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ABSTRACT 

X-ray p h o t o e l e e t r o n s p e c t r o s c o p y , (E.S.C.A.), has 

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

n i t r a t e s and double based p r o p e l l a n t . The n i t r a t i o n and 

d e n i t r a . t i o n o f c e l l u l o s e n i t r a t e s has been s t u d i e d and 

i m p o r t a n t c o n c l u s i o n s drawn on th e complex e q u i l i b r i a e s t a b 

l i s h e d a t the s u r f a c e , (<50°A), o f c e l l u l o s e f i b r e s p a r t i c 

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

a c i d n i t r a t i o n s . The d e g r a d a t i o n o f double based p r o p e l l -

a.nts and c e l l u l o s e n i t r a t e , (a major component), on exposure 

t o U.V. l i g h t has a l s o been s t u d i e d by E.S.C.A. and new i n 

f o r m a t i o n on the b u i l d up o f d e g r a d a t i o n p r o d u c t s a t the 

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

d i p h e n y l - u r e a ) , t o the s u r f a c e r e g i o n s o f double based p r o -

p e l l a n t has a l s o been m o n i t o r e d u s i n g E.S.C.A. and i s found 

t o be g r e a t e s t i n those p r o p e l l a . n t s c o n t a i n i n g a l a r g e per

centage o f n i t r o g l y c e r i n . 

13 

75-5 MHz, p r o t o n decoupled, Ĉ n.m.r. s p e c t r a o f a 

s e r i e s o f c e l l u l o s e n i t r a t e s have been a s s i g n e d and p a r t i a l 

degrees o f s u b s t i t u t i o n e s t a b l i s h e d a t i n d i v i d u a l s i t e s o f 

a. 3-d glucopyra.nose r i n g s . T h i s i m p o r t a n t d i s t r i b u t i o n d a ta 

i s supplemented by sequence d i s t r i b u t i o n d a t a e x t r a c t e d from 
1 ^ 

t h e anomeric r e g i o n o f the spectrum which a l l o w s rough 

models o f s e c t i o n s o f c e l l u l o s e n i t r a t e c h a i n s t o be c o n s t r u c t e d 

f o r p a r t i c u l a r degrees o f s u b s t i t u t i o n . I m p o r t a n t c o r r e l 

a t i o n s are drawn between these s u b s t i t u t i o n p a t t e r n s and the 

mean (101) i n t e r c h a i n spacings i n c e l l u l o s e n i t r a t e s and t h e 

a.ccuracy o f b i r e f r i n g e n c e measurements f o r t h e e s t i m a t i o n o f 

degree o f s u b s t i t u t i o n i n c e l l u l o s e n i t r a t e s i s assessed. 

Us i n g a l l the d a t a l e v e l s a v a i l a b l e from t h e v a r i o u s t e c h n i q u e s 
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employed arguments are p r e s e n t e d i n f a v o u r o f a n i t r a t i o n 

e q u i l i b r i u m r a t h e r t h a n an a c c e s s i b i l i t y t h e o r y . 
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CHAPTER ONE 

THE CHEMISTRY OF CELLULOSIC MATERIALS 



1.1 INTRODUCTION 

V e g e t a t i o n i s t h o u g h t t o produce an e s t i m a t e d 

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

t w e n t y - f i v e tons o f c e l l u l o s e f o r every person on e a r t h . ^ 

T h i s v a s t q u a n t i t y o f n a t u r a l l y o c c u r r i n g , r e a d i l y a.vaila.Dle 

f i b r e has h e l p e d t o m a i n t a i n c o t t o n as t h e most i m p o r t a n t 

t e x t i l e f i b r e i n the w o r l d . Enormous r e s e a r c h e f f o r t has 

been d i r e c t e d towards the study o f c e l l u l o s i c m a t e r i a l s and 

t h i s has l e d t o a w e a l t h of i n f o r m a t i o n i n t h e l i t e r a t u r e 

p e r t a i n i n g t o the morphology, b i o s y n t h e s i s and v a r i e d r e -
1̂ 6 

a c t i o n s o f t h i s i m p o r t a n t substance. ^ 

The s t r u c t u r e and s y n t h e s i s o f i t s main d e r i v a t i v e s 

such as the c e l l u l o s e n i t r a t e s and a c e t a t e s has a l s o been 

w e l l documented and t h e v a r i e t y of p r o p e r t i e s a v a i l a b l e by 

d e r i v a t i s a . t i o n has l e d t o a d i v e r s i f i c a t i o n i n the market 

o u t l e t s f o r c e l l u l o s i c m a t e r i a l s . C e l l u l o s e n i t r a t e , f i r s t 
2 

r e p o r t e d by Schonbein has developed i n t o the major component 

o f most p r o p e l l a n t s and b l a . s t i n g e x p l o s i v e s arid was o r i g i n a l l y 

employed i n the p r o d u c t i o n of c i n e f i l m and even b i l l i a r d 

and snooker b a l l s . Today t h e n i t r a t e e s t e r o f c e l l u l o s e 

i s s t i l l u t i l i s e d i n the f o r m u l a t i o n o f many l a c q u e r s and 

surfa.ce f i n i s h e s . The c e l l u l o s e a.ceta.tes however have been 

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

whereas the more unusual d e r i v a t i v e s such as c a r b o x y m e t h y l -

c e l l u l o s e have been developed f o r use i n i o n exchange columns 

ana s e p a r a t i o n t e c h n i q u e s . S e v e r a l e s t e r s oF r t e J.lu.lore, 

but n o t a b l y the n i t r a t e s , are c a s t from s u i t a b l e m l vent:; 

t o produce semi-permeable membranes used i n osmotic measure

ments and d i a l y s i s experi - ^ ^ f f e s L i ^ - - - - ̂  Thus i t can be a p p r e c i a t e d Cf7 <-. \ 
2 ocrl9 B 

r'OM 

http://rteJ.lu.lore
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t h a t c e l l u l o s e i s a. v a l u a b l e n a t u r a l r e s o u r c e which has 

been e x p l o i t e d by s e v e r a l major i n d u s t r i e s , i n p a r t i c u l a r 

t h e p u l p and paper making concerns, the t e x t i l e p r o d u c e r s 

and i n the case of c e l l u l o s e n i t r a t e s by government bodies 

f o r m i l i t a r y a p p l i c a t i o n s . 

136 137 

D e s p i t e t h e voluminous l i t e r a t u r e , ^ ' ^ 1 however, 

a v a i l a b l e on the c h e m i s t r y and s t r u c t u r e o f c e l l u l o s e and 

i t s n i t r a t e s which has accumulated over the p a s t c e n t u r y a 

number o f i m p o r t a n t q u e s t i o n s remain unanswered and some 

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

e x p l o r e d . These a s p e c t s w i l l be f u r t h e r d i s c u s s e d i n a 

l a t e r s e c t i o n but i t i s the purpose o f t h i s c h a p t e r t o 

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

t o the c h e m i s t r y and morphology o f c e l l u l o s e and o f i t s 

i m p o r t a n t e s t e r c e l l u l o s e n i t r a t e . O b v i o u s l y i t would be 

beyond the scope and purpose o f t h i s t h e s i s t o p r e s e n t a 

f u l l r e v i e w but i t i s hoped t h a t the f o l l o w i n g pages c o n t a i n 

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

d i r e c t l y or i n d i r e c t l y t o the r e s e a r c h program o u t l i n e d i n 

t h i s t h e s i s . 

1. 2 COTTON 

1.2.1 Basic Morphology and Dimensions o f 
C e l l u l o s e F i b r e s 

Raw c o t t o n i s 85-95$ c e l l u l o s e w i t h the major non 

c e l l u l o s i c components b e i n g waxes and p e c t i n s which are 

g e n e r a l l y l o c a t e d i n the o u t e r l a y e r s o f the f i b r e . A f t e r 

t h e s c o u r i n g and b l e a c h i n g processes (see s e c t i o n 1.6) a 

98$ pure c e l l u l o s e can be o b t a i n e d e i t h e r as f r e e l i n t e r s 

o r pressed i n t o a paper form. The g e n e r a l morphology o f 
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c o t t o n has been the s u b j e c t o f i n t e n s e i n v e s t i g a t i o n over 

the y e a r s and a knowledge o f i t s unique s t r u c t u r e i s r e q u i r e d 

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

f i b r e has an o u t e r l a y e r o r p r i m a r y w a l l which i n the ra.w 

c o t t o n i s i n c l o s e a s s o c i a t i o n w i t h the waxes and p e c t i n s 

which f o r m the s o - c a l l e d c u t i c l e . The c u t i c l e has been 

shown by W h i s t l e r t o be a c o n t i n u o u s membrane o f i n s o l u b l e 

p e c t i c s a l t s which can be d e s t r o y e d by p e c t i n a s e . Dewaxed 

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

w a l l as i t s o u t e r l a y e r , t h e s t r u c t u r e o f which i s s t i l l 

under i n v e s t i g a t i o n . However R o e l o f s e n showed t h a t t h e r e 

are a t l e a s t two s e t s o f f i b r i l s i n the o u t e r w a l l , one 

r u n n i n g a x i a l l y and one t r a n s v e r s e l y t o the a x i s o f the f i b r e . 

S i m i l a r views have been put f o r w a r d by T r i p p . ^ 

The secondary t h i c k e n i n g which develops i n the 
7 8 

young p l a n t has been s t u d i e d by Si s s o n ' ' and found t o be 

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

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

The secondary w a l l i s s u b d i v i d e d i n t o S-̂ , and l a y e r s 

a l t h o u g h t h e r e i s some doubt about the l a t t e r . The h o l l o w 

lumen forms the core o f the f i b r e and can v a r y i n s i z e 

a c c o r d i n g t o the m a t u r i t y o f the f i b r e . T h i s l a y e r e d 

s t r u c t u r e i s shown i n f i g u r e 1. The f i b r i l l a r n a t u r e o f 
9 10 

c o t t o n was f i r s t observed by Ruska u s i n g the e l e c t r o n 

microscope and s i n c e t h e n i t has become c l e a r t h a t c o t t o n 

has a s t r u c t u r e t h a t i s b u i l t up from b a s i c f i b r i l l a r u n i t s . 

H e E S ^ ' ^ has observed f i b r i l s o f 150A° di a m e t e r which he 
1̂ 5 14 

termed e l e m e n t a r y f i b r i l s . P r e s t o n ^' w o r k i n g w i t h algae 

r e p o r t e d t h a t m i c r o f i b r i l s v a r y i n w i d t h from 80-300A 0 and 

are a p p r o x i m a t e l y h a l f as t h i c k as th e y are wide. Hodge 
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F i g u r e One Schematic o f a c e l l u l o s e f i b r e 

and Wardrop 1^ found a range o f 5-10nm f o r wood and V o g e l 1 ^ 
17 

found a 17-20nm span f o r ramie m i c r o f i b r i l s . F r e y - W y s s l i n g 

r e c o g n i s e d f i b r i l l a r s t r a n d s down t o 60A° whereas M u h l e t h a e r 1 ^ 

c l a i m s t o have seen 35A° u n i t s . There i s s t i l l doubt however 

whether o r n o t the u l t r a s o n i c t e c h n i q u e s used t o i s o l a t e t h e 

m a t e r i a l f o r e l e c t r o n microscopy does i n f a c t cause f i b r i l 

l a t i o n . I t i s assumed f o r t h e purpose o f t h i s work t h a t 

the b a s i c f i b r i l i s between 100-200A 0 I n w i d t h . A complete 

l i s t o f observed dimensions has been g a t h e r e d t o g e t h e r by 

Warwicker. I t has been suggested t h a t t h e r e e x i s t w i t h i n 
t h e g l u c o s e c h a i n s weak l i n k s which are a c i d l a b i l e . Das 

19 
M i t r a has c l a i m e d t o have d e t e c t e d x y l o s e i n h y d r o l y s a t e s 

o f p u r i f i e d E g y p t i a n c o t t o n which he b e l i e v e s t o be the cause 

of weak l i n k s which cause t r a n s v e r s e cleavage across a f i b r e . 

The w i d t h o f el e m e n t a r y f i b r i l s has a l s o been e s t i m a t e d by 
20 

low angle X-ray t e c h n i q u e s . K r a t k y has deduced t h a t f i b r i l s 
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are r i b b o n shaped w i t h c r o s s s e c t i o n 28 x 93A . However 

d e s p i t e the v a s t amount o f da t a r e l a t i n g t o b a s i c dimensions 

no a b s o l u t e v a l u e s can be p r e s e n t e d s i n c e the s i z e o f the 

eleme n t a r y f i b r i l may w e l l depend on t h e source o f c e l l u l o s e , 

a f a c t o r n o t always r e p o r t e d i n t h e l i t e r a t u r e . 

1=2.2 F i b r i l l a r S t r u c t u r e 

E a r l y concepts about t he f i n e s t r u c t u r e o f micro

f i b r i l s have been r e v i e w e d by s e v e r a l a u t h o r s and w i l l o n l y 

be b r i e f l y mentioned here as a background f o r a d e s c r i p t i o n 
21 

o f l a t e r developments. I n 1858 Nageli'" proposed the m i c e l l a r 

t h e o r y ; t h i s assumed t h e presence o f d i s t i n c t b r i c k - l i k e 

c r y s t a l l i n e m i c e l l e s w i t h i n c e l l u l o s e f i b r e s (see f i g u r e 2) 

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

scope. Many yea r s e l a p s e d b e f o r e t he c r y s t a l l i n e s t r u c t u r e 

o f c e l l u l o s e was proved by X-ray d i f f r a c t i o n methods. The 

en s u i n g i n v e s t i g a t i o n s showed t h a t w i t h t h e p o s s i b l e e x c e p t i o n 
22 

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

sources i n c l u d i n g b a c t e r i a and animals have the same c r y s t a l l i n e 

s t r u c t u r e ( c e l l u l o s e I ) . 

These s t u d i e s r e s u l t e d i n the d e s c r i p t i o n by Meyer 

and Misch ^ o f the c r y s t a l l o g r a p h i c u n i t c e l l f o r c e l l u l o s e I , 

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

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

m i c e l l a r t h e o r y was expanded t o accommodate new o b s e r v a t i o n s 

i n c l u d i n g the d i f f u s e X-ray diagrams o f c e l l u l o s e h a v i n g broad 

d i f f r a c t i o n l i n e s . T h i s b r o a d e n i n g i s assumed t o be due t o 

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

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

a t 5-10nm i n d i a m e t e r and 50-60nm i n l e n g t h . The X-ray 

s c a t t e r i n g r e s u l t i n g i n a d i f f u s e diagram was a t t r i b u t e d t o 
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t h e presence o f amorphous m a t e r i a l s . I t i s proposed t h a t 
t h ese m a t e r i a l s a c t e d as a. cementing compound between the 

c r y s t a l l i n e m i c e l l e s and were r e s p o n s i b l e f o r the s w e l l i n g 
24 

o f the c e l l u l o s e f i b r e s . 

The m i c e l l a r t h e o r y which assumed t h a t s t r a i g h t 

c h a i n s o f c e l l u l o s e molecules 60nm i n l e n g t h form the c r y s 

t a l l i n e p a r t i c l e s was s u p p o r t e d t o some e x t e n t by d e t e r 

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

End group a n a l y s i s a t the time i n d i c a t e d f o r d i f f e r e n t t y p e s 

o f c e l l u l o s e a d.p. o f 100-200 t h a t was i n c l o s e agreement 
25 

w i t h a minimum v a l u e o f 120 e s t i m a t e d from the X-ray d a t a . 

However these v a l u e s were soon found t o be low and the d e v e l 

opment o f newer p h y s i c a l t e c h n i q u e s such as v i s c o s i t y measure-
26 

ments, e.g. by S t a u d i n g e r and Mohr i n d i c a t e d f o r n a t i v e 
c e l l u l o s e a d.p. o f about 3000 which corresponds w i t h the 

27 
c h a i n l e n g t h o f 1.5nm. G r a l e n and Svedberg o b t a i n e d by 

u l t r a c e n t r i f u g a t i o n d.p. v a l u e s o f about 10,000 f o r n a t i v e 

c e l l u l o s e s and i t soon became c l e a r t h a t the e a r l y m i c e l l e 

t h e o r y was u n t e n a b l e . At t h e same t i m e an argument was 

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

which l o n g molecules are arranged p a r a l l e l w i t h some i n t e r -

d i s p e r s e d d i s c o n t i n u i t i e s . However the presence o f amorphous 

and c r y s t a l l i n e r e g i o n s i n c e l l u l o s e was s u p p o r t e d by X-ray 

s t u d i e s which showed no change i n diagram on s w e l l i n g w i t h 

w a t e r ; t h i s i t was argued was due t o w a t e r b e i n g absorbed 
28 

i n t o the amorphous r e g i o n s o n l y between m i c e l l e s . These 
a p p a r e n t l y c o n f l i c t i n g idea.s were r e c o n c i l e d i n the f r i n g e d 

129 29 m i c e l l e t h e o r y p o s t u l a t e d by K r a t k y ^ and F r e y - W y s s l i n g . 

A c c o r d i n g t o t h i s t h e o r y the m i c r o f i b r i l s are composed o f 

s t a t i s t i c a l l y d i s t r i b u t e d c r y s t a l l i n e and amorphous r e g i o n s 
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formed by t h e t r a n s i t i o n o f t h e c e l l u l o s e c h a i n from an 

o r d e r l y arrangement i n the c r y s t a l l i n e r e g i o n s and l e s s 

o r d e r l y o r i e n t a t i o n o f t h e amorphous area. 

(a) FRINGED MICELLE THEORY 

(b) CRYSTALLINE MICROFIBRIL MODEL 

(c) VEINED MODEL 

F i g u r e Two Three proposed models f o r c e l l u l o s e 

The presence o f amorphous and c r y s t a l l i n e r e g i o n s 

has been i n v e s t i g a t e d by a number o f p h y s i c a l and chemical 

methods. The d e n s i t y o f c e l l u l o s e was found t o be lower 

t h a n the t h e o r e t i c a l d e n s i t y c a l c u l a t e d from the u n i t c e l l ; 

t h i s seemed t o show t h e presence o f m a t e r i a l l e s s densely 

packed or amorphous. T h i s method can be used f o r e s t i m a t i o n 

o f percentage c r y s t a l l i n i t y . Chemical methods such as 

d e u t e r i u m exchange, ̂ ° p e r i o d a t e o x i d a t i o n , " 5 1 h y d r o l y s i s and 

t h a l l a t i o n w i t h t h a l l i u m e t h o x i d e ^ 2 ' ' h a v e a l s o been used. 

I t s h o u l d be n o t e d t h a t t hese methods are e f f e c t i v e l y measur

i n g i n a c c e s s i b i l i t y r a t h e r than c r y s t a l l i n i t y . The r e a c t i v e 
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groups p o s i t i o n e d a t t h e s u r f a c e o f the f i b r i l s ( i t has been 

e s t i m a t e d t h a t 39% o f a l l the macromolecules i n c e l l u l o s e 

f i b r i l s l i e a t the s u r f a c e ) are o b v i o u s l y more a c c e s s i b l e 

t h a n those i n the b u l k . I t may be t h a t the e x t e n t o f r e 

a c t i o n o f such r e a g e n t s may be a. f u n c t i o n o f the s u r f a c e area 

a v a i l a b l e and w i l l be g r e a t l y i n f l u e n c e d by such f a c t o r s as 

s w e l l i n g . T h i s i m p o r t a n t q u e s t i o n i s f u r t h e r addressed i n 
33 

Chapter Three. Recent work p r e s e n t e d by V a n d e r h a r t ^ has 
13 

used n.m.r. t o d i s t i n g u i s h between a. p r i m a r y h y d r o x y l 

i n c r y s t a l l i n e r e g i o n s and h y d r o x y l s i n an amorphous r e g i o n . 

However i t i s appa.rent t h a t t h e molecules a t the s u r f a c e may 

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

f i b r i l s which have p r e v i o u s l y been a t t r i b u t e d t o amorphous 

m a t e r i a l s . These molecules which r e p r e s e n t s t r u c t u r a l d i s 

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

t h e w i d t h o f X-ray d e f l e c t i o n s and d e c r e a s i n g t h e r e s o l u t i o n . 

These s i m u l a t e or g i v e the i l l u s i o n o f the presence o f 
34 

amorphous m a t e r i a l s . B r i a n t and co-workers have a l s o 
r e p o r t e d t h a t X-ray s c a t t e r i n g i n c e l l u l o s e a n a l y s i s i s due 
t o l a t t i c e d i s t o r t i o n r a t h e r t h a n t o amorphous r e g i o n s . 

35 
M u h l e t h a l e r ^ used a s t a i n i n g t e c h n i q u e where t h e c e l l u l o s e 

i s t r e a t e d w i t h p h o s p h o t u n g s t i c a c i d which i s t h o u g h t t o 

p e n e t r a t e the c a . p i l l i a r y spaces. The elementa.ry f i b r i l s 

appear t o be c r y s t a l l i n e a l o n g the whole l e n g t h , he e s t i m a t e d 

35 x 35A°. He proposed a new s t r u c t u r e t o accommodate the 

new data i n which 16 o f the 18 p a i r s o f a n t i p a r a l l e l c h a i n s 

l a y a t the s u r f a c e . Furthermore t h e o n l y d i s o r d e r or d i s 

t u r b a n c e i n the s t r u c t u r e i s caused by c h a i n end d i s l o c a t i o n 

w h i c h c o u l d cause as much s c a t t e r i n g o f X-ray as the amorphous 

r e g i o n s . A f o l d e d c h a i n model f o r c e l l u l o s e has been proposed 
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by D o l m e t s c h 1 ^ and M a n l e y . ^ One o f t h e n o t a b l e f e a t u r e s 
o f t he c h a i n f o l d e d c o n f o r m a t i o n i s t h a t i t r e a d i l y e x p l a i n s 
t h e a n t i p a r a l l e l arrangement o f the c e l l u l o s e m o l e c u les 
w i t h i n t h e c r y s t a l l i n e s t r u c t u r e o f the m i c r o f i b r i l s . 

A compromise between the f r i n g e d m i c e l l e t h e o r y 

and the t o t a l l y c r y s t a l l i n e m i c r o f i b r i l has b e e n ' r e c e n t l y 

suggested' • the main f e a t u r e o f the model b e i n g t h a t v o i d s 

r u n between b a s i c a l l y c r y s t a l l i n e f i b r i l s and t h a t these 

v o i d s w i l l v a r y i n w i d t h and a c c e s s i b i l i t y a c c o r d i n g t o the 

s w e l l i n g power o f the r e a g e n t . The i n t e r e s t i n s w e l l i n g 

r e a g e n t s and the e f f e c t o f morphology on the r e a c t i v i t y 

a r i s e s from numerous o b s e r v a t i o n s t h a t samples which appear 

c h e m i c a l l y i d e n t i c a l d i f f e r i n f a c t i n ease of r e a c t i o n . 

The n e x t s e c t i o n w i l l t h e r e f o r e summarise the r e l e v a n t data 

w h i c h has accumulated on t h e s w e l l i n g phenomenon. 

1.3 SWELLING 

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

known and t h e a v a i l a b l e l i t e r a t u r e has been re v i e w e d by 
"5 

Wa.rwieker. Sodium h y d r o x i d e i s known t o s w e l l c e l l u l o s e 

i n c e r t a i n c o n c e n t r a t i o n s and t o a l t e r parameters i n t h e 

u n i t c e l l i n a. process r e f e r r e d t o as m e r c e r i s a t i o n . The 

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

o f v a r i o u s r e a g e n t s and t h u s i s a v a l u a b l e means o f m o d i f y i n g 

s t r u c t u r e . The s w e l l i n g behaviour i n o t h e r r e a g e n t s and i n 

p a r t i c u l a r i n a c i d s i s o f s p e c i a l r e l e v a n c e t o the work pre

sented i n t h i s t h e s i s and w i l l be c o n s i d e r e d f u r t h e r h e r e . 

Bracconot was t h e f i r s t t o i n d i c a t e t h a t s u l p h u r i c 

a c i d had a s w e l l i n g and d i s s o l v i n g e f f e c t on c e l l u l o s e ; the 
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g r e a t e s t s w e l l i n g t a k i n g p l a c e between 6j5-72$ and d i s s o l u t i o n 

o c c u r r i n g above t h i s v a l u e . There i s evidence t h a t s w e l l i n g 

i s i n t e r f i b r i l l a . r ^ and does n o t a f f e c t l a t t i c e c o n s t a n t s 

over a range o f s w e l l i n g c o n d i t i o n s . Phosphoric a c i d on 

the o t h e r hand i s known t o induce i n t r a f i b r i l l a r s w e l l i n g 

i n c o n c e n t r a t i o n s above 90%. T h i s h i g h s w e l l i n g g e n e r a l l y 

causes r u p t u r e o f the p r i m a r y w a l l . N i t r i c a c i d i s e x t r e m e l y 

complex i n i t s s w e l l i n g b e h a v i o u r s i n c e below 60% o n l y a 

s m a l l amount o f i n t e r f i b r i l l a r s w e l l i n g o c c u r s , but above 

t h i s v a l u e t h e r e i s evidence f o r the f o r m a t i o n o f the Knech 

compound which i n d i c a t e s i n t r a f i b r i l l a r s w e l l i n g . There i s 

no evidence f o r n i t r a t i o n a t t h i s stage and o n l y i n concen

t r a t i o n s above J0% i s t h e r e d a t a ^ t o suggest n i t r a t i o n and 

e x t e n s i v e s w e l l i n g . There are some a u t h o r s who b e l i e v e 

t h a t n i t r a t i o n s i n mixed a c i d s o f n i t r i c a c i d , / s u l p h u r i c a c i d s 

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

f o l l o w e d by p e n e t r a t i o n o f n i t r i c a c i d i n t o the c r y s t a l l i n e 
41 

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

c r y s t a l l i n e r e g i o n s i n t h e i n i t i a l s tages. T h i s i m p o r t a n t 

p o i n t i s f u r t h e r c o n s i d e r e d i n Chapter Three. 

1.4 OXIDATION OF CELLULOSE 

The o x i d a t i o n o f c e l l u l o s e s by a v a r i e t y o f o x i d i s i n g 
4? 

agents have been w i d e l y r e p o r t e d i n the l i t e r a t u r e . The 

i n t e r e s t i n o x i d i s e d c e l l u l o s i c m a t e r i a l s l i e s m a i n l y i n the 

manufacture o f i o n exchange c e l l u l o s e s f o r s e p a r a t i o n 

t e c h n i q u e s . However i t i s a l s o known t h a t t he c a p a c i t y o f 

a c i d i c c e l l u l o s e ( i . e . those w i t h c a r b o x y l group;:, usual].;/ 

a t t h e Cg p o s i t i o n ) t o b i n d w i t h i o n s w i l l a c c o r d i n g l y i n 

f l u e n c e t h e e l e c t r i c a l c o n d u c t i v i t y , t h e d y e i n g and the 
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42 f i n i s h i n g o f f a b r i c s . The f u r t h e r r e a c t i o n o f carboxy-
c e l l u l o s e s t o form a c i d e s t e r s w i t h a l c o h o l s , and r i n g com

pounds such as e t h y l e n e o x i d e and p r o p i o n l a c t o n e i s a l s o 
42 

much i n v e s t i g a t e d . The g e n e r a l e f f e c t s o f i n t r o d u c i n g 

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

hydrogen bonding,water absorbency and o t h e r p r o p e r t i e s are 
45 

w e l l covered i n an e x c e l l e n t r e v i e w by A l l e n . The d e t e r 

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

and many methods have been developed f o r t h i s purpose. A 
comparison o f the a v a i l a b l e methods i s p r e s e n t e d by Wilson 

46 
and Mandel b u t e s s e n t i a l l y t h e y f a l l i n t o two c a t e g o r i e s ; 
t h e a b s o r p t i o n o f methylene b l u e , ( o r o t h e r d y e s ) , o r i o n 

134 
exchange t e c h n i q u e s u s i n g c a l c i u m a c e t a t e o r o t h e r s i m i l a r 

53 
r e a g e n t s . Davidson ^ r e p o r t e d t h a t t h e a b s o r p t i o n o f 
c e r t a i n dyes was r e l a t e d t o the c a r b o x y l c o n t e n t whereas 

48 126 4 g Putnam, Sookne and H a r r i s ^ have a l l exp e r i m e n t e d w i t h i o n 

exchange methods f o l l o w i n g the g e n e r a l scheme: 

CELL - COOH + MA CELLCOOM + HA. 

I o n exchange c e l l u l o s e s and t h e i r uses are d i s c u s s e d by 
50 

Davidova and R a c h i n s k i i - ^ i n a l e n g t h y r e v i e w . G u t h r i e 
51 

and Bulbeck have a l s o r e p o r t e d t h e i r uses f o r the s e p a r a t i o n 

o f p r o t e i n s , enzymes and n u c l e i c a c i d s . I o n exchange 

c e l l u l o s e s may be made by a t t a c h i n g s u b s t i t u e n t groups w i t h 

b a s i c o r a c i d i c p r o p e r t i e s t o the c e l l u l o s e molecule. The 

D.O.S. o f such m a t e r i a l s i s g e n e r a l l y low s i n c e the v a r i o u s 

uses o f i o n exchange c e l l u l o s e s r e q u i r e t h a t t h e y do no t 
45 

d i s s o l v e or s w e l l i n v a r i o u s d i l u t e a c i d s or bases. They 
i n c l u d e c e l l u l o s e phosphate used f o r the s o r p t i o n o f t h o r i u m 
f r o m a c i d i c s o l u t i o n s , s u l f o e t h y l c e l l u l o s e and ca r b o x y m e t h y l -

42 
c e l l u l o s e . Sodium metaperioda.te i s a common g l y c o l c l e a v i n g 
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a g e n t 1 2 ^ which i s , ( a l o n g w i t h l e a d t e t r a - a c e t a t e K used 
f o r c r y s t a l l i n i t y measurements. Head has found t h a t t h e 

cleavage i s a c c e l e r a t e d by t h e a c t i o n o f l i g h t and has a l s o 
52 

i n v e s t i g a t e d t h e r e d u c t i o n o f the aldehyde groups so formed 
by t h e a c t i o n o f sodium b o r o h y d r i d e . I t i s a l s o p o s s i b l e 

t o c o n v e r t t h e a l d e h y d i c groups t o c a r b o x y l s u s i n g c h l o r o u s 
47 

a c i d . A l d e h y d i c groups i n c e l l u l o s e are g e n e r a l l y d e t e r -

mined by t h e copper number method which e s t i m a t e s a. quan

t i t y o f copper reduced from s a l t s o l u t i o n s . 

1.5 CELLULOSE SOLVENTS 

I t i s a p p r o p r i a t e a t t h i s p o i n t t o mention t h a t , i n 

comparison t o i t s n i t r a t e and a c e t a t e d e r i v a t i v e s , c e l l u l o s e 

i s e x t r e m e l y i n s o l u b l e . I t w i l l d i s s o l v e i n s t r o n g a c i d s 

o f c e r t a i n c o n c e n t r a t i o n s but t h e d e g r a d a t i o n due t o h y d r o l y s i 

on r e g e n e r a t i o n by d i l u t i o n i s t o o g r e a t t o a l l o w t h e use 

of such a c i d s as c e l l u l o s e s o l v e n t s . I n c o n t r a s t t o s t r o n g 

m i n e r a l a c i d s , m e t a l complexes have a t t a i n e d much g r e a t e r 
42 

i m p ortance as s o l v e n t s f o r c e l l u l o s e c o n t a i n i n g m a t e r i a l s . 
55 

Sweiger has e s t a b l i s h e d t h a t a s o l u t i o n o f Copper I I ox i d e 
i n c o n c e n t r a t e d ammonia s o l u t i o n i s an e x c e l l e n t s o l v e n t 

59 6 l 60 f o r u n s u b s t i t u t e d c e l l u l o s e . Cadmiunr^, i r o n and c o b a l t 

have a l s o been complexed and are i n r e g u l a r use f o r t h i s 
42 56 purpose. More r e c e n t l y h y d r a z i n e has been r e p o r t e d t o 

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

the use o f N 20^ i n a s s o c i a t i o n w i t h v a r i o u s o r g a n i c compounds 

i s w e l l s u b s t a n t i a t e d . ^ Sweiger"*"-^ has a l s o r e p o r t e d t h e 

use o f NgO^ and d i m e t h y l f ormanide (D.M.P.) f o r t h e d i s s o l 

u t i o n and subsequent c o n v e r s i o n t o c e l l u l o s e n i t r i t e . 
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1.6 PULPING AND BLEACHING 

P u l p i n g can be c o n s i d e r e d t o i n v o l v e the st e p s o f 

f i b r e s e p a r a t i o n , removal o f u n d e s i r a b l e components and 

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

p r o p e r t i e s . Commercial p u l p i n g procedures which are more 
62 

f u l l y d i s c u s s e d elsewhere may be c o n s i d e r e d t o be compos
i t e s o f g e n e r a l p u l p i n g c l a s s i f i c a t i o n s . The a c i d - s u l p h i t e 

58 
process f o r example i s a h y d r o l y t i c method whereas t h e 
n i t r i c a c i d process i s a m i x t u r e o f b o t h o x i d a t i v e and 

42 
h y d r o l y t i c processes. The commercial s u l p h i t e procedure 

i s based on the f a c t t h a t l i g n i n w i l l r e a c t w i t h s u l p h u r 

d i o x i d e o r s o l u t i o n s o f i t s s a l t s a t d i f f e r e n t pK l e v e l s 

t o f orm a s o l u b l e d e r i v a t i v e which can be removed from the 

wood. There i s always some d e g r a d a t i o n , m a i n l y due t o 

h y d r o l y s i s and l o w e r i n g o f D.P., as a r e s u l t o f these p r o 

cesses. 

1.7 DRYING OF CELLULOSE 

C e l l u l o s e e x i s t s as a porous m a t e r i a l w i t h a l a r g e 

c a p i l l i a r y s u r f a c e a r e a ; t h i s area may range up t o 200 sq. 

metres per g r a m ^ depending on the h i s t o r y o f the sample. 

C e l l u l o s e a l s o has a g r e a t a f f i n i t y f o r w a t er and i n an a i r 

d r y c o n d i t i o n i t w i l l c o n t a i n about 5$ by w e i g h t o f water. 

Removal o f t h i s water as water vapour w i l l cause c o l l a p s e 

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

r e a c t i v i t y o f t h e c e l l u l o s e t o subsequent r e a c t i o n systems. 

A l t h o u g h some people a d v i s e t h e use of m i s c i b l e o r g a n i c 
65 

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

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



a p p l i e d method and d r y i n g i s more o f t e n c a r r i e d out i n 

ovens a t low t e m p e r a t u r e s . I t i s p a r t i c u l a r l y i m p o r t a n t 

i n t h e n i t r a t i o n o f c e l l u l o s e t o have l e s s t h a n 2% m o i s t u r e . 

a l e v e l t h a t i s more c o n v e n i e n t l y a c h i e v e d by oven d r y i n g . 

However i t i s b e l i e v e d , from e l e c t r o n m i c r o g r a p h s t u d i e s , 
65 

t h a t s o l v e n t exchange can p r e s e r v e t he lumen and p r e v e n t 

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

s t u d i e s . The c o n d i t i o n o f the lumen, i . e . whether p r e 

served or c o l l a p s e d may a l s o a f f e c t t h e b i r e f r i n g e n c e o f 

f i b r e s , a p o i n t which i s f u r t h e r addressed i n Chapter Seven. 

1.8 STRUCTURAL STUDIES 

1.8.1 I n f r a . Red 

I n those f i e l d s o f c h e m i s t r y where one d e a l s 

w i t h a number o f compounds o f s i m i l a r c h e m i c a l and p h y s i c a l 

p r o p e r t i e s i n f r a - r e d s p e c t r o s c o p y i s a v e r y u s e f u l t o o l f o r 

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

i t has been w i d e l y a p p l i e d and i n the case o f c e l l u l o s e and 

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

The I.R. s p e c t r a o f c e l l u l o s e , n i t r o c e l l u l o s e and o x i d i s e d 

c e l l u l o s e as w e l l as v a r i o u s o t h e r d e r i v a t i v e s have been 
138 

r e c o r d e d ^ and i n the case o f o x i d a t i o n o f c e l l u l o s e i t 
has proved e s p e c i a l l y u s e f u l i n m o n i t o r i n g t he i n c r e a s e i n 

67 

66 
c a r b o x y l and a l d e h y d i c groups. I n most cases the d r y 
ground f i b r e s are a n a l y s e d as KBr d i s c s as proposed by Kuhn 

and the many a b s o r b t i o n bands have been a s s i g n e d by Rowen^. 

The near i n f r a - r e d r e g i o n has been o f p a r t i c u l a r i n t e r e s t 

and a number of workers have s t u d i e d t h e n a t u r e o f the 

h y d r o x y l bonds i n t h e 3 u r e g i o n . ̂  M a r r i a n and M u n n ^ have 
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a t t r i b u t e d s p e c i f i c bonds t o v a r i o u s t y p e s o f hydrogen 
71 bonds by t h e use o f d e u t e r a t i o n t e c h n i q u e s , whereas B a r k e r 

et al have s t u d i e d c e l l u l o s e and d i s c u s s e d the n a t u r e o f 

bands a t 112M. The i m p o r t a n t t r a n s i t i o n between c e l l u l o s e I 

t o c e l l u l o s e I I c r y s t a l forms has a l s o r e c e i v e d some 
72 73 

a t t e n t i o n . H i g g i n s has re v i e w e d the a p p l i c a t i o n o f 
74 

t h e t e c h n i q u e t o c e l l u l o s i c m a t e r i a l s and Kuhn has 

at t e m p t e d t o assess t he n i t r a t e e s t e r groups i n n i t r o 

c e l l u l o s e u s i n g I.R. 
1.8.2 E.S.C.A. A n a l y s i s o f C e l l u l o s e 

D e s p i t e the f a c t t h a t the s u r f a c e r e a c t i o n s 

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

are o f immense i n t e r e s t t o many i n d u s t r i e s v e r y l i t t l e i s 
75 

known i n t h i s i m p o r t a n t area. The advent o f E.S.C.A., 

(X-ray p h o t o e l e c t r o n s p e c t r o s c o p y ) , as a p o w e r f u l t e c h n i q u e 

f o r t h e d e l i n e a t i o n o f s u r f a c e and sub s u r f a c e has a l l o w e d 

such i n v e s t i g a t i o n s t o commence f o r t h e f i r s t t i m e . M i l l a r d 

f o r i n s t a n c e , has made p r e l i m i n a r y s t u d i e s o f c e l l u l o s e 

f i b r e s but has c o n c e n t r a t e d h i s r e s e a r c h on the s u r f a c e 
123 

p r o p e r t i e s o f wool ^ and s t u d i e d changes as a r e s u l t o f 

low t e m p e r a t u r e plasma t r e a t m e n t a t t h e s u r f a c e o f such 

f i b r e s . 

77 
S o i g n e t has used E.S.C.A. t o determine t h e 

n a t u r e o f the r e a c t i o n o f c o t t o n f i b r e s w i t h flame r e t a r d a n t 122 78 12 agents and o i l r e p e l l a n t f i n i s h e s . Gray' ' ~ has made 
some a t t e m p t t o d e c o n v o l u t e C-^ and 0- ŝ core l e v e l spectra. 

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

expected f o r c e l l u l o s i c m a t e r i a l . However no assignments 

have been g i v e n and t h e a p p l i c a t i o n o f E.S.C.A. p a r t i c u l a r l y 

t o d e r i v a t i v e s o f c e l l u l o s e i s c o m p a r a t i v e l y new. 
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I n c o n c l u s i o n , t h e n , t o t h i s i n i t i a l i n t r o d u c t i o n t o 

c e l l u l o s e c h e m i s t r y i t i s r e a d i l y apparent t h a t c e l l u l o s e 

i s a unique polymer. The ease o f i t s r e a c t i o n s may w e l l 

depend on the morphology and hence upon the age and source 

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

source and t h e t y p e o f c e l l u l o s e used. i . e . whether i t i s 

i n t h e form o f l i n t e r s which are the waste c e l l u l o s e from 

t h e seed h a i r s or whether t h e p u r e r f i b r e s are u t i l i s e d . 

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

morphology o f c e l l u l o s e i t i s now p o s s i b l e t o go on t o 

examine t h e h i s t o r y , p r e p a r a t i o n , and p r o p e r t i e s o f c e l l u l o s e 

n i t r a t e upon which t h i s t h e s i s i s p r i m a r i l y concerned. 

1.9 CELLULOSE NITRATE 

1.9-1 B r i e f H i s t o r y o f C e l l u l o s e N i t r a t e P r o d u c t i o n 

The s t u d y o f the e s t e r i f i c a t i o n or so c a l l e d 

n i t r a t i o n o f c e l l u l o s e has a l o n g and i n t e r e s t i n g h i s t o r y . 

The d i s c o v e r y i n 1833 by B r a c c o n o t ^ t h a t t h e r e a c t i o n o f 

n i t r i c a c i d w i t h c o t t o n produced h i g h l y i n f l a m m a b l e m a t e r i a l 
80 

and t h e subsequent p a t e n t g r a n t e d t o Schonbein i n 1846 

s p e c i f y i n g the p r o d u c t i o n o f the m a t e r i a l from c e l l u l o s e and 

mixed a c i d s can be s a i d t o have m a t e r i a l l y changed the course 

of h i s t o r y . A f t e r t h e f i r s t unscheduled l a r g e s c a l e e x p l o s i o n 

i n 1847* work on t h e t e c h n i c a l p r o d u c t i o n o f n i t r o c e l l u l o s e s 

was somewhat r e s t r a i n e d ; a f t e r t h i s mishap however t h e p o s s i b 

i l i t y o f m o d i f y i n g burn r a t e f o r p r o p u l s i o n purposes was 

r e c o g n i s e d ^ and by 1867 the b a s i s o f t h e p r o d u c t i o n o f smoke-
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l e s s p r o p e l l a n t s f o r guns, r i f l e s and s h e l l s was e s t a b l i s h e d 
and a l t e r e d t h e course o f modern w a r f a r e . The i n n o v a t i v e 

8 l 

use o f camphor as a p l a s t i c i s e r f o r n i t r o c e l l u l o s e by Parkes 

i n 1862 i n the p r o d u c t i o n o f c e l l u l o i d r e p r e s e n t s an i m p o r t a n t 

landmark i n the emergence o f polymer s c i e n c e and the observ

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

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

development o f photography as we know i t . However d e s p i t e 

t h e wide usage o f n i t r o c e l l u l o s e i n s u r f a c e l a c q u e r s and 

f i n i s h e s i t i s f o r m i l i t a r y purposes t h a t t h e main i n t e r e s t 

l i e s . I n the coming pages, t h e n , the l i t e r a t u r e r e v i e w e d 

i s t h a t concerned d i r e c t l y w i t h n i t r o c e l l u l o s e o r double 

based p r o p e l l a n t . 

1 .9 .2 P r o d u c t i o n Methods 

By f a r t h e g r e a t e r p a r t o f raw m a t e r i a l used 

f o r the manufacture o f n i t r o c e l l u l o s e i s e i t h e r c o t t o n l i n t e r s 
4 l 

o r woodpulp. C o t t o n l i n t e r s r e c e i v e s p e c i a l p r e l i m i n a r y 

t r e a t m e n t p r i n c i p a l l y by h e a t i n g under p r e s s u r e w i t h d i l u t e 

sodium h y d r o x i d e . By r e g u l a t i o n o f t h i s ' k i e r i n g ' process 

the v i s c o s i t y o f t h e c o t t o n can be reduced a l t h o u g h k i e r i n g 

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

There are two b a s i c n i t r a t i o n processes used which w i l l be 

c o n s i d e r e d i n t u r n . 
( i ) M echanical N i t r a t i o n 1 - ^ ! ^ 

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

o f s t a i n l e s s s t e e l i n each o f which o p e r a t e two paddles on 

v e r t i c a l s h a f t s and a. c e n t r i f u g e i s s i t u a t e d below the v e s s e l s . 

The a c i d i s pumped i n t o the v e s s e l s w i t h a change o f c o t t o n 

l i n t e r s . A f t e r the n i t r a t i o n p e r i o d , d u r i n g which t i m e the 



19 

t e m p e r a t u r e does n o t r i s e by more th a n 2 C. the c o n t e n t s 

ar e despatched t o t h e c e n t r i f u g e and t h e waste a c i d i s spun 

o f f and passed t o an a c i d p l a n t f o r r e c o n c e n t r a t i o n . Phos

p h o r i c a c i d i s n o t used i n i n d u s t r i a l processes because o f 

d i f f i c u l t i e s i n r e c y c l i n g and the n i t r i c a c i d / s u l p h u r i c mix 

i s w i d e l y u t i l i s e d f o r n i t r a t i o n purposes. The spun n i t r o -

c o t t o n has i t s own w e i g h t o f spent mixed a c i d a d h e r i n g t o i t 

and i t i s necessary t o drown the m a t e r i a l i n a j e t o f w a t e r . 

T h i s i s done r a p i d l y t o o b v i a t e d e n i t r a t i o n e f f e c t s . The 

r e s u l t a n t n i t r o c e l l u l o s e i s t h e n washed i n s e v e r a l changes 

o f h o t w a t er b e f o r e s t a b i l i s a t i o n . 

1"55 4 l 
( i i ) The Displacement Process 

T h i s process which was a development from t h e 

o r i g i n a l p o t n i t r a t i o n was i n t r o d u c e d t o Waltham Abbey i n 

1905* The d i s p l a c e m e n t pans are u s u a l l y s h a l l o w square 

v e s s e l s w i t h a c e n t r a l bottom o u t l e t . A p e r f o r a t e d f a l s e 

b o t t o m i s i n c l u d e d i n t o the v e s s e l . About 800 l b s . o f f r e s h 

a c i d i s r u n i n t o t h e pan and from 24-27 l b s . o f c o t t o n i s 

d i p p e d i n t o the a c i d s w i t h s t a i n l e s s s t e e l f o r k s . Heavy 

t i l e s are l a i d over t h e c o t t o n t o exclude a i r f o r p e r i o d s 

o f up t o one hour when th e a c i d i s d i s p l a c e d w i t h a r e g u l a t e d 

f l o w o f w a t er w h i l e the spent a c i d i s s l o w l y r u n out o f the 

b o t t o m o u t l e t . The water-wet but a c i d - f r e e n i t r o c e l l u l o s e 

i s removed f r o m t h e pan and i s ready f o r s t a b i l i s a t i o n . 

There i s evidence t h a t the n i t r o c e l l u l o s e from t h i s process 

i s more l i k e l y t o s u f f e r d e n i t r a . t i o n , a f a c t t h a t has been 
8° 

more r e c e n t l y i n f e r r e d by Lewis r~ from b i r e f r i n g e n c e measure

ments . 
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1.9-3 L a b o r a t o r y P r e p a r a t i o n 

( i ) I n N i t r i c A c i d : Water Mixes 

These mixes are g e n e r a l l y u n s a t i s f a c t o r y f o r 

n i t r a t i o n purposes and a c c o r d i n g t o M i l e s t h e p r o d u c t s 

d i s s o l v e i n a c i d s o f up t o 85$ c o n c e n t r a t i o n . ( T h i s i s 

i n some doubt however s i n c e b o t h i n t h i s work and t h a t o f 

Trommel such a c i d s have been used t o d e n i t r a t e h i g h D.O.S. 

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

uneven but t h e evidence f o r t h i s i s s c a n t y , what i s e v i d e n t 

however i s t h a t t h e v i s c o s i t y o f NC pr e p a r e d by t h i s method 

i s v e r y low indeed and g e l a t i n i s a . t i o n o f the f i b r e may a l s o 

o c c u r . The g e l a t i n i s a t i o n problem can be c i r c u m v e n t e d by 
84 

the use o f potas s i u m arid sodium n i t r a t e s " i n the a c i d 

b a t h s , a l t h o u g h a f u l l e x p l a n a t i o n o f t h i s phenomenon has 

never been g i v e n . 
( i i ) I n P h o s p h o r i c - N i t r i c A c i d Mixes 

Of t he many t y p e s o f a c i d mixes t h e n i t r i c -

p h o s p h o r i c system i s c o n s i d e r e d t he most u s e f u l n e x t t o the 

i n d u s t r i a l l y i m p o r t a n t n i t r i c - s u l p h u r i c mix. S t a b i l i s a t i o n 

i s p a r t i c u l a r l y easy f o r t he n i t r a t e d p r o d u c t s but the 

a t t a c k o f t h e rea g e n t on s t e e l and g l a s s p r e c l u d e s i t s use 

on a l a r g e s c a l e . 

( i i i ) N i t r i c A c i d w i t h Organic L i q u i d s 

8s 
A c e t i c a n h y d r i d e ^ i s a common p a r t n e r f o r 

n i t r i c a c i d f o r n i t r a t i n g purposes. Very h i g h degrees 

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

o f t h e k i n e t i c s o f the r e a c t i o n . S i m i l a r h i g h percentage 
86 

n i t r o g e n m a t e r i a l can be o b t a i n e d u s i n g c h l o r o f o r m a c e t i c 87 88 89 a c i d , p r o p i o n i c a c i d and b u t y r i c a c i d w i t h fuming 
n i t r i c. 
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( i v ) N i t r a t i o n i n Mixed A c i d 

Due t o the enormous i n t e r e s t i n i n d u s t r i a l 

m anufacture o f c e l l u l o s e n i t r a t e almost every p o s s i b l e r a t i o 

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

and t h e r e s u l t s o f such work have enabled a three-way n i t 

r a t i o n diagram t o be drawn up where t h e expected degree 
41 

o f s u b s t i t u t i o n can be r e a d o f f f o r a p a r t i c u l a r a c i d mix, 

( F i g u r e 3)« A l t h o u g h e x p e r i e n c e has shown t h a t the diagram 

i s n o t p a r t i c u l a r l y a c c u r a t e (because i t has been argued 

t h a t i t t a k e s no account o f the e f f e c t o f s t a r t i n g m a t e r i a l 

on t he f i n a l degree o f s u b s t i t u t i o n a t t a i n e d ) , the diagram 

can be used t o g i v e an approximate v a l u e . The t e c h n i c a l 

zone i s so s i t u a t e d on the graph m a i n l y because o f t h e t e c h 

n i c a l r e q u i r e m e n t s . N i t r a t i o n may be accompanied by 

changes i n the p h y s i c a l c o n d i t i o n o f the f i b r e . T h i s i s 

more l i k e l y i n a c i d mixes where t h e n i t r i c a c i d c o n t e n t 

i s g r e a t e r t h a n 2.^%. The diagram i s s p l i t by t h e areas 

o f s w e l l i n g and s o l u t i o n which must be a v o i d e d i f a p r o d u c t 

o f even n i t r a t i o n and h i g h v i s c o s i t y i s r e q u i r e d . The n a t u r e 

o f t h e e f f e c t i v e n i t r a t i n g agent i n the mixed a c i d i s n o t 

f i r m l y e s t a b l i s h e d a l t h o u g h i t was once t h o u g h t t h a t t h e 
+ 90 

N0 2 i o n becomes i m p o r t a n t as t h e water c o n t e n t i s r e 
duced and the m o l e c u l a r s p e c i e s change a c c o r d i n g t o the 
e q u a t i o n : 

N0 20H + 2H 2S0^ N 0 2
+ + 2HS0 4~ -fc H^0 + 

However N 0 2
+ i s n o t observed s p e c t r o s c o p i c a l l y i n mixed 

a c i d s c o n t a i n i n g l e s s t h a n 80^ s u l p h u r i c a c i d , a range f a r 

o u t s i d e those encountered i n t e c h n i c a l n i t r a t i o n s . 
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1.9.4 S t a b i l i s a t i o n 

N i t r o c e l l u l o s e can be an e x t r e m e l y dangerous 

substance u n l e s s i t i s p r o p e r l y s t a b i l i s e d . I t has been 

suggested t h a t the n i t r a t e group o x i d i s e s the c e l l u l o s e 

r e s i d u e l i b e r a t i n g n i t r o u s o x i d e s which can autocata.lyse 
91 

d e g r a d a t i o n . The i n s t a b i l i t y c o u l d be due t o s m a l l 

amounts o f m i n e r a l a c i d s and seems more marked f o r h i g h D.O.S. m a t e r i a l s and much l e s s i n n i t r o c e l l u l o s e s p r e p a r e d 

93 
92 

w i t h o u t t h e use o f c o n c e n t r a t e d s u l p h u r i c a c i d . The 
s t a b i l i t y i s g e n e r a l l y measured by e i t h e r the Abel Heat Test" 

94 
o r t h e Bergmann-Junk T e s t . 

S t a b i l i s a t i o n t a k e s many forms but u s u a l l y 

i n v o l v e s steaming o r b o i l i n g w i t h many changes o f w a ter 

over a s p e c i f i e d p e r i o d . A l t h o u g h a p e r i o d o f s e v e r a l days 

i s sometimes recommended f o r b l a s t i n g e x p l o s i v e n i t r o c e l l u l o s e s , 

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

s a f e f o r h a n d l i n g i n a d r y s t a t e . 

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

s 1 
95 

4l 
i n mixed a c i d i s w e l l s u b s t a n t i a t e d ' and b o i l i n g has the 
e f f e c t o f removing such e s t e r s a l t h o u g h some a u t h o r s 

b e l i e v e t h a t f r e e a c i d i s t r a p p e d i n the f i b r i l l a r s t r u c t u r e 

and i s d i f f i c u l t t o remove. However i t i s n o t p o s s i b l e t o 

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

s i n c e those m a t e r i a l s p r e p a r e d by n i t r i c a c i d w a t er mixes 

are a l s o known t o be u n s t a b l e u n l e s s washed t h o r o u g h l y and 
96 

b o i l e d . Hence i t was suggested t h a t an o x i d a t i o n p r o d u c t 
o f c e l l u l o s e was formed i n n i t r a . t i o n which would i n i t i a t e 

d e g r a d a t i o n and c o u l d be removed by b o i l i n g . Gagnon and 
97 

co-workers have examined t h e r e l a t i o n s h i p between s u l p h a t e 

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

s t e a d i l y w i t h i n c r e a s i n g n i t r o g e n c o n t e n t . T h i s was 

found a l s o t o be t r u e o f n i t r a t e d wood c e l l u l o s e . The 

causes o f i n s t a b i l i t y have been f u r t h e r d i s c u s s e d i n s e v e r a l 
41 

p u b l i c a t i o n s b u t i t i s s u f f i c i e n t t o s t a t e here t h a t under 

the moderate b o i l i n g procedures o u t l i n e d i n Chapter Three 

the s u l p h a t e e s t e r c o n t e n t i s reduced t o a n e g l i g i b l e l e v e l 

c e r t a i n l y as f a r as the s u r f a c e i s concerned ( f r o m E.S.C.A. 

d a t a ) and p r o b a b l y f o r t he b u l k a l s o . 

1.10 STRUCTURAL STUDIES 

1.10.1 X-Rav D i f f r a c t i o n 

The change i n the m o l e c u l a r s t r u c t u r e o f n i t r o 

c e l l u l o s e as t h e h y d r o x y l groups o f the c e l l u l o s e c h a i n s are 

p r o g r e s s i v e l y r e p l a c e d by n i t r a t e groups has been w e l l s t u d i e d 

and i t i s now e s t a b l i s h e d t h a t t h e c o n v e r s i o n c o i n c i d e s w i t h 
99 

a massive change i n the dimensions o f the u n i t c e l l . 

Changes i n t h e s p i r a l angle and n a t u r e o f the h e l i x 1 ^ have 

a l s o been r e c o r d e d and w i l l be d e a l t w i t h i n more d e t a i l a t 

the end o f t h i s s e c t i o n . However i t i s b e l i e v e d " 1 " ^ t h a t 

the a n t i - p a r a l l e l arrangement o f c h a i n molecules p r e v a l e n t 

i n c e l l u l o s e i t s e l f p e r s i s t s i n the n i t r o c e l l u l o s e s t r u c t u r e 

except perhaps f o r those n i t r a t e d i n a c i d s c l o s e t o the 
41 

s w e l l i n g and s o l u t i o n areas o f the M i l e s diagram. I n 
the p a s t f i f t y y e a r s , s i n c e t h e d i s c o v e r y o f the d i f f r a c t i o n 

102 
of X-rays by c r y s t a l l i n e m a t e r i a l s , t h e method has been 
a p p l i e d t o c e l l u l o s i c m a t e r i a l s . A g r e a t d e a l o f the work 

103 
was c a r r i e d o u t by the French s c h o o l y who c l a i m e d t o 

d i s t i n g u i s h t h r e e d i s t i n c t X-ray diagrams f o r t h e t r i n i t r a t e , 



25 

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

an e x t r e m e l y sharp and c l e a r diagram. However an a s s i g n 

ment f o r a pure d i n i t r a t e i s u n t e n a b l e e s p e c i a l l y s i n c e t h e 
13 104 p u b l i c a t i o n o f r e c e n t Cnmr d i s t r i b u t i o n d a t a and t h e 

r e a l i t y i s p r o b a b l y a slow t r a n s i t i o n from t he w e l l c h a r a c t 

e r i s e d c e l l u l o s e diagram t o the s h a r p l y d e f i n e d t r i n i t r a t e 
103 

s t r u c t u r e . M athieu ^ was perhaps t h e f i r s t t o observe 

a l i n e a r r e l a t i o n s h i p between t h e d(101) i n t e r c h a i n s p a c i n g 

and t he n i t r o g e n c o n t e n t o f the n i t r o c e l l u l o s e and much o f 

the e a r l y work i s re v i e w e d by M i l e s . ^ T r o m m e l ^ has 

perhaps done most work on b o t h c e l l i n d e x i n g and measurement 

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

more d e t a i l i n t h e f o l l o w i n g s e c t i o n , b u t i t i s s u f f i c i e n t 

t o n o t e here t h a t t h e d(101) plane i s e x t r e m e l y s e n s i t i v e 

t o changes i n D.O.S. Manley"^^, f o r example, w h i l e s t u d y i n g 

the h y d r o x y e t h y l c e l l u l o s e s n o t e d a steady r i s e i n the spac-

i n g s (7-2°A t o 10°A) as t h e D.O.S. i n c r e a s e d . Frey W y s s l i n g 1 0 ^ 

has suggested t h a t m o r p h o l o g i c a l l y t h e pl a n e i s more 
108 

i m p o r t a n t t h a n t h e (002) and a c c o r d i n g t o X-ray evidence 

f o r p l a n t c e l l w a l l s t h e su b m i c r o s c o p i c c r y s t a l l i t e s have 

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

by which t h e y are produced and i n some cases t he m i c r o f i b r i l s 

show a g g r e g a t i o n i n t h a t p l a n e . I t i s assumed t h a t t h e 

(101) plane i s t h e p r i n c i p a l p l ane o f growth i n the c e l l u l o s e 

c r y s t a l l i t e s and t h a t t h e hydrogen bonds are more a c t i v e i n 
t h a t plane t h a n i n any o t h e r . The i n f e r e n c e o f the work o f 

83 
Trommel ^ on the c e l l i n d e x i n g was t h a t i n the t r i n i t r a t e 

and t o some e x t e n t a l s o i n t h e i n t e r m e d i a t e s t r u c t u r e s t h e 

glucose r i n g s were t i l t e d o u t o f t h e (0 0 2) plane as i n 

c e l l u l o s e and i n t o t h e (0 1 2 ) p l a n e . However t h e l i t e r a t u r e 



i s e x t r e m e l y vague on t h i s m a t t e r and even i n r e c e n t work 

p u b l i s h e d by Atkins"'"^^ i t i s accepted t h a t a t r u e d e f i n i t i o n 

o f t h e u n i t c e l l has y e t t o be a r r i v e d a t . What has been 

e s t a b l i s h e d however i s t h a t the s p i r a l angle i n c e l l u l o s e I I 

and p r o b a b l y c e l l u l o s e I a l s o i s l8o° c o i n c i d i n g w i t h an 

a x i a l advance o f 0.519 nm. A f l a t r i b b o n shaped h e l i x has 

a l s o been i d e n t i f i e d d e f i n e d c r y s t a l l o g r a p h i c a l l y as 2-̂ . I n 

c e l l u l o s e t r i n i t r a t e t h e h e l i x i s i . e . f i v e monomers i n 

two t u r n s r e s u l t i n g i n an a x i a l advance o f 0.508nm. The 

r o t a t i o n between nomotners i s now 144° and hence t h e r e i s a 

r e l a x a t i o n w i t h i n t h e c e l l u l o s e h e l i x o f 36° per monomer. 

I t i s l i k e l y i n t h i s arrangement t h a t b o t h l e f t and r i g h t 

hand c h i r a l i t i e s occur so an a c c u m u l a t i o n o f t w i s t i s un

l i k e l y . A t k i n s " ' " ^ has r e c e n t l y p r e s e n t e d data, r e l a t i n g 

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

groups and these are reproduced by computer drawings i n 

F i g u r e l\. Lewis" 1"^ has used t h i s data, and come t o the con

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

ence d a t a . 

Summarising t h e n , i t would appear t h a t v e r y 

l i t t l e i s known about the r e l a t i o n s h i p between m i c r o s t r u c t u r e 

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

d (101) s p a c i n g . T h i s i n t e r e s t i n g p o i n t forms the b a s i s 

o f t h e work d i s c u s s e d i n Chapter S i x which a n a l y s e s d i s t 

r i b u t i o n d a ta f r o m ^Cnmr and compares i t to the X-ray d i f f r a c t i o n 

data.. 

1.10.2 Nu c l e a r Magnetic Resonance (N.M.R.) 

Due t o t h e v i s c o s i t y o f normal n i t r o c e l l u l o s e 

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

s p e c t r a o f such m a t e r i a l s have met w i t h f a i l u r e . Stephan 
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121 and Lemanceau have r e c e n t l y a p p l i e d the method by f i r s t 

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

by h y d r o l y s i s o r e l e c t r o n beam d e g r a d a t i o n . The r e s u l t a n t 

s p e c t r a however a.re s t i l l t oo p o o r l y r e s o l v e d t o be f u l l y 

a s s i g n e d and a l t h o u g h o t h e r a t t e m p t s have been made the most 
133 

i m p o r t a n t a,dva.nce i n t h i s area was r e c e n t l y made by Wu 

who o b t a i n e d h i g h r e s o l u t i o n . n.m.r., p r o t o n decoupled 

spectra, f o r a. s e r i e s o f n i t r o c e l l u l o s e s . The i n f o r m a t i o n 

o b t a i n e d and the consequences o f t h i s i n v e s t i g a t i o n are more 

f u l l y d i s c u s s e d i n Chapter Four o f t h i s t h e s i s . 

1.11 THE NITRATION EQUILIBRIUM OF CELLULOSE 

Since c e l l u l o s e n i t r a t e i s an e s t e r o f c e l l u l o s e one 

would expect t h a t the c o m p o s i t i o n o f the n i t r a t i n g mix would 

d e t e r m i n e the degree o f e s t e r i f i c a t i o n . T h i s suggests t h a t 

when a c e l l u l o s e n i t r a t e o f h i g h D.O.S. i s brought i n t o con

t a c t w i t h an a c i d mix which would n o r m a l l y n i t r a t e c e l l u l o s e 

t o a low l e v e l , ( o r i s a spent a c i d o f such a n i t r a t i o n ) , 

d e n i t r a t i o n o r s a p o n i f i c a t i o n s h o u l d occur. B e r l and K l a y e " ^ ^ 

were t h e f i r s t t o check t h i s e x p e r i m e n t a l l y and came t o t h e 

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

under these c o n d i t i o n s the D.O.S. a t t a i n e d was h i g h e r t h a n 

would be expected i f c e l l u l o s e was n i t r a t e d i n the same mix. 

I n t h e i r o p i n i o n , t h e e q u i l i b r i u m was n o t reached. L a t e r 

Fabel, 1"'" 1 Demougin"'""''^ and Bonnet 1 1-^ came t o the same c o n c l u s i o n . 

These experiments were reviewed by M i l e s and were r e p e a t e d 
33 

and expanded by Trommel , i n a s e r i e s o f papers d e a l i n g w i t h 

t h i s complex problem. I t i s l a . r g e l y as a r e s u l t o f such 

e x p e r i m e n t s t h a t some a u t h o r s s t i l l prefer t o e x p l a i n these 

phenomena i n terms o f a.n a c c e s s i b i l i t y argument a l t h o u g h i t 
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i s now g e n e r a l l y accepted i n the l i t e r a t u r e t h a t t h e n i t r a t i o n 

o f c e l l u l o s e i s an e q u i l i b r i u m r e a c t i o n . I t i s hoped t h a t 

t h e work d e s c r i b e d i n t h i s t h e s i s w i l l c a s t some l i g h t on 

these c o n f l i c t i n g o p i n i o n s . I t would now be a p p r o p r i a t e 

t o c o n s i d e r i n some d e t a i l t h e a p p a r e n t l y anomalous b e h a v i o u r 

o f c e l l u l o s e n i t r a t e o u t l i n e d p a r t i c u l a r l y i n the work o f 
In 83 M i l e s and Trommel v s i n c e t h i s i s p a r t i c u l a r l y r e l e v a n t t o 

the c o n c l u s i o n s a r r i v e d a t i n Chapters Three, Four and Seven 
41 

o f t h i s t h e s i s . M i l e s has r e p o r t e d t h a t c e l l u l o s e n i t r a t e 

p r e p a r e d by n i t r a t i o n has a. lower l a t t i c e ' d (101) s p a c i n g , 

as measured by X-ray d i f f r a c t o t n e t r y , than a c e l l u l o s e n i t r a t e 

o f t h e same D.O.S. pre p a r e d .by t he d e n i t r a t i o n methods des-
Q-z 

c r i b e d e a r l i e r . Trommel ^ has a l s o i n v e s t i g a t e d t h i s problem 

over a range o f D.O.S. and h i s r e s u l t s can be summarised i n 

F i g u r e 5. I t i s c l e a r from t h i s t h a t t h e l a t t i c e s pacings Denitration startim 
maten 

7 1 

Nitration 

6 - 7 

• 
10-3 1 0 IIS 12 0 12 3 1 3 0 13-5 14 0 

%N 

F i g u r e F i v e Graph o f mean X-ray spacings (101) a g a i n s t 
, ^ 

D.O.S. f o r n i t r a t i o n and d e n i t r a t i o n v 
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o f d e n i t r a t e d m a t e r i a l s are m a i n t a i n e d d e s p i t e t h e l o s s o f 
a number o f n i t r a t e e s t e r groups, i n f a c t i t has been r e 
p o r t e d t h a t d e n i t r a t e d m a t e r i a l s o f 12.2$ have the same 
l a t t i c e s p a c i n g as those w i t h the t r i n i t r a t e s t r u c t u r e =13.8$. 
I t would seem t h a t , once formed, t he c o n f o r m a t i o n adopted i n 
the u n i t c e l l o f c e l l u l o s e t r i n i t r a t e i s p a r t i c u l a r l y s t a b l e 

and r e s i s t a n t i n some way, perhaps because o f a change i n 
8o 

H-bonding systems, t o normal h y d r o l y s i s . Trommel r a t i o n a l 

i s e d t h i s d a t a i n terms o f an a c c e s s i b i l i t y argument i n which 

he p o s t u l a t e d areas o f v e r y h i g h D.O.S. c e l l u l o s e n i t r a t e 

where t h e f i b r e i s so w e l l c r y s t a l l i s e d t h a t t h e a c i d mix 

cannot p e n e t r a t e and b r i n g about d e n i t r a t i o n . S e v e r a l l e n g t h s 

o f such m a t e r i a l a l o n g a c h a i n would have t h e e f f e c t o f h o l d i n g 

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

e i t h e r t o t a l l y c e l l u l o s i c o r r e l a t i v e l y u n s u b s t i t u t e d . A 
83 

s i m i l a r a.rgument was adopted t o e x p l a i n anomalous s o l u b i l 

i t y d a t a f o r such m a t e r i a l s i n which i t was r e p o r t e d t h a t i n 

g e n e r a l d e n i t r a t e d m a t e r i a l s are l e s s s o l u b l e i n m i x t u r e s 

o f a l c o h o l and e t h e r (2:1) t h a n t h e i r n i t r a t e d c o u n t e r p a r t s . 

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

and d e n i t r a t i o n proceed a t d i f f e r e n t speeds leaves t h i s area 
83 

open t o c o n s i d e r a b l e c o n f u s i o n . Trommel has a l s o suggested 

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

the more c l o s e l y the e q u i l i b r i u m s i t u a t i o n i s reached. From 

an a n a l y s i s o f a s e r i e s o f n i t r a t e d and d e n i t r a t e d m a t e r i a l s 

he was a l s o a b l e t o p r e d i c t tha.t t h e h i g h e r t h e n i t r o g e n 

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

c o n d i t i o n t h e f a s t e r t h e i n i t i a l d e n i t r a t i o n r a t e would be. 

A l t h o u g h some o f the c o n c l u s i o n s reached are o f i n t e r e s t 

o t h e r s which are based on ex p e r i m e n t s i n v o l v i n g r e p r e c i p i t -
a t i o n o f NC from acetone and d e n i t r a t i o n f o r p e r i o d s o f up 
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t o one year are o f l e s s v a l u e . O b v i o u s l y t h e a p p l i c a t i o n 

o f new t e c h n i q u e s i n t h i s i m p o r t a n t area c o u l d be o f immense 

value i n t h e s o l v i n g o f some o f the q u e s t i o n s r a i s e d from 

the data r e v i e w e d above. I n the f o l l o w i n g c h a p t e r the 

k i n e t i c s o f the n i t r a t i o n - d e n i t r a t i o n r e a c t i o n s are i n v e s t 

i g a t e d a t the v e r y s u r f a c e o f c e l l u l o s i c f i b r i l s by means 

of E.S.C.A. and the l i t e r a t u r e i s a g a i n 'reviewed i n the l i g h t 

o f t h e new concepts a r i s i n g f r o m the c o l l e c t e d data.. 

1.12 DOUBLE AND TRIPLE BASED PROPELLANTS 

1.12.1 N i t r o c e l l u l o s e Pastes 

A paste i s c o n s i d e r e d t o be the m a t e r i a l o b t a i n e d 

when c e r t a i n p l a s t i c i s e r s are sorbed i n t o n i t r o c e l l u l o s e s 

t o an e x t e n t where the f i b r o u s appearance o f the n i t r o 

c e l l u l o s e i s m a i n t a i n e d d e s p i t e t h e s w e l l i n g which t a k e s 

p l a c e . Most t y p i c a l o f these i s the n i t r o c e l l u l o s e / n i t r o 

g l y c e r i n e system prepared by the 'Wet Mix' process11'^'"'"'1"''7 

i n which a f i n e spray o f n i t r o g l y c e r i n i s added t o the aqueous 

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

of g r e a t importance and the r e a c t i o n s o c c u r r i n g d u r i n g t h e 

process are o f e s p e c i a l i n t e r e s t . L e w i s ^ " ha.s revi e w e d 

the r e l e v a n t l i t e r a t u r e most o f i t accumulated at Leeds 

U n i v e r s i t y d u r i n g the war. I t appears t h a t i n the presence 

o f n i t r o g l y c e r i n and water the n i t r o c e l l u l o s e i s i n i t i a l l y 

w e t t e d p r e f e r e n t i a l l y by the wat e r , however, t he s o r p t i o n 

o f n i t r o g l y c e r i n then r a p i d l y t a k e s p l a c e and w e t t i n g improves 

u n t i l t h e s u r f a c e becomes p r e f e r e n t i a l l y w e t t e d by n i t r o 

g l y c e r i n . I t i s c l e a r t h a t f o r most o f the ti m e the n i t r o -

c e l l u l o s e / n i t r o g l y c e r i n s l u r r y i s i n the Wet Mix tank 
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the i m p o r t a n t process i s a d i f f u s i o n o f n i t r o g l y c e r i n from 

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

has s t i m u l a t e d a g r e a t d e a l o f w o r k 1 ^ on the s o r t t i o n o f 

o r g a n i c n i t r a t e e s t e r s from the vapour phase i n t o n i t r o 

c e l l u l o s e w i t h the aim o f g a t h e r i n g i n f o r m a t i o n c o n c e r n i n g 

the r a t e and mechanism of the d i f f u s i o n o f n i t r o g l y c e r i n i n t o 

n i t r o c e l l u l o s e . The e f f e c t o f water c o n t e n t on s o r p t i o n has 

been found t o be c o n s i d e r a b l e i n t h e s t u d i e s on s o r p t i o n o f 

i s o p r o p y l n i t r a t e . ̂ "L') 

C e r t a i n o t h e r p r o p e l l a n t i n g r e d i e n t s are added 

t o t he aqueous s l u r r y i n the mix t a n k . G e n e r a l l y t h e c o o l a n t 

p l a s t i c i s e r d i b u t y l p h t h a l a t e i s added and must behave s i m i l 

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

wet the f i b r e and are the n absorbed from t h e l i q u i d phase. 

Carbamite ( d i e t h y l - d i p h e n y l - urea.), i s sometimes added a t 

t h i s sta.ge u n l e s s t he p r o p e l l a n t i s meant f o r i n c o r p o r a t i o n 

w i t h p i c r i t e . The ca.rba.mite i s s o l u b l e i n the n i t r o g l y c e r i n 

and some may be a.bsorbed i n t o i t w h i l e i t remains as a 

sepa r a t e l i q u i d phase. However i t i s b e l i e v e d t h a t t he 

carba.mite w i l l aggregate as unchanged c r y s t a l l i n e c a r b a m i t e . 

The p o s s i b i l i t y t h a t some c a r b a m i t e may d i s s o l v e i n the l i q u i d 

n i t r o g l y c e r i n and the g e n e r a l u n c e r t a i n t y o f t h e n a t u r e and 

q u a n t i t y o f f r e e and combined n i t r o g l y c e r i n i n such pastes 

i s a t o p i c s t u d i e d i n Chapter F i v e o f t h i s t h e s i s which d e a l s 

w i t h t h e c h a r a c t e r i s a t i o n o f double based p r o p e l l a n t s by 

E.S.C.A. A f t e r f o r m a t i o n o f the paste f u r t h e r a d d i t i v e s such 

as lead s a l t b a l l i s t i c m o d i f i e r s 2 - n i t r o d i p h e n y larnine and 

t r i a c e t i n are i n c o r p o r a t e d . I t i s known t h a t c e r t a i n a d d i t i v e s 

f o r example, l e a d 3 - r e s o r c y l a t e 1 1 ^ and basic copper s a l i c y l a t e 1 " 1 " ^ 

i n t e r a c t i n the presence o f "water t o g i v e a double s a l t i n 



w h i c h the l e a d and copper are p r e s e n t i n e q u i m o l a r q u a n t i t i e s 

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

opment o f the p r o p e l l a n t . Hence i n s o l v e n t l e s s i n c o r p o r a t i o n 

one would expect b e t t e r b a l l i s t i c p r o p e r t i e s t h a n i n s o l v e n t 

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

24 hours a t 45°C i n t r a y s i n a stream o f a i r . The d i f f e r 

ences between s o l v e n t and s o l v e n t l e s s i n c o r p o r a t e d p r o p e l l -

a n t s have been w e l l s t u d i e d and a g a i n reviewed by M i l e s . 

I n the s o l v e n t i n c o r p o r a t i o n process A y e r s t " ^ ^ l i s t s t h r e e 

processes o c c u r r i n g i n the i n c o r p o r a t o r . These he c a l l s 

b l e n d i n g , d i s p e r s i o n and g e l a t i o n . A l l t h r e e are p r o b a b l y 

o c c u r r i n g t o g e t h e r . B l e n d i n g i s o b v i o u s l y a m i x i n g t o a 

l e v e l o f homogeneity d e s i r e d whereas d i s p e r s i o n i s t h e brea.k-

i n g up o f aggregates such a.s b a l l i s t i c m o d i f i e r s . What 
120 

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

b o t h s w e l l i n g , which i n v o l v e s the s o r p t i o n of s o l v e n t s i n t o 

t he n i t r o c e l l u l o s e l a t t i c e and g e l a t i n i s a t i o n which i n v o l v e s 

the break up o f the i n d i v i d u a l f i b r e s a l r e a d y s w o l l e n i n t o 

s m a l l u n i t s by the a p p l i c a t i o n o f work. The main p h y s i c a l 

changes known as bind-up o c c u r r i n g d u r i n g s o l v e n t i n c o r p o r 

a t i o n ha.s o n l y va.gue e x p l a n a t i o n s i n the l i t e r a t u r e . I t i s 

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

cement a t the surfa.ce of f i b r e s which b i n d s t h e s m a l l e r 

p a r t i c l e s t o g e t h e r . A g r e a t d e a l of work needs t o be done 

i n t h i s area and a f u l l d i s c u s s i o n o f the problems i n v o l v e d 

i s beyond the scope o f t h i s b r i e f survey. 

Bind up i s a d r a m a t i c change o f the p r o p e l l a n t dough 

from a. f r i a b l e t o a p l a s t i c s t a t e w h i c h r e q u i r e s an extra, 

power i n p u t t o the i n c o r p o r a t o r . 



1.12.2 T r i p l e Based P r o p e l l a n t s 

A l t h o u g h the work: i n t h i s t h e s i s d eals o n l y 
w i t h the double cased m a t e r i a l s f o r the sake o f complete
ness a summary of t h e p r e p a r a t i o n o f t r i p l e based m a t e r i a l 
w i l l now be g i v e n . 

The NC/NG paste i s made from l p . l v N n i t r o 

c e l l u l o s e and c o n t a i n s about 50$ by w e i g h t o f n i t r o g l y c e r i n e 

t h i s i s added t o 1^ times i t s own w e i g h t o f p i c r i t e and 

s o l v e n t (90$ acetone, 10$ w a t e r ) i s added a t the l e v e l o f 

20$ o f the t o t a l w e i g h t o f s o l i d s . A f t e r lh hours o f 

m i x i n g i n t h e i n c o r p o r a t o r carba.mite i s added. B i n d up 

g e n e r a l l y t akes s e v e r a l hours. 

1.12.3 Hot R o l l i n g 

The process o f r o l l i n g between h o t r o l l e r s i s 

an i m p o r t a n t one t o c o n s i d e r s i n c e a l l m a t e r i a l s used i n 

Chapter Five were s u b j e c t e d t o t h i s t e c h n i q u e . 

R o l l i n g i s g e n e r a l l y r e s t r i c t e d t o the compacting o f s o l v e n t -

l e s s pastes arid i t i s g e n e r a l l y t h o u g h t t h a t the r o l l i n g 

breaks up the n i t r o c e l l u l o s e m a t r i x t o a. lower s t a t e o f 

a g g r e g a t i o n . Due t o the p r o b a b i l i t y o f h i g h l e v e l s o f 

hydrocarbon t r a n s f e r r e d from r o l l e r s t o the s u r f a c e o f p r o -

p e l l a n t s the m a t e r i a l s used f o r E.S.C.A. a n a l y s i s (Chapter 

F i v e ) were pr e p a r e d u s i n g s p e c i a l l y cleaned r o l l e r s a l l o w i n g 

d i r e e t a n a l y s i s . 

1 . 1 3 Summary of the Areas o f I n t e r e s t 

A g a i n s t t h e n e c e s s a r i l y b r i e f survey of the l i t e r a t u r e 

here p r e s e n t e d one i s l e f t w i t h a number o f i m p o r t a n t q u e s t i o n s 

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

http://lp.lv
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w i t h r e a g e n t s f o r example i s o f immense imporranee i n 

r e l a t i o n t o a number o f i m p o r t a n t r e a c t i o n s and ideas about 

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

How r e a g e n t s d i f f u s e i n t o f i b r i l s and the e x t e n t o f t h e i r 

r e a c t i o n i s a process n o t y e t f u l l y u n d e r s t o o d . Much o f 

t h i s i g n orance a r i s e s from the l a c k o f a t e c h n i q u e t o examine 

the v e r y s u r f a c e o f the f i b r e s compared t o the many methods 

f o r the i n v e s t i g a t i o n o f b u l k p r o p e r t i e s . A s i m i l a r problem 

i s p r o b a b l y a l s o r e s p o n s i b l e f o r the gap i n knowledge i n 

the a b s o r b t i o n o f p l a s t i c i s e r s i n t o n i t r o c e l l u l o s e and a l s o 

the s o r p t i o n o f o t h e r l i q u i d s which are known not t o e n t e r 

the c r y s t a l l i n e r e g i o n s o f the f i b r e . The g e n e r a l dimension 

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

n i t r o c e l l u l o s e remains a mystery and i t i s o n l y r e c e n t l y t h a t 

i t has been r e a l i s e d t h a t the dimensions may change a c c o r d i n g 

t o the m a t u r i t y and source o f the f i b r e . The problem i n 

p a s t years appears t o be concerned w i t h the erroneous b e l i e f 

t h a t c e l l u l o s e i s a c h e m i c a l which can be b o t t l e d and c a t e 

g o r i s e d hence a u t h o r s have n e g l e c t e d t o quote the source o f 

t h e i r l i n t e r s or c o t t o n s r e n d e r i n g much o f t h e i r work unre

p e a t a b l e . The whole q u e s t i o n o f c e l l u l o s e morphology remain 

open and the va.rious models proposed r a r e l y f i t a l l the data, 

but are modelled on a p a r t i c u l a r set o f e x p e r i m e n t s . For 

example the complex q u e s t i o n o f a c c e s s i b i l i t y t o v a r i o u s 

r e a g e n t s has never been f u l l y e x p l a i n e d and a.gain r e q u i r e s 

a t e c h n i q u e such as X-ray e l e c t r o n s p e c t r o s c o p y (E.S.C.A.) 

t o d e l i n e a t e between b u l k and s u r f a c e p r o p e r t i e s . The 

a p p l i c a t i o n o f E.S.C.A. t o a n a l y s i s o f c e l l u l o s i c m a t e r i a l s 

promises a g r e a t d e a l and i n the p a r t i c u l a r area of U.V. 

d e g r a d a t i o n o f such m a t e r i a l s i t has obvious adva.nta.ges. 

http://adva.nta.ges


The i n i t i a . l a t t a c k o f any reagent or t y p e o f r a d i a t i o n i s 

a t the s u r f a c e and o n l y E.S.C.A., (and r e l a t e d t e c h n i q u e s ) , 

can o f f e r any r e a l i s t i c means o f m o n i t o r i n g changes a t the 

s u r f a c e (=50A°) induced by, i n p a r t i c u l a r , U.V. exposure. 

I n a d d i t i o n t o the almost complete l a c k o f i n f o r m a t i o n 

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

and c h e m i c a l , o f f i b r e s , s u r p r i s i n g l y l i t t l e i s known about 

how s u b s t i t u e n t s are d i s t r i b u t e d w i t h i n a r e s i d u e , (between 

th e Cp, and h y d r o x y l s ) , and a l s o a l o n g a c h a i n ( i . e . 

sequence d i s t r i b u t i o n ) . I n the case o f c e l l u l o s e a c e t a t e s 

where f u l l y a c e t y l a t e d m a t e r i a l i s more common the problem 

need n o t be addressed but when c o n s i d e r i n g the n i t r a t e e s t e r 

these q u e s t i o n s assume g r e a t e r i m p o r t a n c e . Such i n f o r m a t i o n 

may w e l l h e l p t o r e s o l v e the anomalies encountered i n 

n i t r a t i o n / d e n i t r a t i o n e q u i l i b r i u m . Are n i t r a t e groups i n 

p a r t i c u l a r p o s i t i o n s r e s i s t a n t t o d e n i t r a t i o n f o r example 

and does d e n i t r a t i o n t a k e p l a c e p r e f e r e n t i a l l y a l o n g s i d e a 

r e s i d u e a.lrea.dy p a r t l y d e n i t r a t e d ? C l e a r l y these q u e s t i o n s 

r e q u i r e a t e c h n i q u e capable o f a n a l y s i n g the b u l k and a l -
121 

though p r o t o n n.m.r. has been shown t o have l i m i t e d 
a p p l i c a t i o n t o c e l l u l o s i c systems the advent o f h i g h r e s e l 

l s 
u t i o n , p r o t o n decoupled, C n.m.r. may w e l l y i e l d the 

d e s i r e d i n f o r m a t i o n . A d e t a i l e d knowledge o f the d i s t r i b 

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

may a l l o w f o r the f i r s t t i m e the c a l c u l a t i o n o f expected 

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

t e chnique from a p u r e l y q u a l i t a t i v e procedure t o a semi

q u a n t i t a t i v e method backed by t h e o r e t i c a l c a l c u l a t i o n s . 
109 

The importance o f b i r e f r i n g e n c e as an a n a l y t i c a l t o o l 

would thus he enhanced and may then be used to :;1.udy i n depth 
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t h e o r i e n t a t i o n o f n i t r a t e e s t e r groups w i t h i n t h e f i b r i l l a r 
s t r u c t u r e . I n c o m b i n a t i o n w i t h X-ray d i f f r a c t i o n (which 
because o f the f i b r o u s n a t u r e o f the samples g i v e s data which 
i s d i f f i c u l t t o i n t e r p r e t ) , s i g n i f i c a n t advances c o u l d be 
made i n s t r u c t u r a l d e t e r m i n a t i o n s . I n a d d i t i o n t o t h i s the 
comparison o f X-ray d i f f r a c t i o n d a ta and i n p a r t i c u l a r the 
d(101) i n t e r c h a i n s p a c i n g w i t h d i s t r i b u t i o n data may shed 
l i g h t on the complex changes i n m i c r o s t r u c t u r e which occur 
i n n i t r a t e d and d e n i t r a t e d m a t e r i a l s and y i e l d an e x p l a n a t i o n 
o f t h e d i f f e r e n c e s i n d(101) spacings encountered i n m a t e r i a l s 
o f t he same D.O.S. pre p a r e d by d i f f e r e n t means. 

Hence i t i s c l e a r t h a t the a p p l i c a t i o n o f modern 

s p e c t r o s c o p i c t e c h n i q u e s t o a p o l y m e r i c system whose p o t e n t i a l 

was r e a l i s e d i n the 19th c e n t u r y may w e l l a l l o w a. much f u l l e r 

u n d e r s t a n d i n g o f the b u l k and s u r f a c e c h e m i s t r i e s i n v o l v e d . 

I t i s the purpose o f t h i s t h e s i s t h e r e f o r e t o examine many 

o f the q u e s t i o n s r a i s e d above by the use and a p p l i c a t i o n o f 

s e v e r a l a n a l y t i c a l t e c h n i q u e s . 



CHAPTER TWO 

THE BASIC PRINCIPLES AND USES OF E.S.C.A. 

(X-RAY PHOTOELECTRON SPECTROSCOPY), 1^C NUCLEAR 

MAGNETIC RESONANCE AND OPTICAL MICROSCOPY 



PART I 

ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (E.S.C.A. ' 

2.1 INTRODUCTION 

As e a r l y as 1888 Hallwachs w o r k i n g i n Germany observed 

and r e c o r d e d the e f f e c t o f u l t r a v i o l e t l i g h t on e l e c t r i c a l l y 

charged sheers o f z i n c and t h i s was f o l l o w e d i n 1905 by the 
i 196 p u b l i c a t i o n o f E i n s t e i n s work on the p h o t o e l e c t r i c e f f e c t . ' 

However i t was n o t u n t i l much l a t e r t h a t De B r o g l i e and 
141 

Robinson s t u d i e d the emiss i o n o f e l e c t r o n s by X-rays and 

at t e m p t e d t o analyse t h e e n e r g i e s o f t h e . p h o t o e l e c t r o n s w i t h 

a. magnetic a n a l y s e r . A l t h o u g h t h e r e s o l u t i o n wa.s t o o poor 

t o revea.l any f i n e s t r u c t u r e c o r r e l a t i o n s , were made between 

energy l e v e l s o f e l e c t r o n o r b i t a l s and i n c r e a s e s i n em i s s i o n 

o f p h o t o e l e c t r o n s w i t h k i n e t i c energy. I t was n o t u n t i l the 
142 

1950 's, however, t h a t Siegdahn and co-workers r e v i v e d the 

p r i n c i p l e o f X-ray p h o t o e l e c t r o n s p e c t r o s c o p y and developed 

an i r o n - f r e e magnetic double f o c u s s i n g e l e c t r o n s p e c t r o m e t e r 

w i t h h i g h r e s o l u t i o n p r o p e r t i e s . I n 1954 a t t e m p t s were made 

t o r e c o r d h i g h r e s o l u t i o n p h o t o e l e c t r o n s p e c t r a e x c i t e d b 7 

s o f t X-rays. The o b s e r v a t i o n o f sharp l i n e s whicn c o u l d be 

d i s t i n g u i s h e d from the background e l e c t r o n v e i l can be sa.id 

t o have m a t e r i a l l y changed the course and f u t u r e o f the 

t e c h n i q u e , s i n c e t h e p h o t o e l e c t r o n s t o which such l i n e s c o u l d 

be a t t r i b u t e d d i d n o t appear t o s u f f e r energy l o s s and t h e r e 

f o r e i n d i c a t e d the b i n d i n g energy o f the atomic l e v e l from 

which t h e y were e j e c t e d . A g r e a t s t e p f o r w a r d was the r e a l i s -

a t i o n , from work on copper and i t s o x i d e s , v t h a t c h e mical 

s h i f t s observed i n the spectra, 'were r e l a t e d t o the environment 

o f the core l e v e l s i n v o l v e d . The g e n e r a l u t i l i t y o f the 
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t e c h n i q u e was n o t f u l l y r e a l i s e d u n t i l as l a t e i s 1964 

however. Sieghahn has re v i e w e d much o f h i s e a r l y work i n 

19o8 i n 'E.S.C.A., Atomic M o l e c u l a r and S o l i d Sisve s t r u c t u r e 
144 

s t u d i e d by means o f E l e c t r o n Spectroscopy'. L a t e r work 
was p u b l i s h e d i n 1969 i n the s t a n d a r d t e x t :E.S.C.A. A p p l i e d 

, 1 4 5 
co Free M o l e c u l e s ' . Since t h e e a r l y 1970's an enormous 

r e s e a r c h e f f o r t has been d i r e c t e d a t a l l aspects o f i n s t r u 

m e n t a t i o n and the a p p l i c a t i o n o f E.3.C.A. t o a. v a r i e t y o f 

i n d u s t r i a l and aca.demic problems ha.s made t h e t e c h n i q u e t h e 

most i m p o r t a n t and ad a p t a b l e means o f a n a l y s i n g s u r f a c e 

c h a r a c t e r i s t i c s . Since much o f the work d e s c r i b e d i n t h i s 

t h e s i s i s d i r e c t l y or i n d i r e c t l y r e l a t e d t o measurements 

made by E.S.CA. a b r i e f e x p l a n a t i o n o f the p r i n c i p l e s i n 

v o l v e d and a p p l i c a t i o n o f X-ray p n o t o e l e c t r o n s p e c t r o s c o p y 

w i l l now be g i v e n . 

2.2 THE E.S.C.A. EXPERIMENT 

The i n t e r a c t i o n o f a monoenergetic neam o f / - r a y s / / i t h 

an atom i n a molecule r e s u l t s i n the emi s s i o n <'>•' an e l e c t r o n 
14 

whose K i n e t i c energy i s r e l a t e d t o the n a t u r e of the atom. 

MgKctn ^ and Alka, ^ are the most commonly employed s o f t X-

ray sources w i t h photon e n e r g i e s o f 1253.7 ev and 1436.6 ev 
r e s p e c t i v e l y a l t h o u g h t he advent o<r' e l e c t r o n i c a l l y o p e r a t e d 

d u a l anodes i n modern s p e c t r o m e t e r s had l e d t o an i n c r e a s e d 

use o f h a r d e r sources such as T i , (photon energy' 4510 ev 1, 

f o r a n a l y t i c a l depth p r o f i l i n g purposes. The l i f e t i m e s o f 
-33 -15 '1 4f' the core h o l e s t a t e s are t y p i c a l 1/ 10 - 10 seconds 

!..uij 1 I.'IS i i n s f i i ( •'. >• c< tut .1 y s h o r t time i n t e r v a l s o i K r o u r i t o r o d 

i n E. ',:). 0 . A . experiments coirif >;\. re d t o most ) i , l r : i " •• • '••i."o • 

ec-in • qut s. The t o t a l k i n e t i c energy (K.E.) o f an e m i t t e d 

p h o t o e l e c t r o n i n c l u d i n g c o n t r i b u t i o n s from the v i s - r a t i o n a l 



40 

r o t a t i o n a l and t r a n s l a . t i o n a 1 motions as w e l l as e l e c t r o n i c 1 

i s g i v e n by 

K.E. = hv - 3.E. - Er (Sc. 2.1 

where hv i s t he energy o f the i n c i d e n t photon; (v i s the 

fr e q u e n c y o f the X-ray r a d i a t i o n h i s Plancks c o n s t a n t ) : 

B.E. i s the b i n d i n g energy o f the photoe,iected e l e c t r o n and 

Er i s the r e c o i l energy o f the atom, a q u a n t i t y which de

creases w i t h i n c r e a s e d atomic number and i n f a c t i t i s o n l y 

-for the f i r s t few members o f the p e r i o d i c t a b l e t h a t a r e c o i l 
144 

energy g r e a t e r t h a n 0.1 ev has been computed. With the 

p r e s e n t r e s o l u t i o n o f t y p i c a l E.S.C.A. s p e c t r a o f s o l i d 

systems c o n t r i b u t i o n s f rom t r a n s l a t i o n a l , v i b r a t i o n a l and 

r o t a t i o n a l motions a.re seldom observed and assuming a neg

l i g i b l e c o n t r i b u t i o n from Er the g e n e r a l e q u a t i o n reduces t o : 

KE = hv - B.E. (Eq. 2.2) 

The most c o n v e n i e n t r e f e r e n c e l e v e l f o r a. c o n d u c t i n g sa.mple 

i s the Fermi l e v e l or e l e c t r o n c h e m i c a l p o t e n t i a l which i s 

g e n e r a l l y d e f i n e d as th e h i g h e s t o c c u p i e d l e v e l whereas t he 

work f u n c t i o n ^s f o r a s o l i d i s g i v e n by the energy d i f f e r e n c e 

between the f r e e e l e c t r o n (vacuum) l e v e l and the Fermi l e v e l 

i n a. s o l i d . The vacuum l e v e l s f o r the s o l i d sa.mple and t h e 

sp e c t r o m e t e r may however be d i f f e r e n t and an e m i t t e d e l e c t r o n 

w i l l e x p e r i e n c e e i t h e r a. r e t a r d i n g o r a c c e l e r a t i n g p o t e n t i a . l 

e q u a l t o - 4> s p e c t r o m e t e r (work f u n c t i o n o f the spectromete 

I n E.S.C.A. i t i s the k i n e t i c energy o f the e l e c t r o n as i t 

e n t e r s the a n a l y s e r t h a t i s measured and t a k i n g zero b i n d i n g 

energy t o be the Fermi l e v e l o f the sample the f o l l o w i n g 

e q u a t i o u resu11s : 

b.E. - n v - KE - <J>:.;peo. ( Fq . 2. '>) 

The b i n d i n g energy, r e f e r r e d t o the Fermi .1 i.-vc] d'><_•:; n o t 

depend upon the work f u n c t i o n o f the sample hut on Ina.t o f 
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t h e s p e c t r o m e t e r and t h i s r e p r e s e n t s a c o n s t a n t c o r r e c t i o n 

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

samples I n e l e c t r i c a l c o n t a c t w i t n the s p e c t r o m e t e r t l i e Fermi 

l e v e l serves as a u s e f u l r e f e r e n c e l e v e l . For i n s u l a t i n g 

samples however the Fermi l e v e l i s n o t w e l l c h a r a c t e r i s e d 

a n a l y t i c a l l y and l i e s between the f i l l e d valence l e v e l s and 

the empty c o n d u c t i o n band. Sample c h a r g i n g i n such m a t e r i a l s 

i s an i m p o r t a n t and much s t u d i e d phenomenon and i s caused by 

the g e n e r a t i o n o f l a r g e c u r r e n t s a t the s u r f a c e o f the samples. 

These c u r r e n t s c o n s i s t o f ! c l o u d s 1 o f secondary e l e c t r o n s 

produced by the i n t e r a c t i o n o f the p r i m a r y p h o t o e l e c t r o n s 

w i t h m a t t e r and p l a y an i m p o r t a n t r o l e i n e s t a . o l i s h i n g an 

e l e c t r i c a l e q u i l i b r i u m a t the s u r f a c e o f the sample. 

Although., i n some cases sample c h a r g i n g i n i n s u l a t i n g 

samples can be c o n s i d e r e d a rna/jor problem i t has been shown 

i n t h i s l abora.tory t h a t the measurement o f charge b u i l t up 

on a. sample and i t s time dependence can be e x t r e m e l y u s e f u l 

i n t he i n v e s t i g a t i o n o f the e l e c t r i c a . l and c h e m i c a l c h a r a c t e r 

i s t i c s o f the m a t e r i a l . I n the study of t h e s u r f a c e m o d i f i 

c a t i o n o f an e t h y l e n e - t e t r a f l u o r o e t h y l e n e copolymer system, 

f o r example, i t has been shown t h a t the r a t e of decrease o f 

sample c h a r g i n g i n a range o f these m a t e r i a l s r e f l e c t s the 
1 70 

d e c r e a s i n g f l u o r i n e c o n t e n t i n the s u r f a c e r e g i o n s . 

I n an i n s u l a t i n g sample t h e secondary e l e c t r o n s con

s t i t u t e 99$ o f the t o t a l f l u x whereas i n a c o n d u c t i n g m a t e r i a l 

the f i g u r e i s c l o s e r t o 20%. T h i s i s n o t a l a r g e problem 

s i n c e standards are used t o c a l i b r a t e the b i n d i n g energy s c a l e 

and t h i s w i l l be d i s c u s s e d i n a. l a t e r s e c t i o n . S e v e r a l 

processes accompany p h o t o i o n i sa.tion; Auger and '"'-ray f l u o r e s c 

ence f o r example are r e l a t i v e l y siov; processes and hence have 
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a n e g l i g i b l e e f f e c t on the K.E. o f the p h o t o e j e e r e d e l e c t r o n . 

E l e c t r o n i c r e l a x a t i o n processes, on t h e o t h e r hand, such as 

shaxe up and shake o f f are r a p i d processes r e s u l t i n g i n a 

measurable change i n K.E. o f the e m i t t e d e l e c t r o n . Since 

the WQPA i n t n i s t h e s i s does n o t u t i l i s e e i t h e r the Auger 

or the X-ray f l u o r e s c e n c e t e c h n i q u e s n e i t h e r w i l l be con

s i d e r e d i n d e t a i l here a l t h o u g h e x c e l l e n t r e v i e w s are a v a i l -

a o l e elsewhere. 1 The oasic processes i n v o l v e d i n Auger 

and X-ray f l u o r e s c e n c e however are o u c l i n e d i n F i g u r e 6 and 

Photoionization Auger Emission X-ray Fluorescence 
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F i g u r e S i x Schematic o f d i r e c t p h o t o i o n i s a t i o n , Auger 
and X-ray f l u o r e s c e n c e processes 

It. i . - - e v i d e n t from F i g u r e 7 t h a t the e f f i c i e n c y o f the Auger 

pr.'cers decreases w i t h i n c r e a s i n g , atomic nuinoer whereas the 

X- ra.y f l u o r e s c e n c e y i e l d i n c r e a s e s a l o n g the p e r i o d i c t a b l e . 
14 

The development o f the s o - c a l l e d Auger parameter by /Jagner 
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F i g u r e Seven Y i e l d s o f the Auger and X-ray f l u o r e s c e n c e 
processes as a f u n c t i o n o f atomic numoer 

i n r e c e n t y e a r s has enhanced trie importance o f the t e c h n i q u e 

a l t h o u g h -one parameter, ( d e f i n e d as the d i f f e r e n c e i n k i n e t i c 

energy oetween the p h o t o e l e c t r o n l i n e and the i n t e n s e c o r e -

type A u 6 e r l i n e from the same element ;, has y e t t o De a.pplied 

s u c c e s s f u l l y t o p o l y m e r i c systems. The main advantages o f 

the parameter are t h a t c h a r g i n g and work f u n c t i o n c o r r e c t i o n s 

are n o t needed and vacuum l e v e l data can be compared d i r e c t l y 

t o Fermi l e v e l d a t a . 

2. i ELECTRONIC RELAXATION 

Follo w i n g , the p h o t o i o n i s a t i o n o f core e l e c t r o n s a sub

s t a n t i a l rearrangement o f e l e c t r o n l e v e l s t akes p l a c e i n a. 
148-150 

process r o l e r r e d \.o ns r e l a x a t i o n . Two such processes 

kii<H\iii a." ;:-iia!',o up and shake o l T arc sho-'Jir i n F i g u r e ft. 
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F i g u r e E i g h t Schematic of Shake-up and Shake-off Processes 

Shake up i n v o l v e s the si m u l t a n e o u s e x c i t a t i o n o f a valence 

e l e c t r o n from an occupied t o an unoccupied l e v e l " iiereas 

shake o f f i s an i o n i s a t i o n o f a v a l e n c e e l e c t r o n . Both 

these events r e s u l t i n e x c i t e d s t a t e s o f the core i o n i z e d 

species \>itn a lowered K.E. o f the p r i m a r y p h o t o e l e c t r o n 

hence s i n c e the energy f o r ootn tnese processes comes from 

the o r i g i n a l p h o t o - i o n i s a t i o n t h e r e i s a need t o ad/just 

e q u a t i o n (2.2) t o account f o r these m u l t i e l e c t r o n processes 

KE = hv - BE - E (Eq. 2.4^ 

where E i s the t o t a l energy o f tne m u l t i e l e c t r o n processes. 

Those e x c i t a t i o n s l a r g e l y f o l l o w monopole s e l e c t i o n r u l e s , 

and tne r e l a t i v e i n t e n s i t i e s o f the shake up, shake o f f and 

p h o t o i o n i s a t i o n peaks are r e l a t e d t o the r e l a x a t i o n e n e r g i e s . 

T h i s r e l a t i o n s h i p was f i r s t e s t a b l i s h e d t h e o r e t i c a l l y by Marine 
0 102 

and A^erg. They showed t h a t the weighted average over 
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th e d i r e c t p h o t o i o n i z a t i o n and shake up and shake o f f peaks 

corresponds t o the b i n d i n g energy o f the u n r e l a t e d systems. 

T h i s i s shown d i a g r a m m a t i c a l l y i n F i g u r e 9- The t r a n s i t i o n 

relaxation 
energy 

shake off shake up 

5 

KINETIC ENERGY. mean 

F i g u r e 9 R e l a t i o n s h i p between r e l a x a t i o n energy and r e l a t i v e 
i n t e n s i t i e s o f p h o t o i o n i s a t i o n , shake-up and s h a k e - o f f 
peaks 

p r o b a b i l i t i e s f o r h i g h energy shake o f f processes are 

r e l a t i v e l y s m a l l compared t o the shake up processes (which 

are o f lower energy) and these t r a n s i t i o n s o f h i g h e r probab

i l i t y f a l l c l o s e t o the weighted mean. I t might oe expected 

t h a t t h e r e l a x a t i o n energy should be a v a i l a b l e from e x p e r i 

mental measurements but t h i s i s n o t g e n e r a l l y tne case s i n c e 

trie s m a l l e r shake o f f peaks are o f t e n ouscured oj the so-

c a l l e d i n e l a s t i c t a i l . ( T h i s t a i l i s caused by the d i r e c t 

p h o t o e l e c t r o n s l o s i n g energy due t o i n e l a s t i c c o l l i s i o n s 

and may extend t o as f a r as 20 ev oelow the d i r e c t i o n i s a t i o n 

nea 
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2.4 CHEMICAL SHIFTS 

The e n e r g i e s o f core l e v e l s are c h a r a c t e r i s t i c o f a 

g i v e n atom and are s e n s i t i v e t o the e l e c t r o n i c environment, 
154 

o f t h a t atom. ~ Small changes i n environment o f an atom 

g i v e r i s e t o measurable changes or ' s h i f t s ' i n o i n d i n g e n e r g i e s 

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

can be c a l c u l a t e d u s i n g s e v e r a l t h e o r e t i c a l approaches: 
I 157 

(1) Quantum mechanical models - ( p o t e n t i a l a t an atom moo 
144 

(2) Madelung charge f J Q o e n t i a l model 

( y ) E q u i v a l e n t cores model"''^^ 

(4) Koopmans Theorem^^. 

A f u l l e x p l a n a t i o n o f these methods i s o u t s i d e the scope 

o f t h i s i n t r o d u c t i o n t o E.S.C.A. but t h e importance o f such 

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

i n Chapter Three. 

The range i n s h i f t f o r i n d i v i d u a l core l e v e l s can i n 

some cases be very l a r g e indeed (-10 ev f o r the Clc, i n f l u o r -
i n a t e d carbon s p e c i e s ) and i n o t h e r s where the E.S.C.A. s h i f t 

147 
i s s m a l l the u t i l i s a t i o n o f the Wagner Auger parameter (see 

e a r l i e r s e c t i o n ) has a l l o w e d f u r t h e r d e l i n e a t i o n of chemical 

environments. 

2.5 ENERGY REFERENCING 

Three basic s i t u a t i o n s may a r i s e f o r s o l i d samples i n 

the s p e c t r o m e t e r . They may be e i t h e r i n e l e c t r i c a l c o n t a c t 

,n:h the s p e c t r o m e t e r as i s the case where t h i n f i l m s are 

d e p o s i t e d in situ on a c o n d u c t i n g s u b s t r a t e i n the s p e c t r o 

meter source; t h e y may be thieve i n s u l a t i n g samples mounted 

on Scotch tape and n o t i n c o n t a c t w i t h t h e machine, o r they 
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may be polymer f i l m s d e p o s i t e d on a c o n d u c t i n g s u b s t r a t e 

i n which case t h e y may a c t a b n o r m a l l y and e x h i b i t time de

pendent c h a r g i n g . I n t h e ' f i r s t case i t i s p o s s i b l e t o 

mount the specimens on a g o l d s u b s t r a t e and m o n i t o r the Au 

4fy/,_3 core l e v e l 1 ^ t o p r o v i d e a r e l i a b l e r e f e r e n c e p o i n t 

(84 e v J . The second case a p p l i e s t o most p o l y m e r i c m a t e r i a l 

ana the most c o n v e n i e n t r e f e r e n c e i s the hydrocarbon contam

i n a t i o n a t 285 ev (B.E. . I n most samples s t u d i e d i n t h i s 

t h e s i s the L i n d i n g e n e r g i e s are quoted w i t h r e f e r e n c e t o the 

hydroca r b o n peak. The c h i r d case i s unusual and r e q u i r e s 

the a p p l i c a t i o n o f uia.s p o t e n t i a l s t o determine the c o r r e c t e d 
. . 161 ,..inding e n e r g i e s . 

2.6 FIXED ANGLE STUDIES 

For a homogeneous t h i c k sample the t o t a l i n t e n s i t y I 

o f t he e l a s t i c peak f o r p h o t o e m i s s i o n from a core l e v e l , i , 

i s g i v e n by 

d l i = F a i Ni K i e ~ X / ' A l dx 1 0 2 (eq. 2.5) 

where F i s the X-ray f l u x and i s dete r m i n e d by the power and 

e f f i c i e n c y o f the X-ray gun. 

a i i s the cr o s s s e c t i o n o f p h o t o i o n i s a t i o n o f the core 

l e v e l i and i s es s e n t i a l ] . ; / a. measure o f the p r o b a b i l i t y t h a t 

a c e r t a i n core l e v e l w i l l be i o r n s e d by the r a d i a t i o n . " 

( T h i s q u a n t i t y i s i n p r i n c i p l e c a l c u l a b l e from fundamental 

p r o p e r t i e s o f the a t o m ^ ^ or can oe measured oy gas phase 

E.S.C.A, e x p e r i m e n t s ) . I t i s 'well e s t a b l i s h e d tha.t the cros 

s e c t i o n i n the d i p o l e a p p r o x i m a t i o n , f o r randomly o r i e n t e d 

polya.tomic molecules and u n p o l a r i s e d l i g h t i s o f the form 

a i - ai T0T'/4 u i_>-Bi(3 Cos 2*-!) ( e q . 2.6) 
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195 where 3i i s t h e assymetry parameter o f the core l e v e l 
and "TOT. i s the t o t a l c r o s s s e c t i o n o f the l e v e l . 

1 

K i i s the s p e c t r o m e t e r f a c t o r which i s dependent on 

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

a n a l y s e r and the geometric arrangement o f the sample chamber 

t o the a n a l y s e r . 

Xi i s the e l e c t r o n mean fr e e p a t h , (the d i s t a n c e i n the 

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

b e f o r e 1/e of them have n o t s u f f e r e d energy loss through 

i n e l a s t i c c o l l i s i o n . 
2 

E l e c t r o n mean f r e e paths may be c a l c u l a t e d t h e o r e t i c a l l y 
210 

o r determined e x p e r i m e n t a l l y . The mean free p a t h i s a 
f u n c t i o n o f k i n e t i c energy o f the p h o t o i o n i s e d e l e c t r o n s and 

o 
ranges from ~4A f o r e l e c t r o n s o f about 80ev k i n e t i c energy 

o 
t o = 30A f o r e l e c t r o n s o f above 1500ev. 

The sampling d>'-pth on the o t h e r hand i s d e f i n e d as the 

depth from which 95^ o f the s i g n a l from a g i v e n core l e v e l 

a.rises. I n g e n e r a l t he sampling depth i s equa l t o t h r e e 

t i m e s the mean f r e e p a t h . 

Ni i s the number o f atoms per u n i t volume on which t he 

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

Ni i s t h a t t h e r e l a t i v e s i g n a l i n t e n s i t i e s f o r the core l e v e l s 

o f d i f f e r e n t atoms i n a. homogeneous sa.mple are d i r e c t l y r e 

l a t e d t o the o v e r a l l s t o i c h i o m e t r y o f the atoms i n the sa.mple. 

'['his i s due t o the f a c t tha.t the peak i n t e n s i t y from a. g i v e n 

core l e v e l i s d i r e c t l y p r o p o r t i o n a l t o the number per u n i t 

volume o f the atom i n the sample 

I I E <u N.i 
I, i F 

k i Ai 
Nj k.j A,j (E 7) 
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where I i and I j are core l e v e l i n t e n s i t i e s . I f i and j 

are core l e v e l s o f the same atom th e n 4̂- = —r. I f i and ,1 
I J Nj 

are d i f f e r e n t core l e v e l s then h i ai Ai ̂  k j aj Aj and 

Ni = I i aj Aj ( 

N J I J k i a i Ai ^ -

The r a t i o ^4—^4—^4 i s known as t h e s e n s i t i v i t y f a c t o r which k i ai Ai 

can be de t e r m i n e d from known samples o f simple s t o i c h i o m e t r y . 

These r a t i o s depend on the i n d i v i d u a l s p e c t r o m e t e r and sh o u l d 

n o t be quoted here. 

The use o f a n g u l a r s t u d i e s t o d e l i n e a t e s u r f a c e and 

subs u r f a c e i s a w e l l e s t a b l i s h e d t e c h n i q u e used e x t e n s i v e l y 
193 

i n t h i s l a b o r a t o r y . However as has been p r e v i o u s l y ex

p l a i n e d , ( c . f . Chapter One), the p h y s i c a l n a t u r e o f c e l l u l o s e 

f i b r e s w h i c h subtend a v a r i e t y o f angles o f acceptance t o 

the a n a l y s e r p r e c l u d e s the use o f t h i s t e c h n i q u e f o r these 

s t u d i e s . 

2.7 LINE SHAPE ANALYSIS. 

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

E.S.C.A. measurements has l e d t o the need f o r a c c u r a t e l i n e 

shape a n a l y s i s , f o r d e l i n e a t i o n o f core environments w i t h i n 
146 

a g i v e n envelope. The major c o n t r i b u t i o n t o broad l i n e -

w i d t h s comes from the p o l y c h r o m a t i c X-ray photon source a l 

though w i t h e f f i c i e n t m o n o c h r o m a t i s a t i o n o f the photon source 

the need f o r such ana.lysis may w e l l d i s a p p e a r . However w i t h 

p r e s e n t i n s t r u m e n t a t i o n a p r e c i s e method o f a.na.lysis remains 

a. n e c e s s i t y t o make f u l l use o f the a v a i l a b l e i n f o r m a t i o n 

l e v e l s from E.S.C.A. 
The measured l i n e w i d t h s f o r core l e v e l s may be expressed 
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(AEF.W.H.M.)2 = ( A E X J 2 + ( A E s p o c ) 2 + ( A E C l ' i 2 (Eq.2.9) 

where E F.W.H.M. i s t h e measured w i d t h a.t h a l f o f the h e i g h t 

o f the peak Renown as t h e f u l l w i d t h h a l f maximum F.W.H.M.) 

AE i s the i n h e r e n t F.W.H.M. o f the X-rav source. 
x 

E i s the c o n t r i b u t i o n t o the t o t a l F.W.H.M. from spec 
the spectrometer, ( p a r t i c u l a r l y from the a n a l y s e r ) and Eel 

i s t he n a . t u r a l w i d t h o f the core l e v e l under i n v e s t i g a t i o n . 

I t i s w e l l s u b s t a n t i a t e d t h a t the c o n t r i b u t i o n s t o AE F.W.H.M. 

fro m &E f o r the more p o p u l a r sources i s e s s e n t i a l l y 

L o r e n t z i a n l i n e shapes whereas t h e c o n t r i b u t i o n from AE 
spec 

are known t o be Gaussian and are p r i m a r i l y due t o the a n a l y s e r , 

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

l i n e s h a p e from E e l i s dependent on the Auger and X-ray 

fluorescence processes and i s e s s e n t i a l l y Gaussian. The 

c o n v o l u t i o n o f these shapes produces a g e n e r a l l i n e s h a p e 
145 

w i t h Gaussian c h a r a c t e r i s t i c s , the L o r e n t z i a n c o n t r i b u t i o n s 

showing i n the t a i l s a l t h o u g h i t i s b e l i e v e d t h a t the use o f 

pure Gaussian shapes i n t r o d u c e s o n l y s m a l l e r r o r s and t h i s 

t h e r e f o r e forms the b a s i s o f most analogue t e c h n i q u e s . 

The r e s o l u t i o n o f complex l i n e shapes i n the E.S.C.A. 

spectrum can be approached m a t h e m a t i c a l l y i n the form o f 

ma.thema.tica.1 enhancement, ( d e r i v a t i v e s p e c t r o s c o p y ) l p 6 - l 6 8 q ^ 

by curve f i t t i n g e i t h e r d i g i t a l l y o r oy analogue means. Since 

both methods have been adopted f o r a n a l y s i s i n t h i s t h e s i s 

both w i l l be c o n s i d e r e d here. 
(a} D e r i v a t i v e Spectroscopy 

T h i s i s a. t e c h n i q u e f o r o b t a i n i n g f i r s t and, more g e n e r a l l y 

second d e r i v a t i v e s o f an E.S.C.A. s i g n a l w i t h r e s p e c t t o 

k i n e t i c enorg i c:; . t hus e n a b l i n g a more comp.l u l o ro:;o.lut i on 
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o f o v e r l a p p i n g s i g n a l s . For an o v e r l a p o f two e q u a l bands 

( s e p a r a t e d by one h a l f w i d t h or more) . S r n i t h 1 * 0 ^ has shown 

t h a t second o r d e r d e r i v a t i v e i s 1 s u f f i c i e n t a l t h o u g h f o u r t h 

o r d e r d e r i v a t i v e s have been o b t a i n e d . A l t h o u g n an i n c r e a s e 

i n r e s o l u t i o n o f -1.8 times the o r i g i n a l has oeen o b t a i n e d 

from second d e r i v a t i v e s p e c t r o s c o p y the S/M r a t i o i s reduced 

and t h e r e l a t i v e i n t e n s i t i e s o f i n d i v i d u a l components cannot 

be e x t r a c t e d . I t would seem t h a t the major advantages are 

t h a t the number and k i n e t i c energy o f the components o f a 

g i v e n envelope can be f a i r l y a c c u r a t e l y d e t e r m i n e d . The 

a p p l i c a t i o n o f t h i s t e c h n i q u e i s demonstrated i n Chapter Three 

where t h e unusual b i n d i n g e n e r g i e s o f carbons Donded t o 

n i t r a t e e s t e r groups i s shown f o r p r o p y l and i s o p r o p y l n i t r a t e 

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

( b ) Curve F i t t i n g Procedures 

D i g i t a l t e c h n i q u e s o f curve f i t t i n g have developed 

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

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

a c c u m u l a t i o n i t i s no l o n g e r t r u e t o say t h a t such methods 

are l e s s c o n v e n i e n t t h a n analogue methods. The advantages 

o f analogue methods, however, are e v i d e n t i n a n a l y s i s o f 

non r o u t i n e samples where 'hands on' e x p e r i e n c e o f an analogue 

curve r e s o l v e r i s e x t r e m e l y u s e f u l . To have b o t h methods 

a t one's d i s p o s a l would t h e r e f o r e r e p r e s e n t the i d e a l s i t u a t i o n . 
144 17Q 

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

and w i l l n o t be c o n s i d e r e d here but i t i s - o f t e n t he case t h a t 

w i t h o u t a h i g h l e v e l o f t h e o r e t i c a l competence and a knowledge 

of model systems complex l i n e shapes cannot be s a t i s f a c t o r i l y 

f i t t e d . 



2.8 INSTRUMENTATION 

Since the e a r l y work o f Siegbahn 144,145 many commercial 

s p e c t r o m e t e r s nave appeared on the market. The work o u t 

l i n e d i n the coming c h a p t e r s was c a r r i e d out on an A.E.I. 

f i t t e d w i t h a. Mg/Ti d u a l anode. I t i s a p p r o p r i a t e here t o 

d e s c r i b e the equipment i n some d e t a i l . 

(a.) X-ray Equipment 

I n t h e E.S. 200 i n s t r u m e n t a M a r c o n i - E l l i o t type GXS 

h i g h v o l t a g e g e n e r a t o r i s used w i t h v a r i a b l e v o l t a g e and 

c u r r e n t o u t p u t . Whereas the E.S. 300 i s f i t t e d w i t h a 

s m a l l e r s o l i d s t a t e system. X-ray photon sources o f t h e 

H e n k e 1 ^ d e s i g n ( T i Mg or A l ) are used and f o r t he s o f t e r 
171 

sources t he f l u x i s i n the o r d e r o f 0.1 rad/sec which i s 

e s s e n t i a l l y , non d e s t r u c t i v e , f o r most p o l y m e r i c systems. 

The work i n t h i s t h e s i s u t i l i s e s Mg and T i anodes 

a l t h o u g h t he use o f monochromatised A l ka r a d i a t i o n can 

improve r e s o l u t i o n . Mention s h o u l d a l s o be made here o f a 

p o s s i b l e problem w i t h the use o f p o l y c h r o m a t i c r a d i a t i o n . 

I n the ca.se o f t h e magnesium anode the ka^ ^ s a t e l l i t e o f an 

N^ c l e v e l c o r r e s p o n d i n g t o a n i t r a t e e s t e r group i s c o i n c i d 

ent i n b i n d i n g energy w i t h t h e main p h o t o i o n i s a t i o n peaks 

f o r s e v e r a l n i t r o g e n c o n t a i n i n g systems (e.g. a.mines). T h i s 

i s f u r t h e r d i s c u s s e d i n Chapter F i v e . 

A l ka r a d i a t i o n can be monochromatised by a c r y s t a l 

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

and the c o n t i n u u m t o produce pure ka, 0 r a d i a t i o n . 

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

;-;[•;.ropria.te l a t t i c e f o r monochromatising Mg ka r a x l i a t i o n 

( K r a t o s ) ES 200 A/B s p e c t r o m e t e r 172 and on the E.S. 300 model 

http://ca.se
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have p r e v e n t e d a more widespread use o f monochromatised 
X-ray r a d i a t i o n . 

F i g u r e 10, however, i l l u s t r a t e s the t h r e e b a s i c systems 

f o r A l ka m o n o c h r o m a t i s a t i o n ; these are (a) s l i t f i l t e r i n g ; 

(b ) d i s p e r s i o n compensation, and ( c ) f i n e f o c u s s i n g . Method 

(a) i s employed i n the A.E.I, system which can. i n p r i n c i p l e , 

produce l i n e w i d t h s o f 0.2 ev. 

Slit-Filtering 

tens 

t o t i n g s a m p l e sample sample 
a n o d e 

power 
on 

anode 

8 1 e X=ravUne« x-ray i 
profile 8 

I 
I 1 9 i 0 0 

0.1 0.5 1.0 
Approjtimat® Efficiency 

F i g u r e Ten Diagram o f a l t e r n a t i v e monochromation systems 
employed f o r A l k a m o n o c h r o m a t i s a t i o n 

(b) Sample Chamber 

The g e n e r a l f o r m a t o f an A.E.I. E.S. 300 e l e c t r o n 

s p e c t r o m e t e r sa.mple cha.mber i s shown i n F i g u r e 11. The 

window s e p a r a t i n g the X-ray source from the sample ensures 

t h a t s c a t t e r e d e l e c t r o n s from t he f i l a m e n t do n o t e n t e r t h e 

chamber and i s g e n e r a l l y made o f alu m i n i u m o r b e r y l i u m . 
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1 
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PU P M 

i 
F i g u r e 11 Schematic o f the sample chamber i n the E.S.300 

(see t e x t ) 

The chamber i n b o t h t h e E.S. 200 A/B and the E.S. 300 i s 

accessed by many sample p o r t s and i n t h e case o f the E.S. 300 

by a. pre-chamber i n which a sample may be pret r e a . t e d b e f o r e 

a n a l y s i s . The sample i s mounted on a probe t i p , ( t y p i c a l l y 

l8mrn x ^mm), u s i n g double s i d e d Scotch tape and i s pushed 

t h r o u g h the i n s e r t i o n l o c k t o t h e h i g h vacuum chamber f o r 

a n a l y s i s . The t e m p e r a t u r e o f the sample t i p i s v a r i a b l e 

and may be r o t a t e d f o r angula.r s t u d i e s . For polymer f i l m s 

and smooth m e t a l s u r f a c e s such measurements are an i m p o r t a n t 

f a c e t o f X-ray a n a l y s i s s i n c e t h e y y i e l d d epth p r o f i l e i n f o r m 

a t i o n , ( t h u s t h e depth sample i s dependent on t h e angle sub

tended t o the X-ray beam). For f i b r o u s samples, however 



i t has been shown t h a t t h e f i b r e s may l i e w i t h t h e i r axes 

a t a l l angles t o the beam and t h i s p r e c l u d e s t he use o f 

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

For t h i s reason t h i s i m p o r t a n t t o p i c w i l l n o t be f u r t h e r 

d i s c u s s e d here. 

(c ) Ana 1vser ^ 1 

The a n a l y s e r i n an A . E . I , s p e c t r o m e t e r i s a h e m i s p h e r i c a l 

double f o c u s s i n g e l e c t r o s t a t i c a n a l y s e r which was o r i g i n a l l y 
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d e s c r i b e d by P u r c e l l ' but i s now en c l o s e d w i t h i n two mu-

me t a l s h i e l d s f o r p r o t e c t i o n from s t r a y magnetic i n f l u e n c e . 

The r e s o l u t i o n o f t h e i n s t r u m e n t i s dependent on the mean 

r a d i u s o f t h e hemispheres, R, the w i d t h o f the e n t r a n c e s l i t 

and t h e w i d t h o f the e x i t s l i t . The r e s o l u t i o n A E / E , where 

E i s t h e energy o f t h e e l e c t r o n s , i s A E / E = ^ where W i s t h e 

combined w i d t h s o f t h e s l i t s . The r e s o l u t i o n can be enhanced 

by r e t a r d i n g the e l e c t r o n s b e f o r e t h e y e n t e r t he a n a l y s e r so 

as t o reduce t h e i r k i n e t i c energy. Hence the e l e c t r o n s pass 

t h r o u g h a l e n s system b e f o r e e n t e r i n g t h e a n a l y s e r which 

(a) focusses t h e e l e c t r o n s and (b) a p p l i e s a r e t a . r d i n g p o t e n t i a l 
174 

f o r r e s o l u t i o n c o n t r o l . Focussing i s ach i e v e d i n the 

E . S . 200 A/.B and the E . S . 300 by s i m u l t a n e o u s l y scanning the 

r e t a r d i n g p o t e n t i a l a p p l i e d t o the l e n s and the h e m i - s p h e r i c a l 

p o t e n t i a l w h i l e k e e p i n g a c o n s t a n t r a . t i o between t he two. 

T h i s i s known as the f i x e d r e t a r d a t i o n r a t i o (F.R.R.). 

Both s p e c t r o m e t e r s are a l s o capable o f b e i n g r u n i n t h e f i x e d 

a n a l y s e r t r a n s m i s s i o n (F.A.T.) mode i n which t he p o t e n t i a l 

a p p l i e d t o the l e n s system i s scanned w h i l e the p o t e n t i a l 

between the hemispheres i s h e l d c o n s t a n t . T h i s mode tends 

t o d i s c r i m i n a t e i n f a v o u r o f low k i n e t i c energy e l e c t r o n s and 
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in. s t u d i e s o f h i g h b i n d i n g energy systems i t i s p a r t i c u l a r l y 

u s e f u l . However i n these s t u d i e s t h e F.R.R. mode was always 

used. The a b s o l u t e r e s o l u t i o n a l s o depends upon t h e n a t u r a l 

w i d t h o f the X-ray l i n e A E „ : the w i d t h o f core l e v e l 
J X - r a y 

s t u d i e d . AC1: the l i n e b r o a d e n i n g due t o s o l i d s t a t e e f f e c t s 

i n t h e sample A E S S and t h e bro a d e n i n g due t o s p e c t r o m e t e r 

i r r e g u l a r i t i e s . A E S . 
Hence f o r a s o l i d sample, 

(Afim) 2 - ( A E X ) 2 + (AEC1) 2 + ( A E S S ) 2 + ( A E S ) 2 

(d) D e t e c t o r 

The e l e c t r o n s o f a g i v e n K.E. pass t h r o u g h t h e e x i t 

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

p u l s e s are a m p l i f i e d and processed i n a data, h a n d l i n g system. 

The data i s r e c o r d e d as e i t h e r e l e c t r o n counts p e r second 

vs. k i n e t i c energy o f the e l e c t r o n or i n a. s t e p scan where 

the f i e l d i s i n c r e a s e d by p r e s e t i n c r e m e n t s and t h e e l e c t r o n s 

are counted f o r a f i x e d l e n g t h o f time o r 'as, i n some cases, 

a c e r t a i n number o f counts are ti m e d . The st e p scan may be 

used i n c o n j u n c t i o n w i t h a. m u l t i - c h a n n e l a n a l y s e r t o accumu

l a t e data over a. p e r i o d o f t i m e . The s i g n a l / n o i s e r a t i o 

i n c r e a s e s as t h e square r o o t o f the number o f scans. 

2.9 CHEMICAL TAGGING 

When a. p a r t i c u l a r f u n c t i o n a l group i s a t a p a r t i c u l a r l y 

l'~>w l e v e l i n a g i v e n sample or when the b i n d i n g energy o f a. 

core l e v e l i n such a. group i s v e r y c l o s e t o t h a t i n a. d i f f e r e n t 

environment i t may be advantageous t o ' t a g ' the group w i t h 

an atom, ( o r group c o n t a i n i n g an atom), w i t h a h i g h c r o s s 

s e c t i o n f o r p h o t o i o n i s a . t i o n . Thus i t i s p o s s i b l e t o m o n i t o r 
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changes i n t h e numoers o f such groups a f t e r c e r t a i n c h e m i c a l 
or p h y s i c a l t r e a t m e n t s u s i n g E.S.C.A. The use o f t r i f l u o r o -

etha.no 1 and t r i f l u o r o a . c e t i c a c i d as t a g g i n g r e a g e n t s i s w e l l 
175 

known . However a complete s t u d y has never oeen made on 

samples o f known c o m p o s i t i o n and m o l e c u l a r w e i g h t . I n 

e q u i l i b r i u m exchanges the problem l i e s i n f o r c i n g the r e a c t i o n 

t o c o m p l e t i o n but i n g e n e r a l a. r e a g e n t must -

(a) n o t d i s s o l v e the polymer 

( b ) r e a c t u n i q u e l y w i t h t he f u n c t i o n a l group. 

The a p p l i c a t i o n o f such t e c h n i q u e s t o c e l l u l o s e and 

n i t r o c e l l u l o s e are r e a d i l y a p p a r e n t . I n c e l l u l o s e i t s e l f 

i t would be i n t e r e s t i n g t o know the l e v e l o f c a r b o x y l groups 

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

A unique t a g on such groups c o u l d y i e l d s i g n i f i c a n t i n f o r m a t i o n 

i n a. number o f i m p o r t a n t areas which a t p r e s e n t i s p r e c l u d e d 

by the low l e v e l o f c a r b o x y l groups i n n a t u r a l c e l l u l o s e . 

I t may a l s o be p o s s i b l e t o t a g f r e e h y d r o x y l s i n p a r t i a l l y 

n i t r a t e d m a t e r i a l s and hence o b t a i n i n f o r m a t i o n about t h e 

r e a c t i o n s o c c u r r i n g a t t h e s u r f a c e , d u r i n g n i t r a t i o n i n mixed 

a c i d s . I n Chapter Four o f t h i s t h e s i s the v a l u e o f c h e m i c a l 

t a g g i n g i s shown i n r e l a t i o n t o the i o d i n a t i o n o f p r i m a r y 

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

http://tha.no
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PART I I 

NUCLEAR MAGNETIC RESONANCE (N.M.R) 

2.10 INTRODUCTION 
194 

I n l y 2 4 P a u l i suggested t h a t c e r t a i n n u c l e i possess 

a n g u l a r momentum p ana hence a magnetic moment p. T h i s 

was l a t e r c o n f i r m e d by s p e c t r o s c o p i c work which enabled 

v a l u e s o f the a n g u l a r momentum and magnetic moment t o be 

de t e r m i n e d f o r many n u c l e i . I n the presence o f an a p p l i e d 

magnetic f i e l d such magnetic moments take up r:p'.o i f i c o r i e n t 

a t i o n s and i t i s p o s s i b l e t o 00serve t r a n s i t i o n : - : o c c u r r i n g 

between t he n u c l e a r energy l e v e l s a s s o c i a t e d w i t h th.-.se 

o r i e n t a t i o n s by i r r a d i a t i n g w i t h energy o f a. s u i t a b l e f r e 

quency. T h i s forms the b a s i s o f n u c l e a r magnetic resonance 

speccroscopy 1 D (N.M.R.) and i n the f o l l o w i n g pages a 

b r i e f r e v i e w o f the p r i n c i p l e s and a p p l i c a t i o n s o f t h e 

t e c h n i q u e i s p r e s e n t e d . 

2.11 NUCLEAR SPIN AND MAGNETIC MOMENT 

A l l n u c l e i c a r r y a charge and i n c e r t a i n cases t h i s 

cnarge ' s p i n s ' on the n u c l e a r a x i s g e n e r a t i n g a magnetic 

d i p o l e a l o n g t h i s a x i s . The a n g u l a r momentum o f t h e s p i n n i n g 

charge can oe d e s c r i b e d i n terms o f s p i n numbers I which may 

tak e v a l u e s o f 0, \, 1, 3/2 and so f o r t h ( I = 0 denotes no 

s p i n ) . The i n t r i n s i c magnitude o f t h e generated d i p o l e i s 

expressed i n terms o f n u c l e a r magnetic moment v . S e v e r a l 

n u c l e i ("̂ H ̂ ^F 1'̂ C ^ 1P) have a s p i n number I o f 5 and a. 

u n i f o r m s p h e r i c a l charge d i s t r i b u t i o n whereas n u c l e i w i t h 

I 1 have a non s p h e r i c a l d i s t r i hut Lon o f chare/, g i v i n g r i :;o 

t o an e l e c t r i c quadropole moment which, as wi.Li be d e s c r i b e d 
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l a t e r , a f f e c t s t h e r e l a x a t i o n t i m e s (see S e c t i o n 2.15). 
The s p i n number I det e r m i n e s the number o f o r i e n t a t i o n s a 
n u c l e u s may assume i n an e x t e r n a l magnetic f i e l d i n a c c o r d 
ance w i t h the formula. 21 + 1. T h i s i n t r o d u c t i o n t o n.m.r. 
i s p r i m a r i l y concerned w i t h p r o t o n s whose s p i n i s T , ( i . e . ^ ^ C ) , 
i n which t he p r o t o n may assume two o r i e n t a t i o n s i n the magnetic 
f i e l d . 

2.12 NUCLEAR PRECESSION 

A n u c l e u s s p i n n i n g i n a s t a t i c magnetic f i e l d behaves 

somewhat l i k e a gyroscope i n a g r a v i t a t i o n a l f i e l d . As 

shown i n F i g u r e 12, the s p i n a x i s (which c o i n c i d e s w i t h the 

magnetic moment v e c t o r y ) precesses about Ho. The f r e q u e n c y 

o f t h i s p r e c e s s i o n i s known as the Larmor f r e q u e n c y o f the 

observed n u c l e u s , vo. The magnetic moments o f s p i n n i n g 

n u c l e i do n o t a l i g n a l o n g the d i r e c t i o n o f Ho but i n f a c t 

the La.rmor p r e c e s s i o n i s a c c e l e r a t e d by i n c r e a s i n g t he 

s t r e n g t h Ho o f the f i e l d v e c t o r Ho 1. T h e r e f o r e vo a Ho. 
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2.13 ENERGY LEVELS 

The energy o f t h e magnetic moment u ' i n a g i v e n f i e l d 

Ho i s g i v e n Dy the p r o d u c t o f the two 

E = - uo. Ho = - Y ~ I Ho. (Eq. 2.12) 

A nu c l e u s w i t h t o t a l s p i n quantum number I may occupy 

(21 + 1) d i f f e r e n t energy l e v e l s i n a magnetic f i e l d . For 

n u c l e i w i t h I = | (e.g. 1H, 1^C, 1 5N, 1 9 F , ) , two s p i n 

a l i g n m e n t s r e l a t i v e t o Ho a r i s e , these are denoted +|- and -h. 

The e n e r g i e s E + and E - h and the energy d i f f e r e n c e 

AE between the two l e v e l s are shown i n the f o l l o w i n g e q u a t i o n . 

E + \ = -uO.Ho = - Y — .Ho 

E - \ = po.Ho - Y -Ho 

AE = E-h - E+i = 2yoHo = Y 77- Ho. (Eq. 2.13^ 

2.14 NUCLEAR MAGNETIC RESONANCE 

AE above i s the d i f f e r e n c e between t h e e n e r g i e s o f 

p r e c e s s i o n a l o n g and o p p o s i t e t o Ho. The Larmor p r e c e s s i o n 

frequency vo o f n u c l e i w i t h I = § can be c a l c u l a t e d s i n c e 

E = h vo. 

Hence vo = . Ho (Eq. 2.14) 

•\n a l t e r n a t i n g magnetic f i e l d H I w i t h f r e q u e n c y v i i r r a . d -

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

f i e l d Ho may overcome AE i f i t meets t he f o l l o w i n g r e q u i r e m e n t . 

The v e c t o r o f the a l t e r n a t i n g f i e l d H I must r o t a t e i n the 

plane o f p r e c e s s i o n w i t h La.rmor fr e q u e n c y vo o f the n u c l e i 
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Prom t h e e q u a t i o n above i t i s r e a d i l y apparent t h a t the 

magnetic f i e l d Ho s h o u l d be as l a r g e as p o s s i b l e because 

n o t o n l y are the energy l e v e l s more w i d e l y spaced bur. a l s o 

the s e n s i t i v i t y i s i n c r e a s e d . 

(b j Spin L a t t i c e R e l a x a t i o n 

At resonance the r f f i e l d HI causes a s p i n t r a n s f e r 

f r o m t h e lower t o the upper l e v e l . The e q u i l i b r i u m o f the 

system i s d i s t u r b e d and the n u c l e u s s p i n s r e l a x i n a f i r s t 

o r d e r r a t e process w i t h a r a t e c o n s t a n t c h a r a c t e r i s i n g 

each k i n d of n u c l e i . T l i s c a l l e d the s p i n - l a t t i c e r e l a x -
-4 4 

a t i o n t i m e . I t covers a range o f about 10 t o 10 s. I n 

l i q u i d s T l i s a measure o f the l i f e t i m e o f the n u c l e u s and i s 

r e l a t e d t o the h a l f maximum i n t e n s i t y o f an N.M.R. s i g n a l 
AVh > YT (Eq. 2.16) 

(c j S p i n - S p i n R e l a x a t i o n 

I n s o l i d s and l i q u i d s w i t h molecules w i t h 'slow 

t u m b l i n g ' d i p o l e - d i p o l e i n t e r a c t i o n s between n u c l e i become 

i m p o r t a n t . 

There i s a l s o an exchange o f energy between the 

molecules and these t e n d t o s h o r t e n the l i f e t i m e s o f the s p i n 

s t a t e s c o n t r i b u t i n g t o l i n e broadening. T h i s i s a l s o a f i r s t 

o r d e r process c a l l e d s p i n - s p i n r e l a x a t i o n w i t h a t i m e c o n s t a n t 

T2 i s known as the s p i n - s p i n r e l a x a t i o n t i m e . Also 
A V-=- = c o n s t . T~. The observed l i n e w i d t h o f the s i g n a l a l s o 

depends upon the f i e l d i n homogeneity. S p i n - l a t t i c e r e l a x a t i o n 

o f a n u c l e i may be a c c e l e r a t e d 

( i ) by i n t e r a c t i o n w i t h a d j a c e n t n u c l e i h a v i n g I >, 1 

e.g. (~H, X M ) , the e l e c t r i c q u a d r c p c l e moments o f 
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such n u c l e i r e s u l t i n a d d i t i o n a l magnetic f i e l d s 
i n che t u m b l i n g molecule; 

( i i j by i n t e r a c t i o n w i t h u n p a i r e d e l e c t r o n s i n para

magnetic compounds ( r a d i c a l s , some metal c h e l a t e s ) . 

S p i n - s p i n r e l a x a t i o n o f n u c l e i i s a c c e l e r a t e d when th e y 
1 1 13 

p a r t i c i p a t e i n a d i p o l a r bond (0 - H, N- H, C-H). I n 

summary, t h e r e f o r e , a l l these i n t e r a c t i o n s cause c o n s i d e r a b l e 

l i n e b r oadening out 11 a l s o a f f e c t s the energy l e v e l p o p u l -

a t i on. 

2.16 THE MAGNETISATION VECTORS 

For many i d e n t i c a l n u c l e i o f \-\ two o r i e n t a t i o n s are 

p o s s i b l e f o r each n u c l e u s . Due t o the f a v o u r i n g o f the low e r 

s p i n s t a t e ( n e a r l y p a r a l l e l t o Ho) more n u c l e i precess about 

the d i r e c t i o n Ho. The m a g n e t i s a t i o n v e c t o r a l o n g t h i s p a t h 

i s denoted by Mo. On d i s t u r b a n c e o f t h e e q u i l i b r i u m by an 

r f f i e l d H I w i t h t he fre q u e n c y vJ t he magnetic moments u are 

f o r c e d t o precess I n phase and the r e s u l t a n t m a g n e t i s a t i o n 

v e c t o r M i s no l o n g e r p a r a l l e l t o Ho and has t h r e e components 

a l o n g the x y and z axes. 

M = M x i + Myi + Mzk (Eq. 2.17) 

Mzk i s t h e l o n g i t u d i n a l m a g n e t i s a t i o n a l o n g t h e z a x i s , the 

o t h e r two are t r a n s v e r s e components. I t i s p o s s i b l e t o des

c r i b e r e l a x a t i o n i n terms o f the m a g n e t i s a t i o n v e c t o r s but 
179 

t h i s i s f u l l y p r e s e n t e d elsewhere a l o n g w i t h a f u l l e x p l a n 

a t i o n of the Bloch e q u a t i o n s which are beyond the scope o f 

t i n ;: b r i e f i nl.i'oducti nn . 
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2.17 CHEMICAL S H I F T 

I n an atom or molecule a n u c l e u s a i s s h i e l d e d from 

the s t a t i c f i e l d Ho by i t s e l e c t r o n s . The f i e l d i t a c t u a l l y 

e x p e r i e n c e s i s Ha a c o m b i n a t i o n o f Ho and an a d d i t i o n a l f i e l d 

H,ind.a in d u c e d by the s h i e l d i n g e l e c t r o n s . 

Ha = Ho - H,ind,a. (Eq.2.l8> 

T h i s induced f i e l d has a s t r e n g t h p r o p o r t i o n a l t o the 

s t r e n g t h o f t h e a p p l i e d f i e l d Ho so t h a t 

H,ind,a = aaHo (Eq.2.19) 

l8o 
where aa i s the magnetic s h i e l d i n g c o n s t a n t which 

c h a r a c t e r i s e s t he magnetic environment o f t h a t n u c l e u s . 

Since the e f f e c t i v e f i e l d Ha e x p e r i e n c e d by the n u c l e u s a 

i s g i v e n by Ha = Ho (1 - a i ) t h e n t he n u c l e u s a w i l l precess 

a t t h e Larmor f r e q u e n c y v o a - V2 IT H O (1 - oi ) i n the f i e l d 

Ho. T h i s e q u a t i o n means t h a t n u c l e i i n d i f f e r e n t e n v i r o n 

ments precess a t d i f f e r e n t f r e q u e n c i e s w h i c h g i v e r i s e t o 

the so c a l l e d c h e m i c a l s h i f t . An a b s o r b t i o n s i g n a l w i l l 

be observed f o r each c h e m i c a l l y , n o n - e q u i v a l e n t n u c l e i i n 

the system. 

2.18 CALIBRATION OF THE N.M.R. SIGNAL 

G e n e r a l l y the a b s o r b t i o n signa.l o f a. r e f e r e n c e com

pound such as T.M.S. ( t r i m e t h y l s i l a n e ) i s assigned a. zero 

s h i f t and a l l s i g n a l s are measured from t h i s p o i n t and t h e i r 

p o s i t i o n s c h a r a c t e r i s e d by a fr e q u e n c y d i f f e r e n c e i n H e r t z 

(Hz;. I n o r d e r t o get s h i f t v a l u e s which are independent 

o f the frequency or f i e l d s t r e n g t h used the S s c a l e i s 

employed where 6s the chemical s h i f t i s g i v e n by 
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6 S = V S - 1
 V R . l O " 6 (Eq. 2.20> 

where v->S - VR i s the d i f f e r e n c e i n f r e q u e n c y between the 

a b s o r b i n g n u c l e i and t h e p o s i t i o n o f the r e f e r e n c e compound 

and V I i s the ra.diof requency used. The 10 ^ t e r m i s used 

because the f r e q u e n c y d i f f e r e n c e s are o f t e n v e r y s m a l l 

indeed. S i g n a l s w i t h s m a l l ^S r e l a t i v e t o T.M.S. are s a i d 

t o appear a t h i g h f i e l d and the n u c l e i are s t r o n g l y s h i e l d e d 

whereas the s i g n a l w i t h l a r g e <5S v a l u e s are s a i d t o be a t 

low f i e l d due t o d e s h i e l d i n g where oi i s p a r t i c u l a r l y l a r g e . 

2.19 SPIN-SPIN COUPLING 

13 

I f a. C n.m.r. spectrum i s n o t p r o t o n decoupled a. 

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

i n a system AmXn (where Am i s the number o f e q u i v a l e n t n u c l e i 

A h a v i n g a t o t a l s p i n quantum number la. and Xn i s the number 

o f e q u i v a l e n t n u c l e i X h a v i n g s p i n a quantum number I x ) , the 

number o f l i n e s i n t h e spectra, w i l l be e q u a l t o 2 n l x + 1 f o r 

n u c l e u s A and 2 ml a. + 1 f o r nucleus X. 

T h i s i s t r u e f o r so c a l l e d f i r s t o r d e r systems o n l y . 

Hence, f o r example the "̂ C n.m.r. s p e c t r a o f a. methyl group 

i s a. q u a r t e t a c c o r d i n g t o the above e q u a t i o n , ( s i n c e I a = \ 

and n = 3) • 

2.20 SENSITIVITY OF JC N.M.R. 

13 
The main problem i n o b s e r v i n g C n.m.r. i s concerned 

w i t h the low n a t u r a l abundance o f t h i s n u c l e u s and i t s low 

g y r o m a g n e t i c r a t i o Y which y i e l d s a. much s m a l l e r Boltzmann 

exponent 2YpoHo/kT t h a n t h a t o f p r o t o n s and g i v e r i s e t o low 
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s e n s i t i v i t y . 

13 I t i s p o s s i b l e t o a r t i f i c i a l l y enhance t he C abundance 
i n s e l e c t e d samples or t o use c o n c e n t r a t e d samples i f 
s o l u b i l i t y a l l o w s . I n k e e p i n g w i t h the Boltzmann e q u a t i o n 
i t i s t h e o r e t i c a l l y p o s s i b l e t o enhance t he s e n s i t i v i t y by 
d e c r e a s i n g the t e m p e r a t u r e . S i m i l a r l y the Boltzmann expon
ent can be i n c r e a s e d by i n c r e a s i n g the magnetic f i e l d s t r e n g t h 
o r r a i s i n g the r a t i o f r e q u e n c y power i f r e l a x a t i o n i s s u f f i c 
i e n t l y q u i c k t o p r e v e n t s a t u r a t i o n . F o r t u n a t e l y t h e accum
u l a t i o n o f s p e c t r a i s f e a s i b l e by computer which averages the 
n o i s e , (Computer averaged t r a n s i e n t s , C.A.T.). The s i g n a l / 
n o i s e r a t i o i n c r e a s e s w i t h t h e number o f scans n. 

S :N ( S : N ) 1 / n 

The most e f f i c i e n t method o f s e n s i t i v i t y enhancement i n 
1"5 
C n.m.r. o f o r g a n i c molecules i s Pulse F o u r i e r T r a n s f o r m 

(P.F.T.) i n c o m b i n a t i o n w i t h t h e v a r i o u s d e c o u p l i n g methods. 

2.21 CONTINUOUS WAVE N.M.R. SPECTROSCOPY AND PULSED N.M.R. 

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

t o a. sample i n a magnetic f i e l d , ( c o n t i n u o u s wave n.m.r.), 

and t h e Larmor frequency o f the nucleus i s matched w i t h t h a t 

o f the f i e l d t o g i v e the s i g n a l . I n p u l s e d n.m.r. the 

sample i s i r r a d i a t e d by s h o r t i n t e n s e r . f . p u l s e s which r o t a t e s 

the v e c t o r o f m a g n e t i s a t i o n so t h a t a t r a n s v e r s e m a g n e t i s a t i o n 

v e c t o r r e s u l t s . T h i s v e c t o r decays e x p o n e n t i a l l y f o l l o w i n g 

the p u l s e due t o s p i n - s p i n rela.xa.tion. I f the r . f . d i f f e r s 

from the Larmor f r e q u e n c y o f th e n u c l e i t o be i n v e s t i g a t e d 

( o f f resonance) t he i n t e r f e r e n c e o f the r o t a t i n g t r a n s v e r s e 

component w i t h t h e r . f . f i e l d g i v e s r i s e t o the e f f e c t shown 

i n F i g u r e l_5e. The sp a c i n g oet"?een two beats i s t h e r e c i p r o c a . l 

http://rela.xa.tion


67 

o f ohe d i f f e r e n c e between t h e fr e q u e n c y o f t h e p u l s e and the 
1 Larmor frequency T h i s i s known as a Free I n d u c t i o n •; ^ 1 - vo)' 

Decoy (F.I.D.) s i g n a l and i s due t o f r e e l y r e l a x i n g s p i n s 

a.f"cer an r . f . p u l s e . 

input 

sample 
magnetization 

output 

fed 

Free induction decay. 
la) ri pulse as input signal; (b) sample magnetization during the rf pulse; (c) free induction decay following 
the rf pulse; (d) output signal for rf at resonance; (e) output signal for rf off resonance. 

F i g u r e T h i r t e e n 

2.22 PULSE FOURIER TRANSFORM (P.F.T.) N.M.R. SPECTROSCOPY 

F.I.D. s i g n a l s are c o n v e r t e d from analogue t o d i g i t a l 
l 8 l 

form f o r F o u r i e r t r a n s f o r m a t i o n i n a. computer w i t h a. 

memory s i z e o f 4-20K. The d e t a i l s o f the t r a n s f o r m a t i o n 

nave "been p r e s e n t e d elsewhere but u s i n g the F a s t F o u r i e r 

T r a n s f o r m (F.F.T.) t he c o m p u t a t i o n can ta k e as l i t t l e as 1 

minute f o r t r a n s f o r m i n g an i n t e r f e r o g r a m . P.F.T. t e c h n i q u e s 

g e n e r a l l y r e q u i r e l e s s measuring time and are more s e n s i t i v e 

t h a n C.W. n.m.r. 
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2.23 SPIN DECOUPLING I N 1 3 C N.M.R. 
1 o 

C C-'H s p i n c o u p l i n g e f f e c t s w i l l v a n i s h when p r o t o n 

broad band d e c o u p l i n g i s a p p l i e d which s i m p l i f i e s t h e ^ C - ' H 

m u l t i p l e t system. Spin d e c o u p l i n g i s achieved by i r r a d 

i a t i n g n u c l e i n o t o n l y w i t h a r a d i o f r e q u e n c y f i e l d H I a t 

resonance w i t h the n u c l e i t o be observed but a l s o w i t h a 

second a l t e r n a t i n g f i e l d H 2 a t resonance w i t h those n u c l e i t o 

be decoupled (e.g. *H). 

2 . 2 4 PROTON BROAD BAND DECOUPLING 

1"5 13 I n a C experiment C-'H m u l t i p l e t s can be s e l e c t i v e l y 
13 

decoupled a l t h o u g h i n most experiments a l l VC-'H m u l t i p l e t s 

are decoupled f o r s e n s i t i v i t y and s i m p l i c i t y reasons. T h i s 

i s a c h i e v e d when the d e c o u p l i n g f i e l d H 2 covers a. range o f 

a l l p r o t o n Larmor f r e q u e n c i e s and t h i s i s known as broad band 

d e c o u p l i n g . D e c o u p l i n g f i e l d s are g e n e r a l l y modulated u s i n g 

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

r e q u i r e d . 

2.25 THE NUCLEAR OVERHAUSER EFFECT I N 1^C-'H N.M.R. 

The i n c r e a s e i n s e n s i t i v i t y o f N.M.R. expe r i m e n t s i n -
l ftp 

v o l v i n g d e c o u p l i n g i s due t o the Nuclear Overha.user E f f e c t . 

M u l t i p l e t s i g n a l s are accumulated i n t o s i n g l e l i n e s and t h i s 

can be t r a c e d back t o an i n t r a m o l e c u l a r d i p o l e - d i p o l e r e l a x 

a t i o n mechanism. The s i g n a l enhancement depends upon t he 

gyro-magnetic r a t i o o f the two atoms concerned ( i . e . the 

observed n u c l e u s and the decoupled n u c l e u s ) . Quaternary 

carbons can o f t e n be r e c o g n i s e d i n decoupled spectra, s i n c e 

t h e y l a c k Overhauser e f f e c t s but p r i m a r y seconda.ry and t e r t i a r y 

carbons are sometimes i n d i s t i n g u i s h a b l e . P r o t o n o f f resonance 
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d e c o u p l i n g can r e s t o r e t h e m u l t i p l i c i t y t o some e x t e n t and 
a l l o w i d e n t i f i c a t i o n o f such carbon s p e c i e s . The Overhauser 
e f f e c t can be quenched by t h e a d d i t i o n o f paramagnetic sub
stances such as t e r t - b u t y l n i t r o x i d e o r c o b a l t I I a c e t a t e . 
These a c c e l e r a t e r e l a x a t i o n by way o f d i p o l e - d i p o l e i n t e r 
a c t i o n between u n p a i r e d e l e c t r o n s and magnetic n u c l e i r e d u c i n g 
the Overhauser e f f e c t and a l l o w i n g i n t e g r a t i o n o f peaks due 
t o carbons i n d i f f e r e n t e nvironments. 

2.26 THE MAGNET 

Commercially a v a i l a b l e i n s t r u m e n t s i n c l u d e magnets 

o f about 10 k i l o g a u s s t o 100 k i l o g a u s s . The s t r o n g e r the 

magnetic f i e l d Ho the b e t t e r t h e l i n e s e p a r a t i o n o f c h e m i c a l l y 

s h i f t e d n u c l e i i n the fr e q u e n c y s c a l e and t h e h i g h e r i s the 

s e n s i t i v i t y because o f i n c r e a s e d p o p u l a t i o n o f the lo w e r s p i n 

l e v e l s . H i g h f i e l d N.M.R. i s a c h i e v e d u s i n g s u p e r c o n d u c t i n g 

s o l e n o i d s g i v i n g r i s e t o magnetic f i e l d s o f 50-100 k i l o g a u s s . 

2.27 THE SAMPLE 

The sample s o l u t i o n i s g e n e r a l l y p l a c e d i n a g l a s s tube 

o f d i a m e t e r 5> 10 or 15mm which i s r o t a t e d p e r p e n d i c u l a r l y 
18^ 13 

t o t h e magnetic f i e l d Ho. I n C experiments t he sample 

i s u s u a l l y p r e p a r e d by d i s s o l v i n g i n the compound a d e u t e r a t e d 

s o l v e n t used f o r f i e l d / f r e q u e n c y s t a b i l i s a t i o n . For r e f e r e n c e 

a. s m a l l amount o f a. r e f e r e n c e compound i s added t o the sa.mple. 

A f u l l account o f N.M.R. i n s t r u m e n t a t i o n can be Pound e l s e 

where but i t i s a p p r o p r i a t e a t t h i s p o i n t t o c o n s i d e r the 

a p p l i c a t i o n o f the te c h n i q u e i n areas r e l a t e d t o n i t r o c e l l u l o s e 

and c e l l u l o s e m a t e r i a l s i n g e n e r a l . 
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2.28 "̂ C N.M.R. OF CARBOHYDRATES 

N.M.R. i s p a r t i c u l a r l y u s e f u l f o r c o n f i g u r a t i o n a l and 
179 

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

P r i m a r y , secondary and t e r t i a r y carbons i n c a r b o h y d r a t e 

systems can De d i s t i n g u i s h e d by p r o t o n o f f resonance de

c o u p l i n g and a number o f r u l e s have been developed f o r the 

assignment o f peaks i n c a r b o h y d r a t e s p e c t r a . One o f t h e 

i n t e r e s t i n g p o i n t s t o a r i s e from these i s t h a t r i n g carbons 

w i t h e q u a t o r i a l l y o r i e n t e d h y d r o x y l groups on a s a t u r a t e d 

s i x membered r i n g absorb a t lower f i e l d t h a n c o r r e s p o n d i n g 

carbons w i t h e q u a t o r i a l l y o r i e n t e d h y d r o x y l groups. The 
i d e n t i f i c a t i o n o f anomers and m i x t u r e s o f anomers i s t h e r e -

184 
f o r e p o s s i b l e . 

197 
A r e c e n t r e v i e w by P e r l i n has o u t l i n e d t h e use o f 

Ĉ n.m.r. i n the i d e n t i f i c a t i o n and c h a r a c t e r i s a t i o n o f 
1̂ 5 

c a r b o h y d r a t e polymers. The a p p l i c a t i o n o f Ĉ t e c h n i q u e s 

t o p o l y s a c c h a r i d e s i s rema r k a b l y l i m i t e d a l t h o u g h 
185 

g l y c o g e n and c e l l u l o s e a c e t a t e have been s t u d i e d . 

Wu"1"̂ ^ has r e c e n t l y p u b l i s h e d "̂ C n.m.r. s p e c t r a o f c e l l u l o s e 

n i t r a t e s w hich, a l t h o u g h p o o r l y r e s o l v e d , a l l o w the e s t i m a t i o n 

o f degree o f s u b s t i t u t i o n . P o t e n t i a l i n f o r m a t i o n on d i s t 

r i b u t i o n o f n i t r a t e groups i n n i t r a t e d and d e n i t r a t e d m a t e r i a l 

s h o u l d a l s o be a v a i l a b l e and t h i s i s more f u l l y d i s c u s s e d i n 

Chapter Four. 

2.29 SOLID STATE MAGIC ANGLE SPINNING N.M.R. 

I n t h e l a s t few ye a r s the s t u d y o f p o l y m e r i c m a t e r i a l s 

i n t h e s o l i d s t a t e by n.m.r. has become f e a s i b l e . F y f e and 
198 

Marchessa.ult ^ have used s o l i d s t a t e c r o s s p o l a r i s a t i o n . 
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magic angle n.m.r. t o d i s t i n g u i s h between t h e v a r i o u s forms 

o f c e l l u l o s e , i . e . c r y s t a l l i n e and amorphous and i t may be 

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

s t u d i e s o f c e l l u l o s e n i t r a t e s . 
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PART I I I 

OPTICAL MICROSCOPY 

2.30 INTRODUCTION 

O p t i c a l microscopy as a c l a s s i c a l t e c h n i q u e f o r t h e 

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

c r y s t a l s t r u c t u r e had i t s o r i g i n s l o n g b e f o r e t h e de v e l o p 

ment o f X-ray d i f f r a c t i o n by B r a g g 1 ^ i n the e a r l y p a r t o f 

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

however, was l a r g e l y c o n f i n e d t o the stu d y o f i n o r g a n i c 

c r y s t a l s and m e t a l l i c s a l t s and f o r t h i s reason was l a r g e l y 

superseded as a s t r u c t u r a l t e c h n i q u e by the advent o f X-ray 

a n a l y s i s which was ab l e t o de t e r m i n e w i t h c o n s i d e r a b l e a c c u r 

acy t h e p o s i t i o n s o f atoms w i t h i n the u n i t c e l l . A l t h o u g h 

s t i l l w i d e l y used i n the g e o l o g i c a l s c i e n c e s ' f o r t h e 

' f i n g e r p r i n t ' i d e n t i f i c a t i o n o f m i n e r a l s i t s a p p l i c a t i o n i n 

c h e m i s t r y i s now l a r g e l y l i m i t e d t o substances which, because 

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

X-ray methods. One area where t h e use o f p o l a r i s a b l e m i c r o -
1 8ft 

scopes has been v e r y p r o d u c t i v e i s t h a t o f . f i b r e c h e m i s t r y 
and i n p a r t i c u l a r the stu d y o f c e l l u l o s e and i t s n i t r a t e d 

82 l89 
d e r i v a t i v e s . ' A f u l l d i s c u s s i o n o f t h i s work w i l l be 

p r e s e n t e d i n a l a t e r s e c t i o n b u t i t i s f i r s t necessary t o 

e x p l a i n the p r i n c i p l e s and d i s c u s s t h e complex o p t i c s i n v o l v e d 

i n t h e use of p o l a r i s a b l e microscopes f o r a n a l y t i c a l purposes. 
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2.31 POLARISATION OF LIGHT 

I f we c o n s i d e r l i g h t as a wave mot i o n t h e n , i n g e n e r a l , 

i t i s t r u e t o say t h a t v i b r a t i o n s w i l l t a k e p l a c e i n a l l 

d i r e c t i o n s around the l i n e s o f t r a n s m i s s i o n o f t h a t l i g h t . 

I n many cases, however, the tendency t o v i b r a t e i n a l l 

d i r e c t i o n s i s m o d i f i e d and the waves become r e s t r i c t e d f o r 

t h e most p a r t t o a s i n g l e p l ane of v i b r a t i o n . T h i s i s known 

as p o l a r i s a t i o n . The p r o d u c t i o n o f p o l a . r i s e d l i g h t can 

t a k e p l a c e t h r o u g h s e v e r a l causes; (1) by r e f l e c t i o n f r o m 

p o l i s h e d s u r f a c e s (2) by r e p e a t e d r e f r a c t i o n a t an angle 

t h r o u g h s e v e r a l p l a t e s o f t h i n g l a s s , (3) by a b s o r b t i o n by 

c e r t a i n c r y s t a l s such as t o u r m a l i n e , (4) by cleavages o r 

p r i s m s o f o p t i c a l c a l c i t e . P o l a r i s a . t i o n by a b s o r b t i o n i s 

t h e process most w i d e l y used i n microscopy and w i l l be f u r t h e r 

c o n s i d e r e d here. When l i g h t s t r i k e s a c r y s t a l l i n e m a t e r i a l 

such as t o u r m a l i n e t h e v i b r a t i o n s i n every plane except one 

are s t r o n g l y absorbed g i v i n g r i s e t o p o l a r i s e d l i g h t . The 

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

c r y s t a l ) l i e s p a r a l l e l t o the p l a n e o f t h e v i b r a t i o n . 

2.32 DOUBLE REFRACTION 

When l i g h t passes t h r o u g h a l a r g e number o f t r a n s p a r e n t 

m a t e r i a l s i t i s o f t e n d oubly r e f r a c t e d i n t o two beams v i b r a t -
199 

i n g a t r i g h t angles t o one a n o t h e r . One v i b r a t e s a t 

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

r a y and the o t h e r v i b r a t e s p a r a l l e l t o the same a x i s and i s 

kn>rn as the e x t r a o r d i n a r y r a y . The o r d i n a r y r a y has an 

i n d e x o f r e f r a c t i o n w and has a. v e l o c i t y a ̂  and the e x t r a 

o r d i n a r y r a y has an i n d e x e and a v e l o c i t y p r o p o r t i o n a l . 1 t o —. 
e 
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2.33 THE NICOL PRISMS 

Many p o l a r i s i n g microscopes o p e r a t e u s i n g t h e cros s e d 

n i c o l system which u t i l i s e the p r i n c i p l e o f double r e f r a c t i o n 

t o produce plane p o l a r i s e d l i g h t . O p t i c a l l y c l e a r c a l c i t e 

i s used i n n i c o l s and the p r i s m i s c o n s t r u c t e d from two h a l v e s 

cemented t o g e t h e r u s i n g Canada Balsam. L i g h t e n t e r i n g t h e 

base o f the p r i s m i s s p l i t i n t o t h e o r d i n a r y and e x t r a o r d i n a r y 

r a y s . The e x t r a o r d i n a r y r a y has a r e f r a c t i v e i ndex n=1.5l6 

a t t h e angle o f i n c i d e n c e o f t h e p r i s m whereas t h e o r d i n a r y 

r a y has a r e f r a c t i v e i n d e x n=1.658. The in d e x o f the e x t r a 

o r d i n a r y r a y i s c l o s e t o t h a t o f the cementing balsam n=1.537 

but t h a t o f the o r d i n a r y r a y i s s u b s t a n t i a l l y l a r g e r . Hence 

a t t h e balsam boundary t h e o r d i n a r y r a y exeeeds t h e c r i t i c a l 

a ngle between i t s e l f and t h e balsam and i s c o n s e q u e n t l y r e 

f l e c t e d t o t h e s i d e o f the p r i s m . ( F i g u r e 14). The e x t r a -

e x t r a o r d i n a r y 
n=!5l6 

d or no y r 
CANADA 8 6 5 n C O 
BALSAM 
nsI-537 4 

F i g u r e F o u r t e e n Diagram o f a. n i c o l p r i s m showing r e f r a c t i v e 
i n d i c e s a t phase bo u n d a r i e s 
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o r d i n a r y r a y however does n o t exceed t h e c r i t i c a l angle 

and i s hence t r a n s m i t t e d w i t h o u t f u r t h e r d e v i a t i o n . HEnce 

the l i g h t p a s s i n g t h r o u g h the lower n i c o l i n a microscope 

i s p l a n e p o l a r i s e d and e n t i r e l y composed o f the e x t r a 

o r d i n a r y r a y . V/hen two n i c o l s are superimposed w i t h t h e i r 

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

be 'crossed'. I n a p o l a r i s a b l e microscope t h e lower n i c o l 

known as the p o l a r i s e r i s f i x e d whereas the upper n i c o l can 

be moved i n and out o f th e crossed p o s i t i o n and i s known as 

the a n a l y s e r . Crossed n i c o l s w i l l produce darkness on t h e 

stage i f i t i s unoccupied o r i f i t h o l d s o p t i c a l l y a n i s o 

t r o p i c m a t e r i a l s such as g l a s s . A l t h o u g h c a l c i t e n i c o l s 

are s t i l l t o be found i n many o f the o l d e r microscopes i t 

s h o u l d be n o t e d t h a t t h e modern n i c o l s are g e n e r a l l y con

s t r u c t e d from p o l a r o i d . 

2.34 OBSERVATION OF SAMPLES BETWEEN CROSSED NICOLS 

The p o l a r i s e d l i g h t f rom the lower n i c o l s t r i k e s the 

a n i s o t r o p i c sample v i b r a t i n g i n one p l a n e . On e n t e r i n g 

t h e sample i t i s s p l i t i n t o o r d i n a r y and e x t r a o r d i n a r y r a y s , 

-^oth s e t s are p o l a r i s e d but a t r i g h t a n g l e s and the l i g h t i s 

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

r e s u l t when the l i g h t emerges one set has t r a v e l l e d f u r t h e r 

t h r o u g h the m a t e r i a l t h a n the o t h e r but t h e y c o n t i n u e i n a. 

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

a n g l e s . I n the upper n i c o l the r a y s are r e s o l v e d t o v i b r a t e 

i n a s i n g l e plane but the i n i t i a l phase d i f f e r e n c e i s r e t a i n e d . 

As a r e s u l t t h e y are i n a. p o s i t i o n t o i n t e r f e r e and c o l o u r s 

are observed i n the microscope image. The c o l o u r depends 

upon the n a t u r e o f the l i g h t and the amount o f r e t a r d a t i o n 
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o f one s e t t o a n o t h e r . The r e t a r d a t i o n i s g i v e n by 

H. = d ( n 2 ~ n ^ ) where d i s the t h i c k n e s s o f the sample, i s 

the g r e a t e r i n d e x o f r e f r a c t i o n and t h e l e s s e r . The 

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

p a r t i c u l a r o r i e n t a t i o n . The phase d i f f e r e n c e i s t h e r e t a r d -

a t i o n d i v i d e d by the waveleng t h p = —. When the r e t a r d a t i o n 
A A 

i s some whole m u l t i p l e o f a. wavelength n\ the waves emerging 

f r o m t h e upper n i c o l become equa l and o p p o s i t e i n phase. 

The r e s u l t a n t i s t h e n e q u a l t o zero and the f i e l d produced 

i s d a r k . Maximum i n t e n s i t y w i l l occur midway between ex

t i n c t i o n p o i n t s , here t h e r e t a r d a t i o n i s (2n + 1 / 2 ) A and t h e 

components o f t h e waves i n t h e plane o f t h e upper n i c o l are 

equ a l and on the same s i d e o f t h e l i n e o f t r a n s m i s s i o n . The 

r e s u l t a n t wave i s t h e sum o f t h e two components. I f t h e 

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

and p e r p e n d i c u l a r t o t h e planes o f the p o l a . r i s a b l e d e v i c e s 

no l i g h t passes t h r o u g h the a n a l y s e r and the m a t e r i a l i s i n 

a p o s i t i o n o f e x t i n c t i o n . 

2.35 MECHANISM OF COMPENSATION 

Most p o l a r i s a b l e microscopes i n common use have an 

accessory s l o t l o c a t e d below t h e a n a l y s e r i n t o which a. range 

o f compensators can be f i t t e d , (a f u l l d e s c r i p t i o n o f the 

v a r i o u s types i s g i v e n i n the ne x t s e c t i o n ) , f o r the purpose 

o f d e t e r m i n i n g the p a t h d i f f e r e n c e o f t h e o r d i n a r y and e x t r a 

o r d i n a r y r a y s as they emerge from the upper n i c o l . 

The g e n e r a l mechanism o f compensation i s as f o l l o w s : 

suppose tlia.t a c r y s t a l p l a t e i s i n s e r t e d i n the accessory 

s l o t so t h a t t h e Cast and slow components oppose those o f 

th e o r i g i n a l sample. The r e s u l t w i l l be a r e d u c t i o n i n the 

t o t a l p a t h d i f f e r e n c e s produced by the p l a t e and the sample. 



Depending on the t h i c k n e s s o f the p l a t e one oar. nehieve 

t o t a l o r p a r t i a l compensation. T h i s i s n i c e l y demonstrated 

by the use o f a q u a r t z wedge (see S e c t i o n VI'c N and rhe 

g e n e r a l mechanism i s i l l u s t r a t e d i n F i g u r e 15. 

Resultant wave 
not shown 

Resunant wave 

s 
Resultant wave Resultant wave 

not shown not shown 

L 

Two-dimensional diagram showing compensation by 
a quartz wedge. Path difference produced by crystal plate has 
been nullified by quartz wedge in position C. 

F i g u r e F i f t e e n 

Monochromatic p l a n e - p o l a r i s e d waves v i b r a t i n g i n a. 

plane 45 degrees from the v i b r a t i o n p l a n e s f o r t h e c r y s t a l 

are i n c i d e n t on a. c r y s t a l l i n e sample and are r e s o l v e d i n t o 

two s e t s o f waves, one set v i b r a t i n g i n t h e pla n e o f t h e 

diagram, ( s o l i d l i n e ) £.nd the o t h e r v i b r a t i n g i n a. plane 

normal t o the f i r s t , (da.shed l i n e ) . The c r y s t a l l i n e sample 

i l l u s t r a t e d has an o r i e n t a t i o n , b i r e f r i n g e n c e and t h i c k n e s s 

such t h a t a. p a t h d i f f e r e n c e o f o n e - h a l f wavelength i s produced 
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between t h e emergent waves. The waves r e s u l t i n g f r o m t h e 
c o m b i n a t i o n o f t h e emergent waves are n o t shown f o r t h e sake 
o f c l a r i t y . Compensation o f the waves r e s u l t s when t h e 
t h i c k n e s s o f t h e wedge i s such t h a t t h e p a t h d i f f e r e n c e p r o 
duced by the c r y s t a l l i n e sample i s n u l l i f i e d as i n F i g u r e 15c. 
The r e s u l t a n t wave, ( i n d i c a t e d as a. s o l i d l i n e i n F i g u r e 15c), 
v i b r a t e s i n the same plane as t h e wave i n c i d e n t on the c r y s 
t a l l i n e sample and i n a p lane normal t o t h e plane o f v i b r a t i o n 
o f t h e l i g h t waves t r a n s m i t t e d by t h e upper p o l a r . 

A number o f compensators are a v a i l a . b l e which w i l l measure 

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

cussed i n the f o l l o w i n g s e c t i o n . 

2.36 OPTICAL ACCESSORIES 

(A) Q u a r t e r Wave P l a t e 

The q u a r t e r wave, p l a t e i s made o f c o l o u r l e s s 

mica or b i r e f r i n g e n t p l a s t i c mounted i n a. m e t a l h o l d e r s u i t a b l e 

f o r i n s e r t i o n i n the accessory s l o t o f the microscope. 

U s u a l l y t h e d i r e c t i o n o f the f a s t component i s o r i e n t e d 

p a r a l l e l t o t h e l o n g d i r e c t i o n o f t h e h o l d e r . I f mica i s 

used i t i s p r e p a r e d by c l e a v i n g i t i n t o a. sheet o f a t h i c k 

ness t h a t produces a p a t h d i f f e r e n c e o f a q u a r t e r w avelength. 

The q u a r t e r wave p l a t e i s used t o d e t e r m i n e o p t i c a l s i g n from 

i n t e r f e r e n c e f i g u r e s and t o i d e n t i f y f a s t and slow d i r e c t i o n s 

i n b i r e f r i n g e n t p l a t e s or f r a g m e n t s . 

(B) Graduated Quartz Compensator 

T h i s compensator has an e t c h e d s c a l e g r a d u a t e d i n 

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

t h e r e f o r e g e n e r a l l y r e q u i r e s c a l i b r a t i o n . Compensation 
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produces a d a r k l i n e a c ross t h e wedge and the p o s i t i o n o f 

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

a t i o n . The t h e o r y b e h i n d such d e t e r m i n a t i o n s has been p r e 

sented i n the p r e v i o u s s e c t i o n . 

(C ) T i l t i n g Compensators 

These are i n s e r t e d i n t h e accessory s l o t above t h e 

o b j e c t i v e l e n s and below the upper p o l a r ( a n a l y s e r ) and con

t a i n b i r e f r i n g e n t p l a t e s t h a t can be r o t a t e d about a h o r i z 

o n t a l a x i s so as t o v a r y the e f f e c t i v e b i r e f r i n g e n c e between 

th e two components o f t r a n s m i t t e d l i g h t . The Berek compen

s a t o r , used i n much o f t h e work d e s c r i b e d i n Chapter Seven, 

i s p a r t i c u l a r l y p o p u l a r . I t c o n t a i n s a p i e c e o f c a l c i t e 

t h a t a t t h e zero p o s i t i o n produces no p a t h d i f f e r e n c e . 

R o t a t i o n w i l l i n c r e a s e the p a t h d i f f e r e n c e i n a c o n t r o l l e d 

manner. To o b t a i n compensation i t i s f i r s t necessary t o 

r o t a t e the stage 45 degrees, ( o r 135°).» from the p o s i t i o n o f 

e x t i n c t i o n . T h i s i s t o ensure the f a s t d i r e c t i o n o f t h e 

v i b r a t i o n o f t h e sample i s opposed t o t h e slow d i r e c t i o n o f 

t h e compensator. The compensator i s t h e n r o t a t e d t o produce 

e x t i n c t i o n i n the b i r e f r i n g e n t sample, t h a t i s , u n t i l t h e 

compensator c a n c e l s out the p a t h d i f f e r e n c e produced by the 

sample. The p a t h d i f f e r e n c e i s r e a d d i r e c t l y f rom a s c a l e 

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

by i n s t r u m e n t a l c o n s t a n t s . 

(D) S e n a r m o n t 2 0 0 Method o f Measurement o f Path D i f f e r e n c e 

The Senarmont method i s w i d e l y used f o r h i g h l y 

a c c u r a t e measurement o f p a t h d i f f e r e n c e s l e s s t h a n a wave

l e n g t h and r e q u i r e s a s p e c i a l l y c o n s t r u c t e d quarter-wave p l a t e 

and an upper n i c o l which can be r o t a t e d w i t h p r e c i s e measure

ment o f t h e a n g l e o f r o t a t i o n . A b i r e f r i n g e n t d i s c 
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i n t h e q u a r t e r wave p l a t e i s designed t o produce a q u a r t e r 
w a v e l e n g t h p a t h d i f f e r e n c e f o r monochromatic l i g h t o f 5^0 
or 589 M^ wavel e n g t h . The q u a r t e r wave p l a t e i s p l a c e d i n 
the accessory s l o t o f t h e microscope and i n such a. p o s i t i o n 
i s designed so t h a t i t s slow d i r e c t i o n o f v i b r a t i o n i s p a r a l l e l 
t o t h e v i b r a t i o n d i r e c t i o n o f t h e p o l a r i s e r . ( i t i s p o s s i b l e 
t o o b t a i n r o t a t i n g q u a r t e r wave p l a t e s which can be s e t i n 
the r e q u i r e d p o s i t i o n ) . The a n a l y s e r i s r o t a t e d u n t i l i t 
i s c r o s s e d w i t h r e s p e c t t o the p o l a r i s e r and the sample i s 
r o t a t e d t o the 45° p o s i t i o n . The l i g h t f rom t h e p o l a r i s e r , 
( i d e a l l y monochromatic l i g h t s h o u l d be u s e d ) , i s r e s o l v e d i n t o 
t h e two components, (slow and f a s t ) , by the sample and these 
combine t o g i v e an e l i p t i c a . l v i b r a t i o n . On e n t e r i n g t h e A/4 
p l a t e t h i s v i b r a t i o n i s r e s o l v e d a l o n g t h e v i b r a t i o n d i r e c t i o n s 
o f t h e p l a t e . I f t h e phase d i f f e r e n c e between t h e components 
on e n t r y i s 90° t h e n passage t h r o u g h the p l a t e i n c r e a s e s t h e 
d i f f e r e n c e by a f u r t h e r 90°, a t o t a l o f A/2, and t h e y w i l l 
i n t e r f e r e t o g i v e l i n e a r l y p o l a r i s e d l i g h t . I f the a n a l y s e r 
i s then t u r n e d t o produce e x t i n c t i o n t h e r e q u i r e d phase 
d i f f e r e n c e can be shown t o be e q u a l t o t w i c e the angle o f 
r o t a t i o n o f t h e a n a l y s e r . 

(E) The E l l i p t i c a l C o m p e n s a t o r 2 0 1 

T h i s compensator i s used i n cases where t h e p a t h ; 

d i f f e r e n c e i s l e s s t h a n A/10. I t c o n s i s t s o f a r o t a t a b l e 

p i e c e o f mica, (whose p o s i t i o n i n r e l a t i o n t o t h e p o l a r i s e r 

and a n a l y s e r can be a c c u r a t e l y measured) which produces a 

known p a t h d i f f e r e n c e . The p o l a r i s e r and ana.lycer are cr o s s e d , 

the compensa.tor i s s e t a t e x t i n c t i o n and the sample i s t u r n e d 

i n t o e i t h e r o f i t s 45° p o s i t i o n s . The compensator i s th e n 
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r o t a t e d u n t i l e x t i n c t i o n i s o b t a i n e d and i f 4> i s t h e angle 

o f r o t a t i o n i t can be shown t h a t 

R = Ro s i n 2 * where R i s t h e r e l a t i v e r e t a r d a t i o n f o r 

th e c r y s t a l and Ro t h a t f o r t he compensator. 

The t h e o r y b e h i n d t h i s compensator i s complex 

but i s a g e n e r a l case o f two c r y s t a l p l a t e s superimposed 

upon each o t h e r (a c o n d i t i o n we s h a l l meet i n a l a t e r s e c t i o n 

r e l a t i n g t o f i b r e s ) . The i n t e n s i t y o f t h e l i g h t t r a n s m i t t e d 

by the a n a l y s e r i s g i v e n by t h e complex e q u a t i o n : 

2 n 

I = sin2 ( i l ^ - t l ^ ) . s i n 2 ^ cos 2<|> 2 s i n — R^ 
2 IT 

+ s i n 2 ( * 2 ~ * i ^ c o s 2 l ^ i s i n 2 * 2 s i n 7 R 2 
2 2 TT 

+ cos (4>2~^>iL) s l n 2 \ s i n s i n ~ + 

2 2 it - s i n ( i p g - ^ ) s i n 2<Ji s i n 2* 2 s i n - (.R1 - R 2 ) . 

where * a.nd 4^ are t h e angles made by t h e slow d i r e c t i o n s 

o f t h e sample and compensator p l a t e s r e s p e c t i v e l y w i t h t h e 

slow d i r e c t i o n o f the p o l a r i s e d and R 2 and R^ are t h e i r 

r e l a t i v e r e t a r d a t i o n s . 

2 7T 
F o r t u n a t e l y t h e s i n — ( x ) terms where x = R, R 0, 

R l - R 2 o r R i + R 2 c a n 1 3 6 s i m P l i : f i e d i f R x a n d R2 a r e sma-L-1- s i n c e 

the s i n e o f a s m a l l angle i s almost equal t o the v a l u e o f 
2 IT the angle expressed i n r a d i a n s . Thus f o r s i n — R, we can 

A JL 

IT 2 2 s u b s t i t u t e (—) (R-, ) and so on. The e q u a t i o n then s i m p l i f i e s 
A -L 

t o 

I = ( ^ ) 2 (R x s i n 2 ̂  + R 2 s i n 2 * 2 ) 2 

I n the e x t i n c t p o s i t i o n 1 = 0 and 

R-̂  s i n 2 ̂  + R 2 s i n 2 * 2 = 0 

I n t h e s i t u a t i o n where 2 ̂  = 90° t h e e q u a t i o n becomes 

2 x s i n 2 ̂  
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2.37 LOCATION OF EXTINCTION POSITIONS 

The l o c a t i o n o f the exact p o s i t i o n o f e x t i n c t i o n i s 

o f t e n a s u b j e c t i v e procedure r e s u l t i n g i n e r r o r s i n f i n a l 

d e t e r m i n a t i o n s . To a s s i s t the human eye i n such o b s e r v a t 

i o n s a number o f d e v i c e s have been developed. The b i q u a r t z 

wedge, f o r example, i s used w i t h a s p e c i a l o c u l a r and cap 

a n a l y s e r and i s c o n s t r u c t e d o f two p l a t e s over which are 

p l a c e d two wedges. The p i e c e s are c u t a t r i g h t a n g l e s t o 

the o p t i c a x i s and zero r o t a t i o n o f the plane o f t h e v i b r a t i o n 

o f l i g h t i s produced when each h a l f wedge has the same t h i c k 

ness as t h e u n d e r l y i n g p l a t e . A b l a c k band across t h e wedge 

marks t h i s c o n d i t i o n and when a b i r e f r i n g e h t substance i s on 

the stage e x t i n c t i o n can be d e t e r m i n e d when th e i l l u m i n a t i o n 

o f the two h a l v e s o f the wedge are e q u a l . More o f t e n , 

however, the Lapinay or the Nakamura. h a l f shadow p l a t e i s 

used f o r t h i s purpose. These p l a t e s have two segments w h i c h 

are grey c o l o u r a t e x t i n c t i o n but u n e q u a l l y i l l u m i n a t e d t o 

e i t h e r s i d e o f e x t i n c t i o n . Thus t h e ease o f use o f such 

d e v i c e s makes them p a r t i c u l a r l y u s e f u l . 

2.38 APPLICATION OF OPTICAL MICROSCOPY TO CELLULOSE FIBRES 

Most n a t u r a l and a r t i f i c i a l f i b r e s are a n i s o t r o p i c t o 

a g r e a t e r or l e s s e r degree and t h i s a r i s e s from the f a c t t h a t 

t h e y c o n s i s t o f l o n g c h a i n molecules which t e n d t o be a r r a n g e d 
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more or l e s s p a r a l l e l t o the f i b r e a x i s . T h i s a r r a n g e 

ment l a b e l s c e l l u l o s e as a p o s i t i v e u n i a x i a l medium, i n o t h e r 

words i t has a maximum r e f r a c t i v e i n d e x f o r l i g h t v i b r a t i n g 

p a r a l l e l t o t h e l e n g t h o f the f i b r e and a minimum f o r d i r 

e c t i o n s normal t o t h e l e n g t h . T h i s g i v e s r i s e t o a p o s i t i v e 

b i r e f r i n g e n c e however f o r h i g h l y a c e t y l a t e d c e l l u l o s e the 
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b i r e f r i n g e n c e i s n e g a t i v e and t h i s presumably i s because 

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

v i b r a t i o n s o r p o l a r i s a b i l i t y normal t o the l e n g t h . 

C e l l u l o s e f i b r e s , however, are i n t r i c a t e s t r u c t u r e s 

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

o u t l i n e d i n Chapter One. Depending on the p r e t r e a t m e n t and 

d r y i n g procedures the f i b r e may a l s o have a h o l l o w c i r c u l a r 

lumen which must a f f e c t how we c o n s i d e r a f i b r e i n t h e p a t h 

o f p o l a r i s a b l e l i g h t . One c o u l d argue f o r i n s t a n c e , t h a t 

e v e r y i n d i v i d u a l f i b r i l w i l l a c t as a t i n y c r y s t a l l i n e p l a t e 

but t a k i n g t h e f i b r e as a whole we can see from F i g u r e 16 

t h a t we have a. system where t h e f r o n t and back w a l l s o f the 

f i b r e w i l l a c t as i n d i v i d u a l c r y s t a l p l a t e s s e p a r a t e d by t h e 

I X / 
ny n 

(see text) na n 

6 

n o 

F i g u r e 16 Drawing o f a c e l l u l o s e f i b r e w i t h a h o l l o w lumen ihowing f r o n t and back w a l l s a c t i n g a separate In re I'ringent p l a t e s 
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lumen.^ I t has a l s o been shown t h a t the r e f r a c t i v e 
I n dex a l o n g the l e n g t h o f c o t t o n d i f f e r s f r o m t h a t o f 

l88 
ramie and f l a x , and t h i s can be e x p l a i n e d by t h e r e l a t i v e 

p o s i t i o n s o f t h e s p i r a l s t r u c t u r e s r e l a t i v e t o the f i b r e 

a x i s . I n ramie and f l a x the m olecules are wound i n a 

v e r y steep s p i r a l a lmost p a r a l l e l t o t h e f i b r e a x i s whereas 

i n c o t t o n the s p i r a l i s much s h a l l o w e r making an a n g l e o f 

~50° w i t h the a x i s . Hence when a c o t t o n f i b r e i s examined 

under cr o s s e d n i c o l s i t does n o t e x t i n g u i s h c o m p l e t e l y i n 

any p o s i t i o n but the l i g h t t r a n s m i t t e d has a minimum i n t e n s i t y 

when th e f i b r e i s i n c e r t a i n p o s i t i o n s . T h i s i s t h o u g h t 

t o r e s u l t f r o m the s p i r a l arrangement. Consider F i g u r e 16, 

t h e l i g h t passes t h r o u g h t h e f r o n t and back w a l l s o f the 

f i b r e and t h e v i b r a t i o n d i r e c t i o n s f o r these two w a l l s are 

a t an angle which, f o r a p e r f e c t l y c y l i n d r i c a l f i b r e , reaches 

a maximum o f 29 between t h e slow d i r e c t i o n s . I t can be 

f u r t h e r demonstrated u s i n g s i m i l a r arguments t o those p r e 

s ented i n Sect.2.36 (E) t h a t the i n t e n s i t y o f l i g h t t r a n s m i t t e d 

i s a f u n c t i o n o f 9 and a l s o t h a t t h e phase d i f f e r e n c e may 

a l s o be a f u n c t i o n o f 9. Hence the a c t u a l p h y s i c a l s t a t e 
o f the f i b r e may c o n t r i b u t e t o t h e b i r e f r i n g e n c e . The work 

188 
o f M e r e d i t h . ( u s i n g the Becke L i n e method f a r d e t e r m i n 

a t i o n o f r e f r a c t i v e i n d i c e s i n c e l l u l o s e f i b r e s ) , suggests 

t h a t t h e n a t u r e o f the c o n v o l u t i o n s i s indeed r e l a t e d t o t h e 

b i r e f r i n g e n c e and t h i s aspect i s f u r t h e r d i s c u s s e d i n 

Chapter S i x . I n F i g u r e 16 n ? - the i n d e x i s t h a t c o r r e s 

ponding t o the major a x i s OZ o f the s e c t i o n XOZ'. i : . ; 

n o t a f f e c t e d by the i n c l i n a t i o n o f t h i s i n d i c a t r i x . Thus 

t h i s i n d e x i s the same i n c o t t o n ramie and f l u x whereas t h e 

i ndex n^ changes w i t n the s p i r a l a n g l e . 
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2.39 GLOSSARY OF TERMS 

BIAXIAL CRYSTAL - C r y s t a l s o f the o r t h o r h o m b i c m o n o c l i n i c 

and t r i c l i n i c systems are b i a x i a l . When l i g h t passes 

t h r o u g h such c r y s t a l s i t i s s p l i t i n t o two r a y s n e i t h e r o f 

which obey t he laws o f r e f r a c t i o n , i . e . two e x t r a o r d i n a r y 

r a y s . 

BIREFRINGENCE - The d i f f e r e n c e between the maximum and 

minimum r e f r a c t i v e i n d i c e s i n an a n i s o t r o p i c substance. 

( n 2 - n 1 ) . 

CIRCULAR POLARISATION - The l i g h t emerging from a n i s o t r o p i c 

media, i s g e n e r a l l y e l l i p t i c a . l l y p o l a r i s e d except where the 

phase d i f f e r e n c e i s equa l t o 90° o r 270° and the a m p l i t u d e s 

o f the component v i b r a t i o n s are e q u a l ; i n such cases t h e 

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

COMPENSATION - Compensation i s t h e e q u a l i s a t i o n o f paths 

o f t h e o r d i n a r y and e x t r a o r d i n a r y r a y s t o produce darkness 

or a. s p e c i f i c c o l o u r i n t h e f i e l d o f view. 

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

known o p t i c a l p r o p e r t i e s t o produce compensation o f the r a y s 

emerging from t he sample. 

DOUBLE REFRACTION - The s p l i t t i n g o f plane p o l a r i s e d l i g h t 

i n t o o r d i n a r y and e x t r a o r d i n a r y r a y s . 

ELLIPTICAL POLARISATION - P o l a r i s e d l i g h t which i s t h e 

r e s u l t a n t o f the r a y s emerging from an a n i s o t r o p i c medium. 

EXTRAORDINARY RAY (AND ORDINARY) - T h i s r a y i s t h a t which 

does n o t obey the laws o f r e f r a c t i o n and i t s v e l o c i t y w i l l 

depend on whether t he c r y s t a l i s p o s i t i v e l y or n e g a t i v e l y 

b i r e f r i n g e n t . O r d i n a r y r a y s a re those t h a t f o l l o w t h e 

s t a n d a r d laws o f r e f r a c t i o n . 
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FAST DIRECTIONS (AND SLOW) - T h i s r e f e r s t o the t r a c e o f 

the plane o f f i b r a t i o n o f the component f o r which the c r y s t a l 

p l a t e i n t h e accessory has a r e l a t i v e l y l o w e r r e f r a c t i v e 

i n d e x . The t r a c e o f the plane o f v i b r a t i o n i s t h e i n t e r 

s e c t i o n o f the plane w i t h a s u r f a c e such as a c r y s t a l p l a t e . 

Slow d i r e c t i o n s a re t h e r e v e r s e o f t h e above. 

On the o t h e r hand, t h e f a s t component g e n e r a l l y r e f e r s t o 

the f a s t r a y i n a c r y s t a l l i n e m a t e r i a l and i s a measure o f 

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

t h e l o w e s t r e f r a c t i v e i n d e x and vice versa. 

ISOTROPIC AND ANISOTROPIC - An i s o t r o p i c m a t e r i a l ( e . g. 

g l a s s e s ) w i l l n o t g i v e c o l o u r s and w i l l remain d a r k i n t h e 

p o l a r i s a b l e microscope image. A n i s o t r o p i c m a t e r i a l s w i l l 

e x t i n g u i s h a t f o u r a ngles s e p a r a t e d by 90°. 

(VECTORS) ELECTRIC - Simple o s c i l l a t o r y wave motion c o n s i s t s 

o f a c o m b i n a t i o n o f u n i f o r m f o r w a r d movement and sim p l e 

harmonic o s c i l l a t i o n a t r i g h t a n gles t o t h e d i r e c t i o n o f 

movement. I n some cases i t i s c o n v e n i e n t t o r e f e r t o t h i s 

as a f o r w a r d movement o f the e l e c t r i c v e c t o r o s c i l l a t i o n . 



CHAPTER THREE 

E.S.C.A. STUDIES OF NITRATED AND DENITRATED 

CELLULOSIC MATERIALS 
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3«1 I n t r o d u c t i o n 

Many o f the i m p o r t a n t p r o p e r t i e s o f n i t r o c e l l u l o s e 

based f o r m u l a t i o n s may be expected t o depend on s u r f a c e 

phenomena and i t i s perhaps s u r p r i s i n g t h a t so l i t t l e 

a t t e n t i o n has p r e v i o u s l y been d i r e c t e d a t t h i s aspect o f 

the c h e m i s t r y o f n i t r o c e l l u l o s e s . Since t h e i n i t i a l r e 

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

at t h e s u r f a c e and s i n c e i t i s t h e s u r f a c e which i n t e r f a c e s 

w i t h t h e s u r r o u n d i n g s , t h e q u e s t i o n o f t h e mechanism o f 

s y n t h e s i s , o f i n i t i a l b u r n r a t e and o f d e n i t r a t i o n are 

c i r c u m s c r i b e d by d e t a i l s o f s t r u c t u r e and bonding i n n o t 

o n l y t h e b u l k but a l s o i n the outermost few t e n s o f 

Angstroms o f the s u r f a c e . The p a u c i t y o f d a t a on d e t a i l s 

o f s t r u c t u r e and bonding i n the s u r f a c e r e g i o n s o f n i t r o 

c e l l u l o s e s can be t r a c e d t o a l a c k o f any c o n v e n i e n t 

t e c h n i q u e f o r m o n i t o r i n g s u r f a c e c h e m i s t r y and t h e changes 

t h e r e i n consequent upon ch e m i c a l r e a c t i o n s i n i t i a t e d a t t h e 

s u r f a c e . 

The advent o f E.S.C.A. over t h e past decade as a. 

p o w e r f u l t o o l f o r e l a b o r a t i n g d e t a i l s o f s t r u c t u r e and 
202 

bonding i n p o l y m e r i c systems means t h e d i r e c t i n v e s t i g 

a t i o n o f s u r f a c e n i t r a t i o n and d e n i t r a t i o n o f c e l l u l o s i c 

m a t e r i a l s i s a r e a l i s t i c p o s s i b i l i t y . 

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

mechanism o f the s u r f a c e n i t r a t i o n and d e n i t r a t i o n o f 

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

a v a i l a b l e from E.S.C.A., (which have been o u t l i n e d i n Chapter 

T h r e e ) , are p r e s e n t e d . 
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The d u a l anode c a p a b i l i t y o f the AEI E.S. 300 

s p e c t r o m e t e r i s used f o r de p t h p r o f i l i n g and w i t h com

p a r i s o n t o b u l k data, t h i s p r o v i d e s c o n s i d e r a b l e new i n 

s i g h t i n t o t h i s i m p o r t a n t area. 

3.2 The N i t r a t i o n o f C e l l u l o s e , Background I n f o r m a t i o n 

The main p o i n t o f i n t e r e s t i n t e c h n i c a l n i t r a t i o n i n 

mixed a c i d i s the q u e s t i o n o f t h e degree o f s u b s t i t u t i o n 

and how t h i s r e l a t e s t o t h e a c i d mix c o m p o s i t i o n . 

I n t h e o r y i t i s p o s s i b l e t o o b t a i n any degree o f 

s u b s t i t u t i o n from mixed a c i d s by v a r y i n g the a c i d - w a t e r 
4 l 

r a t i o s . However a l t h o u g h t h e t h e o r e t i c a l maximum degree 

o f s u b s t i t u t i o n i s 3, i n p r a c t i c e t h i s i s n o t a t t a i n e d and 

th e maximum degree o f s u b s t i t u t i o n i s =2.8. T h i s i s p a r t i c 

u l a r l y so w i t h r e s p e c t t o t h e s u r f a c e D.O.S. (see section3«4.2.) 

A d e f i n i t i v e answer as t o why t h i s s h o u l d be has n o t 

t h u s f a r been g i v e n s i n c e i n a heterogeneous process t h e 

d e l i n e a t i o n between t h e p o s s i b l e e x p l a n a t i o n s r e q u i r e s a 

t e c h n i q u e which can c l e a r l y d i s t i n g u i s h s u r f a c e f r o m b u l k 

phenomena. 

The q u e s t i o n o f l i m i t i n g degree o f s u b s t i t u t i o n 

( u s u a l l y e s t a b l i s h e d by a. mic r o K j e l d a h l b u l k d e t e r m i n a t i o n ) 

i n n i t r o c e l l u l o s e s c o u l d a priori be r a t i o n a l i s e d i n terms 

o f two extreme models. 

The f i r s t can be a t t r i b u t e d t o t h e micro and m i c r o s c o p i c 

s t r u c t u r e o f the c e l l u l o s e . Thus i n h o m o g e n e i t i e s i n the 

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

and i n a c c e s s i b l e r e g i o n s . Since n i t r a t i o n must depend on 

the d i f f u s i o n o f re a g e n t t h r o u g h o u t t h e b u l k s t r u c t u r e a 
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f u r t h e r c o n s i d e r a t i o n i s t h a t t h e r e may w e l l be a concen
t r a t i o n p r o f i l e t h r o u g h o u t t h e s t r u c t u r e ( F i g u r e 17)• On 

lo) Inhomogeneties 

Older Theory 

l i i ) Nitroting Mix 

as Nitration proceeds 

HNO3 J H 2 0 I 

tendency to lower nitration 

level and denitration of 

first formed nitrate. 

F i g u r e Seventeen Diagram showing ( a ) p o s s i b l e i n h o m o g e n e i t i e s 
i n " a c e l l u l o s e f i b r e and (b) t h e p o s s i b i l i t y 
o f a c o n c e n t r a t i o n p r o f i l e t h r o u g h o u t t h e 
s t r u c t u r e 

t h i s b a s i s t he l e s s t h a n maximum degree o f s u b s t i t u t i o n i s 

a t t r i b u t a b l e t o an inhomogeneous b u l k s t r u c t u r e c o r r e s 

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

and u n r e a c t e d i n a c c e s s i b l e r e g i o n s . 

There are fundamental o b j e c t i o n s t o t h i s t h e o r y however 

which are d e s c r i b e d f u l l y i n a l a t e r c h a p t e r . 

An a l t e r n a t i v e and somewhat more p l a u s i b l e e x p l a n a t i o n 

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

e s t e r i f i c a t i o n process th e n t h e =2.8 degree o f s u b s t i t u t i o n 

t y p i c a l l y observed r e p r e s e n t s an e q u i l i b r i u m s i t u a t i o n . 

Amorphous 
Crystalline regions 

Accessible and 
Inaccessible regions. 
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A f u l l d i s c u s s i o n o f the f r i n g e m i c e l l a r model o f 
s t r u c t u r e and the more r e c e n t m i c r o f i b r i l l a r t h e o r y has 
a l r e a d y been p r e s e n t e d i n Chapter One and i t i s p l a i n t h a t 
an i n t e r m e d i a t e model would be more r e a l i s t i c . 

The main f e a t u r e o f the model b e i n g t h a t amorphous 

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

out the polymer and are n o t randomly d i s t r i b u t e d as i n t h e 

f r i n g e d m i c e l l e t h e o r y . 

I n any heterogeneous process i t i s the s u r f a c e which 

p r o v i d e s a window on the r e a c t i o n however as has been p r e 

v i o u s l y n o t e d the s t u d i e s t o date have been focussed on t h e 

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

comparison o f the s u r f a c e and b u l k n i t r a t i o n and d e n i t r a t i o n 

o f c e l l u l o s i c m a t e r i a l s i n terms o f degree o f s u b s t i t u t i o n 

and r e l a t i v e r a t e s o f r e a c t i o n s . 

3- j5 E x p e r i m e n t a l 

I t i s i m p o r t a n t t o s p e c i f y b o t h t h e source o f raw 

c e l l u l o s e and t h e methods used t o n i t r a t e s i n c e b o t h can 
41 

be a major source o f v a r i a b i l i t y . I n t h i s s e c t i o n t h e 

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

m a t e r i a l used t h r o u g h o u t the work p r e s e n t e d i n t h i s t h e s i s 

are o u t l i n e d . 

The g e n e r a l procedures are i n d i c a t e d s c h e m a t i c a l l y 

i n F i g u r e 18* Commercially produced, ( H e r c u l e s Powder Co.), 

l i n t e r s which had been pressed i n t o paper form were used. 

The o r i g i n a l c o t t o n o f American o r i g i n was dewaxed and de-

p e c t i n i s e d . A S h i r l e y f l u i d i t y o f 8.8 and approximate 

degree o f p o l y m e r i s a t i o n 1100 was r e c o r d e d f o r the l i n t e r s 

w h i c h were vacuum d r i e d a t 60° f o r 2 hours and s t o r e d over 
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NITRATION • OENITRATION PRQCEEDURES 

NITRATION 

Cellulose paper type 1 
Ex MOD. dried ot 60° 
in vacuum oven. 2hrs. 

Stored over PjOj OENITRATION 

ixLcm strips immersed 
in Nitrating acid by 
frame or Mitchell method. 

After spectic time, stripe 
are removed from mix, 
squeezed free of ocid 
on a Buchner funnel and 
quenched in I litre of 
woter at 5°C 

Nitrocellulose is washed 
in 3.500 mis. of cold 
woter and further 
boiled for 2-3 hours. 

Drying proceedure os 
above. ESCA and KjetdoN 
analysis carried out. 

Sastilet washing has 
also been tried. 

As tor Nitration always 
HitcheH method 

Nitrocellulose (high N 
con toot I ploced in spent 
odd ot mjR used to 
Nitrate Cellulose to a 
low OAS. 

Work up 03 
tor Nitration 

F i g u r e E i g h t e e n Schematic o f the p r e p a r a t i v e methods 
o f n i t r a t i o n and d e n i t r a t i o n 

P^O^ f o r s e v e r a l days b e f o r e use. T h i s p r o v i d e s a s t a r t i n g 

c e l l u l o s e sample w i t h < 2% water c o n t e n t . 

N i t r a t i o n s and d e n i t r a . t i o n s were accomplished by 

immersion i n the a p p r o p r i a t e a c i d mix of sample s t r i p s 

(4cm x 4cm) f o r a. g i v e n p e r i o d o f t i m e u s i n g an apparatus 

such as t h a t d e p i c t e d i n F i g u r e 19. 

B u l k n i t r o g e n d e t e r m i n a t i o n s have been c a r r i e d out 

u s i n g a. m o d i f i e d m i c r o - K j e l d a h l t e c h n i q u e . 
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CLAMP 

STIRRER 

CONSTANT TEMP 
BATH — 0 

11 

-ACID BATH 

F i g u r e N i n e t e e n Apparatus used f o r the n i t r a t i o n o f 

c e l l u l o s e 

3.4 R e s u l t s and D i s c u s s i o n 

3.4.1 P r e l i m i n a r y A n a l y s i s 

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

core l e v e l b i n d i n g e n e r g i e s o f c h a r a c t e r i s t i c components 

i n n i t r o c e l l u l o s e s p e c t r a i t i s f i r s t necessary t o s t u d y 

a. range o f model compounds. For t h i s purpose the f o l l o w i n g 

samples were s t u d i e d as t h i n f i l m s d e p o s i t e d in situ by a 

c o l d probe and r e s e r v o i r s h a f t method on a. g o l d s u b s t r a t e : 

p r o p y l n i t r a t e , N - b u t y l n i t r a t e , i s o p r o p y l n i t r a t e , b u t y l 

n i t r i t e and n i t r o m e t h a n e . A l l samples were c o m m e r c i a l l y 

a v a i l a b l e and o f p u r i t y >91%- They were t h e r e f o r e used 

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 . S p e c t r a were r e c o r d e d on an 
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A.E.I. E.S.200B s p e c t r o m e t e r and d e c o n v o l u t e d u s i n g a Du 
Pont 310 curve r e s o l v e r . Core l e v e l b i n d i n g e n e r g i e s were 
r e f e r e n c e d t o the Fermi l e v e l by m o n i t o r i n g t he Au ̂ 7/2 
s i g n a l i n t h e e a r l y s tages o f d e p o s i t i o n . The core l e v e l 

b i n d i n g e n e r g i e s (N-^ , ^ i s ' ^ l s ^ t i l e s a mP- 1- e s a r e p r e s e n t e d 
i n F i g u r e 20, t o g e t h e r w i t h b i n d i n g e n e r g i e s o f comparable 
systems o b t a i n e d from non e m p i r i c a l L.C.A.O., M.O., S.C.F. 
c a l c u l a t i o n s . 

COMPARISON OF THEORETICAL KMKL COMPOt'SDS ' . ' 1 1 I I EXPL»l>iE::r 

S o l i d Phaae EX|H: r i t i n - n t a 1 E . E . (pV> Tli« ̂ c_L_i c a l P. E . ( 

C, N 0 , C, S, 
1 S I S 1 5 l S 

2 8 6 . 3 2 8 7 . 5 4 0 0 . 4 

C 

( C - i ) 2 8 5 . 0 2 8 6 . 4 3 9 9 . 5 "I" 
N 

( C - C ) ^ 2 8 5 . 0 2 8 6 . 3 3 9 9 . 3 

2 8 6 . B 4 0 6 . 8 5 3 4 . 3 2 6 6 . 8 4 0 6 . 3 5 3 4 . 1 

2 8 6 . 8 4 0 4 . 9 5 3 4 . 9 5 3 5 . 3 

2 8 5 . 0 2 8 6 . 7 4 0 5 . 0 5 3 4 . 2 5 3 5 . 2 

CH.CH^CH^CII.OSO, 

2 8 5 . 0 2 8 7 . 0 4 0 8 . 1 5 3 5 0 5 3 4 . 2 

2 8 5 . 0 2 8 7 . 1 4 0 8 . 0 5 3 5 5 5 3 4 . 1 

2 8 5 . 0 2 8 7 . 0 4 0 8 . 1 5 3 5 3 5 3 4 . 1 

2 8 5 . 0 2 8 6 . 5 4 0 8 . 0 5 3 5 5 5 3 4 . 3 

CH 

o 
•N 

2 8 8 . 1 3 9 9 . 8 

2 8 4 . B 2 8 8 . 4 

5 3 6 . 2 5 3 4 . 5 

CH -0-C-UII, 2 8 6 . 8 2 9 0 . 2 4 0 0 . 3 5 3 4 . 4 5 3 2 . 6 

- 0 - g - J - 2 8 9 . 8 4 0 0 . 4 5 3 4 . 1 5 3 2 . 5 

Fig. 20 Diagram of the o r e t i c a l binding energies, (actual and corrected f o r 
charging), of selected nitrogen containing species 

The N-, core l e v e l s show d i s t i n c t s h i f t s which f a c i l i t a t e I s 
i d e n t i f i c a t i o n o f n i t r a t e n i t r i t e and n i t r o f u n c t i o n a l i t i e s 

w hich c o u l d c o n c e i v a b l y a r i s e i n s p e c t r a o f n i t r o c e l l u l o s e s , 

e.g. a j5ev s h i f t i s observed between an a l i p h a t i c n i t r a t e and 

i t s n i t r i t e . The n i t r o group has an N-. b i n d i n g energy a t 
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406.8, equispaced between t h e n i t r a t e and n i t r i t e . 

Of g r e a t i n t e r e s t a l s o i s t h e l a r g e p r i m a r y s h i f t on 

th e carbon bonded t o t h e n i t r a t e e s t e r 2.lev from h y d r o 

carbon r e f e r e n c e d t o 285ev. 

P r e v i o u s t o t h i s work s t u d i e s o f p r o t o t y p e systems f o r 

o x i d a t i v e f u n c t i o n a l i s a t i o n o f polymers have r e v e a l e d t h a t 

t he a d d i t i v i t y o f oxygen as a s u b s t i t u e n t e f f e c t i s t y p i c a l l y 

1.5 - 0.4 ev; hence C-C = 285 ev; C-0 - 286.5; C<° = 288 ev; 

,0 
C~0 = 289-5- However i t i s e v i d e n t from b o t h p r a c t i c a l 

N0 
d e t e r m i n a t i o n o f C-̂ g b i n d i n g e n e r g i e s i n o r g a n i c n i t r a t e s 

and from t h e o r e t i c a l c a l c u l a t i o n s on the methyl n i t r a t e 
203 

system ^ t h a t t h e C-̂  s h i f t i n a C-O-X group where X = NOg 

i s about 2.2 ev. T h i s i s n i c e l y shown i n the double d e r i v 

a t i v e s p e c t r a , c f Chapter Two, f o r p r o p y l and i s o p r o p y l n i t r a t e 

and a l s o o f c e l l u l o s e and c e l l u l o s e n i t r a t e , ( p r e s e n t e d i n 

F i g u r e 21). 

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

has a. s u b s t a n t i a l l y g r e a t e r s h i f t t h a n might be a n t i c i p a t e d 

on t he b a s i s o f a si m p l e a d d i t i v i t y model and t h a t t h i s i n 

creased s h i f t a t a carbon a s s o c i a t e d w i t h the c o n v e r s i o n o f 

an a l c o h o l i n t o i t s n i t r a t e e s t e r (>C-0H >> C-ONO^) endows 

E.S.C.A. w i t h c o n s i d e r a b l e p o t e n t i a l f o r m o n i t o r i n g changes 

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

203 

Recent i n v e s t i g a t i o n s ^ a r i s i n g from t h i s i n i t i a l work 

have c o n f i r m e d t he anomalous e f f e c t o f the n i t r a t e e s t e r and 

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

t o t h e cyano group on a d j a c e n t C, b i n d i n g e n e r g i e s . 



96 

iSOPROPYL NITRATE PROPYL NITRATE 

0 8 

21 Double d e r i v a t i v e C l c . s p e c t r a o f i s o p r o p y l and prop:/ 
n i t r a t e and c e l l u l o s e and c e l l u l o s e n i t r a t e showing 
t h e d i s t i n c t i v e C 1 o s h i f t o f the _ _ -

i s 0 - U - N 
0 group 
0 

10 
NITROCELLULOSE CELLULOSE 

6 

8 4 

• J k 
• - * b c - l - r T B -

F T 
1 

=4 
HO 
12 88S-0 4 
16 

-10 
12 3M7 
4 
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The core l e v e l , (C-^, ^i^' N ^ s ) > s p e c t r a f o r a t y p i c a l 

n i t r o c e l l u l o s e sample which has been c o m m e r c i a l l y produced 

i s shown i n F i g u r e 22. The C-, spectrum shows 3 d i s t i n c t i v e 

Nitrocellulose (ex MOD) 

319% HN03

 ; * 5 8 % p 2 ° 5 20 3%H 2 0 0-N0 2 

DOS 2-3 
C-O-H 1 

Oi Nis s 

O-NO2 CH 

1 \ 1 
1 / 

*3-3 
0-N-O 

/1 
1 1 

536 534 532 410 408 406 293 291 289 287 285 

F i g . 22 T y p i c a l E.S.C.A. spectrum o f a n i t r a t e d c e l l u l o s e 

components^ (once a. s t a n d a r d l i n e shape a n a l y s i s has been 

c a r r i e d o u t ) . Thus t h e c e n t r a l component a t 287•4 ev 

a r i s e s p r e d o m i n a n t l y from the carbons C^, C-̂  and b e a r i n g 

the n i t r a t e e s t e r f u n c t i o n a l i t y w i t h c o n t r i b u t i o n s f r o m 

and C^. C-̂  u n i q u e l y a t t a c h e d t o 2 oxygens i n the c y c l i c 

h e m i a c e t a l f o r m u l a t i o n o f the 3-D-glucopyranose r i n g s i s 

a t the h i g h e s t b i n d i n g energy. The component a t 285 ev 

a r i s e s from extraneous h y d r o c a r b o n which we w i l l show l a t e r 

i s c o n f i n e d t o the v e r y s u r f a c e o f the sample. I n c e l l u l o s e 

samples i r r e s p e c t i v e o f source and type (e.g. l i n t e r s or 
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paper t y p e ) t h e h y d r o c a r b o n s i g n a l observed i s v a r i a b l e 

b u t i n e v i t a b l y p r e s e n t . The N-^ s i g n a l c o n s i s t s o f an 

i n t e n s e h i g h b i n d i n g energy component and ( c . f . F i g u r e 20) 

comparison w i t h model systems unambiguously i d e n t i f i e s t h i s 

as o r i g i n a t i n g from the n i t r a t e e s t e r groups -O-NOg- I n 

i n d u s t r i a l s c a l e n i t r a t i o n s a. low b i n d i n g energy component 

i s o f t e n observed a t ~ 405 ev and t h u s i s a s s o c i a t e d w i t h 

n i t r i t e e s t e r groups. I n the l a b o r a t o r y s c a l e n i t r a t i o n s 

where c o n d i t i o n s are perhaps more p r e c i s e l y c o n t r o l l e d such 

s t r u c t u r a l f e a t u r e s are a t a much lower l e v e l . C o n v e n t i o n a l 

n i t r i t e t r a p s (urea., a s c o r b i c a c i d ) d i s s o l v e d i n the n i t r a t i n 

mix t o o b v i a t e the p o s s i b i l i t y o f f o r m a t i o n o f n i t r i t e e s t e r s 

have no e f f e c t ( i t i s a l s o i n t e r e s t i n g t h a t d o s e i n g a c i d 

mixes w i t h excess NOg does n o t increase, t h e low l e v e l s o f 

such s t r u c t u r a l f e a t u r e s and i t c o u l d be t h a t t h e y a r i s e as 

a r e s u l t o f r e a c t i o n s o c c u r r i n g d u r i n g s t a b i l i s a t i o n and 

storage). The e f f e c t o f such e s t e r s on the s u r f a c e c h e m i s t r y 

and o t h e r f a c t o r s concerned w i t h i n i t i a l burn r a t e o f p r o -

p e l l a n t has s t i l l t o be i n v e s t i g a t e d . 

The 0-̂ s l e v e l s are e s s e n t i a l l y composed o f t h r e e peaks: 

the f i r s t a t low b i n d i n g energy 533«4 ev i s comparable t o the 

0 l s l e v e l s i n c e l l u l o s e i t s e l f and due t o u n i t r a t e d C-OH 

groups, r i n g and h e m i a c e t a l l i n k oxygens. The c e n t r a l peak 

l o c a t e d a t 53^.5 ev i s a s s i g n e d t o the -N^ oxygens w h i l e 
x 0 

the h i g h e s t b i n d i n g energy c o n s t i t u e n t a t 535-5 ev a r i s e s 

from the C-O-N f u n c t i o n a l i t y . 

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

on s i m p l e model n i t r o g e n compounds'^-'' ( F i g u r e 20). 
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W i t h a knowledge o f s e n s i t i v i t y f a c t o r s f o r the v a r i o u s 

core l e v e l s i t i s p o s s i b l e t o s t r a i g h t f o r w a r d l y work out 

the degree o f s u b s t i t u t i o n D.O.S. (average number o f n i t r o -

e s t e r f u n c t i o n a l i t i e s per glucose r e s i d u e ) . Thus the i n t e 

g r a t e d C- ŝ/N ŝ area r a t i o s ( e x c l u d i n g t he extraneous hydro

carbon component) y i e l d s a D.O.S. o f 2-3 f o r the p h o s p h o r i c / 

n i t r i c n i t r a t i n g mix; i d e n t i c a l w i t h t h a t d e t e r m i n e d f r o m 

m i c r o - K j e l d a h l b u l k a n a l y s i s . The t o t a l C^g/O^*, r a t i o 

i n d i c a t e s t h a t t h e r e i s l i t t l e r e s i d u a l w a t er i n t h e n i t r a t e d 

sample. 

W i t h f i b r i l l a r samples such as l i n t e r s papers any 

i n f o r m a t i o n on v e r t i c a l i n h o m o g e n e i t i e s i n t o the sample may 

o n l y be i n f e r r e d by l o o k i n g a t d i f f e r e n t l e v e l s c o r r e s p o n d i n g 

t o d i f f e r e n t escape depths ( c . f . Chapter Two). The use o f 

01s 
core l e v e l area r a t i o s , f o r example, as a means o f dept h 

02s 
170 

p r o f i l i n g has been f u l l y d e s c r i b e d elsewhere but essent

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

o r i g i n a t e from much deeper i n the sample t h a n 0-, e l e c t r o n s . 
j_ s 

The 0 l s / 0 2 s area, r a t i o i s t h u s a measure o f oxygen c o n t e n t 

as a f u n c t i o n o f d e p t h . 01s/02s area r a t i o s have been measured 

f o r a s e r i e s o f c e l l u l o s e n i t r a t e s and F i g u r e 2jj i l l u s t r a t e s 
01s the decrease i n 7^-— r a t i o s and hence i n c r e a s e i n n i t r a t i o n 02s 

l e v e l s w i t h t i m e f o r a. v a r i e t y o f a c i d mixes. T h i s method 

however s u f f e r s from s e v e r a l i n a c c u r a c i e s and a f u l l d e p t h 

p r o f i l e a n a l y s i s r e q u i r e s a. more s e n s i t i v e method. Such a. 

method i s now a v a i l a b l e w i t h t he advent o f the d u a l Mg/Ti anode 

f a c i l i t y . C onsider, f o r example, t h e problem o f the e x t r a 

neous hydrocarbon observed i n the E.S.C.A. Mg k«spectra, o f 

c e l l u l o s e s . C l e a r l y t h e good agreement between b u l k and 

s u r f a c e a n a l y s e s o f m a t e r i a l n i t r a t e d f o r 2 hours suggests 
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° 1 s / 0 2 8 for NITRATION 

~ - ~ 22-2% HNO3 

22-2% HNO3 
6 4 % H 2 S 0 4 

64% Nitric 22-2% HNO3 

F i g . 23 Graph o f O^gA^g core l e v e l area r a t i o s a.gainst 
t i m e f o r a s e r i e s o f c e l l u l o s e n i t r a t i o n s 

t h a t the sample i s u n i f o r m a l l y n i t r a t e d and the e x t r a n e o u s 

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

i n t he f o r m o f a. patched o v e r l a y e r s i n c e i n most cases t h e r e 

may w e l l be s i g n i f i c a n t l y l e s s t h a n a monolayer p r e s e n t . 

One way o f e s t a b l i s h i n g t h e p u r e l y s u r f a c e n a t u r e o f t h i s 

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

n o t f e a s i b l e , c . f . Chapter One), i s t o compare D.O.S. averaged 

over d i f f e r e n t sampling d e p t h s . Whereas f o r Mgka t h e 
o 

t y p i c a l s ampling depth w i l l be ~50A f o r T i ka w i t h photon 
o 

energy 4510 ev a f i g u r e o f ~300A would be more a p p r o p r i a t e . 
F i g u r e 24 shows N. and Cn s p e c t r a f o r c e l l u l o s e l i n t e r s 

I s I s 
paper n i t r a t e d f o r 300 seconds i n a low n i t r a t i n g mix. 

Whereas the Mg ka f o r the Cn l e v e l s show a s i g n i f i c a n t 
I s 0 

c o n t r i b u t i o n f r o m the e x t r a n e o u s h y d r o c a r b o n the c o r r e s p o n d i n g 
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l i n e shape a n a l y s i s f o r the Tika s p e c t r a i s d e s c r i b e d 

w i t h no c o n t r i b u t i o n from hydrocarbon s i n c e even monolayer 
, o. 

coverage (~5A) would c o n t r i b u t e 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 l e v e l s f o r e l e c t r o n s h a v i n g a mean f r e e p a t h a t 

o 
l e a s t an o r d e r o f magnitude g r e a t e r (~90A). T h i s shows 

the g r e a t v a l u e o f h a v i n g a v a r i a b l e photon source r o u t i n e l y 

a v a i l a b l e . The use o f Mg and T i anodes f o r examining d e p t h 

p r o f i l e s i n n i t r o c e l l u l o s e s as a. f u n c t i o n o f t i m e i s des

c r i b e d l a t e r . 

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

c h e m i c a l d e c o m p o s i t i o n s i s known and i t i s t h e r e f o r e necessary 

t o i n v e s t i g a t e t h e s e n s i t i v i t y t o i n t e r r o g a t i o n by means o f 

E.S.C.A. of n i t r a . t e d and d e n i t r a t e d c e l l u l o s e samples. I t 

may r e a d i l y be shown t h a t on a t y p i c a l t i m e s c a l e f o r the 

E.S.C.A. i n v e s t i g a t i o n s p h o t o c h e m i c a l d e g r a d a t i o n i s n e g l i g 

i b l e . At t h e t y p i c a l dose r a t e s i n v o l v e d , ( t y p i c a l X-ray 

power ~150 w a t t s ) , s i g n i f i c a n t s i g n s o f d e c o m p o s i t i o n r e q u i r e 

i r r a d i a t i o n p e r i o d s o f >2 hours. The main r e a c t i o n appears 

t o be a p h o t o r e d u c t i o n . Thus the h i g h b i n d i n g energy com

ponent i n the N- ŝ spectrum a p p r o p r i a t e t o -O-NO2 s t r u c t u r a l 

f e a t u r e s i s accompanied i n t h e case o f m a t e r i a l s u b j e c t e d 

t o i r r a d i a t i o n f o r extended p e r i o d s by a. small" peak a t low 

b i n d i n g energy p o s s i b l y a t t r i b u t a b l e t o _ ^ ^ f u n c t i o n a l i t y 

( c f . Chapter F i v e ) . F i g u r e 25 shows t h e change i n l e v e l s 

w i t h t i m e o f i r r a d i a t i o n and i t can be seen t h a t even a f t e r 

5 hours t he low b i n d i n g energy f u n c t i o n a l i t y s t i l l o n l y r e 

p r e s e n t s a s m a l l f r a c t i o n o f the t o t a l N-^ spectrum. We may 

conclude from t h a t t h a t X-ray d e g r a d a t i o n i s n e g l i g i b l e d u r i n g 

the t i m e s c a l e o f a t y p i c a l E.S.C.A. i n v e s t i g a t i o n b u t t h a t 

the appearance o f a low b i n d i n g energy component i s an 
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EXPOSURE 

JL TIME 

A It lOrnins 

20rrnns -*J 

— A. 2 hours JZ. 35hrs 

JA 40hrs. 33 

45hrs x033 

50hrs K033 
C i s Nis Q i s 

F i g . 25 Diagram showing the N l s core l e v e l o f a t y p i c a l 
n i t r o c e l l u l o s e on c o n t i n u o u s X-ray i r r a d i a t i o n w i t h 
a Mgkq s o f t X-ray source 

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

f u r t h e r i n Chapter F i v e . 

3.4.2 D e t a i l e d S t u d i e s o f N i t r a t i o n and D e n i t r a t i o n 

For a. n i t r a t i n g mix o f a g i v e n c o m p o s i t i o n one 

o f t h e most i m p o r t a n t f e a t u r e s o f i n t e r e s t i s t h e q u e s t i o n 

as t o how r a p i d l y an e q u i l i b r i u m D.O.S. i s e s t a b l i s h e d i n 

the s u r f a c e r e g i o n s a c c e s s i b l e t o E.S.C.A. As an example 

F i g u r e 26 shows core l e v e l s p e c t r a f o r samples o f the same 

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

n i t r a t i n g mix c o n s i s t i n g o f 75$ HgSO^; 22.2$ HNO,; 2.8$ H 20. 
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Cis O k 

NITRATION M 
75% HjSOt 
22-2% HNCh eoirins. 2 * % H?0 

30 

tatc 

F i g . 26 Diagram showing C-, and N, core l e v e l s as a 
f u n c t i o n o f t i m e f o r n i t r a t i o n i n a g i v e n a c i d mix 

The l e v e l s which p r o v i d e a ready means o f f o l l o w i n g 

th e n i t r a t i o n remain c o n s t a n t i n i n t e n s i t y f rom r e a c t i o n 

t i m e s o f 1 sec. t o 1 h r . T h i s i n d i c a t e s t h a t on t h e E.S.C.A. 

depth s c a l e , e q u i l i b r i u m i s v e r y r a p i d l y e s t a b l i s h e d . T h i s 

i s n o t e n t i r e l y unexpected s i n c e the d i f f u s i o n o f n i t r a t i n g 
o 

mix i n t o t h e outermost 50A or so o f the c e l l u l o s e f i b r i l s 

i s e xpected t o occur r a p i d l y . A s i m i l a r comparison i s 

shown i n F i g u r e 27 f o r samples s t u d i e d by means o f the h a r d e r 

T i k a X-ray source. Here the sampling depth w i l l be s e v e r a l 

hundred Angstroms y e t the s p e c t r a r e c o r d e d a f t e r r e a c t i o n 

t i m e s o f 1 sec. and ^>00 sees, are c l o s e l y s i m i l a r . I t i s 

c l e a r t h e r e f o r e t h a t t h e e q u i l i b r i u m D.O.S. i s r a p i d l y e s t a b 

l i s h e d i n the s u r f a c e r e g i o n s . 
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Nitration ot Cellulose 

7 / / 

J C C s e c s 

Wis 22% HNO3 
1 1sec 

1 
rtv 1510 

416 412 IW 404 293 289 285 

F i g u r e Twenty-Seven 

The gross f e a t u r e s o f the e q u i l i b r i a which are i n v o l v e d 

i n d e t e r m i n i n g t h e o v e r a l l D.O.S. i n the s u r f a c e r e g i o n s o f 

c o t t o n f i b r i l s i s o u t l i n e d s c h e m a t i c a l l y i n F i g u r e 28. For 

mixed a c i d n i t r a t i n g mixes i t has been proposed t h a t t h e 

s u l p h u r i c a c i d component does n o t d i f f u s e i n t o t h e c r y s t a l l i n e 

m i c r o f i b r i l s but a c t s p u r e l y as an i n t r a - f i b r i l l a . r s w e l l i n g 
4 l 3 

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

D.O.S. f o r t h e s u r f a c e and b u l k r e g i o n s o f samples s i n c e o n l y 

i n the s u r f a c e r e g i o n s i s sulphona.tion t r u l y c o m p e t i t i v e w i t h 

n i t r a t i o n . An i m p o r t a n t q u e s t i o n which E.S.C.A. i s p o t e n t 

i a l l y capable o f answering i s whether s u l p h a t e e s t e r s may be 

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

s p e c t r a f o r the N-, ̂ . S 2p and C 1 r e g i o n s o f c o t t o n l i n t e r s 
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i) ^ 0 - H «• 2HN0 3 -±=^ 0 = N 0 2 * HNO3.H2O 

HNO3. H 2 ° ^ H N ° 3 * H 2 0 
f>H * HNO3 ' w 0 - N0 2 * H 2 0 

K s — Nitration - d ©nitration equilibrium 
K 2 rapidly established ? 

(i i) Competitive sulphonotion 
- ~ 0 - H * H 2 S04 = 5 ; ~ 0 - SO3H + H 2 0 

(iii) Work up procedure 
Hydrolysis 

r^~- 0 - N 0 2 • H 2 0 !±zp ^ 0 - H •* HNO3 

F i g u r e 28 Schematic o f n i t r a t i o n - d e n i t r a t i o n e q u i l i b r i a 

Has 

&) m m S l 28? 263 ffiSSS? 

Figure 29 
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f o r n i t r a t e d m a t e r i a l are shown i n F i g u r e 29- A low l e v e l 
S2p s i g n a l i s d e t e c t e d and the h i g h b i n d i n g energy o f ~l69ev 
i d e n t i f i e s t h i s as a r i s i n g f r o m s u l p h a t e e s t e r groups. I t 
i s c l e a r t h e r e f o r e t h a t s u l p h a t e e s t e r s are formed i n the 
s u r f a c e r e g i o n s . 

Comparable s t u d i e s w i t h t h e T i k a X-ray source w i t h a 

l a r g e r s a m p l i n g depth shows v i r t u a l l y no evidence f o r s u l p h a t e 

e s t e r s and E.S.C.A. t h e r e f o r e u n i q u e l y demonstrates t h e sur

f a c e n a t u r e o f such groups. 

The f i n a l D.O.S. f o r a. n i t r o c e l l u l o s e , a t l e a s t as f a r 

as t he s u r f a c e i s concerned depends on n i t r a t i o n - d e n i t r a t i o n -

s u l p h o n a t i o n e q u i l i b r i a . The f a c t t h a t the D.O.S. i s 

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

w i t h n i t r a t i o n w h i l s t t he f a c t t h a t even i n h i g h s u l p h u r i c 

mixes t h e D.O.S. i s s t i l l a p p r e c i a b l e i l l u s t r a t e s t h a t n i t r a t e 

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

The r a p i d i t y w i t h which t h e n i t r a t i o n - d e n i t r a t i o n e q u i l i b r i a 

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

by t h e data, d i s p l a y e d i n F i g u r e 30. Thus f o r s t a r t i n g m a t e r i a l , 

D.O.S. 2.7 d e n i t r a t i o n o f t h e outermost'few t e n s o f Angstroms 

i s r a p i d and dependent on a c i d mix. I n 79»1̂ > HNO^ d e n i t r a t i o n 

i n 1 sec. i s t o D.O.S. 2.3 s i n c e t h i s mix i s c l o s e t o the 

minimum necessary f o r n i t r a t i o n t o be e f f e c t e d w i t h o u t d i s 

s o l u t i o n i n t h e a c i d , w h i l e f o r 84.4$ HNO^ d e n i t r a t i o n i s 

t o a D.O.S. o f 2.5 i n a. 1 second t i m e sca.le. C o r r e s p o n d i n g 

T i k a spectra, i n d i c a t e t h a t t he degree o f d e n i t r a t i o n i s 

s l i g h t l y l o w e r t h a n f o r t h e Mgka X-ray source. 

The extreme s e n s i t i v i t y o f E.S.C.A. i n t h e d e t e c t i o n o f 

the i n i t i a l stages o f r e a c t i o n s i s n i c e l y d i s p l a y e d by the 

comparative data g i v e n i n F i g u r e 31• 
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T h i s shows t h e n i t r a t i o n and d e n i t r a t i o n o f c e l l u l o s i c 

samples. The s u b s t a n t i a l secondary s h i f t o f t h e . n i t r a t e 

e s t e r group ( c . f . i n t r o d u c t i o n ) i s shown by the s h i f t t o 

h i g h b i n d i n g energy compared w i t h t h e extraneous h y d r o c a r b o n 

peak. ( a e 2.3 ev f o r t he C - 0 - NOg component compared 

w i t h A E 1.7 ev f o r c e l l u l o s e i t s e l f ) . 

S y s t e m a t i c s t u d i e s have been made o f n i t r a t i o n s i n b o t h 

n i t r i c - p h o s p h o r i c and n i t r i c s u l p h u r i c mixes, both from a 

s u r f a c e and b u l k p o i n t o f view. For n i t r i c - p h o s p h o r i c mixes 

the D.O.S. depends on the c o m p o s i t i o n and t h e r e i s l i t t l e 

e v idence f o r f o r m a t i o n o f phosphate e s t e r s . ( E . S . C . A s t u d i e s 

r e v e a l no t r a c e o f phosphate e s t e r groups i n washed n i t r o -

c e l l u l o s e s p r e p a r e d by t h i s method). 

The D.O.S. i n t h e s u r f a c e r e g i o n t h e r e f o r e r e p r e s e n t s 

t h e e q u i l i b r i u m between n i t r a t i o n and d e n i t r a t i o n . Since 

e q u i l i b r i u m i n the b u l k r e q u i r e s d i f f u s i o n o f r e a g e n t s t h e n 

n a t u r a l l y e s t a b l i s h m e n t o f t h i s e q u i l i b r i u m occurs on a l o n g e r 

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

however i s t h a t t h e D.O.S. o b t a i n e d from b u l k a n a l y s e s i s 

e s s e n t i a l l y t h e same as f o r t h e s u r f a c e r e g i o n s ( F i g u r e 32). 

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

i s c o n s i d e r a b l y more complex and r e p r e s e n t a t i v e data, f o r 

b u l k and s u r f a c e n i t r a t i o n s are g i v e n i n F i g u r e 33« 

C o n s i d e r i n g f i r s t l y t h e data, f o r t h e 64$ s u l p h u r i c mix 

the s u r f a c e D.O.S. as assessed by E.S.C.A. u t i l i s i n g t h e Mgka 

source i s e s s e n t i a l l y e s t a b l i s h e d a f t e r 1 second exposure and 

remains c o n s t a n t t h e r e a f t e r . The d i f f u s i o n o f n i t r a t i n g mix 

i n t o t h e b u l k l e a d s t o a. ti m e dependent D.O.S. which tends 

t o approach t h a t o f the s u r f a c e . As the s u l p h u r i c a c i d 
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F i g . 33 Graph showing t h e s u r f a c e and b u l k D.O.S. o f c e l l u l o s e 
n i t r a t e s p r e p a r e d i n mixed a c i d s 
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c o n t e n t i s i n c r e a s e d and water c o n t e n t decreased t h e s u r f a c e 

D.O.S. decreases. I n terms o f c o m p e t i t i v e e q u i l i b r i a we 

might a n t i c i p a t e t h a t as the s u l p h u r i c a c i d c o n t e n t i n c r e a s e s 

t h e f o r m a t i o n o f s u l p h a t e e s t e r s becomes more l i k e l y . The 

s u g g e s t i o n has been made t h a t i n mixed a c i d n i t r a t i o n s t h e 

s u l p h u r i c a c i d does n o t p e n e t r a t e t h e b u l k or t h a t at l e a s t 

t he n i t r i c a c i d precedes t he s u l p h u r i c a c i d i n t o t h e c r y s -
41 3 

t a l l i n e s t r u c t u r e and on t h i s b a s i s we might a n t i c i p a t e 

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

p e c t i v e o f t i m e s c a l e . E.S.C.A. has demonstrated t h i s i n 

d e t a i l f o r t h e f i r s t t i m e . Thus f o r b o t h t he J0% mix and 

the 75^ s u l p h u r i c mixes t h e D.O.S. o f t h e s u r f a c e i s a c t u a l l y 

l o w e r t h a n f o r t h e b u l k . 

E x a m i n a t i o n o f T i k a s p e c t r a o f such m a t e r i a l however 

r e v e a l s a. D.O.S. h i g h e r t h a n t h a t r e c o r d e d u s i n g a Mgka 

source. The measurement o f D.O.S. u s i n g T i k a source and u s i n g 

the a p p r o p r i a t e l i n e shape a n a l y s i s appears t o r e f l e c t much 

more c l o s e l y t h e n i t r o g e n c o n t e n t o f t h e b u l k ( F i g u r e 33) • 

The r a t e o f d e n i t r a t i o n and n i t r a t i o n has been a m a t t e r 

o f c o n s i d e r a b l e debate i n the past and some workers have 

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

g r e a t e r t h a n t h a t o f d e n i t r a t i o n . 2 0 ^ T h i s has o f t e n 

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

a c i d s i n and out o f t h e c r y s t a l l i n e m a t e r i a l . T h i s i s an 

i m p o r t a n t q u e s t i o n which E.S.C.A. i s p o t e n t i a l l y capable o f 

answering. F i g u r e 34 d i s p l a y s t i m e dependent data f o r a 

s e r i e s o f d e n i t r a t i o n s o f 2.8 D.O.S. m a t e r i a l i n n i t r i c a c i d / 

w a t e r mixes o f v a r i o u s s t r e n g t h s . I n comparison w i t h t h e 

i n s t a n t a n e o u s n i t r a t i o n s t u d i e s p r e s e n t e d i n F i g u r e 31 i t i s 

p l a i n t h a t d i f f e r e n c e s do e x i s t i n t h e outermost few tens o f 
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angstroms when c o n s i d e r i n g d e n i t r a t i o n i n t h i s media. 
The D.O.S. f i n a l l y a t t a i n e d i s dependent on the a c i d com
p o s i t i o n and i t would appear t h a t t h e g r e a t e r t h e d i f f e r e n c e 
i n D.O.S. between s t a r t i n g m a t e r i a l and f i n a l D.O.S. ac h i e v e d 
i n a. g i v e n mix the f a s t e r t h e i n i t i a l r a t e o f d e n i t r a t i o n 
( c . f . Chapter One). The d e n i t r a t i o n o f 2.8 D.O.S. m a t e r i a l 
i n mixed a c i d s ( n i t r i c / s u l p h u r i c ) i s shown i n F i g u r e 35 and 
i t can i m m e d i a t e l y be seen t h a t t h e i n i t i a l r a t e o f d e n i t r a t i o n 
i s v e r y f a s t indeed and comparable t o t h a t i n n i t r a t i o n . I t 
may be t h a t the slower second stage o f t h e d e n i t r a t i o n may 
be e x p l a i n e d i n terms o f a d i f f e r e n t r e a c t i v i t y o f p r i m a r y 
n i t r a t e groups towards d e n i t r a t i n g a c i d s . T h i s p o s s i b i l i t y 
i s f u r t h e r e x p l o r e d i n Chapter Four. 

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

r e g a r d i n g the d e g r a d a t i o n o f n i t r o c e l l u l o s e s i n t h e a c i d mixes 

over extended p e r i o d s o f t i m e . T r o m m e l 2 0 ^ ' ^ f i r s t observed 

i n a. d e n i t r a t i o n w i t h t i m e experiment i n a n i t r i c a c i d / w a t e r 

mix a. c o n t i n u o u s drop i n n i t r o g e n c o n t e n t over a p e r i o d o f 
41 

one y e a r . M i l e s has r e p o r t e d s i m i l a r b e h a v i o u r over s h o r t e r 

t i m e p e r i o d s . I t i s o b v i o u s t h a t b o t h t h e e q u i l i b r i u m and 

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

e i t h e r t h e o r y . An e q u i l i b r i u m s h o u l d be e s t a b l i s h e d w i t h i n 

minutes and i t i s u n c l e a r how a c e l l u l o s e w i l l become more 

a c c e s s i b l e t o a g i v e n mix the l o n g e r i t i s immersed. 

However i t i s c l e a r from e x a m i n a t i o n o f carbon-oxygen 

r a t i o s t h a t d e n i t r a . t i o n s i n a c i d mixes f o r l o n g e r t h a n 12 hours 

g i v e n oxygen l e v e l s i n excess o f t h a t r e q u i r e d by the measured 

n i t r o g e n c o n t e n t . ( T h i s has been s u p p o r t e d t o some e x t e n t 

by ^^Cnmr spectra, o f such m a t e r i a l ) . To conclude t h i s p r e 

s e n t a t i o n o f the a p p l i c a t i o n o f E.S.C.A. i n t h i s i m p o r t a n t area 

mention w i l l now be made o f expe r i m e n t s c a r r i e d out t o determine 
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t h e e x t e n t o f r e a c t i o n o f v a r i o u s r e a g e n t s w i t h c e l l u l o s e 
i t s e l f . I t has l o n g been r e a l i s e d t h a t methods o f measuring 
t h e c r y s t a l l i n i t y o f c e l l u l o s e by the e x t e n t o f r e a c t i o n 
( c . f . Chapter One) o f sodium m e t a p e r i o d a t e , f o r i n s t a n c e , 
i s an i n a c c u r a t e p r o c e d u r e , t h e r e s u l t o f which w i l l depend, 
t o a l a r g e degree, on the ty p e o f c e l l u l o s e used and t h e 
n a t u r e o f the r e a g e n t . Of p r i m a r y concern i s whether t he 
re a g e n t i s t r u l y p e n e t r a t i n g t h e s o - c a l l e d amorphous r e g i o n s 
l e a v i n g t h e c r y s t a l l i n e p a r t s unscathed o r whether t he r e 
a c t i o n i s c o n f i n e d t o t h e s u r f a c e r e g i o n s o f i n d i v i d u a l f i b r i l s 
and t h e degree o f c r y s t a l l i n i t y o b t a i n e d i s i n f a c t o n l y a 
measure o f t h e a v a i l a b l e s u r f a c e area. I n t h i s work d r y type 
1 c e l l u l o s e was t r e a t e d w i t h 0.1m sodium p e r i o d a t e f o r 24 
hours i n the da r k , w i t h sodium h y p o c h l o r i t e f o r 24 hours o r 
w i t h a c o m b i n a t i o n o f b o t h w i t h a washing procedure between 
th e two t r e a t m e n t s . The o x i d a t i o n o f c e l l u l o s e by p e r i o d a t e 
s o l u t i o n s i n t h e dark i s known t o proceed, ( w i t h o u t s i d e r e 
a c t i o n s ) , by the f o l l o w i n g mechanism: 

CH p0H NalO, 

H y - — o 0 CH 20H 

H L 
H OH , y Ov 

+ y\ n 
NalOj, \ » £ / H II II 

0 0 

A c c o r d i n g t o t h i s e q u a t i o n the oxygen consumption o f a 

p e r i o d a t e o x y c e l l u l o s e i s equal t o the percentage o f t h e 

c h a i n u n i t s t h a t have been o x i d i s e d . The uptake o f oxygen 

can t h u s be c a l c u l a t e d u s i n g t h e t i t r a t i o n methods o f M i i l l e r 
44 

and F r i e d b e r g e r and the amount o f oxygen consumed per 100 

glu c o s e u n i t s can be e s t i m a t e d . The o x i d a t i o n o f c e l l u l o s e 
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4̂ 5 

by h y p o c h l o r i t e s o l u t i o n s has been s t u d i e d by C l i b b e n s 

and has been shown t o depend on t h e pH o f t h e s o l u t i o n . I n 

t h i s work the o x i d a t i o n was c a r r i e d out a t pH 7>4 which 
44 

a c c o r d i n g t o N e v e l l g i v e s r i s e t o i n c r e a s e d a l d e h y d i c and 
c a r b o x y l c o n t e n t . The consumption o f oxygen was a g a i n 44 c a l c u l a t e d by t i t r a t i o n methods, and compared t o C, /0, » ^ is' i s 
r a t i o s o b t a i n e d from E.S.C.A. a n a l y s i s o f t h e d r y o x i d i s e d 

m a t e r i a l s . The r e s u l t s o f t h i s s t u d y are shown i n F i g u r e J>6 

where i t i s c l e a r t h a t t h e r e a c t i o n i s c o n f i n e d almost e n t i r e l y 
o 

t o t h e s u r f a c e o f f i b r i l s (50A or l e s s ) and must c a s t f u r t h e r 

doubts on c r y s t a . l l i n i t y measurements u s i n g such r e a g e n t s . 

24 hre in sodium hypochlorite 24 hn In sodium perlodate 24 hrs in No 104 
followed by 24 hre in 
NoOCI Cie profiles rues A 

100 
ESCA DATA 

stents 80 
• TITRATION of oxygen P^SOtGO RESULTS y. 

40 

20 2 A, 
F i g . 36 G r a p h i c a l r e p r e s e n t a t i o n o f t h e inhomogeneous 

o x i d a t i o n o f c e l l u l o s e 
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I t i s c l e a r t h e r e f o r e t h a t E.S.C.A. p r o v i d e s a new 

dimension t o t h i s complex problem o f t h e n i t r a t i o n -

d e n i t r a t i o n o f c e l l u l o s i c m a t e r i a l s as w e l l as i n f o r m a t i o n 

on c e l l u l o s e i t s e l f and the work d e s c r i b e d here p r o v i d e s 

a s t r o n g ba.sis f o r t h e s t u d y o f even more complex systems 

r e p r e s e n t e d by double based p r o p e l l a n t f o r m a t i o n s ( c . f . 

Chapter F i v e ) . 



CHAPTER FOUR 

THE APPLICATION OF CARBON-13 MAGNETIC RESONANCE 

• TO THE DETERMINATION OF PARTIAL DEGREES OF 

SUBSTITUTION IN CELLULOSE NITRATES 
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4.1 I n t r o d u c t i o n 

A c o n s i d e r a b l e volume o f l i t e r a t u r e has appeared over 

th e l a s t e i g h t y years concerned w i t h the t e c h n i c a l n i t r a t i o n 
41 

o f c e l l u l o s i e m a t e r i a . l s . Both the displacement" and 

' t e c h n i c a l ' processes have been t h o r o u g h l y i n v e s t i g a t e d 

a l t h o u g h s u r p r i s i n g l y a number o f fundamental q u e s t i o n s 

remain unanswered. However a l t h o u g h t h e r e are s t i l l some 

arguments i n fa.vour o f the ' a c c e s s i b i l i t y ' t h e o r y , (see 

Chapter One), i t i s now g e n e r a l l y a.ccepted t h a t under t he 

c o n d i t i o n s and media, employed i n most t e c h n i c a l n i t r a t i o n s 

the f i n a l D.O.S. o f the b u l k m a t e r i a l i s under thermodynamic 

c o n t r o l . I n Chapter Three we have shown t h a t t h i s i s t r u e 

i n t h e outermost few tens o f Angstroms a l t h o u g h t he c o n v o l 

u t i o n o f fa.ctors which d e t e r m i n e t he o v e r a . l l s t o i c h i o m e t r y 

a.re such t h a t t h e surfa.ce i s o f t e n d i s t i n c t i v e l y d i f f e r e n t 

f rom t h e b u l k . 

Some o f the most i n t r i g u i n g aspects o f the n i t r a t i o n 

and d e n i t r a t i o n o f c e l l u l o s i c m a t e r i a l s are r e l a t e d t o the 

anomalous changes i n i n t e r c h a i n spa.cing as a f u n c t i o n o f degree 
41 

o f s u b s t i t u t i o n . These r e s u l t s r e c o r d e d by M i l e s and 
8? ^05 21"5 

Trommel ^ are more t h o r o u g h l y d i s c u s s e d i n an e a r l i e r 

c h a p t e r . The fa.ct t h a t such spaeings d i f f e r f o r m a t e r i a l s 

o f t h e same D.O.S. produced by n i t r a t i o n and d e n i t r a t i o n and 

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

such samples must r e f l e c t t h e d e t a i l e d d i f f e r e n c e s , i n chemical 

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

sequences o f 3-D-glucopyranose r e s i d u e s ( c . f . Chapter S i x ) . 

I t i s n o t i n c o n c e i v a b l e t h a t n i t r o c e l l u l o s e s o f the same 

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

http://overa.ll
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processes may be s t r u c t u r a l l y d i f f e r e n t a c c o r d i n g t o the 

n i t r a t i n g and quenching procedures employed. T h i s . h a s , 

i n f a c t , r e c e n t l y been suggested by r e s u l t s o b t a i n e d by 
214 

Lewis from o p t i c a l p a t h d i f f e r e n c e measurements. 

I t i s c l e a r however t h a t a knowledge o f s u b s t i t u t i o n 

p a t t e r n s i n m a t e r i a l s produced by n i t r a t i o n and d e n i t r a t i o n 

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

p roblem but a l t h o u g h e x t e n s i v e i n v e s t i g a t i o n s have now been 

made o f o v e r a l l D.O.S. over a v a r i e t y o f n i t r a t i n g and de-

n i t r a t i n g c o n d i t i o n s v e r y l i t t l e i n f o r m a t i o n has been a v a i l 

a b l e on the p a r t i a l D.O.S. a t the Cg p r i m a r y and C 2 and 

secondary s i t e s i n i n d i v i d u a l g lucose r e s i d u e s . The f i r s t 

i n d i c a t i o n t h a t e q u i l i b r i u m degree o f s u b s t i t u t i o n a t d i f f e r e n t 

s i t e s i n t h e glucose r i n g s were n o t the same came from the 

i o d i n a t i o n e x p eriments o f Murray and P u r v e s . ^ 0 ^ By s p e c i f i c 

a l l y d i s p l a c i n g p r i m a r y n i t r a t e e s t e r s by i o d i d e j ( t y p i c a l l y 

NaT i n a cetyla.cetone a t a tempe r a t u r e o f ll5°C) Jit was shown 

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

D.O.S. f o r the p r i m a r y s i t e was always g r e a t e r than t h a t f o r 

the secondary s i t e s . U n f o r t u n a t e l y w i t h m a t e r i a l s o f D.O.S. 

>2 which i n c l u d e s a l l those o f t e c h n i c a l importance c o n s i d e r 

a b l e d e g r a d a t i o n occurs d u r i n g the r e a c t i o n . T h i s i s n i c e l y 

shown by e l e c t r o n micrographs o f m a t e r i a l o f 2 . 7 D.O.S. and 

<2.0 D.O.S. t r e a t e d f o r i d e n t i c a l time p e r i o d s , (6 h o u r s ) , 

by t h e r e a g e n t . The f i b r o u s s t r u c t u r e which i s m a i n t a i n e d 

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

d e s t r o y e d by the r e a c t i o n on 2 -7 D.O.S. n i t r o c e l l u l o s e whereas 

the low degree o f s u b s t i t u t i o n i s s t r u c t u r a l l y u n a f f e c t e d . 

A ttempts t o use E.S.C.A. t o f o l l o w i o d i n e replacement 

and hence C^ s u b s t i t u t i o n p a t t e r n s have been made but t h e 
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r e s u l t s are n o t c o n c l u s i v e . F i g u r e 37, f o r example, 

i l l u s t r a t e s the C, and 13d core l e v e l s f o r a. n i t r o c e l l u l o s e 
I s 

d e n i t r a t e d f o r 40 mins. i n 79 -1$ n i t r i c a c i d and sub s e q u e n t l y 

w i t h the N a l / a c e t y l a c e t o n e reagent f o r a p e r i o d o f 12 h o u r s . 

Cls 1 3 d 

620 632 285 290 

B.E. ev 

F i g . 37 Core l e v e l 1 ^ and C l g spectrum o f a d e n i t r a t e d 
c e l l u l o s e n i t r a t e t r e a t e d w i t h Nal i n a c e t y l 
acetone f o r 12 hours 

T h i s n i t r o c e l l u l o s e which i s f i b r o u s i n c h a r a c t e r , ( r e , 

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

by s i d e r e a c t i o n s g i v e s a t o t a l D.O.S. of i o d i n e , ( i n the 

f orm o f -CHgl), o f -0.5- Comparison w i t h F i g u r e 35 i n 

Chapter Three r e v e a l s an expected D.O.S. o f n i t r a t e e s t e r 

groups o f ~1 .1 f o r such a. m a t e r i a l d e n i t r a t e d i n t h i s mix 

f o r 40 mins. 

I t i s r e a d i l y apparent from t h i s t h a t t h e r e i s f a r more 

i o d i n a t e d ma.teria .1 i n the p r i m a r y p o s i t i o n t h a n would be 
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expected on the b a s i s o f t h r e e e q u i v a l e n t e q u i l i b r i u m 
c o n s t a n t s f o r d e n i t r a t i o n a t the C,̂  CU and C - p o s i t i o n s 

2 3 o 
and i t would appear t h a t t h e p r i m a r y p o s i t i o n i s l e s s sus

c e p t i b l e t o d e n i t r a t i o n t h a n n i t r a t e groups a t the o t h e r 

p o s i t i o n s . However the problems a s s o c i a t e d w i t h t h i s method 

are apparent from e l e c t r o n micrographs and i t i s by no means 

c e r t a i n t h a t the almost qua.ntita.tive c o n v e r s i o n of the 

-CHgONOg > -CHgl observed i n glucose d e r i v a t i v e s a p p l i e s 

t o h i g h m o l e c u l a r w e i g h t c e l l u l o s e s . As we have alrea.dy 

observed i n c e r t a i n cases i n Chapter Two the s u r f a c e i s n o t 

always r e p r e s e n t a t i v e o f t h e b u l k and as a window on b u l k 

b e h a v i o u r and f o r e s t a b l i s h m e n t o f r a t e i n f o r m a t i o n t h i s 

c h e m i c a l t a g g i n g method has l i m i t e d a p p l i c a t i o n . I t becomes 

apparent t h a t a method o f d e t e r m i n i n g d i s t r i b u t i o n o f n i t r a t e 

groups and p a r t i a l degrees o f s u b s t i t u t i o n i n a range o f 

n i t r o c e l l u l o s e s from v e r y low t o v e r y h i g h D.O.S. i s e s s e n t i a l 

f o r e l u c i d a t i o n o f t h i s complex problem. Thus we t u r n our 

a t t e n t i o n t o t h e data, p e r t a i n i n g t o n.m.r. s t u d i e s . 
A p o s s i b l e method o f o b t a i n i n g h i g h r e s o l u t i o n n.m.r. 

spectra, o f c e l l u l o s i c m a t e r i a l has r e c e n t l y a r i s e n f o l l o w i n g 
215 

the work o f Leader who ha.s used hexa f l u o r o a c e t one i n e t h y l 

a.ceta.te s o l u t i o n t o r e a c t w i t h o r g a n i c compounds c o n t a i n i n g 

a c t i v e . hydrogen groups t o form a.dducts c o n t a i n i n g the probe 

group -C-(CF-^g-OH. "^F n.m.r. spectra, can t h u s be o b t a i n e d 

w i t h h i g h s e n s i t i v i t y s i n c e s i x f l u o r i n e atoms are p l a c e d i n 

c l o s e p r o x i m i t y t o the f u n c t i o n a l group tagged. Hydrogen 

bonding a b i l i t i e s o f the unusual -C(CF^) 2-0H probe group a l s o 

enable i t t o i n t e r a c t w i t h the s o l v e n t and a l l groups i n the 

compound which are l i k e l y t o be i n v o l v e d i n hydrogen bonding. 

For i n s t a n c e when i n t r a m o l e c u l a r H-bonding i s p o s s i b l e as i n 

http://qua.ntita.tive
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t h e adduct o f C'rl^ 0 CH 2 CH 2 OH i t may e x i s t as a r a p i d l y 

exchanging m i x t u r e o f the s o l v e n t bonded and i n t r a m o l e c u l a r 

H-bonded forms as shown below and hence g i v e s an a.veraged 

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

CH- 0 — CH^-CHp- 0-C-(CF-^) 2 

OH EtAc 

CH— 0~CH— CH^r 0-C—(CF^) 2 + EtAc 

•H-0 

I n some cases these e q u i l i b r i a , may be s h i f t e d f a r t o the r i g h t 

r e s u l t i n g i n a s t a b l e i n t r a . m o l e c u l a . r l y bonded adduct. I n 

o t h e r ca.ses however t h e s o l v e n t bonded and i n t r a m o l e c u l a r 

H-bonded forms may be o f comparable s t a b i l i t y and c o e x i s t 

g i v i n g an averaged adduct l i n e p o s i t i o n . Since the r e a c t i o n s 

a f f e c t i n g a.dduct chemical s h i f t s a r e , (under the c o n d i t i o n s 

n o r m a l l y u sed), c o n t r o l l e d o n l y by t e m p e r a t u r e and the chemical 

p r o p e r t i e s o f t h e s o l v e n t and compound t e s t e d t h e y r e s u l t i n 

d e f i n i t e c h e m i c a l s h i f t s independent o f minor v a r i a t i o n s i n 

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

s t u d y i n g p o l y o l s and e v e n t u a l l y c e l l u l o s i c ma.teria.ls u s i n g 

t h i s method b o t h d-glucose and g - m e t h y l - D - g l u c o s i d e have been 
19 

tagged w i t h t h e probe group and the F n.m.r. s p e c t r a o b t a i n e d 

are shown i n F i g u r e J>8. These complex spectra, r e v e a l d e t a i l e d 

d i f f e r e n c e s presumably due n o t o n l y t o d i r e c t c h e m ical s h i f t s 

but a l s o the change i n H-bonding systems brought about by the 

presence or absence o f a m e t h y l group a t the C-̂  p o s i t i o n . 

The t e c h n i q u e c l e a r l y shows promise but the a p p l i c a b i l i t y o f 

the method t o c e l l u l o s i c m a t e r i a l s i s l i k e l y t o be r e s t r i c t e d 

by s o l u b i l i t y problems. Hence t h e problem of o b t a i n i n g 
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e-meihyl d-glucose 
glucoside. 

F i g . 38 F n.m.r. s p e c t r a o f glucose and 3-methyl 
g l u c o s i d e t r e a t e d w i t h hexaf luoroa.cetorie r e a g e n t 

i n f o r m a t i o n on t h e p a r t i a l degrees o f s u b s t i t u t i o n i n 

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

An i m p o r t a n t advance i n t h i s area has r e c e n t l y been 
2 l 6 

r e p o r t e d by Wu. By c a r e f u l e x a m i n a t i o n o f the n o i s e 
13 

decoupled C n.m.r. s p e c t r a o f model systems he has shown 

t h a t i t i s p o s s i b l e t o a s s i g n components i n the r e g i o n 

~ 100 p. p.m. t o the low f i e l d o f T.M.S. t o the anomeric (C-^) 

carbon i n t h e v a r i o u s l y s u b s t i t u t e d glucose r e s i d u e s . T h i s 

has demonstrated unambiguously t h a t the e q u i l i b r i u m p a . r t i a l 

D.O.S. i s i n the o r d e r C^C^C^. An a n a l y s i s based s o l e l y 

on t h e ariomeric C-̂  carbon, however, has c e r t a i n i n h e r e n t 

weaknesses which can be l a r g e l y e l i m i n a t e d by u s i n g t h e 
1"5 

remainder o f t h e n.m.r. da t a from Cp-C^ once a p p r o p r i a t e 
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assignments have been c o n f i r m e d . The problems a s s o c i a t e d 

w i t h complete a n a l y s i s o f s i g n a l s a r i s i n g from anomeric 

carbons are p r e s e n t e d i n S e c t i o n 4.3 but are e s s e n t i a l l y 

concerned w i t h s i g n a l t o n o i s e r a t i o s which are u n l i k e l y 

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

13 

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

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

c e l l u l o s i e m a t e r i a l s i s p r e s e n t e d . A complete assignment 

o f peaks a l l o w s a c o n s i d e r a b l e amount o f i n f o r m a t i o n t o be 

e x t r a c t e d over a range o f degree o f s u b s t i t u t i o n s and a survey 

o f anomeric s i g n a l s i n s p e c t r a o f p a r t i c u l a r l y good s i g n a l / 

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

t o sequence d i s t r i b u t i o n . 

The prime o b j e c t i v e s o f t h i s s t u d y , which r e f e r s t o 

the. b u l k and which complements the work on s u r f a c e c h e m i s t r y 

p r e s e n t e d i n Chapter Three, may be summarised as f o l l o w s : 

t o i n v e s t i g a t e -

( a ) n i t r a t i o n i n d i f f e r e n t a c i d mixes f o r f i x e d p e r i o d s 

o f t i m e : 

(b) d e n i t r a t i o n i n d i f f e r e n t a c i d mixes f o r f i x e d p e r i o d s 

o f t i m e : 

( c ) d e n i t r a t i o n i n a g i v e n mix as a f u n c t i o n o f t i m e . 

4.2 E x p e r i m e n t a l 

N i t r a . t e d m a t e r i a l f o r a n a l y s i s i n t h i s work was prepared 

by methods d e s c r i b e d i n Chapter Three and from c e l l u l o s e o f 

i d e n t i c a l t y pe and source. N i t r a t i o n s were c a r r i e d out f o r 

2 hours - a. p e r i o d which i t has been shown g i v e s r i s e t o 

homogeneous m a . t e r i a l . 10$ by weight so l u t i o n s o f the poiymer 

were niacin up in r i l m e t h y l s u l p h o x . i de-cb-. The ' '(' n.m.r. p r o t o n 
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n o i s e decoupled (75 -5 MHz,) s p e c t r a were r e c o r d e d on a V a r i a n 
A s s o c i a t e s S . C 3 0 0 s p e c t r o m e t e r a t 75-80°C w i t h t y p i c a l 
a c q u i s i t i o n t i mes o f 12 hours c o r r e s p o n d i n g t o t h e accurnul-
a.tion o f 10 t r a n s i e n t s . The carbon chemical s h i f t s are 
r e p o r t e d w i t h r e s p e c t t o the i n t e r n a l t e t r a m e t h y l s i l a n e , 
( M e S i ) r e f e r e n c e . Peak areas were determined by s p e c t r a l 
i n t e g r a t i o n . Low te m p e r a t u r e (25-29°C ^ n.m.r. spectra, were 
a l s o r e c o r d e d but were found t o be broad and p o o r l y r e s o l v e d 
due t o h i g h v i s c o s i t y whereas h i g h t e m p e r a t u r e c o n d i t i o n s 
= 90°C as used by tyu''^ g i v e d i s c o l o u r e d s o l u t i o n s and a d d i t 
i o n a l s m a l l peaks on l o n g a c q u i s i t i o n t i mes ( c . f . data i n 
r e f . 2 l 6 ) . These phenomena, have a l s o been observed i n t h i s 
work but t o a. l e s s e r e x t e n t and the n i t r o g e n c o n t e n t o f c e r t a . i n 
samples have been d e t e r m i n e d by a m o d i f i e d K/jeldahl method, 
( c . f . A p p e n d i x ) , and found t o be comparable w i t h t h e D.O.S. 
c a l c u l a t e d from a n a l y s i s o f the n.m.r. da.ta and the percentage 
n i t r o g e n expected f r o m s t a n d a r d t a b l e s f o r n i t r a t i o n i n the 
p a r t i c u l a r a c i d mixes used. 

The i o d i n a . t i o n s d e s c r i b e d i n the i n t r o d u c t i o n were 

c a r r i e d out by methods o u t l i n e d i n the work o f Murray and 

P u r v e s / 1 ^ E.S.C.A. a n a l y s i s was c a r r i e d out on an E.S.200B 

s p e c t r o m e t e r and C ] _ s / l ^ r a t i o s c a l c u l a t e d from s e n s i t i v i t y 

f a c t o r s o b t a i n e d from model compound a n a l y s i s . 

4.3 R e s u l t s and D i s c u s s i o n 

4. 3 • 1 I n t r o d u c t i o n 

The a n a l y s i s o f p a r t i a l D.O.S. based s o l e l y on 

the anomeric r e g i o n i s e x t r e m e l y d i f f i c u l t and t h i s i s e v i d e n t 

f r o m t he spectra, i n F i g u r e 39- (The spectrum i s f o r a n i t r a t e d 

m a t e r i a l D.O.S. i n i t i a l l y 2 . 8 3 d e n i t r a t e d i n 82% HNO, f o r a. 
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F i g . 39 C n.m.r., ( 75 -5 MHz p r o t o n d e c o u p l e d ) , spectrum 
o f a 2.3 D.O.S. NC d e n i t r a t e d f o r 20 seconds i n 
32% HN0yi«% H 20 

p e r i o d o f 20 seconds). W h i l s t t h e components a t 99-7 p.p.m. 

and 9 8 . 4 p.p.m. as s i g n e d t o the anomeric carbon i n t r i s u b -

s t i t u t e d and 2 , 6 , - d i s u b s t i t u t e d are w e l l r e s o l v e d t h e h i g h e r 

f i e l d r e g i o n a . r i s i n g from 3,6 d i s u b s t i t u t e d and 6-monosubstit-

u t e d glucose r e s i d u e s i s l a r g e l y u n r e s o l v e d . Comparison o f 

the whole s e r i e s o f s p e c t r a f o r n i t r a t e d and d e n i t r a t e d mater

i a l s does a l l o w however an unambiguous assignment o f the lower 

r e g i o n o f the "̂ C n.m.r. spectra, a r i s i n g from Cp-C^. Thus 

the component a t 8 3 . 2 p.p.m. corresponds t o C^ i n 2 , 6 d i s u b 

s t i t u t e d glucose r e s i d u e s and t h a t a t 8 5 . 2 p.p.m. a r i s e s from 

C^ i n 3 » 6 - d i s u b s t i t u t e d glucose r e s i d u e s . Since the Nuclear 

Overha.user enhancements, (N.O.E.), c f . Cha.pter Two, f o r C-, -CV, 
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a r e e s s e n t i a l l y t h e same (see l a t e r ) a d i r e c t r a t i o o f peak 
areas a l l o w s an a c c u r a t e r a t i o o f the d i s u b s t i t u t e d p r o d u c t s . 
T h i s , taken i n c o n j u n c t i o n w i t h a t o t a l i n t e g r a l f o r t he 
h i g h e s t f i e l d r e g i o n f o r the anomeric carbons and the area 
r a t i o s f o r t he two lower f i e l d components a l l o w s a p a r t i t i o n 
i n g o f s u b s t i t u t i o n p a t t e r n s i n t o t r i , d i and m o n o - s u b s t i t u t e d 
g l u c o s e r e s i d u e s . (A f u l l assignment o f peaks i s g i v e n i n 
Table 4 . 1 ) . 

Table 4 . 1 

Peak No. Assignment 

1 CI i n 3 , 6 - d i s u b s t i t u t e d 

2 CI i n 6- m o n o s u b s t i t u t e d 

3 CI i n t r i s u b s t i t u t e d 

4 CI i n 2 , 6 - d i s u b s t i t u t e d 

5 C3 i n 3 , 6 - d i s u b s t i t u t e d 

6 C2 i n 2 , 6 - d i s u b s t i t u t e d 

7 C3 i n t r i s u b s t i t u t e d 

8 C4 i n t r i s u b s t i t u t e d 

9 C2 i n t r i s u b s t i t u t e d 

10 C2 i n 3 . 6 - d i s u b s t i t u t e d 

11 C6 and C5 ( c o i n c i d e n t i n 

(remains 
c o n s t a n t ) 

and s h i f t i n s e n s i t i v e 

t o r e m a i n i n g s u b s t i t u t i o n 

p a t t e r n ) 

I t can be seen t h a t t h e minor component a t 74 .5 p.p.m. a r i s i n g 

f r o m i n t h e 3 , 6 - d i s u b s t i t u t e d r e s i d u e s has t h e same i n t e n s i 

as t h a t o f the component a t 8 5 . 2 p.p.m. due t o i n the 3 , 6 -

d i s u b s t i t u t e d r e s i d u e as r e q u i r e d by t h e assignment. I t 

should a l s o be n o t e d t h a t t h e i n t e n s i t y o f the component a t 



128 

8 3 . 2 p.p.m., (Cg i n t h e 2 , 6 - d i s u b s t i t u t e d r e s i d u e s ) , i s 
a g a i n e q u a l t o t h a t o f the l o w e s t f i e l d component i n the 
anomeric r e g i o n as r e q u i r e d once more by t h i s assignment. 
The i n t e n s e components a t 8 0 . 2 p.p.m., 7 9 - 1 p.p.m. and 7 6 . 9 
p.p.m. are assigned t o C^, and r e s p e c t i v e l y i n the t r i -
s u b s t i t u t e d r e s i d u e s w h i l e t h e l a r g e s t peak a t 7 1 . 6 p.p.m. 
corresponds t o n i t r a . t e d m a t e r i a l , ( s h i f t i n s e n s i t i v e t o 
r e m a i n i n g s u b s t i t u t i o n p a t t e r n s ) , and a l s o t o which i s 
f o r t u i t o u s l y c o i n c i d e n t i n f r e q u e n c y . 

Since we would a n t i c i p a t e t h a t would have a compar

a b l e N.O.E. t o C^-C^ we may s u b t r a c t t he r a t i o e d i n t e n s i t y 

f o r t h e component a t from t he t o t a l i n t e g r a t e d i n t e n s i t y 

f o r t h e component a t 8 l . 6 p.p.m. and thu s p r o v i d e an e s t i m a t e 

o f the c o r r e c t i n g f a c t o r t o account f o r d i f f e r e n c e s i n N.O.E. 

f o r t h e methylene group a t Cg. 

The f a c t o r o f 1.5* ( a c c o u n t i n g f o r d e c o u p l i n g e f f e c t s 
13 

i n the e x p e r i m e n t ) , d e r i v e d from t h i s a n a l y s i s has th e n 

been used t o e s t i m a t e t he e x t e n t o f u n i n i t r a . t e d m a t e r i a l i n 

a p p r o p r i a t e cases from an a n a l y s i s o f the component a t 6 0 . 5 

p.p.m. assigned t o Cg, (CHg-OH). 

With r e s p e c t t o the problem o f anomalous l a t t i c e spacings 

i t may be i n t e r e s t i n g t o examine the a v a i l a b l e data f o r i n 

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

i n g i n d e t a i l our l i m i t e d o b j e c t i v e o f d e t e r m i n i n g p a r t i a l 

degrees o f s u b s t i t u t i o n . Trommel ^' ^ has suggested t h a t 

m a t e r i a l p r e p a r e d by d e n i t r a t i o n o f h i g h D.O.S. m a t e r i a l i s 

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

m a t e r i a l a d j a c e n t t o segments o f u n n i t r a t e d g l u c o s e r e s i d u e s . 

T h i s , i t i s p o s t u l a t e d , i s due t o the f a c t t h a t d e n i t r a . t i o n 

i s more l i k e l y i n r e s i d u e s a.dja.cent t o those a l r e a d y o f low 
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D.O.S. Sequence i n f o r m a t i o n i s t h e r e f o r e o f r n v n t i n t e r e s t 
and i t i s e v i d e n t from t he spectrum i n F i g u r e -'-f th.av sue:: 
data i s p o t e n t i a l l y a v a i l a b l e e s p e c i a l l y from :he h i g h f i e l d 
a.nomeric carbon r e g i o n which i s p a r t i c u l a r l y s u s c e p t i b l e t o 
s u b t l e changes i n magnetic environment. The spectrum which 

I 
t 

105 100 95 90 85 80 75 70 65 60 
PPM 

F i g u r e 40 "̂ C n.m.r. spectrum o f a 2 . 8 D.O.S. NC d e n i t r a t e d . 
f o r 5 mins. i n 82% HgO 

i s o f a. d e n i t r a . t e d sa.mple (82 % HNO-̂ , 5 tnins. r e a c t i o n t i m e ) , 

however, g i v e s some i n d i c a t i o n o f the l i k e l y d i f f i c u l t i e s i n 

e x t r a c t i n g such i n f o r m a t i o n s i n c e t he c o n s i d e r a b l e f i n e 

s t r u c t u r e apparent i n the anomeric r e g i o n i s c o m p l i c a t e d by 

a. poor s i g n a l t o n o i s e r a t i o . The n.m.r. a n a l y s i s g i v e s an 

o v e r a l l D.O.S. o f 2 . 3 1 w i t h ~ 50$ o f the 3,D-glucopyranose 

r e s i d u e s b e i n g t r i s u b s t i t u t e d and ~20$ b e i n g 6 - m o n o s u b s t i t u t e d , 
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the p a r t i t i o n i n g between the d i s b u s t i t u t e d d e r i v a t i v e s being 
2:1 i n favour of the 2 ,6 compared w i t h the J>,6 d e r i v a t i v e . 

216 
Since Wu has shown t h a t s u b s t i t u t i o n at l a r g e l y leaves 
the a.nomeric region unaffected, sequence d i s t r i b u t i o n w i l l be 
manifest from the e f f e c t of s u b s t i t u t i o n at the C- p o s i t i o n 
i n adjacent r i n g s . On t h i s basis we might a n t i c i p a t e t h a t 
the highest f i e l d component assigned t o the anomeric carbon 
i n the 3 , 6 - d i n i t r o s u b s t i t u t e d 3,D-glucopyranose residues 
would be e s s e n t i a l l y a. doublet s t r u c t u r e since the 3,D-gluco
pyranose u n i t s l i n k e d t o C-̂  w i l l have e i t h e r a n i t r a t e e s t e r 
f u n c t i o n a l i t y present ( t r i n i t r o ) or absent ( 2 , 6 - d i n i t r o , 
mononitro) at Ĉ '. I t i s i n t e r e s t i n g t h a t the s p l i t t i n g 
between the doublet at high f i e l d i s 0.8 p.p.m. compared to the 
s h i f t i n the anomeric re g i o n , 1.3 p.p.m., a t t r i b u t a b l e t o a 
n i t r a t e ester at Ĉ., (taken as the average s p l i t t i n g between 
both the f i r s t 2 and the second 2 components of the anomeric 
r e g i o n ) . However i t i s possible to e x p l a i n t h i s by the f a c t 
t h a t C^1 i s one bond f u r t h e r removed i n the system. Since 
the s h i f t at the anomeric carbon f o r a Cg n i t r a t e ester 
f u n c t i o n a l i t y i s known to be small t h i s provides a. con s i s t e n t 
o v e r a l l d e s c r i p t i o n of the e f f e c t of long range s u b s t i t u e n t s . 

Consider now the derived s u b s t i t u t i o n p a t t e r n f o r t h i s 
p a r t i c u l a r sample. I n an octad sequence of u n i t s we may 
expect approximately four t r i n i t r a t e , 3 - d i n i t r a t e , ( l of which 
would be 3 > 6 - d i s u b s t i t u t e d ) , and 1 mononitrate ester 3,D-
glucopyranose residue. On a random basis of s u b s t i t u t i o n 
of n i t r a t e groups along a. sequence of u n i t s we might expect 
a 3:2 ( t r i n i t r a t e vs. 2 ,6 d i n i t r a t e plus mononitrate) i n t e n s i t y 
r a t i o f o r the high f i e l d r egion. Even w i t h the r e l a t i v e l y 
poor S/N r a t i o f o r the spectra, i n Figure 40 i t i s c l e a r t h a t 
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the i n t e n s i t y r a t i o i s more nearly 3:4 and t h i s seems t o 
i n d i c a t e non-random s u b s t i t u t i o n . The broadened nature of 
the components also i n d i c a t e s t h a t although longer range 
e f f e c t s are small they are none the less s i g n i f i c a n t and t h i s 
becomes even more apparent i n the an a l y s i s of the component 
centred at 104.7 p.p.m. a t t r i b u t a b l e t o the anomeric carbon 
i n 3,D-glucopyranose residues w i t h u n s u b s t i t u t e d and 
p o s i t i o n s . On an octad basis t h i s s i g n a l o r i g i n a t i n g from 
the anomeric carbon should p r i m a r i l y show s p l i t t i n g o r i g i n a t i n g 
from the presence or absence of a n i t r a t e ester group i n the 
Ĉ ' p o s i t i o n at the adjacent r i n g (attached t o the anomeric 
carbon). On a. s t a t i s t i c a l basis there i s a 5 = 2 p r o b a b i l i t y 
t h a t a n i t r a t e ester group i s present i n the C-̂' p o s i t i o n 
however the two outside components of the t r i p l e t , (separated 
by 0.8 p.p.m.), are of roughly equal i n t e n s i t y . This i n d i c a t e s 
t h a t the cumulative e f f e c t of longer range s h i f t e f f e c t s , 
(from C 2 ) , are probably important since a t h i r d component i s 
also observed i n an intermediate s h i f t p o s i t i o n . I t i s 
tempting t o assign these three components i n decreasing s h i f t 
t o h i g h f i e l d as a r i s i n g from adjacent g,D-glucopyranose 
residues which are e i t h e r the t r i n i t r a t e , 3 , 6 - d i n i t r a t e or 
2 , 6 - d i n i t r a t e d e r i v a t i v e s ; the i n d i c a t i o n ^ b e i n g again t h a t the 
s u b s t i t u t i o n i s non-random. 

The more intense components at lower f i e l d , (99«7 p.p.m. 
and 98.4 p.p.m.), a t t r i b u t e d t o t r i n i t r a t e and 2 , 6 - d i n i t r a t e 
s u b s t i t u t e d 6,D-glucopyranose residues also e x h i b i t f i n e 
s t r u c t u r e . Thus the l a t t e r shows a. 3 component s t r u c t u r e 
which might be due t o the lack or presence of n i t r a t e ester 
f u n c t i o n a l i t i e s at e i t h e r or both of C,' and C0'. The 

3 2 
dominant component a r i s i n g from the t r i n i t r a t e at 99.7 p.p.m. 
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again suggests a r a t h e r s p e c i f i c sequence arrangement. I n 
summary t h e r e f o r e i t appears t h a t sequence i n f o r m a t i o n might 
he accessible from d e t a i l e d a n a l y s i s of the anomeric carbon 
region which i s e s p e c i a l l y s e n s i t i v e to s u b s t i t u t i o n p a t t e r n 
i n the adjacent glucose residue. Major problems, however 
can be expected i n i n v e s t i g a t i n g t h i s i n any great d e t a i l 
since the S/N r a t i o f o r the spectrum i n Figure 39 i s not 
s u f f i c i e n t l y good and improvement w i t h current i n s t r u m e n t a t i o n 
would not be f e a s i b l e on a r e a l i s t i c time scale. 

4.3.2 P a r t i a l D.O.S. f o r N i t r a t i o n i n 
D i f f e r e n t Acid Mixes 

Having considered the basis of the assignments 
and subject a n a l y s i s of data we may now proceed to a. discussion 
of the data f o r the p a r t i a l D.O.S. f o r n i t r a t i o n i n the three 
d i f f e r e n t acid mixes described i n the previous s e c t i o n . The 
data i s shown i n Table 4.2. Considering f i r s t l y the m a t e r i a l 
of highest t o t a l D.O.S., (2 .83) , no evidence has been detected 
f o r any monosubstituted residues and a. p a r t i t i o n i n g between 
83^ t r i n i t r a t e , 11$ 2 6 - d i n i t r a t e and 6%- 3 - 6 - d i n i t r a t e y i e l d s 
p a r t i a l D.O.S. of 1, 0.94 and O.89 f o r Cg, C 2 and carbons. 
The corresponding data f o r the n i t r a t e d m a t e r i a l of lower 
D.O.S. reveals t h a t only f o r the m a t e r i a l of 2.37 D.O.S. i s 
there any s i g n i f i c a n t c o n t r i b u t i o n from u n s u b s t i t u t e d 
3,D-glycopyranose residues. 

From the l i m i t e d number of n i t r o c e l l u l o s e s studied i n 
216 

d e t a i l by Wu a general treatment of e q u i l i b r i u m p a r t i a l 
D.O.S. was suggested, the c e n t r a l f e a t u r e of which i s t h a t 
the r e a c t i v i t y of a given hydroxyl group i s independent of 
the s u b s t i t u t i o n p a t t e r n . I n the l i g h t of the crude examin
a t i o n of sequence d i s t r i b u t i o n s described above the i m p l i c a t i o n 
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of such a model t h a t r e a c t i v i t i e s and p o s i t i o n s i n adjacent 
3,D-glucopyranose residues does not depend on s u b s t i t u t i o n 
p a t t e r n does not seem t o be tenable and t h i s r a i s e s doubts 
about the v a l i d i t y of a s i m p l i s t i c d e s c r i p t i o n of a. s e r i e s 
of complex e q u i l i b r i a i n terms of only 3 parameters, namely 
the ra.tios of e q u i l i b r i u m constants f o r s u b s t i t u t i o n at the 
3 s i t e s , (2,3, and 6 ) , i n a given 3,D-glucopyranose residue. 
Since the n i t r a t e d m a t e r i a l s described here f a l l i n a D.O.S. 

216 

range not e x p l i c i t l y examined i n d e t a i l by Wu but none
thel e s s covered by t h i s d i s t r i b u t i o n model i t i s of i n t e r e s t 

13 
to compare the Ĉ n.m.r. derived s u b s t i t u t i o n p a t t e r n w i t h 
those p r e d i c t e d by the simple e q u i l i b r i u m model. The data 
i s shown i n brackets i n the r e l e v a n t columns i n Table 4.2 

and r e v e a l t o l e r a b l e agreement. the main discrepancy being 
the overestimate of the model of the extent of u n s u b s t i t u t e d 
and monosubstituted 3,D-glucopyranose residues. Since a 
large number of samples have been i n v e s t i g a t e d i n t h i s work 
i n the t o t a l D.O.S. range 2.0-2.83 we w i l l postpone a d e t a i l e d 
compa.rison w i t h the preductions based on Wu's model u n t i l a. 
l a t e r s e c t i o n . 

4.3.3 D e n i t r a t i o n i n D i f f e r e n t Acid Mixes f o r 
Fixed Periods of Time 

13 
Table 4.3 displays the data provided from VC n.m.r. 

spectra, of d e n i t r a t e d n i t r o c e l l u l o s e s obtained from 2.83 D.O.S. 
s t a r t i n g m a t e r i a l immersed i n the 4 a c i d mixes described i n 
the experimental s e c t i o n . The f i r s t important p o i n t to note 
i s t h a t d e n i t r a t i o n t o a. t o t a l D.O.S. of 2.0 provides no 
evidence f o r u n s u b s t i t u t e d 3,D-glucopyranose residues. The 
equa.l d i s t r i b u t i o n of t r i and mono n i t r a t e s u b s t i t u t e d residues 
i s f o r t u i t o u s l y i n agreement w i t h Wu's simple model however 
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the l a t t e r p r e d i c t s a. s u b s t a n t i a l l y l a r g e r p r o p o r t i o n of 
d i s u b s t i t u t e d products than are a c t u a l l y observed. Since 
the simple model e s s e n t i a l l y ignores medium e f f e c t s m a t e r i a l 
of the same D.O.S. produced e i t h e r by n i t r a t i o n a.nd d e n i t r a t i o n 
under d i f f e r e n t c o n d i t i o n s should appear w i t h the same d i s t 
r i b u t i o n p a t t e r n . A comparison of the data i n Table 4.2 f o r 
D.O.S. 2.37 w i t h t h a t i n Table 4.3 D.O.S. 2.43 again reveals 
a. t o l e r a b l e agreement; the only major discrepancy being the 
p a r t i t i o n i n g between monosubstituted and uns u b s t i t u t e d residues. 
The denitra.tion process i s seen to be i n the order C^C^^C^ 

and the e q u i l i b r i u m D.O.S. decreases r a p i d l y on going from 
fuming n i t r i c a c i d t o 79-1$ n i t r i c a c i d . 

4.3.4 D e n i t r a t i o n i n a. Given Acid Mix as a 
Function of Time 

S t a r t i n g from a. m a t e r i a l of D.O.S. 2.83 samples 
have been examined by "̂ C n.m.r. a f t e r periods of 1,5*20,300 

and 400 sees, d e n i t r a t i o n i n 82^ n i t r i c a c i d and the data 
are displayed i n Table 4.4. I n Chapter Two i t has been shown 

o 
by E.S.C.A. t h a t d e n i t r a t i o n to a depth of ~100A i s at the 
e q u i l i b r i u m value f o r a given acid mix i n a r e a c t i o n time of 

1"5 

1 second and the f a c t t h a t Ĉ n.m.r. detects no d i f f e r e n c e 
w i t h respect to the i n i t i a l s t a r t i n g m a t e r i a l merely r e f l e c t s 
the small f r a c t i o n of the t o t a l volume sampled by E.S.C.A. 
Within 5 seconds the r e a c t i o n has penetrated w e l l i n t o the 
m a c r o f i b r i l s and s i g n i f i c a n t d i f f e r e n c e s are observed. The 
D.O.S. th e r e f o r e drops mainly due to loss of n i t r a t e ester 
at the Ĉ  and Ĉ  p o s i t i o n s . 

The D.O.S. at 40 mins. r e a c t i o n time of 2.1'3 i s essent
i a l l y the e q u i l i b r i u m value and the data f o r samples studied 
a f t e r longer r e a c t i o n periods, (up to 12 hours), provide 
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i d e n t i c a l data. The D.O.S. i s mar g i n a l l y lower than f o r the 
sample d e n i t r a t e d i n 83^ n i t r i c a c i d ; the data f o r which are 
displayed i n Table 4.3- The d i s t r i b u t i o n of s u b s t i t u t i o n 
p a t t e r n s are s i m i l a r , the main d i f f e r e n c e being the higher 
percentage c o n t r i b u t i o n of monosubstituted 3 ,D-glueopyranose 
residues f o r the lower acid s t r e n g t h . The trend i s maintained 
since f o r 79-1$ a.cid s t r e n g t h the D.O.S, has dropped f u r t h e r 
to 2 .0. 

4.3•5 Comparison of Data 

I t would be expected from the s i m p l i f i e d a n a l y s i s 
216 

presented by Wu tha.t m a t e r i a l of a given D.O.S. would show 
the same p a r t i t i o n i n g i r r e s p e c t i v e of the e q u i l i b r i u m c o n d i t 
ions under which i t i s produced. However i t i s r e a d i l y 
apparent from a. comparison of a ser i e s of d e n i t r a t e d and 
n i t r a t e d m a t e r i a l s i n the range 2.0-2.83 where the major 
p r o p o r t i o n of 3 , D-glucopyra.nose residues a.re e i t h e r d i or 
t r i s u b s t i t u t e d t h a t t h i s i s not so. 

This can be r e a d i l y appreciated from the histogram p l o t 
shown i n Figure <!-l. The s t r i k i n g f e a t u r e of t h i s data i s 
t h a t the r a t i o of the 2,6 to 3* ̂ - - d i s u b s t i t u t e d products does 
indeed appear t o be l a r g e l y independent of the medium as 

2] 6 

proposed by Wu . i t has been p r e v i o u s l y noted t h a t the 
d i s t r i b u t i o n of mono and u n s u b s t i t u t e d residues i s d i f f e r e n t 
f o r n i t r a t e d and d e n i t r a t e d m a t e r i a l s , (2.37 and 2.43 D.O.S.), 
and i n f a c t f o r the d e n i t r a t e d materia.! there i s no evidence 
f o r u n s u b s t i t u t e d residues down to a D.O.S. of 2.0. Reference 
to Wu's d i s t r i b u t i o n curves shows t h a t i f a simple model 
based on three e q u i l i b r i u m constants wa.s ap p l i c a b l e a m a t e r i a l 
of D.O.S. 2.0 should have several per cent of unsu b s t i t u t e d 
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n i t r a t i o n and d e n i t r a t i o n 

residues w h i l s t f o r m a t e r i a l of D.O.S. 2.37 there should be 
no u n s u b s t i t u t e d residues. Figure 40 t h e r e f o r e i l l u s t r a t e s 
i n a. g r a p h i c a l way t h a t the s i t u a t i o n i s considerably more 
complex than i m p l i e d by Wu's elegant but s i m p l i s t i c a n a l y s i s . 

The i m p l i c a t i o n from the analysis i n the i n t r o d u c t i o n 
t h a t s u b s t i t u t i o n and sequence d i s t r i b u t i o n i s non random also 
suggests t h a t r e a c t i o n s at a given s i t e i n a glucose residue 
are i n f l u e n c e d by the s u b s t i t u t i o n p a t t e r n s i n adjacent r i n g s 
and t h i s again casts doubt on the v a l i d i t y of a simple model 
which assumes t h a t w i t h i n a given r i n g s u b s t i t u t i o n at one 
s i t e i s independent of the s u b s t i t u t i o n p a t t e r n i n the same 
r i n g . I t i s also i n t e r e s t i n g t o note the a v a i l a b l e l i t e r a t u r e 

2l8 
data which also casts serious doubts on t h i s assumption 
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since studies of denitra.tion of simple model systems have 
i n d i c a t e d t h a t r a t e s are g r e a t l y i n f l u e n c e d by s t r u c t u r e and 
although these experiments were c a r r i e d out under d i f f e r e n t 

13 
co n d i t i o n s i t would appear t h a t the r e s u l t s from the C n.m.r. 
are indeed analogous. 

This d e n i t r a t i o n of ethylene g l y c o l d i n i t r a t e , (e.g. as 
a. model f o r 2,3 d i n i t r o s u b s t i t u t e d 6,D-glucopyranose residue) 
i s an order of magnitude f a s t e r than f o r 1,4 butylene g l y c o l 
d i n i t r a t e (e.g. as a model f o r 3 * 6 - d i n i t r o s u b s t i t u t e d 3,D-
glucopyranose r e s i d u e ) . The r e l a t i v e rates of n i t r a t i o n 
and d e n i t r a t i o n at a given p o s i t i o n i n a - s u b s t i t u t e d 3,D-
glucopyranose residue i s t h e r e f o r e l i k e l y t o be grossly r a t h e r 
than s u b t l y dependent on s u b s t i t u t i o n p a t t e r n . Published 

208 

data on r e l a t i v e r a t e s of d e n i t r a t i o n of simple model 
systems shows t h a t a. primary n i t r a t e ester i s p a r t i c u l a r l y 
s t a b l e and on the basis of t h i s the observed behaviour i n 
d e n i t r a t i o n of the 6-monosubstituted residue being present 
without any evidence f o r the u n s u b s t i t u t e d 3,D-glucopyranose 
residues i s r e a d i l y understandable. Although i t i s not 
possible on the data c o l l e c t e d to q u a n t i f y the s i t u a t i o n 
f u r t h e r s u f f i c i e n t data i s a v a i l a b l e t o assess the l i k e l y 
o r d e r i n g of r e l a t i v e r a t e and e q u i l i b r i u m constants and to 
t h i s end we may consider the p a r t i a l r e a c t i o n sequences shown 
i n Figure 42. 

No evidence has been presented i n the l i t e r a t u r e on 
r a t e data f o r the i n i t i a l formation of monosubstituted d e r i v 
a t i v e s other than the 6 - s u b s t i t u t e d 3,D-glucopyranose residues. 
However the f a c t t h a t a s i g n i f i c a n t p r o p o r t i o n of the glucose 
residues are u n s u b s t i t u t e d i n n i t r a t e d m a t e r i a l of D.O.S. 2.37 
s t r o n g l y suggests t h a t the r a t e constants f o r n i t r a t i o n i n 
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F i g . 42 Schematic showing p a r t i a l r e a c t i o n pathways i n 
the n i t r a t i o n / d e n i t r a t i o n e q u i l i b r i a 

the 2 and 3 s i t e s i n a given glucose residue increases w i t h 
the p a r t i a l D.O.S. i n the p a r t i c u l a r residue i n question. 
This i s supported by l i t e r a t u r e data on model systems which 
i n d i c a t e s t h a t the r a t e of a, d e n i t r a t i o n step increases the 
more h i g h l y s u b s t i t u t e d the d e r i v a t i v e . I n terms of the 
p a r t i a l scheme o u t l i n e d i n Figure 4 l the r a t e constants f o r 
d e n i t r a t i o n of monosubstituted d e r i v a t i v e s i s c e r t a i n l y i n 

6 2 3 
the order k_ffl<< k_ m* k_ m° There i s no a v a i l a b l e l i t e r a t u r e 
data on rates of n i t r a t i o n at primary and secondary s i t e s i n 
model systems, however, the e q u i l i b r i u m constants f o r form
a t i o n of the mononitrate esters are undoubtedly i n the order 
6 2 3 
km> km, ^km. Since the order of r a t e constants f o r de

n i t r a t i o n are l i k e l y t o be: 
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6 k <<2,6 3,6 <2..3,6 2 ,3 ,6 ( 2 ) 2,3,6 ( } 

-m K - d -d -d . - t ^ ; ' K z [ : ) ) 

the order of r a t e constants f o r n i t r a t i o n must be 

6 K m < 2 ' V 3 ' \ < 2 ' 3 ' \ ( 2 ) , 2 ' 5 ' \ ( ) ) 

The constancy of the 2 ,6 t o 3 6 d i s u b s t i t u t e d residues 
i m p l i e s t h a t 2 ' 6 k d / 3 ' 6 k d = 2 ' ^ J 6 k f c ( 3 ) / 2 ' 3 ' 6 k f c ( 2 ) and t h i s i s 
c o n s i s t e n t w i t h a. greater r e a c t i v i t y of the 2 p o s i t i o n r e l a t i v e 
t o the 3 p o s i t i o n f o r a given p a r t i a l D.O.S. i n the residue 
i n question. I n summary t h e r e f o r e the n i t r a t i o n - d e n i t r a t i o n 
r e a c t i o n s are considerably more complex than has been im p l i e d 
i n the past and at best a s i m p l i f i e d model based on 3 e q u i l 
i b r i u m constants can only provide a crude q u a l i t a t i v e p i c t u r e 
of the p a r t i a l D.O.S. i n n i t r a t e d or d e n i t r a t e d c e l l u l o s e 
samples. However the m o d i f i c a t i o n s o u t l i n e d i n t h i s chapter 
allow a d i r e c t comparison of s u b s t i t u t i o n p a t t e r n s w i t h l a t t i c e 
spacing data, (which w i l l be more f u l l y discussed i n Chapter 
Six) and the inference t h a t s u b s t i t u t i o n i s non-random i s 
important i n i n v e s t i g a t i n g the r e l a t i o n s h i p between the D.O.S. 
i n sequences of g,D-glucopyranose residues and the d i f f e r e n c e s 
i n 'd' spacing f o r n i t r a t e d and d e n i t r a t e d m a t e r i a l s of the 
same D.O.S. prepared i n d i f f e r e n t ways. I t i s also c l e a r l y 

1^ 
evident from the data t h a t the -"C n.m.r. spectra provide an 
accurate determination of D.O.S. and i f the instrument time 
i s a v a i l a b l e provides a r e a l i s t i c replacement f o r the time-
consuming K j e l d a h l n i t r o g e n a n a l y s i s . 



CHAPTER FIVE 

E.S.C.A. STUDIES OF THE SURFACE CHEMISTRY OF 
CELLULOSE NITRATES AND DOUBLE BASED PROPELLANTS, 
WITH PARTICULAR REFERENCE TO THEIR DEGRADATION 

IN ULTRA VIOLET LIGHT 
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5.1 I n t r o d u c t i o n 

The s t a b i l i t y of c e l l u l o s e n i t r a t e and double based 

p r o p e l l a n t s to a number of environmental c o n d i t i o n s i s of 
220 221 

great i n t e r e s t t o the munitions i n d u s t r y . ' Over 
extended periods of time f a c t o r s such as humidity changes 
and exposure to so l a r r a d i a t i o n may profoundly a f f e c t the 
burn r a t e of these m a t e r i a l s by i n i t i a t i n g degradation of 
the parent n i t r o c e l l u l o s e or through loss of p l a s t i c i s e r 

221 
and n i t r o g l y c e r i n by v o l a t i l i s a t i o n from the surface. 

I n the past the degradation of c e l l u l o s i c m a t e r i a l s 
has been measured by monitoring changes i n v i s c o s i t y or 

222 226 

t e n s i l e s t r e n g t h ' brought about by a chain s c i s s i o n 
r e a c t i o n which i n c e l l u l o s e i t s e l f i s considered the main 
p h o t o l y t i c r e a c t i o n . However the t y p i c a l quantum y i e l d s 
f o r chain s c i s s i o n i n c e l l u l o s e (0.001) and c e l l u l o s e n i t r a t e 
(0.01) are s u b s t a n t i a l l y smaller by at l e a s t an order of 
magnitude than t h a t reported f o r the p h o t o l y s i s of n i t r a t e 

227 
ester groups and can be expected t h a t the loss of n i t r o g e n 
oxides from the p h o t o l y s i s of such groups w i l l be the main 
r e a c t i o n i n c e l l u l o s e n i t r a t e . Very l i t t l e work has i n f a c t 
been published i n the p h o t o l y s i s of the simple a l k y l n i t r a t e s 
but i n the wavelengths of i n t e r e s t t o t h i s work (\ > 2900) 

223 
there i s evidence f o r three primary processes: 

R-CH£=0-N02 -^-> R-CH2-0- + N0 2 ( l ) 
> R-CHO + H0N0 (2) ) R-CH2-0N0 + 0- (3) 

Quantum y i e l d s f o r these r e a c t i o n s are i n the order 
223 

( l ) > ( 3 ) > ( 2 ) . P h i l l i p s et at y have studied the thermal 
degradation of a l k y l n i t r a t e s and reported t h a t the i n i t i a l 
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cleavage (1) was followed by 

R-CH2-0'+ RCH2-ON02 * RCHo-0H + RCH « 
0N0 2 (4) 

RCHO + NO 2 (5) 

I n view of what i s known about possible degradation pathways 
i t i s not s u r p r i s i n g t h a t recent studies of the thermal 
degradation of c e l l u l o s e n i t r a t e and double based p r o p e l l a n t 
have concentrated on monitoring the r a t e of e v o l u t i o n of 
n i t r o g e n oxides at elevated temperatures as determined by 

measurements the loss of n i t r o g e n oxides i s monitored c o n t i n 
uously g i v i n g d i r e c t i n f o r m a t i o n on rat e s but no i n f o r m a t i o n 
i s a v a i l a b l e on the r e a c t i o n of degradation products w i t h 
other c o n s t i t u e n t s of the p r o p e l l a n t or indeed on any chemical 
changes which may occur on the p h o t o l y s i s of a n i t r a t e ester 
group. I n order to f u l l y understand the mechanism such 
i n f o r m a t i o n i s e s s e n t i a l and since i t i s the very surface of 
these m a t e r i a l s which i n t e r a c t s i n i t i a l l y w i t h s o l a r rays 
and humidity of the environment i t would be of great i n t e r e s t 
t o study the nature and r a t e of accumulation of degradation 
products i n the outermost few tens of Angstroms of c e l l u l o s e 
n i t r a t e f i b r e s and double based p r o p e l l a n t s on exposure t o 
c o n t r o l l e d environmental c o n d i t i o n s . The lack of i n f o r m a t i o n 
ava.ila.ble i n the l i t e r a t u r e i n the pa.st i n t h i s area, can be 
traced d i r e c t l y to the lack of a s u i t a b l e technique and i t 
i s only w i t h the advent of E.S.C.A. (X-ray photoelectron 
spectroscopy) i n the la.st few years t h a t such i n f o r m a t i o n 
i s now p o t e n t i a l l y a v a i l a b l e . Recent E.S.C.A. studies ( c . f . 
Chapter Three) of simple model systems and d e t a i l e d i n v e s t i g 
a t i o n s of the surface n i t r a t i o n and d e n i t r a t i o n of c e l l u l o s i c 
m a t e r i a l s has y i e l d e d important i n f o r m a t i o n not only on 

chemiluminescence NOX analyser techniques. .224,225 I n such 

http://ava.ila.ble
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r e l a t i v e r a t e s o f r e a c t i o n b u t a l s o on t h e n a t u r e and 

environment o f f u n c t i o n a l groups. C l e a r l y w i t h t h e e x t e n s i v e 

i n f o r m a t i o n now a v a i l a b l e on t h e s u r f a c e c h e m i s t r y o f t h e 

c e l l u l o s e n i t r a t e s i t i s p o s s i b l e , u s i n g t h i s data as a b a s i s 

f o r a n a l y s i s , t o s t u d y t h e d e g r a d a t i o n o f such m a t e r i a l s on 

exposure t o U.V. l i g h t . T h i s i s n o t t r u e however f o r the 

double based p r o p e l l a n t s i n c e v e r y l i t t l e i s known o f t h e 

s u r f a c e c h e m i s t r y o f such m a t e r i a l s or indeed how t h e com

ponents o f t h e p r o p e l l a n t , ( n i t r o g l y c e r i n , n i t r o c e l l u l o s e and 

v a r i o u s s t a b i l i s e r s and a d d i t i v e s ) , may i n t e r a c t i n the b u l k . 

I t i s t h e purpose o f t h e work, o u t l i n e d i n the f o l l o w i n g pages, 

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

o f double based p r o p e l l a n t s f o r a range o f c o m p o s i t i o n s i n 

o r d e r t o e s t a b l i s h a data, base s i m i l a r t o t h a t a l r e a d y a v a i l 

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

o c c u r r i n g i n t h e outermost few te n s o f Angstroms i n these 

m a t e r i a l s on exposure t o U.V. l i g h t . I n o r d e r t o l i m i t t h e 

many v a r i a b l e s i n such an i n v e s t i g a t i o n t h e p h o t o d e g r a d a t i o n 

o f c e l l u l o s e n i t r a t e s and double based p r o p e l l a n t (60/40 

n i t r o g l y c e r i n ( N G ) / n i t r o c e l l u l o s e (NC) c o m p o s i t i o n o n l y ) has 

been m o n i t o r e d i n d r y atmospheres o f oxygen and n i t r o g e n f o r 

g i v e n p e r i o d s o f t i m e . 

5 • 2 E x p e r i m e n t a l 

The double based p r o p e l l a n t s examined i n t h i s work 

were s u p p l i e d by t h e M i n i s t r y o f Defence, Waltham Abbey, i n 

v a r i o u s wt/$ r a t i o s o f NG/NC. A p p r o x i m a t e l y 1% by w e i g h t 

o f d i e t h y l - d i p h e n y l - u r e a s t a b i l i s e r , ( c a r b a r n i t e ) , was i n c o r p o r 

a t e d i n a l l samples and b e f o r e a n a l y s i s t h e p r o p e l l a n t s had 

been s t o r e d f o r a t l e a s t one ye a r . The p r o p e l l a n t s i n sheet 
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f o r m , ( 3mm i n t h i c k n e s s ) , were c u t t o probe t i p s i z e , 

(18 x 8mm), a.nd mounted on a s p e c i a l c o o l i n g probe, t he 

t e m p e r a t u r e o f which can be a c c u r a t e l y c o n t r o l l e d by pumping 

l i q u i d n i t r o g e n t o t h e probe t i p . Samples c o n s i d e r e d i n 

t h i s work were p r e - c o o l e d t o -110°C i n a d r y n i t r o g e n atmos

phere by t h e use o f a g l o v e bag a t t a c h e d d i r e c t l y t o t h e 

i n s e r t i o n l o c k o f t h e s p e c t r o m e t e r . ( I n t h e U.V. d e g r a d a t i o n 

s t u d i e s i t was found s u f f i c i e n t t o purge t h e i n s e r t i o n l o c k 

w i t h n i t r o g e n b e f o r e c o o l i n g t h e sample i n t h e l o c k ) . T h i s 

p r o c e d u r e p r e c l u d e s t h e d e p o s i t i o n o f w a t e r vapour onto t he 

p r o p e l l a n t s u r f a c e . The samples were t h e n pumped down i n 

t h e i n s e r t i o n l o c k , (-10 t o r r ) , b e f o r e i n t r o d u c t i o n t o t h e 
-8 

sample chamber., (-.5 x 10 t o r r ) . I t was found t h a t t h e 

p r e s s u r e o f the chamber was m a i n t a i n e d d u r i n g t h i s procedure 

and t h e r e was no evidence f o r l o s s o f NG from t he surfa.ce 

under normal o p e r a t i n g c o n d i t i o n s , ( v i z t he s p e c t r a were i n d e 

pendent o f the t y p i c a l t i m e s c a l e o f the measurements). 

However i t s h o u l d be n o t e d t h a t i t i s p o s s i b l e t o i n s t i g a t e 

a steady l o s s o f NG t o the chamber by i n c r e a s i n g t h e temper

a t u r e o f the probe t i p ( c . f . S e c t i o n 5-3-1)- The s p e c t r a 

were r u n on an A.E.I. E.S.200A/B e l e c t r o n s p e c t r o m e t e r u s i n g 

a Mgk a „ X-ray source o p e r a t e d i n a f i x e d r e t a r d a t i o n r a t i o 

mode. Under the c o n d i t i o n s o f these e x p e r i m e n t s t h e Au 4f7 , 
/2 

l e v e l used f o r energy c a l i b r a t i o n had a f.w.h.m. o f 1.15ev. 
S p e c t r a were an a l y s e d u s i n g a. Du Pont 310 curve r e s o l v e r . 

A l l c e l l u l o s e n i t r a t e s i r r a d i a t e d by U.V. l i g h t were 

p r e p a r e d by s t a n d a r d l a b o r a t o r y procedures o u t l i n e d i n Cha.pter 

Three f r o m dewaxed, d e p e c t i n i s e d c o t t o n l i n t e r s . 60% NG/ 

% NC p r o p e l l a n t s were used f o r the i r r a d i a t i o n e x p e r i m e n t s 
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w h i c h were c a r r i e d o u t i n a s p e c i a l l y designed r i g d e s c r i b e d 
2 2 8 

elsewhere u s i n g a 500W Hanovia lamp c u t o f f A = 2 9 0 0 n m . 
p 

th e photon f l u x o f t h e lamp i s * 3 0 w a t t hours per metres 

and t h e most i n t e n s e l i n e s occur a t 3 6 6 , 546, 4 3 6 , 405 and 

3 0 3 n m w i t h l e s s i n t e n s e components a t 2 5 4 and 2 6 5 n m , i n a 

f l o w o r s t a t i c atmosphere o f d r y oxygen o r d r y n i t r o g e n . 

The sample was k e p t a t a f i x e d d i s t a n c e from t h e lamp, ( 1 6 cms) 

and the t e m p e r a t u r e o f t h e sample over p r o l o n g e d exposure d i d 

n o t r i s e above 28°C. The exposed m a t e r i a l was t r a n s f e r r e d 

d i r e c t l y t o an A.E.I. E.S . 2 0 0 A/B s p e c t r o m e t e r , ( c . f . Chapter 

Two), and a n a l y s e d by the c o l d probe t e c h n i q u e d e s c r i b e d 

e a r l i e r . 

5 • 3 R e s u l t s and D i s c u s s i o n 

5 - 3 - 1 Surface Chemistry o f the Double Based P r o p e l l a n t s 

P r e v i o u s s t u d i e s o f b o t h simple model systems 

and o f n i t r a t e d and d e n i t r a t e d c e l l u l o s i c m a t e r i a l s has shown 

th e d i s t i n c t i v e n a t u r e o f the C, and N n l e v e l s f o r s t r u c t -
l s I s 

u r a l f e a t u r e s l i k e l y t o be p r e s e n t i n double based p r o p e l l a n t s 

( c . f . Chapter T h r e e ) . W i t h a knowledge o f r e l a t i v e p h o t o -

i o n i s a t i o n c r o s s s e c t i o n s and i n s t r u m e n t a l response f u n c t i o n s 

i t i s p o s s i b l e t o e s t a b l i s h s t o i c h i o m e t r i c s on the E.S.C.A. 
o 

depth s a m p l i n g s c a l e , (~50A u s i n g a Mgk a 1 2 X-ray s o u r c e ) . 

I n t h e p a r t i c u l a r case o f the double based p r o p e l l a n t s t h e 

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

n i t r o c e l l u l o s e (NC) and n i t r o g l y c e r i n (NG) components but a l s o 

the s t a b i l i s i n g component d i e t h y l - d i p h e n y 1 urea which a l t h o u g h 

o n l y p r e s e n t a t low l e v e l s c o u l d c o n c e i v a b l y segregate a t the 

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

terms o f two parameters r e p r e s e n t i n g the r e l a t i v e p r o p o r t i o n s 
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o f t h e t h r e e components. The C, /0 n and C, /N, i n t e n s i t y 
^ I s I s I s I s 

r a t i o s p r o v i d e t he two measurable parameters which a l l o w the 

s u r f a c e composition t o be de t e r m i n e d . 

B e f o r e c o n s i d e r i n g t he d a t a f o r the double based p r o p e l l -

a n t s i t i s o f i n t e r e s t t o n o t e t he E.S.C.A. spectrum o f N.G. 

i t s e l f s i n c e t h i s has n o t p r e v i o u s l y been r e p o r t e d . The 

s e n s i t i v i t y t o d e t o n a t i o n o f N.G. i m p l i e s t h a t e s p e c i a l 

c a u t i o n i s necessary i n measuring t h e core l e v e l s p e c t r a . 

To t h i s end a co o l e d sample ( c . f . S e c t i o n 5 « 2 ) o f th e 60/40 

NG/NC m a t e r i a l was s l o w l y a l l o w e d t o warm w h i l s t t h e sample 
-8 

was m a i n t a i n e d i n h i g h vacuum (~5 x 10 ) i n the s p e c t r o m e t e r 

chamber. By m o n i t o r i n g t he p r e s s u r e i n t h e chamber i t was 

found p o s s i b l e t o determine when a p p r e c i a b l e amounts o f NG/NC 

s t a r t e d t o desorb from t h e s u r f a c e . By r e c o r d i n g t he samples 

t o - 1 1 0°C a t t h i s stage i t has proven p o s s i b l e t o o b t a i n the 

C, , N-, and 0 , l e v e l s o f an N.G. over l a y e r on N.C. and a 
J- o J. S X fc> 

t y p i c a l spectrum i s shown i n F i g u r e 4 j . For comparison p u r 

poses we a l s o i n c l u d e core l e v e l s p e c t r a f o r the 3 5 / 6 5 f o r m u l 

a t i o n and d i s t i n c t i v e d i f f e r e n c e s i n i n t e n s i t y r a t i o and i n 

b i n d i n g e n e r g i e s o f th e component o f the C, l e v e l s are 
_L S 

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

double based p r o p e l l a n t systems s t u d i e d i n t h i s work are 

shown w i t h e r r o r l i m i t s i n Table ^.1 where comparison i s 

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

t h a t t h e r e i s a c l o s e correspondence between the s u r f a c e and 

b u l k c h e m i s t r i e s and t h i s i s bes t i l l u s t r a t e d by means o f 

the comparison i n F i g u r e 4 4 . S e v e r a l d i s t i n c t i v e f e a t u r e s 

are o f n o t e . F i r s t l y t he correspondence between s u r f a c e and 

b u l k c o m p o s i t i o n i s c l o s e s t f o r the two samples w h i c h are 

c l o s e t o 50 rnole^ i n the two major components. For t h e 
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P i g . 43 C-, and N, core l e v e l s p e c t r a o f n i t r o g l y c e r i n 
-L O _ _ _ _ *̂* ® 

and 65 /33 NC/NG double based p r o p e l l a n t 

Table 5 .1 

wt./# 
NG/NC 
R a t i o 

Mole fo wt./# 
NG/NC 
R a t i o NG NC DEDPU 

35/65 C a l c u l a t e d 38 62 
E.S.C.A. 31 + 1 68 + 1 1.0 - 0. 2 

40 /60 C a l c u l a t e d 45 55 
E.S.C.A. 49 + 1 49 + 1 2.0 - 0. 2 

50/50 C a l c u l a t e d 54 46 
E.S.C.A. 53 + 1 46 + 1 1.0 - 0. 2 

60/40 C a l c u l a t e d 
E.S.C.A. 

63 
82 + 0 

1 

37 
5 + 0 

2 13.0 - 1 
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F i g . 44 Graph of Bulk mole % of NC/NG i n double based pro
p e l l a n t s versus mole % NC/NG determined by E.S.C.A. 
(The dashed curves l i n k the NC(Q) and NG(Q) data 
po i n t s w h i l s t the dotted l i n e s r epresent the c o r r e l 
a t i o n s expected i f su r f a c e and bulk are i d e n t i c a l 

samples w i t h a low b u l k c o m p o s i t i o n i n N.G. t h e r e i s a 

tendency f o r the s u r f a c e t o be somewhat lowe r i n t h i s com

ponent t h a n f o r t h e b u l k . By c o n t r a s t f o r t h e sample w i t h 

a l a r g e r c o m p o s i t i o n i n N.G. t h e r e i s a tendency f o r t h e 

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

and t h i s i s accompanied by s i g n i f i c a n t s u r f a c e s e g r e g a t i o n 

o f t h e s t a b i l i s e r . T h i s m i g r a t i o n i n 60/40 N.G./N.C. may 

w e l l i n f l u e n c e t he subsequent r e a c t i o n s a t the s u r f a c e o c c u r r i n g 

on photo i r r a d i a t i o n i n U.V. l i g h t and t h i s i m p o r t a n t t o p i c 

w i l l now be addressed. 
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5-3-2 U.V. D e g r a d a t i o n o f C e l l u l o s e N i t r a t e and 
Double Based P r o p e l l a n t 

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

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

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

exposure t o a Mgka X-ray source f o r p r o l o n g e d p e r i o d s 
i j <— 

(>5 h r s . ) . T h i s d e g r a d a t i o n was c h a r a c t e r i s e d by a r e 

d u c t i o n i n i n t e n s i t y o f th e N- ĝ core l e v e l c o r r e s p o n d i n g t o 

a n i t r a t e e s t e r group a t 408.3 ev and t h e g r o w t h o f a peak 

a t - 400 ev presumably c o r r e s p o n d i n g t o t h e p r o d u c t s o f t h i s 

d e g r a d a t i v e process ( c . f . F i g u r e 2 5 ) . I n t h e f o l l o w i n g d i s 

c u s s i o n o f th e i r r a d i a t i o n o f n i t r o c e l l u l o s e and double based 

p r o p e l l a n t i n u l t r a v i o l e t l i g h t t h e importance o f t h i s low 

b i n d i n g energy component w i l l become apparent and s p e c i a l 

r e f e r e n c e w i l l be made t o i t i n t h e n e x t f o u r s e c t i o n s which 

d i s c u s s the f o l l o w i n g i r r a d i a t i o n s : 

( a ) I r r a d i a t i o n o f n i t r o c e l l u l o s e s (2.6 and 1.9 D.O.S.) 

i n N 2; 

(b) I r r a d i a t i o n o f n i t r o c e l l u l o s e s (2.6 D.O.S. o n l y ) i n O^l 

( c ) I r r a d i a t i o n o f 60/40 N.G./N.C. p r o p e l l a n t i n N 2; 

(d) I r r a d i a t i o n o f 60/40 N.G./N.C. p r o p e l l a n t i n Og. 

5.3.3 I r r a d i a t i o n o f N i t r o c e l l u l o s e s (2.6 and 1.9 
D.O.S.)in N 2 ~ 

The d e g r a d a t i o n o f 1.9 D.O.S. m a t e r i a l i n a 

n i t r o g e n atmosphere i s shown s c h e m a t i c a l l y i n F i g u r e 45 which 

d e p i c t s t h e C-, , Nn and 0 n core l e v e l s o f i r r a d i a t e d m a t e r i a l s . I s I s I s 
The d e g r a d a t i o n i s c o n s i d e r a b l y more r a p i d t h a n t h a t observed 

i n the X-ray d e g r a d a t i o n s t u d i e s p r e v i o u s l y r e f e r r e d t o . R e f e r 

ence t o F i g u r e 46 shows t h a t t h e C l s/N l g r a t i o s f o r t h i s m a t e r i a l , 

( e x c l u d i n g i n t h i s case the hydrocarbon peak a t 285.0 ev and 
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P i g . 45 Core l e v e l s p e c t r a o f a 1.9 D.O.S. NC as a f u n c t i o n 
o f t i m e on i r r a d i a t i o n i n U.V. l i g h t i n a. n i t r o g e n 
atmosphere 

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

l o s s o f n i t r o g e n from the s u r f a c e r e g i o n s . S u r p r i s i n g l y 

t h i s i s n o t a s s o c i a t e d w i t h a s i m i l a r decrease i n oxygen 

l e v e l s , ( c . f . C, /0, r a t i o . F i g u r e 46) } a l t h o u g h t h e r e i s 

some evidence from the C, p r o f i l e s f o r i n c r e a s e d C-0 o r 
I s 

a l d e h y d i c groups. 

However t h e i n c r e a s e i n i n t e n s i t y o f the N-, peak a t 
JL s 

~400 ev i s a l s o r a p i d and a f t e r 2 h r s . exposure has an i n 

t e n s i t y e q u i v a l e n t t o t h a t o f the main peak a t 4o8 ev c o r r e s 

p onding t o the n i t r a t e e s t e r . I t i s n o t i n c o n c e i v a b l e t h a t 

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

a s s o c i a t e d w i t h an oxygen atom perhaps i n t h e f o r m o f an oxime 
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F i g . 46 C l s / 0 l g and C 1 core l e v e l area r a t i o s , ( f o r a 
s e r i e s of i r r a d i a t i o n s i n U.V. l i g h t ) , of 1.9 and 
2.6 D.O.S. NC and double based p r o p e l l a n t i n nitrogen 
and oxygen atmospheres 
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(B.E. = 400 e v ) ^ which may account f o r t h e slow decrease 
i n oxygen l e v e l s . I t i s a l s o w o r t h n o t i n g t h a t t h r o u g h o u t 
these i r r a d i a t i o n s t h e amount o f n i t r i t e e s t e r , ( a p p e a r i n g 
as a peak a t = 406 e v ) , which i s known t o be formed i n s i m i l a r 
i r r a d i a t i o n s on simp l e a l k y l n i t r a t e s , ( c . f . i n t r o d u c t i o n ) , 
remains a t a r e l a t i v e l y c o n s t a n t r a t i o o f 5$ o f the main 
n i t r a t e e s t e r peak. 

T u r n i n g now t o t h e d a t a p e r t a i n i n g t o 2.6 D.O.S. 

m a t e r i a l ( F i g u r e 46) i t i s c l e a r t h a t t h e r a t e o f decompos

i t i o n under i d e n t i c a l c o n d i t i o n s i s c o n s i d e r a b l y reduced w i t h 

a much slower l o s s o f n i t r o g e n and comparable d e c l i n e i n 

oxygen l e v e l s . The n i t r a t e e s t e r t o low B.E. component area 

r a t i o , f o r example, f a l l s f r om 6.45 t o 2.0 i n 2 h r s . f o r 

2.6 D.O.S. m a t e r i a l and from 4 t o 0.5 i n 2 h r s . f o r 1.9 D.O.S. 

n i t r o - c e l l u l o s e . T h i s d i f f e r e n c e i n r a t e i s i n t e r e s t i n g 

and may be e x p l a i n e d i n terms o f t h e d i f f e r e n c e i n p r e p a r a t i o n 

o f t he two n i t r o c e l l u l o s e s . The low D.O.S. m a t e r i a l p r e p a r e d 

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

known t o have a s m a l l l e v e l o r r e s i d u a l s u l p h a t e e s t e r group 

which have r e s i s t e d h y d r o l y s i s , ( c . f . Chapter T h r e e ) , whereas 

t h e h i g h D.O.S. n i t r o c e l l u l o s e p r e p a r e d i n a low s u l p h u r i c 

a c i d c o n t e n t mix i s e s s e n t i a l l y f r e e o f such groups. I t 

i s n o t i n c o n c e i v a b l e t h a t such groups may a c t as a photo-

i n i t i a t o r and promote t h e d e g r a d a t i o n . T h i s i s s u p p o r t e d 

t o some e x t e n t by t h e i n d u c t i o n p e r i o d o f =20 mins. observ

a b l e i n t h e i r r a d i a t i o n o f 1 .9 D.O.S. m a t e r i a l b e f o r e t h e 

r a p i d r i s e i n C, /N, r a t i o s . Another i n t e r e s t i n g observ-
l s I s 

a.tion i s t h a t n i t r o c e l l u l o s e s p r e p a r e d i n mixes w i t h a h i g h 

percentage o f s u l p h u r i c a c i d are p a r t i c u l a r l y d i f f i c u l t t o 

s t a b i l i s e and w i t h o u t p r o l o n g e d b o i l i n g and washing procedures 
41 

w i l l r a p i d l y y e l l o w and decompose. 
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5.3-^ I r r a d i a t i o n o f 2.6 D.O.S. N i t r o c e l l u l o s e i n 0 2 

C o n s i d e r a t i o n o f t h e s p e c t r a i n F i g u r e 47 and 

t h e C-. /N, and Cn /0, area r a t i o s f o r t h i s i r r a d i a t i o n I s 7 I s I s I s 
r e v e a l s a r a p i d l o s s o f n i t r o g e n c h a r a c t e r i s e d by a r a p i d 

i n c r e a s e i n C-, /N, r a t i o s ( F i g u r e 46). Again t h e r e i s a 
X 3 X S 

r e l a t i v e l y slow l o s s o f oxygen but e x a m i n a t i o n o f the C, 
X S 

p r o f i l e f o r such m a t e r i a l s r e v e a l s a s u b s t a n t i a l i n c r e a s e 

i n c a r b o x y l and a l d e h y l i c groups w i t h t i m e . For example, 

Nis Cis 

A 7hra 

2hrs 

30 IMS 

F i g . 47 Core l e v e l s p e c t r a o f a 2 .6 D.O.S. NC i r r a d i a t e d 
i o r i n c r e a s i n g p e r i o d s o f t ime i n U.V. l i g h t i n 
an oxygen atmosphere 
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the peak at 290.4 ev corresponding to a carboxyl f u n c t i o n 

a l i t y i n c r e a s e s i n i n t e n s i t y by a f a c t o r of 5 during the 

f i r s t three hours of i r r a d i a t i o n whereas the other C-0 

f u n c t i o n a l i t i e s (aldehydes. C ^ Q ' C-0, peroxides^ i n c r e a s e 

by an o v e r a l l f a c t o r of 1.5. An important point to note 

i s the l a c k of a low B.E. ni t r o g e n and i t may be p o s s i b l e to 

conclude that i n the presence of oxygen the f r e e r a d i c a l 

s i t e s which would i n a nitrogen atmosphere r e a c t to produce 

the low B.E. nitrogen are q u i c k l y attached by f r e e oxygen 
1 229 

to form peroxides ' or other o x i d i s e d s p e c i e s . 

5-3-5 I r r a d i a t i o n of 60/40 N.G./N.C. i n Ng 

The r e s u l t s of t h i s i r r a d i a t i o n a t f i r s t glance 

may appear somewhat anomalous s i n c e the C-^s/N^g and /0^ g 

r a t i o s i n d i c a t e a constant or even a s l i g h t gain i n nitrogen 

and oxygen with i r r a d i a t i o n time. A p o s s i b l e explanation 

would be that a s i g n i f i c a n t proportion of s t a b i l i s e r has 

migrated to the su r f a c e during the course of the experiment 

but t h i s p o s s i b i l i t y i s excluded by extensive time dependent 

s t u d i e s c a r r i e d out on such p r o p e l l a n t described i n a pre

vious s e c t i o n . The low B.E. component i n the N^ s spectrum 

i s again much i n evidence and a f t e r 2 h r s . i r r a d i a t i o n has 

an i n t e n s i t y g r e a t e r than that of the n i t r a t e e s t e r group. 

That some of t h i s peak i s due to the D.E.D.P.U. component 

i s shown by the broadened nature of t h i s peak. However i t 

should be noted that the purpose of t h i s s t a b i l i s e r i s two

f o l d ; f i r s t l y i t a c t s as a p l a s t i c i s e r and secondly i s present 

as a s t a b i l i s e r a c t i n g as a scavenger of nitrogen dioxide 

which i s l i b e r a t e d . I t i s known to prevent a u t o c a t a l y t i c 
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breakdown o f n i t r o g l y c e r i n a l t h o u g h l i t t l e i s known o f the 
mechanisms i n v o l v e d . 

The uptake o f NOg i n t h e s u r f a c e r e g i o n s by th e enhanced 

l e v e l s o f D.E.D.P.U. ( c a r b a m i t e ) , may t e n d t o e x p l a i n the 

anomalous r a t i o s . 

5-3 .6 I r r a d i a t i o n o f 60/40 N.G./N.C. P r o p e l l a n t i n 0 2 

The l o s s o f n i t r o g e n on i r r a d i a t i o n i s n o t as 

r a p i d as i n the 2.6 D.O.S. n i t r o c e l l u l o s e i n Og, ( c . f . F i g u r e 

4 7 ) , a l t h o u g h t h e r e i s some evidence f o r t h e low b i n d i n g 

energy component a t 400 ev. The n i t r a t e e s t e r / l o w B.E. 

component area r a t i o f a l l s f r o m 2.95 to'1.33 d u r i n g t h e 

course o f the i r r a d i a t i o n . E x a m i n a t i o n o f t h e C-̂ s p r o f i l e s 

o f t h i s m a t e r i a l r e v e a l s a r i s e i n i n t e n s i t y o f th e peak a t 

290.4, ( c o r r e s p o n d i n g t o a c a r b o x y l f u n c t i o n a l i t y ) . The 

area r a t i o o f a l l t h e o t h e r C-̂ s s p e c i e s a t lower B.E., 

( e x c l u d i n g h y d r o c a r b o n ) , t o t h e c a r b o x y l group f a l l s f r o m 

25 t o 2.6 d u r i n g t h e i r r a d i a t i o n i n d i c a t i n g e x t e n s i v e o x i d 

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

I n c o n c l u s i o n t h e n t o t h i s i n i t i a l s tudy o f t h e U.V. 

d e g r a d a t i o n o f c e l l u l o s e n i t r a t e s and double based p r o p e l l -

a n t s i t has become apparent t h a t t h e low e r D.O.S. n i t r o 

c e l l u l o s e has an i n c r e a s e d r a t e o f d e g r a d a t i o n compared w i t h 

t h e more h i g h l y s u b s t i t u t e d r e s i d u e s perhaps as a r e s u l t o f 

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

The n a t u r e o f the low B.E. n i t r o g e n component observed i n 

most o f these i r r a d i a t i o n s has n o t been f u l l y e l u c i d a t e d 

s i n c e n o t o n l y i s i t c o i n c i d e n t i n b i n d i n g energy w i t h t he 

Mgka^ ^ s a t e l l i t e peaks but i n t h e case o f the double based 
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p r o p e l l a n t o c c u r s i n a s i m i l a r p o s i t i o n on t h e b i n d i n g energy 
s c a l e t o t h e D.E.D.P.U. component (see S e c t i o n 5«3»1)» I t 
i s e v i d e n t however t h a t i n o r d e r t o e x p l a i n t h e h i g h l e v e l s 
o f oxygen observed i n t h e s u r f a c e r e g i o n s t h i s low b i n d i n g 
energy component must be a s s o c i a t e d w i t h a t l e a s t one atom 
o f oxygen perhaps i n t h e for m o f an oxime. The l e v e l o f 
n i t r i t e e s t e r t h r o u g h o u t these i r r a d i a t i o n s has remained 
c o n s t a n t a l t h o u g h one would expect from e a r l y s t u d i e s o f 
p r o t o t y p e systems f o r t h e l e v e l o f such e s t e r s t o i n c r e a s e 
on i r r a d i a t i o n i n U.V. l i g h t . I t i s p o s s i b l e t h a t such 
e s t e r s once formed are c o n t i n u o u s l y c o n v e r t e d t o t h e low B.E. 
component. 

A p h o t o l y t i c mechanism f o r t he c o n v e r s i o n o f a n i t r i t e 

group t o an oxime i n the s o l i d s t a t e has n o t been r e p o r t e d 

i n t h e l i t e r a t u r e a l t h o u g h i n s o l u t i o n such c o n v e r s i o n s a re 
230 231 232 

w e l l known under t h e name o f t h e B a r t o n R e a c t i o n , ^ ' ^ ' ^ 

which i s known t o have t h e f o l l o w i n g mechanism: 
H 
^ = 0 h v 

° ' > I Y + NO' 

OH 

f ° H NO N P OH | ? H 

An analogue o f such a r e a c t i o n c o u l d occur i n t h e s u r f a c e 

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

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

u l a r t h e h i g h l e v e l o f oxygen p r e s e n t t h a t t h e t r u e s i t u a t i o n 

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

An i n t e r e s t i n g comparison can be drawn between these s t u d i e s 

and n.m.r. i n v e s t i g a t i o n s o f n i t r o c e l l u l o s e s e x t r a c t e d 
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f r o m aged samples o f double based p r o p e l l a n t s u s i n g methylene 

c h l o r i d e . These p r o p e l l a n t s had been s t o r e d f o r p e r i o d s o f 

up t o 21 y e a r s and a l t h o u g h t h e poor s i g n a l / n o i s e r a t i o o f 

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

m i n a t i o n o f p a r t i a l degrees o f s u b s t i t u t i o n a t g i v e n p o s i t i o n s 

on t h e glucopyranose r e s i d u e i t i s p o s s i b l e t o e s t i m a t e t h e 

D. O.S. o f the m a t e r i a l s and t h i s i n f o r m a t i o n i s g i v e n i n 

Table 5.2. 

Table 5-2 

Storage Time D. 0 S. 

<6 months 2.24 

12£ y e a r s 2.08 

21 y e a r s 1.96 

There i s a steady d e c l i n e i n n i t r o g e n c o n t e n t o f t h e ex

t r a c t e d m a t e r i a l w i t h t i m e a l t h o u g h t h e r e i s l i t t l e e vidence 

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

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

E. S.C.A. i s d e t e c t i n g changes o c c u r r i n g i n t h e s u r f a c e 

c h e m i s t r y o f c e l l u l o s e n i t r a t e s and double based p r o p e l l a n t s 

which may a f f e c t i n i t i a l b urn r a t e s t h a t cannot be d e t e c t e d 

by o t h e r t e c h n i q u e s . 

I t i s o b v i o u s t h a t E.S.C.A. has p o t e n t i a l i n the s t u d y 

o f the d e g r a d a t i o n o f c e l l u l o s e n i t r a t e s and double based 

p r o p e l l a n t s and t h a t t h i s work i s a fundamental b a s i s f o r 

f u r t h e r work on t h e i m p o r t a n t t o p i c o f t h e r m a l d e g r a d a t i o n 

o f such m a t e r i a l s . 
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CHAPTER SIX 

A X \ N.M.R. AND X-RAY DIFFRACTION STUDY OF THE RELATION

SHIP BETWEEN THE DISTRIBUTION OF NITRATE ESTER GROUPS AND 

INTERCHAIN d.(101) SPACING IN A SERIES OF CELLULOSE NITRATES 
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6.1 I n t r o d u c t i o n 

Soon a f t e r the discovery of the d i f f r a c t i o n of X-rays 
by c r y s t a l l i n e m a t e r i a l s the technique was appl i e d t o c e l l u -
l o s i c m a t e r i a l s and i n p a r t i c u l a r to c e l l u l o s e n i t r a t e s . 
Much of the e a r l y work on c e l l u l o s e and c e l l u l o s e n i t r a t e s 
has been reviewed i n Chapter One and i t i s c l e a r t h a t i n 
the case of c e l l u l o s e n i t r a t e s , much emphasis was placed on 
the measurement of the mean i n t e r c h a i n spacing (d(101)) which 
i s a p a r t i c u l a r l y strong r e f l e c t i o n i n the X-ray powder 

4 l 
diagram of c e l l u l o s e n i t r a t e s . Miles, f o r example, has 
reported t h a t i f c e l l u l o s e i s n i t r a t e d then, i n general, 
the i n t e r c h a i n distance increases w i t h degree of s u b s t i t u t i o n 
(D.O.S.)with the p o s s i b i l i t y of a plateau oc c u r r i n g between 
12-13$ n i t r o g e n content, (corresponding t o 2.26-2.58 D.O.S.) 

o 
up to a l i m i t i n g value of f o r the s o - c a l l e d " t r i n i t r a t e " , 
On d e n i t r a t i o n however the spacing i s maintained over a 
s i g n i f i c a n t D.O.S. range down to a n i t r o g e n content of 11$, 
(D.O.S. 1.97)- Hence c e l l u l o s e n i t r a t e s of the same degree 
of s u b s t i t u t i o n (D.O.S.) may have q u i t e d i f f e r e n t mean i n t e r 
chain spacings depending on the method of pre p a r a t i o n . 

This phenomenon has been f u r t h e r i n v e s t i g a t e d by 
213 83 

Trommel J* -^ ( c . f . Chapter One) whose r e s u l t s from an i d e n t 
i c a l i n v e s t i g a t i o n are recorded i n Figure 5- He came to the 
conclusion t h a t t h i s d i f f e r e n c e i n mean i n t e r c h a i n spacing 
could be explained i n terms of a d i f f e r e n t d i s t r i b u t i o n of 
n i t r a t e groups i n n i t r a t e d and d e n i t r a t e d m a t e r i a l although 
s u f f i c i e n t l y s e n s i t i v e techniques at t h a t time had not been 
developed t o allow t h i s hypothesis to be subjected t o d e t a i l e d 
s c r u t i n y . N i t r a t e d c e l l u l o s e according to the Trommel^"^'^ 
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argument had uniform d i s t r i b u t i o n s of n i t r a t e ester groups 
along the c e l l u l o s e chains due t o the n i t r a t i n g a c i d pene
t r a t i n g most p a r t s of the c e l l u l o s e . On d e n i t r a t i o n however 
i t was assumed t h a t the acid d i d not r e a d i l y penetrate the 
h i g h l y c r y s t a l l i n e t r i n i t r a t e d areas of the chain and de-
n i t r a t i o n was f a r more l i k e l y a t s i t e s adjacent t o lower 
n i t r a t e d residues. The f i n a l product t h e r e f o r e i n t h i s 
model would have large areas of r e l a t i v e l y u n s u b s t i t u t e d 
residues alongside regions of t r i n i t r a t e d m a t e r i a l which were 
assumed to hold the chains apart despite loss of n i t r a t e 
groups from other regions. This extreme model however has 
been shown t o be untenable by the "̂ C n.m.r. d i s t r i b u t i o n 
data, (presented i n Chapter Four)^ f o r a range of d e n i t r a t e d 

m a t e r i a l s prepared i n n i t r i c acid-water mixes i d e n t i c a l i n 
213 

composition to those used by Trommel. ^ I n t h i s work we 
have shown t h a t no u n s u b s t i t u t e d residues were present even 
down t o a D.O.S. of 2.0. However l i m i t e d sequence d i s t 
r i b u t i o n data a v a i l a b l e from t h i s work also suggested t h a t 
there i s a. gre a t e r tendency f o r the 3,6 d i s u b s t i t u t e d residues 
f o r example, i n a d e n i t r a t e d sample^(D.O.S. 2.31), to be 
adjacent t o a. lower n i t r a t e r a t h e r than a t r i n i t r a t e d residue. 
I n other words the d i s t r i b u t i o n of groups s e q u e n t i a l l y along 
a given chain i s non-random. 

C l e a r l y , the mean i n t e r c h a i n spacing i n c e l l u l o s e n i t r a t e 
must r e f l e c t the d e t a i l e d d i f f e r e n c e s i n m i c r o s t r u c t u r e i n 
terms of d i s t r i b u t i o n of n i t r a t e groups both around a s i n g l e 
residue and along a chain, (sequence d i s t r i b u t i o n ) , and i t 

I - * 
i s only r e c e n t l y , ( w i t h our f u l l assignment of the Ĉ n.m.r. 
spectra of c e l l u l o s e n i t r a t e s ) c . f . Chapter Four, t h a t a 
comparison of mean i n t e r c h a i n spacing and d i s t r i b u t i o n of 
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n i t r a t e groups has become f e a s i b l e . I n t h i s chapter such 
a comparison i s presented f o r a range of c e l l u l o s e s n i t r a t e d 
i n n i t r i c - s u l p h u r i c mixes and f o r a high D.O.S. (2.8) 
m a t e r i a l d e n i t r a t e d i n a se r i e s of n i t r i c - a c i d water mixes. 
Improved S/N r a t i o f o r t h i s s e r i e s of "̂ C n.m.r. spectra 
also allows f u r t h e r i n v e s t i g a t i o n of sequence d i s t r i b u t i o n . 

I n the f i n a l s e c t i o n of t h i s chapter the important 
question of the e q u i l i b r i u m s i t u a t i o n i n the n i t r a t i o n of 
c e l l u l o s e i s also addressed i n the l i g h t of the new data 
presented i n the coming pages. 

6.2 Experimental 

The n i t r a t e d m a t e r i a l used i n t h i s study was prepared 
i n mixed acids by methods described i n Chapter Three. The 
d e n i t r a t e d m a t e r i a l was prepared from 2.8 D.O.S. c e l l u l o s e 
n i t r a t e d e n i t r a t e d i n n i t r i c acid/water mixes s i m i l a r t o 
those used by Trommel. ^ 

The X-ray d i f f r a c t o m e t e r used was a P h i l l i p s P.W. 11^0 
3kW, X-ray generator i n c o r p o r a t i n g a P.W. 1050 d i f f r a c t o m e t e r 
assemblyj(Cu tube operating at approximately 40 kV, 2 5 m a ) . 
The recordings span from 4° i n 29 to 30° i n 29 and the mean 
' d' spacing i s taken as the centre of the peak o c c u r r i n g at 
around 12° i n 29. 

The samples which had been pressed i n t o paper form, 
( c . f . Chapter Three), were mounted i n t o a glass holder. The 
er r o r i n such measurements i s estimated at <- 0.05 on the 

1"5 
f i n a l reading. The -X n.m.r. spectra were obtained on a 
Varian Associates S.C.j500 spectrometer and the d i s t r i b u t i o n 
data c a l c u l a t e d by methods described i n Chapter Four. 
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6. j5 Results and Discussion 

The d i s t r i b u t i o n s of n i t r a t e groups i n the various 
n i t r o c e l l u l o s e s s t udied are best represented i n the form 
of block histograms set on an X-ray spacing vs. degree of 
s u b s t i t u t i o n graph as i n Figure 48. The X-ray d(101) 
spacings of the d e n i t r a t e d m a t e r i a l across a large range 
of D.O.S. are shown t o be c o n s i s t e n t l y higher, ( p a r t i c u l a r l y 
f o r low D.O.S.) than those of c e l l u l o s e n i t r a t e s prepared 
by n i t r a t i o n f o r comparable D.O.S. I t i s only i n the high 
D.O.S. region t h a t the spacings are comparable and i t i s 
i n t e r e s t i n g to note t h a t i n t h i s area the n i t r a t e d and de-
n i t r a t e d products have s i m i l a r d i s t r i b u t i o n p a t t e r n s . Indeed 
the d i s t r i b u t i o n p a t t e r n s of the lower D.O.S. ma t e r i a l s also 
r e f l e c t the d i f f e r e n c e i n spacings; f o r example the d i f f e r 
ence between 2.j57 n i t r a t e d and 2. 43 d e n i t r a t e d products i s 

o o 0.2A and between 2.14 n i t r a t e d and 2.2 d e n i t r a t e d i s 0.35A. 
These changes can only be due to d i f f e r e n c e s i n d i s t r i b u t i o n 
of n i t r a t e groups and i n p a r t i c u l a r to the p r o p o r t i o n of un-
s u b s t i t u t e d residues i n the samples. The d e n i t r a t e d n i t r o 
c e l l u l o s e s have no u n s u b s t i t u t e d residues and have a corres
pondingly higher X-ray spacing than t h e i r n i t r a t e d counter
p a r t s . However i t would be naive t o consider the problem 
i n terms of s u b s t i t u t i o n s at i n d i v i d u a l residues since the 
mean spacing i s l i k e l y t o be determined by s u b s t i t u t i o n s and 
hydrogen bonding i n t e r a c t i o n s along chains of c e l l u l o s e residues 
F o r t u n a t e l y the improved signal/noise r a t i o s f o r the "̂ C n.m.r. 
spectra, (compared w i t h the work reported i n Chapter Four, f o r 
n i t r a t e d m a t e r i a l allows a d e t a i l e d study of the s p l i t t i n g 
of peaks i n the anomeric r e g i o n which reveals sequence d i s t 
r i b u t i o n i n f o r m a t i o n and i t i s t h i s data, Figure 49, which we 
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of a 1.9 D.O.S. c e l l u l o s e n i t r a t e prepared by 
n i t r a t i o n 
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s h a l l now consider. 

The 75*5 MHz VC n.m.r. spectrum i s f o r a low D.O.S. 
(1.9) c e l l u l o s e n i t r a t e prepared by n i t r a t i o n i n 53$ HNO^ 
20$ H2S0^ and 27$ HgO. Taking f i r s t the lowest f i e l d peak 
at 104 p.p.m. due t o an anomeric carbon (CI) i n a 3-6 
d i s u b s t i t u t e d r i n g i t has been p r e v i o u s l y reported, (Chapter 
Four), t h a t f o r d e n i t r a t e d m a t e r i a l the s p l i t t i n g of 0.8 
p.p.m. observed i n t h i s peak i s due t o the presence or ab-
sence of a. n i t r a t e group at Cy i n an adjacent r i n g and 
t h a t the d i s t r i b u t i o n of n i t r a t e groups along a chain i s 
non-random. I n other words the 3, 6 d i s u b s t i t u t e d residues 
are more l i k e l y to be adjacent t o other 3» 6 d i s u b s t i t u t e d 
or 2.3.6 t r i s u b s t i t u t e d 3-d-glucopyranose r i n g s . This i s 
again apparent f o r the spectra f o r n i t r a t e d m a t e r i a l shown 
i n Figure 49 and from c o n s i d e r a t i o n of the d i s t r i b u t i o n data 

13 
obtained from the analyses l i s t e d i n Table 6.1 which, 
f o r the 1.9 D.O.S. m a t e r i a l , can be s i m p l i f i e d approximately 
i n terms of a decad sequence; ( v i z . the- r a t i o of t r i : 2,6 d i ; 
3.6 d i : 6 mono: u n s u b s t i t u t e d residues i s p a r t i t i o n e d approx
imately 4:2:1:1:2). On the basis of a. random s u b s t i t u t i o n 
p a t t e r n one would p r e d i c t a p r o b a b i l i t y of 0.5* (5/10), t h a t 
a 3,6 d i s u b s t i t u t e d residue i n t h i s m a t e r i a l would be adjacent 
to another 3*6 or t r i s u b s t i t u t e d residue. The i n t e g r a t e d 
area r a t i o s a v a i l a b l e f o r the spectrum i n Figure 49, however, 
reve a l a. p r o b a b i l i t y c l o s e r to 0.25- Repeating the c a l c u l 
a t i o n f o r the peak at highest f i e l d i n the anomeric region 
(-98 p.p.m.) due t o CI i n 2,6 d i s u b s t i t u t e d residues we would 
expect a p r o b a b i l i t y o f - 0.5. (on the basis of a random 

* Footnote: f o r d e f i n i t i o n of the term 'adjacent' the reader 
i s r e f e r r e d to Figure 49 where the adjacent r i n g i s defined as 
t h a t l i n k e d through the C,, ' p o s i t i o n to the r i n g i n question. 



169 

TABLE 6.1 NITRATED MATERIAL 

N.M.R. 
D.O.S. TRI 2,6 3,6 MONO UNSUBST X-RAY 

d(10]) SPACING 

1.9 38 19 14 12 18 6.81 

1.9 36 23 14 10 17 6.66 
2.1 50 18 10 5 17 -
2.14 53 17 8 6 16 6.73 
2.37 55 22 11 6 6 6.90 
2.50 58 14 9 4 5 6.93 
2.62 62 25 13 - - 7.25 
2.53 65 16 11 4 4 7.08 
2.6? 71 16 9 4 - 7.13 
2.83 83 11 6 - - 7.28 

s u b s t i t u t i o n p a t t e r n ) , t h a t a 2,6 d i s u b s t i t u t e d residue would 
have a Ĉ ' s u b s t i t u t e d r i n g , (3,6 or 2,3,6), adjacent t o i t . 
I t i s d i f f i c u l t t o q u a n t i f y the data from t h i s region of the 
spectrum;however, i t i s c l e a r t h a t there i s a very much higher 
p r o b a b i l i t y , (=0.8), t h a t a. 2,6 d i s u b s t i t u t e d residue has a 
Ĉ ' s u b s t i t u t e d residue adjacent t o i t . 

Considering also the major component of the anomeric 
region a t =99.7 p.p.m. a random model would give an equal 
p r o b a b i l i t y of a 2,3,6 t r i s u b s t i t u t e d residue having a. 3' 
s u b s t i t u t e d residue adjacent t o i t and i n t h i s case the spectrum 
does indeed suggest two components of roughly equal i n t e n s i t y . 
We have p r e v i o u s l y noted the p o s s i b i l i t y of longer range 
e f f e c t s i n f l u e n c i n g s p l i t t i n g p a t t e r n s f o r the remaining 
component associated w i t h u n s u b s t i t u t e d and 6 mono-substituted 
residues and the p r o b a b i l i t y t h a t such residues are more 
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l i k e l y t o be adjacent t o residues which have no n i t r a t e ester 
group at the Ĉ ' p o s i t i o n , (2,6 unsub or other mono s u b s t i t u t e d 
r e s i d u e s ) . 

The foregoing a n a l y s i s based on experimental data allows 
a rough model t o be constructed of a l i k e l y s t r u c t u r e f o r 
octad sequence of residues i n a n i t r o c e l l u l o s e of D.O.S. 1.9 
prepared by n i t r a t i o n and t h i s i s i n d i c a t e d schematically 
i n Figure 50. A s i m i l a r a n a l y s i s has been made of a sample 
corresponding t o a higher D.O.S., (2.6), and the r e s u l t s are 
also displayed i n Figure 50. The conclusions t o be drawn 
from t h i s i s t h a t f a r from being random the n i t r a t e e s t e r 
e q u i l i b r i u m favours short blocks of f u l l y s u b s t i t u t e d r i n g s 
w i t h short blocks of lower D.O.S. residues. This i s not 
unreasonable since i t has been p r e v i o u s l y argued t h a t the 
r a t e constants f o r n i t r a t e e s t e r formation at a given s i t e 
i n a glucose residue must increase as the D.O.S. increases 
i n t h a t residue. By the same token s u b s t i t u t i o n i n adjacent 
residues may w e l l t h e r e f o r e increase the r a t e of n i t r a t i o n 
such t h a t a block s t r u c t u r e develops. I n Chapter Four the 
p a r t i a l D.O.S. f o r d e n i t r a t e d m a t e r i a l was considered and the 
s t r i k i n g d i f f e r e n c e w i t h respect t o n i t r a t e d m a t e r i a l s of 
the same D.O.S. (>2) i s r e f l e c t e d i n the absence of unsub
s t i t u t e d residues. For comparison purposes a sequence 
a n a l y s i s has been c a r r i e d out on 2.14 n i t r a t e d and 2.2 de-
n i t r a t e d m a t e r i a l and the most probable models are recorded 
i n Figure 51 • Despite the small d i f f e r e n c e i n n i t r o g e n 
content the most probable decads reveal considerable d i f f e r 
ences i n sequence p a t t e r n s f o r n i t r a t e d and d e n i t r a t e d 
m a t e r i a l s along a given chain. This i s r e f l e c t e d i n a large 
d i f f e r e n c e , (-0.35$)* i n the mean i n t e r c h a i n spacing, ( c . f . 
Figure 48), whereas s i m i l a r analyses of sequence pa t t e r n s 
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2,6 Mono T r i T r i 3,6 Unsub Unsub Mono 2,6 T r i 

DOS £W NITRATION 

1°"°* « f*°* . PX CH.OX OH CHjOX 

X dH,OX OX | ; H 8 O X O N in,™ O X 

DOS 2 2 DENITRATION 

2,6 T r i 2,6 T r i 3,6 Mono 2,6 T r i Mono 2,6 

Fi g . 51 Models of most probable decads f o r 2.14 D.O.S. 
n i t r a t e d and 2.2 D.Q.S. d e n i t r a t e d c e l l u l o s e n i t r a t e s 

drawn between m a t e r i a l s of r e l a t i v e l y h i g h D.O.S.;((2,62) 
n i t r a t e d and (2.74) d e n i t r a t e d ) , and very low D.O.S.; ((1.9) 
n i t r a t e d and (2.0) d e n i t r a t e d ) , shown i n Figure 50 where the 
d i f f e r e n c e i n spacings i s small ( c . f . Figure 48), show 
strong s i m i l a r i t i e s ; the only changes being i n the number of 
mono and u n s u b s t i t u t e d residues present. To conclude t h i s 
d iscussion on the sequence i n f o r m a t i o n i t should be stressed 
t h a t the models presented i n Figures 50 and 51 are very much 
s i m p l i f i e d and i d e a l l y r e q u i r e computer modelling s i m i l a r t o 
t h a t presented by Atki n s to determine nearest neighbour d i s t 
ances between chains, although i t i s c l e a r t h a t the large 
d i f f e r e n c e s i n sequence pa t t e r n s between n i t r a t e d and d e n i t r a t e d 

•ox O X O X 

ox 
OH 

O H O X 
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m a t e r i a l s (Figure 551) must give r i s e t o l o c a l d i f f e r e n c e s 
i n hydrogen bonding systems and i n d i r e c t l y t o i n t e r c h a i n 
spacings. The work considered here, however, has e s s e n t i a l l y 
d e a l t w i t h n i t r a t i o n and d e n i t r a t i o n i n d i f f e r e n t media. 
With respect to the important question of e q u i l i b r i a i t 
would be extremely i n t e r e s t i n g t o i n v e s t i g a t e m a t e r i a l s 
prepared by n i t r a t i o n and d e n i t r a t i o n i n the same medium. 

Figure 52 shows the n.m.r. spectra of a c e l l u l o s e 
n i t r a t e prepared by n i t r a t i o n i n 53-5$ HgSO^, 20.8# HNÔ , 
25.7$ H 20 and d e n i t r a t i o n of a 2.8 D.O.S. m a t e r i a l i n the 
same mix 0 The s t r i k i n g f e a t u r e of the spectra i s t h a t the 
f i n a l D.O.S. a t t a i n e d i n t h i s case i s n&t the same f o r n i t 
r a t i o n and d e n i t r a t i o n . At f i r s t glance t h i s may seem i n 
cons i s t e n t w i t h a pure e q u i l i b r i u m n i t r a t i o n r e a c t i o n and 
may seem to support an a c c e s s i b i l i t y argument ( c . f . Chapter 
One). I t i s appropriate here t h e r e f o r e t o review the data, 
presented i n t h i s t h e s i s w i t h respect t o t h i s important 
question,, 

C l e a r l y , the theory of a c c e s s i b i l i t y , (see Chapter One), 
which argues f o r a r a t e c o n t r o l l e d n i t r a t i o n where the f i n a l 
D.O.S. i s dependent only on the r e l a t i v e a c c e s s i b i l i t y of the 
c e l l u l o s e i s untenable. I t i s obvious, f o r example, t h a t 
i n accessible regions i n t h i s argument should be t o t a l l y unsub
s t i t u t e d since the n i t r a t i n g acids cannot penetrate these 
regions and also t h a t the degree of a c c e s s i b i l i t y may be 
a l t e r e d according t o the s w e l l i n g power of the n i t r a t i n g 
acids ( c . f . Chapter One). However the 1^C n.m.r. data d i s 
cussed i n Chapters Four, Six and Seven reveal t h a t over a 
large D.O.S. range of d e n i t r a t e d m a t e r i a l s and above a D.O.S. 
of =2.5 i n n i t r a t e d m a t e r i a l s no u n s u b s t i t u t e d residues are 
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F 1S- 52 -T n.m.r. (75-5 MHz, proton decoupled) spectra of 
c e l l u l o s e n i t r a t e s prepared by (a) n i t r a t i o n and 
(b) d e n i t r a t i o n i n the same mix. 
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present i n d i c a t i n g t h a t i n a l l p r o b a b i l i t y acids of some 
composition reach a l l p a r t s of the f i b r e i n a standard 
n i t r a t i o n time of two hours. 

The E.S.C.A. data has also revealed t h a t at the very 
surface of f i b r i l s even i n mixes where the sulphate e s t e r 
e f f e c t , ( c . f . Chapter Three), i s n e g l i g i b l e or absent, 
( n i t r i c - p h o s p h o r i c mixes) t o t a l s u b s t i t u t i o n i s not a t t a i n e d 
and the f i n a l D.O.S. at the surface i s dependent on e q u i l i b r i a 
e s t a b l i s h e d at the surface the f i n a l p o s i t i o n of e q u i l i b r i u m 

o 
depending on the a c i d mix employed. I f the top 20-50A i s 
t o be considered t o t a l l y accessible at l e a s t i n comparison 
to the remaining several microns of a t y p i c a l macroscopic 
f i b r e then the f a c t the r e a c t i o n never goes t o completion i n 
the surface regions i s impossible t o e x p l a i n on the basis of 
an extreme a c c e s s i b i l i t y theory. I n other r e a c t i o n s of 
c e l l u l o s e , however, as has been shown i n the o x i d a t i o n e x p e r i 
ments, ( c . f . Chapter Three), the a c c e s s i b i l i t y does play an 
important p a r t . 

Reference t o Chapter Seven reveals also t h a t the f i n a l 
D.O.S. seems unre l a t e d t o the s w e l l i n g power of the reagent, 
(according t o the Miles diagram)^"*" i n f a c t i t i s g e n e r a l l y 
t r u e t h a t mixes which produce a h i g h l y swollen c e l l u l o s e , 
n i t r a t e t o p a r t i c u l a r l y low l e v e l s . Whereas according t o 
an a c c e s s i b i l i t y theory increased s w e l l i n g should be r e l a t e d 
to increased D.O.S. Again we must assume t h a t under a l l 
normal c o n d i t i o n s of n i t r a t i o n the a c i d i s able to r a p i d l y 
penetrate a l l areas of the f i b r i l s perhaps i n i t i a l l y by passing 
through voids between f i b r i l s r e a c t i n g r a p i d l y at the surface 
( w i t h i n 1 sec.) and d i f f u s i n g more slowly i n t o the bulk of the 
f i b r i l s . 
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However the other extreme of a pure e q u i l i b r i u m theory 
also has some anomalies f o r example one would expect i n an 
e q u i l i b r i u m t h a t a c e l l u l o s e n i t r a t e d i n a given mix should 
have the same D.O.S. as a high D.O.S. c e l l u l o s e n i t r a t e de-

13 
n i t r a t e d i n the same mix. I n one case VC n.m.r. data has 
shown t h a t t h i s i s c l e a r l y not the case. Figure 52 shows 

13 
such experiments and the d i f f e r e n c e i n VC spectra f o r such 
m a t e r i a l i s c l e a r l y evident where the d e n i t r a t e d m a t e r i a l 
has c l e a r l y the higher D.O.S. The explanation appears t o 
l i e i n the data discussed i n t h i s chapter. I t has been 
shown, f o r example, t h a t the r a t e constants f o r n i t r a t i o n 
at a given s i t e i n a g-d-glucopyranose residue increase w i t h 
the D.O.S. of the r i n g . Also the n i t r a t i o n of a given 
residue i s dependent t o a large extent on the D.O.S. of the 
adjacent residue and i n p a r t i c u l a r on whether there i s a. 
n i t r a t e group at the Ĉ ' p o s i t i o n i n an adjacent r i n g . 

C l e a r l y , on a microscopic scale the e q u i l i b r i u m s i t u a t i o n 
i s r a p i d l y e s t a b l i s h e d at i n d i v i d u a l s i t e s along a chain but 
the many f a c t o r s which determine the f i n a l D.O.S. on a macro
scopic l e v e l are such t h a t m a t e r i a l s n i t r a t e d and d e n i t r a t e d 
i n the same mix need not have the same D.O.S. Indeed as has 
already been demonstrated i n t h i s chapter n i t r a t i o n and de-
n i t r a t i o n at a given residue w i l l proceed according t o the 
in f l u e n c e of i t s immediate neighbour g i v i n g r i s e t o d i f f e r e n c e s 
i n sequence d i s t r i b u t i o n and u l t i m a t e l y t o a d i f f e r e n c e i n 
average D.O.S. I t i s worth p o i n t i n g out t h a t a s i m i l a r exper
iment c a r r i e d out at high D.O.S. revealed no d i f f e r e n c e i n 
D.O.S. between m a t e r i a l s n i t r a t e d and d e n i t r a t e d i n the same 
mix. This i s consis t e n t w i t h the theory presented here and 
in c o n s i s t e n t w i t h an a c c e s s i b i l i t y argument which would suggest 
a similar d i f f e r e n c e in D.O.S. 
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CHAPTER SEVEN 

BIREFRINGENCE AS AN ANALYTICAL TOOL 
FOR ESTIMATION OF DEGREE OF SUBSTITUTION 

IN CELLULOSE NITRATES 
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7•1 I n t r o d u c t i o n 

The b i r e f r i n g e n c e o f c e l l u l o s e and c e l l u l o s e n i t r a t e s 

has been t h e s u b j e c t o f i n t e n s e i n v e s t i g a t i o n almost s i n c e 
i l l 201 

t h e development o f t h i s c l a s s i c a l t e c h n i q u e . ' I t has 

l o n g been known., f o r example, t h a t c e l l u l o s e i t s e l f i s 

p o s i t i v e l y b i r e f r i n g e n t , ( i n o t h e r words the r e f r a c t i v e 

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

o f the f i b r e , ( m i ) , i s g r e a t e r t h a n the r e f r a c t i v e i n d e x 
201 

f o r l i g h t v i b r a t i n g p e r p e n d i c u l a r t o t h i s a x i s , ( n j _ ) ) . 

Upon n i t r a t i o n however t h e r e i s a g r a d u a l change and t h e 

f i b r e s become n e g a t i v e l y b i r e f r i n g e n t presumably due t o a 

l a r g e i n c r e a s e i n t h e number o f t h e h i g h l y p o l a r i s a b l e n i t r a t e 

groups c o n t r i b u t i n g t o n_i ( c . f . Chapter Two and r e f e r e n c e 187 
f o r e x p l a n a t i o n o f t h e phenomena i n terms o f e l e c t r i c v e c t o r s ) . 

41 
M i l e s has a d e q u a t e l y r e v i e w e d t h e l i t e r a t u r e on the s t u d y 

o f b i r e f r i n g e n c e i n c e l l u l o s e n i t r a t e s up t o 1955 snd i t i s 

c l e a r t h a t the work up t o and i n c l u d i n g t h i s p e r i o d was 

e s s e n t i a l l y q u a l i t a t i v e w i t h the emphasis b e i n g p l a c e d upon 

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

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

d i f f e r e n c e u s i n g o p t i c a l a c c e s s o r i e s ^ ( i . e . compensators). 

Table 7.1, f o r example, g i v e s the expected p o l a r i s a t i o n 

c o l o u r s f o r a range o f n i t r o c e l l u l o s e s as a f u n c t i o n o f 
217 

n i t r o g e n c o n t e n t as r e p o r t e d by Kohlbeck. 
A f u l l u n d e r s t a n d i n g o f the o r i g i n o f such c o l o u r s i n 

f i b r o u s m a t e r i a l s r e q u i r e s a d e t a i l e d knowledge o f the com

p l e x o p t i c s i n v o l v e d , ( c . f . Chapter Two), but i t i s s u f f i c i e n t 

t o n o t e t h a t the p a t h d i f f e r e n c e x o f t h e o r d i n a r y and e x t r a 

o r d i n a r y r a y s i n t h e a n a l y s e r o f t h e microscope which i n d i r e c t l y 

g i v e s r i s e t o such c o l o u r s i s g i v e n by: 



179 

Table 7.1 

P o l a r i z a t i o n c o l o u r Order 

Grey w h i t e 1st 11.0 

White 1st 11-5 
Y e l l o w w h i t e 1st 11.7 
Y e l l o w 1st 12.0 

Orange 1st 12.2 

Red orange 1st 12.3 
Red 1st 12.4 

V i o l e t 2nd 12.5 
Blue 2nd 12.6 

Blue w h i t e 2nd 12.8 

Pale g r e y 1st 13.1 
Grey 1st 13.2 

White 1st 13..4 
I n t e n s e w h i t e 1st 13.5 

T = d ( m 1 - n i ) (7-1) 

where d i s the t h i c k n e s s o f t h e f i b r e and ( n i i - n i ) i s the 

e f f e c t i v e b i r e f r i n g e n c e . The measurement o f p a t h d i f f e r e n c e 

i s p o s s i b l e u s i n g v a r i o u s compensation t e c h n i q u e s ( c . f . 

Chapter Two), (the c h o i c e o f compensator depending upon the 

f r a c t i o n o f a wavelength p a t h d i f f e r e n c e s t o be measured), 

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

f i b r e s has n o t been c o n s i d e r e d f e a s i b l e due t o d i f f i c u l t i e s 

i n measuring the w i d t h o f t h e f i b r e i n the d i r e c t i o n o f t h e 
2l8 

l i g h t . Lewis, however, has r e c e n t l y suggested a method 

f o r such a d e t e r m i n a t i o n o f f i b r e t h i c k n e s s which depdnds 

upon the measurement o f t h e t e m p e r a t u r e c o e f f i c i e n t o f p a t h 
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d i f f e r e n c e by a h o t stage microscope method. The method 

however i s t e d i o u s and n o t w e l l c h a r a c t e r i s e d . Perhaps 

th e b e s t way of r e p r e s e n t i n g p a t h d i f f e r e n c e data f o r a 

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

b l o c k h i s t o g r a m s o f the d i s t r i b u t i o n o f p a t h d i f f e r e n c e as 
214 

r e p o r t e d o r i g i n a l l y by Lewis. The data reproduced i n 

F i g u r e 55 shows such data as a f u n c t i o n o f D.O.S. f o r c e l l u l o s e 

n i t r a t e s p r e p a r e d by t h e mechanical and di s p l a c e m e n t processes. 

™ 10 

s to 
° 5 o z 
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Optical path difference »f some nitrocellulose (NC) samples. 

F i g - 53 31ock h i s t o g r a m s o f t h e p a t h d i f f e r e n c e d i s t r i b u t i o n s 
f o r a s e r i e s o f c e l l u l o s e n i t r a t e s ( r e p r o d u c e d from 
r e f e r e n c e 2 Ik J 

The broad d i s t r i b u t i o n i s p r i m a r i l y due t o t h e known d i s t 

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

l i n t e r s b u t by c a l i b r a t i n g a g a i n s t known D.O.S. m a t e r i a l and 

d i v i d i n g t h r o u g h by an average v a l u e f o r f i b r e t h i c k n e s s , an 
214 

e s t i m a t i o n o f D.O.S. can be made. 
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How such measurements are dependent on the c r y s t a l l i n i t y 

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

c e l l u l o s e c h e m i s t r y s i n c e f o r s e m i c r y s t a l l i n e polymers t h e 

b i r e f r i n g e n c e i s g i v e n as 

An = Xc Anc + ( 1 - Xc) Ana + Anf (7-2) 

where Xc i s t h e degree o f c r y s t a l l i n i t y d e t e r m i n e d by X-ray 

d i f f r a c t i o n d a t a ; Anc i s t h e c r y s t a l l i n e phase b i r e f r i n g e n c e ; 

ANa i s t h e amorphous phase b i r e f r i n g e n c e and Anf i s a p a r t 

o f t h e b i r e f r i n g e n c e which a r i s e s from t h e d i s t o r t i o n o f t h e 
217 

e l e c t r i c f i e l d o f t h e l i g h t wave a t t h e phase b o u n d a r i e s . 

The v a l u e o f Anf i s g e n e r a l l y s m a l l and sometimes c o n s i d e r e d 

n e g l i g i b l e a l t h o u g h t h e Becke l i n e m e t h o d ^ ^ used by Meredi i n the work, r e p o r t e d i n Chapter Two, measures s i m i l a r p r o -
1 88 

p e r t i e s o f t h e f i b r e . I n the work o f M e r e d i t h and t h a t 
201 

d i s c u s s e d i n Hartshone and S t u a r t t h e s p i r a l a n gle o f 

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

Chapter Two). 

The c o r r e l a t i o n o f m o l e c u l a r o r i e n t a t i o n w i t h b i r e 

f r i n g e n c e data however r e q u i r e s an u n d e r s t a n d i n g o f t h e 
o r i g i n o f i n h e r e n t m o l e c u l a r a n i s o t r o p y . As e a r l y as 1924 

216 
Bragg showed t h a t t h e b i r e f r i n g e n c e o f c a l c i t e and aragon-

i t e c o u l d be c a l c u l a t e d u s i n g c l a s s i c a l f ormulae f o r d i p o l e -

d i p o l e i n t e r a c t i o n . Such c a l c u l a t i o n s have n o t been r e p o r t e d 

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

a b l e f o r s u c h ' s t u d i e s . The h i g h l y p o l a r i s a b l e n i t r a t e 

group, f o r example, can be s u b s t i t u t e d i n a c o n t r o l l e d manner 

by a s u i t a b l e c h o i c e o f a c i d mix, ( c . f . F i g u r e 3 ) . The 

x, y, z c o o r d i n a t e s o f the n i t r a t e groups around a r e s i d u e 

have been e s t a b l i s h e d by A t k i n s , ( c . f . Chapter One), and 

t h e d i s t r i b u t i o n o f n i t r a t e groups around the r e s i d u e f o r a 



182 

g i v e n D.O.S. have been d e t e r m i n e d i n Chapter Four. Lewis 
13 

has r e c e n t l y a t t e m p t e d such c a l c u l a t i o n s u s i n g the C n.m.r. 

d a t a r e p o r t e d i n t h i s t h e s i s . Since these c a l c u l a t i o n s are 

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

be d i s c u s s e d i n some d e t a i l h e r e . 

The p o l a r i s a b i l i t y o f an atom i n the presence o f a 

pola.risa.ble n e i g h b o u r i s g i v e n by 
^ «/(l - I °") (7-3) 

where a i s t h e p o l a r i s a b i l i t y o f t h e same atom f o r random 

arrangement by n e i g h b o u r s ; a" i s t h e p o l a r i s a b i l i t y o f t h e 

i n f l u e n c i n g n e i g h b o u r and i s g i v e n by 

& = 3 x 2 - r z/v 5 (7.4) 

where r i s the d i s t a n c e between t h e d i p o l e s and x i s t h e 

component o f t h i s d i s t a n c e i n t h e d i r e c t i o n o f t h e e l e c t r i c 

v e c t o r . 

Thus t o o b t a i n the p o l a . r i s a . b i l i t y o f , f o r i n s t a n c e , a. 

p a r t i c u l a r oxygen atom i n t h e presence o f p o l a r i s a b l e n e i g h 

bours a. v a l u e o f B i s c a l c u l a t e d f o r each n e i g h b o u r i n g atom 

fr o m e q u a t i o n J.4. 

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

d i r e c t i o n o f t h e e l e c t r i c v e c t o r i s t h e n o b t a i n e d from t h e 

L o r e n t z - L o r e n t z e q u a t i o n 

( n 2 - l / ( n 2 + 2 ) = (D/M) £ a i Ri (7.5) 

where a i i s t h e number o f atoms or i o n s o f r e f r a c t i v i t y 

R i which i s i t s e l f g i v e n by 

Ri = 4n NoV3 

N b e i n g Avogadros number. D t h e c r y s t a l d e n s i t y and M 

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

http://pola.risa.ble
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a r e as f o l l o w s : 

(1) The t o t a l r e f r a c t i v i t y o f t h e n i t r i c e s t e r group i s 

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

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

d i n i t r a t e . The v a l u e o f Rm t h e m o l e c u l a r r e f r a c t i v i t y 

can be c a l c u l a t e d f r o m e q u a t i o n 7-5. These m o l e c u l a r 

r e f r a c t i v i t i e s may be s p l i t i n t o t h e i r component atomic 

r e f r a c t i v i t i e s , t h u s , 

RNG = 3RC + 5RH + 3RN0^ e t c . 

(2) The t o t a l m o l e c u l a r r e f r a c t i v i t y can be c a l c u l a t e d and 
« 

e s t i m a t i o n s made o f t h e atomic r e f r a c t i v i t i e s . 

(3) Values o f 3, ( e q u a t i o n 7>4), f o r t h e t h r e e c o o r d i n a t e 

d i r e c t i o n s f o r a l l t h e oxygen-oxygen i n t e r a c t i o n s 

a f f e c t i n g t h e r e f r a c t i v i t y o f t h e n i t r i c e s t e r group 

i n t h e (2) (3) and (6) p o s i t i o n s can t h u s be c a l c u l a t e d 

and used t o e s t i m a t e t h e r e f r a c t i v i t y i n 3 d i r e c t i o n s 

o f each i n d i v i d u a l oxygen atom. 

The t o t a l r e f r a c t i v i t y o f the n i t r i c e s t e r groups i n 

(a) t h e average x/y d i r e c t i o n and ( b ) the z d i r e c t i o n c a l c u l 

a t e d by Lewis are shown i n Table 7-2. 

Table 7.2 

The R e f r a c t i v i t i e s o f t h e N i t r a t e E s t e r Groups 

x/y z 

N0 3(2) 8.81 9-92 
N0 3(3) 10.48 7.85 
N0^(6) gg 8.91 9.99 
N0 3(6) g t 10.87 7-75 
N0 3(6) t g 10.85 7-78 
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218 Lewis has c o n t i n u e d by c a l c u l a t i n g t h e e f f e c t o f 
degree o f s u b s t i t u t i o n on t o t a l b i r e f r i n g e n c e u s i n g t h e 

data i n Chapter F o u r : f o r a f u l l account o f these c a l c u l a t i o n s 
2 l 8 

t h e r e a d e r i s r e f e r r e d t o the o r i g i n a l paper b u t f o r t h e 

purposes o f t h i s c h a p t e r i t i s s u f f i c i e n t t o c o n s i d e r Table 

7.2 o n l y , which shows t he r e f r a c t i v i t i e s o f the n i t r a t e 

groups i n th e x/y and z d i r e c t i o n s , from which i t i s immed

i a t e l y c l e a r t h a t i t i s o n l y the ( 3 ) , 6 ( g t ) o r 6 ( t g ) which 

can c o n t r i b u t e t o the observed n e g a t i v e b i r e f r i n g e n c e o f 

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

be drawn i s t h a t t h e 6(gg) conformer o f the p r i m a r y n i t r a t e 

group ( c . f . Chapter One), ( F i g u r e 4 ) , p r e v i o u s l y t h o u g h t t o 

be a p o s s i b l e o r i e n t a t i o n o f the group i s r u l e d o u t by b i r e 

f r i n g e n c e d a t a . 
As can be seen however t h e c a l c u l a t i o n s r e l y upon many 

P1 o 

assumptions which are d e s c r i b e d s u c c i n c t l y by Lewis. 

The most i m p o r t a n t assumptions are perhaps t h a t t h e oxygen 

atoms on one r i n g do n o t i n t e r a c t w i t h those i n a n e i g h b o u r i n g 

r i n g and t h a t s u b s t i t u t i o n a t a g i v e n s i t e does n o t a l t e r 

t h e o r i e n t a t i o n o f n e i g h b o u r i n g n i t r a t e groups. 

Reference t o t h e l i t e r a t u r e r e v e a l s , f o r i n s t a n c e , t h a t 

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

t r i n i t r a t e may occur between t h e p r i m a r y n i t r a t e group and 

the 3 n i t r a t e group i n a d j o i n i n g r i n g s o r i n r i n g s o f a 
2l8 

p a r a l l e l c h a i n . ( A l s o u s i n g g l y c e r o l and i t s n i t r a t e d 
d e r i v a t i v e s as model systems u n p u b l i s h e d M.N.D.O. L.C.A.O. 

221 
S.C.F., f u l l o p t i m i s a t i o n c a l c u l a t i o n s c a r r i e d out i n t h i s 
l a b o r a t o r y have i n d i c a t e d t h a t s u b s t i t u t i o n o f a n i t r a t e 

;roup a t the p o s i t i o n i n 'CHgONOg 

H-C-OH 
3CH2OH 
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a l t e r s t h e o r i e n t a t i o n o f t h e n i t r a t e group a l r e a d y p r e s e n t 
a l t h o u g h t h e r e i s l i t t l e evidence i n t h e l i t e r a t u r e t o sub
s t a n t i a t e t h i s . 

C l e a r l y t h e r e i s a need f o r independent e x p e r i m e n t a l 

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

t h a t t h e 6(gg) conformer does n o t occur i s o f some im p o r t a n c e 
2 l 8 

t o c e l l u l o s e c h e m i s t r y . Lewis h i m s e l f has o f f e r e d some 

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

range o f c e l l u l o s e n i t r a t e s o f D.O.S. 2.37-2.62 but t h e r e i s 

some doubt ( c . f . Chapter Two) as t o whether t he method i s 

r e l i a b l e across a. range o f D.O.S. and between i n d i v i d u a l 

b atches o f f i b r e s o f d i f f e r e n t s o u r c e s . I n t h i s c h a p t e r 

t h e r e f o r e a s e r i e s o f c e l l u l o s e n i t r a t e s which were w e l l 

c h a r a c t e r i s e d by many o f t h e methods o u t l i n e d i n t h i s t h e s i s 

were a n a l y s e d a t t h e MO.D. Waltham Abbey, and t h e accuracy 

o f t he degree o f s u b s t i t u t i o n e s t i m a t i o n assessed. 

7.2 E x p e r i m e n t a l 

The c e l l u l o s e n i t r a t e s used i n t h i s work were n i t r a t e d 
207 

i n l i n t e r s f o r m by the M i t c h e l l method. S t a b i l i s a t i o n 

was c a r r i e d out by the procedures o u t l i n e d i n Chapter Three 

but t h e d r y i n g procedures were adapted t o a v o i d h o t oven 

d r y i n g . Samples were i n i t i a l l y a i r d r i e d , t h e n vacuum d r i e d 

a t 30°C f o r s e v e r a l hours b e f o r e s t o r a g e over Pg^e, f o r 24 

hour s . ( I t i s hoped t h a t t h i s m i l d procedure tends t o p r e 

serve t h e lumen). 

The d r i e d f i b r e s were immersed i n g l y c e r o l on g l a s s s l i d e s 

and cover s l i p s s e a l e d w i t h Canada Balsam. 

The h i g h e r D.O.S. m a t e r i a l s p r e p a r e d i n t h i s work were 

a n a l y s e d u s i n g a Berek compensator, Model No, 1740, i n s e r t e d 
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i n t o a S w i f t p o l a r i s i n g microscope. A l l samples were 

a l s o a n a l y s e d a t the M.O.D. Waltham Abbey u s i n g a r o t a r y 

mica compensator and f o r low D.O.S. m a t e r i a l s an e l l i p t i c a l 

compensator was employed ( c . f . Chapter Two). D i s t r i b u t o r s 

o f p a t h d i f f e r e n c e s were p l o t t e d and e s t i m a t i o n s o f t h e 
214 

D.O.S. made u s i n g t h e method o f Lewis." 

The "̂ C n.m.r. d i s t r i b u t i o n d a t a , X-ray d i f f r a c t i o n 

'101' spacings and E.S.C.A. D.O.S. were d e t e r m i n e d by methods 

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

m i n a t i o n s were c a r r i e d out by methods d e s c r i b e d i n the 

Appendix. 

7-3 R e s u l t s and D i s c u s s i o n 

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

D.O.S. c e l l u l o s e n i t r a t e s , ( d e t e r m i n e d u s i n g a Berek compen

s a t o r ) , are shown as b l o c k h i s t o g r a m s i n F i g u r e 54. The 

number o f f i b r e s a n a l y s e d and the a c t u a l degree o f s u b s t i t u t i o n 

o f t h e samples i s a l s o g i v e n . Reference t o the data r e p r o 

duced i n F i g u r e 53 r e v e a l s a comparable d i s t r i b u t i o n range 
214 

t o t h a t r e p o r t e d by Lewis and t o l e r a b l e agreement w i t h 

t h e p r e d i c t e d D.O.S. At low D.O.S., however, t h e Berek 

compensator i s i n a c c u r a t e and no d i s t r i b u t i o n data was re c o r d e d 

i n t h i s range i n t h i s l a b o r a t o r y . A l l samples however were 

a n a l y s e d a t t h e M.O.D. Waltham Abbey and t h e e s t i m a t e d D.O.S. 

of t h e samples as measured f r o m p a t h d i f f e r e n c e d a t a i s 

r e c o r d e d i n Table 7-3 f o r comparison w i t h t h e w e l l c h a r a c t e r 

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

B e f o r e c o n s i d e r i n g t he accuracy o f these d e t e r m i n a t i o n s 

i t i s w o r t h d i s c u s s i n g Table 7-3 i n some d e t a i l . 
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CELLULOSE NITRATED TO 253 DOS 

16 

ha On. 
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10 
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RETARDATION m/t 

30 

CELLULOSE NITRATED 
TO 2 8 DOS 

wo 110 90 TO 

RETARDATION 

CELLULOSE NITRATED 
TO 2 5 D.O.S. 

O i l 
110 90 70 50 

RETARDATION m/» 

a 

F i g . 54 Bloc k h i s t o g r a m s o f t h e p a t h d i f f e r e n c e d i s t r i b u t i o n s 
o f some c e l l u l o s e n i t r a t e s (measured by Berek" 
compensator) ~~ 

The K j e l d a h l r e s u l t s are r e c o r d e d as % N i t r o g e n w i t h 

t h e approximate D.O.S. r e p o r t e d i n b r a c k e t s a l o n g s i d e . The 

E.S.C.A. data f o r each sample i s a l s o l i s t e d a l t h o u g h t h e 

's u l p h a t e e s t e r e f f e c t ' r e f e r r e d t o i n Chapter Three c l e a r l y 

a l t e r s t h e s u r f a c e D.O.S. I n cases where t h i s e f f e c t i s 

p a r t i c u l a r l y pronounced t h e sample number i s marked w i t h an 

a s t e r i s k . 

The a c i d mix c o m p o s i t i o n used t o n i t r a t e t h e sample 

i s a l s o shown and i t i s o f i n t e r e s t t o compare t h e a c t u a l 

D.O.S. o f the sample w i t h t h a t p r e d i c t e d by the M i l e s diagram 

( c . f . F i g u r e 3). 
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The a c i d mix c o m p o s i t i o n was n o t p r e c i s e l y measured 
( i . e . by n i t r o m e t e r ) , b u t t h e approximate c o m p o s i t i o n was 
based on the c a r e f u l m i x i n g o f a c i d s , (sometimes u s i n g 1-1 
a c i d s t o p r e v e n t e x c e s s i v e h e a t i n g on m i x i n g ) . Where t h e 
M i l e s diagram does n o t agree w i t h the D.O.S. a t t a i n e d t h i s 
c o u l d be e i t h e r due t o i n a c c u r a c y o f th e c o m p o s i t i o n o r 
i n a c c u r a c y o f th e diagram. Those mixes which l i e w i t h i n 
t h e s w e l l i n g r e g i o n s o f th e M i l e s diagram ( F i g u r e J>) are 
marked w i t h an 'S*. 

1"5 

The ~T n.m.r. d a t a i s g i v e n as t o t a l D.O.S. and as 

percentage components o f t r i , d i , mono and u n s u b s t i t u t e d 

r e s i d u e s . I t s h o u l d be no t e d t h a t t hose samples marked 

w i t h a ( t ) were run on a 90 MHz n.m.r. s p e c t r o m e t e r housed 

a t Waltham Abbey and th e f i n a l d i s t r i b u t i o n data may be l e s s 

a c c u r a t e due t o th e p o o r l y r e s o l v e d s p e c t r a o b t a i n e d . I t 

can r e a d i l y be seen however t h a t , i n g e n e r a l , t h e K j e l d a h l 

d e t e r m i n a t i o n s are i n good agreement w i t h t h e n.m.r. r e s u l t s . 

I n cases where t h i s i s n o t so i t i s t h o u g h t t h a t t h i s i s 

p r o b a b l y due t o i n c o m p l e t e d i g e s t i o n , ( c . f . A p p e n d i x ) , i n t h e 

K j e l d a h l d e t e r m i n a t i o n due t o th e i n c o r r e c t c h o i c e o f 

d i g e s t i o n method. 

T u r n i n g now t o t h e b i r e f r i n g e n c e d a t a r e c o r d e d i n 

Table 7.3 as % n i t r o g e n , ( w i t h approximate D.O.S. i n b r a c k e t s 

a l o n g s i d e ) , i t i s c l e a r from t h e graph i n F i g u r e 55 > which 

shows the a c t u a l D.O.S. o f the sample a g a i n s t t h a t e s t i m a t e d 

from t h e b i r e f r i n g e n c e ) , t h a t i n the h i g h D.O.S. range t h e 

c o r r e l a t i o n i s v e r y good indeed. At low D.O.S. however t h e 

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

may be due t o i n a c c u r a t e c a l i b r a t i o n a t low D.O.S. i t may be 

t h a t i n r e g i o n s c l o s e t o the n e u t r a l p o i n t where t h e v a l u e 
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P i g - 55 Graph o f th e D.O.S. o f c e l l u l o s e n i t r a t e s 
e s t i m a t e d by a. b i r e f r i n g e n c e t e c h n i q u e a g a i n s t 
t h e known D.O.S. 

o f ( n i l - n_i) i s v e r y s m a l l f a c t o r s such as th e f o r m o f 
201 

the f i b r e , ( d i s c u s s e d i n Chapter Two), may become i m p o r t a n t . 

I t i s e v i d e n t , however, t h a t b i r e f r i n g e n c e measurements 

on f i b r e s o f h i g h D.O.S., (2.4-2.8), are p a r t i c u l a r l y u s e f u l 

f o r D.O.S. e s t i m a t i o n s and r e p r e s e n t a r e l i a b l e a l t e r n a t i v e 

t o t h e time consuming K j e l d a h l a n a l y s i s . T h i s work a l s o 
218 

s u p p o r t s the e x p e r i m e n t a l d a t a p r e s e n t e d by Lewis i n 

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

I t would be i n t e r e s t i n g t o compare b i r e f r i n g e n c e data 

f o r m a t e r i a l s o f th e same D.O.S. but d i f f e r i n g i n d i s t r i b u t i o n 

o f n i t r a t e groups ( e . g . n i t r a t e d and d e n i t r a t e d samples used 
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i n t h e work p r e s e n t e d i n Chapter Pour) s i n c e r e f e r e n c e t o 

Table 7.2 i n d i c a t e s t h e y s h o u l d d i f f e r i n b i r e f r i n g e n c e . 

At t h e t i m e o f w r i t i n g , however, t h i s work has n o t y e t been 

completed. 
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APPENDIX ONE 
211 21? 

A . l K j e l d a h l A n a l y s i s f o r N i t r o g e n ' 

The K j e l d a h l n i t r o g e n d e t e r m i n a t i o n s r e p o r t e d i n t h i s 

t h e s i s were c a r r i e d o u t a c c o r d i n g t o a. procedure developed 

a t P.E.R.M.E., Waltham Abbey. As i n a l l d i s t i l l a t i o n 

methods t h e sample i s f i r s t d i g e s t e d i n a l k a l i n e o r a c i d 

c o n d i t i o n s t o y i e l d i n o r g a n i c n i t r a t e s . T h i s i s t h e n made 

a l k a l i n e , i f necessary, and Devardas A l l o y i s added t o reduce 

the n i t r a t e t o n i t r i t e and f i n a l l y ammonia which i s d i s t i l l e d 

i n t o B o r i c a c i d s o l u t i o n f o r t i t r a t i o n w i t h s t a n d a r d a c i d , 

(0.1 N HC1). The d i g e s t i o n stage i s e x t r e m e l y i m p o r t a n t 

e s p e c i a l l y i n t h e a n a l y s i s i f n i t r o c e l l u l o s e s s i n c e some 

samples, (> 12.1% N) v may n o t be f u l l y d i g e s t e d by s t a n d a r d 

a l k a l i n e methods. Hence two procedures d e s i g n a t e d A and B 

are adopted, depending on the e s t i m a t e d n i t r o g e n c o n t e n t o f 

the n i t r o c e l l u l o s e . These methods are f u l l y d e s c r i b e d below. 

A.2 Method A. A l k a l i n e D i g e s t i o n f o r Samples 
l e s s t h a n 12.7% N ' 

50-120mg o f NC were weighed i n t o a. g l a s s ampoule and 

the n d e p o s i t e d i n t o the base o f a. semi-micro f l a s k . The 

ampoule was broken and 2.0mls o f HgO, O.lmls o f 30% HgOg and 

8mls o f 20% NaOH were th e n added. The f l a s k was t h e n heated 

t o ~100°C and m a i n t a i n e d a t t h i s t e m p e r a t u r e f o r about 20 mins. 

t o d i s s o l v e the sample. 20mls o f water were th e n added and 

the s o l u t i o n was heated t o 100°C ag a i n t o d e s t r o y t h e r e m a i n i n g 

hydrogen p e r o x i d e . A f t e r t h e m i x t u r e had c o o l e d t o ~30°C. 

1.00 - 0.01 gms o f Devardas A l l o y , (weighed i n t o a g l a s s 

ampoule), were d e p o s i t e d i n t o t h e f l a s k . The steam i n l e t 

tube was a t t a c h e d t o t t h e neck o f the f l a s k , 'as shown i n the 

d i a g r a m ) , and the condenser o u t l e t tube was a l l o w e d t o d i p 
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porcelain 
beads 

steam 
inlet 

condenser 

digestion 
Boric mixture 
acid 

F i g . 56 Apparatus used i n the K j e l d a h l d e t e r m i n a t i o n 

-10 mm below the s u r f a c e o f t h e b o r i c a c i d i n the r e c e i v e r 

f l a s k , (25 mis o f h% B o r i c A c i d ) . The h e a t i n g o f the f l a s k 

was c o n t r o l l e d t o p r e v e n t e x c e s s i v e foaming ( a l t h o u g h i t i s 

p o s s i b l e t o add an a n t i f o a m i n g agent b e f o r e h e a t i n g ) . The 

ammonia, l i b e r a t e d was steam d i s t i l l e d over w i t h 2 50 mis o f 

Ĥ O and t h e n t i t r a t e d , ( u s i n g b r o m o c r e s b l green as i n d i c a t o r ) 

w i t h 0.1 N HCl. The volume o f s o l u t i o n i n t h e f l a s k s h o u l d 

remain c o n s t a n t d u r i n g t h e d i s t i l l a t i o n . 
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A.3 Method B. Samples over 12.7$ N A c i d D i g e s t i o n 

50-120mg o f NC were weighed i n t o t h e r e a c t i o n f l a s k and 

c o o l e d i n an i c e - w a t e r b a t h . 2 mis. o f c o n c e n t r a t e d f^SO^ 

were added dropwise t o t h e f l a s k and l e f t t o d i s s o l v e t h e 

sample f o r 30-60 m i n u t e s . The s o l u t i o n was t h e n c a r e f u l l y 

d i l u t e d by ad d i n g lOg o f crushed i c e and 15-17 mis o f 30$ 

NaOH. Continue as i n A. 

Since Devardas A l l o y has i t s own n i t r o g e n c o n t e n t i t 

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

r e a g e n t s except t h e NC f o r each d e t e r m i n a t i o n . The method 

i s g e n e r a l l y c a l i b r a t e d u s i n g Potassium N i t r a t e . The 

n i t r o g e n c o n t e n t u s i n g t h i s procedure i s g e n e r a l l y quoted 

t o two de c i m a l p l a c e s a l t h o u g h t he c h o i c e o f t h e wrong 

d i g e s t i o n method can g i v e i n a c c u r a t e r e s u l t s . 
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CELLULOSE MTRATC 
DEGREE OF SUBSTITUTION 
VS. PERCENTAGE MTROGEN 

M l 

304 

D.OSJ 

to 

1 9 6 8 0 10 

F i g u r e 57 Graph o f percentage n i t r o g e n a g a i n s t decree 
o f s u b s t i t u t i o n 
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APPENDIX TWO 

LECTURES AND SEMINARS ATTENDED DURING THE PERIOD 1978-81 

15 September 1978 

P r o f e s s o r W. S i e b e r t ( U n i v e r s i t y o f Marburg, West 

Germany), "Boron H e t e r o c y c l e s as Ligands i n T r a n s i t i o n 

M e t a l C h e m i s t r y " . 

22 September 1978 

P r o f e s s o r T. F e h l n e r ( U n i v e r s i t y o f Notre Dame, U.S.A.), 

"Perraboranes: Syntheses and P h o t o c h e m i s t r y " . 

12 December 1978 

P r o f e s s o r C.J.M. S t i r l i n g ( U n i v e r s i t y o f B a n g o r ) , 

' P a r t i n g i s Such Sweet Sorrow' - t h e Leaving Group i n 

Organic R e a c t i o n s . 

14 February 1979 

P r o f e s s o r B. D u n n e l l ( U n i v e r s i t y o f B r i t i s h Columbia) 

'The A p p l i c a t i o n o f N.M.R. t o the Study o f Motions i n Mo l e c u l e s " 

16 F e b r u a r y 1979 

Dr. J. Tomkinson ( i n s t i t u t e o f Laue-Langevin, G r e n o b l e ) , 

" P r o p e r t i e s o f Adsorbed Species". 

4 March 1979 

Dr. J.C. Walton ( U n i v e r s i t y o f St. Andrews), "Penta-

d i e n y l R a d i c a l s " . 

20 March 1979 

Dr. A. R e i s e r (Kodak L t d . ) , "Polymer Photography and 

Mechanism o f Cr o s s - L i n k F o r m a t i o n i n S o l i d Polymer". 



197 

25 March 1979 

Dr. S. Larsson ( U n i v e r s i t y o f U p p s a l a ) , "Some Aspects 

o f P h o t o i o n i s a t i o n Phenomena i n I n o r g a n i c Systems". 

25 A p r i l 1979 

Dr. C.R. P a t r i c k ( U n i v e r s i t y o f Birmingham), " C h l o r o -

f l u o r o c a r b o n s and S t r a t o s p h e r i c Ozone: An A p p r a i s a l o f t h e 

E n v i r o n m e n t a l Problem". 

1 May 1979 

Dr. G. Wyman (European Research O f f i c e . U.S. Army). 

" E x c i t e d S t a t e C h e m i s t r y i n I n d i g o i d Dyes". 

2 May 1979 

Dr. J.D. Hobson ( U n i v e r s i t y o f Birmingham), " N i t r o g e n -

c e n t r e d R e a c t i v e I n t e r m e d i a t e s " . 

8 May 1979 

P r o f e s s o r A. Schmidpeter ( i n s t i t u t e o f I n o r g a n i c 

C h e m i s t r y , U n i v e r s i t y o f Munich), "Five-membered Phosphorus 

H e t e r o c y c l e s C o n t a i n i n g D i c o o r d i n a t e Phosphorus". 

9 May 1979 

Dr. A.J. K i r b y ( U n i v e r s i t y o f Cambridge), " S t r u c t u r e 

and R e a c t i v i t y i n I n t r a m o l e c u l a r and Enzymic C a t a l y s i s " . 

9 May 1979 

P r o f e s s o r G. Maier (Lahn-Giessen), " T e t r a - t e r t -

b u t y l t e t r a h e d r a n e " . 

10 May 1979 

P r o f e s s o r G. A l l e n , F.R.S. (Science Research C o u n c i l ) , 

"Neutron S c a t t e r i n g S t u d i e s o f Polymers". 
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16 May 1979 

Dr. J.F. Nixon ( U n i v e r s i t y o f Sussex), " S p e c t r o s c o p i c 
S t u d i e s on Phosphines and t h e i r C o o r d i n a t i o n Complexes". 

23 May 1979 

Dr. B. W a k e f i e l d ( U n i v e r s i t y o f S a l f o r d ) , " E l e c t r o n 

T r a n s f e r i n R e a c t i o n s o f Me t a l s and O r g a n o m e t a l l i c Compounds 

w i t h P o l y c h l o r o p y r i d i n e D e r i v a t i v e s " . 

13 June 1979 

Dr. G. Heath ( U n i v e r s i t y o f E d i n b u r g h ) " P u t t i n g 

e l e c t r o c h e m i s t r y i n t o M o t h b a l l s - (Redox Processes o f m e t a l 

P o r p h y r i n s and P h t h a l o c y n a n i n e s " . 

14 June 1979 

P r o f e s s o r I . Ugi ( U n i v e r s i t y o f Munich), " S y n t h e t i c 

Uses o f Super N u c l e o p h i l e s " . 

20 June 1979 

P r o f e s s o r J.D. C o r b e t t (Iowa S t a t e U n i v e r s i t y , Ames, 

Iowa, U.S.A.), " Z i n t l I o n s : S y n t h e s i s and S t r u c t u r e o f Homo-

p o l y a t o m i c Anions o f t h e P o s t - T r a n s i t i o n Elements". 

27 June 1979 

Dr. H. Fuess ( U n i v e r s i t y o f F r a n k f u r t ) , "Study o f 

E l e c t r o n D i s t r i b u t i o n i n C r y s t a l l i n e S o l i d s by X-ray and 

Neutron D i f f r a c t i o n " . 

21 November 1979 

Dr. J. M u l l e r ( U n i v e r s i t y o f Ber g e n ) , "Photochemical 

R e a c t i o n s o f Ammonia". 
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28 November 1979 

Dr. B. Cox ( U n i v e r s i t y of S t i r l i n g ) , "Maerobicyclic 

C r y p t a t e Complexes, Dynamics and S e l e c t i v i t y " . 

5 December 1979 

Dr. G.C. Eastmond ( U n i v e r s i t y of L i v e r p o o l ) . " S y n t h e s i s 

and P r o p e r t i e s o f Some Multicomponent Polymers". 

12 December 1979 

Dr. C . I . R a t c l i f f e ( U n i v e r s i t y of London), "Rotor 

Motions i n S o l i d s " . 

19 December 1979 

Dr. K.E. Newman ( U n i v e r s i t y of Lausanne), "High Pressure 

M u l t i n u c l e a r NMR i n t h e E l u c i d a t i o n o f t h e Mechanisms of 

F a s t , Simple I n o r g a n i c R e a c t i o n s " . 

30 January 1980 

Dr. M.J. Barrow ( U n i v e r s i t y of Edinburgh) "The S t r u c t u r e s 

o f some Simple I n o r g a n i c Compounds of S i l i c o n and Germanium -

P o i n t e r s t o S t r u c t u r a l Trends i n Group IV". 

6 February 1980 

Dr. J.M.E. Quirke ( U n i v e r s i t y of Durham), "Degradation 

o f C h l o r o p h y l l - a i n Sediments". 

23 A p r i l 1980 

B. G r i e r s o n B.Sc, - ' U n i v e r s i t y of Durham), "Halogen 
R a d i o p h a r m a c e u t i c a l s " . 

14 May 1980 

Dr. R. H u t t o n (Waters A s s o c i a t e s , U.S.A.), "Recent 

Developments i n M u l t i - m i l l i g r a m and Multi- gram Scale 

P r e p a r a t i v e High Performance L i q u i d Chromatography". 
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21 May 1980 

Dr. T.W. B e n t l e y ( U n i v e r s i t y of Swansea), "Medium and 
S t r u c t u r a l E f f e c t s i n S o l v o l y t i c R e a c t i o n s " . 

7 October 1980 

P r o f e s s o r T. Te h l n e r , " M e t a l l o b o r a n e s Cages o r 

C o o r d i n a t i o n Compounds?" 

16 October 1980 

Dr. D. Maas ( S a l f o r d U n i v e r s i t y ) " R eactions a. Go-Go". 

30 October 1980 

P r o f e s s o r N. Gassie, (Glasgow U n i v e r s i t y ) , " i n f l a m m a b i l i t y 

Hazards i n Commercial Polymers". 

6 November 1980 

P r o f e s s o r A.G. Sykes (Newcastle U n i v e r s i t y ) , " M e t a l l o -

p r o t e i n s : An I n o r g a n i c Chemists Approach". 

12 November 1980 

Dr. M. G e r l o c h ( U n i v e r s i t y o f Cambridge), "Magnetochemistry 

i s about Chemistry". 

lj? November 1980 

P r o f e s s o r N.N. Greenwood (Leeds U n i v e r s i t y ) . " M e t a l l -

borane Chemistry". 

19 November 1980 

Dr. T. G i l c h r i s t ( U n i v e r s i t y o f L i v e r p o o l ) " N i t r o s o -

o l e f i n s as S y n t h e t i c I n t e r m e d i a t e s " . 

4 December 1980 

Reverend R. L a n c a s t e r " F i r e w o r k s " . 
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18 December 1980 

Dr. R. Evans ( U n i v e r s i t y of B r i s b a n e . A u s t r a l i a ) . "Some 

Recent Communications t o t h e E d i t o r of t h e A u s t r a l i a n J o u r n a l 

o f F a i l e d C hemistry". 

22 January 1981 

P r o f e s s o r E. Dawes ( H u l l U n i v e r s i t y ) , "Magic and 

Mystery t h r o u g h t h e Ages". 

29 January 1981 

Mr. H. Maclean, ( I . C . I . L t d . ) , "Managing i n the 

Chemical I n d u s t r y i n the 198o's". 

5 February 1981 

P r o f e s s o r F. Stone ( B r i s t o l U n i v e r s i t y ) , "Chemistry 

o f Carbon t o M e t a l T r i p l e Bonds". 

18 February 1981 

P r o f e s s o r S. K e t t l e ( U n i v e r s i t y of East A n g l i a ) , 

" V a r i a t i o n s i n t h e M o l e c u l a r Dance a t t h e C r y s t a l B a l l " . 

25 February 1981 

Dr. K. Bowden ( U n i v e r s i t y o f Essex), "The T r a n s m i s s i o n 

o f P o l a r E f f e c t s o f S u b s t i t u e n t s " . 

11 March 1981 

Dr. J.F. S t o d d a r t ( I . C . I . L t d . ) , " S t e r e o c h e m i c a l 

P r i n c i p l e s i n t h e Design and F u n c t i o n of S y n t h e t i c M o l e c u l a r 

Receptors". 

17 March 1981 

P r o f e s s o r W. Jencks ( B r a n d e i s U n i v e r s i t y , M a s s a c h u s e t t s ) , 

"When i s an I n t e r m e d i a t e n o t an I n t e r m e d i a t e ? " . 
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7 May 1981 

P r o f e s s o r M. Gordon (Essex U n i v e r s i t y ) , "Do S c i e n t i s t s 
Have t o Count?". 

10 June 1981 

Dr. J. Rose ( I . C . I . P l a s t i c s ) , New E n g i n e e r i n g P l a s t i c s . 
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CONFERENCES ATTENDED DURING THE PERIOD 1978-1981 

1. Q u a n t i t a t i v e S u r f a c e A n a l y s i s Conference a t 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 , October 1979° 

2. Royal I n s t i t u t e o f Chemistry/Chemical S o c i e t y 

Annual Congress, Durham, A p r i l 1980. 

3. N i t r o c e l l u l o s e and Double Based P r o p e l l a n t s 

Conference, Waltham Abbey, Essex, 1980. 

4. Polymer C h a r a c t e r i s a t i o n Symposia, Durham, J u l y I 9 8 I , 

* Pa.per p r e s e n t e d 1980. 
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