  p r o d u c t s  d e r i v e d  f r o m  

r e a c t i o n s  more t y p i c a l  of  c a r b e n e s . * ® ^

The W o l f f  r e a r r a n g e m e n t  o f  c y c l i c  d i a z o  k e t o n e s  l e a d s  t o  

r i n g - c o n t r a c t e d  p r o d u c t s  and has been used as a s y n t h e t i c  r o u t e  

t o  s t r a i n e d  r i n g  s y s t e m s .  The b e n z o c y c l o b u t e n o n e  d e r i v a t i v e  ( 3 5 )  

was made by a t h e r m a l  W o l f f  r e a r r a n g e m e n t ,  t h e  p r o d u c t  i t s e l f  

b e i n g  p h o t o l a b i l e ,  a p h o t o c h e m i c a l  c o n v e r s i o n  was r u l e d  o u t  i n
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t h i s  c a s e .

( 3 5 )

Wi t h  o r t h o - q u i n o n e  d i a z i d e s  t h e  W o l f f  r e a r r a n g e m e n t  l e a d s  

t o  r i n g - c o n t r a c t i o n  w i t h  t h e  f o r m a t i o n  of  c y c l o p e n t a d i e n e s .  T h i s  

was f i r s t  n o t e d  by SQs^==~^=^ and i s  s o me t i me s  r e f e r r e d  t o  as 

t h e  Sus r e a c t i o n  as a s p e c i f i c  e x a m p l e  o f  t h e  g e n e r a l  W o l f f  

r e a r r a n g e m e n t .  Qui  none d i a z i d e s  have  been used i n  a d i a z o t y p e  

p h o t o c o p y i n g  p r o c e s s .  An i n c r e a s e  i n  t h e  pH p r o m o t e s  c o u p l i n g  of  

t h e  a c i d  p r o d u c t  w i t h  u n r e a c t e d  q u i n o n e  d i a z i d e  f o r m i n g  an azo  

d y e ,  ( scheme 1 . 2 3 ) .  C o u p l i n g  r e a c t i o n s  o f  t h i s  t y p e  a r e  a v o i d e d  

by w o r k i n g  i n  a c i d i c  me d i a .

H O 3S

SO3H
SO3H

SO,H

Scheme 1 . 2 3  Azo Dye F o r m a t i o n  i n  t h e  Sus R e a c t i o n

« ( - D i a z o  k e t o n e  d e r i v e d  f r o m ^ ^ d i k e t o n e s  and s i m i l a r l y  

a c t i v a t e d  ( X - me t h y 1 ene g r o u p s  may be s y n t h e s i z e d  by t h e  a c t i o n  of  

b a s e  and p a r a - t o l u e n e  s u l p h o n y l  a z i d e  ( t o s y l  a z i d e ) , ^ ° ®

( scheme 1 . 2 4 ) .

A p o l y m e r  bound s u l p h o n y l  a z i d e ,  d e r i v e d  f r o m a 

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

c h i o r o s u l p h o n i c  a c i d  f o l l o w e d  by sod i um a z i d e ,  has been r e p o r t e d  

t o  c a r r y  o u t  t h e  same c o n v e r s i o n . 1 = ?  a d v a n t a g e s  a r e  a
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c l e a n e r  p r o d u c t  and a v o i d i n g  t h e  use o f  t h e  p o t e n t i a l l y

s h o c k - s e n s i t i v e  t o s y l  a z i d e

0 0
II It ,

RC— C H j— CR

Me
E to n

S O 2N 3

0 0
I I , 

c — CR'
II
N z+

Me S O z N H z

Scheme 1 . 2 4  T o s y l  A z i d e  i n  D i a z o  K e t o n e  S y n t h e s i s

K e t o n e s  w i t h  l e s s  r e a c t i v e  o ( - m e t h y 1 ene g r o u p s  may be  

a c t i v a t e d  by v a r i o u s  means.  I n t h e  s y n t h e s i s  of  

b i c y c l o C 2 , 2 , 0 ] h e x a n e  d e r i v a t i v e s , t h e  e n a mi n e  ( 3 8 )  p r o d u c e d  

by t h e  r e a c t i o n  of  t h e  k e t o n e  ( 3 6 )  w i t h  b i s - ( d i m e t h y l a m i n o ) -  

f e r f - b u t o x y  me t ha ne  ( 3 7 )  was c o n v e r t e d  t o  t h e  d i a z o  k e t o n e  

( 3 9 )  w i t h  p a r a - n i t r o b e n z e n e  s u l p h o n y l  a z i d e ,  ( scheme 1 . 2 5 a ) .  

The r e a c t i o n  of  me t h y l  f o r m a t e  w i t h  a r e l a t e d  k e t o n e  ( 4 0 )  

a c t i v a t e d  t h e  f o r m y l a t e d  p r o d u c t  ( 4 1 )  t o  r e a c t i o n  w i t h  t o s y l  

a z i d e ,  ( scheme 1 . 2 5 b ) .

NMe?

+ H-C-0C(CH3)3  >

N M 62 

(37)

0

NMe?

(36) (38)

OzN-f V-SOzNj

(39)
Scheme 1 . 2 5 a  A c t i v a t i o n  of  K e t o n e s  t o  S u l p h o n y l  A z i d e s
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Q CH;Ph q  C H ;P h
HCOjMe

^  HOHC
Me O'

M e ^  V S O 2N 3

(40) (41)

0 CHjPh

Scheme 1 . 2 5 b  A c t i v a t i o n  o f  K e t o n e s  t o  S u l p h o n y l  A z i d e s

A c y c l i c  d i a z o  k e t o n e s  may be p r e p a r e d  by t h e  r e a c t i o n s  of  

d i a z o  a l k a n e s  w i t h  an a c i d  c h l o r i d e ,  f o r  e x a m p l e  t h e  r e a c t i o n  of  

d i a z o m e t h a n e  w i t h  t r i m e t h y l  a c e t y l  c h l o r i d e  ( p i v a l o y l  c h l o r i d e ) ,  

( 4 2 )  , 16 1  ( scheme 1 . 2 6 )

C H ; - N = N  + (C H 3 ) ,C Q C I

(42)

0

■H H C l

Scheme 1 . 2 6  The r e a c t i o n  o f  D i a z o m e t h a n e  w i t h  an Ac y l  C h l o r i d e

Or t / ) o - q u i  none d i a z i d e s  a r e  p r e p a r e d  by t h e  a c t i o n  of  

n i t r o u s  a c i d  on t h e  a p p r o p r i a t e  o r t / j o - a m i n o  p h e n o l , *^2 

( scheme 1 . 2 7 ) .

H NO2

— '  L I
N 2

Scheme 1 . 2 7  The A c t i o n  of  N i t r o u s  A c i d  on o r f h o - A m i n o  P h e n o l s
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1 . 6 . 2  P o s i t i v e  P h o t o r e s i s t  ( S h i p l e y  AZ 1350 )

The p h o t o l y s i s  o f  t h e  q u i n o n e  d i a z i d e  ( 4 3 )  i n  aqueous  

a c i d i c  me d i a  w o u l d ,  a c c o r d i n g  t o  S ü s , * S = ^ g i v e  t h e  i n d e n e - 1 -  

c a r b o x y l i c  a c i d  ( 4 4 ) ,  ( scheme 1 . 2 8 ) .  The o b s e r v a t i o n  t h a t  t h e  

r e a r r a n g e m e n t  of  a n o n - p o l a r  compound t o  an i o n i z a b l e  c a r b o x y l i c  

a c i d  c o u l d  be a c h i e v e d  i n  a s i m p l e  p h o t o c h e m i c a l  s t e p  l e a d s  t o  

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

C O 2H

( 4 3 ) ( 4 4 )

Scheme 1 . 2 8  The P h o t o l y s i s  o f  a Q u i n o n e  D i a z i d e

A t y p i c a l  r e s i s t  f o r m u l a t i o n  o f  t h i s  t y p e  c o n s i s t s  o f  a l ow  

m o l e c u l a r  w e i g h t  n o v o l a k  r e s i n  ( a p h e n o l - f o r m a l d e h y d e  r e s i n  

d e r i v e d  c h i e f l y  f r o m a m i x t u r e  of  c r e s o l s  and x y l e n o l s l ^ ^ s  

( 4 6 )  and t h e  p h o t o a c t i v e  compound,  t y p i f i e d  by ( 4 5 ) .  T h i s  

q u i n o n e  d i a z i d e  d e r i v a t i v e  i s  p r e s e n t  i n  a b o u t  1 5 - 2 0  p e r c e n t  by 

w e i g h t  of  s o l i d s .  The r e s i s t  i s  c o a t e d  f r o m a m i x t u r e  of  x y l e n e  

and a c e t a t e  s o l v e n t s  t o  i n h i b i t  c r y s t a l l i z a t i o n  o f  t h e  d i a z i d e .

0

\
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OH

( 46 )

The n o v o l a k  r e s i n  i s  s o l u b l e  i n  aqueous  a l k a l i s  used as 

d e v e l o p e r s  f o r  t h e  r e s i s t ,  b u t  t h e  p r e s e n c e  of  t h e  d i a z i d e  ( 45 )  

i n h i b i t s  t h i s  s o l u b i l i t y .  I n exposed r e g i o n s  h owever  t h e  

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

maki ng  d e v e l o p m e n t  p o s s i b l e .  I n a l t e r n a t i v e  f o r m u l a t i o n s  v i n y l  

c o p o l y m e r s  c o n t a i n i n g  m e t h a c r y l i c  a c i d  have  been used i n  p l a c e  

of  n o v o l a k  r e s i n s .  The b a s i c  m a t e r i a l s  on whi ch  most  m e c h a n i s t i c  

s t u d i e s  have  been c a r r i e d  o u t  a r e  t h e  S h i p l e y  p h o t o r e s i s t s  such  

as AZ 13 5 0 .  A r e v i e w  of  some c o mm e r c i a l  p o s i t i v e  p h o t o r e s i s t s  i s  

g i v e n  i n  t h e  s e r i e s  of  a r t i c l e s  by C l a r k , t h e  s p e c t r a l  

s e n s i t i v i t i e s  of  m a t e r i a l s  r e v i e w e d  l i e s  b e t we e n  30 0  and 500nm.

I t  has been n o t e d  t h a t ,  i n  a l a y e r  c a s t  f r om an o r g a n i c  

s o l v e n t ,  t h e r e  woul d  be i n s u f f i c i e n t  w a t e r  t o  a l l o w  f o r  t o t a l  

c o n v e r s i o n  of  p h o t o l y s e d  q u i n o n e  d i a z i d e  t o  i n d e n e  c a r b o x y l i c  

a c i d ,  as seen i n  t h e  s t u d i e s  by Sus,  ( scheme 1 . 2 8 ) .  L e v i n e ^ ^ s  

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

r e a c t i o n  b e t we e n  t h e  k e t e n e  i n t e r m e d i a t e  and a second q u i n o n e  

d i a z i d e  m o l e c u l e ,  f o r m i n g  t h e  u n s a t u r a t e d  g a i a a - 1 a c t o n e  ( 4 7 ) ,  

( scheme 1 . 2 9 ) .

( 47 )

Scheme 1 . 2 9  The C o u p l i n g  R e a c t i o n  Pr opos ed  by L e v i n e
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L e v i n e  p r o d u c e s  e v i d e n c e  i n  t h e  f o r m o f  i n f r a - r e d  s p e c t r a  

and c i t e s  t h e  f o r m a t i o n  of  s i m i l a r  l a c t o n e s  i n  d i a z o  k e t o n e  

p h o t o l y s e s . 16:  The pH of  t h e  d e v e l o p e r ,  1 2 . 7 - 1 2 . 8 ,  has  t o  be 

t h i s  h i g h  f o r  d e v e l o p m e n t ;  l o w e r i n g  t h e  pH t o  1 2 . 0  r e s u l t s  i n  

l o s s  of  d e v e l o p i n g  a c t i v i t y .  T h i s  i s  t a k e n  t o  i m p l y  t h e  

h y d r o l y s i s  o f  an i n t e r m e d i a t e  b e i n g  r e l e v a n t  t o  t h e  d e v e l o p m e n t  

p r o c e s s .

P a c a n s k y  and L y e r l a ^ ^ z  s u g g e s t  t h a t  l a c t o n e  f o r m a t i o n  

woul d  be a m i n o r  p a t h w a y  and t h a t  t h e  f o r m a t i o n  o f  an e s t e r  w i t h  

t h e  p h e n o l i c  g r o u p s  of  t h e  n o v o l a k  r e s i n ,  a l o n g  w i t h  some a c i d  

f o r m a t i o n ,  wou l d  be more l i k e l y .  The i n v o c a t i o n  o f  b a s e -  

c a t a l y s e d  az o  c o u p l i n g  r e a c t i o n s  b e t w e e n  u n e x p os e d  q u i n o n e  

d i a z i d e  and n o v o l a k  p h e n o l s ,  e f f e c t i v e l y  c r o s s - l i n k i n g  u n e x p o s e d  

a r e a s ,  as s u g g e s t e d  by D e F o r r e s t , =  i s  n o t  seen as n e c e s s a r y  by 

t h e s e  a u t h o r s .  They a l s o  p o i n t  o u t  t h a t  i n d e n e - l - c a r b o x y l i c  a c i d  

( 4 4 )  may n o t  be t h e  f i n a l  p r o d u c t  of  t h e  Sus r e a c t i o n ,  as i t  has  

been shown t o  r e a r r a n g e  r e a d i l y  t o  t h e  i s o m e r i c  i n d e n e -  

3 - c a r b o x y l i c  a c i d  ( 48 ) .

( 4 8 )

Not  o n l y  may p o s i t i v e  i ma g e s  be p r o d u c e d  u s i n g  t h e s e  

r e s i s t s ,  b u t  by i n c l u d i n g  c e r t a i n  n i t r o g e n  ba s e s  i n  t h e  

f o r m u l a t i o n  and m o d i f y i n g  t h e  p r o c e s s i n g  s e q u e n c e ,  n e g a t i v e  

i mage s  may a l s o  be r e c o r d e d .  The a d v a n t a g e  o f  t h i s  t o n e - r e v e r s a l  

p r o c e s s  i s  t h a t  an u n d e r c u t  r e s i s t  p r o f i l e  r e s u l t s ,  a l l o w i n g  

e a s y  s t r i p p i n g  of  v a p o u r - d e p o s i t e d  m e t a l s  i n  masked a r e a s ,  

u s e f u l  i n  m i c r o e l e c t r o n i c s  m a n u f a c t u r e . T h e  p r o c e s s i n g
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s e q u e n c e  c o n s i s t s  o f  e x p o s u r e  t o  u l t r a - v i o l e t  l i g h t  t h r o u g h  a 

n e g a t i v e  mask i n  a m o i s t  e n v i r o n m e n t ,  a p o s t - b a k e  a t  1 0 0 * C  f o r  

30 m i n u t e s ,  t h e n  a f l o o d  e x p o s u r e  f o l l o w e d  by n or ma l  

d e v e l o p m e n t .  The m o i s t  e n v i r o n m e n t  e n s u r e s  t h e  f o r m a t i o n  of  

i n d e n e  c a r b o x y l i c  a c i d  wh i ch  f o r ms  a s a l t  i n  t h e  p r e s e n c e  o f  

i m i d a z o l e .  P o s t - b a k i n g  c a u s e s  d e c a r b o x y l a t i o n  of  t h e  a c i d  t o  

n e u t r a l  i n d e n e  wh i c h  i s  n o t  s o l u b l e  i n  t h e  d e v e l o p e r .  The 

u n r e a c t e d  q u i n o n e  d i a z i d e  i n  t h e  une x p os e d  a r e a s  i s  t h e n  

r e n d e r e d  s o l u b l e  by t h e  second e x p o s u r e  and w a s h e d - o u t  i n  

d e v e l o p m e n t .  T h i s  i s  s u mma r i z e d  i n  scheme 1 . 3 0 .

+ HoO

Scheme 1 . 3 0  The I mage R e v e r s a l  P r o c e s s

1 . 6 . 3  The P h o t o - F r i e s  R e a r r a n g e m e n t  

The P h o t o - F r i e s  r e a r r a n g e m e n t  of  an a r o m a t i c  e s t e r  has been  

used as t h e  b a s i s  of  an e x p e r i m e n t a l  r e s i s t . ' ^ ?  U l t r a - v i o l e t  

i r r a d i a t i o n  of  p o l y a c r y l i c  a c i d  e s t e r i f i e d  w i t h  p h e n o l  ( 4 9 )  

p r o d u c e s  some 2 - s u b s t i t u t e d  and some 4 - s u b s t i t u t e d  r e a r r a n g e d  

p r o d u c t  a l o n g  w i t h  a l i t t l e  p h e n o l ,  ( scheme 1 . 3 1 ) .  The p o l y m e r ,  

b e a r i n g  p h e n o l i c  g r o u p s ,  s h o u l d  now have  i n c r e a s e d  s o l u b i l i t y  i n  

b a s i c  s o l v e n t s .  T h i s  was t h e  s t a r t i n g  p o i n t  f o r  t h e  

i n v e s t i g a t i o n  of  a s e r i e s  of  p o l y ( a r o m a t i c  e s t e r s )  as 

l i t h o g r a p h i c  m a t e r i a l s .



71

 E CH; > -pCH;— C-]- + -pCH2 G-]

Scheme 1 . 3 1  The P h o t o - F r i e s  R e a r r a n g e m e n t

P o l y ( 4 - f o r m y l o x y s t y r e n e )  ( 5 0 )  was t h e  b e s t  o f  t h e  

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

f o r m y l a t i o n  o f  p o l y ( 4 - h y d r o x y s t y r e n e ) , ( scheme 1 . 3 2 ) .  P o s i t i v e  

i mage s  wer e  o b t a i n e d  u s i n g  a 1 0 : 1 : 1  m i x t u r e  o f  i s o p r o p a n o l ,  

h y d r o x y l  a mi n e  and w a t e r  as d e v e l o p e r .  The s o l u b i l i t y  

d i f f e r e n t i a l  b e t w e e n  ex p o s e d  and u n e x p o s e d  r e g i o n s  was a l s o  good 

enough t o  a c h i e v e  n e g a t i v e  d e v e l o p m e n t  u s i n g  d i c h l o r o m e t h a n e /  

h e x a n e  m i x t u r e s  or  a n i s o l e  as d e v e l o p e r .  T h i s  m a t e r i a l  i s  

d e s c r i b e d  as a deep U . V .  r e s i s t .

- { •C H ;— C H ^  - { - C H ; — C H -]—

H C O ;H , T H F

( C H s C O ^ O ,

OH ' ' N 0 ;C H

( 5 0 )

Scheme 1 . 3 2  The S y n t h e s i s  of  P o l y  ( 4 - f o r m y l o x y s t y r e n e )

1 . 6 . 4  P o s i t i v e  P r o c e s s e s  I n v o l v i n g  O r g a n i c  C o l l o i d s  

O s t e r 170 n o t e s  t h a t  many w a t e r  s o l u b l e  p o l y m e r s  f o r m  

c o m p l e x e s  w i t h  m e t a l  i o n s  w i t h  t h e  p o s s i b i l i t y  of  f o r m i n g
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c r o s s - l i n k e d  g e l s .  An e x a m p l e  o f  t h i s  i s  t h e  r i g i d  g e l  f o r m e d  by  

p o l y a c r y l a m i d e  i n  t h e  p r e s e n c e  o f  m e r c u r i c  ( Hg = + )  i o n s .  T h i s  

g e l  has  good o p t i c a l  p r o p e r t i e s  and i s  t o u g h  and n o n - s w e l l i n g  

i n  w a t e r .  When s e n s i t i z e d  w i t h  a dye  and t r i e t h a n o l a m i n e ,  t h e  

p h o t o - r e d u c e d  dye  r e d u c e s  t h e  m e r c u r i c  i o n s  t o  m e r c u r o u s  

( H g i + ) ,  b r e a k i n g  down t h e  c r o s s - l i n k i n g  o f  t h e  g e l .  E x p o s e d  

r e g i o n s  may t h e n  be d i s s o l v e d  away w i t h  w a t e r .  O s t e r  n o t e s  t h e  

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

e m p l o y i n g  t h r e e  l a y e r s  s e n s i t i z e d  w i t h  c y a n ,  m a g e n t a  and y e l l o w  

d y e s .  A r a n g e  o f  m e t a l  i o n s i ^ i  has  b een  i n v e s t i g a t e d  i n c l u d i n g  

F e 3 + ,  T i * + ,  Cu2+ and Ag+ .  T h i s  i s  s i m i l a r  t o  p r o c e s s e s  

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

c o l l o i d s . ^ 7 2 .

D i c h r o m a t e d  c o l l o i d s  c o n t a i n i n g  an a q u e o u s  d i s p e r s i o n  o f  a 

w a t e r - i n s o l u b l e ,  s o f t  s y n t h e t i c  r e s i n  may be u s e d  as t h e  b a s i s  

of  a p o s i t i v e  s y s t e m . ^ 7 3  On d r y i n g  a c o n t i n u o u s  f i l m  i s  

p r o d u c e d  w h i c h  i s  e x p o s e d  t h r o u g h  a p o s i t i v e  mask .  D e v e l o p m e n t  

c o n s i s t s  o f  i m m e r s i o n  i n  warm w a t e r  c o n t a i n i n g  a s m a l l  a mou n t  o f  

a mmoni a  t o  s w e l l  t h e  e x p o s e d  a r e a s .  A f t e r  a f e w  s e c o n d s  o f  t h i s  

t r e a t m e n t  t h e  m a t e r i a l  i s  was he d  w i t h  a s t r e a m  o f  warm w a t e r ,  

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

t o  t h e  s u p p o r t  f o r m i n g  a p o s i t i v e  r e l i e f  i ma g e  w h i c h  i s  d e l i c a t e  

when we t  b u t  q u i t e  d u r a b l e  when d r y .  The e x p l a n a t i o n  f o r  t h i s  

b e h a v i o u r  i s  t h a t  t h e  i m a g i n g  p r o c e s s  i n  t h e  d i c h r o m a t e d  

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

a l l o w i n g  t h e  i n g r e s s  o f  w a t e r .  S u i t a b l e  c o l l o i d s  a r e  as f o r  

d i c h r o m a t e d  g e l a t i n e  and i t s  a l t e r n a t i v e s .  R e s i n s  used  i n c l u d e  

p o l y s t y r e n e ,  n a t u r a l  r u b b e r  l a t e x ,  v i n y l  a c e t a t e  c o p o l y m e r s  and  

a c r y l a m i d e  c o p o l y m e r s .
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1 . 7  M i s c e l l a n e o u s  P r o c e s s e s  

S t i l b e n e  u n d e r g o e s  p h o t o i s o m e r i z a t i o n  b e t w e e n  i t s  c i s  and 

t r a n s  f o r ms  on p h o t o l y s i s .  I n  a d d i t i o n  p h e n a n t h r e n e  may be 

f o r m e d * 7 4  a t r a n s i e n t  d i h y d r o  i n t e r m e d i a t e ,  o x i d i z e d  by

m o l e c u l a r  oxygen or  o t h e r  s u i t a b l e  o x i d a n t  p r e s e n t  i n  t h e  

s o l u t i o n , * 7 3  ( scheme 1 . 3 3 ) .

Scheme 1 . 3 3  P h e n a n t h r e n e  F o r m a t i o n  i n  t h e  P h o t o l y s i s  of  S t i l b e n e

T h i s  r e a c t i o n  has  been used i n  a number  o f  r e s i s t  

f o r m u l a t i o n s , * 7 6  t h e  c o n v e r s i o n  t o  t h e  a r o m a t i c  p h e n a n t h r e n e  

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

s o l v e n t  d i s c r i m i n a t i o n  b e t w e e n  ex po s e d  and u n e x p o s e d  r e g i o n s .  

N e g a t i v e  or  p o s i t i v e  i ma g e s  may be o b t a i n e d  d e p e n d i n g  on t h e  

i d e n t i t y  of  t h e  s t i l b e n e  compound u s e d .  The p h o t o s e n s i t i v i t y  i s  

s a i d  n o t  t o  be l i m i t e d  t o  t h e  u l t r a - v i o l e t  bu t  t o  c o v e r  

" p r a c t i c a l l y  t h e  w h o l e  o f  t h e  v i s i b l e  s p e c t r u m " .

1 . 8  P r o c e s s i n g  C o n s i d e r a t i o n s  

Bot h n e g a t i v e -  and p o s i t i v e - w o r k i n g  p h o t o r e s i s t s  have  been  

used t o  r e c o r d  h o l o g r a m s ^ ^ ' ^ *  and h o l o g r a p h i c  g r a t i n g s . 2 ° ' = =  

P h o t o r e s i s t  i n  i t s  m a j o r  a p p l i c a t i o n ,  p h o t o m a s k i n g , i s  o n l y  

r e q u i r e d  t o  p r o d u c e  a h i g h  c o n t r a s t  i ma g e ,  t h a t  i s  e i t h e r  r e s i s t  

or  no r e s i s t  (a b i n a r y  p r o c e s s ) .  I n h o l o g r a p h i c  a p p l i c a t i o n s  t h e  

b u i l d - u p  of  r e s i s t  ( i n  t h e  c a s e  of  a n e g a t i v e - w o r k i n g  m a t e r i a l )  

must  be p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  o f  t h e  e x p o s i n g  r a d i a t i o n
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a t  any p a r t i c u l a r  p o i n t  (an a n a l o g u e  p r o c e s s ) .  T h i s  means t h a t  a 

g r a p h  of  d e p t h  of  r e s i s t  a g a i n s t  e x p o s u r e  s h o u l d  a p p r o x i m a t e  

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

u s e f u l  r a n g e  of  t h e  m a t e r i a l .  The shape  o f  t h i s  e x p o s u r e  

c h a r a c t e r i s t i c  c u r v e  w i l l  a l s o  be i n f l u e n c e d  by t h e  d e v e l o p m e n t  

c o n d i t i o n s ,

1 . 8 . 1  Ho l o g r a m N o i s e

H o l o g r a ms  may be s u b j e c t  t o  n o i s e  wh i c h  p r o d u c e s  s t r a y

l i g h t  t h a t  d e g r a d e s  t h e  s t o r e d  i mage on p l a y b a c k .  Ho l og r a m n o i s e

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

mechani sm of  i t s  o r i g i n  as f o l l o w s :

G r a n u l a r i t y :  when t h e  i mage  c o n s i s t s  of  p a r t i c l e s

of  m a t e r i a l  i n  a t r a n s p a r e n t  b i n d e r ,  t h e  o b v i o u s  e x a mp l e  b e i n g

s i l v e r  h a l i d e  e m u l s i o n s ,  s t r a y  l i g h t  w i l l  be p r o d u c e d  by

s c a t t e r i n g  f r o m t h e s e  g r a i n s .  The d e g r a d a t i o n  i s  e v i d e n t  as a

v e i l e d  g l a r e  a r ou n d  t h e  h o l o g r a p h i c  i mage  due t o  t h i s

n o n - d i r e c t i o n a l  s c a t t e r .  T h e r m o p l a s t i c  and p h o t o r e s i s t  m a t e r i a l s

a r e  e s s e n t i a l l y  g r a i n l e s s  and so do n o t  s c a t t e r  l i g h t  i n  t h i s

ma nn e r .  O t h e r  m a t e r i a l s  such as p h o t o c h r o m i e s  h ave  " g r a i n "  of

m o l e c u l a r  d i m e n s i o n s ,  t o o  s m a l l  t o  a c t  as s c a t t e r i n g  c e n t r e s .

S c a t t e r i n g  f r o m s u p p o r t  a n d / o r  b i n d e r :  s c a t t e r  t o  some

e x t e n t  i s  a l w a y s  p r e s e n t  due t o  t h e  s u p p o r t  and b i n d e r  and t h e i r

i n t e r f a c e s .  A n t i - h a l a t i o n  l a y e r s *  may r e d u c e  some of  t h i s  t y p e

of  n o i s e  i n  t h e  r e c o r d i n g  s t e p .

Phase n o i s e : t h i s  i s  i n t r i n s i c  t o  p ha se  h o l o g r a m s ,  b u t

o n l y  o c c u r s  i n  t h e  c a s e  of  d i f f u s e  o b j e c t s .  S e l f - i n t e r f e r e n c e  of

*An a n t i - h a l a t i o n  l a y e r  i s  a c o a t i n g  of  a dye c o n t a i n i n g  
m a t e r i a l  a t  t h e  base  of  a p h o t o g r a p h i c  f i l m .  I t s  p u r p o s e  i s  t o  
a b s o r b  p h o t o n s  wh i ch  h ave  p a s s e d  t h r o u g h  t h e  e m u l s i o n  w i t h o u t  
c o n t r i b u t i n g  t o  t h e  i m a g i n g  p r o c e s s .  The t e r m " h a l a t i o n "  r e f e r s  
t o  t h e  h a l o  of  s c a t t e r e d  l i g h t  seen a r o u n d  h i g h l i g h t s  when such  
l a y e r s  a r e  n o t  u s e d .
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t h e  o b j e c t  l i g h t  i s  r e c o r d e d  as a l o w - f r e q u e n c y  p a t t e r n  on t h e  

h o l o g r a m .  N o i s e  i s  t h e n  due t o  a d d i t i o n a l  u nwa n t e d  d i f f r a c t i o n  

i n  and a r o u n d  t h e  h o l o g r a p h i c  i ma g e .

N o n - l i n e a r i t y  d i s t o r t i o n ;  t h i s  a r i s e s  when t h e  a m p l i t u d e  

t r a n s m i t t a n c e  of  t h e  h o l o g r a m  i s  n o t  s t r i c t l y  p r o p o r t i o n a l  t o  

t h e  r e c o r d i n g  e x p o s u r e .  T h i s  r e s u l t s  when t h e  r a n g e  of  e x p o s u r e s  

i s  o u t s i d e  t h e  dy n a mi c  r a n g e  of  t h e  r e c o r d i n g  m a t e r i a l .  Second  

and h i g h e r  o r d e r  d i f f r a c t i o n s  a l s o  d e g r a d e  t h e  h o l o g r a p h i c  

i ma g e .

S p e c k l e  n o i s e :  t h i s  i s  a r e s u l t  of  d i f f u s e ,  c o h e r e n t  

i l l u m i n a t i o n  l i m i t e d  by t h e  a p e r t u r e s  of  t h e  s y s t e m .  I t  i s  

d e g r a d i n g  t o  t h e  i mage  b u t  n o t  d e p e n d e n t  on t h e  n a t u r e  o f  t h e  

r e c o r d i n g  m a t e r i a l .

1 . 8 . 2  D e v e l o p m e n t  of  P h o t o r e s i s t

D e v e l o p m e n t  of  p h o t o r e s i s t  i s  n o r m a l l y  a c h i e v e d  by e i t h e r  a 

s p r a y  t r e a t m e n t  or  i m m e r s i o n  i n  s o l v e n t .  S p r a y  d e v e l o p m e n t  i s  

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

b e i n g  used and i s  g e n t l e r  on t h e  i ma g e .

In a n e g a t i v e - w o r k i n g  ( p h o t o c r o s s - l i n k i n g )  r e s i s t ,  o n l y  

l i g h t  c r o s s - l i n k i n g  i s  needed t o  f o r m a t h r e e - d i m e n s i o n a l  

n e t w o r k  p o l y m e r ,  i n s o l u b l e  i n  t h e  d e v e l o p e r .  However  such  

n e t w o r k  p o l y m e r s  a r e  s t i l l  s u b s t a n t i a l l y  s w o l l e n  by s o l v e n t s  

whi c h  d i s s o l v e  t h e  u n c r o s s - l i n k e d  p o r t i o n s .  I n  n a r r o w ,  l i n e a r  

f e a t u r e s  s w e l l i n g  may l e a d  t o  t h e  r e l i e f  o f  s t r a i n  by a 

s n a k e - l i k e  o s c i l l a t i o n  of  t h e  r e s i s t  t r a c k s . A d j a c e n t  

s w o l l e n  f e a t u r e s  may a d h e r e  t o  each o t h e r ,  d r y i n g  w i t h  t h e  

f o r m a t i o n  of  " b r i d g e s "  b e t w e e n  t hem due t o  a t r a n s f e r e n c e  of  

m a t e r i a l . 178 T h i s  d i s t o r t i o n  i s  s i m i l a r  i n  a p p e a r a n c e  t o  t h e  

" f r o s t "  seen i n  t h e r m o p l a s t i c  m a t e r i a l s . * *  An a n a l o g o u s
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d i s t o r t i o n  of  h o l o g r a p h i c  g r a t i n g s  may be due t o  t h e  h i g h  

m o l e c u l a r  w e i g h t  p o l y m e r s  p r e s e n t  i n  some t y p e s  of  p h o t o r e s i s t ,  

t h e  c h a i n s  f o r m i n g  l i n k s  b e t w e e n  a r e a s  of  t h e  i m a g e .

The e f f e c t s  of  s w e l l i n g  i n  n e g a t i v e  m a t e r i a l s  may be 

r e d u c e d  by a s e r i e s  of  r i n s e s ,  f o l l o w i n g  d e v e l o p m e n t ,  d e s i g n e d  

t o  r e v e r s e  t h e  s w e l l i n g  p r o c e s s .  S h o c k - r i n s i n g ,  a r a p i d  

q u e n c h i n g  of  s w o l l e n  r e s i s t ,  g i v e s  r i s e  t o  a " s w i s s  c h e e s e "  

e f f e c t  s u r f a c e  due t o  t h e  r a p i d  c o n t r a c t i o n  of  s w o l l e n  

f e a t u r e s . I B *  R e s i s t s  h ave  a l s o  been r e p o r t e d  wh i ch  a r e  

n o n - s w e l l i n g  i n  t h e i r  d e v e l o p e r s ,  t h e  p o l y s t y r e n e  bound 

t e t r a t h i a f u l v a l e n e  ( PSTTF)  and r e l a t e d  c h a r g e - t r a n s f e r  

r e s i s t s i ^ ' i S ' i G i  show e x c e l l e n t  r e s i s t a n c e  t o  s w e l l i n g  b u t  

r e q u i r e  h i g h  e n e r g y  e x p o s u r e s  ( X - r a y ,  e - b e a m or  a c t i n i c  

r a d i a t i o n ) .

P o s i t i v e  r e s i s t s  such as S h i p l e y  AZ 1350  c o n t a i n  v e r y  low 

m o l e c u l a r  w e i g h t  n o v o l a k  p o l y m e r s  wh i c h  d i s s o l v e  w i t h  m i n i m a l  

s w e l l i n g  i n  a l a y e r  by l a y e r  ma nn e r .  T h i s  i s  t h e  mai n r e a s o n  f o r  

t h e  h i g h  r e s o l u t i o n  c a p a b i l i t y  of  t h e s e  m a t e r i a l s . ^ ® *  The  

e x p o s u r e  c h a r a c t e r i s t i c  o f  t h e s e  m a t e r i a l s  may be m o d i f i e d  t o  

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

by c o n t r o l l e d  d i l u t i o n  of  t h e  d e v e l o p e r . N e g a t i v e  r e s i s t s  

r e q u i r e  c r o s s - l i n k i n g  t h r o u g h o u t  t h e  r e s i s t  l a y e r  and a t  t h e  

r e s i s t - s u b s t r a t e  i n t e r f a c e  t o  e n s u r e  a d h e s i o n ,  i f  t h i s  i s  n o t  

so s o l v e n t  may p e n e t r a t e  t h i s  l a y e r  and c a u s e  a l i f t i n g - o f f  of  

t h e  i ma g e .  P o s i t i v e  r e s i s t s  a r e  r e n d e r e d  s o l u b l e  by e x p o s u r e  

f r o m t h e  s u r f a c e  i n t o  t h e  b u l k ,  i n  t h e  same way t h a t  t h e  

d e v e l o p e r  p e n e t r a t e s  t h e  r e s i s t ,  t h e r e f o r e  s i m i l a r  a d h e s i o n  

p r o b l e m s  do n o t  o c c u r .

For  a l l  t h e s e  r e a s o n s ,  p o s i t i v e  r e s i s t s  such as S h i p l e y  AZ 

1350  a r e  p r e f e r r e d  f o r  h o l o g r a p h i c  a p p l i c a t i o n s ,  g i v i n g  h i g h
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r e s o l u t i o n  0 1 5 0 0  1 l ow n o i s e  and a r e c o r d i n g

w a v e l e n g t h  r a n g e  e x t e n d i n g  f r o m t h e  u l t r a - v i o l e t  t o  ar ound  

5 0 0 n m . = '  T h e r e  r e m a i n s  h o w e v e r ,  no p h o t o r e s i s t  m a t e r i a l  

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

w a v e l e n g t h  of  t h e  h e l i u m - n e o n  l a s e r .
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2 P h o t o p o l y m e r s  f o r  t h e  F o r m a t i o n  of  R e l i e f  I mages

The ai m of  t h i s  p r o j e c t  was t h e  d e v e l o p m e n t  of  a 

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

i mage s  u s i n g  H e l i u m - N e o n  ( 633nm)  l a s e r  l i g h t .  Such a s y s t e m w i l l  

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

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

m o d i f i c a t i o n  of  wh i c h  w i l l  l e a d  t o  a c h a n g e  i n  i t s  s o l u b i l i t y  

c h a r a c t e r i  s t i e s .

2 . 1  Th e R e q u i r e m e n t s f o r  a H o l o g r a p h i c  Ph o t o r e s i s t

The s t a r t i n g  p o i n t  f o r  our  i n v e s t i g a t i o n s  was a l i s t  of  

p r e f e r r e d  s p e c i f i c a t i o n s  f o r  a p h o t o r e s i s t  m a t e r i a l  f o r  use i n  

h o l o g r a p h y .  These  r e q u i r e m e n t s  a r e  s u mma r i z e d  b e l o w :

1) The m a t e r i a l  must  be t o u g h  and d u r a b l e  and a d h e r e  w e l l  

t o  a r a n g e  o f  s u b s t r a t e s .  P h y s i c a l  s t r e n g t h  i s  n e c e s s a r y  i n  t h e  

f i n a l  r e l i e f  i mage  i f  f u r t h e r  c o p i e s  a r e  t o  be p r o d u c e d  by 

e mbo s s i ng  t e c h n i q u e s .

2)  The r e s o l u t i o n  of  t h e  m a t e r i a l  s h o u l d  be as h i g h  as 

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

1000  l i n e s  p e r  m i l l i m e t r e  (1 mm"M b u t  f o r  p o s i t i v e  r e s i s t s  

> 3 0 0 0  1 mm"i  may be a c h i e v e d .

3)  W h i l e  no s u i t a b l e  m a t e r i a l  i s  a v a i l a b l e  f o r  t h e  633nm 

r e g i o n ,  s e n s i t i v i t y  f r o m 450  t o  700nm wou l d  p r o v i d e  a u s e f u l  

w o r k i n g  r a n g e .  Any s e n s i t i v i t y  a t  l o n g e r  w a v e l e n g t h s  woul d  be a 

b o n u s .  P h o t o c h e m i c a l  speed i s  n o t  c r i t i c a l  b u t  t h e  l i m i t i n g  

f a c t o r  i s  t h e  e x p o s u r e  t i m e  r e q u i r e d ,  t o o  l on g  an e x p o s u r e  woul d  

be i m p r a c t i c a l  and wou l d  r i s k  p r o b l e m s  c a u s e d  by v i b r a t i o n .

4)  Aqueous d e v e l o p m e n t  wou l d  be p r e f e r a b l e /  O r g a n i c  

s o l v e n t s  r e q u i r e  s p e c i a l  p r e c a u t i o n s  t o  be t a k e n ,  a g a i n s t  f i r e
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and s p i l l a g e  f o r  e x a m p l e ,  and t h e  use of  a f ume hood i s  a d v i s e d .

I n t h e  l i g h t  o f  t h e s e  r e q u i r e m e n t s ,  and c o n s i d e r i n g  t h e  

h i g h e r  r e s o l u t i o n  c a p a b i l i t y ,  c o u p l e d  w i t h  t h e  aq u eo us  a l k a l i n e  

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

The c o m m e r c i a l  p o s i t i v e  p h o t o r e s i s t s ,  as e x e m p l i f i e d  by S h i p l e y  

AZ 1 3 5 0 ,  a r e  t h e  m a t e r i a l s  of  c h o i c e  f o r  h o l o g r a p h i c  r e c o r d i n g  

i n  p h o t o r e s i s t  a t  s h o r t  w a v e l e n g t h  bu t  h ave  l i t t l e  s e n s i t i v i t y  

a t  633nm.

2 . 2  P o s s i b l e  S t r a t e g i es

P o s s i b l e  s t r a t e g i e s  f o r  t h e  d e v e l o p m e n t  of  a r e d - s e n s i t i v e  

r e s i s t  may be a r r i v e d  a t  by a r e v i e w  of  t h e  c o m m e r c i a l l y  

a v a i l a b l e  m a t e r i a l s  and t h e i r  c h e m i s t r y .  These  may be d i v i d e d  

i n t o  f o u r  mechan i sms  f o r  d i s c u s s i o n s  a z i d o - s e n s i t i z e d  m a t e r i a l s ,  

p h o t o c y c l o a d d i t i o n ,  p h o t o p o l y m e r i z a t i o n  and W o l f f - r e a r r a n g e m e n t  

( p o s i t i v e )  r e s i s t s .

In many a z i d o - s e n s i t i z e d  m a t e r i a l s  ( e x c e p t i n g  t h o s e  i n  

w hi c h  t h e  a z i de g r o up  i s  p o l y m e r - b o u n d )  t h e  p o l y m e r  s y s t e m i s  

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

r u b b e r s .  The d e v e l o p m e n t  of  new m a t e r i a l s  woul d  t h e r e f o r e  r e l y  

on t h e  d e v e l o p m e n t  of  new a z i d o  s e n s i t i z e r s .  A z i des used i n  

e x i s t i n g  s y s t e ms  g e n e r a l l y  ha v e  maximum s e n s i t i v i t y  a t  a r o u n d  

36 0  t o  400nm and a r e  v i r t u a l l y  t r a n s p a r e n t  a bove  450nm so t h e r e  

i s  l i t t l e  p o s s i b i l i t y  of  e x t e n d i n g  s e n s i t i v i t y  t o  a r ou n d  633nm.

P h o t o c y c l o a d d i t i o n  i s  a v e r s a t i l e  s t r a t e g y ,  b e i n g  e mpl o ye d  

i n  p o l y m e r i c  s y s t e ms  l e a d i n g  t o  c r o s s - l i n k i n g  w i t h  a wi de  

v a r i e t y  of  s t r u c t u r a l  v a r i a t i o n s .  Many of  t h e s e  m a t e r i a l s  a r e  

r e a d i l y  s e n s i t i z e d  by a w i d e  r a n g e  of  t r i p l e t  s e n s i t i z e r s ,  

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

s p e c t r a l  c o v e r a g e .  M a t e r i a l s  a r e  r a r e l y  s e n s i t i z e d  a t



81

w a v e l e n g t h s  g r e a t e r  t h a n  a b o u t  400nm a l t h o u g h  some s t y r y l  

p y r i d i n i u m  s a l t s  h ave  been r e p o r t e d  w i t h  s e n s i t i v i t i e s  e x t e n d i n g  

t o  6 3 0 n m , ^ 2  and t h i s  may mark t h e  l i m i t  of  such s y s t e m s .

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

i n v e s t i g a t i o n ;  a w i d e  v a r i e t y  of  monomers and s u b s t i t u t e d  

p o l y m e r s  may be used as t h e  b a s i s  f o r  a r e s i s t . ® ^  I n i t i a t i n g  

r a d i c a l s  may be d e r i v e d  f r o m t h e  f r a g m e n t a t i o n  of  k e t o n e s  and 

az o  compounds ,  by p h o t o r e d o x  p r o c e s s e s  or  by o t h e r  m e a n s . A  

g i v e n  p h o t o p o l y m e r i z a b l e  c o m p o s i t i o n  may be " t u n e d "  t o  a t a r g e t  

w a v e l e n g t h  by c a r e f u l  s e l e c t i o n  of  t h e  i n i t i a t i n g  sy s t e m u s e d .  

The ma j o r  d r a w b a c k  o f  f r e e  r a d i c a l - i n i t i a t e d  s y s t e ms  i s  t h e i r  

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

has a d v a n t a g e s  o v e r  t h o s e  i n v o l v i n g  monomers and monomer  

m i x t u r e s  due t o  t h e  e a s e  of  c a s t i n g  r i g i d  t h i n  f i l m s  f r om  

s o l u t i o n s  o f  p o l y m e r .

P h o t i n i t i a t e d  i o n i c  p o l y m e r i z a t i o n  i s  a l s o  p o s s i b l e ,  w i t h  

a l k y l  v i n y l  e t h e r s  or  c y c l i c  e t h e r s  such as e p o x i d e s ,  

p o l y m e r i z a t i o n  may be i n i t i a t e d  c a t i o n i c a l 1 y . C a t i o n s  may be 

p h o t o c h e m i c a l 1 y g e n e r a t e d  f r o m t y p i c a l  f r e e  r a d i c a l  

p h o t o i n i t i a t o r s  i n  t h e  p r e s e n c e  of  a s u i t a b l e  o x i d a n t .  These  

g i v e  an a m p l i f i c a t i o n  of  t h e  r a t e  of  i n i t i a t i o n  w i t h  e x p o s u r e  i n  

c o m p a r i s o n  w i t h  f r e e  r a d i c a l  i n i t i a t i o n  a l o n e . ^ ®^ • ^®^ C a t i o n i c  

p o l y m e r i z a t i o n  of  e p o x i d e s  i s  a l s o  i n i t i a t e d  by L e w i s  a c i d s  

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

c o u n t e r i o n s  such as BF^" or  P F * ' .  D i a z o n i u m  s a l t s  have  

l ow t h e r m a l  s t a b i l i t y  and t h i s  has  l e d  t o  t h e  a p p e a r a n c e  of  

d i a r y l i o d o n i u r n  and t r i a r y l s u l p h o n i u m  s a l t s  as c a t i o n i c  

p h o t  i n i t i a t o r s . ' * ^  I t  i s  a l s o  p o s s i b l e  i n  p r i n c i p l e  t o  

i n i t i a t e  p o l y m e r i z a t i o n s  a n i o n i c a l l y  w i t h  monomers such as  

s t y r e n e ' ® *  and t h e  c y a n o a c r y l a t e s ,  t h e i r  v a l u e  may be l i m i t e d
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i n  p h o t o i m a g i n g  a p p l i c a t i o n s  howev er  b e c a u s e  o f  t h e  l a c k  of  a 

f a c i l e  t e r m i n a t i o n  mechani sm i n  such p r o c e s s e s .  The p r o d u c t s  of  

a n i o n i c  p o l y m e r i z a t i o n s  a r e  t e r me d  " l i v i n g  p o l y m e r s "  b e c a u s e  t h e  

r e a c t i v e  a n i o n s  s u r v i v e  a t  t h e  c h a i n  t e r m i n i  and can p o l y m e r i z e  

f u r t h e r  monomer when i t  i s  i n t r o d u c e d .

P o s i t i v e  p h o t o r e s i s t s  a r e  based on o r f h o - q u i n o n e  d i a z i d e s  

and g e n e r a l l y  p h e n o l - f o r m a l d e h y d e  ( n o v o l a k )  p o l y m e r s .  The  

s e n s i t i v i t y  of  such m a t e r i a l s  i s  h i g h e s t  a t  a b o u t  3 5 0 - 3 8 0 n m  

a l t h o u g h  t h e y  have  been used s u c c e s s f u l l y  i n  h o l o g r a p h i c  

a p p l i c a t i o n s  a t  458  and 488nm.'®6 common w i t h  

d e c o m p o s i t i o n s  of  a z i d e s  and az o  compounds ,  l o s s  of  m o l e c u l a r  

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

T h i s  s u g g e s t s  t h a t  p h o t o l y s i s  a t  l on g  w a v e l e n g t h  may be 

p o s s i b l e .

2 . 3  M e t h a c r y l a t e  C o p o l y m e r s  as P h o t o p o l y m e r s

D i s c u s s i o n s  w i t h  I l f o r d  L i m i t e d  r e s u l t e d  i n  t h e  a d o p t i o n  of  

a s t r a t e g y  based  on a m e t h a c r y l a t e  c o p o l y m e r  w i t h  p e n d a n t  v i n y l  

g r o u p s ,  c r o s s - l i n k e d  by f r e e  r a d i c a l  a d d i t i o n  p o l y m e r i z a t i o n .  

P h e n y l a z o t r i p h e n y l  me t h a n e  (PATM) was c h ose n  as t h e  model  

i n i t i a t o r  i n  t h e  e v a l u a t i o n  of  p o l y m e r i z a b l e  c o a t i n g s .  PATM i s  

decomposed t o  f r e e  r a d i c a l s  c a p a b l e  o f  i n i t i a t i n g  t h e  

p o l y m e r i z a t i o n  of  v i n y l  monomers by i r r a d i a t i o n  w i t h  l i g h t  of  

488nm ( a r g o n  i on  l a s e r ) .

The p r o p o s e d  c o p o l y m e r  wou l d  be p r e p a r e d  by p o l y m e r i z i n g  a 

m i x t u r e  of  m e t h a c r y l i c  a c i d  ( M A A ) , m e t h y l  m e t h a c r y l a t e  (MMA) and 

2 - h y d r o x y e t h y l  m e t h a c r y l a t e  ( HEMA) .  As a s t a r t i n g  p o i n t  t h e  

m o l a r  r a t i o s  2 : 3 : 5  (MAA:MMA:HEMA)  wer e  u s e d .  The r o l e  of  t h e  

a c i d  r e s i d u e s  was t o  r e n d e r  t h e  p o l y m e r  s o l u b l e  i n  aqueous  

so d i u m c a r b o n a t e  s o l u t i o n ,  c h ose n  as t h e  d e v e l o p i n g  s y s t e m.
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Met hy l  m e t h a c r y l a t e  would ac t  as a spacer  group and g i v e  

mechan i ca l  s t r e n g t h  t o  t he  c o a t i n g .  The h y d r o x y e t h y l  g roups  

would p r o v i d e  f u n c t i o n a l i t y  on t he  po l ymer  backbone a l l o w i n g  f o r  

t he  a t t a c h m e n t  of  p o l y m e r i z a b l e  g r o up s ,  p r i n c i p a l l y  t he 

m e t h a c r y l a t e  e s t e r ,  ( 51 ) .

Me Me Me Me
C); fCHj— ---------fCH;—C-);;------

CO2H COzMe CO2CH2CH2OH CO

& C H 2C H 2
I

0  

CO
" \. /

(51) , C = C
^ 'M e

2 . 3 . 1 The P r e p a r a t i o n  of  Copol ymers

The m e t h a c r y l a t e  c o po l y me r s  and t he  p r o d u c t s  of  t h e i r  

r e a c t i o n s  w i t h  r e a g e n t s  such as m e t h a c r y l o y l  c h l o r i d e  are 

r e f e r r e d  t o  by a number p roceeded  by t he  l e t t e r s  MP. The number 

r e f e r s  t o  c h r o n o l o g y  o n l y  and does no t  convey any i n f o r m a t i o n  

about  c o m p o s i t i o n ,  t h e  c o m p o s i t i o n  of  po l ymer  b a t c h es  may be 

f ound by r e f e r e n c e  t o  t he  t a b l e s  p r e s e n t e d  i n  t he  e x p e r i m e n t a l  

s e c t i o n  and g i v e n  be l ow.  The f i r s t  po l ymer  p r e pa r ed  was a 

copo l ymer  d e s i g n a t e d  MPI wh i c h ,  a f t e r  e s t é r i f i c a t i o n ,  gave 

p r o d u c t s  MP2 t o  MP9.

Four  c o po l y mer s  o f  t h e  t h r e e  monomers were p repa r ed  as 

d e s c r i b e d  i n  t he  p r e v i o u s  s e c t i o n .  A l l  p r e p a r a t i o n s  were on t he  

s c a l e  of  0 . 8  moles of  monomer.  The c o n c e n t r a t i o n ,  t e m p e r a t u r e ,  

method o f  i n i t i a t i o n  and r e a c t i o n  t i me  were kept  c o n s t a n t  bu t  

t he  c o m p o s i t i o n  of  t h e  p o l y m e r i z a t i o n  m i x t u r e  was a d j u s t e d  i n  

a c c o r danc e  w i t h  t he  f o l l o w i n g  t a b l e ,  ( Tab l e  2 . 1 ) .
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pol ymer
mol ar  p e r c e n t a g e  

MMA MAA

MPI 30 20 50

MPiO 30 20 50

MP14 25 25 50

MP37 13 37 50

HEMA

Tabl e  2.1 C o mp o s i t i o n s  of  C o p o l y m e r i z a t i o n  Re a c t i o n  M i x t u r e s

The i n i t i a l  i n t e n t i o n  was t h a t  p h o t o c r o s s - l i n k a b l e  p o l y mer s  

would be produced by t r e a t m e n t  of  p y r i d i n e  s o l u t i o n s  of  t hese  

c o po l y me r s  w i t h  m e t h a c r y l o y l  c h l o r i d e .  Th i s  t r a n s f o r m a t i o n  

p roved  t o  be not  as s t r a i g h t f o r w a r d  as i t  f i r s t  appeared.

2 . 3 . 2 E s t e r i f i c a t i o n  of  Copol ymers  w i t h  M e t h a c r y l o y l C h l o r i d e

The c o n d i t i o n s  f o r  t he  e s t é r i f i c a t i o n  o f  i n i t i a l  b a t c hes  of  

p o l y me r ,  namely MP2-9,  MP13 and MP15-18,  were v a r i e d  i n  o r d e r  

t o  o p t i m i z e  t he  c o n v e r s i o n .  A d d i t i o n  o f  t h e  r e a g e n t  t o  a warm 

s o l u t i o n  of  t he po l ymer  i n  p y r i d i n e  r e s u l t e d  i n  t he  r a p i d  

f o r m a t i o n  of  an i n s o l u b l e  gel  (MP2).  Room t e m p e r a t u r e  

p r e p a r a t i o n s  produced po l ymer s  (MP3, MP4) whi ch were s w o l l e n  by 

p o l a r  o r g a n i c  s o l v e n t s  but  i n s o l u b l e  i n  any t r i e d .  The 

p r e p a r a t i o n  of  MP5, i n  whi ch t he  r ea g e n t  was added t o  an 

i c e - c o l d  s o l u t i o n  i n  a f o i l - w r a p p e d  f l a s k ,  gave m a t e r i a l  of  

a c c e p t a b l e  s o l u b i l i t y  but  t h i s  o n l y  weak l y  imaged us i ng  57. 

aqueous sodium c a r b o n a t e  as d e v e l o p e r .  A r e p e a t  of  t h i s  

p r e p a r a t i o n ,  MP6, f a i l e d  t o  r ep r o du c e  t h i s  r e s u l t .

Ex p e r i me n t s  w i t h  a l t e r n a t i v e  acy l  t r a n s f e r  a g e n t s .
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t r i e t h y l  ami n e , 2 - p i  c o l i n e  and 2 , 6 - l u t i d i n e  d i d  not  i mprove t he  

r e l i a b i l i t y  of  t he  method.  T r i e t h y l  ami ne caused an i mmedi a t e  gel  

t o  form when t he  r e a g e n t  was added.  The a d d i t i o n  of  e x t r a  

s o l v e n t  d i d  n o t h i n g  t o  i mpr ove  t h i s  s t a t e  of  a f f a i r s  and t he  

p r e p a r a t i o n  was abandoned.  The s t e r i c a l l y  h i n d e r e d  2 , 6 - l u t i d i n e  

gave a s o l u b l e  p r o d u c t  (MP8) but  an i n s o l u b l e  m a t e r i a l  when t he 

p r e p a r a t i o n  was r e p e a t e d  on a l a r g e r  s c a l e  (MP9).

A m i l d e r  se t  o f  c o n d i t i o n s  was f i n a l l y  e s t a b l i s h e d  f o r  t he  

c o n v e r s i o n  i n  t he  p r e p a r a t i o n  of  MP18. A m i x t u r e  of  p y r i d i n e  

and N , N - d i m e t h y l  f o rmami de  (DMF) was used,  s u f f i c i e n t  p y r i d i n e  

be i ng  p r e s e n t  t o  r e a c t  w i t h  t he  HCl produced by t he  r e a c t i o n  of  

t he  m e t h a c r y l o y l  c h l o r i d e  w i t h  t he  po l y me r .  The r e a g e n t  was 

added t o  a s o l u t i o n  c oo l ed  t o  i c e - b a t h  t e m p e r a t u r e  and t he  

m i x t u r e  was s t i r r e d  f o r  o n l y  30 m i nu t es  b e f o r e  p r e c i p i t a t i o n  of  

t he  c rude po l ymer  p r o d u c t .  The f l a s k  was wrapped i n  f o i l  t o  

e x c l u d e  l i g h t  f r om t he  r e a c t i o n .

The r e a c t i o n  of  m e t h a c r y l o y l  c h l o r i d e  c a r r i e d  ou t  i n  a 

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

m e t h a c r y l o y l  c h l o r i d e ,  when b r o u g h t  i n t o  c o n t a c t  w i t h  p y r i d i n e  

v a po u r ,  p roduces  a dense w h i t e  s o l i d .  Th i s  t ends  t o  b l o c k  t he  

d r o p p i n g  f u n n e l  used f o r  t he  a d d i t i o n  and i t  i s  not  easy t o  

m a i n t a i n  e f f i c i e n t  m i x i n g  of  t h e  r e a c t a n t s .  Due t o  t he  v i s c o s i t y  

of  po l ymer  s o l u t i o n s  c oup l ed  w i t h  t h i s  p rob l em i t  i s  i m p r a c t i c a l  

t o  s t i r  r e a c t i o n  m i x t u r e s  m a g n e t i c a l l y  and a mechan i ca l  s t i r r e r  

must  be used.

Some p o s s i b l e  mechanisms were proposed f o r  t he  c r o s s -  

l i n k i n g  whi ch l ed t o  t he  i n s o l u b i l i z a t i o n  of  e a r l y  ba t ches  of  

e s t e r i f i e d  po l y me r .  As w e l l  as p o l y m e r i z a t i o n  by r e a c t i v e  

i n t e r m e d i a t e s  such as r a d i c a l s ,  a n i ons  or  c a t i o n s ,  t h r e e  o t h e r  

mechanisms c ou l d  be o p e r a t i n g .  In each case t he  c r o s s - l i n k  would
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be e q u i v a l e n t  t o  an e t h y l e n e  g l y c o l  3 - m e t h a c r y l a t e  

p o l y m e r i z e d  i n t o  two po l ymer  c h a i n s .  In t he  f i r s t  i n s t a n c e  t h i s  

c o u l d  a r i s e  by d i r e c t  e s t é r i f i c a t i o n  of  a h y d r o x y e t h y l  r e s i d u e  

by a po l ymer - bound  c a r b o x y l  g roup .  Second l y  a met hy l  

m e t h a c r y l a t e  and h y d r o x y e t h y l  m e t h a c r y l a t e  r e s i d u e  c ou l d  r e a c t  

v i a  a t r a n s e s t é r i f i c a t i o n  w i t h  t he  r e l e a s e  of  met hano l .  T h i r d l y  

t r a n s e s t é r i f i c a t i o n  occur r i ng between two h y d r o x y e t h y l  

m e t h a c r y l a t e  r e s i d u e s  (a d i s p r o p o r t i o n a t i o n  r e a c t i o n )  would form 

a c r o s s - l i n k  w i t h  t he  r e l e a s e  of  a m o l e c u l e  of  e t h y l e n e  g l y c o l .  

None of  t h es e  t h r e e  mechanisms seem l i k e l y  t o  occur  t o  any g r e a t  

e x t e n t  a l t h o u g h  i t  must  be s a i d  t h a t  an average of  o n l y  one 

c r o s s - l i n k  per  po l ymer  mo l ec u l e  i s  r e q u i r e d  t o  l i n k  a l l  t he  

po l ymer  mo l e c u l e s  i n  a s o l u t i o n  i n t o  a t h r e e - d i m e n s i o n a l  

n e t w o r k .

Whatever  t he  mechanism of  c r o s s - l i n k i n g  i n  e a r l y  

p r e p a r a t i o n s  t he  a d o p t i o n  of  t he  r e a c t i o n  c o n d i t i o n s  e x e m p l i f i e d  

by MP 18 made p r e ma t u r e  c r o s s - l i n k i n g  much l e s s  l i k e l y  a l t h o u g h  

samples were f ound t o  be i n s o l u b l e  a f t e r  l o n g - t e r m  s t o r a g e  a t  

room t e m p e r a t u r e  i n  t he  d a r k .

The e s t é r i f i c a t i o n  of  po l ymer s  l e a d i n g  t o  p r o d u c t s  s o l u b l e  

i n  o r g a n i c  s o l v e n t s  such as DMF and met hano l  h i g h l i g h t e d  a n o t h e r  

p r ob l em;  t he  p r o d u c t s  were g e n e r a l l y  no t  s o l u b l e  i n  57. aqueous 

sodium c a r b o n a t e  s o l u t i o n .  A ba t ch  of  copo l ymer  w i t h  a h i g h e r  

a c i d  c o n t e n t ,  MP14, was p r e pa r ed  t o  i mpr ove  t he  chance of  a 

base s o l u b l e  e s t e r i f i e d  po l ymer  be i ng  p r oduced .  The c opo l y mer s  

t h e m s e l v e s ,  MPI,  MPIO and MP14 were a l l  a c c e p t a b l y  s o l u b l e  i n  

sodium c a r b o n a t e  s o l u t i o n  but  t he  s o l u b i l i t y  c h a r a c t e r i s t i c s  are 

m o d i f i e d  by e s t é r i f i c a t i o n .  In o r d e r  t o  i n v e s t i g a t e  t he  e f f e c t  

of  r e a c t i o n  c o n d i t i o n s  on base s o l u b i l i t y  (and degree of  

e s t é r i f i c a t i o n )  a s e r i e s  of  p r e p a r a t i o n s  was u nd e r t a k en  v a r y i n g
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t h e  t o t a l  s o l v e n t  volume and t he  volume of  r ea g e n t  used.  These 

e x p e r i me n t s  were a l l  c a r r i e d  out  a l ong  t he  l i n e s  of  MP18 u s i n g  

MP14 as s t a r t i n g  m a t e r i a l .

The c o n c l u s i o n  f rom t h i s  s e r i e s  of  e x p e r i me n t s  was t h a t ,  

f o r  t he  po l ymer  used i n  t hese  c o n v e r s i o n s ,  base s o l u b l e  p r o d u c t s  

were o n l y  p roduced i n  d i l u t e  s o l u t i o n  or  when t he  volume of  

r e a g e n t  used was s m a l l ,  w i t h  t he  c o r r e s p o n d i n g l y  low c o n v e r s i o n  

of  h y d r o x y l  g roups t o  t he  m e t h a c r y l a t e  e s t e r .  C l e a r l y  some 

f u r t h e r  work was n ec e s s a r y  t o  e s t a b l i s h  t he  r e l a t i o n s h i p  between 

po l ymer  c o m p o s i t i o n  and s o l u b i l i t y  c h a r a c t e r i s t i c s .

2 . 3 . 3  The Ac i d Con t en t  of  Copol ymers

F o l l o w i n g  e x p e r i m e n t s  whi ch v a r i e d  t he  e s t é r i f i c a t i o n  

c o n d i t i o n s  i t  became e v i d e n t  t h a t  c o n v e r s i o n  t o  t he  m e t h a c r y l a t e  

e s t e r  l owe r s  t he  s o l u b i l i t y  o f  t h i s  po l ymer  t o  t he  chosen 

d e v e l o p e r ,  57. aqueous sodium c a r b o n a t e .  Two f a c t o r s  may be 

r e s p o n s i b l e  f o r  t h i s  o b s e r v a t i o n :  e s t é r i f i c a t i o n  i n c r e a s e s  t he  

m o l e c u l a r  w e i g h t  of  t he  po l ymer  c h a i n s  b u t ,  perhaps  more 

i m p o r t a n t l y ,  e s t é r i f i c a t i o n  l owe r s  t he  p o l a r i t y  of  t he  po l ymer  

mo l ec u l es  by c o n v e r t i n g  h y d r o x y l  g roups  t o  n o n - p o l a r  e s t e r  

g r o up s ,  t h e r e b y  mar k ed l y  r e d u c i n g  t he  a b i l i t y  of  t he  po l ymer  t o  

f o rm hydrogen bonds w i t h  s o l v e n t  w a t e r .

In o r d e r  t o  i n v e s t i g a t e  t he  e f f e c t s  o f  copo l ymer  

c o m p o s i t i o n  on base s o l u b i l i t y  a s e r i e s  of  copo l ymers  of  met hy l  

m e t h a c r y l a t e  and m e t h a c r y l i c  a c i d  were p r epa r ed  us i ng  t he  same 

c o n d i t i o n s  as MPI ,  MPIO and MP14 bu t  on h a l f  t he  s c a l e .  These 

b i n a r y  c opo l ymer s  were coded u s i n g  a new sys tem.  Each po l ymer  

was r e f e r r e d  t o  by t he  l e t t e r s  MPX f o l l o w e d  by t he  molar  

p e r c e n t a g e  of  m e t h a c r y l i c  a c i d  p r e s e n t  i n  t he  p o l y m e r i z a t i o n  

m i x t u r e .  F i v e  of  t h e s e  po l ymer s  were p r e pa r ed  i n  a l l ;  MPX10,



8 8

20,  30,  40 and 25.

A number of  ass ump t i o ns  were made when compar i ng  t hese  

p o l y mer s  w i t h  a h y p o t h e t i c a l  f u l l y  e s t e r i f i e d  p h o t o p o l y me r .  In 

such a po l ymer  t he  o n l y  g roups  of  h i gh  p o l a r i t y  would be t he  

m e t h a c r y l i c  a c i d  r e s i d u e s .  I t  was assumed t h a t  methy l  

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

r e s i d u e s  would have a s i m i l a r  e f f e c t  on t he  aqueous s o l u b i l i t y  

of  t he  p o l y me r s ,  bot h  be i ng  r e l a t i v e l y  n o n - p o l a r  e s t e r  g roups .

I t  was a l s o  assumed t h a t  t he  m o l e c u l a r  d i men s i on s  of  t he  MPX 

s e r i e s  of  c opo l ymer s  would be s i m i l a r  t o  t h a t  o f  t he  base 

c o po l y mer s  p r epa r ed  under  t he  same c o n d i t i o n s  of  i n i t i a t o r ,  

t i m e ,  t e m p e r a t u r e  and t o t a l  monomer c o n c e n t r a t i o n .  In o r d e r  t o  

make t he  compar i son  on t he  b a s i s  of  t h es e  assumpt i ons  a new 

par amet e r  must  be s p e c i f i e d .  The most  c o n v e n i e n t  q u a n t i t y  by 

whi ch  t he  po l ymer s  can be compared i s  t he  number of  f r e e  a c i d  

g roups  per  gram of  p o l y me r .  Not  o n l y  can t h i s  q u a n t i t y  be 

c a l c u l a t e d  f rom t he  known copo l ymer  c o m p o s i t i o n s  but  i t  can be 

d e t e r m i ne d  e x p e r i m e n t a l l y  by t i t r a t i o n .  The maj or  source  of  

e r r o r  i n t r o d u c e d  by compar i ng  po l ymer s  would be due t o  t he  

d i s p a r i t y  i n  t he  mass of  met hy l  m e t h a c r y l a t e  r e s i d u e s  compared 

t o  e s t e r i f i e d  h y d r o x y e t h y l  m e t h a c r y l a t e  r e s i d u e s .  Bas ing t he  

compar i son  on w e i g h t  i s  an a t t e m p t  t o  overcome t h i s  p r ob l em.

Prepared  samples of  t he  MPX s e r i e s  of  po l ymer s  were 

examined f o r  s o l u b i l i t y  i n  o r g a n i c  s o l v e n t s ,  wat er  and 57. 

aqueous sodium c a r b o n a t e  s o l u t i o n .  MPX10 was i n s o l u b l e  i n  

w a t e r ,  57. sodium c a r b o n a t e  s o l u t i o n  and methanol  ( s w e l l i n g  o n l y )  

bu t  s o l u b l e  i n  DMF. MPX20 was i n s o l u b l e  i n  wat er  but  s o l u b l e  i n  

methanol  and DMF and formed s w o l l e n  p a r t i c l e s  i n  sodium 

c a r b o n a t e  s o l u t i o n  whi ch d i s s o l v e d  a f t e r  24 hou r s .  Both MPX30 

and MPX40 were c o m p l e t e l y  s o l u b l e  i n  m e t h a n o l ,  DMF and 57.
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sodium c a r b o n a t e  s o l u t i o n  bu t  i n s o l u b l e  i n  w a t e r .  F i n a l l y  MPX25 

was p r epa r ed  and f ound t o  be s o l u b l e  i n  me t h an o l ,  DMF and 57. 

sodium c a r b o n a t e  and i n s o l u b l e  i n  w a t e r .  The t h e o r e t i c a l  

c a r b o x y l i c  a c i d  c o n t e n t  per  gram i s  g i v e n  i n  t he  t a b l e  below 

( Tab l e  2 . 2 )  f o r  each of  t hese  po l y me r s .

po l ymer

MPX 10

MPX20

MPX25

MPX 30

mol ar  r a t i o s  (7.) 
MMA MAA

90

80

75

70

10

20

25

30

moles -COzH 
per  gram

1 . 013x10- 3

2 . 05 5 x 1 0 - 3

2 . 58 8x 1 0 - 3

3 . 1 2 8 x 1 0 - 3

MPX40 60 40 4 . 23 3x 1 0 - 3

Tab l e  2 . 2  T h e o r e t i c a l  Numbers o f  Ac i d  Groups Per  Gram f o r  MPX 
Copol ymers

A c o m p o s i t i o n  e q u i v a l e n t  t o  MPX25 was t aken  as t he  t a r g e t  

f o r  a copo l ymer  w i t h  enhanced s o l u b i l i t y  i n  57. sodium c a r b o n a t e  

s o l u t i o n ,  MPX25 be i ng  around t he  l o w e s t  a c i d  c o n t e n t  s t i l l  

showi ng c omp l e t e  s o l u b i l i t y  i n  t h a t  d e v e l o p e r .  The a c i d  c o n t e n t  

per  gram of  po l ymer  was c a l c u l a t e d  f o r  a number of  monomer 

r a t i o s  assuming a c o n s t a n t  50 mol ar  p e r c e n t  of  f u l l y  e s t e r i f i e d  

h y d r o x y e t h y l  m e t h a c r y l a t e  i n  t he  f i n a l  p r o d u c t ,  ( Tab l e  2 . 3 ) .
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MMA
monomer r a t i o s  

MAA

11

12

14

1

39

38

37

36

HEMA

50

50

50

50

50

moles -COzH 
per  gram

2 . 7 1 4 x 1 0 - 3

2 . 6 4 2 x 1 0 - 3

2 . 5 7 0 x 1 0 - 3

2.498x10-

2 . 4 2 6 x 1 0 - 3

MMA= met hy l  m e t h a c r y l a t e ,  MAA= m e t h a c r y l i c  a c i d ,  HEMA= hydroxy-  
e t t i y l  m e t h a c r y l a t e .

Tab l e  2 . 3  Numbers of  Ac i d  Groups Per Gram of  H y p o t h e t i c a l  F u l l y  
E s t e r i f i e d  Copol ymers

From t he  above t a b l e  i t  can be seen t h a t  t he  n e a r e s t  

c o m p o s i t i o n  t o  t he  t a r g e t  i n  t e rms  of  a c i d  g roups  per  u n i t  mass 

i s  t h a t  w i t h  monomer r a t i o s  of  1 3 : 3 7 : 5 0 ,  MMA:MAA:HEMA. Th i s  l ed  

t o  t he  p r e p a r a t i o n  of  MP37 u s i ng  e x a c t l y  t hese  i n i t i a l  monomer 

r a t i o s .  Th i s  po l ymer  was i ndeed more s o l u b l e  i n  aqueous media:  

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

p o l y m e r i z a t i o n  gave a s w o l l e n  gummy s o l i d  whi ch d r i e d  i n t o  

b r i t t l e  g l a s s y  l umps.  Th i s  po l ymer  was r ende r ed  i n  a more 

manageable f orm by r e p r e c i p i t a t i o n  i n t o  e i t h e r  e t h y l  a c e t a t e  or  

d i e t h y l  e t h e r  f rom a s o l u t i o n  i n  me t h an o l .  The l a t t e r  p roved t o  

be t he  b e t t e r  n o n - s o l v e n t .

2 . 3 . 4  E s t é r i f i c a t i o n s  of  MP37

The enhanced s o l u b i l i t y  of  MP37 a l s o  proved t r ou b l e s ome  i n  

t he  p r e c i p i t a t i o n  of  po l ymer  f o l l o w i n g  c o n v e r s i o n  t o  t he e s t e r  

w i t h  me t h ac r y o y l  c h l o r i d e  i n  a D M F / p y r i d i n e  c o s o l v e n t  m i x t u r e .
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C o n d i t i o n s  whi ch had been s u c c e s s f u l  f o r  e s t e r s  of  po l ymer s  w i t h  

a l ower  a c i d  c o n t e n t  f a i l e d  w i t h  MP37 because t he  p r o d u c t s  would 

no t  p r e c i p i t a t e  w i t h  t he  normal  aqueous wo r k - u p .  I t  was t h o u g h t  

i m p o r t a n t  t o  keep t he  c o n d i t i o n s  of  t he  i n i t i a l  p r e c i p i t a t i o n  

aqueous i n  n a t u r e  i n  o r d e r  t o  remove i o n i c  i m p u r i t i e s  such as 

p y r i d i n i u m  h y d r o c h l o r i d e .  Aqueous c o n d i t i o n s  would a l s o  s e r ve  t o  

h y d r o l y s e  any a n h y d r i d e  g roups  formed by t he  r e a c t i o n  of  

m e t h a c r y l o y l  c h l o r i d e  w i t h  p o l y mer - bound  c a r b o x y l a t e  groups 

whi ch c o u l d  l ead t o  t he  subsequen t  f o r m a t i o n  of  unwanted 

c r o s s - l i n k s .

The f i r s t  s u c c e s s f u l  p r e c i p i t a t i o n  of  a po l ymer  based on 

MP37 was c a r r i e d  ou t  u s i n g  b r i n e  i n  t he  wor k - up  s t ep  i n  p l a c e  of  

some of  t he  wa t e r .  U n f o r t u n a t e l y  t h i s  p o l y me r ,  MP46 was s w o l l e n  

by wat er  used t o  wash t he  p r e c i p i t a t e  whi ch made f i l t r a t i o n  v e r y  

s l ow ,  and i t  was s u b s e q u e n t l y  f ound t o  have d i s s o l v e d  when l e f t  

i n  c o n t a c t  w i t h  t he  w a t e r .  When t h i s  p r e p a r a t i o n  was r epea t ed  

(MP49) t he  c r ude  m a t e r i a l  was d r i e d  over  phosphor us  p e n t o x i d e  i n  

a vacuum d e s i c c a t o r  w h i l e  s t i l l  wet  w i t h  b r i n e .  The g l a s s y  s o l i d  

p roduced was d i s s o l v e d  i n  methanol  and t he  s o l u t i o n  was f i l t e r e d  

t h r o u g h  f i n e  f i l t e r  paper  b e f o r e  p r e c i p i t a t i o n  i n t o  e t h e r .  A 

s ma l l  q u a n t i t y  of  p a r a - b e n z o q u i n o n e  was added t o  t h i s  

p r e p a r a t i o n  as a f r e e - r a d i c a l  i n h i b i t o r  i n  o r d e r  t o  r educe t he  

p o s s i b i l i t y  of  p r e ma t u r e  c r o s s - l i n k i n g .  When t hese  c o n d i t i o n s  

were r ep e a t e d  i n  t he  absence of  p a r a - b e n z o q u i n o n e  (MP57) an 

i n s o l u b l e  c r ude  p r o d u c t  was o b t a i n e d .  Th i s  r e s u l t  may not  be 

v e r y  s i g n i f i c a n t  as t he  c r ude  p r o d u c t  appears  prone t o  

c r o s s - l i n k i n g  i f  l e f t  f o r  more than a day or  two b e f o r e  

r e p r e c i p i t a t i o n .  The e v i d en c e  of  t he sma l l  number of  e x p e r i me n t s  

conduc t ed  does seem t o  s ugges t  t h a t  t he  p r esence  of  an i n h i b i t o r  

d u r i n g  t h i s  c o n v e r s i o n  does g i v e  a b e t t e r  chance of  o b t a i n i n g
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s o l u b l e  p o l y me r s .  One or more r e p r e c i p i t a t i o n  s t e p s  us i ng  e t h e r  

as t he  n o n - s o l v e n t  s t a b i l i z e s  t he  po l ymer  t o  l o n g - t e r m  s t o r a g e  

p r o v i d e d  samples are kept  i n  a r e f r i g e r a t o r .  R e p r e c i p i t a t i o n  

does however  l ead t o  a s i g n i f i c a n t  l o s s  of  m a t e r i a l .

D e s p i t e  hav i ng  an a c c e p t a b l e  degree of  c o n v e r s i o n  t o  t he  

m e t h a c r y l a t e  e s t e r ,  MP49 was not  an i d e a l  po l ymer  f o r  i mag i ng .  

Some i n o r g a n i c  m a t e r i a l  was s t i l l  p r e s e n t  i n  t he  pol ymer  sample 

whi ch  gave a somewhat r o u g h - l o o k i n g  f i l m  when coat ed  on g l a s s .  

Deve l opment  w i t h  57. aqueous sodium c a r b o n a t e  a l s o  was not  

showi ng a c c e p t a b l e  d i f f e r e n t i a t i o n  between exposed and unexposed 

r e g i o n s .  At t h i s  s t a ge  i t  was t h o u g h t  t h a t  t he  m i l d e r  c o n d i t i o n s  

of  u s i ng  t he  a n h y d r i d e  of  m e t h a c r y l i c  a c i d  as t he  r eagen t  f o r  

t he  e s t é r i f i c a t i o n  mi gh t  i mpr ove  m a t t e r s .  To i n v e s t i g a t e  t he  

c o n d i t i o n s  f o r  t h i s  p r o p o s a l ,  model  c o n v e r s i o n s  were c a r r i e d  out  

us i n g  a c e t y l  c h l o r i d e  and a c e t i c  a n h y d r i d e ,  t h e  l a t t e r  bot h  i n  

t he  p resence  and absence of  an acy l  t r a n s f e r  agent  ( p y r i d i n e ) .

The p r o d u c t  MP43, a c y l a t e d  u s i ng  a c e t y l  c h l o r i d e ,  appeared 

t o  be a l mos t  1007. e s t e r i f i e d  by i n s p e c t i o n  of  i t s  h i gh  f i e l d  

p r o t o n  n u c l e a r  magne t i c  r esonance  s pec t r um,  a h i g h e r  c o n v e r s i o n  

than  had ever  been a c h i ev ed  u s i ng  m e t h a c r y l o y l  c h l o r i d e  under  

t he  same c o n d i t i o n s .  Th i s  p r o d u c t ,  d e r i v e d  f rom MP37, was 

i n s o l u b l e  i n  wat er  and p r e c i p i t a t e d  w e l l  i n  an aqueous wo r k - up .  

I t  was s o l u b l e  i n  DMF, s l ow t o  d i s s o l v e  i n  methanol  and s o l u b l e  

i n  an excess  of  107. p o t a s s i u m c a r b o n a t e  s o l u t i o n .  Th i s  

s o l u b i l i t y  b e h a v i o u r  i s  r e a s o n a b l y  s i m i l a r  t o  MPX25 showing our  

approach t o  be v a l i d  a t  l e a s t  i n  t he  case of  an a c e t y l a t e d  

po l y me r .  The a c e t i c  a n h y d r i d e  d e r i v a t i z e d  p o l y me r ,  MP45, was 

found t o  show n e g l i g i b l e  c o n v e r s i o n  i n  30 m i nu t es  a t  i c e - b a t h  

t e m p e r a t u r e s  whereas when p y r i d i n e  was p r e s e n t  a moderate 

c o n v e r s i o n  was a c h i e v e d ,  MP47. Double t he  mol ar  q u a n t i t y  of
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a c e t i c  a n h y d r i d e  was used i n  t hese  p r e p a r a t i o n s  r e l a t i v e  t o  

a c e t y l  c h l o r i d e .

Met hac r y l i c  An h y ^ i  d_e as Reagent

The r e s u l t s  of  t he  a c é t y l a t i o n s  of  MP37 sugges t  t h a t  

moderat e  c o n v e r s i o n  t o  t he  e s t e r  may be ach i eved  us i ng  

m e t h a c r y l i c  a n h y d r i d e  (52)  as t he r e a g e n t  when s i m i l a r  

c o n d i t i o n s  t o  p r e p a r a t i o n s  u s i ng  m e t h a c r y l o y l  c h l o r i d e  are 

employed.  H i gher  c o n v e r s i o n s  may be made p o s s i b l e  by i n c r e a s i n g  

r e a c t i o n  t i m e s .  M e t h a c r y l i c  a n h y d r i d e  was not  a v a i l a b l e  

c o m m e r c i a l l y  when t h es e  e x p e r i me n t s  were u n d e r t a k en  so i t  was 

p r e pa r e d  by t he  r e a c t i o n  of  m e t h a c r y l o y l  c h l o r i d e  w i t h  sodium 

m e t h a c r y l a t e  i n  r e f l u x i n g  e t h e r  i n  t he  p resence  of  

p a r a - b e n z o q u i n o n e .

H 2C

0 0

C— 0 —

Me Me

CH.

(52)

The i n i t i a l  p r e p a r a t i o n  u s i n g  t h i s  r e a g e n t ,  MP48, p roduced 

a po l ymer  of  v e r y  low c o n v e r s i o n  and i n  subsequen t  p r e p a r a t i o n s  

r e a c t i o n  t i me s  of  1 and 2 hou rs  were employed (MP50 and MP51 

r e s p e c t i v e l y ) .  The excess a n h y d r i d e  caused some prob l ems i n  t he  

p r e c i p i t a t i o n  s t e p .  So much of  i t  was l e f t  a t  t he  end of  t he  

r e a c t i o n  t i me s  (one mol ar  excess was a l s o  be i ng  used)  t h a t  i t  

f o rmed an o i l y  l a y e r  on top of  t he  aqueous p r e c i p i t a t i o n  

m i x t u r e .  Much of  i t  was a l s o  f ound t o  be o c c l uded  i n  the gummy 

p a r t i c l e s  of  p r e c i p i t a t e d  p o l y me r .  M e t h a c r y l i c  a nh y d r i de  i s  a
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seve r e  l a c h r y m a t o r  and a p p a r e n t l y  not  v e r y  r e a d i l y  h y d r o l y s e d  

under  t he  c o n d i t i o n s  of  t he  wor k - up .  An improvement  i n  t he  

p r e c i p i t a t i o n  s t ep  was t he  a d d i t i o n  of  some e t h e r  t o  t he  

n o n - s o l v e n t  m i x t u r e .  Th i s  he l ped  t o  e x t r a c t  m e t h a c r y l i c  

a n h y d r i d e  f rom t he  p r o d u c t  as d i d  washi ng t he  po l ymer  w i t h  t he  

same s o l v e n t  f o l l o w i n g  c o l l e c t i o n  of  t he  s t i c k y  s o l i d  by 

f i l t r a t i o n .  R e p r e c i p i t a t i o n s  were c a r r i e d  out  u s i n g  e t h e r  a l one  

as t he  n o n - s o l v e n t ,

E x t e n s i o n  of  t h e  r e a c t i o n  t i me  t o  4 hours  at  O'-’C or  t o  2 

h ou r s  a t  room t e m p e r a t u r e  bot h  gave po l ymer s  of  mo d e r a t e l y  good 

c o n v e r s i o n .  The 4 h o u r / 0 * C  p r o d u c t ,  MP54, was d i f f e r e n t  f r om 

any p r e v i o u s  ba t ch  of  e s t e r i f i e d  po l ymer  i n  t h a t  i t  was 

c o m p l e t e l y  s o l u b l e  i n  2 - me t h o x y e t h a n o l  a t  room t e m p e r a t u r e  but  

d i s s o l v e d  i n  a s i m i l a r  q u a n t i t y  of  methanol  o n l y  on warmi ng;  

c o o l i n g  t o  room t e m p e r a t u r e  caused two phases t o  s e p a r a t e .

In i mag i ng  e x p e r i m e n t s  MP51 gave e nc o u r a g i n g  r e s u l t s  

a l t h o u g h  o n l y  coa r se  p a t t e r n s  were p roduced .  I t  was n o t i c e d  t h a t  

t h e  c r o s s - l i n k e d  p o r t i o n s  of  t hese  images s w e l l e d  c o n s i d e r a b l y  

i n  t he  aqueous d e v e l o p e r .  MP54 gave no d i s c e r n a b l e  image when 57. 

aqueous sodium c a r b o n a t e  was used as t he  d e v e l o p e r .  Sodium 

h y d r o x i d e  (107.) d i d  r e v e a l  t he  image however  but  removal  of  

unexposed a reas  was i n c o m p l e t e  and exposed areas were s e v e r e l y  

a f i e c t e d  by s w e l l i n g .  I t  was c l e a r  t h a t  t he  i n t en d e d  

c r o s s - l i n k i n g  was t a k i n g  p l a c e  bu t  t h a t  t he  aqueous d e v e l o p e r  

was i n c a p a b l e  of  do i ng  i t s  j ob .  E x p e r i me n t s  w i t h  some common 

o r g a n i c  s o l v e n t s  a r r i v e d  at  m i x t u r e s  c o n t a i n i n g  ace t one  as 

a c c e p t a b l e  d e v e l o p e r s  f o r  MP54 i n  h i gh  r e s o l u t i o n  i mag i ng .

The c o n d i t i o n s  of  MP51 were r ep e a t e d  i n  t he  p r e p a r a t i o n s  of  

MP56 and MP58, and t hose  of  MP54 i n  t he  p r e p a r a t i o n  of  MP60.

Th i s  l a s t  p r o d u c t  was used t o  p roduce g r a t i n g s  of  600 1 mm*' .
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Samples p r epa r ed  under  t he  same c o n d i t i o n s  as MP60 bu t  u s i n g  

MPIO and MP14 as t he  s t a r t i n g  m a t e r i a l s  (MP59 and MP63 

r e s p e c t i v e l y )  were of  s i m i l a r l y  h i gh  c o n v e r s i o n  bu t  not  as 

e f f i c i e n t  a t  i mag i ng  as MP60 u s i ng  t he  same c o n d i t i o n s  of  

deve l o pme n t .  The t i me  f o r  t he  r e a c t i o n  of  MP37 w i t h  m e t h a c r y l i c  

a n h y d r i d e  was f u r t h e r  ex t ended t o  8 and 12 hours  i n  t he  

p r e p a r a t i o n s  of  MP62 and MP63. MP62 has been used t o  p r e p a r e  

g r a t i n g s  of  1200  1 mm" ' .

2 . 4 C h a r a c t e r  i z at  i on of  Po l ymers

The c h a r a c t e r i z a t i o n  of  t hese  po l ymer s  has been concerned  

w i t h  e s t a b l i s h i n g  t h e i r  chemi ca l  s t r u c t u r e .  I n f o r m a t i o n  about  

c o m p o s i t i o n  was o b t a i n e d  by a n a l y s i s  of  t he nmr s p e c t r a  of  

samples and by a t i t r a t i o n  t e c h n i q u e .  Some i n f o r m a t i o n  about  t he  

m o l e c u l a r  we i g h t  of  p r o d u c t s  has been i n f e r r e d  f rom v i s c o m e t r y  

measurements and t he  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  has been 

mo n i t o r e d  by g e l - p e r m e a t i o n  c h r oma t og r aphy .

2 . 4 . 1  Nuc1e a r Magne t i c  Resonance Spe c t ra  of  Copol ymers

Nuc l e a r  magne t i c  r esonance  s p e c t r a  of  po l ymer s  may be used 

t o  make i n f e r e n c e s  about  c o m p o s i t i o n  and s t r u c t u r e .  The sequence 

d i s t r i b u t i o n  and t a c t i c i t y  of  met hy l  m e t h a c r y l a t e - m e t h a c r y l i c  

a c i d  c opo l y mer s ' ®® and t he  monomer r a t i o s  i n  b u t y l  

m e t h a c r y l a t e - g 1y c i d y l  m e t h a c r y l a t e  c opo l y mer s ' ®?  are examples 

f r om t he  l i t e r a t u r e .  In t he  copo l ymer s  of  t h i s  i n v e s t i g a t i o n  

t h e r e  are  t h r e e  monomers t o  be assayed and a method had t o  be 

found  t o  i s o l a t e  i n f o r m a t i o n  about  each of  them f rom t he 

i n t e g r a l s  of  peaks i n  t he  p r o t o n  nmr spec t r um.  An a n a l y s i s  of  

t he  h i g h - f i e l d  (400MHz) spec t r um of  MPI ( f i g .  2 . 1 )  and t he
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s t r u c t u r e  of  t he  copo l ymer  (53)  l ed t o  t he  f o l l o w i n g  

a s s i g n m e n t s :  The peaks l a b e l l e d  "a"  are  due t o  t he  methy l  and 

me t hy l ene  p r o t o n s  on t he  po l ymer  backbone.  S i nce  each monomer 

makes t he  same c o n t r i b u t i o n  t o  t h i s  r e g i o n  of  t he  s p ec t r um,  one 

f i f t h  of  t h i s  i n t e g r a l  c o r r e s p o n d s  w i t h  one p r o t o n  on each of  

t he  monomer u n i t s  p r e s e n t .  The peak l a b e l l e d  "b"  i s  due t o  t he  

met hy l  group of  t he  met hy l  m e t h a c r y l a t e  r e s i d u e s  and t he  two 

peaks l a b e l l e d  " c " ,  of  equal  i n t e n s i t y ,  are  due t o  t he 

h y d r o x y e t h y l  me t hy l ene  p r o t o n s .

MPI

U L

f- t

F i g u r e  2.1 400MHz nmr Spect rum of  MPI

a fjle 

— f-CH,- cà

C O z H

a IJe

f - C H 2 - C 4

CO
I
0
CHjCH^OH
C

(53)

Ç0
0

CH3
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From t h e s e  a s s i g n m e n t s  e q u a t i o n s  wer e  a r r i v e d  a t  f o r  t h e  

mo l a r  r a t i o s  of  me t h y l  m e t h a c r y l a t e  and h y d r o x y e t h y l  

m e t h a c r y l a t e  p r e s e n t  i n  a sa mpl e  of  c o p o l y m e r .  The m e t h a c r y l i c  

a c i d  c o n t e n t  may t h e n  be c a l c u l a t e d  by d i f f e r e n c e .  The e q u a t i o n s  

a r e  g i v e n  b e l ow whe r e  X<MAA) ,  Y<h e m a ) and Z<m m a > a r e  t h e  

mol e  f r a c t i o n s  of  each monomer p r e s e n t  i n  t h e  p o l y m e r  and a , b  and 

c a r e  t h e  i n t e g r a l s  of  t h e  peaks  d e s i g n a t e d  t h u s  i n  F i g u r e  2 . 1 :

Y ( H E M A )  = 5 . c
4 a

Z ( M M A )  -  ^  ^

3 a

X ( M A A )  “  1 “  [ Y ( H E M A )  “  Z ( M M A ) ]

A p p l y i n g  t h e s e  e q u a t i o n s  t o  t h e  250 and 400  MHz nmr s p e c t r a  

of  MP I ,  MPI O,  MP14 and MP37 g i v e s  f i g u r e s  f o r  t h e  mo l a r  

c o m p o s i t i o n s  of  t h e s e  p o l y m e r s  as p r e s e n t e d  b e l o w ,  ( T a b l e  2 . 4 ) .  

S p e c t r a  wer e  run i n  d e u t e r o m e t h a n o l , d i m e t h y l  s u l p h o x i d e  was 

t r i e d  i n i t i a l l y  b u t  s p e c t r a  wer e  p o o r l y  r e s o l v e d  due t o  t h e  h i g h  

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

MMA
250 MHz 

MAA HEMA MMA
400 MHz 

MAA HEMA

MPI 32 13 55 30 20 50

MPIO 30 21 49 27 25 48

MP14 25 25 50 25 23 52

MP37 15 27 58 12 32 56

MMA= me t h y l  m e t h a c r y l a t e ,  MAA= m e t h a c r y l i c  a c i d ,  HEMA= 
e t h y l  m e t h a c r y l a t e .

h y d r o x y -

T a b l e  2 . 4  C o m p o s i t i o n s  of  C o p o l y me r s  D e t e r m i n e d  by H i g h - F i e l d  
nmr S p e c t r o s c o p y .

I t  can be seen f r o m t h i s  t a b l e  ( T a b l e  2 . 4 )  t h a t  a l t h o u g h  

t h e r e  i s  g e n e r a l  a g r e e m e n t  b e t w e e n  t h e  two s e t s  of  d a t a ,  

d i s c r e p a n c i e s  can be q u i t e  l a r g e  i n  some i n s t a n c e s .  T h i s  i s  

p a r t i c u l a r l y  t r u e  of  t h e  f i g u r e  f o r  t h e  m e t h a c r y l i c  a c i d  c o n t e n t  

as e r r o r s  i n  t h e  c a l c u l a t i o n s  of  t h e  h y d r o x y e t h y l  m e t h a c r y l a t e  

and me t h y l  m e t h a c r y l a t e  f i g u r e s  may be a d d e d ,  g i v i n g  t w i c e  t h e  

u n c e r t a i n t y .  I d e a l l y  s p e c t r a  s h o u l d  be r e c o r d e d  s e v e r a l  t i m e s  

and t h e  mean r e s u l t  c a l c u l a t e d  b u t  t h i s  woul d  p l a c e  an 

u n r e a s o n a b l e  demand on s p e c t r o m e t e r  t i m e .  I n  g e n e r a l  more  

r e l i a n c e  w i l l  be p l a c e d  on t h e  r e s u l t s  d e t e r m i n e d  by a n a l y s i s  of  

s p e c t r a  r un  a t  400MHz as t h e s e  s p e c t r a  a r e  b e t t e r  r e s o l v e d  t h a n  

t h o s e  run a t  250MHz.

S i m i l a r  c a l c u l a t i o n s  wer e  p e r f o r m e d  on t h e  s p e c t r a  of  t h e  

MPX s e r i e s  of  c o p o l y m e r s  and t h e  r e s u l t s  a r e  t a b u l a t e d  b e l o w ,  

( T a b l e  2 , 5 ) .  I t  a p p e a r s  f r o m t h e s e  r e s u l t s  t h a t  t h e  m e t h a c r y l i c  

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

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

r e s u l t s  s h o u l d  be compar ed  t o  t h o s e  o b t a i n e d  by t i t r a t i o n ,
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( S e c t i o n  2 . 4 . 3 ) .

250 MHz
p o l y m e r MMA MAA MMA MAA

MPX10" 85 15 90 10

MPX 20 33 17 87 13

MPX25 75 25 81 19

MPX30 76 24 80 20

MPX40 59 41 66 34

400 MHz

MMA= m e t h y l  m e t h a c r y l a t e ,  MAA= m e t h a c r y l i c  a c i d ,  HEMA= h y d r o x y 
e t h y l  m e t h a c r y l a t e .
*  MPX10 s p e c t r a  wer e  r e c o r d e d  i n  d s - p y r i d i n e .

T a b l e  2 . 5  C o m p o s i t i o n s  of  t h e  MPX S e r i e s  of  C o p o l y me r s  
D e t e r m i n e d  by H i g h - F i e l d  nmr S p e c t r o s c o p y

2 . 4 . 2  N u c l e a r  Mag n e t i c Re s o na nc e  S p e c t r a  o f De r i v a t i z e d  
Co p o l y m e r s

A me a s u r e  of  t h e  e f f i c i e n c y  of  t h e  e s t é r i f i c a t i o n  r e a c t i o n  

i s  t h e  p e r c e n t a g e  of  a v a i l a b l e  h y d r o x y l  g r o u p s  wh i ch  have  been  

c o n v e r t e d  t o  t h e  m e t h a c r y l a t e  e s t e r .  T h i s  q u a n t i t y  can a l s o  be 

c a l c u l a t e d  by a n a l y s i s  of  t h e  nmr s p e c t r a  of  p o l y m e r s ,  a l t h o u g h  

a k n o w l e d g e  of  t h e  base  c o p o l y m e r  c o m p o s i t i o n  i s  r e q u i r e d .

The c o n v e r s i o n  of  some of  t h e  h y d r o x y e t h y l  g r o u p s  t o  t h e  

m e t h a c r y l a t e  e s t e r  p r o d u c e s  ch a n g e s  i n  t h e  p r o t o n  nmr s p e c t r u m  

of  t h e  p o l y m e r ,  as can be seen i n  t h e  s p e c t r u m  of  MP5 b e l o w ,  

( F i g u r e  2 . 2 ) .
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M P5

400 MHz

F i g u r e  2 . 2  400 MHz nmr S p e c t r u m of  MP5

The p r i n c i p a l  c h a n g e s  seen i n  t h e  s p e c t r u m  a r e  t h e  two new 

p e a k s  ( l a b e l l e d  " d " )  due t o  t h e  v i n y l  p r o t o n s  of  t h e  n e wl y  

i n t r o d u c e d  m e t h a c r y l a t e  g r o u p ,  a l o s s  i n  i n t e n s i t y  of  t h e  p e a k s  

due t o  t h e  u n e s t e r i f i e d  h y d r o x y e t h y l  m e t h y l e n e  p r o t o n s  ( mar ked  

" c ")  and t h e  a p p e a r a n c e  of  new p eak s  i n  t h e  r e g i o n  b e t we e n  4 . 0  

and 5 . 0  ppm. The i s o b u t y r a t e  e s t e r  of  h y d r o x y e t h y l  m e t h a c r y l a t e  

( 5 4 )  was p r e p a r e d  as a model  compound f o r  p a r t  o f  t h e  p o l y m e r  

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

p e a k s .

Me
I

CH3— CH
I
C-0

Me

— ( C H 2— C- } -

OCH2CH2

9
' C O

c = o

OCH2ÇH2

CH2
( 5 4 )

CH2
Me

0
c = o

Me

The me t h y l  m e t h a c r y l a t e  r e s i d u e  s h o u l d  be u n a f f e c t e d  by 

d e r i v a t i z a t i o n  of  t h e  p o l y m e r .  I f  t h i s  i s  t h e  ca s e  t h e n  t h e  peak
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l a b e l l e d  "b" ( F i g u r e  2 . 2 )  can be used as an i n t e r n a l  s t a n d a r d  by 

whi c h  t o  me a s ur e  t h e  changes  i n  t h e  s p e c t r u m .  T h i s  l e a d s  t o  two  

p o s s i b l e  met hods  of  c a l c u l a t i o n  of  t h e  p e r c e n t a g e  of  h y d r o x y l  

g r o u p s  e s t e r i f i e d .  Met hod 1 compar es  t h e  new p eak s  "d" t o  t h e  

me t h y l  m e t h a c r y l a t e  r e s o n a n c e  "b" and met hod 2 uses t h e  l o s s  of  

t h e  " c " peak  by c o mp a r i n g  t h e  r a t i o s  of  " c " t o  " b " i n  t h i s  

s p e c t r u m  and i n  t h a t  of  t h e  base c o p o l y m e r .  I n t h e  e q u a t i o n s  

p r e s e n t e d  b e l o w Z c m m a ) and Y<h !-m a ) r e f e r  t o  t h e  mo l a r  

p e r c e n t a g e s  of  me t h y l  m e t h a c r y l a t e  and h y d r o x y e t h y l  m e t h a c r y l a t e  

i n  t h e  p a r t i c u l a r  base  c o p o l y m e r ,  as p r e v i o u s l y  d e t e r m i n e d  by 

nmr and b , c  and d r e p r e s e n t  t h e  i n t e g r a l s  of  t h e  peaks  l a b e l l e d  

t h u s  i n  F i g u r e  2 . 2 ;

M e t h od 1

% HEMA g r o u p s  e s t e r i f i e d  = 1  • 1  ■ Z(MMA, x 100
b Y(

Met hod
4 Y < H E M A

7. HEMA g r o u p s  e s t e r i f i e d  = 3Z <m m a )  b___ x 100
4 Y ( H E M A )

Z < M M A )

The d a t a  d e r i v e d  f r om t h e  a n a l y s i s  of  s p e c t r a  by bot h  

me t h o d s ,  and a t  250  and 400MHz a r e  g i v e  i n  t h e  f o l l o w i n g  t a b l e s .  

C o n s i s t e n c y  of  d a t a  has been m a i n t a i n e d ;  t h a t  i s  400MHz s p e c t r a  

ha v e  been a n a l y s e d  u s i n g  t h e  c o p o l y m e r  c o m p o s i t i o n s  d e r i v e d  f r o m  

400MHz s p e c t r a ,  and s i m i l a r l y  f o r  250MHz s p e c t r a .  To save  t i m e  

and a v o i d  m i s t a k e s  i n  p e r f o r m i n g  many r e p e t i t i v e  c a l c u l a t i o n s ,  a 

c o m p u t e r  was used t o  p r o c e s s  t h e  me a s ur e me nt s  t a k e n  f r om t h e  

s p e c t r a ,  ( s e e  A p p e n d i x  l b ) .

The r e s u l t s  of  t h e  a n a l y s e s  a r e  g r o u p e d ,  f o r  t h e  most  p a r t  

i n  t h e  same o r d e r ,  as t h e  p r e p a r a t i o n s  a p p e a r  i n  t h e
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E x p e r i m e n t a l S e c t i o n .  Where t h e r e  i s no e n t r y  i n a t a b l e  i t  was

n o t  p o s s i b l e t o  o b t a i n  a s p e c t r u m  on t h a t  s a m p l e . g e n e r a l l y

t h i s  was b e c a u s e  a c r o s s - l i n k e d  p r o d u c t  was o b t a i n e d .

p o l y m e r
250  

met hod 1
MHz

met hod 2
400  

met hod 1
MHz

met hod 2

MP3 22 27 21 30

MP4 44 57 37 49

MP5 33 40 33 26

MP6 42 64 42 49

MP8 38 32 31 25

MP15 45 69 48 58

MP17 41 64 39 76

MPI  8 21 24 21 24

T a b l e  2 . 6  E s t i m a t e s  ( by nmr)  of  t h e  P e r c e n t a g e  of  -OH Gr oups  
E s t e r i f i e d ,  I n i t i a l  c o n v e r s i o n s  of  MPI .

For  t h i s  s e t  o f  d a t a  ( T a b l e  2 . 6 )  a g r e e m e n t  i s  g e n e r a l l y  

v e r y  good b e t w e e n  t h e  f i g u r e s  a r r i v e d  a t  by t h e  c a l c u l a t i o n  of  

met hod  1 a t  250  and 400MHz f o r  each p o l y m e r .  Met hod 2 a p p e a r s  

much l e s s  r e l i a b l e .  The s e  f i g u r e s  show t h a t  d e s p i t e  t h e  v i g o r o u s  

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

q u a n t i t a t i v e ,  t h e  h i g h e s t  b e i n g  i n  t h e  r e g i o n  of  4 5 - 4 8 7 . ,  ( MP15,  

met hod 1 ) .
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p o l y m e r met hod 1
MHz

met hod 2
4ÜÜ 

met hod 1
MHz

met hod 2

MP19 19 22 22 21

MP20 4 8 3 10

MP21 4 - 6 4 - 3

MP22 6 4 10 9

MP23 10 21 17 30

MP24 23 14 36 55

MP25 - - 18 38

MP26 20 7 20 27

MP27 4 4 5 11

MP28 10 - 8 7 28

MP29 16 22 17 26

MP30 7 18 10 7

MP31 9 9 10 10

MP32 9 12 10 6

MP33 22 29 24 26

MP34 - - 38 65

MP35 - 44 63

____________ __ _______ L_.___ _____________

T a b l e  2 . 7  E s t i m a t e s  (by nmr)  of  t h e  P e r c e n t a g e  of  -OH Gr oups  
E s t e r i f i e d ,  D i l u t i o n  S t u d i e s  of  MPI  4.
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T he se  d a t a  ( T a b l e  2 . 7 )  a g a i n  show t h a t  met hod 1 g i v e s  

f a i r l y  good a g r e e m e n t  b e t w e e n  s p e c t r a  r un  a t  25 0  and 4 00 MHz 

( w i t h  t h e  odd e x c e p t i o n ) .  Met hod 2 a g a i n  p r o v e s  t o  be 

u n r e l i a b l e ,  g i v i n g  n e g a t i v e  f i g u r e s  i n  some i n s t a n c e s  when 

c o n v e r s i o n s  wer e  l ow and l a r g e  o v e r e s t i m a t e s  when c o n v e r s i o n s  

wer e  h i g h .

A c o m p a r i s o n  o f  t h e  ( 4 0 0 MHz,  met hod 1) f i g u r e s  w i t h  t h e  

a p p a r e n t  s o l u b i l i t y  o f  s a m p l e s  o f  t h e s e  p o l y m e r s  i n  57. aq u e o u s  

sod i um c a r b o n a t e  s o l u t i o n  shows t h a t  s o l u b l e  p o l y m e r s  wer e  

p r o d u c e d  a t  l ow c o n v e r s i o n s  o n l y ,  ( T a b l e  2 . 8 ) .  The c u t - o f f  p o i n t  

a p p e a r s  t o  be b e t we e n  10 and 20 p e r c e n t  c o n v e r s i o n ,  (177.  may be 

t h e  c r i t i c a l  f i g u r e  b u t  t h e r e  a r e  no d a t a  b e t w e e n  10 and 177. t o  

p u t  t h i s  t o  t h e  t e s t ) .  D e t e r m i n a t i o n  of  s o l u b i l i t y  was d i f f i c u l t  

w i t h  s a m p l e s  n e a r  t h i s  c u t - o f f  p o i n t ,  d i s s o l u t i o n  b e i n g  s l o w ,  or  

p e r h a p s  i n c o m p l e t e  w i t h  some s w o l l e n  p a r t i c l e s  r e m a i n i n g .

p o l y m e r

MP20

MP21

MP27

MP30

MP31

MP32

s o l u b l e  i n  57. aq .  
s o d i u m c a r b o n a t e ?

yes

yes

yes

MP28

yes

yes

yes

7. e s t é r i f i c a t i o n  
( 4 0 0 MHz,  met hod 1)

10

10

10

10

Table 2.8 continued overleaf
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c o n t i n u e d  f r om p r e v i o u s  page.

po l ymer s o l u b l e  i n  57. aq. 
sodium c a r b o n a t e ?

7. e s t é r i f i c a t i o n  
( 400MHz, method 1)

MP29 yes? ( s l ow) 17

MP23 no 17

MP25 no 18

MP26 no 20

MPI 9 no 22

MP33 no 24

MP24 no 36

MP3 4 no 38

MP35 no 44

Tab l e  2 . 8  A Compar i son  of  t he  S o l u b i l i t y  i n  5% Aqueous Sodium 
Car bona t e  w i t h  t he  Degree of  E s t é r i f i c a t i o n  (as Det er mi ned  by 
nmr ) .

The l a s t  s e t  of  d a t a ,  ( Ta b l e  2 . 9 ) ,  shows t he  e f f i c i e n c y  of  

t h e  m e t h a c r y l i c  a n h y d r i d e  r e a c t i o n  t o  be q u i t e  h i g h ,  a c h i e v i n g  

c o n v e r s i o n s  of  58 and 64 p e r c e n t  i n  t h e  case of  MP61 and MP62 

r e s p e c t i v e l y .  These f i g u r e s  are  h i g h e r  t han  any seen us i ng  

m e t h a c r y l o y l  c h l o r i d e  as t he  a c y l a t i n g  a g e n t ,  r e a c t i o n  t i mes  of  

8 and 12 h ou r s  were employed however .

E s t é r i f i c a t i o n  ( w i t h  m e t h a c r y l i c  a n h y d r i d e )  of  MPIO ( g i v i n g  

MP59) ,  MPI 4 ( g i v i n g  MP63) and MP37 ( g i v i n g  MP54 and MP6 Û) were 

each c a r r i e d  ou t  under  t he  same c o n d i t i o n s  of  c o n c e n t r a t i o n ,  

t i me  (4 h o u r s )  and t e m p e r a t u r e  ( i c e - b a t h ) ,  a l t h o u g h  on v a r y i n g  

s c a l e s .  Degrees of  c o n v e r s i o n  were s i m i l a r  f o r  MP59 (357.) and
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MP63 (347. )  b u t  s l i g h t l y  h i g h e r  f o r  t h e  MP37 based  s a mp l e s  MP54 

(407. )  and MP60 ( 4 2 % ) .  T h i s  h i g h e r  c o n v e r s i o n  of  MP37 based  

p o l y m e r s  may be due t o  t h e  h i g h e r  mo l a r  p r o p o r t i o n  of  

h y d r o x y e t h y l  m e t h a c r y l a t e  r e s i d u e s  i n  MP37 compar ed  t o  MPIO and 

MP14 ( T a b l e  2 . 4 ,  S e c t i o n  2 . 4 . 1 )  g i v i n g  a g r e a t e r  c o n c e n t r a t i o n  

of  -OH g r o u p s  i n  t h e  m i x t u r e  and hence  a g r e a t e r  r a t e  of  

r e a c t i o n .  A n o t h e r  f a c t o r  wh i c h  may be i m p o r t a n t  i s  t h e  

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

m o l e c u l e  w i l l  be l e s s  a c c e s s i b l e  t o  b u l k y  r e a g e n t s .  V i s c o s i t y  i s  

s e n s i t i v e  t o  t h e  s i z e  of  s o l v a t e d  p o l y m e r  m o l e c u l e s  and i n d e e d  

p o l y m e r s  w i t h  h i g h e r  a c i d  c o n t e n t s  ha v e  g r e a t e r  i n t r i n s i c  

v i s c o s i t i e s ,  ( S e c t i o n  2 . 4 . 5 ) ,  one p o s s i b l e  e x p l a n a t i o n  of  t h i s  

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

s o l v a t e d  m o l e c u l e s  i s  b e i n g  a d o p t e d .

p o l y m e r

MP59*

MP48

■■•A o fMP4 9

MP50

MP51

MP54

m p :

MP56

25 0  MHz 
met hod 1 met hod 2

45

46

19

48

41

15

16

19

17

23

62

35

400  MHz 
met hod 1 met hod 2

JO

16

31

17

40

12

32

62

26

57

72

32

*■ Based on MPI O.  f E s t e r i f i e d  u s i n g  m e t h a c r y l o y l  c h l o r i d e .

Table 2.1 continued overleaf
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o n t i n u e d  f r o m p r e v i o u s  p a g e .

p o l y m e r
250  

met hod 1
MHz

met hod 2
400  

met hod 1
MHz

met hod 2

MP58 12 27 11 34

MP60 40 35 42 40

MP61 - - 58 75

MP62 - - 64 83

MP63f - - 34 31

f  Based on MF'14

T a b l e  2 . 9  E s t i m a t e  ( by nmr)  of  t h e  P e r c e n t a g e  of  -OH Gr oups  
E s t e r i f i e d ,  MP37 and M e t h a c r y l i c  A n h y d r i d e .

W i t h  t h e  e x c e p t i o n  o f  MP48,  t h e  c o n v e r s i o n  f i g u r e  f o r  wh i c h  

must  be i n  d o u b t ,  a s t e a d y  i n c r e a s e  i n  c o n v e r s i o n  w i t h  i n c r e a s e d  

r e a c t i o n  t i m e  can be s e e n ,  w i t h  an a p p a r e n t  l e v e l l i n g - o f f  a f t e r  

t h e  8 hour  c o n v e r s i o n ,  ( T a b l e  2 . 1 0 ) .

p o l y m e r

MP48

MP50

MP51

MP56

MP58

r e a c t i o n  t i m e / h

0 . 5

7. e s t é r i f i c a t i o n  
( 400MHz , met hod 1 )

16

17'

1 2 >  mean 13

Table 2.10 continued  overleaf
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c o n t i n u e d  f r o m p r e v i o u s  p a g e .

7. e s t é r i f i c a t i o n
p o l y m e r r e a c t i o n  t i m e / h (400MHz , met hod 1)

MP54 4 40"

(>• mean 4 1
MP60 4 42^

MP61 8 58

MP62 12 64

T a b l e  2 . 1 0  A C o m p a r i s o n  of  t h e  D e g r e e  of  E s t é r i f i c a t i o n  w i t h  
R e a c t i o n  Ti me f o r  E s t é r i f i c a t i o n s  of  MP37 a t  O'^C Us i n g  
M e t h a c r y l i c  A n h y d r i d e .

Such a s e t  of  d a t a  ( T a b l e  2 . 1 0 )  c a n ,  i n  p r i n c i p l e ,  be used  

t o  d e r i v e  k i n e t i c  i n f o r m a t i o n .  I f  t h e  k i n e t i c s  of  t h e  p r o c e s s  

was t h e  a i m h o w e v e r ,  g r e a t e r  c a r e  wou l d  have  had t o  have  been  

t a k e n  i n  o r d e r  t o  e l i m i n a t e  i n c o n s i s t e n c i e s  b e t w e e n  e x p e r i m e n t s .  

The m a j o r  v a r i a b l e  was t h e  r e a g e n t  i t s e l f  wh i ch  was p r e p a r e d  i n  

b a t c h e s  f r o m t i m e  t o  t i m e  and g e n e r a l l y  c o n t a i n e d  some f r e e  

m e t h a c r y l i c  a c i d .  A n o t h e r  p o s s i b l e  i n f l u e n c i n g  f a c t o r  was t h e  

l e n g t h  of  t i m e  b e t w e e n  t h e  i n i t i a l ,  and se cond p r e c i p i t a t i o n ,  

when t h e  l a s t  t r a c e s  o f  r e a g e n t  wer e  r emoved f r o m t h e  p r o d u c t .

The s p e c t r a  of  t h e  a c e t y l a t e d  p o l y m e r s ,  MP43,  MP45 and MP47 

a r e  no t  a m e n a b l e  t o  q u a n t i t a t i v e  a n a l y s i s  i n  t h e  same way as t h e  

m e t h a c r y l a t e  e s t e r s .  T h i s  i s  b e c a u s e  t h e  a c e t y l  g r o up  r e s o n a n c e  

a p p e a r s  i n  t h e  same r e g i o n  of  t h e  s p e c t r u m  as t h e  p r o t o n s  on t h e  

p o l y m e r  b a c k b o n e .  A q u a l i t a t i v e  e s t i m a t e  may be a r r i v e d  a t  by 

i n s p e c t i o n ,  as has a l r e a d y  been m e n t i o n e d ,  ( S e c t i o n  2 . 3 . 4 ) .
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The c a r b o x y l  a t e  g roups  of  m e t h a c r y l i c  a c i d  r e s i d u e s  are  of  

p r i me  i m p o r t a n c e  t o  t he  s o l u b i l i t y  c h a r a c t e r i s t i c s  of  t he  

c o p o l y m e r s ,  p a r t i c u l a r l y  when c o n s i d e r i n g  57. aqueous sodium 

c a r b o n a t e  as t he  d e v e l o p i n g  a ge n t .  The d e t e r m i n a t i o n  of  t he  

mo l a r  p e r c e n t a g e  of  m e t h a c r y l i c  a c i d  i n c o r p o r a t e d  i n  c opo l y mer s  

w i l l  be s u b j e c t  t o  l a r g e  e r r o r s  when e s t i m a t e d  f r om t he  nmr da t a  

as i t i s n o t  measured d i r e c t l y  bu t  c a l c u l a t e d  by d i f f e r e n c e  a f t e r  

d e t e r m i n i n g  t he  met hy l  m e t h a c r y l a t e  and h y d r o x y e t h y l  

m e t h a c r y l a t e  f i g u r e s .  A c omp l emen t a r y  a n a l y s i s  i s  t h e r e f o r e  

a f f o r d e d  by t he  d i r e c t  t i t r a t i o n  of  a v a i l a b l e  a c i d  g roups .

T i t r a t i o n s  were p e r f o r me d  on samples of  po l ymer  whi ch had 

been d r i e d  i r i  v a c u o  over  P2 O5 f o r  24 hou r s  b e f o r e  

a n a l y s i s .  A s o l u t i o n  i n  met hano l  was t i t r a t e d  w i t h  a O. IN sodium 

h y d r o x i d e  s o l u t i o n  p r e v i o u s l y  s t a n d a r d i z e d  by t i t r a t i o n  a g a i n s t  

a n a l y t i c a l  g rade  b e n z o i c  a c i d .  A compar i son  o f  p o l y ( m e t h a c r y l i c  

a c i d ) ,  (MPI 2 ) ,  t i t r a t e d  as s o l u t i o n s  i n  bo t h  wa t e r  and methanol  

gave i d e n t i c a l  r e s u l t s ,  showi ng t h a t  met hano l  i s  a v a l i d  s o l v e n t  

f o r  t h e  t i t r a t i o n  of  p o l y me r s .  The r e s u l t s ,  t a b u l a t e d  be l ow,  

( Ta b l e s  2 . 11  and 2 . 12 )  were t he  mean of  f o u r  t i t r a t i o n s  i n  each 

case,  c o r r e c t e d  f o r  a b l a n k  t i t r e ,  and exp r essed  as moles of  

-CO2 H per  gram of  p o l y me r .
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p o l y me r

MPI

MPIO

MP14

MP3 7

mol es  of  -COzH p er  gram

1 . 5 7 0  X 1 0 - 3

1 . 6 5 0  X 1 0 - 3

2 . 0 7 5  X 1 0 - 3

2 . 9 6 4  X 1 0 - 3

T a b l e  2 . 1 1  R e s u l t s  f o r  t h e  T i t r a t i o n  of  Co p o l y me r s

p o l y m e r

MPX20

MPX25

MPX30"

MPX40"

mol es  of  - COzH p e r  gram

1 . 8 3 5  X 1 0 - 3

2 . 3 2 7  X 10-

2 . 8 7 2  X 1 0 - 3

3 . 7 9 3  X 10

" Sa mp l e s  n o t  r e - d r i e d  b e f o r e  t i t r a t i o n .

T a b l e  2 . 1 2  R e s u l t s  f o r  t h e  T i t r a t i o n  of  t h e  MPX Co p o l y me r s

The r e s u l t  f o r  p o l y ( m e t h a c r y l i c  a c i d )  was 1 . 1 0 1  x 1 0 - =  

mol g - i .  MPX10 was i n s o l u b l e  i n  me t h a n o l  t h e r e f o r e  t i t r a t i o n  

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

2 . 4 . 4 Compar j  son of  Re s u 1 t s

The e s t i m a t e  of  t h e  a c i d  c o n t e n t  of  p o l y m e r s  d e t e r m i n e d  by 

t h e  a n a l y s i s  of  nmr d a t a  may be compar ed w i t h  t h e  f i g u r e  

o b t a i n e d  by t i t r a t i o n  by c o n v e r t i n g  i t  t o  t h e  same u n i t s .  Good 

q u a n t i t a t i v e  a g r e e m e n t  i s  n o t  e x p e c t e d  f o r  t h e  r e a s o n s  a l r e a d y
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g i v e n ,  b u t  t h e  f i g u r e s  s h o u l d  be i n  s t e p  w i t h  each  o t h e r ,  ( T a b l e  

2 . 1 3 ) .  I t  wou l d  a l s o  be p o s s i b l e  t o  c o n v e r t  t h e  t i t r a t i o n  f i g u r e  

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

p o l y m e r .  T h i s  has been  done f o r  t h e  MPX s e r i e s  of  c o p o l y m e r s  b u t  

n o t  f o r  t h e  t e r p o l y m e r s  as a s s u m p t i o n s  ha v e  t o  be made a b o u t  t h e  

m o l a r  p e r c e n t a g e s  of  t h e  o t h e r  two monomers t o  do t h i s .  F i g u r e s  

a r e  base d  on t h e  a n a l y s i s  of  400MHz nmr s p e c t r a .

p o l y m e r

MPI

MPIO

MPI  4

MP37

MPX 20

MPX25

MPX30

MPX 40

mo l e s  -COzH g " '

t i t r a t i o n  c a l c ,  ( nmr )

1 . 570x  10

1 . 6 5 0 x 1 0 - 3

2 . 0 7 5 x 1 0

2 . 9 6 4 x 1 0 - 3

1 . 8 3 5 x 1 0 - 3

2 . 3 2 7 x 1 0 -

2 . 8 7 2 x 1 0

3 . 7 9 3 x 1 9 - 3

1 . 7 8 1 x 1 0 - 3

2 . 2 5 2 x 1 0

2 . 0 4 4 x 1 0 -

2 . 8 4 6 x 1 0 - 3

1 . 3 2 3 x 1 0 - 3

1 . 9 5 0 x  10

2 . 0 5 5 x 1 0 - 3

3 . 5 6 6 x 1 0 - 3

m o l a r  p e r c e n t a g e  of  
m e t h a c r y l i c  a c i d

nmr

20

23

32

13

19

20

34

t i t r a t i o n

18

23

28

36

T a b l e  2 . 1 3  A C o m p a r i s o n  o f  t h e  M e t h a c r y l i c  A c i d  C o n t e n t  of  
C o p o l y m e r s  as D e t e r m i n e d  by T i t r a t i o n  and nmr .

I n s p e c t i o n  of  t h i s  t a b l e  ( T a b l e  2 . 1 3 )  shows a t e n d e n c y  t o  

u n d e r e s t i m a t e  t h e  m e t h a c r y l i c  a c i d  c o n t e n t  i n  t h e  nmr a n a l y s i s  

of  t h e  MPX s e r i e s  of  c o p o l y m e r s ,  as d e t e r m i n e d  by t i t r a t i o n .  

The s i t u a t i o n  i s  n o t  so c l e a r  w i t h  t h e  t e r p o l y m e r s ,  g i v i n g  

u n d e r e s t i m a t e s  i n  some c a s e s  and o v e r e s t i m a t e s  i n  o t h e r s ,  b u t
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t h e  g e n e r a l  a g r e e m e n t  i s f a i r l y  good e x c e p t  i n  t h e  c a s e  of  MPI O.

As w e l l  as c h e m i c a l  and s p e c t r o s c o p i c  a n a l y s i s ,  s a mp l e s  

wer e  s u b j e c t e d  t o  ( c o m b u s t i o n )  m i c r o - a n a l y s i s .  The r e s u l t s  f o r  

t h e  c o p o l y m e r  s e r i e s  a r e  compar ed  w i t h  t h e  f i g u r e s  p r e d i c t e d  by 

t h e  nmr d e r i v e d  c o m p o s i t i o n s  i n  t h e  f o l l o w i n g  t a b l e  ( T a b l e  

2 . 1 4 ) .

e x p e r i m e n t a l  /% c a l c u l a t e d
p o l y m e r ( m i c r o - a n a l y s i s ) (nmr )

MPI 5 4 . 6 2 7 . 6 5 5 6 . 6 7 7 . 7 2

MPIO 5 4 . 0 2 7 . 9 1 5 6 . 5 7 . 6 8

MPI  4 5 3 . 9 7 7 . 8 0 5 6 .  48 7 . 6 9

MP37 5 2 . 6 8 7 . 3 1 5 5 . 9 7 7 . 6 0

MPX 10 5 8 . 5 9 7 . 9 2 5 9 . 6 2 7 . 9 6

MPX20 5 7 . 9 9 7 . 8 7 5 9 . 5 1 7 . 9 4

MPX25 5 7 .  17 7 . 7 2 5 9 . 2 8 7 . 8 8

MPX30 7 . 0 6 5 9 . 2 5 7 . 8 7

MPX4Û 5 6 .  14 . 7 0 7 . 7 4

T a b l e  2 . 1 4  A C o mp a r i s o n  of  E x p e r i m e n t a l l y  D e t e r m i n e d  and 
C a l c u l a t e d  A t o mi c  P e r c e n t a g e s  of  C o p o l y m e r s .

The t a b l e  a bove  ( T a b l e  2 . 1 4 )  shows t h a t  t h e  m i c r o - a n a l y s i s  

d a t a  t e n d  t o  be on t h e  l ow s i d e  b u t  g e n e r a l l y  keep i n  s t e p  w i t h  

t h e  c a l c u l a t e d  f i g u r e s .  T h i s  may be due i n  p a r t  t o  t h e  

d i f f i c u l t y  of  g e t t i n g  p o l y m e r  s a mp l e s  c o m p l e t e l y  d r y .
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2 . 4 . 5  V i s c o s i t y  Meas u r eme n t s '  ^

The v i s c o s i t y  of  a po l ymer  s o l u t i o n  i s  dependent  on a 

number of  f a c t o r s ;  t e m p e r a t u r e ,  t h e  n a t u r e  of  t he  s o l v e n t ,  

c o n c e n t r a t i o n ,  t he  n a t u r e  of  t he  s o l u t e  and i t s  m o l e c u l a r  

w e i g h t .  For  any g i v e n  p o l y me r ,  a l l  o t h e r  c o n d i t i o n s  be i ng  

c o n s t a n t ,  a r e l a t i o n s h i p  e x i s t s  between t he  po l ymer  m o l e c u l a r  

w e i g h t  (M) and t he  i n t r i n s i c  v i s c o s i t y  ["7 ] whi ch may be 

ex p r es s ed  i n  t he  Mar k -Houwi nk  e q u a t i o n ;

[7 ] = km"*"

or  l og  [7 ] = l og K + oClog M

The c o n s t a n t s  K and ot are  d e t e r m i n e d  e x p e r i m e n t a l l y  f r om 

t h e  s l o p e  and i n t e r c e p t  of  a p l o t  of  l og  ( v i s c o s i t y )  a g a i n s t  

l og  M f o r  a s e r i e s  o f  samples  of  known m o l e c u l a r  w e i g h t .  When 

such a r e l a t i o n s h i p  has been e s t a b l i s h e d  t h e  m o l e c u l a r  w e i g h t  of  

an unknown sample can be d e t e r m i n e d  by a s i n g l e  v i s c o s i t y  

measurement .

The v i s c o s i t y  i s  no t  a d i r e c t  gauge of  m o l e c u l a r  w e i g h t ,  

bu t  i s  s e n s i t i v e  t o  t h e  e f f e c t i v e  s i z e  o f  t he  s o l v a t e d  po l ymer  

mo l e c u l e s  i n  s o l u t i o n .  For  t h i s  r e a s o n ,  o n l y  po l y me r s  w i t h  

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

q u a n t i t a t i v e  i n f o r m a t i o n .  For  c o p o l y m e r s ,  c o m p o s i t i o n  i s  an 

added v a r i a b l e  making a c c u r a t e  c a l i b r a t i o n  i m p o s s i b l e .  

Q u a l i t a t i v e  r e s u l t s  may s t i l l  be o b t a i n e d  however .

The i n t r i n s i c  v i s c o s i t i e s  of  our  po l y me r s  were d e t e r m i n e d  

as s o l u t i o n s  i n  2 - m e t h o x y e t h a n o l  u s i n g  a c a p i l l a r y  v i s c o m e t e r .  

T h i s  was suspended i n  a w a t e r - b a t h  a t  25'^C + 0 . 2 * C .  Up t o  

f o u r  s o l u t i o n s  of  d i f f e r i n g  c o n c e n t r a t i o n s  were p r e pa r e d  by 

d i l u t i o n  of  a s i n g l e  s t o c k  s o l u t i o n ,  a d d i t i o n a l  d i l u t i o n s  be i ng
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made i n  t h e  v i s c o m e t e r .  The h i g h e s t  c o n c e n t r a t i o n  used was a b o u t  

47. w t / v .  The t i m e  t a k e n  -for a c o n s t a n t  v o l ume  of  s o l u t i o n  t o  

pass  t h r o u g h  t h e  c a p i l l a r y  was m e a s u r e d ,  t h e  mean of  t h r e e  r u n s  

b e i n g  t a k e n  f o r  each c o n c e n t r a t i o n .  I t  must  be m e n t i o n e d  t h a t  

t a k e - u p  of  a t m o s p h e r i c  m o i s t u r e  by p o l a r  s o l v e n t s  can be a 

s o u r c e  of  e r r o r  i n  v i s c o m e t r y  me a s u r e me n t s  and i n  o r d e r  t o  

m i n i m i z e  t h i s ,  f r e s h l y  d r i e d  and r e d i s t i l l e d  s o l v e n t  was u s e d .

The r e s u l t s  wer e  t r e a t e d  as f o l l o w s :  t h e  r e l a t i v e  

v i s c o s i t y ,  7' -  , a t  any p a r t i c u l a r  c o n c e n t r a t i o n  i s  g i v e n  by;

w h e r e  t i s  t h e  me a s u r e d  f l o w  t i m e ,  t o  i s  t h e  f l o w  t i m e  f o r  

p u r e  s o l v e n t  and /  and fo  a r e  t h e  d e n s i t i e s  o f  s o l u t i o n  and 

s o l v e n t .  F o r  d i l u t e  s o l u t i o n s  f / f o ^ l  and t h i s  t e r m  i s  

i g n o r e d .  A more c o n v e n i e n t  f o r m i s  t h e  s p e c i f i c  v i s c o s i t y ,  

^ » p ,  g i v e n  by;

= (Yr -  i )  = ( t  -  t o  )
t  O

The r a t i o  ^ L p / c ,  whe r e  c i s  t h e  w e i g h t  c o n c e n t r a t i o n  of  

t h e  p o l y m e r  s o l u t i o n ,  i s  t e r me d  t h e  v i s c o s i t y  number  or  r e d u c e d  

v i s c o s i t y .  The g e n e r a l  f o r m of  t h e  d é p e n d a n c e  o f  t h i s  q u a n t i t y  

w i t h  c o n c e n t r a t i o n  i s  a power  s e r i e s :

( ? . p / c )  = [ 7 ]  + ^ c  + / c =  +

w h e r e  i s  t h e  l i m i t i n g  v i s c o s i t y  number  or  i n t r i n s i c

v i s c o s i t y  of  t h e  M a r k - H o u w i n k  e q a t i o n  a b o v e .  A s e m i - e m p i r i c a l  

e q u a t i o n ,  t h e  H u g g i n s  e q u a t i o n ,  may be used t o  t i t  t h e  

e x p e r i m e n t a l  d a t a ,  e x t r a p o l a t i n g  t o  i n f i n i t e  d i l u t i o n  t o  f i n d  a 

v a l u e  f o r  C ^ l .  The f o r m of  t h e  H u g g i n s  e q u a t i o n  i s :
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( Y , p / c )  = [ ^ ]  + l<[^3'"-c

I t  i s  g en e r a l  p r a c t i c e  t o  p l o t  a second se t  of  da t a  i n  

a c c o r danc e  w i t h  t he  Kraemer  e q u a t i o n :

( I n  7 ^ ) / c  = + k ' C 7 3 - c

Both p l o t s  s h o u l d  have a common i n t e r c e p t  a t  C^3 and t he  

f i g u r e s  quo t ed  bel ow are  t he  mean of  t h e s e  two v a l u e s .  A

comput e r  b e s t - f i t  method was used t o  t r e a t  t he  r e s u l t s ,  (see

Appendi x  2 ) .  The mean i n t r i n s i c  v i s c o s i t i e s  of  our  c opo l ymer s  

a re  g i v e n  b e l ow,  ( Ta b l e  2 . 1 5 ) .  MPX10 was no t  ana l y s ed  by t h i s  

method as i t  was not  s o l u b l e  i n  t he  s o l v e n t  used.

po l ymer

MPI

MPIO

MPI 4

MP37

MPX 20

MPX 30

MPX 40

[%3 / d l  g - ‘

0. 178

0 . 180

0. 214

0 . 2 2 0

0 . 119

0 . 1

0. 139

No. o f  da t a  p o i n t s

11

12

Tab l e  2 . 15  Mean I n t r i n s i c  V i s c o s i t i e s  of  Copol ymers

The i n f o r m a t i o n  t h a t  can be g l eaned  f rom t h es e  f i g u r e s  i s  

l i m i t e d .  R e s u l t s  a r e ,  however ,  c o n s i s t e n t  w i t h i n  each of  t he
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c opo l y mer  s e r i e s  and a re  a l l  of  r o u g h l y  t he  same o r d e r .  In both  

s e r i e s  t h e r e  i s  an i n c r e a s e  i n  t he  v i s c o s i t y  as t he  p e r c e n t a g e  

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

T h i s  c o u l d  be due t o  e i t h e r  a h i g h e r  m o l e c u l a r  w e i g h t  p r o d u c t  

be i ng  f ormed i n  m i x t u r e s  r i c h e r  i n  m e t h a c r y l i c  a c i d  or  po l ymer  

m o l e c u l e s  of  s i m i l a r  s i z e  w i t h  a h i g h e r  p r o p o r t i o n  o f  a c i d  

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

b e i ng  due t o  s o l v a t i o n  e f f e c t s .

The m o l e c u l a r  w e i g h t s  of  t h es e  po l y me r s  a re  p r o b a b l y  q u i t e  

l ow ,  t y p i c a l l y  between 20 , 000  t o  30 , 000  f o r  an i n t r i n s i c  

v i s c o s i t y  of  0. 1-0 .  2. ^ ^  Low m o l e c u l a r  w e i g h t  po l y mer s  are 

r e q u i r e d  i f  t he  r e s o l u t i o n  o f  p h o t o p o l y me r  images i s  no t  t o  

s u f f e r .  M o l e c u l a r  w e i g h t s  o f  t h i s  magn i t ude  were deemed t o  be 

a c c e p t a b l e  f o r  t h i s  a p p l i c a t i o n .

2 . 4 .  6 G e l - P er m e a t i o n  Chroma t o g r a p h y  ’• ^ ̂

G e l - p e r m e a t i o n  c h r o ma t o g r a p h y  ( g . p . c  or  non-aqueous  

s i z e - e x c  1 u s i o n  c h r o ma t o g r a p h y )  i s  a n o t h e r  t e c h n i q u e  s e n s i t i v e  t o  

t he  p h y s i c a l  d i me n s i o n s  of  po l ymer  m o l ec u l es  i n  s o l u t i o n .  The 

i n f o r m a t i o n  i t  s u p p l i e s  complement s  t h a t  o b t a i n e d  by o t h e r  means 

of  m o l e c u l a r  w e i g h t  d e t e r m i n a t i o n .  The s t a t i o n a r y  phase used i n  

g . p . c .  c o n s i s t s  of  beads of  an i n e r t  m a t e r i a l ,  f o r  example 

s i l i c a ,  t he  s u r f a c e s  of  wh i ch  show f e a t u r e s  such as c h an ne l s  or  

p i t s  o f  s i m i l a r  d i m e n s i o n s  t o  s o l v a t e d  po l ymer  mo l e c u l e s .

Po l ymer  mo l e c u l e s  d i s s o l v e d  i n  t he  m o b i l e  phase d i f f u s e  i n  

and ou t  o f  t hese  s u r f a c e  por es  and a re  t h e r e f o r e  r e t a r d e d  i n  

t h e i r  passage t h r o u g h  t he  co l umn.  Those mo l e c u l e s  t oo  l a r g e  t o  

f i t  i n  any of  t he  p o r e s  are  t o t a l l y  e x c l u de d  and are  e l u t e d  

f i r s t .  The d i s t r i b u t i o n  of  por e  s i z e s  ensu r es  t h a t  l a r g e  

m o l e c u l e s  w i l l  f i t  i n t o  r e l a t i v e l y  few por es  and w i l l  be e l u t e d
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w i t h  s h o r t  r e t e n t i o n  t i m e s .  S ma l l e r  mo l e c u l e s  w i l l  be r e t a r d e d  

by t he  same por es  as t he  l a r g e  mo l e c u l e s  and a l s o  by s m a l l e r  

p o r es  i n t o  whi ch i t  w i l l  f i t ,  t h e r e f o r e  t h e i r  r e t e n t i o n  t i mes  

w i l l  be g r e a t e r .  In t h i s  way a p l o t  of  m o l e c u l a r  w e i g h t  

d i s t r i b u t i o n  can be o b t a i n e d ,  a l t h o u g h  i n  t he  r e s u l t i n g  

c h r o ma t o g r ap h  ( F i g u r e  2 . 3  f o r  example)  i n c r e a s i n g  m o l e c u l a r  

w e i g h t  r uns  f rom r i g h t  t o  l e f t  r a t h e r  t han l e f t  t o  r i g h t .

A u n i f o r m  and n a r r ow d i s t r i b u t i o n  of  m o l e c u l a r  w e i g h t s  i s  

r e q u i r e d  of  po l y mer s  f o r  use i n  a p h o t o i ma g i n g  c o n t e x t  f o r  

opt imum d ev e l o pme n t .  An a l y s e s  of  our  po l y me r s  were c a r r i e d  ou t  

on s o l u t i o n s  i n  THF and a l l  show a s i n g l e  na r r ow d i s t r i b u t i o n  of  

m o l e c u l a r  w e i g h t .  A r e f r a c t i v e  i ndex d e t e c t o r  was used on a 

s t a n d a r d  HPLC s e t - u p  t o  r e c o r d  t he  c h r o ma t o g r a p h s .  The t r a c e  

r e c o r d e d  f o r  MP14 i s  shown b e l ow ,  ( F i g u r e  2 . 3 ) .  Po l ymers  

a n a l y s e d  by t h i s  t e c h n i q u e  were MPX10, 20,  25,  30 and 40,  MPI ,  

10, 14 and 37 and t he  d e r i v a t i z e d  po l y me r s  MP59, 60,  62 and 63.

The t e c h n i q u e  i s ,  i n  p r i n c i p l e ,  q u a n t i t a t i v e ,  c a l i b r a t i o n s  

be i ng  made w i t h  mon od i s pe r s e  p o l y s t y r e n e  s t a n d a r d s  of  known 

m o l e c u l a r  w e i g h t .  S i m i l a r  p r ob l ems  of  c a l i b r a t i o n  a r i s e  when 

a n a l y s i n g  c o po l y me r s  as were d i s c u s s e d  i n  t he  p r e v i o u s  s e c t i o n  

on v i s c o m e t r y .



l i a

d e t e c t o r  
r esponce  

( r .  i . )

i  \

t i me
m o l e c u l a r  w e i g h t

F i g u r e  2 . 3  G e l - P e r m e a t i o n  Chr omat ogr aph  of  MPI 4
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^  A j t e  r  n ^ t  j  J/e _P o j ym ej^ S t  r a_t e g i es

D i f f i c u l t i e s  i n  a c h i e v i n g  t he  r e q u i r e d  t a r g e t  po l ymer s  by 

e s t e r i f i c a t i o n  of  c o po l y me r s  w i t h  m e t h a c r y l o y l  c h l o r i d e  prompted 

t h e  p o s t u l a t i o n  of  a l t e r n a t i v e  r o u t e s  t o  t he  same or  s i m i l a r  

p o l y me r s .  However t h e  s u c c e s s f u l  use of  m e t h a c r y l i c  a n h y d r i d e  

overcame many of  t h e s e  p r o b l e ms .

These a l t e r n a t i v e  app roaches  are d i s c u s s e d  i n  t h i s  c h a p t e r ,  

as are  some o t h e r  a s p e c t s  of  our  main po l ymer  s t r a t e g y .

1 Ot her  Routes  t o  t he  Tj ^rget  Pol_ymei2^

Po l ymers  w i t h  s i m i l a r  c r o s s - l i n k a b l e  f u n c t i o n a l i t y  t o  our  

t a r g e t  s t r u c t u r e s  have been p r epa r ed  by w o r k e r s  at  Kodak.  In 

t h e i r  s t u d i e s  c o po l y me r s  of  h y d r o x y e t h y l  m e t h a c r y l a t e  were 

e s t e r i f i e d  w i t h  a c r y l o y l  or  m e t h a c r y l o y l  c h l o r i d e  i n  

1 , 2 - d i c h 1 o r o e t h a n e  u s i n g  t r i e t h y l  ami ne as t h e  ac y l  t r a n s f e r  

a g e n t . I t  has no t  been p o s s i b l e  t o  u t i l i z e  t h i s  

method w i t h  our  p o l y me r s  however  as t h e y  a re  no t  c o m p l e t e l y  

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

M e t h a c r y l a t e  e s t e r  f u n c t i o n a l i t y  may a l s o  be i n t r o d u c e d  by 

r e f l u x i n g  a g l y c i d y l  m e t h a c r y l a t e  c opo l ymer  w i t h  m e t h a c r y l i c  

a c i d  i n  t h e  p r es enc e  o f  a base and a s u i t a b l e  i n h i b i t o r ,

(Scheme 3 . 1 ) .  Under t h es e  c o n d i t i o n s  c o n v e r s i o n s  were 

p r a c t i c a l l y  q u a n t i t a t i v e  a f t e r  17 hou rs  a t  80'^C. Th i s  method 

c anno t  be used w i t h  m e t h a c r y l i c  a c i d  c o po l y me r s  however  as t h i s  

would l ead  t o  c r o s s - l i n k e d  p r o d u c t s .
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Scheme 3 .1  R e a c t i o n  of  G l y c i d y l  M e t h a c r y l a t e  Copol ymers  w i t h  
M e t h a c r y l i c  A c i d .

7

( trace)

Th i s  p r ob l em may be c i r c u m v e n t e d  by r e v e r s i n g  t he  r e a c t i o n  

sequence;  t h a t  i s  by t he  r e a c t i o n  of  a m e t h a c r y l i c  ac i d  

copo l ymer  w i t h  g l y c i d y l  m e t h a c r y l a t e  monomer.  Po l ymers  of  t h i s  

t y p e  s i m i l a r  t o  f u l l y  e s t e r i f i e d  MP37 c o u l d  be p r e p a r e d ,  i n  

p r i n c i p l e ,  by r e a c t i n g  an 6 7 : 1 3 ,  m e t h a c r y l i c  a c i d - m e t h y l  

m e t h a c r y l a t e  c opo l y mer  w i t h  o n e - h a l f  e q u i v a l e n t  of  g l y c i d y l  

m e t h a c r y l a t e ,  (Scheme 3 . 2 ) ,  Such p o l y mer s  would d i f f e r  f r om 

f u l l y  e s t e r i f i e d  MP37 i n  t he  n a t u r e  of  t he  e s t e r  l i n k  t o  t he  

po l ymer  backbone.  T h i s  would be a t r i h y d r o x y p r o p y l  e s t e r  r a t h e r  

t han  an e s t e r  d e r i v e d  f rom e t h y l e n e  g l y c o l .  The epo x i d e  r i n g  of  

t he  g l y c i d y l  m e t h a c r y l a t e  would be s u b j e c t  t o  a t t a c k  at  two 

p o s i t i o n s  and two i s o m e r i c  p o l y me r - b ou nd  e s t e r s  would be 

e x p e c t e d .
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Scheme 3 . 2  The R e a c t i o n  of  a M e t h a c r y l i c  A c i d - M e t h y l  

M e t h a c r y l a t e  Copol ymer  w i t h  G l y c i d y l  M e t h a c r y l a t e .

The c o n v e r s i o n  of  a h y d r o x y l  group t o  t he  p a r a - t o l u e n e -  

s u l p h o n a t e  ( t o s y l a t e )  e s t e r  r e n d e r s  i t  l a b i l e  t o  s u b s t i t u t i o n  by 

n u c l e o p h i l e s .  Such a r e a c t i o n  sequence o f f e r s  an a l t e r n a t i v e  

method of  a t t a c h i n g  f u n c t i o n a l i t y  t o  a c o p o l y m e r .  T o s y l a t e d  

po l y me r s  may be formed e i t h e r  by r e a c t i n g  h y d r o x y e t h y l  

m e t h a c r y l a t e  c o p o l y me r s  w i t h  p a r a - t o  1u e n e s u l p h on y  1 c h l o r i d e  or  

by p o l y m e r i z a t i o n  of  a t o s y l a t e d  monomer.  T h i s  l a t t e r  method was 

chosen f o r  i n v e s t i g a t i o n  and t h e  t o s y l a t e  e s t e r  of  

2 - h y d r o x y e t h y l  m e t h a c r y l a t e  (55)  was p r e p a r e d .

0

Me— /  S02“ 0 ~ C H 2 C H 2 ~ 0 —C 
> = C H  

M ^
(55;

Th i s  compound was p o l y m e r i z e d  under  t h e  same c o n d i t i o n s  as 

MP37, r e p l a c i n g  t he  h y d r o x y e t h y l  m e t h a c r y l a t e  i n  t he
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p o l y m e r i z a t i o n  m i x t u r e .  I t  was hoped t h a t  t h i s  p o l y me r ,  MP39, 

woul d r e a c t  i n  two ways:  by d i s p l a c e m e n t  of  t he  t o s y l  group by a 

s u i t a b l e  n u c l e o p h i l e  or  by b a s e - c a t a l y s e d  ^ ^ e l i m i n a t i o n  t o  y i e l d  

an e s t e r  of  v i n y l  a l c o h o l ,  (Scheme 3 . 3 ) .
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H

Scheme 3 . 3  Proposed R e a c t i o n s  of  T o s y l a t e d  Po l ymer .

Samples of  t h i s  po l ymer  were warmed w i t h  p o t a s s i u m 

c a r b o n a t e  i n  met hano l  and w i t h  sodium a c e t a t e  i n  DMF i n  s e p a r a t e  

e x p e r i m e n t s .  Very  l i t t l e  change was d e t e c t e d  i n  t he  p r o d u c t  

a f t e r  h e a t i n g  w i t h  p o t a s s i u m c a r b o n a t e  f o r  5 h o u r s .  An i n s o l u b l e  

p r o d u c t  was o b t a i n e d  i n  t he  sodium a c e t a t e  e x p e r i m e n t .  In bo t h  

i n s t a n c e s  a comp e t i n g  pathway would have been d i s p l a c e m e n t  of  

t o s y l  by p o l y me r - b o u n d  c a r b o x y l  g r oups .  Th i s  may accoun t  f o r  t he  

c r o s s - l i n k e d  p r o d u c t  f ound  i n  t he  sodium a c e t a t e  r e a c t i o n .

The p r o t o n  nmr spec t r um of  MP39 shows t h a t  some t o s y l

g r 0 u p s had been d i s p l a c e d  by s o l v e n t  r e s i d u e s  d u r i n g  t he

p o l y m e r i z a t i o n  r e a c t i o n .  The e x t r a  r esonances  i n  t he  spec t r um 

p r e v e n t e d  i t s  a n a l y s i s  f o r  t he  c o m p o s i t i o n  of  t h i s  po l ymer  i n  

t he  same way as MPI and c o po l y me r s  of  t h a t  s o r t .  A f t e r  l o n g - t e r m

s t o r a g e  a t  room t e m p e r a t u r e  MP39 was f ound t o  be i n s o l u b l e  i n  a



123

r ange  of  o r g a n i c  s o l v e n t s  i n c l u d i n g  DMF, THF and methanol  

i n d i c a t i n g  t h a t  i t  had c r o s s - l i n k e d .

Ot her  p roposed  r o u t e s  t o  t he  t a r g e t  p o l y me r s  i n v o l v e d  

p o l y m e r i z a t i o n  of  t he  r e a c t i v e  monomer m e t h a c r y l o y l  c h l o r i d e .

One such s t r a t e g y  woul d  i n v o l v e  t he  s y n t h e s i s  of  a copo l ymer  

of  m e t h a c r y l i c  a c i d ,  met hy l  m e t h a c r y l a t e  and m e t h a c r y l o y l  

c h l o r i d e .  Th i s  c o u l d  t hen be r e a c t e d  w i t h  an excess  of  

h y d r o x y e t h y l  m e t h a c r y l a t e  t o  g i v e  t he  d e s i r e d  p o l y me r .  A s i m p l e r  

s t r a t e g y  mi gh t  be a f f o r d e d  by t he  f o r m a t i o n  of  a m e t h a c r y l o y l  

c h l o r i d e - m e t h y l  m e t h a c r y l a t e  copo l ymer  whi ch would t hen r e a c t  

w i t h  o n e - h a l f  e q u i v a l e n t  of  h y d r o x y e t h y l  m e t h a c r y l a t e ,  t he  

excess  m e t h a c r y l o y l  c h l o r i d e  be i ng  h y d r o l y s e d  t o  m e t h a c r y l i c  

a c i d  d u r i n g  t h e  wor k - up  p r o c e d u r e ,  (Scheme 3 . 4 ) .
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Scheme 3 . 4  The f - o r mat i on  of  t he  Ta r ge t  Po l ymers  v i a  M e t h a c r y l o y l  
C h l o r i d e  Copo l ymer s .
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P o l y m e r i z a t i o n  of  m e t h a c r y l o y l  c h l o r i d e  woul d  have  t o  be 

c a r r i e d  o u t  i n  a g l o v e - b o x  c o n t a i n i n g  an i n e r t  a t m o s p h e r e  t o  

e x c l u d e  m o i s t u r e .  I n a d d i t i o n  i n e r t  s o l v e n t s  woul d  have  t o  be 

u s e d .  S t o r a g e  of  such a m a t e r i a l  woul d  a l s o  be l i m i t e d  by i t s  

s e n s i t i v i t y  t o  m o i s t u r e .  I t  m i g h t  h owev er  be p o s s i b l e  t o  c a r r y  

o u t  t h e  d e r i v a t i z a t i o n  s t e p  i m m e d i a t e l y  f o l l o w i n g  p o l y m e r i z a t i o n  

w i t h o u t  i s o l a t i o n  of  t h e  p r o d u c t .

M e t h a c r y l i c  a n h y d r i d e  ( 5 2 )  c o u l d  n o t  be used i n  p l a c e  of  

t h e  a c y l  c h l o r i d e  i n  p o l y m e r i z a t i o n s  of  t h i s  t y p e  as 

c r o s s - l i n k e d  p o l y m e r s  woul d  be p r o d u c e d .  A l t h o u g h  t h e  

c r o s s - l i n k s  woul d  be b r o k e n  i n  t h e  d e r i v a t i z a t i o n  s t e p ,  t h e  

f o r m a t i o n  of  a c r o s s - l i n k e d  p r o d u c t  i n  a s o l u t i o n  p o l y m e r i z a t i o n  

woul d  i n t e r f e r e  w i t h  t h e  p r o g r e s s  of  t h e  r e a c t i o n  as t h e  

v i s c o s i t y  of  t h e  s o l u t i o n  i n c r e a s e d  and a g e l  f o r m e d .  In o r d e r  

t o  p o l y m e r i z e  an a n h y d r i d e  i n  such a s y s t e m a mi xed  a n h y d r i d e ,  

f o r  e x a m p l e  a c e t i c - m e t h a c r y 1 i c  a n h y d r i d e  ( 5 6 ) ,  woul d  have  t o  be 

u s e d .

H j C

0 
It
,C— 0

0 
1!
C— 0 —

0

) > = C H 2  H 2 C = = (  ^

M e  M e  M e
Me

( 5 2 ) ( 5 6 )

U s i n g  p o l y m e r - b o u n d  a n h y d r i d e s  a f u r t h e r  p r o b l e m  a r i s e s .  

When ma k i n g  d e r i v a t i z e d  p o l y m e r s ,  s t a t i s t i c a l l y  o n l y  o n e - h a l f  of  

t h e  a n h y d r i d e  g r o u p s  w i l l  be c o n v e r t e d  t o  p o l y m e r - b o u n d  e s t e r ,  

t h e  o t h e r  h a l f  b e i n g  c o n v e r t e d  t o  p o l y m e r - b o u n d  a c i d  and f r e e  

e s t e r ,  ( Scheme 3 . 5 ) .
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Scheme 3 . 5  R e a c t i o n s  of  Po l ymer - Bound  A n h y d r i d e  w i t h  
H y d r o x y e t h y l  M e t h a c r y l a t e .

An a t t e m p t  t o  s y n t h e s i z e  t h e  mixed a n h y d r i d e  (56)  f r om 

m e t h a c r y l o y l  c h l o r i d e  and sodium a c e t a t e  i n  t he  same manner as 

m e t h a c r y l i c  a n h y d r i d e  gave a p o o r l y  f r a c t i o n a t i n g  p r o d u c t  on 

d i s t i l l a t i o n .  Th i s  p roved  t o  be a m i x t u r e  of  a n h y d r i d e s  w i t h  

some a c i d  a l s o  p r e s e n t .

In t h e  f i e l d  of  X - r ay  and e l e c t r o n - b e a m  r e s i s t s ,  r a d i a t i o n  

s e n s i t i v i t y  i s  i n c r e a s e d  by go i ng  f r om a met hy l  m e t h a c r y 1 a t e -  

m e t h a c r y l i c  a c i d  c opo l ymer  t o  " t e r p o l y m e r "  ( 5 7 ) ,  f o rmed by 

p a r t i a l  d e h y d r a t i o n  w i t h  t he  f o r m a t i o n  of  i n t r a m o l e c u l a r  

a n h y d r i d e  g r o u p s , ( S c h e m e  3 . 6 ) .
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Scheme 3 . 6  The F o r m a t i o n  of  " T e r p o l y m e r "
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Sucl'i a p o l y m e r  c o u l d  p r o v i d e  t h e  b a s i s  of  a n o t h e r  r o u t e  t o  

t h e  t a r g e t  p o l y m e r s  by v i r t u e  of  i t s  r e a c t i o n  w i t h  h y d r o x y e t h y l  

m e t h a c r y l a t e .  The l i m i t a t i o n  of  such a s y s t e m wou l d  be t h a t  t h e  

u n s a t u r a t e d  e s t e r  c o n t e n t  c o u l d  n e v e r  be h i g h e r  t h a n  50% of  t h e  

m e t h a c r y l i c  a c i d  c o n t e n t  of  t h e  o r i g i n a l  p o l y m e r  and t h e  f i n a l  

a c i d  c o n t e n t  w i l l  a l w a y s  be g r e a t e r  t h a n  50% of  t h e  o r i g i n a l .

3^2  C r o s s - 1  i n k i n g  Monomers

The i n c o r p o r a t i o n  of  m u l t i - f u n c t i o n a l  v i n y l  monomers i n  a 

p h o t o p o l y m e r  c o a t i n g  may be e x p e c t e d  t o  i n c r e a s e  t h e  e f f i c i e n c y  

of  p o l y m e r i z a t i o n  of  v i n y l  s u b s t i t u t e d  p o l y m e r s .  The i n c r e a s e d  

e f f i c i e n c y  w i l l  be due t o  t h e  h i g h e r  c o n c e n t r a t i o n  of  

p o l y m e r i z a b l e  g r o u p s  w i t h i n  t h e  c o a t i n g ,  t h e  g r e a t e r  m o b i l i t y  of  

t h e  l ow m o l e c u l a r  w e i g h t  m a t e r i a l s  and t h e  c o n s e q u e n t  i n c r e a s e d  

p r o b a b i l i t y  of  c r o s s - l i n k  f o r m a t i o n .  T h i s  s h o u l d  r e s u l t  i n  

g r e a t e r  s e n s i t i v i t y  of  c o a t e d  l a y e r s  u n d e r  i d e n t i c a l  c o n d i t i o n s  

of  i n i t i a t i o n .  An e n h a n c e m e n t  of  d e v e l o p m e n t  may a l s o  r e s u l t .  

Commonl y used " c r o s s - l i n k e r s "  o f  t h i s  t y p e  i n c l u d e  u n s a t u r a t e d  

e s t e r s  of  p o l y o l s  such as e t h y l e n e  g l y c o l  d i m e t h a c r y l a t e ^ S ' ^ s  

( 5 8 )  and p e n t a e r y t h r i t o l  t e t r a a c r y l a t e * i % ' i i G  ( 59 ) and a mi d e s  

such as N , N ' - m e t h y l e n e - b i s - a c r y l a m i d e 4 4 ' 4 9 ' So ( ^,o) .

" 1  I '  0 = ^ " '
9  0=:Ç H H c = 0  \ h

6  0  C H z
C H ,  ..  J. I .

'M e  9  (59) 0
0 = C  H H C = 0

i r  Ï
H 2C C H ;
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E t h y l e n e  g l y c o l  d i m e t h a c r y l a t e  was i n c o r p o r a t e d  i n  a 

c o a t i n g  of  MP51 s e n s i t i z e d  w i t h  PATH. Th i s  r e s u l t e d  i n  a s o f t  

c o a t i n g ,  t he  monomer be i ng  an o i l y  l i q u i d .  An i n c r e a s e  i n 

p h o t o s e n s i t i v i t y  of  t he  c o a t i n g  was no t ed  i n  t h i s  e x p e r i me n t  

a l t h o u g h  t he  t a c k y  c o a t i n g  made t h i s  f o r m u l a t i o n  i m p r a c t i c a b l e .  

The use of  v e r y  low c o n c e n t r a t i o n s  of  l i q u i d  c r o s s - l i n k e r s  may 

av o i d  t h i s  p rob l em bu t  f o r  a p h o t o r e s i s t  a p p l i c a t i o n  a tough 

l a y e r  i s  n ec e s s a r y  and s o l i d  c r o s s - l i n k i n g  a g e n t s ,  p r o v i d e d  t hey  

do no t  c r y s t a l l i z e  i n  a c o a t i n g ,  would be p r e f e r a b l e .

N , N ' - m e t h y l e n e - b i s - a c r y l a m i  de i s  such a s o l i d  but  

i n c o r p o r a t i o n  of  t h i s  monomer i n  a c o a t i n g  appeared t o  

d e s e n s i t i z e  t h e  same po l ymer  u s i n g  PATM as i n i t i a t o r .

3_. 3_Subst ra_te P_rentreatmej i_t

I t  was c o n s i d e r e d  a t  one p o i n t  t h a t  t h e  p r ob l ems  

e n c o u n t e r e d  w i t h  t h e  aqueous deve l opmen t  of  po l ymer  images mi gh t  

be due t o  a l i f t i n g - o f f  o f  c r o s s - l i n k e d  po l ymer  f r om t he  g l a s s  

s u b s t r a t e  because of  i n a d e q u a t e  a d h e s i o n .  Adhes i on  p r o mo t e r s  f o r  

g l a s s  s u b s t r a t e s  a re  g e n e r a l l y  t r i m e t h y l  s i  1y l a t i n g  agen t s .  Both 

c h l o r o t r i m e t h y l  s i  l an e  (61)  and 1 , 1 , 1 , 3 , 3 , 3 - h e x a m e t h y l d i s i l a z a n e  

(62)  can be used f o r  t h i s  p u r po s e .  Both are  v o l a t i l e  l i q u i d s  and 

r e a c t  r a p i d l y  w i t h  f r e e  h y d r o x y l  g roups  on t h e  g l a s s  s u r f a c e  

r e l e a s i n g  gaseous b y - p r o d u c t s ,  (Scheme 3 . 7 ) .

( C H a i j S i C l  +  OH - - - - - - - - - - - - - - - - - > O S i C C H j i j  +  HCl
Si

(41)  / 1 \  / 1 \

Sc ti erne 3 . 7  a P r e - t r e a t m e n t  of  Gl ass  w i t h  C h l o r o t r i  methy l  s i  l ane
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(C H g i^S iN H S K C H ))^  _ OH O S K C H j ) ,  + NH

" A —( 6 2 )

Scheme 3 . 7 b  P r e - t r e a t m e n t  of  G l a s s  w i t h  1 , 1 , 1 , 3 , 3 , 3 - H e x a m e t h y l -  
d i s i l a z a n e

C h l o r o t r i m e t h y l  s i  l a n e  was used t o  p r e - t r e a t  g l a s s  

s u b s t r a t e s ,  p r e v i o u s l y  c l e a n e d  w i t h  a c e t o n e  and a l c o h o l ,  i n  some 

e x p e r i m e n t s  u s i n g  a q u e o u s l y  d e v e l o p e d  p o l y m e r s .  No n o t i c a b l e  

i n c r e a s e  i n  t h e  q u a l i t y  of  p o l y m e r  i ma g e s  was seen  i n  t h e s e  

e x p e r i m e n t s .

A s e c o n d  met hod of  p r o m o t i n g  a d h e s i o n  t o  g l a s s  s u b s t r a t e s  

i s  t h e  use of  a " s u b b i n g "  l a y e r  c a s t  f r o m  an aq u e o us  l a t e x .  A 

s a mp l e  of  such a l a t e x ,  FX 1 / 1 ,  p r o v i d e d  by I l f o r d  L t d . ,  was 

s p i n - c o a t e d  o n t o  g l a s s  s u b s t r a t e s  b e f o r e  c o a t i n g  w i t h  p o l y m e r .  

The l a t e x  l a y e r  was p a t c h y  and had a m i l k y  a p p e a r a n c e  and was 

c o n s i d e r e d  u n s u i t a b l e  f o r  t h i s  a p p l i c a t i o n  whe r e  l a y e r s  w i t h  

good o p t i c a l  q u a l i t i e s  a r e  r e q u i r e d .
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4 P h o t o c r o s s -  L i n k i n  g of  Polyme r j _

The m e t h a c r y l a t e  c o po l y mer s  d e s c r i b e d  i n  Chapt er  2 shou l d  

under go  c r o s s - l i n k i n g  by f r e e  r a d i c a l  a d d i t i o n  p o l y m e r i z a t i o n .  

The c r o s s - l i n k e d  a reas  of  a t h i n  c o a t i n g  of  such a po l ymer  would 

t hen  be ex pe c t ed  t o  be much l e s s  s o l u b l e  i n  a range of  s o l v e n t s  

t han t he  u n c r o s s - l i n k e d  r e g i o n s .  The a d d i t i o n  of  a s u i t a b l e  f r e e  

r a d i c a l  p h o t o i n i t i a t o r  t o  t he  s o l u t i o n  o f  po l ymer  p r i o r  t o  

c o a t i n g  would t h e r e f o r e  be expec t ed  t o  cause such a c o a t i n g  t o  

behave as a n e g a t i v e  p h o t o r e s i s t .

The i n t e n t i o n  of  t h i s  work i s  t o  deve l op  a p h o t o r e s i s t  

c a p a b l e  of  p r o d u c i n g  images u s i n g  red (633nm, h e l i u m- n e o n )  l a s e r  

i r r a d i a t i o n .  R e d - s e n s i t i v i t y  p r e s e n t s  p rob l ems  when h a n d l i n g  t he  

m a t e r i a l s ;  i t  may no t  be p o s s i b l e  t o  use a f orm of  s a f e - l i g h t i n g  

arid w o r k i n g  i n  c o mp l e t e  da r k ne s s  may be n e c e s s a r y .

The methods by whi ch f r e e  r a d i c a l s  may be g ene r a t ed  u s i n g  

red l i g h t  i s  l i m i t e d  by t he  pt i oton e n e r g i e s  a v a i l a b l e  at  t hese  

w a v e l e n g t h s ,  ( Ta b l e  4 . 1 )  compared t o  t he  s h o r t  wav e l en g t h s  

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

w av e l e n g t h / n m

4 00

500

6 0 0

6 33

700

pho t on  energy

eV

3 . 10

2. 48

2 . 0 7

1 . 96

1.77

kJ mol '  '

299

239

199

189

1 7 1

T a b l e  4.1 Pt iot .on E n e r g i e s  o f  V i s i b l e  L i g h t
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The i n i t i a t o r  sys tem f o r  r e d - s e n s i t i v e  i mag i ng  was 

t h e r e f o r e  t he  l a s t  s t e p  i n  t he  deve l opment  of  t he  p h o t o r e s i s t  

sys tem and would f o l l o w  on f rom t he  p r o d u c t i o n  of  a s u c c e s s f u l  

po l ymer  sys t em.  Th i s  meant  t h a t  t e s t i n g  of  t he  i mag i ng  

p r o p e r t i e s  of  new po l ymer  b a t c h e s ,  as t h e y  were p r odu c ed ,  would 

r e q u i r e  a model  i n i t i a t o r  of  some k i n d .  P h e n y l a z o t r i p h e n y l -  

methane (PATM),  (63)  was chosen t o  f u l f i l  t h i s  r o l e .

N = N

(63)

A r ange of  compounds and c o m b i n a t i o n s  of  compounds were 

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

of  q u a l i t a t i v e  e x p e r i m e n t s .  These i n v o l v e d  e x pos u r e  of  s o l u t i o n s  

of  a d e r i v a t i z e d  p o l y m e r ,  (MP59) ,  c o n t a i n i n g  t h e  p o s s i b l e  

i n i t i a t o r ,  t o  w h i t e  l i g h t .  In o t h e r  e x p e r i m e n t s  t ubes  c o n t a i n i n g  

s o l u t i o n s  of  a c r y l a m i d e  i n  2 - m e t h o x y e t h a n o l  or  a c r y l a m i d e  and 

- m e t h y l e n e - 6 i s - a c r y l a m i  de i n  wa t e r  were used.  Some 

p r o m i s i n g  i n i t i a t o r  c o m b i n a t i o n s  were a l s o  t e s t e d  w i t h  red l a s e r  

r a d i a t i o n  t o  e s t a b l i s h  t h e i r  e f f i c a c y  as p h o t o i n i t i a t o r s  a t  

633nm and a t  s e n s i t i z i n g  po l ymer  f i l m s .

In a d d i t i o n  t o  t e s t s  w i t h  f r e e  r a d i c a l  i n i t i a t o r s ,  a number 

of  compounds were t e s t e d  f o r  t h e i r  a b i l i t y  t o  s e n s i t i z e  t he  

c r o s s - l i n k i n g  of  t he  C i b a - G e i g y  p h o t o p o l y me r  Mil 1771/ 2316 ,  

t h e  p h o t o a c t i v e  group p r e s e n t  i n  whi ch i s  a d i m e t h y l  ma l e i mi  de 

(64)  whi ch  c r o s s - l i n k s  by a C2+2] p h o t o c y c l o a d d i t i o n ,  (Scheme 

4 . 1 ) .
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•Me M e
- N

•Me M e

M e  M e

^  — N

M e  Me

( 6 4 )

Scheme 4 , 1  The P h o t o d i m e r i z a t i o n  o-f D i m e t h y l  mal  e i m i  des

C r o s s - l i n k i n g  o f  t h i s  m a t e r i a l  i s  e x p e c t e d  t o  be t r i p l e t -  

s e n s i t i z e d  i n  much t h e  same way as a r e  r e s i s t s  b a s e d  on 

c i n n a m a t e  e s t e r s ^ ^ ' ? ?  and t h e i r  a n a l o g u e s .

4 . 1  F r e e  R a d i c a l  P h o t o i n i t i a t o r s

F r e e  r a d i c a l  p h o t o i n i t i a t o r s  w h i c h  h a v e  been  i n v e s t i g a t e d  

i n c l u d e  p h e n y l a z o t r i p h e n y l  m e t h a n e  ( P A T M ) ,  some a r y l  d i k e t o n e s  

and a r a n g e  o f  p h o t o - r e d o x  i n i t i a t o r s .

4 . 1 . 1  P h e n y l a z o t r i p h e n y 1 m e t h a n e  (PATM)  as I n i t i a t o r

P h e n y l a z o t r i p h e n y l  m e t h a n e  ( P A T M ) ,  ( 6 3 ) ,  d e compose s  

t h e r m a l l y  o r  p h o t o c h e m i c a l l y  t o  m o l e c u l a r  n i t r o g e n ,  p h e n y l  

r a d i c a l  and t r i p h e n y 1 m e t h y l  r a d i c a l .  The t h e r m a l  f r a g m e n t a t i o n  

o f  PATM has  been  s t u d i e d  f o r  many y e a r s  and was o r i g i n a l l y  

r e p o r t e d  by G o m b e r g ^ ^ a - z o o  a r o u t e  t o  t e t r a p h e n y l m e t h a n e

( 6 5 ) .  T e t r a p h e n y l m e t h a n e  i s  a l s o  f o r m e d  i n  v e r y  s m a l l  a mo u n t s  

when PATM i s  d e c o mp o s e d  i n  b o i l i n g  b e n z e n e ,  o t h e r  p r o d u c t s  b e i n g  

b i p h e n y l ,  t r i p h e n y l m e t h a n e  and t wo i s o m e r i c  1 , 4 - d i h y d r o -  

4 - t r i t y 1 b i p h e n y 15 ( 6 6 ) , ^ ® ^ * ^ ® ^  ( Scheme 4 . 2 ) .
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P h 3 C - N = N - P h

( 6 3 )

A ,
CPh

( 6 5 )

+ P h s C H  +

( 6 6 )

Scheme 4 . 2  The T h e r ma l  D e c o m p o s i t i o n  of  PATM i n  Be nz e ne

The p h o t o c h e m i c a l  d e c o m p o s i t i o n  o f  PATM may be a c c o m p l i s h e d  

by u l t r a - v i o l e t  i r r a d i a t i o n ^ ® ^  or  by e x p o s u r e  t o  l i g h t  a t  t h e  

v i o l e t  end o f  t h e  v i s i b l e  s p e c t r u m , t h e  compound h a v i n g  a 

weak band i n  i t s  a b s o r p t i o n  s p e c t r u m  c e n t r e d  a t  420nm (

204  M"  ̂ cm“ M . ‘ ®^ Among a n a l o g u e s  of  PATM d e s c r i b e d  i n  t h e  

l i t e r a t u r e  i s  t h e  p a r a - n i t r o  c o m p o u n d , z * ?  ( p - NAT )  , ( 6 7 ) .  The

t h e r m a l  d e c o m p o s i t i o n  o f  t h i s  compound has a l s o  been e x t e n s i v e l y  

s t u d i e d . 2 0 3 y^e a b s o r p t i o n  s p e c t r u m  of  p- NAT shows a band  

a t  436nm w i t h  an e x t i n c t i o n  c o e f f i c i e n t  o f  339  M"^ cm“ ^

( i n  2 - m e t h o x y e t h a n o l ) .  T h i s  m a t e r i a l  i s  a l s o  more s o l u b l e  i n  

t h i s  s o l v e n t ,  wh i c h  i s  used i n  t h e  c o a t i n g  e x p e r i m e n t s ,  t h a n  t h e  

u n s u b s t i t u t e d  PATM.

CPh:
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The use of  PATM as i n i t i a t o r  was c o n f i n e d  t o  t h i n - f i l m  

i m a g i n g  e x p e r i m e n t s  ( d i s c u s s e d  i n  C h a p t e r  5)  i n  wh i ch  a s o l u t i o n  

of  p o l y m e r  i n  2 - m e t h o x y e t h a n o l  or  2 - e t h o x y e t h a n o l  was s h ak en  

w i t h  an e x c e s s  of  t h e  c r y s t a l l i n e  azo compound.  The s o l u t i o n  

was t h e n  f i l t e r e d  b e f o r e  s p i n - c o a t i n g .  A l t h o u g h  s e n s i t i z e d  

s o l u t i o n s  wer e  h a n d l e d  u n d e r  y e l l o w  s a f e - l i g h t i n g ,  s a mp l e s  of  

P A T M - s e n s i t i z e d  c o a t i n g s  wou l d  n o t  g e l  ( i n d i c a t i n g  t h e  f o r m a t i o n  

of  c r o s s - l i n k s )  even  a f t e r  s e v e r a l  h o u r s '  e x p o s u r e  t o  s u n l i g h t .  

E x p o s u r e  t i m e s  f o r  P A T M - s e n s i t i z e d  c o a t i n g s  wer e  t h e r e f o r e  l o n g ,  

of  t h e  o r d e r  of  60 m i n u t e s  when u s i n g  a lOOW h i g h - p r e s s u r e  

m e r c u r y  v a p o u r  l amp as t h e  l i g h t  s o u r c e .

A s o l u t i o n  of  PATM i n  2 - m e t h o x y e t h a n o l ,  p r e p a r e d  i n  t h e  

same way as t h e  s e n s i t i z e d  p o l y m e r  s o l u t i o n s ,  by s h a k i n g  w i t h  

t h e  a z 0 compound,  was d e t e r m i n e d  by u v / v i s i b l e  s p e c t r o s c o p y  t o  

be 4 . 5  x 10~3 M o l a r .

C o a t i n g s  s e n s i t i z e d  w i t h  p - N A T ,  o t h e r w i s e  s i m i l a r  t o  

P A T M - s e n s i t i z e d  c o a t i n g s ,  i n c l u d i n g  t h e  p o l y m e r  sa mp l e  u s e d ,  

w e r e  much l e s s  e f f e c t i v e  a t  c r o s s - l i n k i n g  t h e  r e s i s t  d e s p i t e  

b e i n g  p r e s e n t  a t  a gr ea t er  c o n c e n t r a t i o n  and t h e  h i g h e r  m o l a r  

e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  n i t r o  compound.  The same e f f e c t  

was seen  when m o n o c h r o m a t i c  ( l a s e r )  i r r a d i a t i o n  was used t o  

e x p o s e  t h e  c o a t i n g s .  An a r g o n  i o n  l a s e r ,  o p e r a t i n g  a t  458nm,  was 

used t o  r e c o r d  g r a t i n g s  by an i n t e r f e r o m e t r i c  met hod ( se e  

S e c t i o n  8 . 2 . 2 ) .  I n  t h e s e  e x p e r i m e n t s ,  d e s p i t e  t h e  a b s o r p t i o n  

band of  p - NAT a t  436nm b e i n g  c l o s e r  t o  t h e  i r r a d i a t i n g  

w a v e l e n g t h  t h a n  t h a t  of  PATM a t  420nm,  PATM was s t i l l  t h e  b e t t e r  

i n i t i a t o r .

The t h e r m a l  d e c o m p o s i t i o n  of  p-NAT^' -"» ’ p r o c e e d s  a t  a 

r a t e  c o m p a r a b l e  t o  t h a t  of  PATM so i t  i s  q u i t e  l i k e l y  t h a t  t h e  

p h o t o c h e m i c a l  d e c o m p o s i t i o n  i s  a l s o  as f a c i l e .  The e x p l a n a t i o n
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f o r  t h e  poor  p e r f o r m a n c e  of  p- NAT as an i n i t i a t o r  maybe t h a t  i t  

i s  a l s o  a c t i n g  as an i n h i b i t o r  of  f r e e  r a d i c a l  p o l y m e r i z a t i o n ,  

as i s  seen w i t h  a r o m a t i c  n i t r o  c o m p o u n d s . ^n e x a m p l e  of  

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

a r o m a t i c  n i t r o  compound h a s ,  h owe v e r  been c i t e d  i n  t h e  

I n t r o d u c t i o n ,  ( S e c t i o n  1 . 5 . 3 ) .  I n t h i s  i n s t a n c e  p o l y m e r i z a t i o n  

p r o c e e d s  i n  t h e  p r e s e n c e  of  ( 68 ) b u t  i s  i n h i b i t e d  by t h e  n i t r o s o  

compound ( 6 9 )  p r o d u c e d  by t h e  u l t r a - v i o l e t  p h o t o l y s i s  of  

( 68 ) . S t e r i c  f a c t o r s ,  or  t h e  r i g o r o u s  e x c l u s i o n  of  oxygen  

may be i m p o r t a n t  i n  t h i s  c a s e .

H OH
1

0 ^ C R R

( 6 8 )

C R Û

(69)

4 . 1 . 2  O t h e r  Pho t o i n i t i a t o r s

C y c 1 i c - c 25 - 1 , 2 - d i k e t o n e s  such as i s a t i n  ( 7 0 )  and 

camphor  q u i  none ( 7 1 )  h a v e  been used as t h e  p h o t o s e n s i t i v e

co mp o ne nt  o f  p o l y m e r i c ^ z , 6 3 , 207 , 20e ^^d n o n - p o l y m e r i c ^ *

h o l o g r a p h i c  r e c o r d i n g  s y s t e m s ,  g e n e r a l l y  r e c o r d i n g  p e r m a n e n t  

i ma g e s .  A c y c l i c  1 , 2 - d i k e t o n e s  such as 3 , 4 - h e x a n e d i o n e  ( 7 2 )  a r e  

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

r e v e r s i b l e  m a n n e r .

0

( 7 0 )
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0 0 

.  Il IIHjC HjC C— CCH2CH3

( 7 2 )

I t  was s u g g e s t e d  t h a t  t h e  mechani sm of  r e v e r s i b l e  h o l o g r a m  

f o r m a t i o n  when d i a l k y l  d i k e t o n e s  such as ( 7 2 )  wer e  used i s  an 

i n t r a m o l e c u l a r  h y d r o g e n  a b s t r a c t i o n  p r o c e s s , ( S c h e m e  4 . 3 a ) .  

A f t e r  t h e  i mage  had d e c a y e d  a second h o l o g r a m  of  t h e  same 

d i f f r a c t i o n  e f f i c i e n c y  c o u l d  be r e c o r d e d  i n  t h e  same m a t e r i a l .  

The i mage  f o r m a t i o n  me ch an i sm when p h e n y l  a l k y l  d i k e t o n e s  ( 7 3 )  

w er e  used i s  a t t r i b u t e d  t o  a p h o t o e n o l i z a t i o n , ^ ?  (Scheme  

4 . 3 b ) .  The l i f e - t i m e  o f  t h e s e  i mage s  i s  g i v e n  as s e v e r a l  days  

r a t h e r  t h a n  m i n u t e s  or  h o u r s  as i s  t h e  c a s e  w i t h  d i a l k y l  

d i k e t o n e s .

0 0  H ^ HO 0

1 1 II y  , ,  I I I
R“ C"“ C~CH 2“ CH—R ------------  R~C—C—C H 2~CH-R

a)

0 0 0 OH
I I I I  „  . II I

P h - C - C - C H , - R  : • P h - C - C = C H - R

b)
( 7 3 )

Scheme 4 . 3  P r o p o s e d  R e c o r d i n g  Mec ha n i s ms  i n  H o l o g r a p h i c  
M a t e r i a l s  E m p l o y i n g  1 , 2 - D i k e t o n e s

In a s e r i e s  of  e x p e r i m e n t s  i n  wh i c h  s u b s t a n c e s  were  added  

t o  s o l u t i o n s  of  a c r y l a m i d e  i n  2 - m e t h o x y e t h a n o l  and ex po s ed  t o  

s u n l i g h t  i n  c l e a r  g l a s s  t u b e s ,  t h e  p r e c i p i t a t i o n  of
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p o l y a c r y l a m i d e  was t a k e n  as an i n d i c a t i o n  o f  t h e  p r o d u c t i o n  of  

a c t i v e  f r e e  r a d i c a l s .  I n  such e x p e r i m e n t s  t h e  f o r m a t i o n  of  a 

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

a c e n a p h t h e n e q u i n o n e  ( 7 4 ) ,  p h e n a n t h r e n e q u i n o n e  ( 7 5 )  and b e n z i l  

( 7 6 ) .  S i m i l a r l y  p r e p a r e d  t u b e s  k e p t  i n  d a r k n e s s  f o r  a c o m p a r a b l e  

t i m e  p e r i o d  a l l  showed no p o l y m e r  f o r m a t i o n  u n t i l  s u b s e q u e n t l y  

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

a l s o  showed no p o l y m e r  f o r m a t i o n  when e x p o s e d  t o  l i g h t  f o r  t h e  

same l e n g t h  o f  t i m e .  I s a t i n  ( 7 0 )  was f o u n d  t o  be i n e f f e c t i v e  

un d e r  t h e s e  c i r c u m s t a n c e s  i n  a s e p a r a t e  e x p e r i m e n t .  Lack  of  

s u i t a b l e  m a t e r i a l  p r e v e n t e d  t h e  i n v e s t i g a t i o n  o f  t h e  

c r o s s - l i n k i n g  of  p o l y m e r s  u s i n g  t h e s e  m a t e r i a l s .

( 7 4 ) ( 7 5 )

A l l  o f  t h e s e  compounds a b s o r b  s t r o n g l y  i n  t h e  v i o l e t / b l u e  

r e g i o n  of  t h e  v i s i b l e  s p e c t r u m ,  b e i n g  y e l l o w  or  o r a n g e - y e l l o w  i n  

c o l o u r ,  a c h a r a c t e r i s t i c  o f  1 , 2 - d i k e t o n e s .  Such i n i t i a t o r s  m i g h t  

be e x p e c t e d  t o  c r o s s - l i n k  p o l y m e r  f a s t e r  t h a n  PATM whi ch  shows  

no p o l y m e r  f o r m a t i o n  u n d e r  s i m i l a r  c o n d i t i o n s .  T he se  t h r e e  

i n i t i a t o r s ,  a c e a n t h r e n e q u i n o n e  ( 7 4 ) ,  p h e n a n t h r e n e q u i n o n e  ( 7 5 )  

and b e n z i l  ( 7 6 )  we r e  a l s o  shown t o  p o l y m e r i z e  me t h y l  

m e t h a c r y l a t e  i n  a s i m i l a r  s e r i e s  of  e x p e r i m e n t s ,  s h owi ng  t h a t
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t h i s  b e h a v i o u r  i s  n o t  p e c u l i a r  t o  t h e  a c r y l a m i d e  monomer .

The q u e s t i o n  a r i s e s  as t o  w h e t h e r  t h e s e  compounds a r e  

f u n c t i o n i n g  as f r e e  r a d i c a l  i n i t i a t o r s  ( e i t h e r  by 

p h o t o f r a g m e n t i o n  or  by h y d r o g e n  a b s t r a c t i o n )  or  as t r i p l e t  

s e n s i t i z e r s  t r a n s f e r r i n g  e n e r g y  t o  monomers p r e s e n t  i n  s o l u t i o n .  

Bot h me c h a n i s ms  a r e  p o s s i b l e ;  t h e  same compounds have  been shown 

t o  be s e n s i t i z e r s  f o r  t h e  C i b a - G e i g y  p h o t o p o l y m e r  Mil 1771 / 2 3 1 6  

whi c h  c r o s s - l i n k s  by a C2+2]  p h o t o c y c l o a d d i t i o n ,  ( S e c t i o n  4 . 2 ) .

Bu n b u r y  e t  a l  h ave  s t u d i e d  t h e  p h o t o l y s i s  of  s o l u t i o n s  of  

b e n z i l  i n  c y c l o h e x a n e , ^ * ?  p r o p a n - 2 - o l and c u m e n e . z ' *

P r o d u c t s  d e t e c t e d  i n c l u d e  b e n z o i n ,  b e n z o i n  b e n z o a t e ,  

b e n z a l d e h y d e  and b e n z o i c  a c i d .  T he se  a u t h o r s  a t t r i b u t e  t h e  

f o r m a t i o n  of  b e n z a l d e h y d e  t o  t h e  d i s s o c i a t i o n  o f  b e n z i l  t o  two  

b e n z o y l  r a d i c a l s ,  ( Scheme 4 . 4 a ) ,  a l t h o u g h  t h i s  i s  n o t  n e c e s s a r y  

t o  a c c o u n t  f o r  t h e  o b s e r v e d  p r o d u c t s . The m a j o r  r o u t e  t o  

p h o t o p r o d u c t s  i s  v i a  h y d r o g e n  a b s t r a c t i o n  by p h o t o e x c i t e d  

b e n z i l ,  ( Scheme 4 . 4 b ) .  Bot h  of  t h e s e  p a t h w a y s  g i v e  r i s e  t o  f r e e  

r a d i c a l s  w h i c h  a r e  p r e s u m a b l y  c a p a b l e  o f  i n i t i a t i n g  t h e  

p o l y m e r i z a t i o n  of  v i n y l  monomers .  The g e n e r a t i o n  of  f r e e  

r a d i c a l s  by p h o t o e x c i t e d  c a m p h o r q u i n o n e  a b s t r a c t i n g  h y d r o g e n  

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

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

h o l o g r a m s .  The d i f f r a c t i o n  e f f i c i e n c y  of  t h e s e  i mage s  may be 

i n c r e a s e d  by t h e  i n c o r p o r a t i o n  o f  a d d i t i o n a l  monomer i n  t h e  

m a t e r i a l ,  sh o wi n g  t h a t  p o l y m e r i z a t i o n s  c o n t r i b u t e  t o  t h e  i m a g i n g  

p r o c e s s .
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Ph“

0 0 
II II

P h - C - C - P h

*

»  2  P h -C = 0

b)  R- H

HO 0
I II

P h - C - C - P h  + R

Scheme 4 . 4  I n i t i a l  S t e p s  i n  t h e  P h o t o l y s i s  of  B e n z i l

B e n z i l  and r e l a t e d  compounds a p p e a r  t o  be c a p a b l e  of  

g e n e r a t i n g  r e a c t i v e  f r e e  r a d i c a l s  on p h o t o l y s i s .  T h i s  phenomenon  

has  been used t o  r e c o r d  h o l o g r a m s  a t  4 8 8 n m . ‘̂ ^ The e f f e c t  of  

c o n f o r m a t i o n a l  f a c t o r s  on t h e  a b s o r p t i o n  maxi ma of  m o d i f i e d  

b e n z i l s  has  been i n v e s t i g a t e d . ^ ^ ^ ^ ^  I n  p a r t i c u l a r  s t e r i c  

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

e x a m p l e  m e s i t i l ,  ( 2 , 2 ' , 4 , 4 ' , 6 , 6  ' - h e x a m e t h y 1 b e n z i 1) , ( 7 7 ) ,  

i n d u c e s  a b a t h o c h r o m i c  s h i f t  i n  t h e  d i c a r b o n y l  n-»n*  

a b s o r p t i o n .  Maxi ma i n  t h e  s p e c t r u m  of  t h i s  compound o c c u r  a t  467  

and 493nm,  t h e  c o r r e s p o n d i n g  a b s o r p t i o n  o c c u r i n g  i n  b e n z i l  a t  

370nm.  S t e r i c  h i n d r a n c e  p r e v e n t s  t h e  c a r b o n y l  g r o u p s  f r om l y i n g  

i n  t h e  p l a n e  of  t h e  a r o m a t i c  r i n g s  as t h e y  do i n  b e n z i l .  T h i s  

c a u s e s  t h e  c a r b o n y l - c a r b o n y l  a n g l e  t o  c h a n g e  f r o m 90" '̂ t o  

180'^ w i t h  a c o r r e s p o n d i n g  i n c r e a s e  i n  e n e r g y  o f  t h e  g r ound  

s t a t e  g i v i n g  r i s e  t o  t h e  b a t h o c h r o m i c  s h i f t .

( 7 7 )
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The n o n - e n o l i z a b 1 e c y c l i c  t r i  k e t o n e  ( 7 8 )  has an a b s o r p t i o n  

maximum a t  685nm and i s  b l u e  i n  c o l  o u r . T h e  a n h y d r o u s  

compound i s  r a p i d l y  c o n v e r t e d  t o  a c o l o u r l e s s  h y d r a t e  on 

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

i n v e s t i g a t i o n  of  t h i s  c o mp o u n d ' s  p h o t o c h e m i s t r y  and i t s  

u s e f u l n e s s  as a p o t e n t i a l  i n i t i a t o r .

Me M e

0
( 7 8 )

Among t h e  qui  n o n e s ,  o r t h ü - b e n z o q u i none ( 7 9 )  has an n-,%" 

t r a n s i t i o n  a t  615nm.  E x t e n d i n g  t h e  c o n j u g a t i o n  o f  t h i s  s y s t e m ,  

as i n  1 , 2 - n a p h t h o q u i n o n e  ( 8 0 )  has t h e  e f f e c t  of  s h i f t i n g  t h e  

a b s o r p t i o n  maximum t o  s h o r t e r  w a v e l e n g t h ;  530nm i n  t h i s  

ex amp 1 e . ^ ' ^

W h i l e  t h e s e  c a r b o n y l  compounds a b s o r b  l i g h t  a t  r e l a t i v e l y  

l o n g  w a v e l e n g t h s ,  i t  i s  n e c e s s a r y  f o r  t h e  p h o t o e x c i t e d  s t a t e s  t o  

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

wh i c h  w i l l  p r o d u c e  r a d i c a l  s p e c i e s ,  b e f o r e  t h e y  can be 

c o n s i d e r e d  as p h o t o i n i t i a t o r s .

0

( 8 0 )

A n o t h e r  means of  a c h i e v i n g  l a r g e  b a t h o c h r o m i c  s h i f t s  i n  

c a r b o n y l  compounds i s  t h e  s u b s t i t u t i o n  of  s u l p h u r  f o r  o x y g e n .  I n  

t h i o b e n z o p h e n o n e  ( 8 1 )  t h e  n-»n* band o c c u r s  a t  599nm i n
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e t h a n o l . 2 1 6  I n t h e  p a r a - n i t r o  d e r i v a t i v e  ( 8 2 )  t h i s  band i s  

s h i f t e d  t o  625nm,  ( c y c l o h e x a n e ) . yhe r e a s o n  f o r  t h i s  l a r g e  

r e d - s h i f t  r e l a t i v e  t o  t h e  ox y g e n  a n a l o g u e s  i s  t h e  r e l a t i v e l y  

h i g h  e n e r g y  of  t h e  s u l p h u r  n o n - b o n d i n g  o r b i t a l  as r e f l e c t e d  i n  

t h e  l ow i o n i z a t i o n  p o t e n t i a l  of  t h i s  e l e m e n t .  The i n t e n s i t i e s  of  

t h e  bands  a r e  a l s o  r a t h e r  h i g h  f o r  n->7r" t r a n s i t i o n s ,  =

181 i n  ( 8 1 )  and 168 i n  ( 8 2 ) ) ,  due t o  i n t e n s i t y  b o r r o w i n g  f r o m  

t h e  a l l o w e d  n-»7r“ t r a n s i t i o n .  A l k y l  t h i o k e t o n e s  a r e  l e s s  s t a b l e  

t h a n  t h e  a r o m a t i c  compounds wh i c h  a r e  d e s c r i b e d  as deep b l u e  i n  

c o l o u r .

( 8 1 ) ( 8 2 )

The most  i m p o r t a n t  g r o u p  of  k e t o n e  i n i t i a t o r s  i s  p r o b a b l y  

t h a t  base d  on b e n z o i n  ( 2 5 )  and i t s  a n a l o g u e s .  The s e  d e s e r v e  o n l y  

p a s s i n g  m e n t i o n  h e r e  s i n c e  t h e i r  use i s  c o n f i n e d  m a i n l y  t o  

u l t r a - v i o l e t  c u r e d  c o a t i n g s  on a c c o u n t  of  t h e i r  h i g h  e x t i n c t i o n  

c o e f f i c i e n t s  a t  a r o u n d  360nm.  B e n z o i n  and r e l a t e d  i n i t i a t o r s  

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

0  OH

( 2 5 )

O t h e r  k e t o n e  i n i t i a t o r s  a r e  used i n  c o n j u n c t i o n  w i t h  

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

t h a t  means.  M i c h l e r ' s  k e t o n e  i s  one such i n i t i a t o r ,  t h e  p a r a -
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d i m e t h y l  ami  no f u n c t i o n a l i t y  p r o v i d i n g  t h e  s i t e  f o r  

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

( Scheme 4 . 5 ) .

0

7'

MK

Scheme 4 . 5  I n t e r m o l e c u l a r  H y d r o g e n  A b s t r a c t i o n  by P h o t o e x c i t e d  
M i c h l e r ' s  K e t o n e ,  ( MK) .

4 . 1 . 3  P h o t o r e d o x  I n i t i a t o r s

P h o t o - a c t i v a t e d  r e d o x  r e a c t i o n s  p r o v i d e  a f u r t h e r  means of  

i n i t i a t i n g  p o l y m e r i z a t i o n  and c r o s s - l i n k i n g .  P h o t o r e d o x  

i n i t i a t o r s  a r e  g e n e r a l l y  t wo co mp o ne nt  m i x t u r e s ,  t h e  

l i g h t - a b s o r b i n g  member of  wh i c h  can be a dye a b s o r b i n g  a t  

r e l a t i v e l y  l on g  w a v e l e n g t h .  Dyes such as m e t h y l e n e  b l u e  ( 3 2 b )  

and t h i o n i n e  ( 3 2 a )  h a v e  p h o t o e x c i t e d  s t a t e s  wh i ch  a r e  more  

s t r o n g l y  o x i d i z i n g  t h a n  t h e i r  g r o un d  s t a t e s .  I n  t h e  p r e s e n c e  of  

a s u i t a b l e  r e d u c i n g  a g e n t ,  one wh i c h  w i l l  r e d u c e  t h e  

p h o t o e x c i t e d  s t a t e  o f  t h e  dye  b u t  no t  i t s  g r o un d  s t a t e ,  t h e  

r e d o x  p r o c e s s  w i l l  o n l y  o c c u r  when l i g h t  of  t h e  c o r r e c t  

w a v e l e n g t h  i s  f a l l i n g  on t h e  m i x t u r e .  F r e e  r a d i c a l s  p r o d u c e d  by 

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

A number  of  p h o t o i n i t i a t o r  s y s t e ms  e m p l o y i n g  p h e n o t h i a z i n e  d y e s ,  

e x e m p l i f i e d  by m e t h y l e n e  b l u e ,  have  been r e p o r t e d  and a r e
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i n c l u d e d  i n  a r e c e n t  r e v i e w  of  d y e - s e n s i t i z e d  

p h o t o p o l y m e r i z a t i o n . 217

Cl
( 3 2 ) a ) R = H ,  b)  R = Me

Some o t h e r  c l a s s e s  of  dye wh i ch  may be used as t h e  

l i g h t - a b s o r b i n g  co mp o n e n t  o f  p h o t o r e d o x  s y s t e ms  a r e  e x e m p l i f i e d  

by a c r i f l a v i n e  ( 8 3 )  and r o s e  b e n g a l  ( 8 4 )

( 8 3 )

A number  o f  g r o u p s  of  compounds h a v e  been r e c o g n i s e d  as  

r e d u c t a n t s  f o r  p h o t o r e d u c i b l e  d y e s .  T he se  i n c l u d e  a mi n e s  such as 

t r i e t h a n o l  ami  n e , t r i a r y l  p h o s p h i n e s  and a r s i n e s  ( w h i c h  a r e  

c o n s i d e r e d  a n a l o g o u s  i n  r e a c t i v i t y  t o  a m i n e s ) ,  s u l p h u r  compounds  

such as m e t a l  s u l p h i n a t e s  and s u l p h i n a t e  e s t e r s ,  h e t e r o c y c l e s  

( 8 5 a - c )  and e n o l a t e s  of  c a r b o n y l  compounds l i k e  d i medone  ( 8 6 ) .

7  \ '
■X'

( 8 5 )

a)  X = NH
b) X = 0 
c ) X = S ( 8 6 )
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I n p r a c t i c a l  a p p l i c a t i o n s  of  p o l y m e r i z a b l e  s y s t e ms  

e m p l o y i n g  v i s i b l e  l i g h t  p h o t o r e d o x  i n i t i a t i o n ,  a number  of  

a d v a n t a g e s  and d i s a d v a n t a g e s  a r e  e v i d e n t .  Sy s t e ms  e m p l o y i n g  

p h e n o t h i a z i n e  dyes  and a r y i s u l p h i n a t e s , * ^ , ^ *  t r i e t h a n o l  ami ne  

and a c e t y l  a c e t o n e ' *  h ave  been r e p o r t e d  as t h e  b a s i s  of  new 

h o l o g r a p h i c  p h o t o p o l y m e r  r e c o r d i n g  m a t e r i a l s .  H i g h  s e n s i t i v i t y  

a t  t h e  h e l i u m - n e o n  and r u b y  l a s e r  w a v e l e n g t h s  a r e  seen as a r e  

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

The p r e s e n c e  of  a dye i n  t h e  r e s u l t a n t  h o l o g r a m  i s  howev er  

t o  be a v o i d e d .  T h i s  i s  b e c a u s e  h o l o g r a m s  p e r f o r m  b e s t  when 

r e p l a y e d  a t  t h e  same w a v e l e n g t h  a t  wh i ch  t h e y  wer e  r e c o r d e d ,  

w h i c h  must  be e x a c t l y  t h e  w a v e l e n g t h  a t  wh i c h  t h e  s e n s i t i z i n g  

dye a b s o r b s .  A l t h o u g h  dye  b l e a c h i n g  a c c o mp a nies t h e  p h o t o r e d o x  

p r o c e s s  some dye i s  r e g e n e r a t e d  when o xyg e n  i s  r e - a d m i t t e d  t o  

t h e  s y s t e m .  I n  t h e  g e n e r a l i z e d  p h o t o p o l y m e r  h o l o g r a m ,  a v a r i a b l e  

r e f r a c t i v e  i n d e x  i mage  r e s u l t s  f r o m d i f f e r e n t i a l  r a t e s  of  

p h o t o p o l y m e r i z a t i o n  and t h e  r e s u l t a n t  v a r i a t i o n s  i n  t h e  d e n s i t y  

or  c o m p o s i t i o n  of  t h e  f i n a l  p o l y m e r .  The h o l o g r a m  so p r o d u c e d  

must  be r e n d e r e d  t r a n s p a r e n t  a f t e r  p r o c e s s i n g .  Me t h o ds  of  

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

t e m p o r a r y  b l e a c h i n g  of  t h e  dye can be e f f e c t e d  by u l t r a - v i o l e t  

i n i t i a t e d  p h o t o r e d u c t i o n  by 4 - n i t r o p h e n y 1 a c e t i c  a c i d . ^ ^ 3  

S u r f a c e  r e l i e f  h o l o g r a m s ,  p r o d u c e d  i n  p h o t o r e s i s t ,  d i f f r a c t  

l i g h t  a t  t h e  a i r - r e s i s t  b o u n d a r y  and ,  when used i n  t r a n s m i s s i o n ,  

woul d  s t i l l  be a f f e c t e d  by t h e  p r e s e n c e  of  a dye i n  t h e  r e s i s t  

l a y e r .  When s u r f a c e  r e l i e f  h o l o g r a m s  a r e  used i n  r e f l e c t i o n ,  

a f t e r  c o a t i n g  w i t h  a m e t a l l i c  m i r r o r ,  t h e  p r e s e n c e  of  a dye i n  

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

HOE.

An a t t r a c t i v e  a l t e r n a t i v e  t o  t h e  use of  dye s e n s i t i z e r s  i n
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p h o t o p o l y m e r  r e c o r d i n g  i s  t h e  use of  a p h o t o c h r o m i e  m a t e r i a l  as  

p a r t  of  t h e  i n i t i a t o r  s y s t e m . T h e  s p i r o p y r a n  d e r i v a t i v e

( 8 7 ) ,  when e x c i t e d  by u l t r a - v i o l e t  i r r a d i a t i o n ,  d e v e l o p s  an 

a b s o r p t i o n  band a t  633nm.  E x p o s u r e  t o  a l a s e r  d i f f r a c t i o n  

p a t t e r n  a t  t h i s  w a v e l e n g t h  t h e n  c a u s e s  p h o t o p o l y m e r i z a t i o n  t o  be 

i n i t i a t e d .  When t h e  s o u r c e  of  u l t r a - v i o l e t  l i g h t  i s  r emoved t h e  

p h o t o c h r o m e  r e t u r n s  t o  t h e  g r o un d  s t a t e  wh i c h  i s  t r a n s p a r e n t  a t  

633nm.  T h i s  compound,  ( 8 7 ) ,  i s  used i n  c o n j u n c t i o n  w i t h  

t r i e t h a n o l  ami  ne as t h e  i n i t i a t i n g  s y s t e m .  A r e s o l u t i o n  i n  e x c e s s  

of  3 0 0 0  1 mm' i  i s  r e p o r t e d .

H 3C C H ]

( 8 7 )

A n o t h e r  p r o b l e m  e n c o u n t e r e d  when m e t h y l e n e  b l u e  i s  used as  

t h e  s e n s i t i z i n g  dye  i s  due t o  t h e  a s s o c i a t i o n  of  t h e  dye c a t i o n s  

i n  s o l u t i o n  t o  f o r m d i m e r s .  The d i m e r  i s  i n a c t i v e  i n  t h e  

p h o t o r e d o x  p r o c e s s  and i s  r e p o r t e d  by Chen t o  be a c h a i n  

t e r m i n a t o r . * ^ *  The use  of  e t h y l e n e  g l y c o l  as s o l v e n t  , i n  

w h i c h  m e t h y l e n e  b l u e  d oe s  n o t  a g g r e g a t e ,  was f o u n d  t o  o v e r c o me  

t h i s  p r o b l e m . *37

A r y l  s u l p h i n a t e s ,  t y p i c a l l y  sod i um par  a - t o i u e n e s u l p h i n a t e

( 8 8 )  r e a c t  w i t h  v i n y l  monomers ,  i n  t h e  p r e s e n c e  o f  w a t e r ,  t o  

f o r m s u l p h o n e s  w h i c h  a r e  i n a c t i v e  i n  t h e  i n i t i a t i n g  s y s t e m ,  

( Scheme 1 . 2 0 ,  S e c t i o n  1 . 5 . 4 ) .  T h i s  r e a c t i o n  can c a u s e  c o m p l e t e  

d e s e n s i t i z a t i o n  of  a p o l y m e r i z a t i o n  m i x t u r e  i n  a f ew h o u r s  and 

i s  a c c e l e r a t e d  a t  l ow p H . * * = " * * *



1 4 5

Me

( 8 8 )

I t  was hoped t h a t  an i n i t i a t i n g  sys tem of  t h i s  t y pe  c o u l d  

be used t o  s e n s i t i z e  t h e  po l y me r s  of  Chap t e r  2 t o  h e l i u m- n e o n  

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

l ' _ l 9 r e dox I n i t i a t o r s  and P o l y me r s

In t he  f i r s t  i n s t a n c e ,  t he  use o f  a s e n s i t i z i n g  system of  

t h e  k i n d  deve l oped  f o r  p h o t o p o l y m e r  r e c o r d i n g * ^  was 

i n v e s t i g a t e d  w i t h  t h e  c r o s s - l i n k a b l e  p o l y me r s  d e s c r i b e d  i n  

Chap t e r  2. The s e n s i t i z i n g  sys tem c o n s i s t e d  of  me t hy l ene  b l ue  

(32b)  and sodium p a r a - t o l u e n e s u l p h i n a t e  ( 8 8 ) .  When a p l a t e  was 

coa t ed  w i t h  po l ymer  mixed w i t h  a s o l u t i o n  of  t h i s  s e n s i t i z e r  and 

exposed t o  a g r a t i n g  p a t t e r n  , deve l opmen t  u s i n g  an o r g a n i c  

s o l v e n t  m i x t u r e  r e v e a l e d  no d i s c e r n a b l e  image bu t  a c o l o u r l e s s  

d e p o s i t  was seen a c r o s s  t he  who l e  o f  t h e  p l a t e .  Th i s  i n o r g a n i c  

d e p o s i t  was sodium c h l o r i d e  d e r i v e d  f r om t he  c o u n t e r - i o n s  of  t he  

a c t i v e  p a r t s  of  t he  i n i t i a t i n g  sys t em.

T h i s  p r ob l em i s  a consequence of  t h e  r e q u i r e m e n t  f o r  an 

o r g a n i c  s o l v e n t  deve l opmen t  whi ch  was f ound  t o  be nec e s s a r y  i n  

o r d e r  t o  a c h i e v e  maximum r e s o l u t i o n  f r om t h e s e  po l y me r s .  Th i s  

a l s o  i l l u s t r a t e s  t he  d i f f e r e n t  approach  needed when c o n s i d e r i n g  

t he  d ev e l opmen t  of  a p h o t o r e s i s t  h o l o g r a p h i c  system r a t h e r  t han 

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

An answer  t o  t h i s  p r ob l em may be f ound  i n  a number of  ways:  

by r e p l a c i n g  t he  sodium c o u n t e r - i o n  o f  t he  s u l p h i n a t e  s a l t  w i t h
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one s o l u b l e  i n  o r g a n i c  s o l v e n t s ;  by u s i n g  t he  s u l p h i n i c  a c i d  or  

a s u l p h i n a t e  e s t e r ;  or  by r e p l a c i n g  e i t h e r  t h e  c a t i o n i c  dye or  

t he  s u l p h i n a t e  w i t h  a n o t h e r  n e u t r a l  s p e c i e s .

The f i r s t  of  t h e s e  v a r i a t i o n s  t o  be t r i e d  was t he  

r e p l a c e m e n t  of  t he  sodium s a l t  w i t h  p a r a - t o l u e n e s u l p h i n i c  

a c i d .  Th i s  has a l s o  been used i n  p h o t o p o l y m e r  r e c o r d i n g  i n  

c o n j u n c t i o n  w i t h  me t h y l en e  b l u e . * *  A l t h o u g h  c r o s s - l i n k i n g  of  a 

s o l u t i o n  o f  po l ymer  was r a p i d  i n  s u n l i g h t  u s i n g  t h i s  s e n s i t i z i n g  

c o m b i n a t i o n ,  an i d e n t i c a l  s o l u t i o n  kep t  i n  t he  dar k  a l s o  

c r o s s - l i n k e d  p o l y m e r ,  a l t h o u g h  no t  so r a p i d l y .  A s o l u t i o n  

c o n t a i n i n g  po l ymer  and s u l p h i n i c  a c i d  a l o ne  a l s o  c r o s s - l i n k e d .  

C r o s s - l i n k i n g  i n  t he  absence o f  dye was found  t o  have occurfëd 

a f t e r  30 m i n u t es  whereas t h e  me t hy l ene  b l u e  s e n s i t i z e d  s o l u t i o n  

was f ound t o  have c r o s s - l i n k e d  a f t e r  7 m i n u t e s  exposur e  t o  

s u n l i g h t .  An i n v e s t i g a t i o n  o f  t h e  l i t e r a t u r e  showed a r y l  

s u l p h i n i c  a c i d s  t o  have been r e p o r t e d  as bo t h  a c c e l e r a t o r s ^ ^ ®  

and i n i t i a t o r s 2 i 9 - 2 i f v i n y l  p o l y m e r i z a t i o n s .

The use o f  s u i t a b l e  q u a t e r n a r y  ammonium s a l t s  as 

p h a s e - t r a n s f e r  c a t a l y s t s  i n  v a r i o u s  h e t e r o g e n e o u s  r e a c t i o n s  i s  a 

common p r a c t i c e ,  22 3  c o u n t e r - i o n s  t o  t h e  s u l p h i n a t e ,  

c a t i o n s  such as t h es e  would be e x pe c t ed  t o  be s o l u b l e  i n  o r g a n i c  

s o l v e n t s ,  even i n  t h e  p r e s en c e  of  c h l o r i d e  i o n .  Clean 

deve l opmen t  of  po l ymer  c o a t i n g s  s e n s i t i z e d  w i t h  m i x t u r e s  

c o n t a i n i n g  t e t r a - a l k y l a m m o n i u m  a r y l s u l p h i n a t e s  would be 

e x p e c t e d .  In o r d e r  t o  i n v e s t i g a t e  t h i s  l i n e  o f  approach t he  

t e t r a - n - b u t y 1ammoniurn s a l t  o f  p a r a - t o l u e n e s u l p h i  n i c a c i d  was 

p r e p a r e d .  T h i s  s u b s t a n c e  appeared t o  be d e l i q u e s c e n t  and a 

c r y s t a l l i n e  m a t e r i a l  was no t  o b t a i n e d .  When a s o l u t i o n  

c o n t a i n i n g  t h i s  s a l t  and Azure A (89)  was used t o  s e n s i t i z e  MP62 

and an exposu r e  was made u s i n g  t he  expanded beam of  a 5mW
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h e l i u m - n e o n  l a s e r ,  a 2 1 mm~^ g r a t i n g  was r e c o r d e d  w i t h  t he  

p r e d i c t e d  c l e a n  d e v e l o p me n t .  Th i s  r e s u l t  c o u l d  no t  be r e p e a t e d  4 

hou r s  l a t e r .  Th i s  d e a c t i v a t i o n  of  t he  t he  i n i t i a t o r  was assumed 

t o  be due t o  a d d i t i o n  of  s u l p h i n a t e  an i on  t o  v i n y l  g roups  on t he  

p o l y me r ,  as has been r e p o r t e d  t o  occur  under  s i m i l a r  

c i r c u m s t a n c e s . ' * 2 - 1 4 4  T h i s  d e a c t i v a t i o n  i s  l i k e l y  t o  be f a s t  

as p o l y me r s  s i m i l a r  t o  MP62 have q u i t e  h i g h  m e t h a c r y l i c  a c i d  

c o n t e n t s ,  t he  r e a c t i o n  l e a d i n g  t o  d e s e n s i t i z a t i o n  p r o c e e d i n g  at  

a g r e a t e r  r a t e  a t  l ow pH.

2
c r

(89)

A s c r e e n i n g  o f  c o m b i n a t i o n s  of  o r g a n i c  s u bs t a nc e s  was 

u n d e r t a k e n  i n  o r d e r  t o  f i n d  s e n s i t i z i n g  sys t ems  c a pa b l e  of  t he  

p h o t o c r o s s - l i n k i n g  of  p o l y me r .  I n i t i a l  s t u d i e s  of  t h i s  t y p e  were 

c a r r i e d  ou t  on s o l u t i o n s  o f  po l ymer  (MP59) i n  2 - m e t h o x y e t h a n o l  

s o l u t i o n .  When i t  became c l e a r  t h a t  t h e r e  was i n s u f f i c i e n t  

po l y mer  t o  c o n t i n u e  t h e s e  t e s t s ,  t he  p o l y m e r i z a t i o n  of  

a c r y l a m i d e  i n  2 - m e t h o x y e t h a n o l  or  i n  an aqueous s o l u t i o n  

c o n t a i n i n g  some - m e t h y l e n e - 6 i s - a c r y l a m i  de was used t o  

show t h e  p r es enc e  of  r e a c t i v e  f r e e  r a d i c a l s .  In 2 - me t h o x y e t h a n o l  

p o l y m e r i z a t i o n  i s  i n d i c a t e d  by t he  p r e c i p i t a t i o n  of  c o l o u r l e s s  

p o l y a c r y l a m i d e .  In e x p e r i m e n t s  u s i n g  po l ymer  or  t he  aqueous 

m i x t u r e s  of  monomers,  t he  f o r m a t i o n  of  a n e t wo r k  po l ymer  i s  

accompani ed  by t he  c o mp l e t e  g e l l i n g  of  t he  s o l u t i o n .

In t he  t a b l e  be l ow ( Ta b l e  4 . 2 )  t he  c r o s s - l i n k i n g  of  MP59 i n  

2 - m e t h o x y e t h a n o l  was used as t he  i n d i c a t o r ,  exposu r e  was t o  

s u n l i g h t  t h r o u g h  g l a s s .
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dye c o - i n i t i a t o r c r o s s - 1 i  nked?

- - no

- TSA yes

- NaTS no

- R4 NTS no

M.B. NaTS yes

M.B. R4 NTS yes

M.B. TEA no

M.V. R4 NTS yes

M.V. TEA no

Azure I I R4 NTS yes

T.B. R4NTS yes ( s l ow)

M. B. =met hy1ene b l u e ,  M. V. =met hy1ene v i o l e t , T . B . = t o l u i d i n e  bluE
T S A = p a r a - t o l u e n e s u l p h i n i c  a c i d ,  NaTS=sodium p a r a - t o l u e n e 
s u l  ph i  n a t e ,  R4NTS= t e t r a - n - bu t y l ammon i u r n  p a r a - t o l u e n e 
su l  ph i  n a t e ,  TEA = t r i e t h a n o l  ami ne.

Tab l e  4 . 2  P h e n o t h i a z i n e  Dyes and t he  P h o t o c r o s s - l i n k i n g  of  MP59

In t h i s  group o f  e x p e r i m e n t s ,  ( Tab l e  4 . 2 ) ,  i t  can be seen

t h a t  t he  s u l p h i n i c  a c i d  c r o s s - l i n k s  po l ymer  a l o ne  whereas i t s

s a l t s  do n o t .  C o mb i n a t i o n s  o f  t h es e  s a l t s  and a p h e n o t h i a z i n e

dye are  a l s o  shown t o  c r o s s - l i n k  t h i s  po l ymer  whereas

c o m b i n a t i o n s  o f  t r i e t h a n o l  amine and a p h e n o t h i a z i n e  dye do n o t .

Me t h y l en e  b l u e ,  me t h y l en e  v i o l e t  (90) and Azure I I  a re good
fiD

s e n s i t i z e r s  bu t  t o l u i d i n e  b 1u e j s e n s i t i z es l e s s  w e l l .  Azure I I  i s

a m i x t u r e  of  dyes c o n t a i n i n g  me t hy l ene  b l u e .
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(90)

0
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Cl"
(91)

Me t h y l en e  v i o l e t  (90)  seems p a r t i c u l a r l y  a t t r a c t i v e  f o r  use 

as a s e n s i t i z i n g  dye i n  sys t ems of  t h i s  t y p e :  i t  i s  n e u t r a l  and 

t h e r e f o r e  does no t  i n t r o d u c e  a c o u n t e r - i o n  i n t o  t he  system and 

s e n s i t i z e s  w e l l ,  even a t  633nm, (see S e c t i o n  4 . 1 . 5 ) .  I t s  use i s  

however  l i m i t e d  by i t s  s o l u b i l i t y  whi ch i s  t oo  low t o  

e f f i c i e n t l y  s e n s i t i z e  a t h i n  f i l m  of  po l ymer  c a s t  on g l a s s .  The 

f a i l u r e  of  t r i e t h a n o l  a m i n e / p h e n o t h i a z i ne dye m i x t u r e s  t o  

s e n s i t i z e  t h i s  p o l y m e r ,  when t h e y  are r e p o r t e d  as 

p h o t o i n i t i a t o r s  f o r  a c r y l a m i d e , m a y  be due t o  i n t e r a c t i o n s  

between t he  amine and a c i d  g roups  on t h e  p o l y me r .

The f o l l o w i n g  t a b l e ,  ( Ta b l e  4 . 3 )  shows s i m i l a r  r e s u l t s  f o r  

a s e r i e s  o f  c y a n i n e  dyes used t o  s e n s i t i z e  s o l u t i o n s  of  MP59 i n  

2 - m e t h o x y e t h a n o l .
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c r o s s - 1 i  nked?c o - i n i t i a t o r

NaTS

R.NTS

NaTS

(94a) NaTS

NaTS some ( s l ow)

NaTS some ( s l ow

NaTS = sodium p a r a - t o l u e n e s u l p h i n a t e  , RaNTS = t e t r a - n - b u t y 1- 
ammonium p a r a - t o l u e n e s u l p h i n a t e ,

Tab l e  4 . 3  The P h o t o c r o s s - l i n k i n g  of  MP59 w i t h  Cyan i ne  Dyes and 
Sul ph i n a t e s .

The dyes r e f e r r e d  t o  i n  t h i s  t a b l e  ( Ta b l e  4 . 3 )  are 

3 , 3 ' - d i e t h y l - 6 , 7 , 6 ' , 7 ' - d i b e n z o t h i a c a r b o c y a n i ne i o d i d e ,  ( 9 2 ) ,

6 , 6 ' - d i m e t  b o x y - 1 , 1 ' - d i e t h y 1 - 2 , 2 ' - c a r b o c y a n i ne i o d i d e ,  ( 9 3 ) ,

3 , 3 ' - d i e t h o x y - 1 , 1 ' - d i e t h y 1 - 2 , 2 ' - c a r b o c y a n i ne i o d i d e ,  ( 9 4 a ) ,

3 , 3 ' - d i e t h y l  t h i a c a r b o c y a n i ne i o d i d e ,  (95) and " S t a i n s  a l l " ,  

9 - m e t h y l - 3 , 3 ' - d i e t h y l - 4 , 5 , 4 ' , 5 ' - d i b e n z o t h i a c a r b o c y a n i n e  b r o mi d e ,  

(96)  .

y=C H —CH—CH— <̂ +

(92)
Et
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ch— ch= ch

(93)

= C  H—C H=C H—

Me
H(94) c) R

X = I

i f '  W c H — CH=CH—

I r  r
El" (95)  El"

Among t h e s e  compounds t he  bes t  s e n s i t i z e r  i s  t he  

t h i a c y a n i n e  (92)  and t h e  w o r s t  a re  t he  dyes c o n t a i n i n g  t he  

q u i n o l i n e  n u c l e u s ,  (93)  and ( 94a ) .

The dye (94a)  has an a b s o r p t i o n  maximum a t  631nm i n 

me t h a n o l ,  i d e a l l y  s u i t e d  t o  t h e  h e l i u m - n e o n  l a s e r  (633nm) i-f i t  

were an e f f i c i e n t  s e n s i t i z e r .  The p r esence  of  s u b s t i t u e n t s  at  

t he  3 - p o s i t i o n  woul d be expe c t ed  t o  s t e r i c a l l y  h i n d e r  t h i s  

m o l e c u l e  f r om a d o p t i n g  t he  p l a n a r  c i  s o i d s t r u c t u r e  expec t ed  of
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such dyes.  D e p a r t u r e  f r om p l a n a r i t y  i s  seen i n  t he  3 , 3 ' - d i m e t h y l  

a n a l o g u e ,  ( 9 4 b ) ,  t h e  e v i d e n c e  be i ng  a r e d u c t i o n  i n  t he  i n t e n s i t y  

of  t he  t h e  a b s o r p t i o n  band f r om l o g E  = 4 . 86  f o r  (94c)  t o  l ogE = 

4 . 61 f o r  ( 9 4 b ) . ^24 For  our  dye,  ( 94 a ) ,  a l o g £  of  4 . 28  has been 

r e c o r d e d ,  i m p l y i n g  a d e p a r t u r e  f rom p l a n a r i t y  i n  t h i s  i n s t a n c e  

a l s o .

An e x t r e m e l y  h i n d e r e d ,  e c l i p s e d  s t r u c t u r e  of  t h i s  t y pe  

would be e x pec t ed  t o  be c h i r a l ,  f o r  t he  same r easons  as t he  

h e l i c e n e s  show c h i r a l i t y . ^ ^ s  S t r a n g e l y  t h e  l e s s  h i n d e r e d  dye,

4 , 4 ' - d i e t h o x y - 1 , 1 ' - d i e t h y 1 - 2 , 2  ' - c a r b o c y a n i ne i o d i d e  was formed 

l e s s  r e a d i l y  t han  (94a)  under  t he  same c o n d i t i o n s  and was no t  

i s o l a t e d .

The u s e f u l n e s s  of  (92)  as a s e n s i t i z e r  i s  pu t  i n  q u e s t i o n  

by l a t e r  e x p e r i m e n t s .  In t h e s e  e x p e r i m e n t s ,  t u be s  c o n t a i n i n g  

a c r y l a m i d e ,  t he  dye (92)  and sodium p a r a - t o l u e n e s u l p h i n a t e  or  

t r i e t h a n o l  ami ne i n  2 - m e t h o x y e t h a n o l  were s e t - u p  and exposed t o  

l i g h t  or  kep t  i n  t h e  d a r k .  When t he  i r r a d i a t e d  t ubes  had 

p o l y m e r i z e d ,  t he  s i m i l a r l y  p r e pa r e d  and unexposed tubes  had a l s o  

p o l y m e r i z e d .  There i s  however  some e v i d en c e  t h a t  c o m b i n a t i o n s  

i n v o l v i n g  t h i s  dye a r e  e f f e c t i v e  a t  p h o t o p o l y m e r i z a t i o n  a t  

633nm, as shown i n  t h e  f o l l o w i n g  s e c t i o n ,  ( S e c t i o n  4 . 2 . 5 ) .

The use of  aqueous s o l u t i o n s  of  a c r y l a m i d e s  as a method of  

s c r e e n i n g  i n i t i a t o r s  i s  l i m i t e d  t o  dyes and c o - i n i t i a t o r s  whi ch 

a re  s o l u b l e  i n  w a t e r .  The f o l l o w i n g  t a b l e ,  ( Tab l e  4 . 4 )  compares 

a s e r i e s  of  p h e n o t h i a z i n e  dyes and p henox az i ne  dyes as 

s e n s i t i z e r s  f o r  t he  t r i e t h a n o l  a m i n e - i n i t i a t e d  

p h o t o p o l y m e r i z a t i o n  of  aqueous a c r y l a m i d e .
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dye c o - i n i t i a t o r po l ymer  f ormed?

- TEA no

M.V. - no

M.V. TEA yes

M.B. TEA yes

M.G. TEA yes

Azure A TEA yes

Azure C TEA yes

Th i on i  ne TEA yes

Gal 1o cyan i  ne TEA no

B r i l l i a n t  c r e s y l  b l u e TEA no

Bas i c  b l u e  3 TEA no

C r e s y l  v i o l e t  a c e t a t e TEA no

M. B . = me t h y l e n e  b l u e ,  M . V . = me t h y l e n e  v i o l e t ,  M. G. =met hy l ene  green 
TEA = t r i e t h a n o l  ami ne.

Tab l e  4 . 4  The P h o t o p o l y m e r i z a t i o n  of  Aqueous A c r y l a m i d e  by 
P h e n o t h i a z i n e  D y e / T r i  e t h a n o l  ami ne or  Phenoxaz i ne  
D y e / T r i  e t h a n o l  ami ne M i x t u r e s .

T h i s  t a b l e  ( Ta b l e  4 . 4 )  shows t h a t  a l l  of  t he  p h e n o t h i a z i n e  

dyes t e s t e d  s e n s i t i z e  t he  p h o t o p o l y m e r i z a t i o n  of  aqueous 

a c r y l a m i d e  i n  t he  p r es enc e  of  t r i e t h a n o l  amine and t h a t  none o f  

t h e  p he no x az i n e  dyes l i s t e d  do.  The s t r u c t u r e s  of  Azure C ( 9 7 ) ,  

me t h y l en e  green (98)  and t he  pheno x az i n e  dyes;  g a l l o c y a n i n e  

( 9 9 ) ,  b r i l l i a n t  c r e s y l  b l u e  ( 1 0 0 ) ,  b a s i c  b l u e  3 (101)  and c r e s y l  

v i o l e t  a c e t a t e  (102)  are shown be l ow.
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Cl
( 9 7 )
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Ci
(98)

N O 2

6 2 N

OH
(99)

H

N H z

A

Cl
(100)

Et? N

( 1 0 1 )

( 1 0 2 )
C H 3C 0
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The a bove  r e s u l t s ,  ( T a b l e  4 . 4 )  a l s o  show t h a t  

t r i e t h a n o l  ami  ne f u n c t i o n s  as a component  i n  i n i t i a t o r  s y s t e ms  

c o n t a i n i n g  p h e n o t h i a z i n e  d y e s  ( i n  s u p p o r t  o f  c l a i m s  i n  t h e  

l i t e r a t u r e ^ ? )  f o r  t h e  p o l y m e r i z a t i o n  of  a q u e o us  a c r y l a m i d e .

The f a i l u r e  of  t h i s  s y s t e m t o  i n i t i a t e  c r o s s - l i n k i n g  of  t h e  

p o l y m e r  MP59 i s  t h e r e f o r e  l i k e l y  t o  be due t o  an i n t e r a c t i o n  

b e t w e e n  t h e  ami ne  and t h e  p o l y m e r .

T h i s  a q u e o u s  s y s t e m was a l s o  t e s t e d  w i t h  t h e  c y a n i n e  dyes

( 9 2 )  and ( 9 5 )  , ( T a b l e  4 . 5 ) .

dye c o - i n i t i a t o r p o l y m e r  f o r me d ?

( 9 2 ) - some

( 9 2 ) TEA yes

( 9 5 ) - no

( 9 5 ) TEA yes

TEA = t r  i e t h a n o l  ami  ne

T a b l e  4 . 5  The P h o t o p o l y m e r i z a t i o n  of  Aqueous A c r y l a m i d e  by 
C y a n i n e  D y e / T r i  e t h a n o l  ami n e  M i x t u r e s .

The b e n z o t h i a c y a n i n e ,  ( 9 2 )  shows some p o l y m e r  f o r m a t i o n  i n  

t h e  a b s e n c e  o f  t r i e t h a n o l  ami ne .  In t h i s  i n s t a n c e  a b u i l d - u p  of  

p o l y m e r  was seen  on t h e  s i d e  of  t h e  t u b e  f a c i n g  t h e  l i g h t  

s o u r c e .  T h i s  b e h a v i o u r  was n o t  seen i n  t h e  t u b e  c o n t a i n i n g  t h e  

s i m p l e r  dye ( 9 5 )  when i r r a d i a t e d  f o r  a s i m i l a r  p e r i o d  o f  t i m e .  

I n  t h e  t u b e s  c o n t a i n i n g  t r i e t h a n o l  ami n e ,  p o l y m e r i z a t i o n  

p r o c e e d e d  a t  a g r e a t e r  r a t e ,  ( 9 2 )  s t i l l  b e i n g  f a s t e r  t h a n  ( 9 5 )  

h o w e v e r .

In a f u r t h e r  s e r i e s  of  e x p e r i m e n t s  m e t h y l e n e  b l u e  was
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co mb i n e d  w i t h  a r a n g e  of  p o s s i b l e  c o - i n i t i a t o r s  i n  t u b e s  

c o n t a i n i n g  s o l u t i o n s  of  a c r y l a m i d e  i n  2 - m e t h o x y e t h a n o l .  O r g a n i c  

s o l u t i o n s  wer e  used i n  t h e s e  e x p e r i m e n t s  i n  o r d e r  t o  e x t e n d  t h e  

r a n g e  of  compounds t e s t e d .  C o m m e r c i a l l y  o b t a i n e d  m a t e r i a l s  wer e  

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

r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  t a b u l a t e d  b e l o w ,  ( T a b l e  4 . 6 ) .

c o - i n i t i a t o r

e t h y l  a c e t o a c e t a t e

a c e t y l  a c e t o n e

m a l o n i c  a c i d

d i e t h y l  m a l o n a t e

e t h y l  c y a n o a c e t a t e

1 , 3 - i  ndand i one

p e r i n a p h t h - 1 , 3 - i n d a n d i o n e

m e t h o x y p h e n a l e n o n e

2 , 2 - d i m e t h y l  p e r i n a p h t h - 1 , 3 - i n d a n d i o n e

t h i o u r e a

a s c o r b i c  a c i d

t h i o d i g l y c o l i c  ac i d

monomet hy l  t h i o d i g l y c o l a t e -

d i m e t h y l  t h  i od i g 1 y c o l a t e ^ . , -

p o l y m e r  f o r me d ?

yes

yes

no

no

no

yes

yes

no

no

yes

yes

yes

yes

yes

Table 4.6 continued overleaf..
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c o n t i n u e d  f r o m p r e v i o u s  p a g e .

c o - i n i t i a t o r p o l y m e r  f o r me d ?

t h i o d i p r o p i o n i c  a c i d yes

1 , 3 - d i  t h i a n e yes

T a b l e  4 . 6  C o - i n i t i a t o r s  i n  t h e  M e t h y l e n e  B l u e - S e n s i t i z e d  
P h o t o p o l y m e r i z a t i o n  o f  A c r y l a m i d e  i n  2 - M e t h o x y e t h a n o l

The r e s u l t s  w i t h  a c e t y l  a c e t o n e  and e t h y l  a c e t o a c e t a t e  

c o n f i r m  t h o s e  g i v e n  i n  t h e  l i t e r a t u r e ^ ^ G - i ^ o  and a r e  e x a m p l e s  

of  t h e  use  of  e n o l i z a b l e  d i k e t o n e s  i n  p h e n o t h i a z i n e  

d y e - s e n s i t i z e d  i n i t i a t o r  s y s t e m s .  I n c o n t r a s t  t h e  compounds  

m a l o n i c  a c i d ,  d i e t h y l  m a l o n a t e  and e t h y l  c y a n o a c e t a t e ,  wh i ch  

a l s o  m i g h t  be e x p e c t e d  t o  e n o l i z e  r e a d i l y ,  d i d  n o t  a p p e a r  t o  

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

t h e o r y  i s  s u p p o r t e d  by t h e  r e s u l t s  f o r  1 , 3 - i n d a n d i o n e , ( 1 0 3 ) ,  

p e r i n a p h t h - 1 , 3 - i n d a n d i o n e ,  ( 1 0 4 ) ,  m e t h o x y p h e n a l e n o n e ,  ( 1 0 5 )  and

2 , 2 - d i m e t h y l  p e r i n a p h t h - 1 , 3 - i n d a n d i o n e ,  ( 1 0 6 ) .  The e n o l  e t h e r  

( 1 0 5 )  and t h e  compound w i t h  no e n o l i z a b l e  p r o t o n  ( 1 0 6 )  a r e  

i n a c t i v e  as c o - i n i t i a t o r s  w h e r e a s  t h e  e n o l i z a b l e  d i k e t o n e s  ( 1 0 3 )  

and ( 1 0 4 )  a r e .

( 1 0 3 ) ( 1 0 4 )

MeO

( 1 0 5 )

eMe

( 1 0 6 )
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T h i o u r e a  and a s c o r b i c  a c i d  a r e  a g a i n  e x a m p l e s  f r o m t h e  

l i t e r a t u r e  c o n f i r m e d  by t h e s e  r e s u l t s .  The r e m a i n i n g  compounds  

i n  t h i s  l i s t  ( T a b l e  4 . 6 )  a r e  a l l  s u b s t i t u t e d  d i a l k y l  s u l p h i d e s ;  

t h i o d i g l y c o l i c  a c i d ,  ( 1 0 7 ) ,  i t s  mono-  and d i m e t h y l  e s t e r s ,  i t s  

h omo l o g u e  t h i o d i p r o p i o n i c  a c i d ,  ( 1 0 8 )  and 1 , 3 - d i t h i a n e ,  ( 1 0 9 ) .  

The r e s u l t s  s h o u l d  be t r e a t e d  w i t h  c a u t i o n  s i n c e  t h e  compounds  

may n o t  be p u r e  and t h e  a c t i v i t y  shown may be due t o  t h e  

i m p u r i t i e s ,  i n  p a r t i c u l a r  good e l e m e n t a l  a n a l y s e s  c o u l d  n o t  be 

o b t a i n e d  f o r  t h e  m e t h y l  e s t e r s  of  ( 1 0 7 ) ,  ( s e e  t h e  E x p e r i m e n t a l  

S e c t  i o n ) .

/CH2CO2H ^CHjCHjCOjH

\  \
CH2CO2H CH2CH2CO2H

( 1 0 7 )  ( 1 0 8 )

( 1 0 9 )

A more c a r e f u l  r e - e x a m i n a t i o n  of  some of  t h e s e  r e s u l t s  

shows v a r i a b l e  b e h a v i o r  when u s i n g  t h i o d i g l y c o l i C  a c i d ,  ( 1 0 7 )  

i n  a q u e o u s  and o r g a n i c  ( 2 - m e t h o x y e t h a n o l )  s o l u t i o n s  of  

a c r y l a m i d e .  I n a q u e o u s  s o l u t i o n  t h e  c o m b i n a t i o n  of  m e t h y l e n e  

b l u e  and ( 1 0 7 )  shows a c t i v i t y  as a p h o t o i n i t i a t o r ,  w h e r e a s  a 

s i m i l a r l y  p r e p a r e d  s o l u t i o n  k e p t  i n  d a r k n e s s  shows no p o l y m e r  

f o r m a t i o n  u n t i l  s u b s e q u e n t l y  e x p o s e d  t o  l i g h t .  The same 

i n i t i a t o r  c o m b i n a t i o n ,  when used i n  t h e  o r g a n i c  t e s t  s o l u t i o n ,  

showed r a p i d  p o l y m e r  f o r m a t i o n ,  even i n  t h e  d a r k .

C o m p l e m e n t a r y  b e h a v i o u r  was shown by t h e  h o m o l o g u e ,  ( 1 0 8 )
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and m e t h y l e n e  b l u e .  I n  a q u e o u s  s o l u t i o n s  no p o l y m e r  was f o r m e d ,  

even  a f t e r  s e v e r a l  h o u r s  e x p o s u r e ,  b u t  i n  t h e  o r g a n i c  t e s t  

s o l u t i o n  t h i s  c o m b i n a t i o n  i n i t i a t e d  p o l y m e r i z a t i o n  when ex po s e d  

t o  l i g h t  b u t  n o t  when k e p t  i n  t h e  d a r k .  The d a r k  s t o r e d  s o l u t i o n  

c o u l d  be s u b s e q u e n t l y  p h o t o p o l y m e r i z e d  when e x p o s e d  t o  l i g h t  

a f t e r  24 h o u r s ,  s h o wi n g  a t  l e a s t  some d a r k  s t a b i l i t y .

I n t h e s e  e x p e r i m e n t s ,  and g e n e r a l l y  i n  t h o s e  d e s c r i b e d  

a b o v e ,  t h e  c o n c e n t r a t i o n  of  m e t h y l e n e  b l u e  must  n o t  be t o o  h i g h  

or  p h o t o p o l y m e r i z a t i o n  w i l l  n o t  o c c u r .  A s o l u t i o n  t h a t  i s  

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

f a i l u r e  of  h i g h  c o n c e n t r a t i o n s  of  t h i s  dye  t o  i n i t i a t e  s o l u t i o n  

p o l y m e r i z a t i o n s  may be due t o  t h e  e x t r e m e l y  h i g h  o p t i c a l  d e n s i t y  

of  t h e  s o l u t i o n  p r e v e n t i n g  t h e  l i g h t  p e n e t r a t i n g  f a r  i n t o  t h e  

b u l k  or  t o  c h a i n  t e r m i n a t i o n  by m e t h y l e n e  b l u e  d i m e r s .

The i n t e r p r e t a t i o n  of  t h e  r e s u l t s  w i t h  t h e  h omol o go us  a c i d s

( 1 0 7 )  and ( 1 0 8 ) ,  s u mm a r i z e d  b e l o w ,  ( T a b l e  4 . 7 ) ,  i s  n o t  c l e a r  and 

r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .

p o l y m e r  f o r m a t i o n ?

s o l  v e n t ac i d on e x p o s u r e i n  d a r k n e s s

HzO ( 1 0 7 ) yes no*

MeOCHzCHzOH ( 1 0 7 ) yes yes

HzO ( 1 0 8 ) no no

MeOCHzCHzOH ( 1 0 8 ) yes no*

*  P o l y m e r  f o r m a t i o n  seen  on e x p o s u r e  t o  l i g h t  a f t e r  24 h o u r s  i n  
d a r k n e s s .

T a b l e  4 . 7  The P h o t o p o l y m e r i z a t i o n  of  A c r y l a m i d e  by M e t h y l e n e  
B l u e  and T h i o d i g l y c o l i C  A c i d  ( 1 0 7 )  o r  T h i o d i p r o p i o n i c  Ac i d
( 1 0 8 )  i n  Aqueous and O r g a n i c  M e d i a .
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1 , 3 - D i t h i a n e  ( 1 0 9 )  and s u b s t i t u t e d  d i t h i a n e s  a r e  used i n  

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

t h e  2 - p o s i t i o n  b e i n g  s t a b i l i z e d  by t h e  a d j a c e n t  s u l p h u r  a t o m s ,  

( Scheme 4 . 6 ) .  W h i l e  t h e  i n t e r m e d i a t e  c a r b a n i o n  ( 1 0 9 a )  c o u l d  be 

t h o u g h t  of  as an a n a l o g u e  of  an e n o l a t e ,  s t r o n g  b a s e s ,  such as  

o r g a n o l i t h i u m s , a r e  r e q u i r e d  t o  f o r m t h i s  i n t e r m e d i a t e  and t h e  

p r e s e n c e  o f  t h i s  s p e c i e s  i n  t h e  s e n s i t i z i n g  s o l u t i o n  i s  

u n l i k e l y .

R

-H ' * '

TT

S R-X S 
 >

0
S H , 0

Hg
HCR

( 1 0 9 )  ( 1 0 9 a )  +  X

Scheme 4 . 6  D i t h i a n e s  i n  O r g a n i c  S y n t h e s i s

A f ew m i s c e l l a n e o u s  r e s u l t s  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  

t a b l e ,  ( T a b l e  4 . 8 ) ,  f o r  t h e  p h o t o p o l y m e r i z a t i o n  of  a c r y l a m i d e .

s o l  v e n t dye c o - i  ni  t  i a t o r p o l y m e r  f o r m e d '

H.zO M. B. NazS yes

HzO - NazS no

HzO M. B. S n C l z yes

HzO - SnCLz yes

MeOCHzCHzOH M. V. EAA yes

MeOCHzCHzOH HPT 2 9 8 ,  ( 1 1 0 ) TEA no

MeOCHzCHzOH ( 1 1 1 ) TEA some

M . B . = m e t h y l e n e  b l u e ,  M . V . = m e t h y l e n e  v i o l e t ,  TEA = t r i e t h a n o l  ami  n e ,  
E A A = e t h y l  a c e t o a c e t a t e .

Table 4.8 M is c e l l a n e o u s  S e n si ti za ti on  E xp er iments
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Dye b l e a c h i n g  i s  e x t e n s i v e  when sodi um s u l p h i d e  i s  used and 

dye must  e i t h e r  be r e g e n e r a t e d  by a e r a t i o n  o f  t h e  s o l u t i o n  or  

more dye  must  be added b e f o r e  e x t e n s i v e  p o l y m e r i z a t i o n  i s  s e e n .  

T i n  ( I I )  c h l o r i d e ,  w h i c h  i s  r e p o r t e d  t o  be a co mp o ne nt  of  

p h o t o r e d o x  i n i t i a t o r  s y s t e m s , i * *  gave  p o l y m e r  f o r m a t i o n  when 

i t  a l o n e  was added t o  aq u e o u s  a c r y l a m i d e .  The m e t h y l e n e  v i o l e t  

r e s u l t  i s  n o t  s u r p r i s i n g  and n eeds  no f u r t h e r  comment .  The dyes

( 1 1 0 )  and ( 1 1 1 ) 2 2 6  r e p r e s e n t  two f u r t h e r  c l a s s e s  of  compounds ,  

an a n i o n i c  o x o n o l  dye  ( 1 1 0 )  and a n e u t r a l  m e r o c y a n i n e  ( 1 1 1 ) ,  

S l i g h t  p o l y m e r  f o r m a t i o n  was seen  i n  t h e  c a s e  of  ( 1 1 1 ) .  These  

r e s u l t s  we r e  n o t  s u b j e c t e d  t o  any f u r t h e r  s t u d y .

MeMe

CH— C H = C H

( 1 1 0 )

C H— C H==C H— C H = ^

( 1 1 1 )

4 . 1 . 5  P h o t o r e d o x  I n i t i a t i o n  w i t h  Red L a s e r  I r r a d i a t i o n

Some c o m b i n a t i o n s  of  dye and sod i um p a r a - t o l u e n e  

s u l p h i n a t e  wer e  t e s t e d  i n  t h e  u n e x p a n d e d  beam of  a 2.5mW h e l i u m -  

neon l a s e r  f o r  p o l y m e r  f o r m a t i o n  on e x p o s u r e  t o  633nm l i g h t .  A 

s o l u t i o n  o f  a c r y l a m i d e  c o n t a i n i n g  some N , N ' - m e t h y l e n e - b i s -  

a c r y l a m i d e  was u s e d ,  p h o t o p o l y m e r i z a t i o n  b e i n g  shown t o  o c c u r  by
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t h e  f o r m a t i o n  and b u i l d - u p  of  p o l y m e r  on t h e  i n s i d e  s u r f a c e  of  

t h e  g l a s s  t u b e  a t  t h e  p o i n t  i l l u m i n a t e d  by t h e  l a s e r  beam.  The  

d y e s  t e s t e d  i n  t h i s  manner  a r e  l i s t e d  b e l o w ,  ( T a b l e  4 . 9 ) .

Dye P o l y me r  F o r m a t i o n ?

M. B. good

M. V. e x c e l l e n t

( 9 2 ) good

M. G. some

t h i  on i  ne some

A z u r e  A some

A z u r e  C some

T . B . some

( 9 5 ) some a f t e r  10 m i n u t e s

M . B . =  m e t h y l e n e  b l u e ,  M . V . =  m e t h y l e n e  v i o l e t ,  M . G . =  m e t h y l e n e  
g r e e n ,  T . B . =  t o l u i d i n e  b l u e .

T a b l e  4 . 9  P o l y m e r  f o r m a t i o n  a t  633nm by D y e - S o d i u m  p a r a -
T o l u e n e s u l p h i n a t e  S e n s i t i z e d  S o l u t i o n s  o f  A c r y l a m i d e

The most  s p e c t a c u l a r  of  t h e s e  e x p e r i m e n t s  was t h a t  i n  wh i c h  

m e t h y l e n e  v i o l e t  was used as t h e  s e n s i t i z i n g  d y e :  as 

p o l y m e r i z a t i o n  p r o c e e d e d  a t  t h e  p o i n t  of  i r r a d i a t i o n  a f i n g e r  of  

s o l i d  p o l y m e r  was b u i l t - u p  p r o j e c t i n g  f r o m t h e  s i d e  of  t h e  t u b e .  

I n v e r s i o n  of  t h e  t u b e ,  a l l o w i n g  t h e  u n p o l y m e r i z e d  s o l u t i o n  t o  

f l o w  t o  t h e  o p p o s i t e  end of  t h e  t u b e  r e v e a l e d  t h i s  s t r u c t u r e .  I f  

t h e  e x p o s u r e  t i m e  was l on g  enough t h e  " p o l y m e r  f i n g e r "  wou l d
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b r i d g e  t h e  w a l l s  of  t h e  t u b e .  T h i s  b e h a v i o u r  was u n u s u a l  among 

t h i s  s e r i e s  of  e x p e r i m e n t s  and i s  p r o b a b l y  due t o  t h e  d y e -  

b l e a c h i n g  wh i c h  i s  seen  when m e t h y l e n e  v i o l e t  i s  u s e d ,  t h i s  

woul d  t e n d  t o  c l e a r  a p a t h  f o r  t h e  l a s e r  beam i n  t h e  i r r a d i a t e d ,  

p o l y m e r i z e d  z o n e .  I t  may be t h a t  t h e  c o l o u r l e s s  l e u c o  f o r m o f  

t h i s  dye i s  f o r me d  i r r e v e r s i b l y  ( w h e r e a s  t h a t  of  m e t h y l e n e  b l u e  

i s  n o t )  or  t h a t  t h e  r e d u c e d  f o r m of  t h e  dye  c o u l d  be a c t i v e  as  

an i n i t i a t i n g  s p e c i e s  and t h a t  t h i s  i n i t i a t i o n  p r e v e n t s  t h e  dye  

r e f o r m i n g .  W h a t e v e r  t h e  me chan i sm t h i s  dye  a p p e a r s  n o t  t o  h a v e  

been s t u d i e d  by w o r k e r s  i n v e s t i g a t i n g  t h e  r e c o r d i n g  of  h o l o g r a m s  

u s i n g  s o l u t i o n  p o l y m e r i z a t i o n ,  t o  wh i c h  t h i s  dye seems w e l l  

s u i t e d .  An i n v e s t i g a t i o n  of  m e t h y l e n e  v i o l e t  i n  t h i s  r o l e  m i g h t  

p r o v e  f r u i t f u l .

Among t h e  o t h e r  p h e n o t h i a z i n e  dyes  e x a m i n e d  m e t h y l e n e  b l u e  

i s  t h e  b e s t ,  even p e r f o r m i n g  b e t t e r  t h a n  A z u r e  A wh i ch  has i t s  

maximum a b s o r b a n c e  a t  633nm.

The c y a n i n e  d y e s ,  ( 9 2 )  and ( 9 5 ) ,  b o t h  show p o l y m e r  

f o r m a t i o n  u n d e r  t h e s e  c o n d i t i o n s .  ( 9 2 )  P e r f o r m s  w e l l  i n  t h i s  

r e s p e c t  d e s p i t e  a f a i r l y  s h a r p  c u t - o f f  i n  i t s  a b s o r p t i o n  

s p e c t r u m  a b o v e  a b o u t  600nm.  Even more s u r p r i s i n g  i s  t h a t  any  

s p o t  of  p o l y m e r  i s  p r o d u c e d  by i r r a d i a t i n g  s o l u t i o n s  c o n t a i n i n g  

( 9 5 )  wh i c h  has i t s  maximum a b s o r b a n c e  a t  561nm.

4 . 1 . 6  P o l y m e r - B o u n d  Co- I n i t i a t o r s

A c h a r a c t e r i s t i c  o f  t h e  photoredox i n i t i a t o r  s y s t e ms  

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

b e t w e e n  a p h o t o e x c i t e d  dye and a p h o t o r e d u c t a n t  g e n e r a t e  a f r e e  

r a d i c a l ,  d e r i v e d  f r o m t h e  p h o t o r e d u c t a n t ,  wh i c h  t h e n  i n i t i a t e s  

p o l y m e r i z a t i o n .  T h e r e  a p p e a r s  t o  be no r e a s o n  why t h e  

p h o t o r e d u c i n g  s p e c i e s  need n o t  be a t t a c h e d  t o  t h e  p o l y m e r  as
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w e l l  as t h e  p o l y m e r i z a b l e  v i n y l  g r o u p s .  Such a p o l y m e r  woul d  

o n l y  r e q u i r e  t h e  a d d i t i o n  of  a s u i t a b l e  dye t o  s e n s i t i z e  i t  t o  

p h o t o c r o s s - l i n k i n g .  S i m i l a r l y  i n t e r n a l l y  s e n s i t i z e d  p o l y m e r s  

h a v e  been p r e p a r e d  by Kodak w o r k e r s  by a t t a c h i n g  t r i h a l o a c e t a t e  

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

f u n c t i o n a l i t y . T h e s e  h a l o g e n a t e d  compounds e x c h a n g e  h a l o g e n  

w i t h  o r g a n o m e t a l 1 i c  s e n s i t i z e r s  g e n e r a t i n g  p o l y m e r - b o u n d  

r a d i c a l s ,  ( Scheme 4 . 6 ) .

R - CXs  + A r - C r ( C  = 0 ) 3  -------------------------- >  R-CX? + Ar + CrX + 3C = 0

Ar = b e n z e n e ,  X= Cl  or  B r , R= p o l y m e r .

Scheme 4 . 6  The G e n e r a t i o n  of  P o l y m e r - B o u n d  F r e e  R a d i c a l s  i n  
Kodak P h o t o p o l y m e r s  S e n s i t i z e d  w i t h  Be nz e ne  Chromi um 
T r i  c a r b o n y l

W h i l e  t h e  r a d i c a l  s i t e  and e x t e n t  of  f r a g m e n t a t i o n  i s  not  

known,  and t h e  e f f e c t  o f  t h e  n a t u r e  of  s o l v e n t  on t h e  s y s t e m i s  

u n c l e a r ,  c o - i n i t i a t o r s  based  on t h i o d i g l y c o l i C  a c i d ,  ( 1 0 7 )  w i l l  

s e r v e  as an e x a m p l e  o f  p o s s i b l e  p o l y m e r - b o u n d  c o - i n i t i a t o r s  f o r  

our  p o l y m e r s .  A s i m p l e  met hod of  a t t a c h i n g  t h i s  d i c a r b o x y l i c  

a c i d  i s  by r e a c t i o n  of  an a l c o h o l  f u n c t i o n  of  t h e  p o l y m e r  w i t h  

t h e  c y c l i c  a n h y d r i d e  ( 1 1 2 ) .  T h i s  wou l d  p r o b a b l y  p r o v e  

u n s a t i s f a c t o r y  as t h e  r e a c t i o n  of  ( 1 1 2 )  w i t h  me t h a n o l  l e a d s  t o  a 

m i x t u r e  of  mono-  and d i m e t h y l  e s t e r s ,  t h e  l i k e l y  c o n s e q u e n c e  of  

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

t h e r e f o r e  be t h e  p r o d u c t i o n  of  a c r o s s - l i n k e d  m a t e r i a l .
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/ S -

( 1 1 2 )

The met hod o f  a t t a c h m e n t  t h e r e f o r e  r e q u i r e s  a r e a c t i v e  f o r m  

of  a m o n o a l k y l  e s t e r  such as t h e  a c i d  c h l o r i d e  ( 1 1 3 )  or  t h e  

a n h y d r i d e  ( 1 1 4 ) .  E x p e r i m e n t s  a p p e a r  t o  show t h a t  t h e  d i m e t h y l  

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

p o s t u l a t e d  p o l y m e r - b o u n d  e s t e r ,  i s  an i n i t i a t o r  when used i n  

c o m b i n a t i o n  w i t h  m e t h y l e n e  b l u e .

C02Me MeOzC Q ^ O - ^  COzMe

■COCl

( 1 1 3 )  ( 1 1 4 )

I n  t h e  p o l y m e r - b o u n d  c o - i n i t i a t o r s  c o n s i d e r e d  so f a r  t h e  

p h o t o r e d u c t a n t  i s  assumed t o  be j o i n e d  t o  t h e  same p o l y m e r  

c h a i n s  as t h e  c r o s s - l i n k a b l e  v i n y l  g r o u p s ,  b u t  t h i s  need n o t  be 

t h e  c a s e .  A p o l y m e r  wh i c h  i s  s u b s t i t u t e d  o n l y  w i t h  t h e  

c o - i n i t i a t o r  r e s i d u e s ,  when used t o  s e n s i t i z e  a p o l y m e r  of  t h e  

t y p e  d e s c r i b e d  i n  C h a p t e r  2 wou l d  be e x p e c t e d  t o  c o n t r i b u t e  t o  

t h e  c r o s s - l i n k i n g  i n  much t h e  same way as m u l t i - f u n c t i o n a l  

monomers d o ,  e x c e p t  t h a t  t h e  a d d i t i o n a l  c r o s s - l i n k i n g  woul d  be 

a t  t h e  s t a r t  of  each  p o l y m e r i z a t i o n  c h a i n .  Such n o n p o l y m e r i z a b l e  

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

of  p o l y m e r i z a t i o n  i n  monomer m i x t u r e s  w h i l e  p r o v i d i n g  a 

s u p p o r t i n g  m a t r i x  f o r  t hem.  P o l y m e r - b o u n d  i n i t i a t o r s  may a l s o  

p r o v i d e  a means of  i n t r o d u c i n g  h i g h e r  c o n c e n t r a t i o n s  of  t h e
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c o - i n i t i a t o r  s p e c i e s  when i t  has a t e n d e n c y  t o  c r y s t a l l i z e  i n  

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

A l l  of  t h e s e  a l t e r n a t i v e  s t r a t e g i e s  may be w o r t h y  of  

c o n s i d e r a t i o n  as d e v e l o p m e n t s  of  t h e  s y s t e m d e s c r i b e d  i n  t h i s  

t h e s i s .

Iv 2 _IX.? 1112 a t Lpn 0f_

I m a g i n g  e x p e r i m e n t s  u s i n g  t h e  C i b a - G e i g y  p h o t o p o l y m e r  Mu 

1 7 7 1 / 2 3 1 6  w e r e  a l l  c a r r i e d  o u t  on u n s e n s i t i z e d  c o a t i n g s .  The  

p o l y m e r  i n  s o l u t i o n  shows a b s o r p t i o n  bands  a t  243nm and 280nm 

w i t h  a s h o u l d e r  a t  a b o u t  300nm.  E x p o s u r e  t i m e s  w i t h  a lOOW 

m e r c u r y  v a p o u r  l amp and u n s e n s i t i z e d  c o a t i n g  we r e  l o n g ,  r o u g h l y  

c o m p a r a b l e  t o  t h o s e  o f  P A T M - s e n s i t i z e d  c o a t i n g s  of  our  own 

p o l y m e r s ,  p r o b a b l y  b e c a u s e  of  t h e  v e r y  s h o r t  w a v e l e n g t h  

s e n s i t i v i t y  of  t h e  u n s e n s i t i z e d  p o l y m e r .  A s o l u t i o n  o f  t h i s  

p o l y m e r  i n  2 - m e t h o x y e t h a n o l  c o u l d  be l e f t  i n  a c l e a r  g l a s s  t u b e  

i n  s u n l i g h t  f o r  s e v e r a l  weeks b e f o r e  g e l l i n g  due t o  c r o s s - l i n k  

f o r m a t i o n .  I t  i s  t h e r e f o r e  an e a s y  m a t t e r  t o  s c r e e n  p o t e n t i a l  

s e n s i t i z e r s  by e x p o s i n g  t u b e s  c o n t a i n i n g  s o l u t i o n s  of  t h e  

p o l y m e r  and p o s s i b l e  s e n s i t i z e r s  and m o n i t o r i n g  t h e  t i m e  t a k e n  

f o r  t h e  f o r m a t i o n  of  a g e l  r e l a t i v e  t o  a s a mp l e  of  t h e  

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

S u b s t a n c e s  t e s t e d  i n  t h e s e  e x p e r i m e n t s  wer e  c h ose n  f r o m t h e  

c l a s s e s  o f  compound r e p o r t e d  i n  t h e  l i t e r a t u r e  t o  s e n s i t i z e  

c r o s s - l i n k i n g  of  p o l y v i n y l  c i n n a m a t e  and r e l a t e d  m a t e r i a l  s.

As w e l l  as t y p i c a l  t r i p l e t  s e n s i t i z e r s ,  t h e  m e t h y l e n e  

b l u e / s o d i u m  p a r a - t o l u e n e s u l p h i n a t e  s y s t e m was a l s o  mi xed  w i t h  

t h e  p o l y m e r  as an e f f i c i e n t  s o u r c e  of  f r e e  r a d i c a l s .  No 

c r o s s - l i n k i n g  was seen  i n  t h i s  e x p e r i m e n t ,  s u p p o r t i n g  t h e  

a s s u m p t i o n  t h a t  t r i p l e t - s e n s i t i z e d  p h o t o c y c l o a d d i t i o n ,  ( Scheme



4 . 1 )  , i s  t h e  me chan i sm of  c r o s s - l i n k i n g  i n  t h i s  m a t e r i a l .  The

s u b s t a n c e s  e mp l o y e d  as s e n s i t i z e r s  i n  t h i s  s t u d y  a r e  l i s t e d  

b e l o w ,  ( T a b l e  4 . 1 0 ) .

167

s e n s i  t i z e r c r o s s - l i n k  f o r m a t i o n ?

a c e a n t h r e n e no

g u a i a z u l e n e no

f 1 u o r e s c e i n no

5 - n i t r o a c e n a p h t h e n e yes

5 , 6 - d i n i t r o a c e n a p h t h e n e yes

a c e n a p h t h e n e q u i n o n e yes

p h e n a n t h r e n e q u i n o n e yes

b e n z i l yes

c r y s t a l  v i o l e t y e s ,  a f t e r  s e v e r a l  d ays

T a b l e  4 . 1 0  S e n s i t i z e r s  f o r  t h e  C r o s s - L i n k i n g  of  Mu 1 7 7 1 / 2 3 1 6

Of t h e  s e n s i t i z e r s  l i s t e d  i n  t h i s  t a b l e  ( T a b l e  4 . 1 0 )  t h e  

most  e f f i c i e n t  a p p e a r e d  t o  be 5 , 6 - d i n i t r o a c e n a p h t h e n e  ( 1 1 7 a ) ,  

p h e n a n t h r e n e q u i n o n e  ( 7 5 )  and b e n z i l  ( 7 6 )  a r e  a l s o  good 

s e n s i t i z e r s .  A c e n a p h t h e n q u i n o n e  ( 7 4 )  and 5 - n i t r o a c e n a p h t h e n e  

( 1 1 7 b )  a r e  l e s s  good a l t h o u g h  a l l  c r o s s - l i n k  t h e  p o l y m e r  much 

f a s t e r  t h a n  i n  t h e  u n s e n s i t i z e d  c a s e .

The r e m a i n i n g  s e n s i t i z e r ,  c r y s t a l  v i o l e t  ( 1 1 5 )  i s  a 

c u r i o s i t y .  T h i s  d y e ,  a l o n g  w i t h  o t h e r  t r i p h e n y l  me t ha ne  d y e s ,  i s  

r e p o r t e d  t o  be a s e n s i t i z e r  f o r  p o l y v i n y l  c i n n a m a t e  i n  a p a t e n t
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by w o r k e r s  a t  Kodak . ®® The m o d e r a t e  speed  i n c r e a s e  seen i s  

f u r t h e r  i n c r e a s e d  by " a g e i n g "  t h e  s o l u t i o n  a t  e l e v a t e d  

t e m p e r a t u r e  or  i n  t h e  p r e s e n c e  of  " s t a b l e  p e r o x i d e s " .  The  

c o l o u r l e s s  c a r b i n o l  f o r m of  t h e  dye ( 1 1 6 )  i s  a l s o  r e p o r t e d  as a 

s e n s i t i z e r .  W h a t e v e r  t h e  me chan i sm of  s e n s i t i z a t i o n ,  or  t h e  

i d e n t i t y  o f  t h e  s e n s i t i z i n g  s p e c i e s ,  i t  a p p e a r s  t o  work f o r  t h e  

C i b a - G e i g y  p o l y m e r  a l s o .  From t h e  d e s c r i p t i o n  of  t h e  met hod of  

s e n s i t i z a t i o n  i t  a p p e a r s  l i k e l y  t h a t  t h e  l on g  w a v e l e n g t h  

a b s o r b i n g  dye s t r u c t u r e  ( 1 1 5 )  i s  n o t  i n v o l v e d  i n  t h e  

p h o t o p r o c e s s  h o w e v e r .

( 1 1 5 )

C - O H

( 1 1 6 )

A c e a n t h r e n e  ( 1 1 8 )  and t h e  b l u e  s u b s t a n c e  g u a i a z u l e n e  ( 1 1 9 ) ,  

b o t h  a r o m a t i c  h y d r o c a r b o n s , d i d  n o t  s e n s i t i z e  c r o s s - l i n k i n g  i n  

t h i s  p o l y m e r ,  nor  d i d  t h e  dye  f l u o r e s c e i n  ( 1 2 0 ) .

( 1 1 7 )

a ) R1 ^Rz- NOa

( C H 3 ) ^ C H

( 1 1 9 )

( 118)

C O j "  H a *

( 1 2 0 )
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4^3 D i a z o k e  e_ S e n s j_ tj^z e r s

The p h o t o a c t i v e  compound i n  p o s i t i v e  p h o t o r e s i s t s  i s  a 

q u i n o n e  d i a z i d e ,  t y p i c a l l y  a d e r i v a t i v e  o f  ( 4 3 ) .  The 

p h o t o d e c o m p o s i t i o n  of  t h i s  compound t o  c a r b o x y l i c  a c i d - d e r i v e d ,  

a l k a l i - s o l u b l e  p r o d u c t s  i s  s u p p r e s s e d  when t y p i c a l  t r i p l e t  

s e n s i t i z e r s  a r e  e m p l o y e d . ^n e x t e n s i o n  of  t h e  s e n s i t i v i t y  

of  t h e s e  compounds t o  l o n g e r  w a v e l e n g t h s  must  t h e r e f o r e  r e l y  on 

s t r u c t u r a l  m o d i f i c a t i o n s  t o  t h e  q u i n o n e  n u c l e u s  t o  s h i f t  t h e  

v i s i b l e  a b s o r p t i o n  maxi mum.

T a k i n g  t h e  a r o m a t i c  q u i n o n e s  as mo d e l s  f o r  q u i n o n e  

d i a z i d e s ,  t h e  o r t h u - q u i n o n e  d i a z i d e  ( 1 2 1 )  m i g h t  be e x p e c t e d  t o  

h a v e  a l o n g  w a v e l e n g t h  a b s o r p t i o n ,  as t h e  c o r r e s p o n d i n g  q u i n o n e  

has an n —► tt  ̂ band a t  6 1 5 n m . 2 i s

0

( 1 2 1 )

Q u i n o n e  d i a z i d e s  d e r i v e d  f r o m s i m p l e  b e n z e n e  d e r i v a t i v e s  

a p p e a r  t o  be u n s t a b l e ,  even t o  s t o r a g e  i n  t h e  d a r k . z z / . z z w . ' a z  

F u r t h e r  t h e  r e p o r t e d  s p e c t r a  of  s i m p l e  q u i n o n e  d i a z i d e s  show no 

l o n g  w a v e l e n g t h  a b s o r p t i o n s . I n  a d d i t i o n  b e n z o q u i n o n e
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d i a z i d e s  a r e  more p r o n e  t o  f o r m azo d y e s  on p h o t o l y s i s  t h a n  a r e  

n a p h t h o q u i n o n e  d i a z i d e s  and t h e r e f o r e  p r o d u c e  l e s s  of  t h e  

p r o d u c t s  o f  r i n g - c o n t r a c t i o n .162

An a l t e r n a t i v e  met hod of  i n t r o d u c i n g  l on g  w a v e l e n g t h  

a b s o r p t i o n  hands  i n  q u i n o n e  d i a z i d e s  i s  t o  i n c o r p o r a t e  t h e  

p h o t o l y s i b l e  f u n c t i o n a l i t y  i n t o  a dye m o l e c u l e .  P r o b a b l y  t h e  

s i m p l e s t  met hod of  a c h i e v i n g  t h i s  i s  t o  c o u p l e  t h e  r e a c t i v e  

ami n o  p h e n o l  p r e c u r s o r s  of  q u i n o n e  d i a z i d e s ,  f o r  e x a mp l e  ( 1 2 2 ) ,  

w i t h  d i a z o n i u m  s a l t s  t o  f o r m azo  d y e s ,  ( 1 2 3 ) ,  ( Scheme 4 . 7 ) ,  

wh i c h  may be c o n v e r t e d  t o  t h e  q u i n o n e  d i a z i d e  by t r e a t m e n t  w i t h  

n i t r o u s  a c i d .

 ̂ A r - N 2

N = N — A r

( 1 2 2 ) ( 1 2 3 )

Scheme 4 . 7  Azo Dyes f r o m Q u i n o n e  D i a z i d e  P r e c u r s o r s

T h i s  a p p r o a c h  has  been f o l l o w e d  up no f u r t h e r  t h a n  t h e  

p r e p a r a t i o n  o f  some d y e s  base d  on ami no  n a p h t h o l s .
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5 _I _ f naLI 9 " I f nt s

I n  o r d e r  t o  t e s t  new b a t c h e s  of  p o l y m e r  as t h e y  wer e  

p r o d u c e d ,  s e n s i t i z e d  c o a t i n g s  wer e  s u b j e c t e d  t o  e x p o s u r e  

c o n d i t i o n s  i n t e n d e d  t o  r e c o r d  d i f f r a c t i o n  g r a t i n g s  i n  t h e  

p h o t o p o l y m e r  l a y e r ,  e i t h e r  by c o n t a c t  p r i n t i n g  u s i n g  a mask or  

by i n t e r c e p t i n g  a l a s e r - g e n e r a t e d  d i f f r a c t i o n  p a t t e r n .  The 

p r o d u c t i o n  of  c r o s s - l i n k e d  i ma g e s  i n t h e  r e s i s t  l a y e r  i n  t h i s  

manner  a l s o  a l l o w e d  t h e  i n v e s t i g a t i o n  of  a r a n g e  of  s o l v e n t s  t o  

f i n d  t h o s e  s u i t a b l e  f o r  use as d e v e l o p i n g  a g e n t s  f o r  

h i g h - r e s o l u t i o n  p o l y m e r  i ma g e s .

The s u r f a c e  r e l i e f  g r a t i n g  p a t t e r n s  p r o d u c e d  by t h i s  met hod  

w e r e  e x a m i n e d  by a number  o f  t e c h n i q u e s .  O p t i c a l  

p h o t o m i c r o g r a p h s ,  r e c o r d e d  u s i n g  N o ma r s k i  i n t e r f e r e n c e  c o n t r a s t  

i l l u m i n a t i o n , ^ ^ ' ?  a r e  r e p r o d u c e d  i n  t h i s  c h a p t e r  f o r  a number  

of  t h e s e  g r a t i n g s  as a r e  e l e c t r o n  m i c r o g r a p h s  of  t wo of  t h e  h i g h  

r e s o l u t i o n  i m a g e s .  As w e l l  as r e c o r d i n g  t h e  a p p e a r a n c e  of  

g r a t i n g s  by m i c r o s c o p y  t h e  s u r f a c e  p r o f i l e s  of  some g r a t i n g  w e r e  

r e c o r d e d  i n  c r o s s - s e c t i o n  by t h e  use of  a T a l y s t e p  r e c o r d e r  

( m a n u f a c t u r e d  by Rank T a y l o r  H o b s o n ) .  I n  t h i s  t e c h n i q u e  a c h i s e l  

sh a p e d  s t y l u s  i s  moved a c r o s s  t h e  s u r f a c e  of  t h e  r e s i s t  p a t t e r n  

and t h e  v e r t i c a l  movement  of  t h e  s t y l u s  i s  r e c o r d e d  on a movi ng  

c h a r t .  The T a l y s t e p  t r a c e s  f o r  a number  of  t h e  e x p e r i m e n t s  

d e s c r i b e d  i n  t h i s  c h a p t e r  a r e  r e p r o d u c e d .  I n t h e  c a s e  of  one  

p a r t i c u l a r  e x p e r i m e n t ,  whe r e  t h r e e  e x p o s u r e  s t e p s  wer e  r e c o r d e d  

i n  t h e  same c o a t i n g ,  a t e n t a t i v e  e x p o s u r e  c h a r a c t e r i s t i c  i s  

p l o t t e d  as d e p t h  of  r e s i s t  a g a i n s t  e x p o s u r e  t i m e .

Not  a l l  of  t h e  s i x t y  or  so e x p o s u r e  e x p e r i m e n t s  w i l l  be 

d i s c u s s e d  h e r e  b u t  o n l y  t h o s e  t h a t  i l l u s t r a t e  a p a r t i c u l a r  p o i n t  

and f o r  wh i c h  i l l u s t r a t i v e  m a t e r i a l  i s  a v a i l a b l e .  The g r a t i n g s  

f e a t u r e d  i n  t h i s  c h a p t e r  w i l l  be r e f e r r e d  t o  by n umbe r ,  t h e



172

e x p o s u r e  and d e v e l o p m e n t  c o n d i t i o n s  f o r  wh i c h  can be f o un d  by 

r e f e r e n c e  t o  t h e  a p p r o p r i a t e  t a b l e .

5 . 1__ Ag u e qu s j  y Dev e l o ped P o l y me r  I ma g es

The r e q u i r e m e n t  f o r  an a q u e o us  d e v e l o p m e n t  p r o c e d u r e  w i t h  

our  p o l y m e r  s y s t e m c o u l d  n o t  be f u l f i l l e d  w i t h  t h e  i n i t i a l  

f o r m u l a t i o n s ,  ( s e e  C h a p t e r  2 ) .  D e s p i t e  t h i s  some c o a t i n g  

e x p e r i m e n t s  wer e  c a r r i e d  o u t  wh i c h  e s t a b l i s h e d  2 - m e t h o x y e t h a n o l  

and 2 - e t h o x y e t h a n o l  as s u i t a b l e  s o l v e n t s  f r o m wh i c h  t o  d e p o s i t  

smoot h l a y e r s  of  u s e f u l  t h i c k n e s s  and q u a l i t y  by t h e  

s p i n - c o a t i n g  me t h o d .  A l t h o u g h  a c c e p t a b l e  s o l u b i l i t y  of  t h e  

u n f u n c t i o n a l i z e d  b a s e  p o l y m e r s  i n  5% sod i um c a r b o n a t e  s o l u t i o n  

was s e e n ,  l i t t l e  s u c c e s s  was g a i n e d  i n  i m a g i n g  e x p e r i m e n t s  on 

f u n c t i o n a l i z e d  p o l y m e r s ,  ( b e f o r e  p o l y m e r s  base d  on MP37,  

d e r i v a t i z e d  u s i n g  m e t h a c r y l i c  a n h y d r i d e  wer e  p r o d u c e d ,  t h a t  i s ) .

The C i b a - G e i g y  p h o t o p o l y m e r ,  Mil 1771 / 2 3 1 6 , ^ ' ^ ^  i s  a l s o  

i n t e n d e d  t o  be d e v e l o p e d  u s i n g  57. aq u e o us  so d i u m c a r b o n a t e  

s o l u t i o n ^ ^ o  and as such can be used as a c o m p a r a t i v e  s t a n d a r d  

f o r  t h e  s t u d i e s  on o u r  own m a t e r i a l s ,

5 . 1 . 1  Aq ue ou s  D e v e l o p m e n t  o f  M e t h a c r y l a t e  P o l y m e r  I mages

The s t a n d a r d  d e v e l o p e r ,  a 57. s o l u t i o n  of  sod i um c a r b o n a t e ,  

g a v e  d i s a p p o i n t i n g  r e s u l t s  when used i n  i m a g i n g  e x p e r i m e n t s  w i t h  

e a r l y  b a t c h e s  of  o ur  p o l y m e r s .  An i mage  was p r o d u c e d  i n  a 

c o a t i n g  of  MP5,  a l b e i t  a poor  o n e ,  and t h i s  r e s u l t  was 

e n c o u r a g i n g  b u t  c o u l d  n o t  be r e p e a t e d  w i t h  l a t e r  b a t c h e s  of  

s i m i l a r l y  p r e p a r e d  m a t e r i a l s .  Much work s u b s e q u e n t l y  went  i n t o  

d e v e l o p i n g  t h e  p o l y m e r  s y s t e m ,  b o t h  on t h e  m e t h a c r y l i c  a c i d  

c o n t e n t  of  t h e  b ase  p o l y m e r s  and on t h e  c o n d i t i o n s  of  t h e
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d e r i v a t i 2 a t i on s t e p ,  ( s e e  C h a p t e r  2 ) ,  u n t i l  p o l y m e r s  of  

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

p r o d u c e d .  The s e  p o l y m e r s  wer e  t h e  r e s u l t  of  d e r i v a t i z i n g  MP37 

w i t h  m e t h a c r y l i c  a n h y d r i d e .  Of t h e s e  MP51,  w i t h  17-197.  

c o n v e r s i o n  t o  t h e  m e t h a c r y l a t e  e s t e r ,  was used s u c c e s s f u l l y  i n  

P A T f i - s e n s i  t i  zed c o a t i n g s  i n  a s e r i e s  of  i m a g i n g  e x p e r i m e n t s ,  

w i t h  a q u e o u s  d e v e l o p m e n t .

G r a t i n g s  1 and 2 ,  of  2 and 10 Imm“  ̂ r e s e c t i v e l y , wer e  

r e c o r d e d  i n  MP51 + PATM ( T a b l e  5 . 1 )  and T a l y s t e p  p r o f i l e s  wer e  

r e c o r d e d  f o r  t h e m,  ( F i g u r e  5 . 1  and 5 . 2 ) .  Smooth r e s i s t  p r o f i l e s  

w e r e  n o t  o b t a i n e d .  I n f a c t  d i s t o r t i o n  of  t h e  r e s i s t  due t o  

s w e l l i n g  i s  a p p a r e n t  t o  t h e  nake d  eye  and a c c o u n t s  f o r  t h e  

s u r f a c e  r o u g h n e s s .  I n t h e  c a s e  o f  g r a t i n g  2 ,  r e mo v a l  of  r e s i s t  

b e t w e e n  t h e  s u r f a c e  f e a t u r e s  i s  n o t  c o m p l e t e .

The t r a n s f e r  t y p i c a l  o f  t h e  p o s i t i v e  p h o t o r e s i s t ,  S h i p l e y  

AZ 1350 ( d e s c r i b e d  i n  S e c t i o n  1 . 6 . 2 )  f o r  t h e  same t y p e  of  

e x p o s u r e  s e t - u p  ( g r a t i n g  3 ,  T a b l e  5 . 1 )  i s  shown ( F i g u r e  5 . 3 )  and 

c o n t r a s t s  s h a r p l y  w i t h  t h e  c r u d e  i mag e s  o b t a i n e d  f r o m our  

m a t e r i  a l  .

g r a t i n g  no. r e s i s t e x p o s u r e  t i m e 1 mm" ‘ d e v e l o p e r

1 MP51 + PATM 80m 2 57. NazCOs

2 MP51 + PATM 80m 10 57. NazCOs

3 AZ 1350 80s 2 AZ d e v e l o p e r

T a b l e  5.  1, E x p o s u r e  and D e v e l o p m e n t  C o n d i t i o n s of  A q u e o u s l y
D e v e l o p e d  G r a t i n g s

The a q u e o u s l y  d e v e l o p e d  i ma g e s  of  g r a t i n g s  1 and 2 wer e



174

TTll'
1.0 toCNJ

io.in in oCM

CDo
CM o

<z
o_

m
Q_

c n
c

ns
CD

CL
CU
U1

lO
CU

3
O'

o

CM

'T-%

«4-
V

CD in  I CD

<r
Q_

m
CL

CD'c

nj
L

CD

CL
a
in
>-

CM

in

Oi
L
3
c r



175

If)C>I o
OJ o

- r f f r

If)
CM

o
CJ

If)

c
o
in

>
■D

d
O
O
«d-

cx
X
at

in
o
00

o
in
K)

<r

K>
O '

OJ
CD

CL
01
in

K)
in
QJ
k.
3
O '



176

v e r y  f r a g i l e  when w e t .  D e v e l o p m e n t  c o n s i s t e d  of  i mme r s i o n  i n  t h e  

c a r b o n a t e  s o l u t i o n  w i t h  g e n t l e  a g i t a t i o n  f o r  10 t o  20 se co n ds  

f o l l o w e d  by a r i n s e  i n  w a t e r  and d r y i n g  i n  a s t r e a m  of  f i l t e r e d  

a i r .

B a t c h e s  o f  p o l y m e r  d e r i v a t i z e d  w i t h  m e t h a c r y l i c  a n h y d r i d e  

f o r  l o n g e r  p e r i o d s ,  or  a t  a h i g h e r  t e m p e r a t u r e  t h a n  t h e  2 h o u r s  

a t  of  MP51,  i n  p a r t i c u l a r  MP54 (4 h o u r s  a t  0 * C )  and HP55

( 2 h o u r s  a t  room t e m p e r a t u r e ) ,  when e x p o s e d  i n  t h e  same way,  

showed no s i g n  of  an i mage  when s u b j e c t e d  t o  t h e  n or ma l  aqueous  

d e v e l o p m e n t .  In t h e s e  p o l y m e r s  t h e  h i g h e r  c o n v e r s i o n  t o  t h e  

m e t h a c r y l a t e  e s t e r  ( 4 0 - 4 8 7 .  f o r  MP54 and 4 1-427.  f o r  MP55)  had 

r e n d e r e d  t h e  p o l y m e r  c o a t i n g s  t o o  h y d r o p h o b i c  t o  be a f f e c t e d  by 

a q u e o u s  so d i u m c a r b o n a t e .

I n t e s t s  w i t h  s t r o n g e r  a q u e o u s  a l k a l i n e  d e v e l o p e r s  a 

s e v e r e l y  s w o l l e n  and c r a c k e d  i mage  was r e v e a l e d  on t r e a t m e n t  of  

an MP55 p o l y m e r  i mage  w i t h  107. sod i um h y d r o x i d e ,  b u t  w i t h  

i n c o m p l e t e  r e m o v a l  o f  t h e  u n e x p o s e d  r e g i o n .  I t  was e v i d e n t  t h a t  

t h e  i n t e n d e d  c r o s s - l i n k i n g  ( and t h e r e f o r e  l a t e n t  i mage  

f o r m a t i o n )  was o c c u r i n g  b u t  t h a t  t h e  a q u e o u s  d e v e l o p e r s  wer e  

i n c o m p a t i b l e  w i t h  t h e  p o l y m e r  s y s t e m .  I t  had t h e r e f o r e  become  

n e c e s s a r y  t o  i n v e s t i g a t e  o r g a n i c  s o l v e n t s  and s o l v e n t  m i x t u r e s  

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

5.  1 . 2  Aq u eous D e v e l o p m e n t  of  Mil 1771 / 2 3 1 6

The C i b a - G e i g y  p h o t o p o l y m e r  was c o a t e d ,  e x p o s e d  and 

d e v e l o p e d  i n  t h e  same manner  as our  own p o l y m e r s  e x c e p t  t h a t  no 

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

T h i s  p o l y m e r  i s  a l s o  a m e t h a c r y l a t e  c o p o l y m e r  and b eh av ed  i n  a 

v e r y  s i m i l a r  manner  t o  our  own p o l y m e r s ,  b e i n g  c o a t e d  f r o m t h e  

same s o l v e n t s .  The v i s c o s i t i e s  of  s o l u t i o n s  of  t h i s  p o l y me r  wer e
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s l i g h t l y  h i g h e r  t h a n  t h e  v i s c o s i t i e s  of  s o l u t i o n s  of  our  own 

p o l y m e r s  of  t h e  same c o n c e n t r a t i o n  ( n o r m a l l y  10% w / v )  a n d ,  i n  

o r d e r  t o  p r e p a r e  c o a t i n g s  o f  s i m i l a r  t h i c k n e s s e s ,  wer e  e i t h e r  

used a t  h i g h e r  d i l u t i o n  or  c o a t e d  a t  h i g h e r  s p i n  r a t e s .

The e x p o s u r e  c o n d i t i o n s  f o r  g r a t i n g s  4 and 5 ,  t h e  T a l y s t e p  

p r o f i l e s  f o r  wh i ch  a r e  shown,  ( F i g u r e s  5 . 4  and 5 . 5 ) ,  a r e  g i v e n  

i n  t h e  f o l l o w i n g  t a b l e ,  ( T a b l e  5 . 2 ) .  The p l a t e  used t o  r e c o r d  

g r a t i n g  5 was p r e - b a k e d  f o r  20 m i n u t e s  a t  6 0 * C  b e f o r e  

e x p o s u r e .  P r e - b a k i n g  i s  r ecommended f o r  c o m m e r c i a l  r e s i s t s ^ ^ ^  

as p a r t  of  t h e  p r o c e s s i n g  s e q u e n c e ^ ^ z  b o t h  t o  e l i m i n a t e  

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

i n t r o d u c e d  i n  t h e  s p i n - c o a t i n g .  I t  was t h o u g h t  i n a d v i s a b l e  t o  

p r e - b a k e  o ur  own p o l y m e r s  as t h e  s e n s i t i z e r ,  ( PAT M) ,  i s  r e a d i l y  

t h e r m a l l y  d eco mp o se d .

g r a t i n g  no. r e s i s t e x p o s u r e  t i m e 1 mm" ^ d e v e l o p e r

4

5

MÜ 1 7 7 1 / 2 3 1 6

MÜ 1 7 7 1 / 2 3 1 6

35m

35m

2

10

5% NazCOs

5 % N a 2 C 0 31

T a b l e  5 . 2 E x p o s u r e  and D e v e l o p m e n t  C o n d i t i o n s of  A q u e o u s l y
D e v e l o p e d  G r a t i n g s

The T a l y s t e p  t r a c e s ,  ( F i g u r e s  5 . 4  and 5 . 5 )  show s l i g h t l y  

b e t t e r  r e s o l v e d  i ma g e s  t h a n  t h o s e  f r o m o ur  p o l y m e r ,  t h o u g h  s t i l l  

r o u g h  t o  t h e  e y e .  The j a g g e d  s t r u c t u r e  s u p e r i m p o s e d  on t h e  

r e s i s t  l i n e s  i n  g r a t i n g  5 ( f i g u r e  5 . 5 )  may be a r e s u l t  of  t h e  

e x p o s u r e  c o n d i t i o n s ,  ( s e e  S e c t i o n  5 . 2 . 1 ) .
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5 . 2  O r g a n ! c D e v e l o p m e n t  of  Po l y m e r  I ma g es

S o l v e n t s  f o r  t h e  o r g a n i c  d e v e l o p m e n t  of  p o l y m e r  i mag e s  wer e  

t e s t e d  f o r  t h e i r  a b i l i t y  t o  d i s s o l v e  t h e  u n c r o s s - l i n k e d  p o l y m e r  

w i t h o u t  e x c e s s i v e  s w e l l i n g .  Of t h e  r a n g e  of  s o l v e n t s  

i n v e s t i g a t e d  t h e  most  p r o m i s i n g  was a c e t o n e .  To g i v e  a more  

c o n t r o l l e d  d e v e l o p m e n t ,  m i x t u r e s  of  a c e t o n e  and an a c e t a t e  

( i n i t i a l l y  e t h y l  a c e t a t e )  n o n s o l v e n t  wer e  u s e d .  n - P e n t y l  a c e t a t e  

was used i n  l a t e r  e x p e r i m e n t s  t o  make t h e  s o l v e n t  m i x t u r e  l e s s  

v o l a t i l e ,  t h i s  a l l o w e d  an e t h y l  a c e t a t e  r i n s e  t o  f o l l o w  

d e v e l o p m e n t  b e f o r e  t h e  d e v e l o p e r  had a c h a n c e  t o  d r y  o n t o  t h e  

f r e s h l y  r e v e a l e d  s u r f a c e .  The same d e v e l o p i n g  s e q u e n c e  was a l s o  

s u c c e s s f u l l y  a p p l i e d  t o  t h e  C i b a - G e i g y  p h o t o p o i y m e r .

W h i l e  p o s s i b l y  n o t  t h e  opt i mum d e v e l o p m e n t  c o n d i t i o n s  f o r  

our  p o l y m e r  s y s t e m ,  t h i s  new p r o c e s s i n g  met hod was a v a s t  

i m p r o v e m e n t  on t h e  e x c e s s i v e l y  s w o l l e n  i mag e s  p r o d u c e d  by 

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

t h e  p o l y m e r s  t o  be more f u l l y  i n v e s t i g a t e d .  The c o n s e q u e n c e s  of  

o r g a n i c  d e v e l o p m e n t  on t h e  c h o i c e  of  s e n s i t i z e r s  f o r  t h e s e  

p o l y m e r s  i s  d i s c u s s e d  i n  C h a p t e r  4.

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

f o r  i m a g i n g  as a c r i t i c a l  f a c t o r .  N o i s e  i n  t h e  p h o t o p o i y m e r  

i m a g e ,  p r o b a b l y  due t o  some i o n i c  m a t e r i a l  f r o m  t h e  

d e r i v a t i z a t i o n  s t e p , ( i n s o l u b l e  i n  t h e  d e v e l o p e r )  c o u l d  be 

r e d u c e d  by r e p e a t e d  r e p r e c i p i t a t i o n  of  t h e  p o l y m e r .

The r a t i o  of  s o l v e n t  t o  n o n s o l  v e n t  used i n  t h e  d e v e l o p e r  

m i x t u r e s  was a r r i v e d  a t  by d e t e r m i n i n g  t h e  mini mum amount  of  

s o l v e n t  n e e d e d  i n  t h e  m i x t u r e  t o  c l e a n l y  r e mo ve  an u n e x p os e d  

c o a t i n g  i n  t h e  n o r ma l  p r o c e s s i n g  s e q u e n c e ,  n o r m a l l y  5 0 - 6 0 %  

a c e t o n e .
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5 . 2 . 1  O r g a n i c  Dev e 1opment  of  Low R e s o l u t i o n  N e t h a c r y l a t e  

Pol  y mê r I_m£ÇLe^

MP54 was t h e  f i r s t  p o l y m e r  used s u c c e s s f u l l y  t o  p r o d u c e  

g r a t i n g  i ma g e s  by c o n t a c t  p r i n t i n g  w i t h  o r g a n i c  s o l v e n t  

d e v e l o p m e n t .  I mages  of  40 and 100 lmm“  ̂ wer e  p r o d u c e d ,  g r a t i n g  

6 and 7 r e s p e c t i v e l y .  The e x p o s u r e  c o n d i t i o n s  f o r  t h e s e  

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

g i v e n  i n  t h e  f o l l o w i n g  t a b l e ,  ( T a b l e  5 . 3 ) .

g r a t i n g  no. r e s i s t e x p o s u r e  t i m e 1 mm- ^ d e v e l o p e r

6 MP54 + PATM 30m 40 507. A/ EA

7 MP54 + PATM 2 0 / 4 0 m 100 507. A/ EA

8 MP60 + PATM 3 0 / 4 5 / 6 0 m 10 60% A/ PA

9 MP60 + p- NAT 7 5 / 9 0 / 105m 10 607. A/ PA

10 MP59 + PATM 8 5 / 1 3 6 m 10 MEK

A = a c e t o n e ,  EA = e t h y l  a c e t a t e ,  PA = n - p e n t y l  a c e t a t e , MEK = 
m e t h y l  e t h y l  k e t o n e  ( b u t a n o n e ) .

T a b l e  5 . 3  E x p o s u r e  and D e v e l o p m e n t  C o n d i t i o n s  f o r  O r g a n i c a l l y  
D e v e l o p e d ,  Low R e s o l u t i o n  P o l y m e r  I mages

The a p p e a r a n c e  o f  g r a t i n g  6 u n d e r  t h e  o p t i c a l  m i c r o s c o p e  i s  

s h o w n , b o t h  as t h e  i n t a c t  g r a t i n g  ( F i g u r e  5 . 7 a ) ,  and w i t h  a 

s c r a t c h  ( F i g u r e  5 . 7 b ) .  S c r a t c h i n g  t h e  p o l y m e r  i ma g e  h e l p s  t o  

d i s t i n g u i s h  t h e  r a i s e d  r e s i s t  p a t t e r n  f r o m  t h e  b ase  l a y e r  wh i c h  

m i g h t  n o t  o t h e r w i s e  be c l e a r .  The T a l y s t e p  t r a c e  f o r  t h i s  

g r a t i n g ,  ( F i g u r e  5 . 8 ) ,  shows a d d i t i o n a l  s t r u c t u r e  due t o  

a r t i f a c t s  i n t r o d u c e d  by t h e  met hod of  e x p o s i n g  t h e  r e s i s t .  Some 

of  t h i s  s t u c t u r e  can j u s t  be seen i n  t h e  p h o t o m i c r o g r a p h s  as



z r
1—
< r 4 -
ü _ x :

"%r 4 J
+ UD r i

JC Q_ Z
- w Z :

i n
ù _ o
z : o

e n
r -^ e n c

c r i
c r - r~* 4->

CT» c 4-> 05
c Oi L .

-t- j L . CD
05 CD

ro L_ M -
l_ CD O

CD O
M - J Z
o x : CL

O CL 05
x : 05 L_

J Z C L l_ e n
C L 05 c r o
0} L . o X

c r L_ u
c r o U
o L . r i E

U E O
u O 4-»

E 4-» O
e O O J Z
o 4-1 x : Q_

O Q_
o J Z X I

x ; ù _ as
o _

X I . m
05 o u i

QJ
- m eu L -

i n L . 3
a i 3 c r

a i L . e n  . • r i
L . 3 Ll_
3 c r i x  "
e n 1

a i -r- l Ll_ • •  E 1—
c r U _ t—  E z
ro Li_ '—‘ CD

Q - 5— LU
t—  1 3 :  — _ l  O OC —

c r ü _  6 CD X : «d- J Z
c LU  E W  u z : z  u

_ J  — £ X  4-1 o  - o  4 J
u 05 1—  z 1—  05
m û _  O Ou L . 1—  I— 5—  L-

ü u O  O O  U o  c c O  U
1—  ^ 1—  l/ I e n  Oc CD U1



7):'

.. rrf-j
I ,

■■■ "/L



182

.ia..-C-

I -C

f - f -

c
o
m
>
TD

oa:o
o

(U
eo
u
in

o
K)

ocr

<x
Q.

cj-
m
Q_

n)
L.
CD

CL
(U
in —
>« -

00

in
cu
L.
3
cr



1 8 3

n a r r o w  f r i n g e s  on t h e  r a i s e d  r e s i s t  l i n e s  r u n n i n g  p a r a l l e l  t o  

t h e i r  s i d e s .  I n t h i s  p a r t i c u l a r  i mage a p e r f e c t l y  c l e a n  

d e v e l o p m e n t  i s  n o t  s e e n ;  bumps o f  p a r t i c u l a t e  m a t t e r  o r  r e s i s t  

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

g r a t i  n g .

G r a t i n g  7 ,  w h i l e  p r e p a r e d  a t  t h e  same t i m e  as g r a t i n g  6 and  

d e v e l o p e d  i n  t h e  same ma n n e r ,  shows a much c l e a n e r  r e s i s t  i m a g e ,  

( F i g u r e s  5 . 6 a  and 5 . 6 b ) .  S c r a t c h i n g  a g a i n  h e l p s  t o  i d e n t i f y  t h e  

r e s i s t  l i n e s .  The T a l y s t e p  t r a c e s  f o r  t wo e x p o s u r e  s t e p s  a r e  

s h o w n , ( F i g u r e s  5 . 9 a  and 5 . 9 b ) ,  and show a r e m a r k a b l e  

r e s e m b l a n c e  t o  t h e  r e s i s t  t r a n s f e r  r e p o r t e d  f o r  c o n t a c t  p r i n t i n g  

u s i n g  a 1 : 1  mask h e l d  s l i g h t l y  a b o v e  t h e  r e s i s t  s u r f a c e ,

( F i g u r e  5 . 1 0 ) .  The i m p l i c a t i o n  o f  t h i s  e x p e r i m e n t  i s  t h a t  t h i s  

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

i ma g e s  t h a n  100 I mm' ^ as t h e  f e a t u r e s  r e c o r d e d  h e r e  ( due t o  

i n t e r f e r e n c e  e f f e c t s )  a r e  n a r r o w e r  t h a n  t h e  i d e a l  100 1 mm"^ 

l i n e  w i d t h .
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INCIDENT 
UV LIGHT 
ON MASK

MASK PLATE

MASK PATTERN

RESIST

WAFER

IDEAL TRANSFER

ACTUAL TRANSFER

MINIMUN PERIOD 
TRANSFERABLE

0 2 3 41
POSITION ON WAFER 

(ARB UNITS)

F i g u r e  5 . 1 0  The S u r f a c e  P r o f i l e  R e c o r d e d  i n  P h o t o r e s i s t  f o r  an 
Equi  s p a c e d  Mask S e p a r a t e d  f r o m t h e  R e s i s t  L a y e r  by 
a D i s t a n c e  s.

G r a t i n g  8 shows t h e  e f f e c t  of  i n c r e a s e d  e x p o s u r e  on t h e  

g r a t i n g  p r o f i l e .  I n t h i s  e x p e r i m e n t  t h r e e  e x p o s u r e  s t e p s  h ave  

been r e c o r d e d  and e x a m i n e d  by t h e  T a l y s t e p  me t h o d ,  ( F i g u r e s  

5 . 1 1 a ,  b and c ) .  F o r  t h i s  p a r t i c u l a r  c o a t i n g  (MP60 + PATM) a l l  

of  t h e  e x p o s u r e  s t e p s  a p p e a r  l e s s  t h a n  f u l l y  ex p o s e d  ( 3 0 ,  45 and  

60 m i n u t e s )  as a smoot h  t o p  t o  t h e  c r o s s - l i n k e d  i mage  i s  n o t  

s e e n .  Removal  of  u n e x p o s e d  r e s i s t  b e t w e e n  t h e  i mage  f e a t u r e s  i s  

v e r y  good h o w e v e r . The g r o s s l y  u n d e r e x p o s e d  r e g i o n  i s  v e r y  n o i s y  

( F i g u r e  5 . 1 1 a )  ma k i ng  t h e  d e p t h  of  e x p o s e d  r e s i s t  d i f f i c u l t  t o  

m e a s u r e .  A s e r i e s  of  e x p o s u r e  s t e p s  can be used t o  d e t e r m i n e  an 

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

s e q u e n c e  of  t h r e e  s t e p s  does n o t  g i v e  enough

i n f o r m a t i o n  f o r  a c o m p l e t e  c h a r  a c t e r  i s t  i c , t h e  a v a i l a b l e  d a t a  i s  

p l o t t e d  b e l o w ,  ( F i g u r e  5 . 1 2 ) .  The h e i g h t  of  r e s i s t  f o r  each of
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t h e s e  s t e p s  i s  t h e  mean of  t e n  s e p a r a t e  m e a s u r e m e n t s .  The  

r e s p o n s e  can be seen t o  be a p p r o x i m a t e l y  l i n e a r  o v e r  t h e  

e x p o s u r e  r a n g e  t e s t e d .

2 0 0 0  -

H e i g h t  of

o 1000 -  
r e s i s t  (R)

20 40 60 E x p o s u r e  t i m e  ( m i n u t e s )

F i g u r e  5 . 1 2  E x p o s u r e  C h a r a c t e r  i s t i  c of  G r a t i n g  8 (MP60 + PATM)

G r a t i n g  9 was p r e p a r e d  i n  t h e  same manner  as g r a t i n g  8 

e x c e p t  t h a t  p a r a - n i t r o p h e n y l a z o t r i p h e n y l m e t h a n e  ( p - N A T ) was 

used as t h e  s e n s i t i z e r .  T a l y s t e p  t r a c e s  f o r  t h i s  g r a t i n g  a t  

t h r e e  d i f f e r e n t  e x p o s u r e s  a r e  shown,  ( F i g u r e  5 . 1 3 a ,  b and c ) .  

E x p o s u r e  t i m e s  a r e  a l l  g r e a t e r  t h a n  f o r  t h e  same p o l y m e r  

s e n s i t i z e d  w i t h  PATM ( g r a t i n g  8)  and i n  a l l  c a s e s  t h e  r e s i s t  

l i n e s  possess t h e  r a g g e d  t o p s  seen o n l y  i n  t h e  l o w e s t  e x p o s u r e  

s t e p  of  g r a t i n g  8 .  Remova l  of  u n e x p o s e d  r e s i s t  i s  good i n  a l l  

t h r e e  t r a c e s  h o w e v e r .

G r a t i n g  10 was p r e p a r e d  by s e n s i t i z i n g  MP59 w i t h  PATM.  MP59 

i s  b a s e d  on M P I 0 and t h e r e f o r e  has a l o w e r  m e t h a c r y l i c  a c i d  

c o n t e n t  t h a n  MP37 base d  p o l y m e r s .  I t  has p r o v e d  l e s s  u s e f u l  i n  

i m a g i n g  e x p e r i m e n t s  t h a n  s i m i l a r  p o l y m e r s  based  on MP37.  G r a t i n g  

10 ( F i g u r e  5 . 1 4 )  i s  m o d e r a t e l y  goo d ,  a l t h o u g h  an e x c e s s i v e  

e x p o s u r e  t i m e  was r e q u i r e d  t o  r e c o r d  t h e  i mage .

The s e  l a s t  t wo e x a m p l e s  show t h e  g e n e r a l l y  o b s e r v e d  t r e n d s ;  

t h a t  PATM i s  a b e t t e r  s e n s i t i z e r  t h a n  p- NAT and t h a t  MP 3 7 - b a s e d  

p o l y m e r s  a r e  s u p e r i o r  t o  o t h e r w i s e  s i m i l a r  p o l y m e r s  w i t h  l o w e r  

ac i d c o n t e n t s
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5 . 2 . 2  R e d - S e n s i t i z e d  P o l y m e r  I mages

Due t o  t h e  d i f f i c u l t i e s  of  h a n d l i n g  r e d - s e n s i t i z e d  

m a t e r i a l s ,  t h e  l i m i t e d  amount s  of  s u i t a b l e  p o l y m e r s  a v a i l a b l e  

f o r  t h e s e  e x p e r i m e n t s  and t h e  l ow power  h e l i u m - n e o n  l a s e r  used  

f o r  t h e  e x p o s u r e ,  o n l y  l ow r e s o l u t i o n  i ma g e s  h ave  been r e c o r d e d  

u s i n g  r e d  l i g h t .  The s e  e x p e r i m e n t s  do h o we v e r  p r o v e  t h a t  

r e d - s e n s i  t i  z a t i  on of  our  m a t e r i a l s  i s  p o s s i b l e ,  wh i c h  was t h e  

mai n o b j e c t i v e .  The e x p o s u r e  c o n d i t i o n s  f o r  t h e  two g r a t i n g s  

r e p r e s e n t e d  h e r e  a r e  g i v e n  i n  t h e  f o l l o w i n g  t a b l e ,  ( T a b l e  5 . 4 ) .  

The s e n s i t i z e r  c o n s i s t e d  of  a m i x t u r e  of  A z u r e  A and p e r  i n a p h t h -  

i , 3 - i n d a n d i o n e .  A g r a t i n g  was r e c o r d e d  i n  a s i m i l a r  e x p e r i m e n t  

u s i n g  A z u r e  A and t e t r a - n - b u t y l a m m o n i u m  p a r a - t o l u e n e s u l p h i n a t e  

as t h e  s e n s i t i z e r ,  b u t  t h e  s o l u t i o n  and c o a t i n g s  o f  t h i s  r e s i s t  

f o m u l a t i  on d e a c t i v a t e d  r a p i d l y  i n  t h e  d a r k .

g r a t i n g  no. r e s i s t e x p o s u r e  t i m e 1 mm" ^ d e v e l o p e r

11 MP62 30m 2 60% A/ PA

12 MP62 10m 10 60% A/ PA

A = a c e t o n e ,  PA = n - p e n t y l  a c e t a t e .

T a b l e  5 . 4  E x p o s u r e  C o n d i t i o n s  f o r  R e d - S e n s i t i z e d  I mages

O p t i c a l  m i c r o g r a p h s  r e v e a l  t h e  s t r u c t u r e  of  g r a t i n g  11 

( F i g u r e  5 . 1 5 )  and g r a t i n g  12 ( f i g u r e  5 . 1 6 ) .  R e s i d u a l  dye i s  

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

t h a t  A z u r e  A i s  n o t  i d e a l  f o r  p o l y m e r  i m a g i n g  a p p l i c a t i o n s  u s i n g  

t h i s  d e v e l o p e r .  I n s e n s i t i z a t i o n  e x p e r i m e n t s  u s i n g  r e d  l a s e r  

l i g h t ,  m e t h y l e n e  b l u e  has been shown t o  be s u p e r i o r  t o  A z u r e  A 

i n  i n i t i a t i n g  d y e - s e n s i t i z e d  p h o t o p o i y m e r  i z a t i o n , ( S e c t i o n
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4 . 1 . 5 ) ,  d e s p i t e  t h e  l a t t e r  d y e ' s  a b s o r p t i o n  max i mum b e i n g  

c e n t r e d  on 633nm.  I mage q u a l i t y  p o s s i b l y ,  and s e n s i t i v i t y  

c e r t a i n l y  may t h e r e f o r e  be i m p r o v e d  by u s i n g  m e t h y l e n e  b l u e .  

M e t h y l e n e  v i o l e t ,  w h i l e  p e r f o r m i n g  w e l l  i n  s o l u t i o n  

p o l y m e r i z a t i o n  e x p e r i m e n t s ,  f a i l e d  t o  p r o d u c e  an i mage  when used  

t o  s e n s i t i z e  a p o l y m e r  c o a t i n g , p r o b a b l y  b e c a u s e  n o t  enough dye  

woul d  d i s s o l v e  i n  t h e  p o l y m e r  s o l u t i o n .

5.  2_. 3_ H_i_g h_ Re s o l  u t  i on P o l ymer  I ma ges

The s w i t c h  t o  o r g a n i c  s o l v e n t  d e v e l o p m e n t  g r e a t l y  i n c r e a s e d  

t h e  i mage  q u a l i t y  and r e s o l u t i o n  c a p a b i l i t y  of  our  p o l y m e r s .  I n  

o r d e r  t o  i n v e s t i g a t e  t h e  r e s o l u t i o n  o b t a i n a b l e  some h i g h  

r e s o l u t i o n  i ma g e s  w e r e  r e c o r d e d .  A l a s e r  g e n e r a t e d  d i f f r a c t i o n  

p a t t e r n  was used t o  e x p o s e  P A T M - s e n s i  t i  zed  p o l y m e r  c o a t i n g s .  The  

e x p o s u r e  c o n d i t i o n s  used wer e  t h o s e  f o r  t h e  r e c o r d i n g  of  b l a z e d  

g r a t i n g s ,  ( S e c t i o n  1 . 4 . 3 )  as t h i s  s e t - u p  i s  t h e  most  s t a b l e  f o r  

l o n g  e x p o s u r e  t i m e s .  The l i g h t  s o u r c e  was an a r g o n  l a s e r  

o p e r a t i n g  a t  458nm w i t h  an o u t p u t  power  of  a r o u n d  400mW. Two 

p o l y m e r  s a m p l e s  wer e  used i n  t h e s e  e x p e r i m e n t s  (MP60 and M P 6 2 ) 

and g r a t i n g s  of  60 0  and 1200  1 mm"^ we r e  r e c o r d e d . The  

c o n d i t i o n s  f o r  t h e s e  e x p e r i m e n t s  a r e  g i v e n  i n  t h e  t a b l e  b e l o w ,  

( T a b l e  5 . 5 ) .

g r a t i n g  no. r e s i s t e x p o s u r e  t i m e 1 mm"^ d e v e l o p e r

13 MP60 + PATM 40m 600 607. A/ PA

14 MP62 + PATM 40m 1200 157. A/ PA

A = a c e t o n e ,  PA = n - p e n t y l  a c e t a t e .

Table 5.5 E xpos ur e C o n di ti on s  for High R esolution Polymer Images
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G r a t i n g  13 was r e c o r d e d  i n  MP60 .  The g r a t i n g  s u r f a c e  has  a 

m a t t  a p p e a r a n c e  ( p r o b a b l y  due t o  some i n o r g a n i c  d e p o s i t )  and t h e  

g r a t i n g  s t r u c t u r e  i s  u n e v e n  and b r o k e n , as s e en  u n d e r  t h e  

o p t i c a l  m i c r o s c o p e ,  ( F i g u r e  5 . 1 7 ) .  The T a l y s t e p  t r a c e  f o r  t h i s  

g r a t i n g  ( n o t  shown)  shows no r e c o g n i z a b l e  s t r u c t u r e  and i s  

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

s t r u c t u r e  o f  t h i s  g r a t i n g  i n  more d e t a i l ,  ( F i g u r e  5 . 1 9 ) .  

D i s t o r t i o n  o f  t h e  g r a t i n g  s t r u c t u r e  i s  e v i d e n t  i n  t h e  f o r m  o f  

l i n k s  b e t w e e n  t h e  p o l y m e r  f e a t u r e s  and a p o o r  t r a n s f e r  o f  t h e  

b l a z e d  p r o f i l e .  D i s t o r t i o n s  o f  t h i s  t y p e  a r e  s e e n  when t h e  

s o l v e n t  u s e d  f o r  t h e  d e v e l o p m e n t  i s  one w h i c h  c a u s e s  t h e  i ma g e  

t o  s w e l l  e x c e s s i v e l y ^ ® * ^  o r  when " s h o c k - r i n s i n g "  i s  u s e d . ^

The  e x p o s u r e  c o n d i t i o n s  o f  g r a t i n g  13 w e r e  used  i n  an a t t e m p t  t o  

r e c o r d  a 12 0 0  Imm"^ g r a t i n g  b u t  t h e  r e s u l t  was o f  v e r y  p o o r  

q u a l i t y  w i t h  t h e  i ma g e  o n l y  c o v e r i n g  p a r t  o f  t h e  p l a t e .

M P 6 2 , w h i c h  h a s  a h i g h e r  c o n v e r s i o n  t o  t h e  m e t h a c r y l a t e  

e s t e r  t h a n  M P 6 0 , and w h i c h  was r e p r e c i p i t a t e d  t w i c e ,  was u sed  

s u c c e s s f u l l y  t o  r e c o r d  1 2 0 0  Imm"^ g r a t i n g s  a t  v a r i o u s  e x p o s u r e  

t i m e s .  One o f  t h e s e  g r a t i n g s  i s  r e p r e s e n t e d  h e r e  as g r a t i n g  14.  

The i ma g e  r e c o r d e d  u s i n g  t h i s  p o l y m e r  i s  much c l e a n e r  i n  

a p p e a r a n c e  t h a n  t h a t  p r o d u c e d  u s i n g  MP60 and t h e  T a l y s t e p  f o r  

t h i s  g r a t i n g  ( F i g u r e  5 . 2 1 )  shows a r e g u l a r l y  r e p e a t i n g  

s t r u c t u r e ,  a l b e i t  w i t h  a r a t h e r  l ow d e p t h  m o d u l a t i o n .  The  

p h o t o m i c r o g r a p h  ( F i g u r e  5 . 1 8 )  and e l e c t r o n  m i c r o g r a p h  ( F i g u r e  

5 . 2 0 )  b o t h  show s i m i l a r  s t r u c t u r e s ,  t h e  l ow d e p t h  m o d u l a t i o n  

m a k i n g  p h o t o g r a p h i c  c o n t r a s t  r a t h e r  l ow h o w e v e r .  An i n t e r e s t i n g  

f e a t u r e  o f  t h e s e  p h o t o g r a p h s  i s  a r i p p l e - l i k e  p a t t e r n  w h i c h  can  

be s e en  a c r o s s  t h e  w h o l e  o f  t h e  s u r f a c e  o f  t h e  r e s i s t  i m a g e ,  t h e  

d i r e c t i o n  o f  w h i c h  i s  a t  r i g h t - a n g l e s  t o  t h e  l i n e a r  g r a t i n g ,

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



( F a c i n g  P a g e )

TOP:  F i g u r e  5 . 1 9  S c a n n i n g  E l e c t r o n m i  c r o g r a p h  o f  G r a t i n g  13 (MP60  
+ PATM,  6 0 0  l m m " M .

BOTTOM: F i g u r e  5 . 2 0  S c a n n i n g  E l e c t r o n m i c r o g r a p h  o f  G r a t i n g  14 
(MP62 + PATM,  1 2 0 0  I m m ' M .



1 , 9 9 K X  5 K 0 0 0 0 0  P : 0 0 6 4 4
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1 9 5

by m i c r o s c o p y  and i s  p r e s u m a b l y  an a r t i f a c t  i n t r o d u c e d  by t h e  

p r o c e s s i n g  c o n d i t i o n s  o r  d u r i n g  t h e  e x p o s u r e .

A l t h o u g h  n o t  r e a l l y  c o m p a r i n g  l i k e  w i t h  l i k e ,  s i n c e  t h e  

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

MP62 i s  s u p e r i o r  t o  MP60 as m i g h t  r e a s o n a b l y  be e x p e c t e d .  W h i l e  

b o t h  g r a t i n g s  w e r e  c o a t e d  i n  a l u m i n i u m ,  t h e  i ma g e s  r e c o r d e d  i n  

MP62 w e r e  much mor e  p r o n e  t o  damage by t h e  e l e c t r o n  beam when  

e x a m i n e d  i n  t h e  e l e c t r o n  m i c r o s c o p e  t h a n  was t h e  MP60 i m a g e .

T h i s  beam damage  a c c o u n t s  f o r  t h e  b l i s t e r i n g  s e e n  i n  F i g u r e  

5 .  2 0 .

5 . 2 . 4  O r g a n i c  D e v e l o p me n t  o f  Mil 1 7 7 1 / 2 3 1 6

W h i l e  n o t  g i v i n g  i m a g e s  as r o u g h  as a q u e o u s  1 y d e v e l o p e d  

M P 5 1 + P AT M, ( F i g u r e s  5 . 1  and 5 . 2 ) ,  a q u e o u s  d e v e l o p m e n t  o f  t h e  

C i b a - G e i g y  p h o t o p o i  y m e r , Mil 1771  / 2 3 1 6 ,  g a v e  d i s t o r t e d  i m a g e s , 

( F i g u r e s  5 . 4  and 5 . 5 ) .  S w i t c h i n g  t o  o r g a n i c  d e v e l o p m e n t ,  u s i n g  

t h e  same s o l v e n t  m i x t u r e s  f o u n d  t o  be e f f e c t i v e  w i t h  o u r  own 

p o l y m e r s , g a v e  e x t r e m e l y  good i m a g e s  w i t h  t h i s  p o l y m e r  w i t h o u t  

t h e  n e e d  t o  m o d i f y  t h e  p r o c e s s i n g  s e q u e n c e . No n o t i c e a b l e  

i n c r e a s e  i n  t h e  s p e e d  o f  t h i s  m a t e r i a l  was s e en  when c h a n g i n g  

d e v e l o p e r s .  The c l e a n  i m a g e s  p r o d u c e d  by t h i s  c o m b i n a t i o n  i s  

shown by t h e  r e s u l t  o f  g r a t i n g  15 ( T a b l e  5 . 6 ) ,  t h e  T a l y s t e p  

t r a c e  f o r  w h i c h  i s  s h o wn ,  ( F i g u r e  5 . 2 2 ) .

g r a t i n g  n o .

15

r e s i s t

MG 1 7 7 1 / 2 3 1 6

e x p o s u r e  t i m e

4 1 / 4 5 / 5 0 / 5 5 m

1 mm”

10

d e v e l o p e r

607. A / PA

A = a c e t o n e ,  PA = n - p e n t y l  a c e t a t e .

T ab le  5.6 E x p o s u r e  C o n d i t i o n s  for G ra ti ng  15
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I n a l l  o f  t h e  e x p e r i m e n t s  e m p l o y i n g  t h i s  p o l y m e r ,  

u n s e n s i t i z e d  c o a t i n g s  we r e  u s e d , a l t h o u g h  t h e  r e s u l t s  of  

s o l u t i o n  e x p e r i m e n t s  ( S e c t i o n  4 . 2 )  s u g g e s t  t h a t  g r e a t  i n c r e a s e s  

i n  t h e  p h o t o g r a p h i c  spee d  o f  c o a t i n g s  of  t h i s  p o l y m e r  may be 

a c h i e v e d  by s e n s i t i z a t i o n  w i t h  any of  a r a n g e  of  compounds.



197

CONCLUSION
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6_Con_c 1 usinons

P o l y me r  Sy s t e m

I n f u l f i l l i n g  t h e  s p e c i f i c a t i o n s  f o r  a r e d - s e n s i t i v e  

p h o t o r e s i s t ,  a c o mp r o mi s e  has  had t o  be made b e t w e e n  t h e  

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

i n i t i a l l y  s p e c i f i e d  r e q u i r e m e n t s .  I n  p a r t i c u l a r  t h e  aqueous  

d e v e l o p e r  was n o t  r e t a i n e d ,  t h e  s w i t c h  t o  o r g a n i c  s o l v e n t  

d e v e l o p m e n t  h a v i n g  a p r o f o u n d  e f f e c t  on t h e  r e s o l u t i o n  seen i n  

p h o t o p o l y m e r  i m a g e s .

T h e r e  i s  no d o u b t  t h a t  t h e  p o l y m e r  s y s t e m d e s c r i b e d  i n  t h i s  

t h e s i s  " w o r k s " ,  i . e .  t h a t  i s  i t  i s  c a p a b l e  of  p r o d u c i n g  r e l i e f  

i ma g e s  on e x p o s u r e  t o  l i g h t  when c o a t e d  w i t h  a s u i t a b l e  

s e n s i t i z e r  and g i v e n  an a p p r o p r i a t e  d e v e l o p m e n t .  The p r e s e n t  

p o l y m e r s ,  h o w e v e r ,  c a n n o t  be seen as t h e  opt i mum s t a t e  of  t h i s  

m a t e r i a l .  A number  o f  i m p o r t a n t  f a c t o r s  r e m a i n  t o  be 

i n v e s t i g a t e d  such as t h e  e f f e c t  of  p o l y m e r  m o l e c u l a r  w e i g h t ,  and 

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

r e s u l t s .

When c o n s i d e r e d  as a p o s s i b l e  c o m m e r c i a l  m a t e r i a l  a number  

of  d i s a d v a n t a g e s  a r e  e v i d e n t :  t h e  s y n t h e s i s  i s  l o n g  and 

m o d e r a t e l y  c o mp l e x  and c o n s e q u e n t l y  wou l d  p r o v e  e x p e n s i v e  i n  

m a n u f a c t u r e .  Some of  t h e  m o d i f i c a t i o n s  d e s c r i b e d  i n  C h a p t e r  3 

m i g h t  be w o r t h y  of  c o n s i d e r a t i o n  as s i m p l i f i c a t i o n s  t o  t h e  

s y n t h e s i s  of  c r o s s - l i n k a b l e  p o l y m e r s .  The p o l y m e r  has so f a r  

o n l y  been  p r e p a r e d  i n  s m a l l  b a t c h e s  and a s i g n i f i c a n t  l o s s  of  

m a t e r i a l  has  o c c u r e d  a t  each p r e c i p i t a t i o n  s t e p .  T h i s  l o s s  of  

m a t e r i a l  c o u l d  be due t o  t h e  r e q u i r e m e n t  f o r  a l ow m o l e c u l a r  

w e i g h t  p o l y m e r ,  s o l u b l e  t o  some e x t e n t  i n  t h e  n o n s o l v e n t s  u s e d .

A number  of  p r e c i p i t a t i o n  s t e p s  a r e  r e q u i r e d  t o  p r o d u c e  a
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p o l y m e r  c a p a b l e  of  g i v i n g  c l e a n l y  d e v e l o p e d  i ma g e s .  The l o s s  of  

m a t e r i a l  m i g h t  i m p r o v e  when l a r g e r  s c a l e  p r e p a r a t i o n s  a r e  

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

c h r o m a t o g r a p h y  mi g h t  be c o n s i d e r e d  as a met hod of  p u r i f i c a t i o n .

The d e v e l o p m e n t  and i m a g i n g  p r o p e r t i e s  of  t h e  p o l y m e r s  have  

n o t  been f u l l y  i n v e s t i g a t e d  due t o  a l a c k  of  s u i t a b l e  m a t e r i a l s .  

The o r g a n i c  o r g a n i c  s o l v e n t  d e v e l o p e r s  based  on a c e t o n e  we r e  

f o u n d  a f t e r  a f ew e x p e r i m e n t s  and v e r y  p r o b a b l y  do n o t  r e p r e s e n t  

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

f o r  d e v e l o p e r s  f o r  p h o t o r e s i s t  i s  an e m p i r i c a l  p r o b l e m ,  t h e  

c h o i c e  of  s o l v e n t  h a v i n g  a mar ked  e f f e c t  on t h e  i mage  r e s o l u t i o n  

and a p p e a r a n c e .  F a c t o r s  such as t e m p e r a t u r e  and h u m i d i t y  can  

a l s o  ha v e  d r a s t i c  e f f e c t s  on p o l y m e r  i ma g e s .

The p o l y m e r  has p e r f o r m e d  r e a s o n a b l y  w e l l  i n  r e s o l u t i o n  

t e s t s  up t o  1200  1mm" ' ,  a l t h o u g h  t h e  d e p t h  m o d u l a t i o n  of  t h e  

f i n a l  i ma g e s  was l o w ,  t h e  r e s o l u t i o n  l i m i t  has  n o t  y e t  been  

r e a c h e d .  T h i s  r e s o l u t i o n  i s  a p p r o a c h i n g  t h a t  r e q u i r e d  f o r  

h o l o g r a p h i c  r e c o r d i n g .  The r e s o l u t i o n  r e q u i r e m e n t s  f o r  a 

h o l o g r a p h i c  r e c o r d i n g  m a t e r i a l  a r e  l e s s  s t r i n g e n t  a t  l o n g  

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

s m a l l e r  t h a n  t h e  w a v e l e n g t h  of  t h e  r e c o r d i n g  l i g h t  may s t i l l  

need t o  be r e s o l v e d .  F or  h e l i u m - n e o n  l a s e r  l i g h t ,  633nm,  t h i s  

r e p r e s e n t s  a l i n e  s p a c i n g  of  1680  1mm" ' .  The a c t u a l  c a r r i e r  

f r e q u e n c y  of  a h o l o g r a m  d e p e n d s  on t h e  g e o m e t r y  of  t h e  s y s t e m  as  

w e l l  as t h e  w a v e l e n g t h  of  t h e  r e c o r d i n g  l i g h t ,  as e x p l a i n e d  i n  

t h e  I n t r o d u c t i o n ,  ( S e c t i o n  1 . 4 . 1 ) .  I f  an e f f i c i e n t  i n f r a - r e d  

s e n s i t i z e r  c o u l d  be f o u n d  f o r  t h i s  p o l y m e r ,  t h e  r e s o l u t i o n  

a c h i e v e d  so f a r  wou l d  be s u f f i c i e n t  t o  use  t h i s  m a t e r i a l  t o  

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

The a d v a n t a g e  of  a p o l y m e r  i m a g i n g  s y s t e m of  t h e  t y p e
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d e s c r i b e d  i n  t h i s  t h e s i s  i s  t h a t  t h e  p o l y m e r  s t r u c t u r e  i s  n o t  

d e p e n d a n t  on t h e  w a v e l e n g t h  o f  t h e  l i g h t  used f o r  t h e  e x p o s u r e ,  

t h e  w a v e l e n g t h  s p e c i f i c  p a r t  b e i n g  t h e  s e n s i t i z e r  i n c l u d e d  i n  

t h e  c o a t i n g s .  The same p o l y m e r  i s  t h e r e f o r e  c a p a b l e  of  b e i n g  

c r o s s - l i n k e d  by l i g h t  f r o m b o t h  e x t r e m e s  of  t h e  v i s i b l e  

s p e c t r u m ,  as has been shown i n  t h i s  w o r k ,  m e r e l y  by t h e  j u d i c i a l  

s e l e c t i o n  of  t h e  s e n s i t i z e r  u s e d .  The l i m i t i n g  w a v e l e n g t h s  a t  

w h i c h  i m a g i n g  i s  p o s s i b l e  may t h e r e f o r e  be d e f i n e d  by t h e  

r e g i o n s  of  t h e  s p e c t r u m  a t  wh i c h  t h e  p o l y m e r  i t s e l f  shows s t r o n g  

a b s o r p t  i o n s .

6 . 2 The S e n s i t i z i n g S y st em

R e d - s e n s i t i z e d  i m a g i n g  of  t h e s e  p o l y m e r s  has been  

d e m o n s t r a t e d  u s i n g  t wo p h o t o r e d o x  i n i t i a t o r s  and a number  of  

o t h e r  p h o t o r e d o x  i n i t i a t o r  c o m b i n a t i o n s  have  been f o u n d .  F u r t h e r  

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

amb i g u o u s  r e s u l t s  and t o  p u t  t h e  r e s u l t s  u s i n g  t h e s e  i n i t i a t o r s  

o n t o  a q u a n t i t a t i v e  b a s i s .  I n any f u r t h e r  wor k t h e  r o l e  of  

oxyge n  s h o u l d  a l s o  be c o n s i d e r e d .  No a t t e m p t s  h a v e  been made t o  

wor k i n  o x yge n  f r e e  a t m o s p h e r e s  s i n c e  t h e  i d e a l  r e s i s t  m a t e r i a l  

s h o u l d  be c a p a b l e  of  i m a g i n g  on an o p t i c a l  bench whe r e  t h e  

p r o v i s i o n  of  s p e c i a l  a t m o s p h e r e s  i s  n o t  a r e q u i r e m e n t  of  n o r ma l  

w o r k i n g .  The p r e s e n c e  of  o xyg e n  i s  f o u n d  e i t h e r  t o  be n e c e s s a r y

f o r , o r  t o  i n h i b i t  p h o t o p o l y m e r i z a t i o n , ' 2 8 . i 2 9

d e p e n d i n g  on t h e  n a t u r e  of  t h e  p h o t o r e d o x  i n i t i a t o r  u s e d .

The e x p e r i m e n t s  i n  wh i c h  p o l y m e r  c o a t i n g s  w e r e  s e n s i t i z e d  

t o  r e d  l a s e r  l i g h t  w e r e  n e c e s s a r i l y  l i m i t e d  by t h e  q u a n t i t y  of  

p o l y m e r  a v a i l a b l e  f o r  t h e s e  e x p e r i m e n t s  and t h e  l ow power  r e d  

l a s e r  a v a i l a b l e  a t  t h e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y  f o r  t h e
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e x p o s u r e s .  D i f f i c u l t i e s  i n  t h e  h a n d l i n g  of  r e d - s e n s i t i z e d  

m a t e r i a l s ,  c a l l i n g  f o r  w o r k i n g  i n  c o m p l e t e  d a r k n e s s ,  a l s o  

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

o p e r a t i o n s .

I n t h e  l i g h t  of  t h e s e  d i f f i c u l t i e s ,  t h e  r e c o r d i n g  o f ,  

a l b e i t  l ow r e s o l u t i o n ,  r e d - e x p o s e d  i ma g e s  i s  a s i g n i f i c a n t  

r e s u l t  and s h o u l d  be seen  as e x t r e m e l y  e n c o u r a g i n g .  O t h e r  

r e d - s e n s i t i v e  i n t i t a t o r s  c o u l d  have  been i n v e s t i g a t e d  w i t h  t h e s e  

p o l y m e r s  i f  s u f f i c i e n t  was a v a i l a b l e .  Some of  t h e s e  i n i t i a t o r s ,  

when used w i t h  a c r y l a m i d e ,  a p p e a r  t o  h a v e  good d a r k  s t a b i l i t y ,  

i n  t h e  s h o r t  t e r m  a t  l e a s t .

6 . 3 Ap p l i c a t i o n s

The m a t e r i a l s  d e s c r i b e d  i n  t h i s  t h e s i s  h a v e  been d e v e l o p e d  

t o  f u l f i l l  t h e  need f o r  a h i g h  r e s o l u t i o n  r e s i s t  m a t e r i a l  

c a p a b l e  of  f o r m i n g  i ma g e s  on e x p o s u r e  t o  l on g  w a v e l e n g t h  l i g h t .  

I n  t h i s  a p p l i c a t i o n  t h e  c o m m e r c i a l  m a t e r i a l s  h ave  l i t t l e  v a l u e ,  

as s e n s i t i v i t y  t o  s h o r t  w a v e l e n g t h  l i g h t  i s  b o t h  a r e q u i r e m e n t  

o f ,  and an a d v a n t a g e  t o ,  t h e i r  m a j o r  c o n s u m e r s ,  t h e  

m i c r o e l e c t r o n i c s  i n d u s t r y .  As w e l l  as r e s i s t s  s e n s i t i v e  t o  

u l t r a - v i o l e t  l i g h t ,  much r e s e a r c h  e f f o r t  i s  a l s o  c e n t r e d  on t h e  

d e v e l o p m e n t  of  m a t e r i a l s  s e n s i t i v e  t o  h i g h  e n e r g y  r a d i a t i o n  f o r  

X - r a y  and e l e c t r o n  beam l i t h o g r a p h y .  T he se  m a t e r i a l s  a r e  a l s o  

f o r  use by t h e  m i c r o e l e c t r o n i c s  i n d u s t r y  whe r e  t h e  f i n e r  

l i t h o g r a p h i c  masks made p o s s i b l e  by t h e s e  t e c h n i q u e s  a r e  t h e i r  

mai n a t t r a c t i o n .

X - r a y  r e s i s t s  h a v e  a l s o  f o u n d  a use f o r  wh i c h  t h e  i d e a l  

s p e c i f i c a t i o n  i s  a t  odds w i t h  t h e  p r e c i s e  r e q u i r e m e n t s  f o r  a 

m a t e r i a l  f o r  l i t h o g r a p h i c  mask r e p l i c a t i o n .  I n s o f t  X - r a y
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c o n t a c t  m i c r o s c o p y , 2 3 5 - 2 3  7  l i k e  h o l o g r a p h i c  w o r k ,  t h e  r e s i s t  

m a t e r i a l  used f o r  i m a g i n g  must  p o s e s s  a good c o n t r a s t  r a n g e ,  

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

ma ki ng  masks f o r  e t c h i n g .

P o s i t i v e - w o r k i n g  X - r a y  r e s i s t s  a r e  g e n e r a l l y  s i m p l e  

p o l y m e r s  and c o p o l y m e r s  wh i c h  a r e  d e g r a d e d  by t h e  e x p o s i n g  

r a d i a t i o n .  P o l y m e r s  wh i c h  h ave  been r e p o r t e d  as X - r a y  r e s i s t s  

( w h i c h  a r e  g e n e r a l l y  a l s o  e l e c t r o n  r e s i s t s )  i n c l u d e ^ ^ ^  p o l y  

m e t h y l  m e t h a c r y l a t e ,  ( PMMA) ,  c o p o l y m e r s  of  m e t h y l  m e t h a c r y l a t e  

and m e t h a c r y l i c  a c i d ,  ( P ( M M A - M A ) ) ,  or  o f  g l y c i d y l  m e t h a c r y a t e  

and e t h y l  a c r y l a t e ,  ( P ( GMA- EA)  or  COP) ,  and " t e r p o l y m e r " . ' ^ *  

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

a c r y l a t e  and m e t h a c r y l a t e  monomer s ,  o u r  own p o l y m e r s  may w e l l  

p r o v e  u s e f u l  i n  t h i s  r o l e ,  even  i n  u n f u n c t i o n a l i z e d  f o r m .  Such  

an i n v e s t i g a t i o n  i s  e n v i s a g e d  f o r  t h e  f u t u r e . i t  may be 

t h a t  h i g h e r  m o l e c u l a r  w e i g h t  p o l y m e r s  a r e  r e q u i r e d  t h a n  t h o s e  

c u r r e n t l y  a v a i l a b l e  t o  us t o  t a k e  f u l l e s t  a d v a n t a g e  of  a 

d e g r a d a t i v e  i m a g i n g  me c h a n i s m.  A new d e v e l o p m e n t  s y s t e m wou l d  

a l s o  need t o  be f o u n d  t o  t a k e  a d v a n t a g e  of  i m a g i n g  by t h i s  means  

as o ur  c u r r e n t  d e v e l o p e r s  a r e  i n t e n d e d  t o  c o m p l e t e l y  r e move  

u n c r o s s - l i n k e d  r e s i s t .  A d e v e l o p e r  f o r  a p o s i t i v e - w o r k i n g  r e s i s t  

must  l e a v e  t h e  o r i g i n a l ,  u n m o d i f i e d  c o a t i n g  u n t o u c h e d  and o n l y  

e t c h  t h o s e  a r e a s  w h e r e  r a d i a t i o n - p r o m o t e d  d e g r a d a t i o n  has  

o c c u r e d .

S o f t  X - r a y  c o n t a c t  m i c r o s c o p y ^ ^ s - z s ?  i g c u r r e n t l y  

a r o u s i n g  i n t e r e s t  as a met hod o f  e x a m i n i n g  b i o l o g i c a l  s a mp l e s  

w i t h o u t  e x t e n s i v e  ( and p o s s i b l y  d e s t r u c t i v e )  p r e - t r e a t m e n t  

r e q u i r e d  of  o t h e r  f o r m s  o f  m i c r o s c o p y .  I n  t h i s  t e c h n i q u e  a l i v e  

s a mp l e  i s  mount ed  i n  i n t i m a t e  c o n t a c t  w i t h  a r e s i s t  c o a t i n g .  A 

h i g h  p o w e r e d ,  p u l s e d  l a s e r  i s  f i r e d  a t  a t a r g e t  wh i c h  v a p o u r i z e s
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w i t h  t h e  f o r m a t i o n  of  a p l a s m a .  I o n s  and e l e c t r o n s  r e c o m b i n e  i n  

t h e  p l a s m a ,  t h e  r e s u l t  of  wh i c h  b e i n g  a p u l s e  o f  X - r a y s  of  v e r y  

s h o r t  d u r a t i o n .  P a s s i n g  t h r o u g h  t h e  s a m p l e ,  t h i s  p u l s e  of  

X - r a y s  t h e n  l e a v e s  a l a t e n t  i mage  i n  t h e  r e s i s t  i n  t h e  f o r m o f  a 

1: 1  shadow p r i n t ,  m o d u l a t e d  by i n t e r n a l  s t r u c t u r e s  whi ch  a b s o r b  

t h e  r a d i a t i o n  d u r i n g  i t s  p a s s a g e  t h r o u g h  t h e  s a m p l e .  D e v e l o p m e n t  

of  t h e  r e s i s t ,  ( c a r e f u l l y ,  by i n s p e c t i o n ) ,  g i v e s  a p o l y m e r  

r e l i e f  i mage  wh i ch  may t h e n  be e x a m i n e d  by c o n v e n t i o n a l  

m i c r o s c o p y  t e c h n i q u e s .  A p a r t  f r o m t h e  a b s e n c e  of  d e s t r u c t i v e  

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

a r t i f a c t s  wh i c h  t h i s  m i g h t  e n t a i l ,  t h e r e  i s  e v i d e n c e  t h a t  

d e t a i l  i s  r e v e a l e d  by t h i s  t e c h n i q u e  t h a t  may o t h e r w i s e  be 

mi s s e d  by o p t i c a l  m i c r o s c o p y  or  by t r a n s m i s s i o n  e l e c t r o n  

mi c r o s c o p y .
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EXPERIMENTAL
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7 E x p e r i m e n t a l  I ; S y n t h e s i s

7 . 1  G e n e r a l  D e t a i l s  and I n s t r u m e n t a t i o n

M e l t i n g  p o i n t s wer e  d e t e r m i n e d  u s i n g  an E l e c t r o t h e r m a l  M e l t i n g  

P o i n t  A p p a r a t u s  and a r e  u n c o r r e c t e d .

E l e m e n t a l  a n a l y s e s  w e r e  p e r f o r m e d  by M i s s  M. E a s t o n  or  Mr s .  E . 

W h i t a k e r  a t  R . H . B . N . C . ,  Egham.

I n f r a - r ed s p e c t r a w e r e  r e c o r d e d  on n u j o l  m u l l s  or  l i q u i d  f i l m s  

u s i n g  a P e r k i n  E l me r  17 10  I n f r a - r e d  F o u r i e r  T r a n s f o r m  

S p e c t r o m e t e r  o r  a P e r k i n  E l me r  197 I n f r a - r e d  S p e c t r o m e t e r .

U V / v i s i b l e  s p e c t r a  w e r e  r e c o r d e d  u s i n g  a P e r k i n  E l me r  55S  

U V - V I S  S p e c t r o p h o t o m e t e r  and 1cm q u a r t z  c e l l s .

N u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r a  w e r e  r e f e r e n c e d  t o  TMS and 

we r e  r e c o r d e d  on t h e  f o l l o w i n g  i n s t r u m e n t s :

P e r k i n  E l me r  R- 2 4 B H i g h  R e s o l u t i o n  NMR S p e c t r o m e t e r :  60MHz ' H 

s p e c t r a .

J e o l  F X - 9 0 Q  F o u r i e r  T r a n s f o r m  NMR S p e c t r o m e t e r :  90MHz ' H and 

2 2 . 5 MHz  ' =C s p e c t r a .

Ni  c o l  e t  293A NMR S p e c t r o m e t e r  w i t h  1180  Da t a  Sy s t e m;  2 0 0 . 1 MH z  

' H and 5 0 . 3 M H z  s p e c t r a .

B r u k e r  WM-250 F o u r i e r  T r a n s f o r m  NMR S p e c t r o m e t e r ,  ( K i n g ' s  

C o l l e g e ) :  250MHz ' H p o l y m e r  s p e c t r a .

B r u k e r  WH- 400  F o u r i e r  T r a n s f o r m  NMR S p e c t r o m e t e r ,  (Queen Mar y  

C o l l e g e ) :  400MHz ' H p o l y m e r  s p e c t r a .
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7 . 2  P o l y m e r  P r e p a r a t i o n s

The p o l y m e r s ,  f o r  w h i c h  d e t a i l s  o f  t h e i r  s y n t h e s e s  f o l l o w ,  

w er e  numbe r ed  f o r  r e f e r e n c e  i n  c h r o n o l o g i c a l  s e q u e n c e ,  t h e  f i r s t  

b e i n g  d e s i g n a t e d  M P I ,  t h e  s e cond  MP2 and so on.  The r e f e r e n c e  

number  t h e r e f o r e  does  n o t  b e a r  any r e l a t i o n  t o  p o l y m e r  

s t r u c t u r e ,  e x c e p t  by r e f e r e n c e  t o  t h e  p r e p a r a t i o n s  and t a b l e s  

t h a t  f o l l o w .  A f u r t h e r  s e r i e s  of  p o l y m e r s ,  a l l  c o p o l y m e r s  of  

m e t h y l  m e t h a c r y l a t e  and m e t h a c r y l i c  a c i d ,  have  r e f e r e n c e  number s  

p r e c e e d e d  by MPX. The number  f o l l o w i n g  t h e s e  l e t t e r s  i s  t h e  mol e  

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

monomers p o l y m e r i z e d .

7 . 2 . 1  P o l y m e r i z a t i o n  R e a c t i o n s

7 . 2 . 1 . 1  The S y n t h e s i s  o f  C o p o l y m e r s  o f  M e t h a c r y l i c  A c i d ,  
M e t h y l  M e t h a c r y l a t e  and 2 - H y d r o x y e t h y l  M e t h a c r y l a t e

P u r i f i c a t i o n  of  S t a r t i n g  M a t e r i a l s  and R e a g e n t s

S o l v e n t s  and monomers w e r e  r e d i s t i l l e d  b e f o r e  u s e : -

2 - M e t h o x y e t h a n o l  was d i s t i l l e d  f r o m a n h y d r o u s  p o t a s s i u m  

c a r b o n a t e  a t  a t m o s p h e r i c  p r e s s u r e .

B u t a n o n e  was d i s t i l l e d  f r o m a n h y d r o u s  c a l c i u m  c h l o r i d e  a t  

a t m o s p h e r i c  p r e s s u r e .

Monomers wer e  r e d i s t i l l e d  a t  r e d u c e d  p r e s s u r e ,  t h e  

t e m p e r a t u r e  b e i n g  k e p t  l ow enough t o  p r e v e n t  t h e r m a l  

p o l y m e r i z a t i o n : -

M e t h y l  m e t h a c r y l a t e  (MMA) was c o l l e c t e d  b o i l i n g  a t  2 4 - 2 6 * C  

a t  a p p r o x i m a t e l y  35mm H g .
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M e t h a c r y l i c  a c i d  (MAA) was c o l l e c t e d  b o i l i n g  a t  3 2 ° C  a t  2mm 

H g .

2 - H y d r o x y e t h y l  m e t h a c r y l a t e  (HEMA) was c o l l e c t e d  b o i l i n g  a t  

53®C a t  0. 5mm Hg.  Some t h e r m a l  p o l y m e r i z a t i o n  a l w a y s  o c c u r e d  

i n  t h e  d i s t i l l a t i o n  f l a s k  when t h i s  was d i s t i l l e d .

The g e n e r a l  r e a c t i o n  b e i n g  f o l l o w e d  i n  t h e s e  p r e p a r a t i o n s  

i s  shown b e l o w ,  ( Scheme 7 . 1 ) .  P e r c e n t a g e  y i e l d s  a r e  q u o t e d  

r e l a t i v e  t o  t h e  c o m p l e t e  p o l y m e r i z a t i o n  of  a l l  t h e  monomers  

p r e s e n t  i n  t h e  p o l y m e r i z a t i o n  m i x t u r e  and i g n o r e  c o n t r i b u t i o n s  

f r o m t h e  i n i t i a t o r .  The t h e o r e t i c a l  a n a l y s i s  f i g u r e s  h ave  a l s o  

been c a l c u l a t e d  ba s e d  on monomer a l o n e  and i g n o r e  c o n t r i b u t i o n s  

f r o m t h e  i n i t i a t o r .

yMe yMe /M e
H 2C —C H 2C- — C H 2C— c

^C02H '̂ C02CH2CH2ÛH \ lO 2Me

Me Me Me
AIBN . I , I , 1

-> —(CH2 —  c);— (-CH2— Ç-)ÿ (-CH2 —  Ç-): ̂ y ^

CO2H CO2CH2CH2OH C02Me

Scheme 7 . 1  P o l y m e r i z a t i o n  of  M e t h y l  M e t h a c r y l a t e ,  M e t h a c r y l i c  
Ac i d  and 2 - H y d r o x y e t h y l  M e t h a c r y l a t e

S p e c t r o s c o p i c a l l y  t h e  p o l y m e r s  a r e  v e r y  s i m i l a r  and so 

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

d i s c u s s i o n  o f  t h e  p r o t o n  nmr s p e c t r a  of  t h e s e  p o l y m e r s  can be
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f o u n d  i n  C h a p t e r  2 a l o n g  w i t h  s p e c t r a  o f  t y p i c a l  d e r i v a t i z e d  and 

u n d e r i v a t i z e d  p o l y m e r s .  I n f r a - r e d  s p e c t r a  of  t h e s e  p o l y m e r s  a r e  

c h a r a c t e r i z e d  by a b r o a d  c a r b o n y l  peak  a t  a r o u n d  1730  c m " ' .

MPI

A 700ml  f l a n g e d  f l a s k  was c h a r g e d  w i t h  a m i x t u r e  of  f r e s h l y  

d i s t i l l e d  ( l e s s  t h a n  24h b e f o r e h a n d )  monomer s ,  m e t h a c r y l i c  a c i d ,  

( MAA) ,  ( 1 4 . Og,  1 3 . 8 m l ,  0 . 1 6 m o l ) ,  me t h y l  m e t h a c r y l a t e ,  (MMA) ,

( 2 4 . Og,  2 5 . 6 m l ,  0 . 2 4 m o l )  and 2 - h y d r o x y e t h y l  m e t h a c r y l a t e ,

( HEMA) ,  ( 5 2 . I g ,  5 0 . 3 m l ,  0 . 4 0 m o l )  d i s s o l v e d  i n  470ml  of  a 1 : 1  

m i x t u r e  of  b u t a n o n e  and 2 - m e t h o x y e t h a n o l . The f l a s k ,  f i t t e d  w i t h  

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

c o n d e n s e r  w i t h  c a l c i u m  c h l o r i d e  g u a r d  t u b e ,  was s u p p o r t e d  i n  a 

t h e r m o s t a t t e d  w a t e r - b a t h  h e l d  a t  7 0 ° C .  The p o l y m e r i z a t i o n  

m i x t u r e  was s t i r r e d  u n d e r  a s l o w  s t r e a m  of  n i t r o g e n  f o r  30  

m i n u t e s  p r i o r  t o  t h e  a d d i t i o n  o f  a z o - b i s - i s o b u t y r o n i t r i l e ,  

( A I B N ) ,  ( 2 . 7 g ,  1 6 mm o l ) ,  d i s s o l v e d  i n  40ml  of  t h e  s o l v e n t  

m i x t u r e .  The t e m p e r a t u r e  o f  t h e  w a t e r - b a t h  was m a i n t a i n e d  a t  

7 0 * 0  and t h e  r e a c t i o n  m i x t u r e  was s t i r r e d  u n d e r  n i t r o g e n  f o r  

t h e  24h r e a c t i o n  p e r i o d .  At  t h e  end of  t h i s  t i m e  t h e  p o l y m e r  was 

i s o l a t e d  f r o m  t h e  v i s c o u s  s o l u t i o n  by p o u r i n g  i n t o  r a p i d l y  

s t i r r e d  w a t e r  ( 5 0 0 0 ml  i n  t o t a l ) .  The p r o d u c t  was c o l l e c t e d  by 

f i l t r a t i o n  and washed w i t h  w a t e r .  The o f f - w h i t e  s o l i d  was d r i e d  

o v e r  p h o s p h o r u s  p e n t o x i d e  i n  yacuo t o  y i e l d  80g o f  c r u d e  

m a t e r i a l .  B a t c h e s  o f  t h i s  p r o d u c t ,  20g a t  a t i m e ,  wer e  d i s s o l v e d  

i n  m e t h a n o l  ( 2 0 0 m l )  and p r e c i p i t a t e d  i n t o  w a t e r  ( 2 0 0 0 m l )  

y i e l d i n g  b e t w e e n  14 and 17g o f  p u r i f i e d  m a t e r i a l  a f t e r  d r y i n g .  

The t o t a l  y i e l d  was 6 I g (687. )  o f  a w h i t e  p o w d e r .  Found:

C,  5 4 . 6 2 ;  H,  7 . 6 5 .  C a l c :  C,  5 6 . 6 5 ;  H,  7 . 7 3 % .



209

MPIO

The c o n d i t i o n s  of  t h e  p r e p a r a t i o n  g i v e n  a b o v e  f o r  MPI  wer e  

r e p e a t e d  y i e l d i n g  75g of  c r u d e  p r o d u c t  w h i c h  g ave  46g (517. )  of  a 

w h i t e  powder  a f t e r  r e p r e c i p i t a t i o n .  F r e e z e - d r y i n g  was used as a 

r a p i d  met hod f o r  t h e  r e m o v a l  of  w a t e r  f r o m t h e  p r e c i p i t a t e d  

p o l y m e r .  Found:  C,  5 4 . 0 2 ;  H,  7 . 9 1 .  C a l c :  C , 5 6 . 6 5 ;  H , 7.  737. .

MP14

The c o n d i t i o n s  of  t h e  p r e p a r a t i o n  g i v e n  a b o v e  f o r  MPI  wer e  

r e p e a t e d  u s i n g  t h e  same t o t a l  c o n c e n t r a t i o n  o f  monomers and 

v o l u me  of  s o l v e n t  b u t  t h e  monomer m i x t u r e  was m o d i f i e d .  T h i s  was 

m e t h a c r y l i c  a c i d ,  ( 1 7 . 5 g ,  1 7 . 3 m l ,  0 . 2 0 m o l ) ,  m e t h y l  m e t h a c r y l a t e ,  

( 2 0 . Og,  2 1 . 3 m l ,  0 . 2 0 m o l )  and 2 - h y d r o x y e t h y l  m e t h a c r y l a t e ,

( 5 2 . Og,  5 0 . 3 m l ,  0 . 4 0 m o l ) .  The c r u d e  y i e l d  o f  p o l y m e r  was 78g 

( 8 7 7 . ) .  R e p r e c i p i t a t i o n  of  50g of  t h i s  m a t e r i a l ,  i n  two b a t c h e s ,  

g a v e  43g o f  t h e  f i n a l  p r o d u c t  as a w h i t e  p o w d e r .  Found:

C,  5 3 . 9 7 ;  H,  7 . 8 0 .  C a l c ;  C,  5 6 . 4 8 ;  H,  7 .  697. .

MP37

The b a s i c  p r e p a r a t i o n  met hod of  MPI  was a g a i n  r e p e a t e d  w i t h  

m o d i f i e d  monomer r a t i o s .  The q u a n t i t i e s  used w e r e :  m e t h a c r y l i c  

a c i d ,  ( 2 5 . 5 g ,  2 5 . 1 m l ,  0 . 2 9 6 m o l ) ,  me t h y l  m e t h a c r y l a t e ,  ( 1 0 . 4 g ,  

1 1 . 1 m l ,  0 . 1 0 4 m o l )  and 2 - h y d r o x y e t h y l  m e t h a c r y l a t e ,  ( 5 2 . Og,  

5 0 . 3 m l ,  0 . 4 0 m o l ) .  P r e c i p i t a t i o n  i n t o  w a t e r  g a v e  a s w o l l e n  

p r o d u c t  wh i c h  f o r me d  a g l a s s y ,  b r i t t l e  p i n k i s h  s o l i d  on d r y i n g ,  

c r u d e  y i e l d  9 0 g .  R e p r e c i p i t a t i o n  f r o m m e t h a n o l  i n t o  e t h y l  

a c e t a t e ,  and l a t e r  b a t c h e s  i n t o  e t h e r ,  g a v e  71 g (817. )  of  a 

c o l o u r l e s s ,  p o w d e r y  s o l i d .  Found:  C,  5 2 . 6 8 ;  H , 7 . 3 1 .  C a l c ;

C,  5 6 . 0 3 ;  H,  7 . 5 9 7 . .
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7 . 2 . 1 . 2  Homopol ymer  P r e p a r a t i o n s

A h omop o l y me r  o f  2 - h y d r o x y e t h y l  m e t h a c r y l a t e  ( M P i l )  was 

p r e p a r e d  u n d e r  s i m i l a r  c o n d i t i o n s  t o  t h e  p r e p a r a t i o n  of  M P I ,  

( Scheme 7 . 2 ) .

/ M e Me
A I B N

H2C— C -------- > —(-CH2— c-^
X 02  C H 2C H 2 0H

C 0 2 C H 2  C H 2 0 H

Scheme 7 . 2  P o l y m e r i z a t i o n  o f  2 - H y d r o x y e t h y l  M e t h a c r y l a t e

M P l l

2 - H y d r o x y e t h y l  m e t h a c r y l a t e ,  ( 5 2 . Og,  5 0 . 3 m l ,  0 . 4 0 m o l ) ,  was 

p o l y m e r i z e d  by t h e  met hod o f  M P I ,  t h e  v o l ume  o f  s o l v e n t  and 

w e i g h t  of  i n i t i a t o r  b e i n g  r e d u c e d  by h a l f .  The r e a c t i o n  t i m e  was 

4 4 h .  A t t e m p t s  a t  p r e c i p i t a t i n g  t h e  p o l y m e r  i n t o  aq u e o us  me d i a  

f a i l e d ,  g i v i n g  a t wo p h a s e  s y s t e m .  A s o l i d  was o b t a i n e d  by 

p o u r i n g  away t h e  w a t e r  and a l l o w i n g  t h e  p o l y m e r  t o  d r y .  T h i s

A h o mo p o l y me r  o f  m e t h a c r y l i c  a c i d  ( MP12)  was a l s o  p r e p a r e d  

u n d e r  s i m i l a r  c o n d i t i o n s  t o  t h e  p r e p a r a t i o n  of  M P I ,  ( Scheme  

7 . 3 )  .

M
AIBN  ̂ 1 ,

H 2C— C ------------------ >  — f C H 2  

C O , H

Scheme 7.3 P o l y m e r i z a t i o n  of M et hacrylic Acid
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MP12

M e t h a c r y l i c  a c i d ,  ( 3 5 . 0 g ,  3 4 . 5 m l ,  0 . 4 0 m o l )  was p o l y m e r i z e d  

i n  a h a l f - s c a l e  r e a c t i o n  as d e s c r i b e d  a b o v e .  A f t e r  a r e a c t i o n  

t i m e  o f  22h t h e  p o l y m e r  was p r e c i p i t a t e d  i n t o  4M aqueous  

h y d r o c h l o r i c  a c i d .  R e p r e c i p i t a t i o n  f r o m m e t h a n o l  g a v e  25g (71%)  

o f  an o f f - w h i t e  s o l i d  a f t e r  d r y i n g .

The c o m p o s i t i o n s  o f  t h e s e  p o l y m e r s  a r e  s u mma r i z e d  i n  t h e  

t a b l e  b e l ow , ( T a b l e  7 . 1 ) .

p o l y m e r MAA

mol e p e r c e n t a g e  

MMA HEMA

MPI 20 30 50

MPIO 20 30 50

MP14 25 25 50

MP37 37 13 50

M P l l 100

MP12 100

T a b l e  7 . 1  C o m p o s i t i o n s  of  P o l y m e r s

7 . 2 . 1 . 3  T o s y l a t e d  P o l y m e r

The p a r a - t o l u e n e s u l p h o n a t e  e s t e r  o f  2 - h y d r o x y e t h y l  

m e t h a c r y l a t e  was s u b s t i t u t e d  f o r  t h e  2 - h y d r o x y e t h y l  m e t h a c r y l a t e  

monomer i n  a c o p o l y m e r  p r e p a r a t i o n  ( MP39)  , ( Scheme 7 . 4 ) .  The  

monomer r a t i o s  wer e  o t h e r w i s e  i d e n t i c a l  t o  MP37.
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Scheme 7 . 4  P o l y m e r i z a t i o n  o f  M e t h y l  M e t h a c r y l a t e ,  M e t h a c r y l i c  
A c i d  and 2 - H y d r o x y e t h y 1 M e t h a c r y l a t e  p a r a - T o l u e n e s u l p h o n a t e

MP39

I n  a o n e - t h i r d  s c a l e  p r e p a r a t i o n  u s i n g  t h e  met hod o f  MP I ,

2 - ( 4 - t o l u e n e s u l p h o n y l ) e t h y l  m e t h a c r y l a t e ,  ( 3 7 . 9 g ,  0 . 1 3 3 m o l ) ,  

m e t h a c r y l i c  a c i d ,  ( 8 . 4 9 g ,  8 . 4 m l ,  0 . 0 9 9 m o l )  and me t h y l  

m e t h a c r y l a t e ,  ( 3 . 4 7 g ,  3 . 7 m l ,  0 . 0 3 5 m o l )  w e r e  p o l y m e r i z e d .  E t h e r  

was used  as t h e  n o n - s o l v e n t  i n  t h e  p r e c i p i t a t i o n  s t e p .  The y i e l d  

o f  r e p r e c i p i t a t e d  p o l y m e r  was 17g (347. )  o f  a w h i t e  s o l i d .

The nmr s p e c t r u m  o f  a s a m p l e  of  t h i s  p r o d u c t ,  i n  a d d i t i o n  

t o  t h e  a n t i c i p a t e d  p e a k s ,  showed some due t o  s o l v e n t  h a v i n g  

d i s p l a c e d  some o f  t h e  t o s y l a t e  g r o u p s .  On l o n g - t e r m  s t o r a g e  a t  

room t e m p e r a t u r e  t h e  p o l y m e r  had become i n s o l u b l e  i n  a l l  

s o l v e n t s  t r i e d ,  i n d i c a t i n g  t h a t  c r o s s - l i n k i n g  had o c c u r e d .



213

7 . 2 . 1 . 4  C o p o l y m e r s  o f  M e t h y l  M e t h a c r y l a t e  and M e t h a c r y l i c  a c i d

C o p o l y m e r s  of  m e t h y l  m e t h a c r y l a t e  and m e t h a c r y l i c  a c i d  wer e  

p r e p a r e d  i n  a s e r i e s  of  h a l f - s c a l e  r e a c t i o n s  u s i n g  t h e  met hod of  

M P I , ( Scheme 7 . 5 ) .

A I B N
H z C  C +  H ; C — C

\ O 2M e  C O 2H

Me Me

— ( - C H 2 — — ( C H 2— Ç )I  ̂ y
C 0 2 M e  C O 2H

Scheme 7 . 5  P o l y m e r i z a t i o n  o f  M e t h y l  M e t h a c r y l a t e  and M e t h a c r y l i c  
A c i d

MPX 10

M e t h y l  m e t h a c r y l a t e ,  ( 3 6 . 0 4 g ,  3 8 . 5 m l ,  0 . 3 6 m o l )  and 

m e t h a c r y l i c  a c i d ,  ( 3 . 4 4 g ,  3 . 4 m l ,  0 . 0 4 m o l )  wer e  p o l y m e r i z e d :  

r e a c t i o n  t i m e  2 6 h .  P r e c i p i t a t i o n  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d  

y i e l d e d  41 g wh i c h  was r e p r e c i p i t a t e d  f r o m d i m e t h y l  f o r m a m i d e  

(DMF)  i n t o  w a t e r  t o  y i e l d  30g (767. )  as a w h i t e  s o l i d .  Found;

C,  5 8 . 5 9 ;  H,  7 . 9 2 .  C a l c :  C,  5 9 . 5 9 ;  H,  7 . 9 8 7 . .

MPX20

M e t h y l  m e t h a c r y l a t e ,  ( 3 2 . 0 4 g ,  3 4 . 2 m l ,  0 . 3 2 m o l )  and 

m e t h a c r y l i c  a c i d ,  ( 6 . 8 9 g ,  6 . 8 m l ,  0 . 0 8 m o l )  wer e  p o l y m e r i z e d :  

r e a c t i o n  t i m e  2 5 h .  P r e c i p i t a t i o n  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d
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y i e l d e d  38g wh i c h  was r e p r e c i p i t a t e d  f r o m  DMF i n t o  w a t e r  t o  

y i e l d  30g (777. )  as a w h i t e  p o w d e r .  Founds C,  5 7 . 9 9 ;  H,  7 . 8 7 .

C a l c s  C,  5 9 . 2 3 ;  H,  7 .  897. .

MPX25

M e t h y l  m e t h a c r y l a t e ,  ( 3 0 . 0 4 g ,  3 2 . 1 m l ,  0 . 3 0 m o l )  and 

m e t h a c r y l i c  a c i d ,  ( 8 . 6 1 g ,  8 . 5 m l ,  O . l O m o l )  we r e  p o l y m e r i z e d ;  

r e a c t i o n  t i m e  2 5 . 5h .  P r e c i p i t a t i o n  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d  

y i e l d e d  38g wh i ch  was r e p r e c i p i t a t e d  f r o m m e t h a n o l  i n t o  w a t e r  t o  

y i e l d  36g (937. )  as a w h i t e  p o w d e r .  Found:  C,  5 7 . 1 7 ;  H , 7 . 7 2 .

C a l c ;  C,  5 9 . 0 4 ;  H,  7 .  847. .

MPX30

M e t h y l  m e t h a c r y l a t e ,  ( 2 8 . 0 3 g ,  3 0 . 0 m l ,  0 . 2 8 m o l )  and 

m e t h a c r y l i c  a c i d ,  ( 1 0 . 3 3 g ,  1 0 . 2 m l ,  0 . 1 2 m o l )  we r e  p o l y m e r i z e d :  

r e a c t i o n  t i m e  2 4 h .  P r e c i p i t a t i o n  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d  

y i e l d e d  37g wh i c h  was r e p r e c i p i t a t e d  f r o m  DMF i n t o  w a t e r  t o  

y i e l d  36g (947. )  as a w h i t e  s o l i d .  Found:  C,  5 7 . 0 6 ;  H , 7 . 5 9 .

C a l c :  C,  5 8 . 8 6 ;  H,  7 . 7 9 7 . .

MPX40

M e t h y l  m e t h a c r y l a t e ,  ( 2 4 . 0 3 g ,  2 5 . 7 m l ,  0 . 2 4 m o l )  and 

m e t h a c r y l i c  a c i d ,  ( 1 3 . 7 7 g ,  1 3 . 6 m l ,  0 . 1 6 m o l )  w e r e  p o l y m e r i z e d :  

r e a c t i o n  t i m e  2 4 h .  P r e c i p i t a t i o n  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d  

y i e l d e d  35g wh i ch  was r e p r e c i p i t a t e d  f r o m  DMF i n t o  w a t e r  t o  

y i e l d  34g (907. )  as a w h i t e  p o w d e r .  Found:  C,  5 6 . 1 4 ;  H , 7 . 5 7 .

C a l c :  C,  5 8 . 4 6 ;  H,  7 . 7 0 7 . .

The c o m p o s i t i o n  o f  t h e s e  c o p o l y m e r s  i s  s u mma r i z e d  i n  t h e  

t a b l e  b e l o w ,  ( T a b l e  7 . 2 ) .
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mole p er ce nt ag e

p o l y m e r MAA MMA

MPXIO 10 90

MPX20 20 80

MPX25 25 75

MPX30 30 70

MPX40 40 60

T a b l e  7 . 2  C o m p o s i t i o n s  o f  C o p o l y m e r s

7 . 2 . 2  P e r i v a t i z a t i o n  of  P o l y m e r s

The p u r p o s e  of  t h e  d e r i v a t i z a t i o n  s t e p  i s  t o  c o n v e r t  t h e  

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

c o p o l y m e r s ,  ( M P I ,  10 ,  14 and 3 7 ) ,  t o  t h e  m e t h a c r y l a t e  e s t e r  

g r o u p .  I n i t i a l  s t u d i e s  used a v a r i e t y  o f  c o n d i t i o n s .  L a t e r  

p r e p a r a t i o n s  v a r i e d  t h e  q u a n t i t i e s  o f  t h e  s o l v e n t  and r e a g e n t  

u s e d ,  ( m e t h a c r y l o y l  c h l o r i d e ) .  A number  o f  f u r t h e r  p r e p a r a t i o n s  

u s i n g  m e t h a c r y l o y l  c h l o r i d e  and m e t h a c r y l i c  a n h y d r i d e  f o l l o w e d .  

Model  r e a c t i o n s  u s i n g  a c e t y l  c h l o r i d e  and a c e t i c  a n h y d r i d e  wer e  

a l s o  c a r r i e d  o u t .

The r e a c t i o n  w i t h  m e t h a c r y l o y l  c h l o r i d e  i s  shown b e l o w ,  

( Scheme 7 . 5 ) .
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Scheme 7 . 5  D e r i v a t i z a t i o n  of  C o p o l y m e r s  w i t h  M e t h a c r y l o y l  

C h l o r i d e

7 . 2 . 2 . 1  E s t é r i f i c a t i o n s  U s i n g  M e t h a c r y l o y l  C h l o r i d e

P u r i f i c a t i o n  of  S t a r t i n g  M a t e r i a l s  and S o l v e n t s

P y r i d i n e ,  2 - p i  c o l i n e  ( 2 - m e t h y l  p y r i d i n e )  and 2 , 6 - l u t i d i n e  

( 2 , 6 - d i m e t h y l  p y r i d i n e )  we r e  a l l  d i s t i l l e d  f r o m KOH p e l l e t s  a t  

a t m o s p h e r i c  p r e s s u r e  and s t o r e d  o v e r  KOH.

D i m e t h y l  f o r m a m i d e  (DMF)  was s t i r r e d  o v e r  c a l c i u m  h y d r i d e  

b e f o r e  d i s t i l l a t i o n  a t  r e d u c e d  p r e s s u r e .  R e d i s t i l l e d  DMF was 

s t o r e d  o v e r  4A m o l e c u l a r  s e i v e .

M e t h a c r y l o y l  c h l o r i d e ( A l d r i c h )  was d i s t i l l e d  a t  r e d u c e d  

p r e s s u r e ,  ( 2 0 - 2 2 * C  a t  37mm H g ) .  R e d i s t i l l e d  r e a g e n t  was s t o r e d  

i n  a r e f r i g e r a t o r  f o r  no more t h a n  two weeks and p r e f e r a b l y  l e s s  

t h a n  24h b e f o r e  u s e .
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I n  t h e  p r o c e d u r e s  p r e s e n t e d  b e l o w  p e r c e n t a g e  y i e l d s  a r e  n o t  

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

r e a c t  w i t h  t h e  r e a g e n t  and t h e r e f o r e  a t h e o r e t i c a l  y i e l d  c a n n o t  

be p r e d i c t e d .

MP2

MPI  ( l O g )  was d i s s o l v e d  i n  p y r i d i n e  ( 5 0 m l )  w i t h  w a r m i n g .  

M e t h a c r y l o y l  c h l o r i d e  ( 8 . 0 g ,  7 . 5 m l ,  76mmol )  was added t o  t h e  

warm s t i r r e d  s o l u t i o n .  A g e l  was f o r m e d ,  i n s o l u b l e  i n  a l l  

s o l v e n t s  t r i e d ;  no p r o d u c t  was o b t a i n e d .

MP3

MPI  ( 2 . 5 g )  was d i s s o l v e d  i n  p y r i d i n e  ( 2 0 m l )  a t  room 

t e m p e r a t u r e .  M e t h a c r y l o y l  c h l o r i d e  ( l . l g ,  1 . 0 m l ,  l Ommol )  was 

added and t h e  s o l u t i o n  was s t i r r e d  a t  room t e m p e r a t u r e  f o r  30  

m i n u t e s .  M e t h a n o l  ( 5 0 m l )  was added and t h e  p o l y m e r  was o b t a i n e d  

by p r e c i p i t a t i o n  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d .  The y i e l d  o f  

c r u d e  p o l y m e r  was 2 . 1 3 g  of  a w h i t e  s o l i d .  The p r o d u c t  was 

s w o l l e n  by p o l a r  s o l v e n t s  such as m e t h a n o l  b u t  wou l d  n o t  

d i s s o l v e .

MP4

MPI  ( l O g )  was d i s s o l v e d  i n  p y r i d i n e  ( 5 0 m l )  and c o o l e d  i n  an 

i c e - b a t h  b e f o r e  t h e  a d d i t i o n  of  m e t h a c r y l o y l  c h l o r i d e  ( 8 . 0 g ,  

7 . 5 m l ,  7 6 m m o l ) ,  t h e  a d d i t i o n  t a k i n g  p l a c e  o v e r  a b o u t  2h.  F u r t h e r  

p y r i d i n e  ( 2 0 m l )  was added a f t e r  1 . 5h t o  a i d  s t i r r i n g .  S t i r r i n g  

was c o n t i n u e d  f o r  a f u r t h e r  h ou r  a t  room t e m p e r a t u r e  b e f o r e  t h e  

a d d i t i o n  o f  m e t h a n o l  ( 5 0 m l )  and p r e c i p i t a t i o n  i n t o  d i l u t e  

h y d r o c h l o r i c  a c i d .  P r e c i p i t a t i o n  of  t h e  p o l y m e r  o n l y  o c c u r e d  on 

s t a n d i n g  f o r  s e v e r a l  d a y s ,  t h e  c r u d e  y i e l d  b e i n g  1 1 . 6 1 g .  T h i s  

m a t e r i a l  was r e p r e c i p i t a t e d  t o  y i e l d  9 . 0 6 g  of  a w h i t e  s o l i d  

w h i c h  was s u b s e q u e n t l y  f o u n d  t o  s w e l l  b u t  n o t  d i s s o l v e  i n  p o l a r
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s o l v e n t s .

MP5

MPI  ( 2 , 5 g )  was d i s s o l v e d  i n  p y r i d i n e  ( 4 0 m l )  w i t h  m e c h a n i c a l  

s t i r r i n g .  The f l a s k  was c o o l e d  i n  an i c e - b a t h  and wr apped  i n  

f o i l  t o  e x c l u d e  l i g h t .  M e t h a c r y l o y l  c h l o r i d e  ( 2 . 1 g ,  2 . 0 m l ,  

20mmol )  was added o v e r  a b o u t  20 m i n u t e s  and t h e  f l a s k  was 

s t i r r e d  o v e r n i g h t .  The p r o d u c t  a g a i n  p r e c i p i t a t e d  on s t a n d i n g  

a f t e r  p o u r i n g  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d .  The c r u d e  y i e l d  was  

2 . 4 3 g  and 1 . 8 1 g  of  a w h i t e  powder  a f t e r  r e p r e c i p i t a t i o n .

MP6

The c o n d i t i o n s  of  MP5 we r e  r e p e a t e d  on MPI  ( 2 . 7 g )  u s i n g  t h e  

same q u a n t i t y  of  r e a g e n t :  C r u d e  y i e l d  2 . 0 9 g ,  1 . 6 6 g  o f  a w h i t e  

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

MP7

The c o n d i t i o n s  of  MP5 we r e  r e p e a t e d  u s i n g  t r i e t h y l  ami n e  

( 4 0 m l )  and p y r i d i n e  ( 3 m l )  as t h e  s o l v e n t .  An i n s o l u b l e  g e l  

r e s u l t e d ;  no p r o d u c t  was o b t a i n e d .

MP8

The c o n d i t i o n s  o f  MP5 we r e  r e p e a t e d  u s i n g  2 , 6 - l u t i d i n e  

( 1 5 m l )  as t h e  s o l v e n t :  Cr ud e  y i e l d  1 . 9 7 g ,  1 . 2 4 g  o f  a w h i t e  s o l i d  

a f t e r  r e p r e c i p i t a t i o n .

MP9

The p r e p a r a t i o n  a b o v e ,  MP8,  was r e p e a t e d  on d o u b l e  t h e  

s c a l e ,  u s i n g  MPI  ( 5 . 0 g )  and m e t h a c r y o y l  c h l o r i d e  ( 4 . 2 8 g ,  4 . 0 m l ,  

4 1 m m o l ) .  The p r o d u c t  d i d  n o t  r e d i s s o l v e  i n  m e t h a n o l .

MP13

The con di ti on s  of the pre pa ra ti on  above, MP9, were repeated
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u s i n g  p y r i d i n e  ( 3 0 m l )  as t h e  s o l v e n t .  No p r o d u c t  was o b t a i n e d .  

MP15

The c o n d i t i o n s  of  MP5 w e r e  r e p e a t e d  on MPI  ( 2 . 5 g )  u s i n g  

2 - p i c o l i n e  ( 1 5 m l )  as t h e  s o l v e n t .  The c r u d e  y i e l d  was 2 . 9 9 g ;  

1 . 7 1 g  of  a w h i t e  s o l i d  a f t e r  r e p r e c i p i t a t i o n .

MP16

The c o n d i t i o n s  o f  MP15 w e r e  r e p e a t e d  u s i n g  MPIO ( 2 . 5 g )  i n  

2 - p i c o l i n e  ( 1 5 m l ) ,  t h e  p r o d u c t  b e i n g  p r e c i p i t a t e d  a f t e r  30  

m i n u t e s  r e a c t i o n  t i m e .  The p r o d u c t  was f o u n d  t o  be i n s o l u b l e  

when r e p r e c i p i t a t i o n  was a t t e m p t e d .

MPI  7

MPI  ( 2 . 5 g )  i n  2 - p i c o l i n e  ( 1 5 m l )  was s t i r r e d  i n  an i c e - b a t h  

p r i o r  t o  t h e  a d d i t i o n  o f  m e t h a c r y l o y l  c h l o r i d e  ( 2 . 1 g ,  2 . 0 m l ,  

2 0 m m o l ) .  The r e a c t i o n  m i x t u r e  was s t i r r e d  f o r  30 m i n u t e s ,  t h e  

f l a s k  b e i n g  wr a p p e d  i n  f o i l  t o  e x c l u d e  l i g h t .  P r e c i p i t a t i o n  i n t o  

w a t e r  ( 2 0 0 m l )  and h y d r o c h l o r i c  a c i d  ( 1 0 0 m l )  g a v e  2 . 5 0 g  of  c r u d e  

p r o d u c t  and 1 . 7 5 g  of  a w h i t e  s o l i d  a f t e r  r e p r e c i p i t a t i o n .

MP18

MPI  ( 2 . 5 g )  was d i s s o l v e d  i n  a m i x t u r e  of  d i m e t h y l  f o r m a m i d e  

(DMF)  ( 1 3 . 5 m l )  and p y r i d i n e  ( 1 . 6 m l ) .  M e t h a c r y l o y l  c h l o r i d e  

( 2 . 1 g ,  2 . 0 m l ,  2 0 m m o l ) was added d r o p w i s e  t o  t h e  c o o l e d  s o l u t i o n .  

The r e a c t i o n  and p r e c i p i t a t i o n  wer e  c a r r i e d  o u t  as d e s c r i b e d  

a b o v e  ( M P 1 7 ) .  The w e i g h t  o f  c r u d e  p r o d u c t  o b t a i n e d  was 3 . 2 2 g  

w h i c h  y i e l d e d  1 . 5 5 g  of  a w h i t e  s o l i d  a f t e r  r e p r e c i p i t a t i o n .

Some of  t h e  c o n d i t i o n s  f o r  t h e  p r e p a r a t i o n s  d e s c r i b e d  a bove  

a r e  t a b u l a t e d  b e l o w ,  ( T a b l e  7 . 3 ) .
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p o l y m e r
base

p o l y m e r w t / g s o l v e n t
so l  v e n t  
v o l u m e / m l

r e a g e n t
v o l u m e / m l

MP2 MPI 10 py 50 7 . 5

MP3 MPI 2 . 5 py 20 1

MP4 MPI 10 py 50 7 . 5

MP5 MPI 2 . 5 py 40 2

MP6 MPI 2 . 7 py 40 2

MP7 MPI 2 . 5 E t z N : p y 4 0 : 3 2

MP8 MPI 2 . 5 l u t 15 2

MP9 MPI 5 l u t 30 4

MP13 MPI 5 py 30 4

MP15 MPI 2 . 5 p i c 15 2

MP16 MPIO 2 . 5 p i c 15 2

MP17 MPI 2 . 5 p i c 15 2

MP18 MPI 2 . 5 DMF, py 15 2

py = p y r i d i n e ,  l u t  = 2 , 6 - l u t i d i n e ,  p i c  = 2 - p i c o l i n e ,  DMF = 
d i m e t h y l  f o r m a m i d e .

Table 7.3 E s t é r i f i c a t i o n  C o n di ti on s  for Initial Studies
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The c o n d i t i o n s  and y i e l d s  f o r  t h e  f o l l o w i n g  s e r i e s  of  

p r e p a r a t i o n s ,  MP 1 9 - 3 6  a r e  t a b u l a t e d  b e l o w ,  ( T a b l e  7 . 4 ) .  A l l  

p r e p a r a t i o n s  wer e  c a r r i e d  o u t  on 2 . 5 g  o f  MP14.

MP19

MP14 ( 2 . 5 g )  was d i s s o l v e d  i n  a m i x t u r e  of  d i m e t h y l  

f o r m a m i d e  ( 1 3 . 5 m l )  and p y r i d i n e  ( 1 . 6 g ,  1 . 6 m l ,  19mmol )  and t h e  

r e a c t i o n  f l a s k  was c o o l e d  i n  i c e .  The f l a s k  was c o v e r e d  i n  f o i l  

t o  e x c l u d e  l i g h t .  M e t h a c r y l o y l  c h l o r i d e  ( 2 . 1 g ,  2 . 0 m l ,  20mmol )  

was added d r o p w i s e .  The r e a c t i o n  m i x t u r e  was s t i r r e d  i n  i c e  f o r  

30 m i n u t e s ,  a t  t h e  end o f  wh i c h  t i m e  m e t h a n o l  ( 1 5 m l )  was added  

and t h e  p o l y m e r  was p r e c i p i t a t e d  by p o u r i n g  i n t o  w a t e r  ( 2 5 0 m l )  

a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d  ( 5 0 m l ) .  The p r o d u c t  was 

c o l l e c t e d  by f i l t r a t i o n  and washed w i t h  w a t e r .  The c r u d e  p r o d u c t  

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

M P 2 0 - 3 6

The p r e p a r a t i o n  a b o v e ,  MP19,  was r e p e a t e d  i n  a s e r i e s  of  

e x p e r i m e n t s  v a r y i n g  t h e  q u a n t i t i e s  of  s o l v e n t  and r e a g e n t  u s e d .  

The amount  o f  p y r i d i n e  i n  t h e  s o l v e n t  m i x t u r e  was a d j u s t e d  t o  

t a k e  a c c o u n t  of  t h e  q u a n t i t y  o f  r e a g e n t  a d d e d .  A l l  o t h e r  

c o n d i t i o n s  wer e  t h e  same e x c e p t  t h a t  m e t h a n o l  was n o t  added t o  

t h e  r e a c t i o n  m i x t u r e  b e f o r e  p r e c i p i t a t i o n  i n  t h e  c a s e s  of  

M P 3 3 - 3 6 .



p o l y m e r

MP19

MP20

MP21

MP22

MP23

MP24

MP25

MP26

MP27

MP28

MP29

MP30

MP31

MP32

MP33

MP34

MP35

MP36

2 2 2

v o l u m e s  u s e d / m l  
DMF py MACl

1 3 . 5

2 8 . 5

1 4 . 0

2 9 . 0

1 4 . 0

2 1 . 0

2 1 . 3

2 8 . 8

2 1 . 7

2 5 . 5

2 5 . 0

2 1 . 3

2 1 . 3

2 1 . 3

1 3 . 4

1 1 . 8

2 6 . 8

23.6

1 . 6

1.6

0.8

0 . 8

1 . 2

1. 6

1 . 2

1 . 2

0 . 8

1 . 0

1 . 2

1.0

1 . 2

1 . 2

1.6

3 . 2

3 . 2

6.4

2.0

2 . 0

1 . 0

1 . 0

1 . 5

2 . 0

1 . 5

1 . 5

1 . 0

1 . 2 5

1 . 5

1 . 2 5

1 . 5

1 . 5

2.0

4 . 0

4 . 0

8 . 0

y i e l d / g  
c r u d e  r e p p t

2 . 2 4

2 . 0 1

2 . 0 0

2 . 3 3

2 . 2 5

2 . 3 0

2 . 4 8

2 . 4 4

2 . 2 6

2 . 4 3

2 . 5 4

2 . 4 4

2 . 3 7

2 . 3 4

5 . 2 3

2 . 5 3

3 . 3 2

3.49

1. 12

1 . 6 7

1 . 5 4

1 . 6 5

1 . 9 0

1.66

2.  14

2 . 2 3

2 . 0 3

2.  13

2.22

2 . 2 2

2 . 10

1 . 5 6

2 . 2 3

1 . 4 8

2.66

py = p y r i d i n e ,  M A C l = m e t h a c r y 1 o y 1 c h l o r i d e ,  r e p p t  = r e p r e c i p i t a t e d .

T a b l e  7 . 4  Vo l ume s  o f  S o l v e n t s  and R e a g e n t  Used and t h e  Y i e l d s  

O b t a i n e d  f o r  MP 1 9 - 3 6
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MP38

The c o n d i t i o n s  o f  MP34 we r e  r e p e a t e d  u s i n g  MP37 ( 2 . 5 g ) .  

P r e c i p i t a t i o n  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d  g ave  no p r o d u c t ,  t h e  

p o l y m e r  b e i n g  t o o  w a t e r - s o l u b l e .

MP40

A s e cond  p r e p a r a t i o n  u s i n g  MP37 ( 2 . 5 g )  and t h e  c o n d i t i o n s  

of  MP35 a l s o  p r o d u c e d  no s a mp l e  when p r e c i p i t a t i o n  was 

a t t e m p t e d .

MP44

The p r e p a r a t i o n  a b o v e ,  MP40,  was r e p e a t e d ,  t h i s  t i m e  

p a r a - b e n z o q u i n o n e  ( O . l g )  was i n c l u d e d  i n  t h e  r e a c t i o n  m i x t u r e  

as a p o l y m e r i z a t i o n  i n h i b i t o r .  A g a i n  no p r o d u c t  was o b t a i n e d  

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

MP46

The c o n d i t i o n s  o f  MP44 wer e  r e p e a t e d ,  a m i x t u r e  of  

s a t u r a t e d  b r i n e  ( 3 0 0 m l ) ,  w a t e r  ( 2 0 0 m l )  and h y d r o c h l o r i c  a c i d  

( 2 5 m l )  b e i n g  used i n  t h e  p r e c i p i t a t i o n  s t e p .  S o l i d  p o l y m e r  was 

o b t a i n e d  b u t  t h i s  r e d i s s o l v e d  when l e f t  i n  c o n t a c t  w i t h  w a t e r  on 

t h e  f i l t e r  a f t e r  w a s h i n g .

MP49

The c o n d i t i o n s  o f  MP44 w e r e  a g a i n  r e p e a t e d  u s i n g  t h e  

a q u e o u s  b r i n e  w o r k - u p  d e s c r i b e d  a b o v e ,  ( M P 4 6 ) .  The s o f t  c r u d e  

m a t e r i a l ,  c o n t a i n i n g  w a t e r  and i n o r g a n i c s ,  was washed w i t h  b r i n e  

and d r i e d  o v e r  P2O5 t o  y i e l d  5 . 2 2 g .  The c r u d e  p r o d u c t  was 

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

i n t o  e t h e r .  The y i e l d  was 1 . 6 8 g  of  a w h i t e  p o w d e r .
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MP57

The c o n d i t i o n s  o f  MP49 wer e  r e p e a t e d ,  e x c e p t  t h a t  

p a r a - b e n z o q u i n o n e  was n o t  i n c l u d e d  i n  t h e  r e a c t i o n  m i x t u r e .

The c r u d e  p r o d u c t ,  4 . 6 0 g ,  was i n s o l u b l e  i n  o r g a n i c  s o l v e n t s .

The c o n d i t i o n s  o f  t h e  p r e p a r a t i o n s  d e s c r i b e d  above  a r e  

s u m m a r i z e d  b e l o w ,  ( T a b l e  7 . 5 ) .  A l l  p r e p a r a t i o n s  wer e  c a r r i e d  ou t  

on 2 . 5 g  of  MP37.

v o l u m e s  u s e d / m l b r i n e

p o l y m e r DMF py MAC pBZ w o r k - u p

MP38 1 1 . 8 3 . 2 4 . 0 - No

MP40 2 6 . 8 3 . 2 4 . 0 - No

MP44 2 6 . 8 3 . 2 4 . 0 O . l g No

MP46 2 6 . 8 3 . 2 4 . 0 O . l g Yes

MP49 2 6 . 8 3 . 2 4 . 0 O . l g Yes

MP57 2 6 . 8 3 . 2 4 . 0 - Yes

DMF = d i m e t h y l  f o r m a m i d e ,  py = p y r i d i n e ,  MAC = m e t h a c r y l o y l  
c h l o r i d e ,  pBZ = p a r a - b e n z o q u i n o n e .

T a b l e  7 . 5  C o n d i t i o n s  o f  E s t é r i f i c a t i o n s  o f  MP37 Us i n g  
M e t h a c r y l o y l  C h l o r i d e .
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M e t h a c r y l i c  a n h y d r i d e  was p r e p a r e d  as d e s c r i b e d  i n  a 

s u b s e q u e n t  s e c t i o n  ( S e c t i o n  7 . 4 )  and r e d i s t i l l e d  b e f o r e  u s e .  

S o l v e n t s  w e r e  t r e a t e d  i n  t h e  same manner  as d e s c r i b e d  a b o v e  f o r  

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

The r e a c t i o n  o f  m e t h a c r y l i c  a n h y d r i d e  w i t h  a c o p o l y m e r  i s  

shown b e l o w ,  ( Scheme 7 . 6 ) .

— (C H;

M e fj^e Me

( C H 2 —  ( C H ? — C-^

C O 2H CO2CH2CH2OH C02Me

/
M e

DMF

N'

Me fjle îjle (Me

f  C H —  C ^ ------- (C H —  (C H?— Ç ^ ------- - (  C H —

CO2H CO2CH2CH2OH CO2CH2CH2O2C C 0 2 M e

) c= C H 2
M /

Scheme 7 . 6  D e r i v a t i z a t i o n  o f  C o p o l y m e r s  w i t h  M e t h a c r y l i c  
A n h y d r i d e

MP48

MP37 ( 2 . 5 g )  and p - b e n z o q u i n o n e  ( O . l g )  w e r e  d i s s o l v e d  i n  

d i m e t h y l  f o r m a m i d e  ( 2 6 . 8 m l )  and p y r i d i n e  ( 3 . 2 m l ) .  The f l a s k ,  

w r a p p e d  i n  f o i l ,  was c o o l e d  i n  i c e  b e f o r e  t h e  a d d i t i o n  o f  

m e t h a c r y l i c  a n h y d r i d e  ( 1 2 . 6 g ,  1 2 . 5 m l ,  8 2 mmol )  t o  t h e  s t i r r e d  

s o l u t i o n .  A f t e r  30 m i n u t e s  r e a c t i o n  t i m e  t h e  p o l y m e r  was 

p r e c i p i t a t e d  i n t o  b r i n e  ( 3 0 0 m l ) ,  w a t e r  ( 2 0 0 m l )  and h y d r o c h l o r i c  

a c i d  ( 2 5 m l ) .  The p o l y m e r  was washed w i t h  b r i n e  and d r i e d  o v e r
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PzOs t o  g i v e  7 . 7 3 g .  T h i s  p r o d u c t  was d i s s o l v e d  i n  m e t h a n o l ,  

■ f i l t e r e d  and p r e c i p i t a t e d  i n t o  e t h e r  t o  y i e l d  1 . 4 4 g  of  a w h i t e  

s o l i d .

MP50 - 5 3 ,  5 4 - 5 6  a nd 58

The c o n d i t i o n s  of  MP48 wer e  r e p e a t e d , k e e p i n g  t h e  q u a n t i t y  

of  p o l y m e r  and v o l u m e s  o f  s o l v e n t s  and r e a g e n t  f i x e d  b u t  v a r y i n g  

r e a c t i o n  t i m e  and t e m p e r a t u r e .  I n  room t e m p e r a t u r e  p r e p a r a t i o n s  

t h e  r e a g e n t  was added t o  t h e  i c e - c o l d  s o l u t i o n  wh i c h  was t h e n  

a l l o w e d  t o  come up t o  room t e m p e r a t u r e  f o r  t h e  r e s t  o f  t h e  

r e a c t i o n  p e r i o d .  L a t e r  p r e p a r a t i o n s ,  MP 5 4 - 5 6  and M P 5 8 , wer e  

p r e c i p i t a t e d  i n t o  a s t i r r e d  m i x t u r e  of  b r i n e  ( 3 0 0 m l ) ,  w a t e r  

( 2 0 0 m l ) ,  h y d r o c h l o r i c  a c i d  ( 2 5 m l )  and e t h e r  ( 2 0 0 m l ) ,  t h e  e t h e r  

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

MP54 was r e p r e c i p i t a t e d  f r o m 2 - m e t h o x y e t h a n o l , b e i n g  o n l y  

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

I f  t h e  i m p u r e  m a t e r i a l  was l e f t  f o r  more t h a n  a day or  t wo  

i t  was f o u n d  t o  h ave  become m o s t l y  i n s o l u b l e  i n  o r g a n i c  

s o l v e n t s ,  as was f o u n d  i n  t h e  c a s e  o f  MP52 and 5 3 .

The c o n d i t i o n s  a r e  s u m m a r i z e d  b e l o w  ( T a b l e  7 . 6 )  f o r  t h i s  

s e r i e s  of  r e a c t i o n s  a l o n g  w i t h  t h e  y i e l d s  o b t a i n e d .
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p o l y m e r
r e a c t  i on 

t i  me/ h T e m p e r a t u r e
y i  e l d s / g  

c r u d e  r e p p t

MP48 0 . 5 1 ce 7 . 7 3 1 . 4 4

MP50 i c e 3 . 2 6 2 . 2 0

MP51 i c e 3 . 3 8 2 . 3 0

MP52 R . T .

MP53 i c e

MP54 i c e 2 . 0 1

MP55 R. T 3 . 0 9 2.  18

MP56 i c e 4 . 2 1 0 . 9 0

MP58 i c e 2 . 5 9 1 . 3 3

T a b l e  7 . 6  R e a c t i o n  T i me s  and T e m p e r a t u r e s  and Y i e l d s  O b t a i n e d  i n  
R e a c t i o n s  of  MP37 w i t h  M e t h a c r y l i c  A n h y d r i d e

MP59

MPIO ( 2 0 g )  i n  d i m e t h y l  f o r m a m i d e  ( 2 1 4 . 4 m l )  and p y r i d i n e  

( 2 5 . 6 m l )  was r e a c t e d  w i t h  m e t h a c r y l i c  a n h y d r i d e  ( 1 0 0 m l ,  0 . 6 7 m o l ) 

i n  t h e  p r e s e n c e  o f  p a r a - b e n z o q u i  none ( 0 . 8g)  f o r  4h i n  an 

i c e - b a t h  u n d e r  n i t r o g e n .  P r e c i p i t a t i o n  o f  t h e  p r o d u c t  was 

a c h i e v e d  by p o u r i n g  i n t o  a r a p i d l y  s t i r r e d  m i x t u r e  of  w a t e r  

( 2 0 0 0 m l ) ,  h y d r o c h l o r i c  a c i d  ( 2 5 m l )  and e t h e r  ( 2 0 0 m l ) .  The 

p r o d u c t  a t  t h i s  s t a g e  was a s w o l l e n  l ump wh i ch  was i m m e d i a t e l y  

d i s s o l v e d  i n  m e t h a n o l  ( 1 0 0 m l )  and p r e c i p i t a t e d  i n t o  e t h e r  t o  

y i e l d  1 8 . 7 1 g .  T h i s  p r o d u c t  was r e d i s s o l v e d  i n  m e t h a n o l . The  

s o l u t i o n  was f i l t e r e d  t h r o u g h  a Whatman N o . 1 f i l t e r  p a p e r  and
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p r e c i p i t a t e d  i n t o  w a t e r . The y i e l d  was 1 4 . 6 4 g . A f u r t h e r  s a mp l e  

of  t h i s  m a t e r i a l  ( 5 g )  was d i s s o l v e d  i n  m e t h a n o l  ( 1 0 0 0 m l )  and 

r e p r e c i p i t a t e d  i n t o  e t h e r  ( 1 7 0 0 m l )  t o  y i e l d  4 . 1 I g  o f  a w h i t e  

p o w d e r .

MP60

The c o n d i t i o n s  of  MP54 we r e  r e p e a t e d  on MP37 ( 4 g )  i n  

d i m e t h y l  f o r m a m i d e  ( 4 2 . 9 m l )  and p y r i d i n e  ( 5 . 1 m l ) ,  t r e a t e d  w i t h  

m e t h a c r y l i c  a n h y d r i d e  ( 2 0 m l ,  131 mmol ) i n  t h e  p r e s e n c e  of  

p a r a - b e n z o q u i n o n e .  P r e c i p i t a t i o n  was c a r r i e d  o u t  u s i n g  w a t e r  

( 1 2 5 0 m l ) ,  h y d r o c h l o r i c  a c i d  ( 5 0 m l )  and e t h e r  ( 5 0 0 m l )  wh i ch  

y i e l d e d  4 . 5 2 g . T h i s  p r o d u c t ,  l i k e  MP54,  was f o u n d  n o t  t o  be  

c o m p l e t e l y  s o l u b l e  i n  a s m a l l  q u a n t i t y  o f  c o l d  m e t h a n o l  b u t  t o  

d i s s o l v e  on w a r m i n g . 2 - M e t h o x y e t h a n o l  was added t o  t h e  s o l u t i o n  

t o  f o r m a s t a b l e  s o l u t i o n  b e f o r e  r e p r e c i p i t a t i o n  i n t o  e t h e r  

( 1 5 0 0 m l ) t o  y i e l d  3 . 08g o f  a w h i t e  s o l i d ,

MP61- 6 2

MP37 ( 5 g )  i n  d i m e t h y l  f o r m a m i d e  ( 5 3 . 6 m l )  and p y r i d i n e  

( 6 . 4 m l )  was t r e a t e d  w i t h  m e t h a c r y l i c  a n h y d r i d e  ( 2 5 m l , 164mmol )  

i n  t h e  p r e s e n c e  of  p a r a - b e n z o q u i n o n e  ( 0 . 2 g ) u n d e r  a n i t r o g e n  

a t m o s p h e r e  i n  t h e  manner  of  MP60.  R e a c t i o n  t i m e s  w e r e  8 and 12h 

i n  an i c e - b a t h . The p r e c i p i t a t i o n  s t e p  was as MP60 g i v i n g  c r u d e  

y i e l d s  o f  8 . 31g and 7 , 89g f o r  MP61 and MP62 r e s p e c t i v e l y .  

R e p r e c i p i t a t i o n  f r o m  2 - m e t h o x y e t h a n o l  g a v e  0 . 90g o f  MP61 as a 

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

t o  t h e  l o s s  of  some m a t e r i a l .  MP62 was r e p r e c i p i t a t e d  f r o m  

2 - m e t h o x y e t h a n o l  ( 4 5 m l )  i n t o  e t h e r  (2 x 1 0 0 0 ml )  t o  y i e l d  4 . 5 5 g ,

A f u r t h e r  s a mp l e  o f  t h i s  m a t e r i a l  ( 2 . 5 g ) was d i s s o l v e d  i n  

a c e t o n e  ( 2 0 m l )  and r e p r e c i p i t a t e d  i n t o  e t h e r  ( 2 0 0 0 m l )  t o  y i e l d  

1 . 77g of  a w h i t e  p o w d e r .
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MP63

The c o n d i t i o n s  of  MP60 wer e  r e p e a t e d  u s i n g  MP14 ( 5g )  i n

d i m e t h y l  f o r m a m i d e  ( 5 3 . 6 m l )  and p y r i d i n e  ( 6 . 4 m l )  u s i n g

m e t h a c r y l i c  a n h y d r i d e  ( 2 5 m l ) .  The c r u d e  y i e l d  was 5 . B i g .  

R e p r e c i  p i t a t  i on f r o m a c e t o n e  ( 4 0 m l )  i n t o  w a t e r  ( 2 0 0 0 m l )  gave

4 . 08g of  m a t e r i a l  as a w h i t e  p o wd e r .

The c o n d i t i o n s  f o r  t h i s  s e r i e s  of  p r e p a r a t i o n s  a r e

summar i  zed  

p o l y m e r

i n  t h e  t a b l e  b

b ase
p o l y m e r

e l o w ,  ( T a b l e  

wt / g

7 . 7 ) .

t  i me/ h t e m p e r a t u r e

MP59 MPIO 20 4 i c e

MP60 MP37 4 4 i ce

MP61 MP37 5 8 i c e

MP62 MP37 5 12 i c e

MP63 MP14 5 4 i c e

T a b l e  7 . 7  C o n d i t i o n s  o f  P r e p a r a t i o n s  u s i n g  M e t h a c r y l i c  A n h y d r i d e

7 . 2 . 2 . 3  A c e t y l a t e d  P o l y m e r s

I n  a s e r i e s  o f  p r e p a r a t i o n s  i n t e n d e d  t o  model  t h e  

c o n d i t i o n s  o f  t h e  r e a c t i o n  w i t h  m e t h a c r y l o y l  c h l o r i d e  and 

m e t h a c r y l i c  a n h y d r i d e ,  MP37 was r e a c t e d  w i t h  a c e t y l  c h l o r i d e  and 

a c e t i c  a n h y d r i d e ,  ( Scheme 7 . 7 ) .  The m o l a r  q u a n t i t y  o f  a c e t i c  

a n h y d r i d e  used  was d o u b l e  t h e  q u a n t i t y  o f  a c e t y l  c h l o r i d e .  The  

r e a c t i o n  w i t h  a n h y d r i d e  was i n v e s t i g a t e d  b o t h  i n  t h e  p r e s e n c e  

and a b s e n c e  o f  p y r i d i n e .
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M e  M e  M e  .
I I I MeCOCl  o r ( M e C% 0

— ( C H 2— — ( CH2—  (CH2—

CO2H CO2CH2CH2OH C02M e  D M F ,

IX

M e  M e  M e  M e

— (CH2—  (C H2—  (CH2— C-^------- (C H ;— c) j

CO2H CO2CH2CH2OH C02CH2CH202CMe C02Me

Scheme 7 . 7  A c e t y l a t i o n  of  C o p o l y m e r s

MP43

MP37 ( 2 . 5 g )  i n  d i m e t h y l  f o r m a m i d e  ( 2 6 . 8 m l )  and p y r i d i n e  

( 3 . 2 m l )  was t r e a t e d  w i t h  a c e t y l  c h l o r i d e  ( 2 . 9 m l ,  41 mmol ) u n d e r  

t h e  same c o n d i t i o n s  as MP40.  The p o l y m e r  was p r e c i p i t a t e d  i n t o  

w a t e r  ( 4 0 0 m l )  and h y d r o c h l o r i c  a c i d  ( 5 0 m l ) ,  y i e l d  2 . 86g .

R e p r e c i  pi  t a t i  on f r o m  d i m e t h y l  f o r m a m i d e  ( 2 0 m l )  i n t o  w a t e r  

( 6 0 0 m l )  g a v e  2 . 20g o f  w h i t e  p o w d e r .  The p r o d u c t  was s o l u b l e  i n  

DMF, a c e t o n e ,  THF and 2 - m e t h o x y e t h a n o l  and s o f t e n e d  i n  m e t h a n o l .

MP45 and 46

The p r e p a r a t i o n  a b o v e  was r e p e a t e d  u s i n g  a c e t i c  a n h y d r i d e  

( 7 . 7 m l ,  82mmol )  as t h e  r e a g e n t .  I n t h e  f i r s t  i n s t a n c e ,  MP45,  

d i m e t h y l  f o r m a m i d e  a l o n e  ( 3 0 m l )  was used as t h e  s o l v e n t ,  i n  t h e  

se co n d  p r e p a r a t i o n ,  M P 4 7 , d i m e t h y l  f o r m a m i d e  and p y r i d i n e  wer e  

used  i n  t h e  p r o p o r t i o n s  g i v e n  a b o v e . The c r u d e  y i e l d s  wer e  1 . 73g  

and 2 . 3 0 g , r e p r  ec i p i t  a t  i on y i e l d i n g  1 . 0 4 g  and 1 . 77g f o r  MP45 and 

MP47 r e s p e c t i v e l y ,  b o t h  p r o d u c s  b e i n g  i n  t h e  f o r m of  w h i t e
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p o w d e r s .

The v o l u m e s  of  s o l v e n t s  and r e a g e n t s  used a r e  s u mma r i z e d  i n  

t h e  t a b l e  b e l o w ,  ( T a b l e  7 . 8 ) ,  a l l  p r e p a r a t i o n s  b e i n g  c a r r i e d  o u t  

on 2 . 5g of  MP37 f o r  30 m i n u t e s  i n  an i c e - b a t h .

v o l u m e s / m l

p o l y m e r DMF py AcCl AcAnh

MP43 2 6 . 8 3 . 2 2 . 9 -

MP45 3 0 . 0 - - 7 . 7

MP47 2 6 . 8 3 . 2 - 7 . 7

DMF = d i m e t h y l  f o r m a m i d e ,  py = p y r i d i n e ,  AcCl  = a c e t y l  c h l o r i d e ,  
AcAnh = a c e t i c  a n h y d r i d e .

T a b l e  7 . 8  C o n d i t i o n s  f o r  t h e  A c e t y l  a t i  on of  MP37

7 . 3  C h a r a c t e r i z a t i o n  of  P o l y m e r s

The me t ho d s  used  f o r  t h e  c h a r a c t e r i  z a t i  on o f  p o l y m e r  

s a m p l e s  may be c l a s s i f i e d  i n t o  t h o s e  g i v i n g  i n f o r m a t i o n  on t h e  

c h e m i c a l  c o m p o s i t i o n  o f  t h e  p o l y m e r s  and t h o s e  g i v i n g  m o l e c u l a r  

w e i g h t  i n f o r m a t i o n .  N u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y , 

m i c r o - a n a l y s i s  and t i t r a t i o n  a l l  g i v e  c h e m i c a l  d a t a  w h i l e  

g e l - p e r m e a t i  on c h r o m a t o g r a p h y  and v i s c o m e t r y  m e a s u r e m e n t s  may be 

used  t o  make i n f e r e n c e s  a b o u t  p o l y m e r  m o l e c u l a r  w e i g h t s .

7 . 3 . 1  N u c l e a r  M a g n e t i c  Re s o n a n c e  S p e c t r o s c o p y

P r o t o n  n u c l e a r  m a g n e t i c  r e s o n a n c e  ( n m r ) s p e c t r a  we r e  r u n  i n  

( g e n e r a l l y  d e u t e r o m e t h a n o l ) s o l u t i o n  a t  h i g h  f i e l d  ( 2 5 0  and 

4 0 0 M H z ) u s i n g  t h e  U n i v e r s i t y  i n t e r - c o l l e g i a t e  s e r v i c e .  The  

p o l y m e r  s p e c t r a  and t h e  c a l c u l a t i o n  of  c o m p o s i t i o n s  based  on
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t hem a r e  d e a l t  w i t h  e l s e w h e r e ,  ( S e c t i o n s  2 . 4 . 1  and 2 . 4 . 2 ) .  Where  

p o s s i b l e  i n s o l u b l e  p o l y m e r  s a m p l e s  wer e  r un  as s w o l l e n  g e l s .

7 . 3 . 2  T i t r a t i o n  Met hod

The f r e e  c a r b o x y l i  c a c i d  c o n t e n t  was d e t e r m i n e d  by a 

t i t r a t i o n  t e c h n i q u e .  A n o m i n a l l y  0 . 1 N so d i u m h y d r o x i d e  s o l u t i o n  

was s t a n d a r d i z e d  by t i t r a t i o n  a g a i n s t  a n a l y t i c a l  g r a d e  b e n z o i c  

a c i d ,  p r e v i o u s l y  d r i e d  o v e r  P2O5 i n  v a c u o ,  u s i n g  

p h e n o l p h t h a l e i n  as i n d i c a t o r .  P o l y m e r  s a m p l e s  w e r e  a n a l y s e d  by 

d i s s o l v i n g  a p p r o x i m a t e l y  O . l g ,  a c c u r a t e l y  w e i g h e d ,  i n  5ml  of  

m e t h a n o l ,  a d d i n g  t h r e e  d r o p s  o f  p h e n o l p h t h a l e i n  s o l u t i o n  and 

t i t r a t i n g  t o  t h e  f i r s t  p e r m a n e n t  p i n k  c o l o u r a t i o n .  The r e s u l t s ,  

c o r r e c t e d  by s u b t r a c t i n g  a b l a n k  t i t r e ,  wer e  c a l c u l a t e d  as t h e  

number  o f  mo l e s  of  a c i d  g r o u p s  p e r  gram of  p o l y m e r .  The mean of  

f o u r  t i t r a t i o n s  was t a k e n  i n  each  c a s e .  A n a l y s e s  of  

p o l y ( m e t h a c r y l i c  a c i d )  ( MP12)  i n  m e t h a n o l  and w a t e r  gave  

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

s o l v e n t .  W a t e r  used  f o r  d i l u t i n g  t h e  s t o c k  so d i u m h y d r o x i d e  

s o l u t i o n  and i n  t h e  t i t r a t i o n s  was p r e v i o u s l y  b o i l e d  t o  

d r i v e - o f f  d i s s o l v e d  c a r b o n  d i o x i d e  and s t o r e d  u s i n g  a s o d a - 1 i me  

g u a r d  t u b e .

7 . 3 . 3  V i s c o m e t r y

The i n t r i n s i c  v i s c o s i t i e s  of  s o l u t i o n s  o f  p o l y m e r s  i n

2 - m e t h o x y e t h a n o l  w e r e  d e t e r m i n e d  u s i n g  an U b b e l o h d e  su s p e nd e d  

l e v e l  d i l u t i o n  c a p i l l a r y  v i s c o m e t e r ,  ( F i g u r e  7 . 1 ) .  The 

v i s c o m e t e r  and s o l u t i o n s  w e r e  s u s p e n d e d  i n  a w a t e r - b a t h  

t h e r m o s t a t t e d  a t  2 5 ° C .  A f i l t e r e d  s t o c k  s o l u t i o n  of  

a p p r o x i m a t e l y  47. w / v  was d i l u t e d  a c c u r a t e l y  t o  g i v e  f o u r
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s o l u t i o n s  of  known s t r e n g t h ,  f u r t h e r  d i l u t i o n s  w e r e  made i n  t h e  

v i s c o m e t e r .  The t i m e  t a k e n  f o r  a c e r t a i n  v o l u me  of  s o l u t i o n  t o  

p a s s  t h r o u g h  t h e  v i s c o m e t e r  was m e a s u r e d ,  t h e  mean of  t h r e e  r u n s  

b e i n g  t a k e n  f o r  each  d i l u t i o n .  T i me was a l l o w e d  f o r  t h e r m a l  

e q u i l i b r a t i o n  and m i x i n g  b e f o r e  each s e t  of  r u n s .  From t h e  

r e s u l t s ,  H u g g i n s  and Kr a e me r  p 1 o t s ^ w e r e  p e r f o r m e d  u s i n g  a 

c o m p u t e r  l i n e  f i t t i n g  p r o c e d u r e  and a v a l u e  o f  t h e  i n t r i n s i c  

v i s c o s i t y ,  [ i ^ ] , was d e t e r m i n e d  as t h e  mean o f  t h e  i n t e r c e p t s  of  

t h e  t wo g r a p h s .

Figure 7.1 U b b el oh de  Sus pe nd ed  Level Dilut ion Viscometer
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7 . 3 . 4  Ge l - P e r  meat  i on C h r o m a t o g r a p h y

N o n - a q u e o u s  s i  z e - e x c l u s i  on c h r o m a t o g r a p h y  ( g e l - p e r m e a t i o n  

c h r o m a t o g r a p h y )  was p e r f o r m e d  on p o l y m e r  s a m p l e s  d i s s o l v e d  i n  

t e t r a h y d r o f u r a n .

7 . 4  R e a g e n t s  and Monomers  

Sodi um M e t h a c r y l a t e

/ M e  / M e

H2 C = C  + NaOH  > H2 C = C  + H2 O
\ o 2 H  Na"^

Scheme 7 . 8  P r e p a r a t i o n  of  Sodi um M e t h a c r y l a t e

M e t h a c r y l i c  a c i d  ( 1 2 0 g ,  1 1 8 m l ,  1 . 3 6 m o l ) was added d r o p w i s e ,  

w i t h  s t i r r i n g ,  t o  a s o l u t i o n  of  so d i u m h y d r o x i d e  ( 5 5 . 8 g ,

1 . 4 0 m o l ) i n  w a t e r  ( 1 5 0 m l ) .  The p r o d u c t  was o b t a i n e d  by 

p r e c i p i t a t i o n  i n t o  a c e t o n e  as 1 3 6 . 7g of  a c o l o u r l e s s  c r y s t a l l i n e  

m a t e r i a l ,  m. p .  >350*^0;  V m- x  ( n u j o l )  3 1 0 0  (w,  C- H)  , 1646  

(m,  C = C ) , 1556  and 14 2 0  ( s ,  C = 0 ) , 1 4 6 1 ,  1 3 9 1 ,  1 2 4 3 ,  9 2 1 ,  8 5 6 ,  

8 3 6 ,  60 2  c m - ' .

M e t h a c r y l i c  a n h y d r i de

/Me /Me /Me
H 2 C = C  + H 2 C = C   > ( H 2 C = C  + NaCl

\ 0 2 "  Na"^  \ 0 C I

S cheme 7.9 P re p a r a t i o n  of M e t h a cr yl ic  A nhydri de
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F i n e l y  g r o un d  s o d i u m m e t h a c r y l a t e  ( l O O g ,  0 . 9 0 6 m o l ) was 

s u s p e n d e d  i n  a n h y d r o u s  e t h e r  ( 4 0 0 m l ) .  p a r a - B e n z o q u i n o n e  ( 4 g )  

and m e t h a c r y l o y l  c h l o r i d e  ( 1 0 1 . 7g ,  9 5 m l , 0 . 9 7 2 m o l )  wer e  a d d e d .  

The s t i r r e d  s u s p e n s i o n  was warmed on a w a t e r - b a t h ,  u n d e r  a 

n i t r o g e n  a t m o s p h e r e  and m a i n t a i n e d  a t  r e f l u x  o v e r n i g h t .  The  

c o o l e d  s o l u t i o n  was f i l t e r e d  f r o m t h e  f i n e l y - d i v i d e d  p r e c i p i t a t e  

u s i n g  a c l o s e d  f i l t r a t i o n  a p p a r a t u s ^ " “  ̂ and t h e  p r e c i p i t a t e  

washed w i t h  s e v e r a l  p o r t i o n s  o f  d r y  e t h e r .  The f i l t r a t e  was 

d i s t i l l e d  a t  r e d u c e d  p r e s s u r e  a f t e r  t h e  r e mo v a l  o f  most  o f  t h e  

e t h e r .  Some p a r a - b e n z o q u i n o n e  c o - d i s t i l l e d  w i t h  t h e  p r o d u c t ,  

t h e  f r a c t i o n  b o i l i n g  i n  t h e  r a n g e  4 7 - 5 2 ° C  a t  1mm Hg b e i n g  

c o l l e c t e d .  M e t h a c r y l i c  a n h y d r i d e  i s  a m o b i l e  c o l o u r l e s s  l i q u i d ,  

c o l o u r e d  y e l l o w  by t h e  b e n z o q u i n o n e  and i s  a p o t e n t  1a c h r y m a t o r . 

The y i e l d  was 82g (597. )  ( F o u n d :  C , 6 2 . 0 6 ;  H , 6 . 6 6 .  CeHi oOs  

r e q u i r e s  C , 6 2 . 3 3 ;  H , 6 . 5 4 7 . )  ( l i q u i d  f i l m )  2 9 8 8 ,  2 9 6 3 ,

29 31  ( w- m,  C - H ) , 1 7 8 5 ,  1724  ( s ,  C = 0 ) , 16 37  (m,  C = C ) , 1050  ( s ,  

C - O - C ) , 1 4 5 5 ,  1 4 0 3 ,  1 3 8 0 ,  1 2 9 8 ,  1 1 2 6 ,  1 0 0 4 ,  9 5 0 ,  8 1 1 ,  64 2  

c m - ' ;  S h ( C D C U )  1 . 9 8  ( d ,  6H)  , 5 . 8 4  (m,  2H)  , 6 . 2 3  ( s ,  2H)  , 

f c  1 7 . 8 2 ,  1 2 7 . 3 3 ,  1 3 5 . 9 8 ,  1 6 3 . 2 3 ,  n|«^ 1 . 4 5 2 8 .

E t h y l e n e  g l y c o l  m e t h a c r y l a t e  p a r a - t o l u e n e s u l p h o n a t e

H 2 C = C

Me-

/Me /Me
-------------------------------------------------- >  H 2 C = C

\ 0 2 C H 2 C H 2 O H  \ : o 2CH2ÇH2

0 - 0 2 S - < ^  V M e

Scheme 7 . 1 0  R e a c t i o n  o f  2 - H y d r o x y e t h y 1 M e t h a c r y l a t e  and 
p a r a - T o l u e n e s u l p h o n y l  C h l o r i d e

p a r a - T o l u e n e s u l p h o n y l  c h l o r i d e  ( 4 0 . 3 g ,  0 . 2 1  m o l ) was 

d i s s o l v e d  i n  p y r i d i n e  ( 6 0 m l )  and 2 - h y d r o x y e t h y 1 m e t h a c r y l a t e
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( 2 5 g ,  2 4 . 2 m l ,  0 . 1 9 m o l )  was added t o  t h e  s t i r r e d ,  i c e - c o l d  

s o l u t i o n .  The m i x t u r e  was a l l o w e d  t o  s t i r  o v e r n i g h t .  The  

r e a c t i o n  m i x t u r e  was added t o  h y d r o c h l o r i c  a c i d  ( 8 0 m l )  d i l u t e d  

t o  500ml  w i t h  i c e - w a t e r . The m i x t u r e  was t r a n s f e r r e d  t o  a 

s e p a r a t i n g  f u n n e l  and e x t r a c t e d  w i t h  d i c h i o r o m e t h a n e  ( 3 x 1 0 0 m l ) .  

The o r g a n i c s  wer e  washed w i t h  w a t e r ,  t h e n  b r i n e  and d r i e d  

( MgSO4 ) . E v a p o r a t i o n  a t  room t e m p e r a t u r e  y i e l d e d  5 5 .  84g (1007. )  

of  a c o l o u r l e s s  o i l .  The p r o d u c t  was used a t  t h i s  s t a g e ,  w i t h o u t  

f u r t h e r  p u r i f i c a t i o n ,  i n  t h e  p r e p a r a t i o n  of  MP39,  t h e  ma j o r  

c o n t a m i n a n t  b e i n g  d i c h 1o r o m e t h a n e  ( n m r ) .  A s a mp l e  ( 7 . 8 g )  was 

d i s t i l l e d  f r o m a s m a l l  q u a n t i t y  of  h y d r o q u i  none t o  y i e l d  4 . 15g 

of  a v i s c o u s  o i l ,  bp 1 6 6 - 1 7 0 ° C  ( 1 . 5mm H g ) ,  wh i c h  c r y s t a l l i z e d  

on s t o r a g e  i n  a r e f r i g e r a t o r  ( F o u n d : C , 5 4 . 8 1 ;  H , 5 . 8 2 .

C13H16O3S r e q u i r e s  C , 5 4 . 9 2 ;  H,  5 . 6 7 % ) ;  ( l i q u i d

f i l m )  2 9 5 9  (w,  C - H ) , 1723  ( s ,  C = 0 ) , 1638  (w,  C = C ) , 1599 (w,  

a r y l ) ,  1178  and 1361 ( s ,  - S O2 - O - )  , 81 7  (m,  a r y l  C - H ) ,  1 4 5 5 ,

1 3 2 1 ,  1 2 9 7 ,  1 0 2 1 ,  9 2 5 ,  8 1 7 ,  6 6 5 ,  55 5  c m " ' ;  S’h ( C D C U )  1 . 8 4  

( d ,  3 H ) ,  2 . 3 9  ( s ,  3 H ) ,  4 . 3 0  (s 3 H ) ,  5 . 5 5  (m,  I H ) , 6 . 0 0  ( s ,  I H ) ,  

7 . 3 1 ,  7 . 3 5 ,  7 .  7 4 ,  7 . 7 9  ( q ,  4H)  ; Sc ( C D C U )  1 8 . 4 7 ,  21 . 8 9 ,

6 2 . 5 2 ,  6 8 . 5 3 ,  1 2 6 . 8 2 ,  1 2 8 . 3 4 ,  1 3 0 . 5 6 ,  1 3 3 . 4 3 ,  1 3 6 . 1 4 ,  1 4 5 . 6 8 ,  

1 6 7 . 2 4 ;  n|*" 1 . 5 1 3 9 .

E t h y l e n e  g l y c o l  m e t h a c r y l a t e  i s o b u t y r a t e

H 2 C = C
/M e M e 2 C H C 0 Q  ,

\
C O 2C H 2C H 2Û H

H 2 C = C

Me

M e , H c /

O 2C

C H 2
C H 2

O2C

Scheme 7 . 1 1  R e a c t i o n  o f  2 - H y d r o x y e t h y l  M e t h a c r y l a t e  and 
I s o b u t y r y 1 C h l o r i d e
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2 - H y d r o x y e t h y l  m e t h a c r y l a t e  ( l O g ,  9 . 7 m l ,  7 6 . Gmmol ) i n  

p y r i d i n e  ( 10ml )  was s t i r r e d  i n  an i c e - b a t h  d u r i n g  t h e  a d d i t i o n  

of  i s o b u t y r y l  c h l o r i d e  ( 9 . 8 2 g ,  9 . 7 m l ,  9 2 . 2 mmo l ) .  The r e a c t i o n  

m i x t u r e  was s t i r r e d  f o r  4 h , a t  t h e  end of  wh i c h  t i m e  i t  was 

p o u r e d  i n t o  d i l u t e  h y d r o c h l o r i c  a c i d  and e x t r a c t e d  w i t h  

di  c h i o r o m e t h a n e  (2 x 5 0 m l ) .  The e x t r a c t s  wer e  wa s h e d ,  d r i e d  

( MgSO^) and e v a p o r a t e d  t o  y i e l d  a f r a g r a n t  c o l o u r l e s s  o i l ,  

2 4 . 3 4 g .  T h i s  was d i s t i l l e d  a t  r e d u c e d  p r e s s u r e  a f t e r  t h e  

a d d i t i o n  o f  a f ew c r y s t a l s  o f  h y d r o q u i n o n e , bp 6 0 - 6 1 °C ( 2mm 

H g ) ,  y i e l d  7 . 7 2 g , (507. )  t h e  r e m a i n d e r  p o l y m e r i z i n g  i n  t h e  

d i s t i l l a t i o n  f l a s k  ( F o u n d : C , 6 0 . 4 3 ;  H,  8 . 1 3 .  C10H16O4 

r e q u i r e s  C,  5 9 . 9 7 ;  H,  8 . 0 7 7 . ) ;  V m. K  ( l i q u i d  f i l m )  2 9 7 7  (m,

C - H ) ,  17 24  ( s ,  C = 0 ) , 1639  (w,  C = C ) , 1 4 7 2 ,  1 4 5 5 ,  1 3 2 1 ,  1 2 9 8 ,

1 1 5 3 ,  9 4 5 ,  8 1 6  c m " ' ;  Sh ( C D C I3 ) 1 . 1 3 ,  1 . 2 0  ( d ,  6H)  , 1 . 9 4  

( d ,  3 H ) , 2 . 5 7  (m,  I H ) , 4 . 3 5  ( s ,  4 H ) , 5 . 5 8  (m,  I H ) , 6 . 1 1  ( s ,  I H ) ; 

S c  ( C D C I3 ) 1 8 . 2 6 ,  1 8 . 9 6 ,  3 3 . 9 7 ,  6 1 . 9 8 ,  6 2 . 5 2 ,  1 2 5 . 7 9 ,

1 3 6 . 1 4 ,  1 6 6 . 9 7 ,  1 7 6 . 6 6  ; n | ^  1 . 4 3 5 0 .

E t h y l e n e  g l y c o l  d i  m e t h a c r y l a t e

H 2 C = C

Me
H 2C— C

Me

COCl, •N-

CO2CH2CH2OH

/Me
H z C = C

O 2C '

 >  C H 2
C H 2 

O 2C

H o C \Me
Scheme 7 . 1 2  R e a c t i o n  of  2 - H y d r o x y e t h y l  M e t h a c r y l a t e  w i t h  

M e t h a c r y l o y l  C h l o r i d e

The p r o c e d u r e  a b o v e  was r e p e a t e d  u s i n g  2 - h y d r o x y e t h y 1 

m e t h a c r y l a t e  ( l O g ,  9 . 7 m l ,  7 6 . 8 mmo l ) and m e t h a c r y l o y l  c h l o r i d e  

( 9 .  6g , 9 . 0 m l ,  9 2 .  2mmol  ) , y i e l d  9 .  94g ( 6 5 7 . ) .  T h i s  m a t e r i a l  

( 1.  98g ) was d i s t i l l e d  f r o m  h y d r o q u i  n o n e , bp 8 0 - 8 2 ‘̂ C (1mm Hg)
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( F o u n d ;  C,  6 0 . 9 7 ;  H , 7 . 1 9 .  C i o H i 4O4 r e q u i r e s  C,  6 0 . 5 9 ;  H,  

7 . 1 3 7 . ) ;  17m.X ( l i q u i d  f i l m )  2 9 6 0  (w,  C- H)  , 1724 ( s ,  C = 0)  , 1638  

(m,  C = C ) , 1 4 5 5 ,  1 3 2 3 ,  1 2 9 6 ,  1 1 5 5 ,  1 0 5 1 ,  9 4 5 ,  81 5  c m " ' ;  g n  

( C D C I3 ) 1 . 9 4  ( d ,  6H ) ,  4 . 4 1  ( s ,  4 H ) , 4 . 4 1  ( s ,  4 H ) , 5 . 5 8  (m,  

I H ) ,  6 . 1 2  ( s ,  I H)  ; gc  ( C D C U )  1 8 . 2 0 ,  6 2 . 4 1 ,  1 2 5 . 7 9 ,  1 3 6 . 1 4 ,  

1 6 6 . 9 1 ;  n j ^  1 . 4 5 3 4 .

7 . 5  Azo I n i t i a t o r s  

P h e n y l a z o t r i p h e n y l  m e t h a n e

N =  N
1. P h g C C l

N H N H 2
2 .  B r ?

Scheme 7 . 1 3  P r e p a r a t i o n  o f  P h e n y l a z o t r i p h e n y l  me t h a n e  (PATM)

A m i x t u r e  of  t r i p h e n y l  m e t h y l  c h l o r i d e  ( 7 . 2 5 g , 27mmol )  and 

p h e n y l h y d r a z i ne ( 6 . 6g , 61mmol )  i n  d r y  e t h e r  ( 2 5 0 m l )  was a l l o w e d  

t o  r e f l u x  on a w a t e r - b a t h  f o r  3 h .  A f t e r  c o o l i n g  t h e  p r e c i p i t a t e  

of  p h e n y l h y d r a z i ne h y d r o c h 1 o r i de was r emoved by f i l t r a t i o n  

l e a v i n g  a y e l l o w  s o l u t i o n .  A s o l u t i o n  of  b r o m i n e  i n  w a t e r  was 

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

r e s i d u a l  b r o m i n e  was d e t e c t e d  i n  t h e  aq u e o us  l a y e r  u s i n g  

s t a r c h - i o d i de p a p e r . The o r g a n i c  l a y e r  was s e p a r a t e d , d r i e d  

( MgSÛ4 ) and e v a p o r a t e d  t o  y i e l d  t h e  c r u d e  p r o d u c t .  

C r y s t a l l i z a t i o n  f r o m c h l o r o f o r m  and m e t h a n o l  a t  0*^C gave  

p h e n y l  a z o t r i  p h e n y l  m e t h a n e ,  8 . 29g (807. )  as y e l l o w  c r y s t a l s ,  mp 

111'--’ ( d e c o m p ) ,  [ l i t ^ * " ^  1 1 0 - 1 1 2 ° C ] .
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The p a r a - n i t r o  a n a l o g u e  of  PATM ( pNAT) was p r e p a r e d  i n  

t h r e e  s t e p s  f r o m p a r a - n i t r o a n i l i n e ,  ( Scheme 7 . 1 4 ) .

1 - H N O 2 P I i b C C I
0;N— y— NH; --------------- > O2N—(/ y—NHNH2 -----------------

\ = /  2. N a j S O a  X r z r /

/ H  C 5H11O N O
N — N > N = N

Scheme 7 . 1 4  The P r e p a r a t i o n  o f  P a r a - N i t r o p h e n y l a z o t r i p h e n y l -  
me t h a n e  (pNAT)

p a r a - N i t r o p h e n y l h y d r a z i n e

p a r a - N i t r o a n i l i n e  ( 2 0 g ,  0 . 1 4 5 m o l ) was warmed w i t h  

h y d r o c h l o r i c  a c i d  ( 4 2 m l )  and w a t e r  ( 4 2 m l )  u n t i l  d i s s o l u t i o n  was 

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

T h i s  was d i a z o t i z e d  by t h e  a d d i t i o n  o f  so d i u m n i t r i t e  ( 12g  i n  

24ml  o f  w a t e r ) ,  f i l t e r e d  and added t o  an i c e - c o l d  m i x t u r e  of  

h y d r a t e d  s o d i u m s u l p h i t e  ( 8 2 g ,  0 . 3 2 5 m o l ) ,  sod i um h y d r o x i d e  ( Bg,  

0 . 2 0 m o l )  and w a t e r  ( 2 0 0 m l ) ,  s l o w l y ,  w i t h  s t i r r i n g .  H y d r o c h l o r i c  

a c i d  ( 1 4 0 m l )  was added and t h e  m i x t u r e  was h e a t e d  on a 

w a t e r - b a t h  f o r  3 m i n u t e s  t h e n  a l l o w e d  t o  s t a n d  o v e r n i g h t .  The  

y e l l o w  s o l i d  was f i l t e r e d  o f f  and h e a t e d  f o r  7 m i n u t e s  w i t h  

h y d r o c h l o r i c  a c i d  ( 4 0 m l )  on a w a t e r - b a t h .  On c o o l i n g  a r e d  

c r y s t a l l i n e  s o l i d  s e p a r a t e d .  T h i s  was c o l l e c t e d  and d i s s o l v e d  i n  

w a t e r  ( a b o u t  1 0 0 - 1 2 0 m l ) .  The s o l u t i o n  was f i l t e r e d  and t r e a t e d  

w i t h  a s a t u r a t e d  s o l u t i o n  of  so d i u m a c e t a t e .  The e n d - p o i n t  was
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d e t e r m i n e d  u s i n g  u n i v e r s a l  i n d i c a t o r  p a p e r .  The f r e e  base  was  

o b t a i n e d  by f i l t r a t i o n  and washed w i t h  a l i t t l e  w a t e r ,  y i e l d  

1 0 . 9 0 g  (497. )  mp 1 5 5 - 1 5 8 ^ C  ( decomp)  C l i t  = ^^ 15 8° C ( decomp)  ]

(Founds C , 4 6 . 8 3 ;  H , 4 . 5 6 ;  N , 2 7 . 3 9 .  C6H7N3O2 r e q u i r e s  

C,  4 7 . 0 6 ;  H,  4 . 6 1 ;  N,  2 7 . 4 4 % ) ;  T^m.x ( n u j o l  m u l l )  3321  

( - N H 2 ) , 1641 ( a r y l ) ,  1595  ( - N H2 ) , 1533  and 1344 ( C- NO2 ) ,

1 2 8 0 ,  1 0 8 8 ,  9 3 8 ,  8 3 8 ,  752  c m " ‘ .

N- ( 4 - Ni t r o p h e n y l ) - N ' - t r i p h e n y l m e t h y l  h y d r a z i n e

A m o d i f i c a t i o n  of  t h e  met hod of  D a v i e s  , Hey and 

Wi 11 i ams^ ‘̂ ' ‘ was u s e d .  p a r a - N i t r o p h e n y l h y d r a z i n e  ( 4 g ,  26mmol  ) 

and t r i e t h y l  ami  ne ( 4 g ,  5 . 5 m l ,  40mmol )  i n  e t h y l  a c e t a t e  ( 6 0 m l )  

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

( 7 . 5 g , 27mmol )  i n  e t h y l  a c e t a t e  ( 5 0 m l )  was added and t h e  m i x t u r e  

a l l o w e d  t o  r e f l u x  f o r  1h . The p r e c i p i t a t e  of  t r i e t h y l  ami ne 

h y d r o c h 1 or  i de was r e mo v e d  by f i l t r a t i o n  and t h e  s o l u t i o n  was 

c o n c e n t r a t e d  by e v a p o r a t i o n .  The h y d r a z i n e  was p r e c i p i t a t e d  by 

t h e  a d d i t i o n  of  e t h a n o l , c o l l e c t e d ,  washed w i t h  e t h a n o l  and 

d r i e d  t o  y i e l d  8 . 30g ( 80%)  o f  y e l l o w  c r y s t a l s ,  mp 1 6 9 - 1 7 4 ° C  

( d e c o m p ) , C l i t ^ ® ^  1 7 0 ° C ]  ( F o u n d :  C,  7 5 . 7 8 ;  H,  5 . 3 7 ;  N,

1 0 . 4 6 .  C25H2 1N3O2 r e q u i r e s  C , 7 5 . 9 3 ;  H,  5 . 3 5 ;  N ,

1 0 . 6 3 % ) ;  37m.H ( n u j o l  m u l l )  3291  (w,  N - H ) , 1598  ( - N H ) , 1 4 9 3 ,

1 3 5 5 ,  1 3 1 0 ,  1 2 9 9 ,  1 2 6 9 ,  1 1 1 4 ,  9 4 9 ,  8 5 5 ,  8 3 9 ,  7 4 9 ,  70 3  c m " ' .

p a r a - N i t r o p h e n y l a z o t r i p h e n y l m e t h a n e

p a r a - N i t r o p h e n y l  t r i p h e n y l  m e t h y l  h y d r a z i n e  ( 4 g ,  l Ommol )  

was s u s p e n d e d  i n  an e t h e r e a l  s o l u t i o n  ( 1 0 0 m l )  of  p e n t y l  n i t r i t e  

( 2 . 6 1  g , 3 . 0 m l ,  2 2 m m o l ) .  A f ew d r o p s  of  a c e t y l  c h l o r i d e  wer e  

added t o  s t a r t  t h e  r e a c t i o n  and t h e  m i x t u r e  was warmed t o  

r e f l u x ,  brown f umes  b e i n g  e v o l v e d .  A f t e r  r e f l u x i n g  f o r  10 

m i n u t e s  t h e  s o l i d  had a l l  d i s s o l v e d ,  f o r m i n g  an o r a n g e  s o l u t i o n .
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A f t e r  r e m o v i n g  t h e  h e a t , t h e  f l a s k  was l e f t  f o r  15 m i n u t e s  as  

f umes  wer e  s t i l l  b e i n g  e v o l v e d .  The e t h e r  was r e move d  by r o t a r y  

e v a p o r a t i o n  and t h e  r e s u l t a n t  damp s o l i d  was r e c r y s t a l l i z e d  by  

d i s s o l v i n g  i n  b e n z e n e  ( 1 5 m l )  a d d i n g  e t h a n o l  ( 6 0 m l )  and l e a v i n g  

i n  a r e f r i g e r a t o r  o v e r n i g h t .  The f l u f f y  o r a n g e  n e e d l e s  wer e  

c o l l e c t e d  and washed w i t h  e t h a n o l ,  y i e l d  2 . 5 0 g , mp 1 2 2 . 5° C  

( d e c a m p ) ,  C l i t ^ ° ' ‘ 12 0 ° C  ( d e c o m p ) ] .  A s e cond  c r o p  o f  c r y s t a l s  

was r e c o v e r e d  f r o m t h e  mo t h e r  l i q u o r ,  0 . 8 9 g , mp 1 2 0 - 1 2 2 ° C , 

t o t a l  y i e l d  3 . 3 9 g  ( 8 5 % ) ;  ( Found : C , 7 6 . 5 6 ;  H , 4 . 8 8 ;  N,  1 0 . 5 5 .  

C z s H i v N z O z  r e q u i r e s  C,  7 6 . 3 2 ;  H,  4 . 8 7 ;  N,  1 0 . 6 8 % ) ;

"Vm.M ( n u j o l  m u l l )  1610  and 1593  (w,  a r y l ) ,  1 5 2 7 ,  1 4 8 9 ,  1 4 4 5 ,  

1 3 4 7 ,  8 5 9 ,  7 5 7 ,  7 3 1 ,  7 0 1 ,  6 4 0  c m " ' .

7 . 6  C y a n i n e  Dyes

2 - M e t h y l - 3 - e t h y l - b e n z o t h i a z o l i u r n  i o d i d e

Et- 1

Scheme 7 . 1 5  Q u a t e r n i z a t i o n  of  2 - M e t h y l  B e n z o t h i  a z o l e

2 - M e t h y l b e n z o t h i a z o l e  ( 3 m l ,  3 . 5 2 g ,  2 3 . 6 mmo l ) and e t h y l  

i o d i d e  ( 3 m l ,  5 . 8 5 g , 3 7 . 5 mmo l ) we r e  s e a l e d  i n  a t u b e  and 

s u s p e n d e d  i n  an o i 1 - b a t h  a t  10 0 ° C  f o r  3 d a y s .  The t u b e  was 

b r o k e n  open on c o o l i n g  and t h e  p r o d u c t  was c o l l e c t e d  and washed  

w i t h  e t h e r  t o  y i e l d  6 . 8 3 g  o f  c r u d e  m a t e r i a l .  T h i s  was 

r e c r y s t a l 1 i z e d  f r o m m e t h y l a t e d  s p i r i t s  t o  y i e l d  5 . OOg (69%)  of  

t h e  p r o d u c t  as c o l o u r l e s s  n e e d l e s ,  mp 1 9 5 - 1 9 7 ° C  ( decomp)



1 9 0 - 1 9 2 * ^ 0 ] .

2 - M e t h y l - 3 - e t h y l - K - n a p h t h o t h i a z o l i urn i o d i de

2 4 2

Et I

Et

Scheme 7 . 1 6  Q u a t e r n i z a t i o n  of  2 - M e t h y l - o i - N a p h t h o t h i  a z o l e

I n an a n a l o g o u s  manner  2 - m e t h y l - « - - n a p h t h o t h i  a z o l  e ( 1.  5g , 

7 . 5 m m o l )  and e t h y l  i o d i d e  ( 1 m l ,  1 . 9 5 g ,  1 2 . Smmol ) wer e  h e a t e d  

t o g e t h e r  i n  a s e a l e d  t u b e .  The c r u d e  p r o d u c t ,  2 . 5 6 g , was 

r e c r y s t a l l i z e d  f r o m m e t h a n o l  t o  y i e l d  1 . 7 8 g  (677. )  mp 2 3 5 -  

2 3 6 ° C  ( decomp)  Cl i t  ^^3 235*^0 ( decomp)  ] .

3 , 3 ' - D i  e t h y l  t h i a c a r b o c y a n i ne i o d i d e

HC(OEt)

CH— CH =CH

I I
Et

Scheme 7 . 1 7  P r e p a r a t i o n  of  3 , 3 ' - D i e t h y l  Thi  a c a r b o c y a n  i ne I o d i d e  

A m i x t u r e  of  2 - m e t h y l - 3 - e t h y l  b e n z o t h i  az o l i  urn i o d i d e  ( 3 . O g ,
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9 . Smmol )  and t r i e t h y l  o r t h o f o r m a t e  ( O . S O g ,  0 . 9 m l ,  5 . 3 mmo l )  i n  

p y r i d i n e  was h e a t e d  t o  r e f l u x  f o r  1 . 5 h .  The c r u d e  m a t e r i a l  was 

c o l l e c t e d  by f i l t r a t i o n  a f t e r  t h e  a d d i t i o n  of  e t h e r , washed w i t h  

e t h a n o l  and t h e n  e t h e r .  The c r u d e  y i e l d  was 2 . 28g ( 9 6 7 . ) ,  0 .  85g  

of  wh i c h  was r e c r y s t a l 1 i z ed f r o m m e t h a n o l  t o  y i e l d  0 . 5 7 g  o f  l o n g  

s t e e l y - b l u e  n e e d l e s ,  mp 2 6 7 - 2 7 0 ' ^ C ( decomp)  C l i t ^ ' * ' ’ 2 6 4 -  

2 6 5 ° C  ( d e c o m p ) ]  Am.w (MeOH) 5 6 I nm.

3 , 3 ' - D i  e t h y l - 6 , 7 , 6 ' , 7 ' - d i b e n z o t h i a c a r b o c y a n i n e  i o d i d e

HC(OEf).
------------------

CH CH=CH

Scheme 7 . 1 8  P r e p a r a t i o n  o f  3 , 3 ' - D i e t h y l - 6  , 7 , 6 ' , 7 ' - D i b e n z o -  
t h  i a c a r b o c y a n  i ne I o d i d e

A m i x t u r e  of  2 - m e t h y l - 3 - e t h y l - & - n a p h t h o t h i a z o l i u m  i o d i d e  

( 1 . 0 2 g ,  2 . 9 mmo l ) and t r i e t h y l  o r t h o f o r m a t e  ( 0 . 2 7 g , 0 . 3 m l ,

1 . Smmol )  i n  p y r i d i n e  ( 1 0 m l )  we r e  h e a t e d  t o  r e f l u x  f o r  1 . 5 h .  The  

c r u d e  m a t e r i a l  was c o l l e c t e d  by f i l t r a t i o n  f o l l o w i n g  t h e  

a d d i t i o n  of  e t h e r ,  washed w i t h  m e t h a n o l  and t h e n  e t h e r .  A 

p o r t i o n  of  t h e  c r u d e  m a t e r i a l  ( 0 . 3 8 g ) was r e t a i n e d  and t h e  

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

g r e e n i  s h - b l  ack  n e e d l e s ,  mp 2 8 8 - 2 9 2 ° C  ( decomp)  C l i t ^ " * ^

294*"C]  Am. x  (MeOH) 596nm.



4 - E t h o x y - 2 - m e t h y l  q u i n o l i n e

2 4 4

1. EfO'

2. E f I

Scheme 7 . 1 9  0 - E t h y l a t i  on of  4 - H y d r o x y - 2 - M e t h y l  Q u i n o l i n e

4 - H y d r o x y - 2 - m e t h y I  q u i n o l i n e  ( 5 g , 3 1 . 4mmo l ) was s u s p e n d e d  

i n  a b s o l u t e  e t h a n o l  ( 4 0 m l ) .  Sodi um me t a l  ( 0 . 7 6 g ,  3 3 m o l ) was 

added i n  s m a l l  p o r t i o n s  t o  t h e  c o o l e d  m i x t u r e  d u r i n g  wh i c h  t i m e  

t h e  q u i n o l i n e  d i s s o l v e d .  The s o l u t i o n  was h e a t e d  t o  r e f l u x  

d u r i n g  t h e  d r o p w i s e  a d d i t i o n  of  e t h y l  i o d i d e  ( 5 . 5 g ,  2 . 8 m l ,  

34mmol )  i n  e t h a n o l  ( 1 5 m l ) .  The s o l u t i o n  was a l l o w e d  t o  r e f l u x  

o v e r n i g h t .  The c o o l e d  s o l u t i o n  was added t o  w a t e r  ( 5 0 m l )  and 

e x t r a c t e d  w i t h  p e t r o l e u m  e t h e r  ( 4 0 - 6 0 ) ,  ( 3 x 5 0 m l ) ,  t h e  o r g a n i c s  

w e r e  c o m b i n e d ,  d r i e d  (MgSO^)  and e v a p o r a t e d  t o  y i e l d  a 

y e l l o w i s h  o i l ,  2 . 9 2 g  ( 50%)  wh i c h  c r y s t a l l i z e d  on c o o l i n g  t o  f o r m  

c o l o u r l e s s  n e e d l e s ,  mp 2 7 - 3 1  °C C l i t  = ^= 48*^0 3 ;

( n u j o l  m u l l )  1 6 1 0 ,  1 5 9 8 ,  1 5 6 8 ,  1 5 1 0 ,  1 4 2 3 ,  1 3 4 5 ,  1 2 3 5 ,  1 1 8 8 ,

1 1 6 0 ,  1 1 17 ,  1 0 2 7 ,  8 1 8 ,  76 5  cm"^;  S h ( C D C U )  1 . 3 7  ( t ,  3H)  ,

2 . 5 2  ( s ,  3 H ) , 3 . 8 7  ( q ,  2 H ) , 6 . 2 3  ( s ,  I H)  , 8 . 1 1 - 7 . 1 6  (m, 4 M) .

T h i s  m a t e r i a l  was used i n  t h e  n e x t  s t e p  w i t h o u t  f u r t h e r  

p u r i  f i  c a t  i o n .



1- E t h y l - 4 - e t h o x y - 2 - m e t h y l  q u i  n o l i  ni  urn i o d i d e

2 4 5

Et I

N Me

Éf r
Scheme 7 . 2 0  Q u a t e r n i z a t i o n  of  4 - E t h o x y - 2 - M e t h y l  Q u i n o l i n e

The o i l  ( 2 . 9 2 g ,  1 5 . 6 m mo l ) f r o m t h e  p r e v i o u s  p r e p a r a t i o n  was 

r e f l u x e d  o v e r n i g h t  w i t h  e x c e s s  e t h y l  i o d i d e  ( 5 - l O m l ) .  The c r u d e  

p r o d u c t  was o b t a i n e d  by f i l t r a t i o n  a f t e r  t h e  a d d i t i o n  of  e t h e r  

t o  y i e l d  3 . 3 7 g  of  a i r - d r i e d  m a t e r i a l .  T h i s  p r o d u c t  was 

r e c r y s t a l  1 i z e d  f r o m w a t e r  u s i n g  d e c o l o u r i z i n g  c h a r c o a l  t o  y i e l d  

1 . 97g (377. )  of  n e a r  c o l o u r l e s s  n e e d l e s ,  mp 2 1 1 - 2 1 4 ° C  ( decomp)  

C l i t ^ ^ ^  205"*C]  ( F o u nd :  C,  4 8 . 9 0 ;  H,  5 . 2 7 ;  N,  3 . 9 6 .

C , 4 H i e I N 0  r e q u i r e s  C,  4 8 . 9 9 ;  H,  5 . 3 0 ;  N,  4 . 0 8 % ) ;

( n u j o l  m u l l )  1601 ( a r y l ) ,  1 5 7 6 ,  1 5 2 9 ,  1 4 2 5 ,  1 3 0 4 ,  1 2 7 0 ,  1 1 3 4 ,  

1 0 1 7 ,  8 7 1 ,  7 8 5 ,  77 5  c m " ' .

3 - H y d r o x y - 2 - m e t h y l  q u i n o l i n e

C O 2H

N'

Scheme 7 . 2 1  D e c a r b o x y l a t i o n  o f  3 - H y d r o x y - 2 - M e t h y l  Qui  n o l i n e - 4 -  
C a r b o x y l i c  Ac i d

3 - H y d r o x y - 2 - m e t h y l  q u i no l  i n e - 4 - c a r boxy  1 i c  a c i d  ( 1 5 g ,

7 4 m m o l ) was h e a t e d  t o  r e f l u x  i n  p y r i d i n e  ( 1 0 0 m l )  u n t i l  e v o l u t i o n  

of  gas c e a s e d . The p r o d u c t  was o b t a i n e d  by t h e  a d d i t i o n  of  w a t e r
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and d r i e d  o v e r  P2O5 t o  y i e l d  9 . 84g (847. )  of  c r  e a m - c o l  our  ed 

c r y s t a l l i n e  m a t e r i a l ,  mp 2 6 1 - 2 6 4 ° C  ( decomp)  C l i t ^ ' ^ ^  260'^C]  

( Found : C , 7 5 .  60 ;  H , 5 . 6 6 ;  N,  8 . 88 . C10H9NO r e q u i r e s  C,

7 5 . 4 4 ;  H,  5 . 7 1 ;  N,  8 . 8 0 7 . )  ; ( n u j o l  m u l l )  1605  ( a r y l ) ,

1 3 9 6 ,  1 3 5 5 ,  1 3 4 2 ,  1 2 3 6 ,  1 1 7 5 ,  8 7 7 ,  7 7 5 ,  7 6 0 ,  7 4 3 ,  62 0  c m " ' ;

S h (DMSO) 2 . 4 8  ( s ,  3 H ) , 7 . 4 2  ( s ,  I H ) , 7 . 6 4 - 7 . 8 1  (m,  4 H ) , 1 0 . 2 8  

( S , I H ) ; g c  (DMSO) 2 0 . 3 6 ,  1 1 4 . 1 1 ,  1 2 5 . 5 7 ,  1 2 5 . 6 5 ,  1 2 5 . 9 5 ,

1 2 7 . 8 4 ,  1 2 8 . 5 4 ,  1 4 1 . 8 6 ,  1 4 9 . 6 5 ,  1 5 1 . 9 9 .

3 - E t h o x y - 2 - m e t h y l  q u i n o l i n e

N Me

1. EfO

2. Et I N M e

Scheme 7 . 2 2  0 - E t h y l a t i  on o f  3 - H y d r o x y - 2 - M e t h y l  Q u i n o l i n e

3 - H y d r o x y - 2 - m e t h y 1 q u i n o l i n e  ( 6g,  38mmol )  i n  e t h a n o l  ( 5 0 m l ) 

was t r e a t e d  w i t h  s o d i u m m e t a l  ( 0 . 86g , 38mmol )  and e t h y l  i o d i d e  

( 6 . 2 4 g , 3 . 2 m l ,  4 0 m m o l ) as d e s c r i b e d  a b o v e  f o r  t h e  4 - h y d r o x y  

i s o m e r .  The p e t r o l  s o l u b l e  f r a c t i o n ,  4 . 5 5 g ,  was r e c r y s t a l  1 i z e d  

f r o m  p e t r o l  t o  y i e l d  1 . 30g (187. )  of  c o l o u r l e s s  n e e d l e s ,  mp

6 8 - 7 r C  C l i t ^ ^ ^  68-69°C3;  ( Founds C,  7 7 . 3 3 ;  H,  7 . 0 3 ;  N,

7 . 3 0 .  C i z H i s N O  r e q u i r e s  C,  7 6 . 9 6 ;  H , 7 . 0 1 ;  N,  7 .  407. ) ;  Vm. K  

( n u j o l  m u l l )  1606  ( a r y l ) ,  1 5 0 0 ,  1 4 3 6 ,  1 3 9 2 ,  1 3 5 5 ,  1 3 2 3 ,  1 2 3 3 ,  

1 1 7 5 ,  1 1 4 7 ,  1 1 2 0 ,  1 0 3 9 ,  8 5 1 ,  8 2 9 ,  7 7 6 ,  7 5 4 ,  61 6  c m " ' ;  S»

( C D C U )  1 . 4 5  ( t ,  3 H ) ,  2 . 6 3  ( s ,  3 H ) ,  4 . 0 2  ( q ,  2 H ) ,  7 . 1 3  ( s ,

I H ) , 7 . 3 5 - 8 . 0 1  (m,  4 M) ;  gc ( C D C I3 ) 1 4 . 9 1 ,  2 0 . 8 5 ,  6 3 . 8 4 ,

1 1 1 . 5 2 ,  1 2 6 . 1 7 ,  1 2 6 . 5 6  (2 p e a k s  u n r e s o l v e d ) ,  1 2 8 . 5 9 ,  1 2 8 . 7 7 ,

1 4 2 . 8 5 ,  1 5 1 . 6 5 ,  1 5 3 . 3 8 .
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F u r t h e r  e x t r a c t i o n  of  t h e  aq u eo us  p o r t i o n  w i t h  c h l o r o f o r m  

y i e l d e d  2 . 1 3 g  of  a c r y s t a l l i n e  m a t e r i a l ,  a f t e r  c r y s t a l l i z a t i o n  

f r o m m e t h a n o l  h a v i n g  mp 1 9 7 - 2 0 4 * C  ( decomp)  ( p r o b a b l y  

I - e t h y l - 3 - h y d r o x y - 2 - m e t h y l  q u i n o l i n i u m  i o d i d e ) .

1 - E t h y l - 3 - e t h o x y - 2 - m e t h y l  qu i  n o l i  n i um i o d i d e

Et I

Et r
Scheme 7 . 2 3  Q u a t e r n i z a t i o n  o f  3 - E t h o x y - 2 - M e t h y l  Q u i n o l i n e

3 - E t h o x y - 2 - m e t h y l  q u i n o l i n e  ( 0 . 5 g ,  2 . 7 m m o l )  i n  e t h y l  i o d i d e  

( 5 - l O m l )  was h e a t e d  t o  r e f l u x  f o r  9 6 h .  The c r u d e  m a t e r i a l  was 

c o l l e c t e d  by f i l t r a t i o n ,  a f t e r  t h e  a d d i t i o n  of  e t h e r ,  as a 

y e l l o w  p o w d e r .  R e c r y s t a l l i z a t i o n  f r o m e t h a n o l  g a v e  y e l l o w  

p l a t e s ,  0 . 5 7 g  ( 62%)  mp 2 1 3 - 2 1 5 ° C  ( d e c o mp ) ;  ( F o u n d ;  C,  4 8 . 1 3 ;

H,  5 . 3 4 ;  N,  3 . 9 0 .  C i ^ H i e l N O  r e q u i r e s  C,  4 8 . 9 9 ;  H,  5 . 3 0 ;  N,

4 . 0 8 % ) ;  T m . x  ( n u j o l  m u l l )  3 5 0 6 ,  16 08  ( a r y l ) ,  1 5 1 1 ,  1346  , 1 3 3 1 ,  

1 2 7 3 ,  1 2 2 7 ,  1 1 9 7 ,  1 1 1 1 ,  1 0 2 9 ,  9 2 0 ,  7 7 9 ,  65 7  c m " ' ;  gw (DMSO)

I . 4 3  ( t ,  3 H ) ,  1 . 4 7  ( t ,  3 H ) ,  2 . 9 3  ( s ,  3 H ) ,  4 . 3 2  ( q ,  2 H ) ,  4 . 9 9  ( q ,  

2 H ) ,  7 . 8 1 - 8 . 6 5  (m,  5 H ) ;  gc (DMSO) 1 3 . 5 0 ,  1 4 . 2 5 ,  1 5 . 4 5 ,  4 8 . 1 4 ,  

6 6 . 1 3 ,  1 1 8 . 7 3 ,  1 2 2 . 1 3 ,  1 2 8 . 4 9 ,  1 2 9 . 0 7 ,  1 2 9 . 2 0 ,  1 3 1 . 7 3 ,  1 3 3 . 2 3 ,  

1 5 0 . 7 3 ,  1 5 4 . 9 2 .
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1 , 1 ' - D i e t h y l - 5 , 3 ' d i e t h o x y - 2 , 2 ' - c a r b Q c y a n i n e  i o d i d e

hc( o eO

C H — C H

Scheme 7 . 2 4  P r e p a r a t i o n  o f  1 , 1 ' - D i e t h y l - 3 , 3 ' D i e t h o x y -  
2 , 2 ' - C a r b o c y a n i ne I o d i d e

1 - E t h y l - 3 - e t h o x y - 2 - m e t h y l  q u i n o l i n i u m  i o d i d e  ( 0 . 3 g ,  

0 . 8 7 m m o l )  and t r i e t h y l  o r t h o f o r m a t e  ( 0 . 6 5 g ,  0 . 7 3 m l ,  4 . 4 m m o l )  i n  

p y r i d i n e  ( 5 m l )  was h e a t e d  t o  r e f l u x  on an o i l - b a t h  f o r  1 . 5 h .  The  

c r u d e  m a t e r i a l ,  0 . 3 0 g ,  was o b t a i n e d  by f i l t r a t i o n  a f t e r  t h e  

a d d i t i o n  o f  e t h e r .  R e c r y s t a l l i z a t i o n  f r o m me t h a n o l  g a v e  0 . 1 4 g  

( 56%)  o f  g r e e n - g o l d  m e t a l l i c  n e e d l e s ,  mp 2 3 0 - 2 3 1 ° C .

A m . x ( M e O H )  631nm ( F o u n d ;  C , 6 0 . 9 6 ;  H , 5 . 8 1 ;  N , 4 . 7 4 .

C29H3 3 I N 2O2 r e q u i r e s  C,  6 1 . 2 6 ;  H , 5 . 8 6 ;  N , 4 . 9 3 % ) ;

V m . K  ( n u j o l  m u l l )  1614  ( a r y l ) ,  1 5 2 7 ,  1 5 0 0 ,  1 4 2 2 ,  1 3 9 3 ,  1 2 6 3 ,  

1 1 9 2 ,  1 1 5 7 ,  1 1 2 9 ,  1 1 0 6 ,  1 0 8 0 ,  1 0 4 9 ,  9 6 4 ,  841 c m ' ' ;  S h (DMSO)

1 . 3 9  ( t ,  3 H ) ,  1 . 4 3  ( t ,  3 H ) ,  4 . 2 8  ( q ,  2 H ) ,  4 . 5 3  ( q ,  2 H ) ,  6 . 4 1  ( q ,  

2 H ) ,  7 . 3 3 - 7 . 8 1  (m,  l O H ) ,  9 . 5 5  ( t ,  I H ) ;  gc  (DMSO) 1 2 . 4 9 ,  1 3 . 9 8 ,

4 4 . 4 2 ,  6 5 . 3 6 ,  1 0 6 . 0 7 ,  1 1 3 . 5 4 ,  1 1 5 . 6 9 ,  1 2 4 . 2 1 ,  1 2 4 . 6 0 ,  1 2 7 . 5 3 ,  

1 2 9 . 4 8 ,  1 3 4 . 6 1 ,  1 4 5 . 3 4 ,  1 5 0 . 6 8 ,  1 5 3 . 5 4 .
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1 , 1 ' - D i e t h y l - 4 , 4 ' d i e t h o x y - 2 , 2 ' - c a r b o c y a n i ne i o d i d e

lEf

M e

*

OEf

CH— CH
I
Ef

Scheme 7 . 2 5  A t t e m p t e d  P r e p a r a t i o n  of  1 , 1 ' - D i e t h y l - 4 , 4 ' D i e t h o x y -  
2 , 2 ' - C a r b o c y a n i ne I o d i d e

1- E t h y l - 4 - e t h o x y - 2 - m e t h y l  q u i n o l i n i u m  i o d i d e  was s i m i l a r l y  

t r e a t e d  w i t h  t r i e t h y l  o r t h o f o r m a t e  i n  b o t h  r e f l u x i n g  p y r i d i n e  

and 2 , 6 - l u t i d i n e .  D e s p i t e  t h e  f o r m a t i o n  o f  c o l o u r  i n  t h e  

s o l u t i o n ,  no c r y s t a l l i n e  p r o d u c t  was o b t a i n e d  on a d d i t i o n  of  

e t h e r ,  o n l y  a d a r k  t a r r y  s u b s t a n c e .

6 - M e t h o x y - 2 - m e t h y l  q u i n o l i n e

MeO 2 C H 3 C H O ,  HCl

Me

Scheme 7 . 2 6  P r e p a r a t i o n  of  6 - M e t h o x y - 2 - M e t h y l  Q u i n o l i n e

p a r a - A n i s i  d i n e  ( 5 7 g ,  0 . 4 6 m o l )  i n  h y d r o c h l o r i c  a c i d  

( 1 8 4 m l )  was c o o l e d  on an i c e - b a t h  w i t h  s t i r r i n g  d u r i n g  t h e  

d r o p w i s e  a d d i t i o n  of  a c e t a l d e h y d e  ( 5 3 g , 6 7 m l ,  1 . 2 m o l ) .  A f t e r  t h e
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a d d i t i o n  was c o m p l e t e  t h e  s o l u t i o n  was g e n t l y  warmed t o  r e f l u x  

f o r  3h .  The s o l u t i o n  was p o u r e d  o n t o  i c e - c o l d  w a t e r  ( 1 0 0 0 m l )  and 

l e f t  t o  s t a n d  o v e r n i g h t .  The s o l u t i o n  was d e c a n t e d  and sod i um  

h y d r o x i d e  s o l u t i o n  was added u n t i l  t h e  s o l u t i o n  was a l k a l i n e  t o  

l i t m u s .  The a q u e o us  m a t e r i a l  was t h e n  e x t r a c t e d  w i t h  e t h e r  

( 1 x 1 5 0 m l ,  6 x 5 0 m l ) .  The e x t r a c t s  wer e  d r i e d  u s i n g  a n h y d r o u s  

sodi um c a r b o n a t e ,  f i l t e r e d  and r e d u c e d  i n  v o l u me  t o  a b o u t  6 0 m l .  

The r e s i d u e  was d i s t i l l e d  a t  r e d u c e d  p r e s s u r e .  The d i s t i l l a t e  

d i d  n o t  f r a c t i o n a t e  w e l l ,  1 9 . 6 9 g  of  a y e l l o w  o i l  b o i l i n g  a t  

1 4 8 - 1 6 3 ° C  and a f u r t h e r  1 1 . 98q of  a y e l l o w  o i l  b o i l i n g  a t  

1 6 3 - 1 75 * C ( lOmmHg)  wer e  c o l l e c t e d .  Bot h  f r a c t i o n s  s o l i d i f i e d  

p a r t i a l l y  on c o o l i n g  and r e c r y s t a l l i z a t i o n  g ave  8 . 1 4 g  (107. )  o f  

p u r e  m a t e r i a l  as c o l o u r l e s s  c u b e s ,  mp 6 3 - 6 6 ° C  Cl i t ^ " * ®

6 5 - 6 7 ° C ] ;  ( n u j o l  m u l l )  1 6 2 5 ,  1 6 0 3 ,  1 5 6 6 ,  1 5 0 0 ,  1 3 4 5 ,

1 3 0 8 ,  1 2 3 4 ,  1 1 6 8 ,  1 1 1 3 ,  1 0 3 1 ,  8 8 3 ,  834  c m - ' ;  S h  ( C D C I3 )

2 . 7 1  ( s ,  3 H ) ,  3 . 9 1  ( 5 , 3 H ) ,  7 . 0 2 - 7 . 9 8  (m,  5 H ) .

1 - E t h y l - 6 - m e t h o x y - 2 - m e t h y l  q u i n o l i n i u m  i o d i d e

Et I

^ M e

E t  r

Scheme 7 . 2 7  Q u a t e r n i z a t i o n  o f  6 - M e t h o x y - 2 - M e t h y l  Q u i n o l i n e

6 - M e t h o x y - 2 - m e t h y l  q u i n o l i n e  ( 6 . 1 1 g ,  3 5 mm o l ) was h e a t e d  t o  

r e f l u x  w i t h  e t h y l  i o d i d e  ( 1 0 m l ) .  A f t e r  8 - l O h  t h e  p r o d u c t  was 

c o l l e c t e d  by f i l t r a t i o n  f o l l o w i n g  t h e  a d d i t i o n  of  e t h e r .  The  

e t h e r e a l  w a s h i n g s  w e r e  e v a p o r a t e d  and h e a t e d  t o g e t h e r  w i t h  more  

e t h y l  i o d i d e  f o r  a f u r t h e r  8 - l O h  when t h e  c o l l e c t i o n  p r o c e d u r e
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was r e p e a t e d .  The c o mb i n e d  c r u d e  m a t e r i a l  was r e c r y s t a l l i z e d .  

The f i r s t  b a t c h  ( f r o m  w a t e r )  was o b t a i n e d  as 2 . 0 3 g  of  y e l l o w  

c r y s t a l s ,  mp 1 9 3 - 1 9 7 ® C .  The se cond  b a t c h ,  f r o m m e t h a n o l /  e t h y l  

a c e t a t e ,  was 4 . 7 1 g ,  mpt .  2 0 0 - 2 0 1 * C  ( d e c o m p ) .  Combi ned  y i e l d  

6 . 7 4 g  ( 5 8 % ) ;  ( Found:  C,  4 7 . 4 8 ;  H,  4 . 8 5 ;  N,  4 . 1 3 .  C t s H i ^ I N O  

r e q u i r e s  C,  4 7 . 4 3 ;  H , 4 . 9 0 ;  N,  4 . 2 6 % ) ;  ( n u j o l  m u l l )  1 6 0 9 ,

1 5 8 3 ,  1 5 2 0 ,  1 4 9 1 ,  1 3 4 1 ,  1 2 8 3 ,  1 2 5 4 ,  1 2 2 5 ,  1 1 6 0 ,  1 0 8 5 ,  1 0 6 9 ,  

1 0 2 5 ,  8 7 9 ,  84 3  cm"^;  S h (DMSO) 1 . 5 8  ( t ,  3 H ) ,  3 . 0 1  ( s ,  3 H ) ,

3 . 8 5  ( 5 ,  3 H ) ,  4 . 8 0  ( q ,  2 H ) ,  7 . 2 2 -  8 . 6 1  (m,  5 H ) .

6 , 6 ' - D i m e t h o x y - l , 1 ' - d i e t h y l - 2 , 2 ' - c a r b o c y a n i n e  i o d i d e

HC(OEt) 3 , N'

MeO

CH=CH— CH

OMe

Scheme 7 . 2 8  P r e p a r a t i o n  of  6 , 6 ‘ - D i m e t h o x y - 1 ,1 ' - D i e t h y l -  
2 , 2 ' - C a r b o c y a n i ne I o d i d e

1- E t h y l - 6 - m e t h o x y - 2 - m e t h y l  q u i n o l i n i u m  i o d i d e  ( 1 . 0 7 g ,  

3 . 2 5 m m o l )  and t r i e t h y l  o r t h o f o r m a t e  ( 0 . 2 7 m l ,  0 . 2 4 g ,  1 . 6 2 mmo l )  

we r e  h e a t e d  t o  r e f l u x  i n  p y r i d i n e  ( 1 0 m l )  f o r  1h . A f t e r  t h e  

a d d i t i o n  of  e t h e r  t o  t h e  c o o l e d  m i x t u r e ,  l . O g  o f  c r u d e  p r o d u c t  

was o b t a i n e d  by f i l t r a t i o n .  R e c r y s t a l l i z a t i o n  f r o m me t h a n o l  gave  

0 . 0 6 g  (7%)  of  f i n e  g r e e n  n e e d l e s ,  mp 3 1 6 - 3 1 7 ° C  ( d e c o mp ) .  Dye  

r e m a i n i n g  i n  t h e  m o t h e r  l i q u o r  decomposed on s t a n d i n g  t o  a
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r e d d i s h  s o l u t i o n . 1 2 m . * ( n u j o l  m u l l )  1 6 1 2 ,  1 5 4 3 ,  1 4 1 7 ,  1 3 5 2 ,  

1 3 1 1 ,  1 2 7 6 ,  1 2 6 1 ,  1 2 3 1 ,  1 1 7 0 ,  1 1 5 7 ,  1 1 4 4 ,  1 1 3 1 ,  1030  c m - ' ;  

S h (DMSO) 1 . 3 4  ( t ,  3 H ) ,  3 . 8 0  ( s ,  6 H ) , 4 . 4  ( q ,  2 H ) ,  6 . 4  ( d ,  

2 H ) , 7 . 3 - 8 . 3  (m,  8 H ) , 8 . 5  ( t ,  I H ) .

7 . 7  C o - i ni  t i  a t o r s 

p a r a - T o l u e n e s u l p h i n i c  a c i d

Me SO2H + N a G

Scheme 7 . 2 9  P r e p a r a t i o n  of  p a r a - T o l u e n e s u l p h i n i c  Ac i d

T h i s  was p r e p a r e d  by d i s s o l v i n g  t h e  sod i um s a l t  ( 3 g ,

17mmol )  i n  w a t e r  ( 1 0 0 m l )  and a c i d i f y i n g  w i t h  h y d r o c h l o r i c  a c i d  

( 1 5 m l ) .  The a q u e o u s  m i x t u r e  was e x t r a c t e d  w i t h  e t h e r  ( 3 x 5 0 m l ) ,  

t h e  e t h e r  e x t r a c t s  w e r e  d r i e d  and e v a p o r a t e d  t o  y i e l d  2 . 0 9 g  

( 8 0 % ) .  The a c i d  was s t o r e d  o v e r  c a l c i u m  c h l o r i d e  and used w i t h i n  

a f ew d a y s .

T e t r a b u t y l a m m o n i u m  p a r a - t o l u e n e s u l p h i n a t e

^  ^ — SO2H + Bu N OH Me

Scheme 7 . 3 0  P r e p a r a t i o n  of  T e t r a b u t y l a m m o n i u m  p a r a - T o l u e n e -  
s u l p h i n a t e



2 5 3

The s u l p h i n i c  a c i d ,  p r e p a r e d  as d e s c r i b e d  ab o v e  f r o m 20g

( O . l l m o l )  of  t h e  so d i u m s a l t ,  was d i s s o l v e d  i n  w a t e r  ( 5 0 m l ) .

T e t r a b u t y l  ammonium h y d r o x i d e  ( a p p r o x i m a t e l y  72ml  o f  a 407. 

s o l u t i o n  i n  w a t e r )  was added u n t i l  t h e  m i x t u r e  was n e u t r a l  t o  pH 

p a p e r .  The w a t e r  was r emoved  by r o t a r y  e v a p o r a t i o n  t o  g i v e  a 

v i s c o u s  l i q u i d .  T h i s  was e x t r a c t e d  back  i n t o  c h l o r o f o r m  ( 1 5 0 m l ) ,  

f i l t e r e d  and e v a p o r a t e d  t o  g i v e  a h y g r o s c o p i c  m a t e r i a l  wh i c h  was

used w i t h o u t  f u r t h e r  t r e a t m e n t .

P e r i n a p h t h - 1 , 3 - i n d a n d i o n e ^

ZnU?

Scheme 7 . 3 1  P r e p a r a t i o n  o f  P e r i n a p h t h - 1 , 3 - i n d a n d i o n e

N a p h t h a l i c  a n h y d r i d e  ( 6 0 g ,  0 . 3 0 m o l ) ,  z i n c  c h l o r i d e  ( 6 0 g ,  

0 . 4 4 m o l )  and d i e t h y l  m a l o n a t e  ( 1 2 0 m l ,  1 2 6 . 6 g ,  0 . 7 9 m o l )  wer e  

p l a c e d  i n  a t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  s t i r r e r ,  t h e r m o m e t e r  

and r e f l u x  c o n d e n s e r .  The m i x t u r e  was s t i r r e d  and h e a t e d  t o  

1 7 0° C when a v i g o r o u s  r e a c t i o n  s e t  i n .  The m i x t u r e  was a l l o w e d  

t o  r e f l u x  f o r  a f u r t h e r  h ou r  a f t e r  a l l  s i g n s  o f  v i g o r o u s  

r e a c t i o n  had c e a s e d .  W a t e r  was added t o  t h e  c o o l e d  m i x t u r e  and 

t h e  s t i c k y  p r e c i p i t a t e  c o l l e c t e d .  T h i s  was washed w i t h  l a r g e  

q u a n t i t i e s  of  w a t e r  t o  r e mo v e  z i n c  c h l o r i d e  and t h e n  e x t r a c t e d  

w i t h  h o t  so d i u m h y d r o x i d e  s o l u t i o n .  The c o mb i n e d  a l k a l i n e  

e x t r a c t s  w e r e  a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d .  The c r u d e  

p r o d u c t  s e p a r a t e d  as a y e l l o w - b r o w n  p r e c i p i t a t e ,  y i e l d  47g 

( 7 9 7 . ) .  A p o r t i o n  of  t h i s  m a t e r i a l  was c h r o m a t o g r a p h e d  on s i l i c a



2 5 4

g e l ,  e l u t i n g  w i t h  27. m e t h a n o l  i n  c h l o r o f o r m .  The p r o d u c t  

o b t a i n e d  f r o m t h e  co l umn was t h e n  p r e c i p i t a t e d  f r o m i t s  sod i um  

s a l t  as a f u r t h e r  p u r i f i c a t i o n  s t e p .  ( n u j o l  m u l l )  2 5 8 0 ,

1862  ( b r o a d ,  e n o l  OH) ,  1629 ( w e a k ,  c a r b o n y l ) ,  1 5 7 9 ,  1 5 1 5 ,  1 3 3 8 ,  

1 3 1 1 ,  1 2 3 9 ,  1 2 1 4 ,  1 1 6 4 ,  8 3 4 ,  7 7 2 ,  687 c m ' ' .

3 - M e t h o x y p h e n a l e n o n e

1. N a O H

2. ( M e 0 ) 3 5 0 2

Scheme 7 . 3 2  0 - M e t h y l a t i o n  of  P e r i n a p h t h - 1 , 3 - i n d a n d i o n e

Cr u d e  p e r i n a p h t h - 1 , 3 - i n d a n d i o n e  ( 5 3 g )  was s u s p e nd e d  i n  

me t h a n o l  ( 4 0 0 m l )  i n  a f l a s k  f i t t e d  w i t h  t wo d r o p p i n g  f u n n e l s  and 

r e f l u x  c o n d e n s e r .  S o l u t i o n s  o f  sod i um h y d r o x i d e  ( 3 0 g )  i n  w a t e r  

( 1 0 0 m l )  and d i m e t h y l  s u l p h a t e  ( 8 5 m l )  i n  m e t h a n o l  ( 1 0 0 m l )  wer e  

added a l t e r n a t e l y ,  i n  p o r t i o n s ,  w i t h  s t i r r i n g .  The m i x t u r e  was 

h e a t e d  t o  r e f l u x  f o r  5h and t h e  me t h a n o l  was t h e n  d i s t i l l e d  o u t  

t o  l e a v e  a wet  s o l i d .  The d r i e d  r e s i d u e  was e x t r a c t e d  w i t h  

c h l o r o f o r m  and t h e  e x t r a c t s  c h r o m a t o g r a p h e d  on a l u m i n a ,  e l u t i n g  

w i t h  p e t r o l e u m  e t h e r / c h l o r o f o r m .  3 - M e t h o x y p h e n a l e n o n e  ( 1 1 . 1 6 g ,  

20%) was o b t a i n e d  by e v a p o r a t i o n  of  t h e  co l umn f r a c t i o n s .  A 

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

y e l l o w  c r y s t a l s ,  mp 1 4 5 - 1 4 6 * 0  [ l i t c ' *  1 4 4 - 1 4 4 . 5 * 0 ] ;

( F o u n d :  0 ,  7 9 . 5 4 ;  H , 4 . 8 4 .  C i ^ H i v O z  r e q u i r e s  0 ,  7 9 . 9 9 ;  H,

4 . 7 9 % ) ;  X . K  ( n u j o l  m u l l )  1637 ( c a r b o n y l ) ,  1620  (0 = 0 ) ,  1 5 8 0 ,  

1 5 6 2 ,  1 4 1 3 ,  1 3 4 8 ,  1 2 3 6 ,  1 2 1 8 ,  1 1 6 3 ,  8 3 2 ,  774 c m " ' ;  i n  

( O D O I3 ) 3 . 9 6  ( 5 , 3 H ) ,  6 . 0 7  ( s ,  I H ) ,  8 . 6 0 - 7 . 2 9  (m,  6H ) .
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2 , 2 - D i m e t h y l p e r i n a p h t h - 1 , 3 - i n d a n d i o n e

1. N j H

1, M e l

Me Me

Scheme 7 . 3 3  C - M e t h y 1 a t i o n  o f  P e r i n a p h t h - 1 , 3 - i n d a n d i o n e

Sodi um h y d r i d e  ( 0 . 1 6 g  as a 507. d i s p e r s i o n  i n  o i l )  was 

p l a c e d  i n  a f l a s k  f i t t e d  w i t h  a d r o p p i n g  f u n n e l ,  r e f l u x  

c o n d e n s e r  w i t h  d r y i n g  t u b e  and se pt um c a p ,  t h e  f l a s k  b e i n g  

f l u s h e d  w i t h  d r y  n i t r o g e n .  D i m e t h y l  f o r m a m i d e  was i n t r o d u c e d  and 

r e mo ve d  by s y r i n g e  i n  s e v e r a l  p o r t i o n s  t o  wash t h e  h y d r i d e  f r e e  

of  o i l .  To t h e  i c e - c o l d  h y d r i d e  was added c r u d e  p e r i n a p h t h - 1 , 3 -  

i n d a n d i o n e  ( 5 g )  as a s o l u t i o n  i n  DMF. A f t e r  a l l  s i g n s  of  gas  

e v o l u t i o n  had c e a s e d ,  m e t h y l  i o d i d e  ( 1 . 6 m l )  was added and t h e  

m i x t u r e  was a l l o w e d  t o  s t a n d  f o r  s e v e r a l  d a y s .  Wa t e r  was added  

t o  t h e  f l a s k ,  c a u t i o u s l y  a t  f i r s t ,  and t h e  a q u e o us  m i x t u r e  was 

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

c o m b i n e d ,  washed w i t h  w a t e r  ( 3 x 5 0 m l ) ,  d r i e d  and e v a p o r a t e d .  

A b s o r p t i o n  on a l u m i n a  and e l u t i o n  w i t h  p e t r o l  (bp 4 0 - 6 0 )  g a v e  a 

p a l e  y e l l o w  o i l  w h i c h  c r y s t a l l i z e d  r e a d i l y .  R e c r y s t a l l i z a t i o n  

f r o m m e t h a n o l  g a v e  0 . 8 0 g  (147. )  of  2 , 2 - d i m e t h y l  p e r  i n a p h t h - 1 , 3 -  

i n d a n d i o n e  as p a l e  y e l l o w  n e e d l e s ,  mp 9 0 - 9 2 * C  C l i t ^ ^ *  

1 0 0 . 5 - 1 0 1 * 0 ] ;  ( F o u n d :  Ç,  7 9 . 9 ;  H,  5 . 4 .  O i s H i z O z  r e q u i r e s  

0 ,  8 0 . 3 3 ;  H 5 . 4 0 7 . ) ;  ( n u j o l  m u l l )  1 6 9 8 ,  1673  ( c a r b o n y l ) ,

1 5 7 8 ,  1 5 0 5 ,  1 3 1 3 ,  1 1 7 4 ,  1 0 4 1 ,  8 4 2 ,  78 0  cm" '  6 h ( O D C U )

1 . 5 2  ( 5 ,  6 H ) , 8 . 4 9 - 7 . 5 9  (m,  6 H ) .
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T h i o d i g l y c o l i c  a n h y d r i d e

/  ^  ^  (CHaCCOzO / S
S  >

X H 2C O 2H c F ^ O

Scheme 7 . 3 4  P r e p a r a t i o n  o f  T h i o d i g l y c o l i c  A n h y d r i d e

T h i o d i g l y c o l i c  a c i d  ( 2 0 g ,  0 . 1 3 m o l ) ,  was h e a t e d  t o  r e f l u x  i n  

f r e s h l y  r e d i s t i l l e d  a c e t i c  a n h y d r i d e  ( 2 5 m l ,  2 7 g ,  0 . 2 6 m o l ) .  A f t e r  

1 . 5h t h e  f l a s k  was s e t - u p  f o r  d i s t i l l a t i o n  and t h e  vo l ume of  

s o l v e n t  was r e d u c e d  t o  a b o u t  1 0 ml .  C o o l i n g  i n  i c e  c a us e d  t h e  

a n h y d r i d e  t o  s e p a r a t e  as c o l o u r l e s s  n e e d l e s ,  c o l l e c t e d  by 

f i l t r a t i o n  and washed w i t h  d r y  e t h e r ,  y i e l d  1 3 . 2 2 g ,  mp 9 9 -  

1 0 1* C [ l i t ^ s i  1 0 2 * C 3 .  R e c o n c e n t r a t i o n  of  t h e  r e s i d u e  and 

c o o l i n g  y i e l d e d  a f u r t h e r  1 . 8 2 g  of  m a t e r i a l .  T o t a l  y i e l d  1 5 . 0 4 g  

( 8 5 % ) ;  ( F ou nd :  C , 3 6 . 5 1 ;  H , 3 . 0 6 ;  Ca Ha Os S r e q u i r e s  C ,

3 6 . 3 6 ;  H , 3 . 0 6 % ) ;  ( n u j o l  m u l l )  1 8 0 1 ,  1753  ( c a r b o n y l ) ,

1 4 0 0 ,  1 2 4 4 ,  1 1 7 5 ,  1 9 6 5 ,  9 5 7 ,  9 3 6 ,  8 0 3 ,  7 8 4 ,  5 9 5 ,  53 5  c m - '

6  H ( d ô - a c e t o n e )  3 . 8 7  ( s ) ; S c  ( d & - a c e t o n e )  3 0 . 4 9 ,  1 6 4 . 0 7 .

Mo no me t hy l  t h i o d i g l y c o l a t e

HeOH ^

0 ^ 0 - ^  \H2CO3Me \ h;CO:H

Scheme 7 . 3 5  R e a c t i o n  of  T h i o d i g l y c o l i c  A n h y d r i d e  and M e t h a n o l

T h i o d i g l y c o l i c  a n h y d r i d e  ( 6 . 3 2 g ,  48mmol )  i n  me t h a n o l  ( 2 5 m l )  

was h e a t e d  t o  r e f l u x  on a w a t e r - b a t h  f o r  6h .  Removal  of  t h e
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s o l v e n t  l e f t  a b r o w n i s h  o i l ,  7 . 8 9 g ,  wh i c h  was d i s t i l l e d  a t  

r e d u c e d  p r e s s u r e .  The f i r s t  f r a c t i o n  was a s m a l l  amount  o f  t h e  

d i m e t h y l  e s t e r  as a c o l o u r l e s s  o i l ,  bp 7 4 - 7 6 * C  ( 1 . 5 m mH g ) ,  

[ l i t = = '  1 3 5 * C  ( l l m m H g ) ] .  T h i s  was f o l l o w e d  by a s t e a d y  r i s e  

i n  t e m p e r a t u r e  u n t i l  t h e  mono e s t e r  d i s t i l l e d  as a v i s c o u s  

c o l o u r l e s s  o i l ,  bp 1 2 0 - 1 2 1 * C  ( 1 . 5mmHg)  C l i t ^ ® ^  1 7 8 - 1 8 5 * C  

(25mmHg)  ] ,  y i e l d  4 . 49g ( 5 7 % ) .

D i e s t e r :  - x L . *  ( l i q u i d  f i l m )  2 9 5 5 ,  1741 ( c a r b o n y l ) ,  1 4 3 8 ,  

1 4 1 2 ,  1 3 8 4 ,  1 1 9 6 ,  1 1 5 8 ,  1 0 0 9 ,  9 3 1 ,  8 8 0 ,  7 0 8 ,  593  c m - ' ;

Sh ( C D C l s )  3 . 4 8  ( s ,  4 H ) ,  3 . 8 2  ( s ,  6 H ) ;  Sc ( C D C I 3 )  3 3 . 5 6 ,

5 2 . 4 2 ,  1 7 0 . 1 9 ;  n ^ *  1 . 4 7 4 8 .

M o n o e s t e r : i f m . K  ( l i q u i d  f i l m )  3 2 0 0  ( b r o a d ,  OH) ,  1734  

(C = 0 ) ,  1 4 3 9 ,  1 4 1 2 ,  1 3 8 9 ,  1 3 0 4 ,  1 2 0 0 ,  1 1 6 3 ,  1007  cm 'S *

Sh ( C D C I3 ) 3 . 4 5  ( s ,  4 H ) ,  3 . 7 5  ( s ,  3 H ) , 1 0 . 8 0  ( s ,  I H ) ;

S c  ( C D C I 3 )  3 3 . 5 6 ,  5 2 . 6 1 ,  1 7 0 . 6 4 ,  1 7 5 . 0 0 ;  n g *  1 . 4 9 5 5 .

No s a t i s f a c t o r y  a n a l y s e s  c o u l d  be o b t a i n e d  f o r  t h e s e  

c o mp o u n d s .

T h i o d i g l y c o l o y l  c h l o r i d e

/CH2CO2H /CH^COQ
s  > s

X H j C O z H  \ H 2C O a

Scheme 7 . 3 6  P r e p a r a t i o n  of  T h i o d i g l y c o l o y l  C h l o r i d e

T h i o d i g l y c o l i c  a c i d  ( 2 0 g ,  0 . 1 3 m o l )  and t h i o n y l  c h l o r i d e  

( 2 2 m l ,  3 5 g ,  0 . 2 9 m o l )  we r e  a l l o w e d  t o  r e f l u x  f o r  2h on an 

o i l - b a t h .  D i s t i l l a t i o n  a t  r e d u c e d  p r e s s u r e  gave  t h e  a c i d  

c h l o r i d e  as a y e l l o w i s h  o i l ,  bp 7 8 - 8 4 * C  ( 1 . 5mmHg)  C l i t ^ s ^
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6 9 - 7 1 * C  ( 0 . 4 m m H g ) ] ,  y i e l d  1 3 . 8 8 g  ( 5 6 %) ;  ( Found;  C,  2 5 . 9 7 ;  H,  

2 . 2 0 .  CaHa C I z Oz S r e q u i r e s  C,  2 5 . 6 9 ;  H,  2 . 1 6 % ) ;

( l i q u i d  f i l m )  1795  ( c a r b o n y l ) ,  1 3 7 2 ,  1 1 7 0 ,  1 0 1 3 ,  9 6 4 ,  7 0 6 ,  6 3 9 ,  

557 c m - i ;  gn  ( C D C U )  3 . 8 7  ( s ) ;  gc  ( CDCl s )  4 5 . 0 4 ,

1 7 0 . 3 2 ;  nj , *  1 . 4 5 2 8 .

7 . 8  S e n s i t i z e r s

A c e a n t h r e n e  was p r e p a r e d  i n  t wo s t e p s  f r om a n t h r a c e n e  v i a  

a c e a n t h r e n e q u i n o n e , ( Scheme 7 . 3 8 ) .

c s .  At a

Scheme 7 . 3 8  P r e p a r a t i o n  of  A c e a n t h r e n e

Ac e a n t h r e n e q u i n o n e

A n t h r a c e n e  ( 2 0 g ,  O . l l m o l )  i n  c a r b o n  d i s u l p h i d e  ( 1 5 0 m l )  was 

c o o l e d  on an i c e - b a t h  w i t h  s t i r r i n g  b e f o r e  t h e  a d d i t i o n  of  

a l u m i n i u m  c h l o r i d e  ( 1 6 g ,  0 . 12mol )  and t h e  d r o p w i s e  a d d i t i o n  of  

o x a l y l  c h l o r i d e  ( 3 2 m l ,  4 6 . 6 g ,  0 . 3 7 m o l ) .  A f t e r  2h a f u r t h e r  

a d d i t i o n  of  a l u m i n i u m  c h l o r i d e  ( 1 4 g ,  O . l O m o l )  was made and t h e  

m i x t u r e  was s t i r r e d  f o r  a f u r t h e r  4h i n  an i c e - b a t h  b e f o r e  b e i n g  

l e f t  o v e r n i g h t  a t  room t e m p e r a t u r e .  I c e - c o l d  d i l u t e  h y d r o c h l o r i c  

a c i d  was added t o  t h e  m i x t u r e  and when a l l  s i g n s  of  r e a c t i o n  had 

c e a s e d  t h e  c a r b o n  d i s u l p h i d e  was removed by d i s t i l l a t i o n  u s i n g  

g e n t l e  h e a t i n g  on a w a t e r - b a t h .  The p r o d u c t  was c o l l e c t e d  by 

f i l t r a t i o n ,  washed w i t h  w a t e r ,  sod i um h y d r o x i d e  s o l u t i o n  and 

t h e n  a g a i n  w i t h  w a t e r .  The a i r - d r i e d  r e s i d u e  was t h e n  e x t r a c t e d
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w i t h  b e n z e n e  i n  a s o x h l e t  a p p a r a t u s .  A c e a n t h r e n e q u i n o n e  was 

c o l l e c t e d  by f i l t r a t i o n  f r o m t h e  c o n c e n t r a t e d  e x t r a c t s ,  1 6 . 7g 

(647. )  as a r e d  c r y s t a l l i n e  m a t e r i a l ,  mp 2 7 1 - 2 7 4 * C ,  C l i t ^ ' * ®  

2 1 4 * C ] ;  ( F ou nd :  C,  8 2 . 7 6 ;  H,  3 . 4 9 .  C i a H e Oz  r e q u i r e s  C,

8 2 . 7 5 ;  H,  3 . 4 7 % ) I f m . *  ( n u j o l  m u l l )  1 7 3 7 ,  1703  ( c a r b o n y l ) ,  1574  

( a r y l ) ,  1 2 8 1 ,  1 0 8 5 ,  1 0 1 2 ,  9 1 8 ,  753  c m - ' .

Ac e a n t h r e n e

A c e a n t h r e n e q u i n o n e  ( 4 g ,  17mmol )  i n  d i e t h y l e n e  g l y c o l  

( 1 4 0 m l )  was s t i r r e d  d u r i n g  t h e  a d d i t i o n  of  h y d r a z i n e  h y d r a t e  

( 4 8 m l ,  0 . 8 2 m o l )  and p o t a s s i u m  h y d r o x i d e  ( 2 8 . Bg,  0 . 5 1 m o l ) .  The  

o i l - b a t h  was h e l d  a t  1 6 0* C  f o r  45 m i n u t e s  a f t e r  w h i c h  t i m e  t h e  

s e t - u p  was cha n g e d  t o  d i s t i l l a t i o n  and t h e  t e m p e r a t u r e  of  t h e  

o i l - b a t h  was r a i s e d  t o  2 2 0 - 2 4 0 * C .  The t e m p e r a t u r e  of  t h e  

m i x t u r e  r o s e  t o  2 0 5 - 2 1 0 * C .  A f t e r  3h t h e  m i x t u r e  was a l l o w e d  t o  

c o o l ,  p o u r e d  o n t o  w a t e r  ( 4 0 0 m l ) ,  and a c i d i f i e d  ( H C l ) .  The 

f i l t r a t e ,  s o l i d  and d i s t i l l a t e  wer e  a l l  e x t r a c t e d  w i t h  

c h l o r o f o r m  and t h e  o r g a n i c s  we r e  washed w i t h  sod i um h y d r o x i d e  

s o l u t i o n  and e v a p o r a t e d .  The brown s o l i d  ( 2 . 1 3 g )  was d i s s o l v e d  

i n  a s m a l l  amount  o f  c h l o r o f o r m  and a p p l i e d  t o  a co l umn p r e p a r e d  

f r o m  120g o f  a l u m i n a  and e l u t e d  w i t h  p e t r o l  (bp 4 0 - 6 0 ) .  The  

p r o d u c t  was o b t a i n e d  by e v a p o r a t i o n  o f  t h e  p e t r o l e u m  e t h e r  

f r a c t i o n s  and r e c r y s t a l l i z e d  ( e t h a n o l )  as 0 . 5 7 g  (167. )  of  y e l l o w  

p l a t e s ,  mp 1 1 8 - 1 1 9 * C ,  [ l i t = = =  1 1 3 - 4 * C ] ;  ( Found:  C,  9 3 . 5 8 ;

H,  5 . 9 6 .  C i a H i z  r e q u i r e s  C,  9 4 . 0 8 ;  H,  5 . 9 2 7 . ) ;  ( n u j o l

m u l l )  1 6 1 9 ,  1 5 7 5 ,  1 5 2 8 ,  1 3 4 5 ,  8 9 2 ,  8 7 4 ,  8 4 6 ,  7 7 2 ,  7 5 8 ,  7 4 3 ,  7 3 3 ,  

50 3  c m - i ;  Ç>» ( C D C U )  3 . 4 4  ( t ,  2H) , 3 . 5 1  ( t ,  2H) , 7 . 1 4 - 8 . 0 6  

(m,  7 H ) ;
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5 - N i t r o a c e n a p h t h e n e

Cu(N03)2 (CH3CO)jO

Scheme 7 . 3 9  M o n o n i t r a t i o n  of  A c e n a p h t h e n e

Coppe r  n i t r a t e  ( 8g)  i n  a c e t i c  a n h y d r i d e  ( 1 0 0 m l )  was s t i r r e d  

on a w a t e r - b a t h  a t  3 0 * C  d u r i n g  t h e  a d d i t i o n  o f  a c e n a p h t h e n e  

( l O g ,  6 5 m m o l ) .  The s o l u t i o n  was s t i r r e d  f o r  a f u r t h e r  50 m i n u t e s  

d u r i n g  wh i c h  t i m e  h e a t  was e v o l v e d .  The s o l u t i o n  was f i l t e r e d  

f r o m  t h e  r e s i d u e  o f  c o p p e r  a c e t a t e .  W a t e r  ( 5 0 m l )  was added t o  

p r e c i p i t a t e  t h e  o r g a n i c  p r o d u c t  as f l u f f y  y e l l o w  c r y s t a l s .  The  

p r o d u c t  was washed w i t h  507. a c e t i c  a c i d  s o l u t i o n  and d r i e d  t o  

y i e l d  1 8 . 6 g ,  wh i c h  was r e c r y s t a l l i z e d  f r o m  a l c o h o l  as y e l l o w  

n e e d l e s ,  9 . 8 5 g  ( 7 6 % ) ;  mp 1 0 4 - 1 0 5 . 5* C C l i t ^ = ^  1 0 6 * C ] ;

( F o u n d :  C,  7 2 . 3 5 ;  H , 4 . 5 3 ;  N , 7 . 2 1 .  C12H9NO2 r e q u i r e s  C,

7 2 . 3 5 ;  H,  4 . 5 5 ;  N,  7 . 0 3 % ) ;  ( n u j o l  m u l l )  1 6 1 6 ,  1595

( a r y l ) ,  1509  ( n i t r o ) ,  1 4 2 2 ,  1329  ( n i t r o ) ,  1 2 1 4 ,  9 0 1 ,  8 3 8 ,  7 7 5 ,  

737 c m- 1 ;  S „  ( C D C U )  3 . 3 8  ( s , 4 H ) ,  7 . 1 8 - 8 . 5 0  (m,  5 H ) .

4 , 5 - D i n i t r o a c e n a p h t h e n e

CH3CO2H, HNO3

NO2 NO2

Scheme 7 , 4 0  D i n i t r a t i o n  o f  A c e n a p h t h e n e

A c e n a p h t h e n e  ( l O g ,  6 5 m m o l ) i n  g l a c i a l  a c e t i c  a c i d  180ml  I
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was s t i r r e d  d u r i n g  t h e  d r o p w i s e  a d d i t i o n  o f  c o n c e n t r a t e d  n i t r i c  

a c i d  ( 4 0 m l ) .  The m i x t u r e  was warmed t o  r e d i s s o l v e  t h e  

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

n i t r i c  a c i d .  Once a l l  was i n  s o l u t i o n  t h e  f l a s k  was r e mo v e d  f r o m  

t h e  w a t e r - b a t h  and t h e  r e a c t i o n  p r o c e e d e d  e x o t h e r m i c a l l y  w i t h  

t h e  e v o l u t i o n  o f  b r o wn  f u m e s .  A f t e r  4h t h e  s o l i d  was c o l l e c t e d  

by f i l t r a t i o n ,  was he d  w i t h  a c e t i c  a c i d ,  t h e n  w a t e r  and d r i e d  t o  

y i e l d  9 . 7 g  o f  c r u d e  m a t e r i a l .  T h i s  p r o d u c t  was b o i l e d  w i t h  

t o l u e n e  ( 5 0 m l )  f o r  2 m i n u t e s ,  f i l t e r e d  f r o m  t h e  h o t  s o l v e n t  and  

washed w i t h  a l i t t l e  c o l d  t o l u e n e .  D r y i n g  g a v e  5 . 5 1 g  ( 3 5 % ) .  

R e c r y s t a l  1 i z a t i o n  o f  a 2g p o r t i o n  f r o m  b e n z e n e  g a v e  0 . 9 1 g  as  

y e l l o w  n e e d l e s ,  mp 2 2 0 - 2 2 3 * C  [ l i t = = 6  2 2 0 - 2 2 4 * C ] ;  F ou n d:  C,

5 9 . 3 2 ;  H,  3 . 2 8 ;  N,  1 1 . 4 6 .  C i z H a N z O *  r e q u i r e s  C,  5 9 . 0 2 ;

H,  3 . 3 0 ;  N,  1 1 . 4 7 % ) ;  V m . x  ( n u j o l  m u l l )  1 6 2 3 ,  1 5 9 7 ,  1581  

( a r y l ) ,  1 5 1 6  ( n i t r o ) ,  1 4 3 6 ,  1 3 5 7 ,  1 3 3 8  ( n i t r o ) ,  1 1 4 3 ,  1 0 6 6 ,  8 7 4 ,  

8 6 2 ,  8 0 2 ,  7 4 5  c m" » ;  S h ( C D C U )  3 . 5 7  ( s ,  4 H ) ,  7 . 4 6 ,  7 . 5 5 ,

8 . 2 4 ,  8 . 3 3  ( q ,  4 H ) .
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 E x p e r i m e n t a l  I I ;  S e n s i t i z a t i o n  and I ma g i n g

8 . 1  Ge n e r a l  D e t a i l s  and I n s t r u m e n t a t i o n

L i g h t  S o u r c e s

A lOOW m e r c u r y  v a p o u r  l amp was used t o  p r o v i d e  UV 

i r r a d i a t i o n  of  s a m p l e s .

A 5mW He - Ne  l a s e r  was used  when m o n o c h r o m a t i c  i l l u m i n a t i o n  

a t  633nm was r e q u i r e d .

An a r g o n  i o n  l a s e r  ( C o h e r e n t )  w i t h  an o u t p u t  of  400mW a t  

458nm was used i n  P A T M - s e n s i t i z e d , h i g h  r e s o l u t i o n  i ma g i n g  

e x p e r i m e n t s .

S p i n  C o a t i n g

A Headway R e s e a r c h  vacuum ch u c k  s p i n n e r  w i t h  t i m e r  was used  

t o  s p i n - c o a t  50 x50cm g l a s s  b l a n k s  f o r  i m a g i n g  p u r p o s e s .

S u r f a c e  P r o f i l e s

A T a l y s t e p  ( Rank T a y l o r  Hobson)  s u r f a c e  p r o f i l e  m e a s u r i n g  

i n s t r u m e n t  was used t o  e x a m i n e  t h e  s u r f a c e  of  d e v e l o p e d  

g r a t i n g s .

M i c r o s c o p y

A s t e r e o  m i c r o s c o p e  w i t h  N o m a r s k i ^ ^ ?  i n t e r f e r e n c e  

c o n t r a s t  i l l u m i n a t i o n  ( V i c k e r s  I n s t r u m e n t s )  was used t o  e x a m i n e  

e x p o s e d  and d e v e l o p e d  g r a t i n g s .

P h o t o g r a p h s  w e r e  t a k e n  u s i n g  I l f o r d  FP4 35mm f i l m  or  

P o l a r o i d  p o s i t i v e - n e g a t i v e  f i l m  and p r i n t e d  on I l f o r d  I l f o s p e e d  

M u l t i g r a d e  1 1 .



2 6 3

S c a n n i n g  E l e c t r o n  M i c r o s c o p y

G r a t i n g s  wer e  e x a m i n e d  by e l e c t r o n  m i c r o s c o p y  by t h e  s t a f f  

of  t h e  E l e c t r o n  M i c r o s c o p e  U n i t ,  R . H . B . N . C . ,  Egham.

8 . 2  S e n s i t i z a t i o n  E x p e r i m e n t s

A s e r i e s  of  q u a l i t a t i v e  e x p e r i m e n t s  wer e  c a r r i e d  o u t  w i t h  

t h e  ai m o f  f i n d i n g  i n i t i a t o r s  and i n i t i a t o r  c o m b i n a t i o n s  

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

and h e n c e  p h o t o c r o s s - l i n k i n g  o f  d e r i v a t i z e d  p o l y m e r s .  P o s s i b l e  

c o m b i n a t i o n s  wer e  d i s s o l v e d  i n  t h e  p r e s e n c e  o f  monomer  

( a c r y l a m i d e )  or  c r o s s - l i n k a b l e  p o l y m e r  i n  s m a l l  c l e a r  g l a s s  

s a mp l e  t u b e s  and e x p o s e d  t o  s u n l i g h t  on a w i n d o w - s i l l .  Some of  

t h e s e  c o m p o s i t i o n s  w e r e  a l s o  t e s t e d  a t  633nm by h o l d i n g  a 

s i m i l a r l y  p r e p a r e d  t u b e  i n  t h e  beam of  a h e l i u m - n e o n  l a s e r  i n  a 

d a r k e n e d  room.

Tube e x p e r i m e n t s  wer e  c a r r i e d  o u t  on s o l u t i o n s  of  p o l y m e r  

( MP59)  i n  2 - m e t h o x y e t h a n o l  , a c r y l a m i d e  i n  2 - m e t h o x y e t h a n o l  and 

m i x t u r e s  o f  a c r y l a m i d e  and N , N ' - m e t h y l e n e - 6 i s - a c r y l a m i  de i n  

aq u e o u s  s o l u t i o n .  G e n e r a l l y  c o m b i n a t i o n s  o f  a dye  and a second  

s u b s t a n c e  we r e  e m p l o y e d .  C o n t r o l  e x p e r i m e n t s  wer e  a l s o  p e r f o r m e d  

i n  wh i c h  one or  b o t h  s u b s t a n c e s  we r e  a b s e n t  o r  l i g h t  was 

e x c l u d e d .  Some s i n g l e  s u b s t a n c e  i n i t i a t o r s  wer e  a l s o  f o u n d  i n  

wh i c h  c a s e  c o m p a r i s o n  was made w i t h  a t u b e  k e p t  i n  t h e  d a r k .

The s e n s i t i z e d  c r o s s - l i n k i n g  of  t h e  p h o t o c y c l o a d d i t i o n  

p o l y m e r  s u p p l i e d  by C i b a - G e i g y ,  (Mu 1 2 7 1 / 2 3 1 6 ) ,  t h e  a c t i v e  g r o up  

of  w h i c h  i s  a d i m e t h y l  m a l e i m i  d e ,  was a l s o  i n v e s t i g a t e d .  F r e e  

r a d i c a l  i n i t i a t o r  c o m b i n a t i o n s  wer e  t r i e d  as w e l l  as a r a n g e  of  

l i k e l y  t r i p l e t  s e n s i t i z e r s .  An u n s e n s i t i z e d  s a mp l e  was used as a 

c o n t r o l .
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8 . 3  I m a g i n g  E x p e r i m e n t s  Us i n g  PATH as I n i t i a t o r

I n  t h e  i n v e s t i g a t i o n  o f  t h e  i m a g i n g  p r o p e r t i e s  of  new 

b a t c h e s  of  p h o t o p o l y m e r  a c o n s i s t e n t  p r o c e d u r e  was a d o p t e d  f o r  

t h e  p r e p a r a t i o n  of  s e n s i t i z e d  p l a t e s  u s i n g  p h e n y l a z o t r i p h e n y l -  

me t h a n e  (PATM) as i n i t i a t o r .  T h i s  m a t e r i a l  i s  known t o  decompose

b o t h  t h e r m a l l y " * 3  and p h o t o c h e m i c a l l y , i G z  w i t h  t h e  l o s s  of

n i t r o g e n ,  t o  f o r m p h e n y l  and t r i p h e n y l  m e t h y l  r a d i c a l s .

I n a t y p i c a l  e x p e r i m e n t ;  p o l y m e r  ( I g )  was d i s s o l v e d  i n  

2 - m e t h o x y e t h a n o l  ( 1 0 m l )  and PATM ( a p p r o x i m a t e l y  0 . 1 - 0 . 2 g )  was 

a d d e d .  The s o l u t i o n  was a g i t a t e d  t o  d i s s o l v e  most  of  t h e  PATM 

and t h e n  f i l t e r e d  t h r o u g h  a m i l l i p o r e  0 . 5  m i c r o n  f i l t e r  u s i n g  

n i t r o g e n  p r e s s u r e .  The s e n s i t i z e d  s o l u t i o n  was h a n d l e d  u n d e r  

y e l l o w  s a f e - l i g h t i n g  and s t o r e d  i n  b o t t l e s  c o v e r e d  i n  b l a c k  

t a p e .  S o l u t i o n s  w e r e  r e f i g e r a t e d  f o r  l o n g - t e r m  s t o r a g e .

S e n s i t i z e d  c o a t i n g s  we r e  p r e p a r e d  by s p i n - c o a t i n g  o n t o  

c l e a n  f l a t  g l a s s  s u b s t r a t e s  ( 50x50x5mm)  u s i n g  a Headway R e s e a r c h  

vacuum c h u c k  s p i n n e r .  Some o f  t h e  s o l u t i o n  was a p p l i e d  as a poo l  

i n  t h e  c e n t r e  of  t h e  p l a t e ,  t h e  p l a t e  was t h e n  spun f o r  40  

s e c o n d s  a t  a speed  o f  2 0 0 0  rpm.  As PATM i s  t h e r m a l l y  l a b i l e  i t  

was n o t  c o n s i d e r e d  w i s e  t o  b a k e  s e n s i t i z e d  p l a t e s  so c o a t i n g s  

we r e  d r i e d  i n vacuo  a t  room t e m p e r a t u r e  f o r  30 m i n u t e s  p r i o r  

t o  u s e .

8 . 3 . 1  Low R e s o l u t i o n  I m a g i n g

I n v e s t i g a t i o n s  of  p o l y m e r s  and p r o c e s s i n g  c o n d i t i o n s  wer e  

c a r r i e d  o u t  by r e c o r d i n g  l ow r e s o l u t i o n  b i n a r y  i m a g e s .  In a 

t y p i c a l  p r o c e d u r e  a s e n s i t i z e d  p l a t e ,  c o a t e d  s i d e  up ,  was 

c o v e r e d  by a 1: 1  l i n e a r  d i f f r a c t i o n  g r a t i n g  ( c h r o mi u m on g l a s s )  

of  p i t c h  2 ,  10 ,  40 or  100 l i n e s  p e r  m i l l i m e t r e  (1 mm' M and
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e x p o s e d  t o  t h e  c o l l i m a t e d  beam f r o m a h i g h - p r e s s u r e  me r c u r y  

l a mp .  The s e n s i t i z e d  p l a t e  and g r a t i n g  w e r e  r e s t e d  on b l a c k  c a r d  

t o  e l i m i n a t e  p r o b l e m s  due t o  r e f l e c t i o n ,  ( F i g u r e  8 . 1 ) .  The l i g h t  

was m a s k e d - o f f  i n  s t a g e s  t h r o u g h o u t  t h e  t o t a l  e x p o s u r e  t i m e  by a 

se co n d  p i e c e  of  b l a c k  c a r d .  I n t h i s  way g r a t i n g s  wer e  r e c o r d e d  

a t  s e v e r a l  e x p o s u r e  t i m e s  on each  p l a t e .  E x p o s u r e  t i m e s  wer e  

g e n e r a l l y  d o u b l e d  b e t w e e n  s t e p s .

Aqueous  d e v e l o p m e n t  c o n d i t i o n s  c o n s i s t e d  of  t h e  i m m e r s i o n  

of  t h e  p l a t e  i n  a 5% so d i u m c a r b o n a t e  s o l u t i o n  w i t h  g e n t l e  

a g i t a t i o n  f o r  a b o u t  20 t o  30 s e c o n d s  f o l l o w e d  by a r i n s e  i n  

d i s t i l l e d  w a t e r  and d r y i n g  i n  a s t r e a m  of  f i l t e r e d  a i r .

I n a t y p i c a l  o r g a n i c  s o l v e n t  p r o c e s s i n g  s t e p  t h e  i n c l i n e d  

f a c e  o f  t h e  e x p o s e d  p l a t e  was f l o o d e d  w i t h  25ml  o f  a 1 5 : 8 5  

m i x t u r e  of  a c e t o n e  and n - p e n t y l  a c e t a t e  by g e n t l e  p o u r i n g ,  t h e  

s p e n t  d e v e l o p e r  b e i n g  a l l o w e d  t o  d r i p  i n t o  a r e c e i v e r .  T h i s  

d e v e l o p m e n t  s t e p  t o o k  b e t w e e n  20 and 30 s e c o n d s  and was f o l l o w e d  

by a s h o r t  r i n s e  i n  e t h y l  a c e t a t e  b e f o r e  d r y i n g  i n  a i r .

Low r e s o l u t i o n  i ma g e s  w e r e  a l s o  r e c o r d e d  i n  u n s e n s i t i z e d  

c o a t i n g s  o f  t h e  C i b a - G e i g y  p h o t o p o l y m e r ,  (Mu 1 2 7 1 / 2 3 1 6 ) ,  by t h e  

same p r o c e d u r e s .

8 . 3 . 2  H i g h  R e s o l u t i o n  I m a g i n g

PATM s e n s i t i z e d  c o a t i n g s  wer e  a l s o  i mage d  u s i n g  a l a s e r  

i n t e r f e r o m e t r i c  t e c h n i q u e .  The e x p a n d e d  beam o f  an a r go n  i o n  

l a s e r  o p e r a t i n g  a t  458nm,  of  t o t a l  o u t p u t  a b o u t  400mW,  was 

r e f l e c t e d  by a p a r a b o l i c  m i r r o r  such t h a t  a p a r a l l e l  beam was 

p r o d u c e d .  T h i s  beam was r e f l e c t e d  back  a l o n g  i t s  own p a t h  by a 

p l a n e  m i r r o r  p r o d u c i n g  a s t a t i c  s t a n d i n g  wave p a t t e r n  of  f r i n g e  

s p a c i n g  % / 2 ,  t h e  f r i n g e s  b e i n g  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  of  

p r o p a g a t i o n  o f  t h e  beam.  The c o a t e d  s u b s t r a t e  was s e t  i n  t h e
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beam a t  an a n g l e  so as t o  i n t e r s e c t  t h e  f r i n g e s  and r e c o r d  a 

b l a z e d  g r a t i n g .  The a n g l e  0  was s e t  such t h a t  g r a t i n g s  of  600  or  

1200 1 mm"'  were  r e c o r d e d  a c c o r d i n g  t o  t h e  r e l a t i o n  d= A / 2 s i n  

whe r e  d i s  t h e  p i t c h  of  t h e  g r a t i n g  and A i s  t h e  w a v e l e n g t h  of  

t h e  r e c o r d i n g  l i g h t ,  ( F i g u r e  8 . 2 ) .  E x p o s u r e  t i m e s  wer e  of  t h e  

o r d e r  of  40 m i n u t e s  and d e v e l o p m e n t  was as d e s c r i b e d  ab o v e .

8 . 5 . 5  E x a m i n a t i o n  of  I mages

Bot h l ow and h i g h  r e s o l u t i o n  i mag e s  wer e  e x a mi n e d  by 

o p t i c a l  m i c r o s c o p y  ( u s i n g  N o m a r s k i ^ ^ ?  p ha se  c o n t r a s t  

i l l u m i n a t i o n )  and s u r f a c e  p r o f i l e s  wer e  r e c o r d e d  u s i n g  a 

T a l y s t e p  ( m a n u f a c t u r e d  by Rank T a y l o r  H o b s o n ) .  P o l y me r  i mages  

w er e  v a c u u m - c o a t e d  w i t h  a l u m i n i u m  t o  p r e s e r v e  t h e  r e s i s t  

p r o f  i l e .

8 . 4  I mages  Re c o r d e d  Us i n g  Red L i g h t

The p r o c e d u r e  a d o p t e d  f o r  l ow r e s o l u t i o n  i m a g i n g  was a l s o  

used w i t h  p o l y m e r  c o a t i n g s  s e n s i t i z e d  t o  r e d  l i g h t  e x c e p t  t h a t  a 

r e d  l a s e r  was used as t h e  l i g h t  s o u r c e .  As no c o n v e n i e n t  

s a f e - l i g h t  e x i s t s  s o l u t i o n s  wer e  made- up and h a n d l e d  i n  c o m p l e t e  

d a r k n e s s  o n l y .  I n i t i a t o r s  i n v e s t i g a t e d  wer e  c o m b i n a t i o n s  of  a 

p h e n o t h i a z i ne dye and a 1 , 5 - d i k e t o n e .  The expa nde d  beam ( a b o u t  

5mm d i a m e t e r  ) of  a 5mW H e l i u m - N e o n  l a s e r  was used f o r  

i l l u m i n a t i o n  and p r o c e s s i n g  c o n d i t i o n s  wer e  as a b o v e .
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2 2 0 .  HAGGER 0 . ,  H e l v .  C h i » .  A c t a ,  Z i ,  1 6 2 4 ,  ( 1 9 4 8 )

2 2 1 .  BREDEREK H . , BADER E . , BROD G . , HOSCHELE G . , 

PFLEI DERER G . , B e r . ,  8 9 ,  7 3 1 ,  ( 1 9 5 6 )

2 2 2 .  DOCKX J . ,  S y n t h e s i s ,  4 4 1 ,  ( 1 9 7 3 )

2 2 3 .  DEHMLOW E . V . ,  Anget ».  Ch e » .  I n t .  E d n . ,  13 ,  1 7 0 ,  ( 1 9 7 4 )



2 8 6

2 2 4 .  r e f  2 1 5 ,  p i  13 .

2 2 5 .  MARTI N R . H . ,  4n g e w.  Ch e w. h i t . E d n . , 1^ ,  6 4 9 ,  ( 1 9 7 4 )

2 2 6 .  S a m p l e s  p r o v i d e d  c o u r t e s y  of  D . J .  E d w a r d s .

2 2 7 .  ANDERSON L . C . ,  ROEDEL M . J . ,  J .  Ast er .  Chest .  S o c . ,  67_,

9 5 5 ,  ( 1 9 4 5 )

2 2 8 .  ANDERSON J . D . C . ,  LE FEVRE R . J . W . ,  J .  Chew.  S o c . ,  2 0 8 2 ,  

( 1 9 4 9 )

2 2 9 .  KRUG W . , R I E N I T Z  J . , SCHULTZ G . , ( t r a n s i .  DI CKSON J . H . ) ,  

" C o n t r i b u t i o n s  t o  I n t e r f e r e n c e  M i c r o s c o p y " ,  H i l g e r  and  

W a t t s  L t d . ,  L o n d o n ,  1 9 6 4 .  p l 0 9 .

2 3 0 .  POSTLE S . ,  I l f o r d  L t d . ,  P r i v a t e  c o m m u n i c a t i o n .

2 3 1 .  BATCHELDER T . ,  P I A T T  J . ,  S o l i d  S t a t e  T e c h n o l . ,  2 ^ ,

2 1 1 ,  ( 1 9 8 3 )

2 3 2 .  CLARK K . G . ,  S o l i d  S t a t e  T e c h n o l . ,  2 ^ ,  7 3 ,  ( 1 9 7 8 )

2 3 3 .  r e f  1,  p l 8 .

2 3 4 .  r e f  1,  p 2 0 5 .

2 3 5 .  MI CHETTE A . G . ,  CHENG P . C . ,  EASON R . W . ,  FEDER R . , O ' N E I L L  

F . , OWADANO Y . , ROSSER R . J . ,  RUMSBY P . ,  SHAW M . J . ,  J .  

P h y s .  D:  A p p l .  P h y s . ,  l ^ ,  3 6 3 ,  ( 1 9 8 6 )

2 3 6 .  CHENG P . C . ,  FEDER R . , SHI NOZAKI  D . M . ,  TAN K . H . ,  EASON R.  

W . , MI CHETTE A . ,  ROSSER R . J . ,  N u c l e a r  I n s t r u m e n t s  and  

Me t h o d s  i n P h y s i c s  Re s e a r  c h , A 2 4 6 ,  6 6 8 ,  ( 1 9 8 6 )
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2 3 7 .  EASON R . W . ,  CHENG P . C . ,  FEDER R . , MI CHETTE A . G . ,  ROSSER R.  

J . ,  O ' N E I L L  F . , OWADANO Y . , RUMSBY P . T . ,  SHAW M . J . ,  TURCU

I . C . E . ,  O p t i c a  A c t a ,  3 3 ,  5 0 1 ,  ( 1 9 8 6 )

2 5 8 .  r e f  1,  p 1 3 8 - 1 4 0 .

2 3 9 .  I n c o l l a b o r a t i o n  w i t h  D r .  A . D .  S t e a d ,  D e p t ,  of  B o t a n y ,  

R . H . B . N . C .

2 4 0 .  K i n d l y  l o a n e d  by D r s .  A . S .  M u i r  and P . N .  G a t e s .

2 4 1 .  VOGEL A . I . ,  " P r a c t i c a l  O r g a n i c  C h e m i s t r y " ,  Lon g ma n s ,  

L o n d o n ,  1 9 5 6 ,  3 r d  E d n . ,  p 6 3 7 .

2 4 2 .  MI LL S W . H . ,  J .  Chew.  S o c . ,  ^ 1 ,  4 5 5 ,  ( 1 9 2 2 )

2 4 3 .  HAMER P . M . ,  J .  Chew S o c . ,  2 5 9 8 ,  ( 1 9 2 9 )

2 4 4 .  HAMER F . M . ,  J .  Chew.  S o c . ,  2 7 9 6 ,  ( 1 9 2 7 )

2 4 5 .  SCHWEI ZER E . E . ,  DeVOE GUFF S . ,  MURRAY W . P . ,  J.  Or g .

Ch e » .  , A^,  2 0 0 ,  ( 1 9 7 7 )

2 4 6 .  B e i l  s t e i n  I I I / I V ,  2i_,  1221

2 4 7 .  CROSS L . B . ,  HENZE H . R . ,  J .  4 s e r .  Ch e » .  S o c . ,

( 1 9 3 9 )

2 4 8 .  L E I R  C . M . ,  J .  Or g .  C h e » . ,  AJ_, 91 1,  ( 1 9 7 7 )

2 4 9 .  GUDR I N I E N T S E ,  D R E I M A N I S ,  VANAG,  J-  Gen.  Ch e » .  USSR,

2 6 ,  2 8 9 ,  ( 1 9 5 6 )

2 5 0 .  COHEN D . , HANKI NSON B . , MI LLAR I . T . ,  J.  Ch e » .  Soc .  C,

2 4 2 8 ,  ( 1 9 6 8 )
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2 5 1 .  HEI LBRON I . ,  BUNBURY H . M . ,  " D i c t i o n a r y  o f  O r g a n i c  

C o mp o u n d s " ,  E y r e  and S p o t t i s w o o d ,  L o n d o n .

2 5 2 .  MORRI LL H . L . ,  STEAHLY G . W . ,  Z I E NTY  F . B . ,  J .  Or g .  C h e » . ,  

2h_, 4 1 0 3 ,  ( 1 9 6 1 )

2 5 3 .  WOOD L . E . ,  HANEY D . N . ,  PATEL J . R . ,  CLARE S . E . ,  SHI  G . , 

KI NG L . C . ,  KLOTZ I . M . ,  J .  B i o .  C h e n . ,  2 5 6 ,  7 0 4 6 ,

( 1 9 8 1 )

2 5 4 .  L I EBERMANN C . , ZSUFFA M . , B e r . ,  2 0 2 ,  ( 1 9 1 1 )

2 5 5 .  BERGMANN E . D . ,  I KAN R . , J .  Or g .  C h e n . ,  H ,  9 0 7 ,  ( 1 9 5 8 )

2 5 6 .  SACHS F . , MOSEBACH G . , B e r . ,  Ü ,  2 8 5 2 ,  ( 1 9 1 1 )
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A p p e n d i x  1 ( a ) ; -  A n a l y s i s  o f  C o p o l y m e r  nmr S p e c t r a

The l i s t i n g  t h a t  f o l l o w s  i s  a BASI C p r o g r a m  f o r  t h e  

S i n c l a i r  Z X - S p e c t r u m  m i c r o c o m p u t e r .  The p r o g r a m  c a l c u l a t e s  t h e  

monomer  r a t i o s  o f  m e t h y l  m e t h a c r y l a t e ,  m e t h a c r y l i c  a c i d ,  

h y d r o x y e t h y l  m e t h a c r y l a t e  c o p o l y m e r s .  I t  was u s e d  t o  c a l c u l a t e  

t h e  c o m p o s i t i o n s  o f  M P I ,  MP I O,  MP14 ,  MP37 and t h e  MPX c o p o l y m e r

s e r i e s  f r o m  s p e c t r a  r u n  b o t h  a t  25 0  and 4 0 0 MHz .  The r e s u l t s  of

t h e s e  a n a l y s e s  a r e  p r e s e n t e d  i n  C h a p t e r  2 .

The l i s t i n g  i s  f o l l o w e d  by a c opy  o f  t h e  s c r e e n  o u t p u t  f o r

a t y p i c a l  r u n ,  t h e  d a t a  f o r  w h i c h  comes f r o m  t h e  i n t e g r a l s  o f  

t h e  400MHz nmr s p e c t r u m  of  MPI  i n  d e u t e r o m e t h a n o l  s o l u t i o n .
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10 REM COPOLYMER COMPOSITION F 
ROM N . M . R .

5 0  CIRCLE 2 3 0 , 7 9 , 2 . 5 :  PLOT 190  
, 8 2 :  DRAW 0 , - 5 :  PLOT 1 4 9 , 8 2 :  DRA 
W 3 , 0 :  DRAW 0 , - 2 :  DRAW - 3 , 0 :  DRA
W 0 , - 2 :  DRAW 3 , 0 :  PLOT 1 0 9 , 8 2 :  D
RAW 3 , 0 :  DRAW 0 , - 4 :  DRAW - 3 , 0 :  P 
LOT 1 1 0 , 8 0 :  DRAW 1 , 0

6 0  PLOT 7 1 , 7 8 :  DRAW 0 , 4 :  DRAW 
- 3 , - 3 :  DRAW 3 , 0 :  PLOT 3 2 , 8 2 :  DRA 
W - 3 , 0 :  DRAW 0 , - 2 :  DRAW 3 , 0 :  DRA
W 0 , - 2 :  DRAW - 3 , 0

70  PR INT AT 0 , 8 ; " c " :  PLOT 6 8 , 1  
6 6 : DRAW 1 8 , - 1 7 :  PLOT 6 8 , 1 6 6 :  DR 
AW 6 , - 2 8

80  PRINT AT 0 , 1 3 ; " b " :  PLOT 106  
, 1 6 6 :  DRAW - 7 , - 1 8

9 0  PRINT AT 0 , 2 1 ; " a " :  PLOT 170  
, 1 6 6 :  DRAW - 1 2 , - 3 0 :  PLOT 1 7 0 , 1 6 6  
: DRAW 2 8 , - 2 0  

100 PLOT 0 , 8 7 :  DRAW 2 5 5 , 0 :  FOR 
i = 0  TO 5 :  PLOT 2 3 0 - 1 * 4 0 , 8 7 :  DRAW 

0 , - 3 :  NEXT i
110  PLOT 0 , 9 2 :  DRAW 2 8 , 0 :  DRAW 

2 , 7 0 :  DRAW 2 , - 7 0  
120 DRAW 4 0 , 0 :  DRAW 3 , 4 0 :  DRAW 

3 , - 4 0
130 DRAW 8 , 0 :  DRAW 2 , 5 5 :  DRAW 2  

, - 5 5
140  DRAW 3 , 0 :  DRAW 2 , 8 0 :  DRAW 2 

, —80
150 DRAW 5 0 , 0 :  DRAW 1 0 , 4 0 :  DRAW 
1 0 , - 4 0
160  DRAW 2 0 , 0 :  DRAW 4 , 5 5 :  DRAW 

3 , - 8 :  DRAW 3 , 4 :  DRAW 3 , - 6 :  DRAW 
4 , 1 2 :  DRAW 6 , - 5 7  

170 DRAW 4 0 , 0  
190  PRINT AT 1 2 , 0  
2 0 0  PRINT " I n t e g r a l  o f  g r o u p s  o 

n t h e  m ain  p o l y m e r  c h a i n ,  ( a )  
= " ; :  INPUT a:  PRINT a ' '

2 1 0  PRINT " I n t e g r a l  o f  MMA meth  
y l  g ro u p  (b )  = " ; :  INPUT b: PRIN
T b '

2 2 0  PR INT " I n t e g r a l  o f  HEMA met  
h y l e n e  g r o u p s  ( c )  = " ; :  INP
UT c :  PRINT c ' '

2 3 0  LET y = 1 . 2 5 * ( c / a ) :  LET z = ( 5 *  
b ) / ( 3 * a ) :  LET x = l - ( y + z ) :  LET y = (  
INT  ( y * 1 0 0 + . 5 ) ) / 1 0 0 :  LET z = ( I N T  
( z * 1 0 0 + . 5 ) ) / 1 0 0 :  LET x = ( I N T  ( x * l  
0 0 + . 5 ) ) 7 1 0 0  

2 4 0  PRINT " M o l a r  r a t i o s : - " '
2 5 0  PRINT " MMA = " ; z ; "  (z

MAA = " ; X  ;  " (x )   ........
HEMA = " ; y ; " ( y ) "

2 6 0  PRINT  AGAIN? Y /N "
27 0  I F  IN K E Y $ = " " THEN GO TO 2 7 0



2 8 0  LET i * = I N K E Y $ :  I F  i $ = " y "  OR
i $ = " Y "  THEN RUN
2 9 0  I F  i $ = " n "  OR i $ = " N "  THEN ST 

OP
3 0 0  GO TO 2 7 0

Sam ple  o u t p u t :

292

c I b
K  1 /

U

a
r - ..

/  p i

A  1
In t eq ral of g roups on the mai nP o L y ni e r c h a i n . (a =178
Integral of MMA = 32 . 5

rn e t h y l g r o u p

IntegraL o f HEMh m e t h y lene grouPS ( c) =71
Mo L a r ratios: - MMA = 0.3 (z )

MAA = 0.2 (X )
HEMA = 0.5 ':y )

AGAIN? Y/N
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App e n d i x  1 ( b ) : -  A n a l y s i s  o f  D e r i v a t i z e d  C o p o l y m e r  nmr S p e c t r a

The l i s t i n g  t h a t  f o l l o w s  i s  a BASI C p r o g r a m  f o r  t h e  

S i n c l a i r  Z X - S p e c t r u m  m i c r o c o m p u t e r .  T h i s  p r o g r a m  u s e s  t h e  d a t a  

c a l c u l a t e d  by t h e  p r o g r a m  o f  A p p e n d i x  1 ( a ) ,  and i n t e g r a l s  

me a s u r e d  f r o m  t h e  nmr s p e c t r a  o f  d e r i v a t i z e d  ( m e t h a c r y l a t e  

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

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

s t o r e d  i n  t h e  p r o g r a m  i n  a s e r i e s  o f  DATA s t a t e m e n t s  f r o m  l i n e  

1 0 0 0 .  As was s t a t e d  i n  S e c t i o n  2 . 4 . 2 ,  c o n s i s t e n c y  o f  d a t a  has  

b e e n  m a i n t a i n e d  by b a s i n g  t h e  a n a l y s i s  o f  250MHz s p e c t r a  on t h e  

c o p o l y m e r  c o m p o s i t i o n  d e t e r m i n e d  f r o m  t h e  250MHz s p e c t r u m  o f  t h e  

b a s e  c o p o l y m e r  and s i m i l a r l y  c o m p a r i n g  400MHz s p e c t r a .  On t h e  

b a s i s  o f  t h e  i n t e g r a l s  o f  t h e  v i n y l  p r o t o n s ,  t h e  m e t h y l  

m e t h a c r y l a t e  m e t h y l  g r o u p  and t h e  h y d r o x y e t h y l  m e t h a c r y l a t e  

m e t h y l e n e  p r o t o n s  ( m a r k e d  " b " ,  " c "  and "d"  i n  f i g u r e  2 . 2 )  t h e  

p e r c e n t a g e  o f  h y d r o x y l  g r o u p s  e s t e r i f i e d  i s  c a l c u l a t e d  by b o t h  

me t h o d s  1 and 2 ,  ( S e c t i o n  2 . 4 . 2 ) .
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10 REM E x t e n t  o f  e s t e r i f i c a t i o  
n o f  p o l y m e r s  f r o m  NMR d a t a  

100 PRINT AT 1 , 3 ; " S e l e c t  o p t i o n  
: - " ; A T  4 , 5 ; " 1 .  K i n g s  (2 5 0  MHz)"  
; AT 6 , 5 ; " 2 .  QMC ( 4 0 0  MHz)"

110 I F  IN K EY$=""  THEN GO TO 110  
120 LET I$ = IN K E Y $ :  I F  I $ 0 " 1 "  A 

ND I $ < > " 2 "  THEN GO TO 110  
130 LET I=VAL 1$: CLS 
140 PRINT AT 1 , 3 ; " S e l e c t  b a s e  p 

o l y m e r : - " ; A T  4 , 5 ; " 3 .  MP 1" ;  AT 6  

, 5 ; " 4 .  MP 1 0 " ; AT 8 , 5 ; " 5 .  MP 14 
" ; AT 1 0 , 5 ; " 6 - MP 3 7"

150 I F  IN K E Y $ = " " THEN GO TO 150  
160 LET I * = I N K E Y $ :  I F  I $ < > " 3 "  A 

ND I $ < > " 4 "  AND I $ < > " 5 "  AND I $ < > "  
6 " THEN GO TO 150  

170 LET J=VAL 1$: CLS 
180 RESTORE 9 8 7 + I * 1 0 + J :  READ x ,

y , z
190 PRINT AT 2 , 0 ; " V i n y l  p r o t o n  

i n t e g r a l  " ; :  INPUT d :  PRINT d
2 0 0  PRINT AT 4 , 0 ; "HEMA - C H 2 -  p r  

o t o n  i n t e g r a l  ; : INPUT c :  PRINT  
c
2 1 0  PRINT AT 6 , 0 ; "MMA m e t h y l  p r  

o t o n  i n t e g r a l  ; : INPUT b: PRINT  
b
2 2 0  LET M l = ( 1 5 0 * d * z ) / ( b * y ) :  LET 
M l = 1 0 0 * M l + . 5 :  LET M 1= INT  M l :  LE 

T M 1 = M 1 /1 0 0  
2 3 0  PRINT AT 1 0 , 3 ; "Method 1 ";

M l ; "%"
2 4 0  LET R = ( 4 * y ) / ( 3 * z ) :  LET R l = c  

/ b :  LET M 2 = 1 0 0 * ( R - R 1 ) / R  
2 5 0  LET M 2 = 1 0 0 * M 2 + . 5 :  LET M2= IN  

T M2: LET M 2= M 2 /10 0  
2 6 0  PRINT AT 1 4 , 3 ; "M ethod 2 ";

M2;"%"
2 7 0  PRINT AT 2 0 , 0 ; " R e p e a t  w i t h  

same p a r a m e t e r s ?  Y /N "
2 8 0  I F  IN K E Y $ = " " THEN GO TO 2 80  
2 9 0  I F  INKEY$="n"  THEN RUN 
3 0 0  CLS : GO TO 190

1000  DATA 1 3 , 5 5 , 3 2
1001 DATA 2 1 , 4 9 , 3 0
1002  DATA 2 5 , 5 0 , 2 5
1003  DATA 2 7 , 5 8 , 1 5
1010  DATA 1 9 , 5 1 , 3 0
1011 DATA 2 5 , 4 8 , 2 7
1012  DATA 2 3 , 5 2 , 2 5
1013  DATA 3 2 , 5 6 , 1 2
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A p p e n d i x  2 ; -  T r e a t m e n t  o f  Vi  g e o m e t r y  R e s u l t s

The l i s t i n g  t h a t  f o l l o w s  i s  a BASI C p r o g r a m  f o r  t h e  

S i n c l a i r  Z X - S p e c t r u m  m i c r o c o m p u t e r  and S i n c l a i r  ( o r  c o m p a t i b l e )  

P r i n t e r .  The u n d e r l i n e d  c h a r a c t e r s  a p p e a r i n g  i n  l i n e s  2 1 0 0 ,

2 2 3 0 ,  2 2 5 0 ,  2 3 5 0  and 5 0 1 0  s h o u l d  be e n t e r e d  i n  g r a p h i c s  mode and  

r e p r e s e n t  u s e r  d e f i n e d  c h a r a c t e r s  c r e a t e d  by t h e  s u b r o u t i n e  a t  

l i n e  9 0 0 0 .

T h i s  p r o g r a m  t a k e s  t h e  e x p e r i m e n t a l  d a t a  f r o m  t h e  

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

v i s c o s i t i e s  a t  e a c h  o f  t h e  c o n c e n t r a t i o n s  u s e d .  The s p e c i f i c  

v i s c o s i t y  d i v i d e d  by c o n c e n t r a t i o n  and t h e  l o g a r i t h m  o f  t h e  

r e d u c e d  v i s c o s i t y  d i v i d e d  by c o n c e n t r a t i o n  a r e  b o t h  p l o t t e d  

a g a i n s t  c o n c e n t r a t i o n ^  u s i n g  a s t a n d a r d  l e a s t  s q u a r e s  l i n e  

f i t t i n g  r o u t i n e . ?  The common i n t e r c e p t  o f  t h e s e  t wo  g r a p h s  a t  

t h e  Y - a x i s  i s  t h e  i n t r i n s i c  v i s c o s i t y .  I n  p r a c t i c e  t h e  

i n t e r c e p t s  do n o t  c o i n c i d e  e x a c t l y  so t h e  mean o f  b o t h  p l o t s  i s  

c a l c u l a t e d  and q u o t e d .

The p r o g r a m  l i s t i n g  i s  f o l l o w e d  by t h e  o u t p u t  g e n e r a t e d  by  

t h e  a n a l y s i s  o f  t h e  v i s c o m e t r y  d a t a  f o r  t h e  c o p o l y m e r  s e r i e s ,  

t h e  r e s u l t s  o f  w h i c h  a r e  t a b u l a t e d  i n  S e c t i o n  2 . 4 . 5 .

R e f e r e n c e s

1.  G i l l i n g h a m  N . C . ,  " M o l a r  Mass M e a s u r e m e n t s  i n  P o l y m e r  

S c i e n c e " ,  Kogan P a g e ,  L o n d o n ,  1 9 7 7 .  C h a p t e r  7 .

2 .  G i l d e r  J . H . ,  " B a s i c  C o m p u t e r  P r o g r a m s  i n  S c i e n c e  and  

E n g i n e e r i n g " ,  Ha y d e n  Book Company I n c . ,  R o c h e l l e  P a r k ,  New 

J e r s e y ,  1 9 8 0 .  Page  9 8 .



2 9 6

100 REM P ro g ra m  t o  d e t e r m i n e  t h  
e i n t r i n s i c  v i s c o s i t y  o f  a po lym  
r  s o l u t i o n  

110 GO SUB 9 0 0 0
2 0 0  INPUT " E n t e r  a t i t l e  f o r  t h  

e s e  d a t a  " ; w$
2 2 0  INPUT "Number o f  d a t a  p o i n t  

s? " 5 a
2 4 0  INPUT " T e m p e r a t u r e / K ?  " ; k  
2 5 0  DIM c ( a ) :  DIM t ( a ) :  DIM y (a  

) :  DIM r ( a ) : DIM i ( a )
2 8 0  INPUT "T im e  f o r  s o l v e n t  o n l  

y (s e c o n d s )  " ; tO  
3 0 0  FOR i = l  TO a :  PR INT " P o i n t  

number " ; i ' s  PRINT " C o n c e n t r a t i o  
n i n  g / lO O m l  INPUT c ( i ) s  PR
IN T  c ( i )

3 1 0  PRINT "T im e  i n  s e c o n d s  ; : 
INPUT t ( i ) :  PRINT t ( i ) ' :  NEXT i  

4 1 0  FOR i = l  TO a :  LET r ( i ) = ( ( t (  
i ) - t O ) / t O ) / c ( i ) :  LET i ( i ) = ( L N  ( t  
( i ) / t O ) ) / c ( i ) :  NEXT i  
5 0 0  FOR i = l  TO a :  LET y ( i ) = r ( i )

: NEXT i :  GO SUB 1000  
5 4 0  LET ml=ms LET c $ = b $ :  LET b l  

=ABS b: LET d l 2 = d 2  
5 7 0  FOR i = l  TO a :  LET y ( i ) = i ( i )

: NEXT i :  GO SUB 1000  
6 1 0  GO TO 2 0 0 0  

1 000  LET b $ = " - " :  LET x l = 0 :  LET y  
1=0:  LET x y = 0 :  LET x 2 = 0  
1 050  FOR i = l  TO a :  LET x l = x l + c ( i  
) :  LET y l = y l + y ( i ) :  LET x y = x y + c ( i  
) * y ( i ) :  LET x 2 = x 2 + c ( i ) * c ( i ) :  NEX 
T i
111 0  LET j = a * x 2 - x l * x l :  I F  j O O  T 
HEN GO TO 1160
113 0  CLS : PRINT "No s o l u t i o n  f o  
u n d " :  STOP
1160  LET m = ( a * x y - x l * y l ) / j :  LET m 
= I N T  ( l e 6 * m + . 5 ) / l e 6 :  LET b = ( y l * x  
2 - x l * x y ) / j :  I F  ABS b=b THEN LET  
b $ = " + "
120 0  LET d = 0 :  LET b = I N T  ( l e 6 * b + .  
5 ) / l e 6 :  LET d 2 = 0
123 0  FOR i = l  TO a :  LET d = d + y ( i ) -  
m * c ( i ) —b: LET d 2 = d 2 + ( y ( i ) - m * c ( i )  
- b ) * ( y ( i ) - m * c ( i ) - b ) :  NEXT i :  LET  

d 2 = I N T  ( l e 6 * d 2 + . 5 ) / l e 6 :  RETURN 
2 0 0 0  REM p r i n t o u t
2 1 0 0  LPRINT w$ '  " T e m p e r a t u r e  " ; k  
; "  K " '  " S o l v e n t  f l o w  t i m e  " ; t O '  
' "  T C a s p / C "

( e x p t ) ( c a l c ) "
2 1 5 0  LET s e t = l :  GO SUB 3 0 0 0  
2 2 3 0  LPR IN T  ' "^sp  ( C B O ) = " ; b l  
2 2 5 0  LET s e t = 2 :  LPRINT  ' "  T 
C L N ( ^ r ) / C " ' "

( e x p t )  ( c a l c ) " :  GO SUB 3 0 0
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2 3 5 0  LPRINT ' "LN (jAr) (C£0 ) = " ; b  
2 3 7 0  LPRINT '"Sums o f  d e v i a t i o n s  

s q u a r e d  = " ' " p l o t  1 = " ; d l 2  " p l o t  
2 = " ; d 2 '  "Mean i n t r i n s i c  v i s c o s

i t y  = " ' ( b + b l ) / 2 ; " d l / g .........
2 4 9 0  GO TO 4 0 0 0
3 0 0 0  FOR i = l  TO a
3 0 1 0  I F  s e t = l  THEN LET y = r ( i )
3 0 2 0  I F  s e t = l  THEN LET y c = m l * c ( i
) +b 1
3 0 3 0  I F  s e t = 2  THEN LET y = i ( i )
3 0 4 0  I F  s e t = 2  THEN LET y c = m * c ( i )
+b
3 0 4 5  LET y = ( I N T  ( y * l e 4 + . 5 ) ) / l e 4  
3 0 4 7  LET y c = ( I N T  ( y c * l e 4 + . 5 ) ) / l e  
4
3 0 5 0  LPRINT  t ( i ) ; T A B  7 ; c ( i ) ; T A B  
1 5 ; y ; TAB 2 3 ; y c :  NEXT i :  RETURN 
4 0 0 0  LET x h = - l e 3 8 :  LET x l = l e 3 8 :  
LET y h = x h :  LET y l = x l :  CL8  

4 0 4 0  FOR i = l  TO a
4 0 5 0  I F  r ( i ) > y h  THEN LET y h = r (
4 0 6 0  I F  i ( i ) > y h  THEN LET y h = i (
4 0 7 0  I F  c ( i ) > x h  THEN LET x h = c (
4 0 8 0  I F  c ( i X x l  THEN LET x l = c (
4 0 9 0  I F  K i X y l  THEN LET y l = i (
4 1 0 0  I F  r d X y l  THEN LET y l = r ( i
4 1 1 0  NEXT i
4 111  I F  b K y l  THEN LET y l = b l
4 1 1 2  I F  b < y l  THEN LET y l = b
4 1 1 3  I F  b l > y h  THEN LET y h = b l
4 1 1 4  I F  b>yh THEN LET yh=b
4 1 2 0  LET y = m l * x h + b l :  I F  y > yh  THE
N LET y h = y
4 1 3 0  LET y= m *x h + b :  I F  y>yh  THEN
LET y h = y
4 1 4 0  LET x l = 0 :  LET x a x = x h - x l :  LE
T x h = x h + . 0 5 * x a x :  LET x l = x l - . 0 5 * x
ax : LET x a x = x h - x l
4 1 6 0  LET y a x = y h - y l :  LET y h = y h + . 0
5 * y a x :  LET y l = y l - . 0 5 * y a x :  LET ya
x = y h - y l
4 2 1 0  LET y = ( ( ( m l * x l + b l ) - y l ) / y a x )  
* 1 7 5
4 2 1 2  LET y t = ( ( ( m l * ( x l + l * x a x ) + b l )  
- y l ) / y a x ) * 1 7 5
4 2 1 4  PLOT 0 , y :  DRAW 2 5 5 , y t - y  
4 2 2 0  LET y = ( ( ( m * x l + b ) - y l ) / y a x ) * l  
75
4 2 2 2  LET y t = ( ( ( m * ( x l + l * x a x ) + b ) - y  
I ) / y a x ) * 1 7 5
4 2 2 4  PLOT 0 , y :  DRAW 2 5 5 , y t - y  
4 2 6 0  FOR i = l  TO a :  LET x = ( ( c ( i > -  
x l ) / x a x ) * 2 5 5 :  LET y = ( ( r ( i ) - y l ) / y  
a x ) * 1 7 5 :  PLOT x , y :  DRAW 2 , 2 :  DRA 
W - 4 , - 4 :  DRAW 2 , 2 :  DRAW 2 , - 2 :  DR 
AW - 4 , 4 :  LET y = ( ( i ( i ) - y l ) / y a x ) * 1  
7 5 :  PLOT x , y :  CIRCLE x , y , 2 :  NEXT 

i
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4 7 0 0  PLOT 0 , 0 :  DRAW 2 5 5 , 0 :  LET x 
= ( ( 0 - x l ) / x a x ) * 2 5 5 :  PLOT x , 0 :  DRA 
W 0 , 1 7 5
4 7 8 0  FOR i = . 5  TO xh STEP . 5 :  LET 

x = ( ( i - x l ) / x a x ) * 2 5 5 :  PLOT x , l :  D 
RAW 0 , 3 :  NEXT i
4 8 4 0  LET x = ( ( 0 - x l ) / x a x ) * 2 5 5 :  FOR 

i = ( I N T  ( y l * 5 0 ) + l ) / 5 0  TO yh STEP 
. 0 2 :  LET y = ( ( i - y l ) / y a x ) * 1 7 5 :  PL 

OT x + l , y :  DRAW 3 , 0 :  NEXT i :  COPY

5 0 1 0  LPRINT " C o n c e n t r a t i o n  (
g / l O O m l )  Y a x i s : -  ^ s p / C  (
c r o s s e s )  o r " ' "  L N ( A r ) /C
( c i r c l e s ) " '
5 0 5 0  LPRINT ' "Y a x i s  s c a l e  " 5 ( I N  
T ( 5 0 * y l ) + l ) / 5 0 ; "  t o  " ; ( I N T  ( 5 0 *  
y h ) ) / 5 0 ; ' " s t e p  0 . 0 2 " '  "X a x i s  sc  
a l e  0 . 0  TO " ; ( I N T  ( x h * 2 ) ) / 2 ' " s t  
ep 0 . 5 "
8 9 9 9  STOP
9 0 0 0  REM u s e r  d e f i n e d  g r a p h i c s  
9 0 1 0  RESTORE 9 1 0 0 :  FOR i=USR "a"

TO USR " a " + 1 5 :  READ j :  POKE i , j  
: NEXT i :  RETURN
9 1 0 0  DATA 0 , 8 8 , 3 6 , 3 6 , 3 6 , 4 , 4 , 2 , 0 ,  
8 , 4 , 2 , 2 5 5 , 2 , 4 , 8
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MPI in 2-meth o x ye t h a n o L 
Te rii p e r a t u r e 298 K

S 0 I. V e n t f I. o w t i m e 150.& 
T C

310260232209201187
'l5p

T
310260232209
2 0 1187

. 7. 6
1 . 
1 . 
1 .

029
418813612209

n s p  (expt) 0.2639 0.2417 0.2235 0 . 2150.2088 0.2032

/C ( ca 
0 . 2 
0 . 2 
0.2 
0 . 2 
0 . 2 
0 . 2

I. C ) 628 407 275 142 098 
01

(0-40) = 0.17453

029 
022 418 813 1 .612 1 . 209

LN Cl.(expt; 179180180180180181
L N ( n r ;i ( i::-40 ) =0.18 15 3 5
Su m 5 o d e V i a t i o n s s qu a e d = plot 1 =.000024plot 2 =6E-6
Me an intrinsic v îscosity =0.1780325 dl/g

J_______ LCü n c e n t a  t i o n i g / 100m l )

Y axis:- n sp/C (crosses) or
LN ( ' I ) /C ( c ire les )

Y axis s cale 0.18 to 0.26 
s t e p  0 . 0 2
X a x i s  s c a l e  0.0 T ü  4
s t e p  0. 5
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MP10 in 2-rne t hoxye thano I. 
Temperature 298 K

S o I. V e n t f I. o IV t i m e 150.5
T C 'ISp /L(expt) ( c a I c )304 4 . 076 0 . 2502 0 . 24 9256 .b 3 . 057 0.2306 0.2313231 .2 2 . 445 0 . 2193 0.2207208 .2 1 . 834 0 . 209 0.2101201 .3' 1 . 63 0.2071 0.2066187 .5 1 . 223 0 . 201 0.1995
'15 P ( c-40 = 0. 178324
T LN ( '1 r ) /C( e X p t ) ( c a I c )304 4.076 0.1725 0.1721256 .b 3 . 057 0.1745 0.1746

2 2 . 445 0.1756 0.1761208 . 1 . 834 0 . 177 0.1776201 .3 1 . 63 0.1784 0.1781187 .5 1 . 223 0.1797 0.1791
LN ( r j (C-40;i =0 .18214
•Sum s O t d e V i a tions squared =
p I 0 t 1 = 8 E - bP I o t = 1E - 6
Mean in trinsi C ViSCOSi ty =0.180232 dl/g

CÜ n c e n t r a t i o n ( g /100m i. )

Y a X is;- 'I s p / c  (crosses ) o r
LN ( '1. r ) /C (cir c Les )

Y a X is scale 0.18 to 0.24 
s t e p  0 . 0 2

X a x i s  s c a l e  0 . 0  T O  4
s t e p  0 . 5
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MP14 in 2 -rri e t h o x y e t h a n o i. 
Tempera ture 298 K

S Ü I. V e n t. f I. o I.V t ime 150.7
T n S P /C( e X p t :i ( c a I c )339 . 7 4.012 0.3126 0.3112279 . 9 3 . 009 0 . 2849 0 . 2861

248 . 5 2 . 407 0 . 2696 0.271
220 . 4 1 . 805 0.2562 0.2559
211.1 1 . 605 0.2497 0.2509
194 . 7 1 . 203 0.2427 0.2408
'ISP (C-■40 .1 = 0 .210655
T C LN (Or) /C

( e X p t ) ( c a I C )339 . 7 4.012 0.2026 0.2023279 . 9 3 . 009 0.2058 0.2059
248 . 5 2 . 407 0.2078 0 . 208220 . 4 1 . 805 0.2106 0.2102
211.1 1 . 605 0.21 0.2109
194 . 7 1 . 203 0.2129 0.2123
LN ( n r ) (C-40) =0 . 216586
Sums o f d e V i  a t i 0 n s s q u a red =p 10 t 1 = . 0000 1
p 10 t 2 = 25-6
Me a n intrinsic v i s cosity = 0.2136205 d I./g

I_u Ü ncentration ( g /100mL)

Y axis: - '1 sp /C crosses ) o r
LN I: n r ) /c (cir c tes )

Y a X i s s c a i. e 0 . 2 t o 0 . 3 step 0.02

X a x i s  s c a l e  0 . 0  T O  4
s t e p  0 . 5
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MP37 i n 2 -me t h o %yeth a n o l 
Temperature 298 K

SoL V e n t f L o w ti m e 149 . 9
T c ns p /C( e X p t ;i (cale)339 . 7 3.971 0.3189 0.3179280 2 . 978 0.2914 0.2928

249 . 2 2 . 383 0 . 278 0.2777220 . 5 1 . 787 0.2636 0.2626210 . 9 1 . 588 0.2563 0.2576194 1 . 191 0 . 247 0.2475178 . 3 0 . 794 0.2386 0.2375
nsp (C-40)= 0 . 17383
T C L N  ( M r ) /C

( e X P t ) (Caie)339 . 7 3 . 971 0 . 208 0.2063280 2 . 978 0.2098 0.2102249 . 2 2 . 388 0.2133 0.2125220 . 5 1 . 787 0 .216 0.2148210.9 1 . 588 0 . 215 0.2156194 1 . 191 0.2165 0.2171178 . 3 0 . 794 0.2185 0.2187
LN ( r ;i ( C-40 ) =0 .221743
Sums o f d e V i ations squared =p l 0 t 1 = 7E-6
P l o t 2 = 3E-6
Mean intrinsi C V i s c ü s i t y  =0 .21956'3 dl/g

J _________ I_________ I_________ I__________1_________ I---------------- 1----------------L _C O n C e n t r ati on ( g /100mL)

Y axis: - ■'i.s p /C ( c r o sses) o r
LN ( '1. r /C (Cir c les )

Y a X i s s cale 0.22 to 0.32 step 0.02
X a x i s  s c a l e  0 . 0  T O  4
s t e p  0 . 5
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MPX20 i n 2-me t h o x yethanoL 
T e iïi perature 298 K

So L V e n t. f L o w t i m e 153
T C '(S( e X p t ) p/C(calc)254 .3 4 . 118 0.1608 0.1599224 3 . 088 0.1503 0.1495206 .3 2 . 471 0 . 141 0.1433191 .3 1 . 853 0 . 1351 0 . 137187 .2 1 . 647 0.1357 0.1349
178 1.235 0.1323 0.1308164 .8 0 . 618 0.1248 0.1245
■'I.SP ( C-40 ) = 0 .118271
T C LN r < \ r  ) /c 

(exp t ) ( c a I c )254 .3 4 . 118 0.1234 0.12348 .088 0.1234 0.1226206 .3 2 . 471 0 . 121 0.1222191 .3 1 . 853 0.1206 0.1217187 . 1 . 64 7 0.1225 0.1216178 1 . 235 0.1225 0.1213164 .8 0 .618 0.1202 0.1208
LN ( M .r ) ( C-40 )=0.120369
Sums O f d e V iat ions squared =
p  I  0  t  
P I  0  t

1 =.000013 = 6E-6
Mean i ntrins i  C V i S C O S i t y  =0.11932 dl/g

X

o fj

Co ncen t r a t i on (g /100ml)

Y axis; - H s p /C ( crosse s :• o r
LN ( n. r ) /C (circles)

Y' axis scale 0. 12 to 0.16 step 0.02
X a x i s  s c a l e  0 . 0  T O  4
s t e p  0 . 5



304

MPX^5 in i=: -ffi e t h o x y etha n o i. 
Te mp e r a t u r e 298 K

Solvent flow time 150.
T C 'IS p /ij

( e X p t ) ( c a I c )4 . 032 0.1789 0.1786226 . 6 3 . 024 0.1662 0.1668208 . 9 2 . 419 0.1593 0.1597
192 . 7 1 . 814 0.1532 0.1526187 . 4 1 .613 0.1505 0.1503177 . 3 1 . 209 0.1454 0.1455
■‘I.Sp iC->0 ) = 0 .131391
T C LN(Mr)/C( e X p t ) ( c a I c )259 . 6 4 . 032 0.1347 0.13493 . 024 0.134 7 0.1347208 . 9 2 .419 0.1347 0.1347192 . 7 1 . 814 0.1352 0.134618 7 . 4 1 . 613 0.1347 0.1346177 . 3 1 . 209 0.1339 0.1345

L N ( n r ) i: C-40 ) =0 . 13 4 359
5u m s o f d e iations s qu a red = P Lot 1 = 1E -1-plot 2 =lE-6
Me a n i ntrinsic v iscosity =0. 132875 d L/g

Co n c e n t a  t ion ( g /100m L )

V axis:- n s p / C I: crosses) o r
LN I: n r ) /C (circLes )

Y aX is scale 0.14 to 0.18 step 0.02
X a x i s  s c a l e  0 . 0  T Q  4
s t e p  0 . 5



MPX30 in ;=: - m e t h o x y e t h a n o L 
Temperature 293 K

305

50 L V e n t f L ü w t i m e 14- d . 9
T MS P /C( e X P t ) ( c a I c )

259 . 3 4 . 004 0.1352 0 .1823241 . 7 0.1764 0 .1771. 7 3 . 161 0.1717 0 .173207 . 7 2 . 4 03 0.1643 0 .1647
199 . 9 2 . 12 0.1616 0 .1616196 . t> 2 . 002 0 . 16 0 .1603137 . 4 1 . 668 0 . 155 0 .1566133 . 1 1 . 502 0.1529 0 .1543166 . 5 0 . 301 0.14 76 0 .147164 . 4 0 . 707 0.14 72 0 .146162 . 7 0 . 632 0.1466 0 .1452
nsp (C■40 ) = 0.1 38199
T C LN ( M.r ) /C( e X p t ) ( c a I c )259 4 . 004 0.1335 0 .1373241 . 7 3 . 533 0.1371 0 .1376229 . 7 3 . 161 0.1371 0 .1379207 . 7 2 . 403 0.1335 0 .1383199 . 9 2 . 12 0.1339 0 .1335196 . t. 2 . 002 0.1333 0 .1336137 . 4 1 . 663 0.1379 0 .1333133 . 1 1 . 502 0.137 7 0 .1339166 . 5 0.301 0.1395 0 .1394164 . 4 0 . 707 0.1401 0 .1394
162 . 7 0 . 632 0.1402 0 .1395
LN (i r ) (C-40) =0 .139906
5u ms o f d e V i a tions square d =
P I O t 1 =.00002 1P I O = 6 E - 6
Mean intrinsic V is cosity =
0 . 1390! d L / g

0 O

1J oncentration ( g /100mL)

Y a X i s : - ■‘‘I. s p / C (crosses) o r
LN (T r) /C (circles)

Y aX is scale 0.14 to 0.18 step 0 . 0.=:
X axis scale 0.0 TO 4 step 0.5



3 0 6

MPX40 i n ;=! - m ethoxyet h a n o i.
T e m p e ra t u r e 2 K

50 lvent f l 0 W time 149
T C isp /C( e X  p t ) (  C a l C )264 . 7 3 . 0 . 2 0.197724 7 . 3 3 .4 25 0.1926 0.1922233 . S 3 .064 0.1857 0 .1879210 . 7 2 .329 0.1778 0 .1791202 . 4 055 0.1744 0.1758195 . 6 1 .839 0.1701 0.1732ISS . 6 1 .553 0.1711 0.1698183 . 7 1 .37 0 . 17179 . 7 1 .226 0.1681 0.1658167 . 5 0 .776 0 . 16 0.1604165 . 3 0 .685 0.1597 0.1593
163 . 4 0 .613 0.1577 0 .1585
isp (C-4 0 ) = 0 .151118
T LN ( •1r ) /C•: e X  p t ) ( c a l C )264 . 7 8  . 0 . 148 0.147124 7 . 3 425 0.1479 0.1478233 . S 3  . 064 0 . 147 0.1483

210.7 0.1488 0.1493202 . 4 '■=! ■055 0.1491 0.1497195 . 6 1 .839 0 . 148 0 . 15188 . 6 1 .553 0.1518 0.1504183 . 7 1 .37 0.1528 0.1507179 . 7 1 .226 0.1528 0.1509167 . 5 0 . 0.1508 0.1515165 . 3 0 .685 0.1516 0.1516163 . 4 0 .613 0.1505 0.1517
LN 1; i r ) (C-40) =0 .152613
5u ms o F d eV i a t i o n s s q u a red = plot 1 =.000037plot 2 =.000019
Me a n i n t r insic v iscosity = 0.1518655 dl/g

X  X

C o n c e n t r a t i o n i g /100 m i. )

a X i s : - '< \s p /u ( c r o s ses) o r
LN i M r ) /C I: c i r c I. e s )

Y a X i s s cale 0 .1t. t o 0 . i=: step 0.0a;
X aX is scale 0.0 T ü 4 step 0.5
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p age

( 1 ) m e f a - p h e n y l e n e  d i a c r y l i c  a c i d 30
( 2 ) m e t h y l  o r a n g e 31
( 3 ) 4 - a m i n o - a z o b e n z e n e 31
( 4 ) c i n n a m i c  a c i d 36
( 5 ) 2 - f u r f u r y l a c r y l a t e 37
( 6 ) c i n n a m y l i d e n e a c e t a t e 37
( 7 ) p - [ 2 - ( 2 - e t h y l h e x y l o x y c a r b o n y l )  v i n y l !  c i n n a m a t e 37
( 8 ) p a r a - p h e n y l e n e  d i a c r y l i c  a c i d 38
( 9 ) c h a l c o n e 39

( 1 0 ) mo n o m e t h i n e  c y a n i n e 39

( 1 1 ) t r i p h e n y l p y r y l i u m  s a l t 39
( 1 2 ) W - m e t h y l  -  2 - b e n z o y l  - / 0 - n a p h t  h o t  h i  az i ne 39
( 1 3 ) s t y r y l p y r i d i n i u m  s a l t 41
( 1 4 ) u n s a t u r a t e d  d i a m i n e 41
( 1 5 ) l i g h t - s e n s i t i v e  p o l y a m i d e 41
( 1 6 ) a r y l  a z i d e 42
( 1 7 ) a r y l  n i t r e n e 42
( 1 8 ) c i s - p o l y i s o p r e n e 43
( 1 9 ) a z i d e  s e n s i t i z e r 43
( 2 0 ) a z i d e  s e n s i t i z e r 43
( 2 1 ) 4 , 4 ' - d i a z i d o b e n z o q u i o n e - p a r a - c a r b o x y p h e n y l -

h y d r a z o n e 44
( 2 2 ) Kodak p h o t o p o l y m e r 48
( 2 3 ) a z o - 6 i s - i s o b u t y r o n i t r i l e 53
( 2 4 ) # - a z o - l - c y c l o h e x a n e c a r b o n i t r i l e 54
( 2 5 ) b e n z o i n 54 , 1 4 0
( 2 6 ) a l k y l  h a l i d e 55
( 2 7 ) s u l p h o n y l  h a l i d e 55
( 2 8 ) 2 - h a l o m e t h y l - 5 - a r y l - l , 3 , 4 - o x a d i a z o l e 55
( 2 9 ) d i a z o n i u m  t e t r a t l u o r o b o r a t e 56
( 3 0 ) t h i  o x a n t h o n e 57

( 3 1 ) q u i n o l i n e - 8 - s u l phony  1 c h l o r i d e 57
( 3 2 a ) t h  i on i ne 59 , 1 4 2
( 3 2 b ) m e t h y l e n e  b l u e 59 , 1 4 2
( 3 3 ) t r i c y c l i c  p e n t a m e t h i n e  c y a n i n e s 62
( 3 4 ) d i a l k y l  k e t e n e 63
( 3 5 ) b e n z o c y c 1o b u t e n o n e  d e r i v a t i v e 64
( 3 6 ) b i c y c l o C 3 , 2 , 0 ! h e p t a n - 3 - o n e 65
( 3 7 ) 6 i s - ( d i m e t h y l  a m i n o ) - t e r t - b u t o x  y

m e t h a n e 65
( 3 8 ) e n a m i n e  d e r i v a t i v e  o f  ( 3 6 ) 65
( 3 9 ) 2 - d i a z o - b i c y c l o C 3 , 2 , 0 ! h e p t a n - 3 - o n e 65
( 4 0 ) 1 - b e n z y l - b i e y e l o C 3 , 2 , O l h e p t a n - 2 - o n e 66
( 4 1 ) 3 - f o r m y l  d e r i v a t i v e  o f  ( 4 0 ) 66
( 4 2 ) t r i m e t h y l  a c e t y l  c h l o r i d e 66
( 4 3 ) n a p h t h o q u i n o n e  d i a z i d e 67 , 1 6 9
( 4 4 ) i n d e n e - l - c a r b o x y l i c  a c i d 67
( 4 5 ) p h o t o a c t i v e  compound o f  AZ 1350 67
( 4 6 ) n o v o l a k  r e s i n 68
( 4 7 ) u n s a t u r a t e d  g a m m a - 1 a c t o n e 68
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