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ABSTRACT

T i t l e :  S tu d ie s  on c h i t i n  and c h ito s a n

By: B e ry l D. Gummow

'H igh  m o le c u la r w e ig h t c h ito s a n  hav ing  a ve ry  low  re s id u a l N -a c e ty l 
c o n te n t' has been produced by d is s o lu t io n  and r e p r e c ip i ta t io n  o f 
p a r t i a l l y  d e a c e ty la te d  c h i t i n ,  fo l lo w e d  by a f u r t h e r  a lk a l in e  tre a tm e n t.  
A tte m p ts > to  c a r ry  o u t t h i s  second d e a c e ty la t io n  s te p  in  s o lu t io n  u s in g  
enzymes hav ing  amidase a c t i v i t y  werE u n s u c c e s s fu l, h y d ro ly s is  o f  the  
po lym er ch a in  o c c u r r in g  w ith o u t  any n o t ic e a b le  decrease in  the  H -a c e ty l 
c o n te n t.

The uptake  o f  C u ( I I )  io n s  from  s o lu t io n  by c h ito s a n  f i lm s  has been 
fo l lo w e d  b y -s p e c tro p h o to m e try  a f t e r  tre a tm e n t o f  th e  f i lm s  w ith  m e ta l 
com plex ing  re a g e n ts . The e q u i l ib r iu m  up take  was found to  be in v e rs e ly  
dependent upon f i lm  th ic k n e s s ,  in d ic a t in g  th a t  th e re  i s  a c o n c e n tra t io n  
g ra d ie n t  w i th in  th e  f i lm s .  When C u ( I I )  io n s  complexed w ith  a t r id e n ta te  
l ig a n d  were used, in t e r a c t io n  o ccu rre d  w ith  a l l  th e  amine g roups .

The a b i l i t y  o f  s o lu t io n s  o f  c h ito s a n  to  induce  metachromasy in  
a n io n ic  dyes has been s tu d ie d .  R e ve rsa l o f  metachromasy by a d d it io n  o f  
n e u t ra l e le c t r o ly t e ,  u rea .and e th a n o l,  and by in c re a s e  in  te m p e ra tu re , 
was found to  be s im i la r  to  th a t  re p o r te d  f o r  a n io n ic  p o ly e le c t r o ly t e /  
c a t io n ic  dye system s. The s to ic h io m e try  o f  the  re a c t io n  between c a t io n ic  
groups on the  po lym er ch a in  and a n io n ic  groups on the  dye io n s  has been 
shown to  be 1 : 1 , and m e tach rom a tic  t i t r a t i o n  tech n iq ue s  f o r  d e te rm in in g  
th e  degree o f  N ~ a c e ty la t io n  o f  c h ito s a n  o r m easuring i t s  c o n c e n tra t io n  
in  s o lu t io n ,  have been d eve lo p ed . The m e tach rom atic  b e h a v io u r o f  a 
c o n s id e ra b le  number o f  dyes has been s tu d ie d  and the  r e s u l t s  show th a t  
th e  m e tach rom atic  s h i f t  may be e i t h e r  hypsochrom ic o r b a th o c h ro m ic , and 
th a t  th e re  is  no re q u ire m e n t f o r  th e  charge on the  dye io n  to  be 
d e lo c a l is e d .  A new th e o ry  o f  metachromasy th a t  does n o t in vo ke  s p e c i f ic  
d y e /s i te  in te r a c t io n  i s  proposed and two expe rim en ts  des igned tD te s t  
i t :  th e  dependence o f  th e  ease o f  re v e rs a l o f metachromasy on th e  
m o le c u la r w e ig h t o f  th e  p o ly e le c t r o ly te  and the  s to ic h io m e try  o f  the  
in te r a c t io n  between c h ito s a n  and d ib a s ic  dyes. The r e s u l t s  o b ta in e d , 
w h ich  canno t be e x p la in e d  in  te rm s o f c u r re n t  th e o ry ,  s u p p o rt the  new 
th e o ry  proposed h e re .
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CHAPTER 1

INTRODUCTION

C h it in ,  and i t s  d e a c e ty la ts d  d e r iv a t iv e ,  c h ito s a n , a re  im p o rta n t 

s k e le ta l  m a te r ia ls  found in  a w ide range o f  in v e r te b ra te s ,  p a r t i c u la r l y  

th e  A rth ro p o d s . In  re c e n t yea rs  in te r e s t  in  these  h ig h  m o le cu la r 

w e ig h t, n a tu ra l polym ers has grown r a p id ly  -  from  b io lo g ic a l  and 

s t r u c tu r a l  ana logy w ith  c e l lu lo s e  and w ith  the  r e a l is a t io n  o f  t h e i r  

abundance as a waste m a te r ia l from  seafood p ro ce ss in g  p la n ts  and 

t h e i r  p o te n t ia l  a p p l ic a t io n  in  a w ide v a r ie ty  o f  in d u s t r ie s .

C h it in  and c h ito s a n  may be co ns ide re d  as extrem es o f  a co n tin u ou s  

s e r ie s  o f  copolym ers c o n s is t in g  o f  [ 3  - ( 1  -*4 )-2 -a c e ta m id o -2 -d e o x y -D - 

g lu c o s e ] and [  3  - (  1 -*4 )-2 -a m in o -2 -d e o x y -D -g lu c o s e ] u n i t s .  Pure c h i t i n  

would id e a l ly  be th e  f u l l y  N -a c e ty la te d  p o ly s a c c h a r id e  (F ig u re  1a) 

w ith  c h ito s a n  th e  f u l l y  d e a c e ty la te d  d e r iv a t iv e  (F ig u re  1 b ). In  

p r a c t ic e ,  i t  i s  u n l ik e ly  th a t  c h i t i n  can be is o la te d  w ith o u t some 

h y d ro ly s is  o f  the  N -acetam ido g roups , w h i ls t  c h ito s a n , w hether o c c u r r in g  

n a tu r a l ly ,  o r produced by h y d ro ly s is  o f  c h i t i n ,  n o rm a lly  c o n ta in s  

re s id u a l N -a c e ty l g roups . The name c h ito s a n  is  g e n e ra lly  a p p lie d  to  

th a t  range o f  the  copo lym ers s o lu b le  in  d i lu t e  a c id  s o lu t io n .

Lack o f  c h a r a c te r is a t io n  o f  th e  degree o f  N -a c e ty la t io n  o f  the  

p a r t i c u la r  m a te r ia l under d is c u s s io n  has le d  to  c o n s id e ra b le  d i f f i c 

u l t y  in  com paring th e  r e s u l t s  o b ta in e d  by d i f f e r e n t  w o rke rs , s in c e  the  

number and d is t r ib u t io n  o f  d e a c ty la te d  u n i ts  may g re a t ly  a f f e c t  bo th  

th e  p h y s ic a l p ro p e r t ie s  and th e  b io lo g ic a l  ro le s  o f  th e  po lym er.

A ttem p ts  to  produce c o m p le te ly  d e a c e ty la te d  c h ito s a n  ( id e a l  c h ito s a n )  

have le d  to  low m o le c u la r w e ig h t p ro d u c ts  due to  the  harsh tre a tm e n ts
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re q u ire d .

The presence o f  amine groups in  c h ito s a n  g iv e s  th e  po lym er the  

p ro p e r ty  o f  b in d in g  a number o f  m e ta l io n s ,  p a r t i c u la r l y  t r a n s i t io n  

m e ta l io n s ,  ve ry  s t r o n g ly .  I t  i s  f re q u e n t ly  d e s c r ib e d  as c h e la t in g  

w ith  m e ta l io n s , b u t to  da te  no ev idence  o f  c h e la te  r in g  fo rm a tio n  

has been p re se n te d . R e s id u a l amine groups may a ls o  accoun t f o r  the  

m e ta l b in d in g  p ro p e r t ie s  re p o r te d  f o r  c h i t i n ;  the  id e a lis e d  c h i t in  

s t r u c tu r e  (F ig u re  1a) would n o t seem l i k e l y  to  p e rm it m e ta l b in d in g .

F in a l ly ,  a la rg e  p o r t io n  Df t h i s  th e s is  i s  concerned w ith  the  

use o f  c h ito s a n  as a c a t io n ic  chrom otrope  to  induce  m etachrom atic  

s h i f t s  in  th e  a b s o rp tio n  s p e c tra  o f  a number o f  a n io n ic  dyes. 

Metachromasy has been observed p re v io u s ly  as a change in  the  a b s o rp tio n  

s p e c tra  o f  some c a t io n ic  dyes induced  by the  presence o f  a n io n ic  

p o ly e le c t r o ly te s .  The p re s e n t work re p re s e n ts  th e  f i r s t  s tud y  o f  a 

c a t io n ic  p o ly e le c t r o ly te /a n io n ic  dye system  showing m etachrom atic  

b e h a v io u r, and i s  the  f i r s t  r e p o r t  o f  metachromasy induced by c h ito s a n .



CHAPTER 2

REVIEW

2 .1  D isco ve ry  o f  c h i t i n

C h it in  was d e s c r ib e d  f o r  th e  f i r s t  tim e  in  1811, by B raconnc t mho

is o la te d  a p ro d u c t w h ich  he c a l le d  'fu n g in e ' from  v a r io u s  mushrooms

in c lu d in g  A ga ricus  v o lv a c e u s . He s ta te d  th a t  'fu n g in e  seems to

c o n ta in  more n it ro g e n  than  w o o d ', c o n c lu d in g  th a t  i t  was 'a  d i s t in c t

2substance among those  id e n t i f ie d  in  p la n t s ' .  In  1B23 D d ie r e s ta b lis h e d  

a r e la t io n s h ip  between in s e c t  c u t ic le  and p la n t  t is s u e ,  and proposed 

th e  name ' c h i t i n ' ,  from  th e  Greek v -  a tu n ic  o r enve lope -  f o r
3

th e  substance th a t  he is o la te d .  Lassa igne  , in  1843, dem onstra ted the

presence o f  n it ro g e n  in  c h i t i n  from  th e  s ilk w o rm , Bombyx m o r i, w h ile  
4

Ledderhose showed th a t  c h i t i n  i s  composed o f  g lucosam ine and a c e t ic  

a c id .  The presence o f  g lucosam ine  was co n firm e d  by G ils o n 5  in  18% .
g

C h ito san  was f i r s t  produced by Rouget in  1859 when he t re a te d

c h i t i n  w ith  co n c e n tra te d  po tass ium  h yd ro x id e  s o lu t io n  and the  'm o d if ie d

7c h i t i n '  was named c h ito s a n  by H o p p e -S e ile r in  1894. Subsequent

re se a rch  c o n ce n tra te d  i n i t i a l l y  on the  d is t r ib u t io n  o f  c h i t i n  in  l i v i n g

o rgan ism s, and i t s  d e g ra d a tio n  by b a c te r ia .  Many d is s im i la r  s o i l  f lo r a

0 — 1 1c u ltu r e s  were shown to  degrade c h i t i n  ~ , and b a c te r ia  capab le  o f

u t i l i s i n g  c h i t i n  were shown to  o ccu r th ro u g h o u t th e  m arine  e n v iro n -  

12ment . C o n c u rre n tly  th e  c h e m is try  o f  c h i t i n  was a ls o  s tu d ie d .

A f te r  c o n s id e ra b le  c o n tro v e rs y  ove r the  cherrlica l form  o f  n it ro g e n  in

13c h i t i n  Purchase and Braun (1946) d e s c r ib e d  c h i t i n  as a p o ly s a c c h a rid e  

o f  g lucosam ine , and a s t r u c tu r e  t a i lo r e d  on the  c e l lu lo s e  model f o r



c h i t i n  and c h ito s a n  had ga ined  acceptance by 1950. A b ib lio g ra p h y  

o f  papers and books d e a lin g  w ith  th e  c h e m is try  and b io lo g ic a l  

occu rrence  o f  c h ito s a n  i s  g ive n  by M u z z a re ll i

2 .2  M orphology o f  c h i t in  and c h ito s a n

15 16X -ra y  d i f f r a c t io n  s tu d ie s  ’ have shown th a t  c h i t in  has a h ig h ly

o rd e red  c r y s t a l l in e  s t r u c tu r e  o c c u r r in g  in  th re e  p o lym orph ic  fo rm s :

a 3 -  and y  - c h i t i n .  The t i g h t l y  compacted a - c h i t i n  i s  the  most

c r y s t a l l in e  fa rm , w ith  a n t i - p a r a l le l  c h a in s ; the  ch a in s  a re  p a r a l le l

in  3  - c h i t i n ,  and in  ' f  - c h i t i n  two ch a in s  a re  'u p ' to  each cha in  

17'dow n' . a - C h i t in  i s  th o u g h t to  be th e  mast s ta b le  fo rm  o f  po lym er,

14s in c e  3 - c h i t i n  assumes t h is  fo rm  when r e p r e c ip i ta te d  from  a c id s

3 -  and y - c h i t i n  can be co n ve rte d  to  a - c h i t i n  by tre a tm e n t w ith

SIM HC1, a lth o u g h  th e re  is  no in te rc o n v e rs io n  between the  th re e  form s

18Dn b o i l in g  in  5% po tass ium  o r  sodium h yd ro x id e  s o lu t io n s  . T rea tm ent

16o f  y - c h i t i n  w ith  l i t h iu m  th io c y a n a te  can tra n s fo rm  i t  to  a - c h i t i n  

19R u d a ll suggested th a t  the  th re e  form s o f  c h i t i n  were re la te d  to

d iv e r s i t y  o f  f u n c t io n .  a - C h i t in  i s  found where extrem e hardness is

re q u ire d ,  as in  A rth ro p o d  c u t ic le s .  The polym er i s  f re q u e n t ly  s c le ro t is e d

and e ncrus te d  w ith  m in e ra l d e p o s its .  3 - C h i t in ,  w h ich  is  a c r y s t a l l in e  

2 0h y d ia te  , and y - c h i t i n  a re  o fte n  a s s o c ia te d  w ith  fu n c t io n s  o f

f l e x i b i l i t y  and m o b i l i t y  as w e l l  as toughness, and may have a d d it io n a l

p h y s io lo g ic a l fu n c t io n s .  A l l  th re e  farm s o f  c h i t i n  have been demons-

15t r a te d  in  the  sq u id  L o l ig o  , whose beak c o n ta in s  o t - c h i t in ,  whose

pen c o n ta in s  3 - c h i t i n  and whose stomach l in in g s  c o n ta in  y - c h i t i n ,

th u s  r e la t in g  the  p o lym o rp h ic  fo rm  to  fu n c t io n  ra th e r  than  taxonom ic

g ro u p in g . A re v ie w  o f  th e  p re s e n t u n d e rs ta n d in g  o f  the  m acrom o lecu lar

o rg a n is a t io n  o f  c h i t i n ,  and a com parison w ith  th e  o rg a n is a t io n  o f

21c e l lu lo s e ,  i s  g ive n  by B la c k w e ll

-5 -



2 .3  B io lo g ic a l occu rrence  o f  c h i t i n

2 .3 .1  C h it in  in  lo w e r p la n ts

C h it in  i s  p re s e n t as a s t r u c t u r a l  component in  the  c e l l  w a lls  o f

p la n ts  m e ta b o lis in g  c o n s id e ra b le  amounts o f  n it ro g e n ,  such as fu n g i

22 23and m oulds. Only a few m a jo r c la s s e s  o f  fu n g i la c k  c h i t i n  *

Some lo w e r p h o to s y n th e s is in g  p la n ts  such as the  green a lg a e , Chlorophyceae

24 25 26-2Bhave a ls o  been shown to  c o n ta in  c h i t i n  ’ as have some ye as ts

Funga l c h i t in  and an im a l c h i t i n  have been shown to  have the  same

29-33  34 35 36id e n t i t y  by p h y s ic a l , ch em ica l and enzym ic ’ te c h n iq u e s .

2 .3 .2  C h it in  in  an im a ls

Whereas c h i t i n  in  p la n ts  i s  a s s o c ia te d  w ith  o th e r p o ly s a c c h a rid e s ,

i t  i s  a sso c ia te d  w ith  p ro te in s ,  and p a r t i c u la r l y  w ith  c o lla g e n , in

19 21 37an im a ls  ’ . Jeun iaux has d e s c r ib e d  c h i t in  as th e  m a jo r s t r u c tu r a l

p o ly s a c c h a r id e  o f  most in v e r te b ra te s  b u t C h o rd a ta , w ith  the  e x ce p tio n
30 39

o f  the  T u n ic a ta , do n o t c o n ta in  c h i t i n  ’ . An e x te p s iv e  re v ie w  and

40b ib lio g ra p h y  o f  th e  occu rrence  o f  c h i t i n  i s  g ive n  by Moore . O ther

re c e n t re v ie w s  o f d is t r ib u t io n  in  th e  an im a l kingdom a re  those  o f

41 42 37R a cks te in  , Hepburn and Jeun iaux

43C h it in  has been dem onstra ted  in  a l l  m a jo r c la s s e s  o f the  A rth ropoda  , 

in  b o th  exoske le tons  and in t e r n a l  t is s u e s ,  and i t  i s  t h i s  phylum th a t  

has been co ns ide re d  as a source o f  c h i t i n  f o r  in d u s t r ia l  use. The

44C rustacea  in  p a r t i c u la r  a re  a p o t e n t ia l l y  r ic h  source  o f  the  polym er

The presence o f  c h i t i n  in  m arine  fauna is  e s tim a te d  to  r e s u l t  in

s e v e ra l b i l l i o n  ton s  o f  sed im ent p e r y e a r, la r g e ly  due to  m oulted

45Copepod e xo ske le to n s  , b u t no la rg e  accum u la tio n  o f  undegraded f o s s i l  

c h i t i n  has been re c o rd e d .



The economics o f  c h i t i n  re co ve ry  from  sea food  p ro ce ss in g  a re

46co n s id e re d  by M urray and H a t t is  , and an e v a lu a t io n  o f  p o te n t ia l

47sources o f  c h i t in  i s  g iv e n  by A l la n ,  Fox and Kong

2 .4  Enzymic s tu d ie s  on c h i t i n  and c h ito s a n

2 .4 .1  Enzymic s y n th e s is  o f  c h i t i n  and c h ito s a n

48M u z z a re ll i  has g ive n  a pathway o f  c h i t in  s y n th e s is  to g e th e r  w ith  a 

b ib lio g ra p h y  o f  re le v a n t  p u b l ic a t io n s .  The p re c u rs o rs  o f  c h i t in  

in c lu d e  g lu c o s e -6 -p h osp h a te , N -a c e ty lg lu c a s a m in e -6 -phasphate  and

u r id in e  d ip h a s p h a te -N -a c e ty lg lu c o s a m in e . A ye a s t c h i t i n  syn th e ta se

49 50is  d e sc rib e d  by Duran and Cabib w h i ls t  A ra k i and I t o  have g ive n

an accoun t o f  c h ito s a n  fo rm a tio n  in  the  mould Mucor r o u x i i  by enzym ic

d e a c e ty la t io n  o f  c h i t i n .

2 .4 .2  Enzymic d e g ra d a tio n  o f  c h i t i n  and c h ito s a n

Enzymic d e g ra d a tio n  o f  c h i t i n  may take  p la ce  by d e a c e ty la t io n  ( to  

50c h ito s a n  ) o r by h y d ro ly s is  o f  th e  3 - ( 1  -*4) l in k a g e  by c h it in a s e .

51 52C h it in a s e s  have been shown to  o ccu r in  b a c te r ia  , fu n g i , and the

d ig e s t iv e  g lands o f  an im a ls  whose d ie t  in c lu d e s  c h i t i n ,  -  f o r  example

53s e v e ra l sp ec ies  o f  mammals and b ir d s  , the  f ro g  Rana te m p o ra ria

54 55te m p o ra ria  and the  s n a i l  H e lix  p e liom ph a la  . In  h ig h e r  p la n ts ,

a p r o te c t iv e  r o le  a g a in s t in v a s io n  by fu n g i has been a s c rib e d  to  the

enzymes w ith  c h it in a s e  a c t i v i t y ,  and these  have been shown to  be p re se n t

56 ' 57in  sugar maples and oaks and in  th e  papaya t r e e ,  C a rica  papaya .

58A f u r t h e r  im p o rta n t r o le  o f  c h it in a s e  is  in  A rth ro p o d  m o u lt c y c le s  

51O takara  e t  a l .  d e s c r ib e d  a b a c te r ia l  c h it in a s e  system  where c h i t in  

was f i r s t  h y d ro lyse d  to  c h it in - o l ig o s a c c h a r id e s  and then the  N , i\ l1 -  

d ia c e ty lc h i to b io s e , w h ich  was h y d ro lyse d  to  N -a ce ty lg lu co sa m in e  by



c h ito b ia s e .

59C hitosanases have been s tu d ie d  by Fenton e t  a l .  , Monaghan

GO 61e t  a l .  and R u iz -H e rre ra  and Ram irez-Leon , and have been shown to

59be w idespread  in  s o i l  f lo r a  . Because o f  the  u b iq u ito u s  presence 

o f  c h i t i n o l y t i c  and c h i to s a n a ly t ic  m ic ro -o rg a n is m s , com m ercia l users  

o f  c h i t i n  and c h ito s a n  must a ls o  c o n s id e r the  e f fe c ts  o f  b io d e g ra d a tio n
c-z

C h it in a s e  (EC 3 .2 .1 .1 * 0  is  d e fin e d  as p o ly [3  - ( 1  -A )~ 2 -a c e ta m id o - 

2 -d e o x y -D -g lu c o s id e ]g ly c a n o h y d ro la s e  and produces random h y d ro ly s is  

o f  0 - ( 1  -► 4)-2~ace tam ido -2 -deaxy-D -g lucas ide  lin k a g e s  in  c h i t in  and 

c h i t o d e x t r in .  The prob lem s o f  p u r i f i c a t io n  o f  c h it in a s e  may be 

h ig h l ig h te d  by a q u a l i f i c a t io n  to  th e  d e f in i t io n ,  s ta t in g  th a t  ’ some 

c h it in a s e s  a ls o  d is p la y  th e  a c t i v i t y  d e fin e d  in  EC 3 .2 .1 .1 7 ' -  lysozym e 

Lysozymes produce h y d ro ly s is  o f  3 - 0  -A )  lin k a g e s  between N -a c e ty l-  

muramic a c id  and 2 -a ce ta m id o -2 -d e o xy -D -g lu co se  re s id u e s  in  m ucopoly

sa cch a rid e s  o r  m ucopep tides , and have been known to  be w idespread in

6khuman and o th e r  t is s u e s  f o r  many years  . The o v e r la p  o f  lysozyme

and c h it in a s e  a c t i v i t y  has le d  to  d i f f i c u l t i e s  in  e s ta b l is h in g  the

53n a tu re  and p u r i t y  o f  some c h i t i n o l y t i c  e x tra c ts  . The presence o f

enzymes w ith  c h it in a s e  a c t i v i t y  in  p la n ts  ’ and the  a n t i - fu n g a l

p ro te c t io n  these  enzymes a re  th o u g h t to  c o n fe r ,  has a c o r o l la r y  in

65th e  f in d in g s  o f  A ra k i e t  a l .  who showed th a t  lysozym e re s is ta n c e

in  B a c i l lu s  cereus c e l l  w a l l  p e p tid o g y le a n s  was removed by N -a c e ty l-

a t io n  o f  g lucosam ine re s id u e s . C e l l  w a lls  o f  Rhizopus and M ucor,

w h ich  c o n ta in  c h ito s a n  as a main component w ith  g lyca ns  and c h i t i n ,

6 6a re  a ls o  p a r t i c u la r l y  r e s is ta n t  to  lysozym es , b u t Rhizopus c e l l  w a lls

67a re  decomposed by a ch ito sa n a se

The e x t r a c t io n  o f  c h it in a s e  f o r  use on a com m ercia l s c a le  as an

* fifla d d it iv e  in  b io lo g ic a l  in s e c t ic id e s  is  d e sc r ib e d  by S m irn o ff .



2 .4 .3  V is c o m e tr ic  te ch n iq u e s  f o r  assess ing  enzyme a c t i v i t y

V is c o m e tr ic  methods o f  assess ing  enzyme a c t i v i t y  have been in  use f o r

69some t im e . McLean and H a le  s tu d ie d  h y a lu ra n id a s e  a c t i v i t y  by

v is c o s i t y  measurements in  1941, and a m o d if ie d  assay was re p o rte d

70in  1947 . These methods were based on work by M a d in a v e it ia  and

71Q u ib e ll , who found th a t  'h a l f  v is c o s i t y  t im e ' o r  ' h a l f - l i f e  tim e  o f

th e  s u b s tra te ' was in v e rs e ly  p ro p o r t io n a l to  the  c o n c e n tra t io n  o f  the

enzyme and independent o f  th e  s u b s tra te  c o n c e n tra t io n .  In  1955,

72Tracey used a v is c o m e tr ic  assay to  fo l lo w  enzym ic a c t i v i t y  o f  an

e x t r a c t  from  Lycopodium on a c h ito s a n  a c e ta te  s u b s tra te .  He a ls o

de te rm ined  a c t i v i t y  o f  th e  same e x t r a c t  on a c h i t i n  suspens ion ,

by d e te rm in a tio n  o f  a c e ty lg lu c o s a m in e  p roduced, and re p o r te d  p o s i t iv e

r e s u l t s  in  bo th  cases. He d e s c r ib e d  t h is  as c h it in a s e  a c t i v i t y .

52 73O takara ’ has a ls o  used v is c o m e tr ic  tech n iq u e s  to  s tud y  the  

c h i t i n o l y t i c  e f fe c ts  o f  a fu n g a l e x t r a c t .  A p re p a ra t io n  o f  b la c k -k o j 

m ould, A s p e rg il lu s  n ig e r , was used w ith  a s u b s tra te  o f  g ly c o l c h i t i n ,  

and shown to  cause ra p id  re d u c t io n  in  the  v is c o s i t y  Df s u b s tra te  

s o lu t io n s .  'H a l f - l i f e  t im e ' was d e fin e d  as tim e  re q u ire d  to  ha lve  

th e  v is c o s i t y  in c re m e n t, and was aga in  shown to  be in v e rs e ly  p ro p o r t 

io n a l  to  enzyme c o n c e n tra t io n .

74O takara was a b le  to  show th a t  th e  c h it in a s e  h yd ro lyse d  the  

g ly c o s id ic  lin k a g e s  o f  th e  g ly c o l c h i t i n  b u t was n o t a c t iv e  w ith  the  

m onosaccharide , o r  w ith  a d e a c e ty la te d  s u b s tra te  ( g ly c o l  c h ito s a n ) .

The e x te n t o f  d e a c e ty la t io n  o f  th e  g ly c o l c h i t in  was n o t s ta te d .  

Random d e g ra d a tio n  o f  g ly c o s id ic  'l in k a g e s  is  assumed and the  enzyme

d e s c r ib e d  as an endoglucosam idase. S im i la r i t y  to  lysozym e a c tio n  is

73 67a ls o  m entioned . Tominaga and T s u jis a k a  a ls o  used change in

v is c o s i t y  o f  the  s u b s tra te  to  s tu d y  a c t i v i t y  o f  a ch ito sa n a se  from

-9 -



a B a c i l lu s  s t r a in ,  and aga in  suggested th a t  the  a b ru p t decrease in  

v is c o s i t y  showed th a t  the  enzyme h yd ro lyse d  the  po lym er in  an ' endo' 

manner.

75More r e c e n t ly ,  R inaudo and M ila s  have fo llo w e d  th e  k in e t ic s  

o f  xanthan h y d ro ly s is  by c e l lu lo s e  u s in g  a v is c o m e tr ic  method.

2 .5  P re p a ra tio n  o f  c h ito s a n

A ltho u gh  c h ito s a n  has been found to  occur in  the  c e l l  w a lls  o f  the  

fu n g i Phycomycetes b la k e s le e a n u s ^ nd Mucor r o u x i i ^ , these  have n o t 

been used as a source o f  c h ito s a n . In s te a d  c h ito s a n  i s  n o rm a lly  

o b ta in e d  by a lk a l in e  d e a c e ty la t io n  o f  c h i t i n  o b ta in e d  from  C ru s ta cea .

2 .5 .1  I s o la t io n  o f  c h i t in

C h it in  is  u s u a lly  found in  c lo s e  a s s o c ia t io n  w ith  o th e r  m a te r ia ls ,  and

p a r t i c u la r l y ,  in  C ru s ta cea , w ith  ca lc iu m  ca rbona te  and p ro te in s .

The severe  methods o f  tre a tm e n t n o rm a lly  used to  is o la te  the  c h i t i n

can a ls o  cause d e g ra d a tio n  o f  the  po lym er, and i t  i s  d o u b tfu l w hether

undegraded samples can be o b ta in e d  by these  m ethods. C rustacean 

47sources p ro v id e  the  most abundant raw m a te r ia l f o r  c h i t i n  p ro d u c tio n

and i t s  p re p a ra t io n  g e n e ra lly  in v o lv e s  d e c a lc i f ic a t io n  w ith  a c id ,

fo llo w e d  by d e p ro te in a t io n  by tre a tm e n t w ith  h o t d i lu t e  a l k a l i .

77In  a t y p ic a l  example Hackman p repa red  c h i t i n  from  lo b s te r  s h e l l  by

the  methods d e sc r ib e d  be low .

L o b s te r s h e l l  was c leaned  by washing and s c ra p in g  under ru n n in g

w a te r , then  d r ie d  a t  10D°C. The p repared  s h e l l  (2D0g) was then
3

d ig e s te d  w ith  2f\! h y d ro c h lo r ic  a c id  (2dm ) f o r  5 hours a t  room temp

e ra tu re ,  washed w e l l ,  d r ie d  a t  10D°C and ground to  a f in e  powder (9 1 g ) . 

E x t ra c t io n  o f  the  powder f o r  48 hours w ith  c o ld  2N h y d ro c h lo r ic  a c id
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3
(5D0cm ) ,  w ith  fre q u e n t a g i t a t io n ,  was fo llo w e d  by c e n t r i fu g a t io n ,

washing w ith  w a te r , and e x t r a c t io n  a t  100DC w ith  1M sodium h yd ro x id e  
3

(5D0cm ) f o r  12 h o u rs , a ls o  w ith  f re q u e n t a g i ta t io n .

78M u z z a re ll i  has rev iew ed  th e  methods o f  v a r io u s  a u th o rs , in c lu d in g  

r e la t i v e l y  m ild  p rocesses u s in g  e th y le n e  d iam ine te t r a a c e t ic  a c id  as 

a d e c a lc i fy in g  agen t7^ and enzyme d e p ro te in a t io n 0 0 . Karupaswamy0  ̂

re p o r te d  a method f o r  o b ta in in g  a h ig h  q u a l i t y  c h i t i n  f o r  com m ercia l 

use from  c ra b , b u t aga in  c o n d it io n s  were severe  (5% b a i l in g  NaOH f a r  

2k h o u rs ) .  I t  was c la im ed  th a t  by choos ing  an a p p ro p r ia te  s tage  in  

th e  m o u lt c y c le  a p ro d u c t o f  much h ig h e r  v is c o s i t y  ca u ld  be o b ta in e d .

W ith  most o f  these  methods how ever, some d e a c e ty la t io n  d u r in g  the  

a lk a l in e  s tage  and re d u c t io n  o f  m o le c u la r w e ig h t by a c id  h y d r o ly s is ,  

a re  s t i l l  p o s s ib le .

2 .5 .2  D e a c e ty la t io n  o f  c h i t i n

The c leavage  o f  acetam ido groups a d ja c e n t to  t r a n s - re la te d  h y d ro x y l

g roups , as i s  th e  case w ith  c h i t i n ,  re q u ire s  much more v ig o ro u s  b a s ic

c o n d it io n s  than  those  s u f f i c i e n t  f o r  c leavage  o f  c i s -  r e la te d  ana logues0^ .

Thus c h ito s a n  i s  g e n e ra lly  p repa red  by d e a c e ty la t io n  o f  c h i t i n  by

c o n c e n tra te d  a l k a l i  and th e  q u a l i t y  o f  the  d e a c e ty la te d  p ro d u c t w i l l

o b v io u s ly  be p a r t l y  dependent on th e  q u a l i t y  o f  the  c h i t i n  sample used.

klu and Bough0 "5 have co n s id e re d  th e  e f fe c ts  o f  v a ry in g  the  c o n c e n tra t io n

o f  a l k a l i  and the  tim e  o f  tre a tm e n t on th e  d e a c e ty la t io n  Df c h i t i n ,

Bkand P e n is to n  and Johnson have d e s c r ib e d  a method f o r  p re p a rin g  

c h ito s a n  from  crab  s h e l l  th a t  e lim in a te s  the  a c id ic  d e m in ^ e ra lis a t io nv/

s tage  and a llo w s  re c y c l in g  o f  most o f  the  p rocess chem ica ls  and

re co ve ry  o f  p r o te in ,  sodium a c e ta te  and c a lc iu m  ca rbona te  as b y -

85p ro d u c ts . The same a u th o rs  assessed the  p ro ba b le  c o s ts  o f  c h i t in



and c h ito s a n  p ro d u c tio n  from  C rus tacea  p ro ce ss in g  wastes in  the  

U n ite d  S ta te s .

8 6  87Madhavan and Ramachandran and M o o rja n i e t a l .  have ta b u la te d

th e  r e s u l t s  o f  v a ry in g  c o n d it io n s  o f  d e m in e ra lis a t io n  on the  v is c o s i t y

o f  s o lu t io n s  o f  c h ito s a n  sam ples, and th e  l a t t e r  a u th o rs  a ls o  l i s t

th e  e f fe c ts  on the  v is c o s i t y  o f  th e  c h ito s a n  o f  b le a c h in g  a t  d i f f e r e n t

s tages  o f  p ro c e s s in g , and o f  d e a c e ty la t in g  w ith  a l k a l i .

The b io s y n th e s is  o f  c h ito s a n  by th e  a c t io n  o f  c h i t i n  d e a ce ty la se
5D

on c h i t in  has been d e s c r ib e d  by A ra k i and I t o  . A method o f  p rep 

a ra t io n  and p u r i f i c a t io n  o f  t h i s  enzyme is  g ive n  by the  a u th o rs , b u t 

no in d ic a t io n  i s  g ive n  as to  w he ther the  e x te n t o f  d e a c e ty la t io n

o b ta in e d  would be s u f f i c i e n t  to  be u s e fu l in  a com m ercia l p ro ce ss .

08However, Iw a sak i and Shimahara p repared  c h ito s a n  w hich  was 5D-60%

d e a c e ty la te d  by in c u b a t in g  prawn c h i t i n  w ith  c h i t in - d e a c e ty la t in g

b a c te r ia l  s t r a in s ,  and in  p a r t i c u la r  w ith  a s t r a in  is o la te d  from  s o i l .

l\lo c leavage o f  the  po lym er ch a in  was observed . A re v ie w  o f  methods

ADo f c h ito s a n  p ro d u c tio n  is  g ive n  by Moore

2 .6  S t r u c tu r a l  c h a r a c te r is t ic s  o f  c h ito s a n

2 .6 .1  In t r o d u c t io n

The d is t r ib u t io n  and amount o f  the  m in o r s t r u c tu r a l  component -

g lucosam ine in  c h i t i n  and N -a ce ty lg lu c o s a m in e  in  c h ito s a n  -  are

l i k e l y  to  have a c o n s id e ra b le  e f f e c t  on the  b io lo g ic a l  fu n c t io n

and p h y s ic a l p ro p e r t ie s  o f  the  p o lym e r. These e f fe c ts  range from

re s is ta n c e  to  lysozym e to  th e  s t a b i l i t y  o f  m e ta l com plexes.

As a lre a d y  m entioned (S e c tio n  2 .A .2) c e l l  w a lls  o f  Rhizopus and

Mucor w h ich  .c o n ta in  c h ito s a n  as a main component, a re  p a r t i c u la r l y

66  •
r e s is ta n t  to  lysozym e a tta c k  , w h ile  lysozym e s e n s i t i v i t y  in  B a c i l lu s
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cereus co u ld  be induced  by N -a c e ty la t io n  o f g lucosam ine re s id u e s

89in  th e  c e l l  w a ll  p e p tid o g ly c a n s . S im i la r ly ,  H iran o  e t  a l .  found

th a t  N -a c e ty la te d  c h ito s a n s  were h y d ro ly s e d  more r a p id ly  by c h it in a s e

65from  S trep tom yces g r is e u s  than  was th e  o r ig in a l  c h ito s a n

D is t in g u is h in g  c h ito s a n  from  c h i t i n  on the  b a s is  o f  the  s o lu b i l i t y  

o f  th e  fo rm e r in  d i lu t e  a c id  emphasises the  im po rtance  o f  the  e x te n t 

o f  d e a c e ty la t io n  in  c o n fe r r in g  s o l u b i l i t y .  However th e  s o lu b i l i t y

o f  c h i t i n  in  o rg a n ic  s o lv e n t system s was found to  depend in v e rs e ly  on

90 91th e  degree o f  d e a c e ty la t io n  . Sannan e t  a l .  s tu d ie d  the  r e la t io n 

s h ip  between s o lu b i l i t y  and degree o f  d e a c e ty la t io n  o f  c h i t i n  and 

found th a t  samples d e a c e ty la te d  to  about 50% re s id u a l N -a c e ty l c o n te n t,  

under homogeneous c o n d it io n s ,  were w a te r s o lu b le .  Samples o f  g re a te r  

o r  le s s e r  degree o f  d e a c e ty la t io n  were found to  be e i t h e r  g e l- fo rm in g  

o r  in s o lu b le .  The d is t r ib u t io n  o f  the  f r e e  amine groups was co ns ide re d

to  be im p o rta n t and th e  w a te r s o lu b i l i t y  o f  the  a p p ro x im a te ly  50%

92d e a c e ty la te d  sample was a t t r ib u te d  to  homogeneous d e a c e ty la t io n ,  

g iv in g  a random d is t r ib u t io n  o f  JM -ace ty l-D -g lucosam ine  and D -g lucosam ine 

u n i ts  a long  the  c h a in . C h ito san  produced by a hete rogeneous d e a c e ty l

a t io n  p rocess was co n s id e re d  to  have a b lo c k  copo lym er s t r u c tu r e ,

r e s u l t in g  in  g re a te r  c r y s t a l l i n i t y  and a la c k  o f  w a te r s o lu b i l i t y .

93Hauer s tu d ie d  th e  m e ta l com p lex ing  a b i l i t y  o f  c h ito s a n , bas ing

th e  e s t im a tio n  o f  io n  exchange c a p a c ity  on the  amine c o n te n t Df the

9Apo lym e r. Subramanian co n s id e re d  ocean ic  t ra n s p o r t  o f  m e ta ls  and

th e  ro le s  p layed  by c h i t i n  and c h ito s a n  th rough  m e ta l com p lex ing ,

95c o n c lu d in g  th a t  th e  s t a b i l i t y  o f  c h ito s a n -m e ta l complexes means th a t

th e  d e a c e ty la te d  po lym er form s a ' 1s in k *  f o r  m e ta ls , w h ile  the  r e la t i v e l y

12u n s ta b le  c h i t in - m e ta l  complex sugges ts  a t ra n s p o r t  mechanism.
, 9 6

K u r ita  e t  a l .  s tu d ie d  th e  e f f e c t  o f  degree o f  d e a c e ty la t io n  on 

a d s o rp tio n  o f  m e ta l c a t io n s ,  and found  in c re a s in g  a d s o rp tio n  w ith



in c re a s in g  -NH^ con ten t up to  about 50% d e a c e ty la t io n . The number o f

p rim a ry  amine groups p re s e n t mas a ls o  found to  be im p o rta n t in

97im m o b ilis in g  enzymes on c h i t i n  and c h ito s a n  columns ; c h ito s a n  

columns showed g re a te r  a c t i v i t y  and d id  n o t re q u ire  an in te rm e d ia te  

to  a id  enzyme im m o b il is a t io n .

In  v iew  o f  th e  im po rtance  o f  th e  e x te n t o f  d e a c e ty la t io n  on the  

p ro p e r t ie s  o f  c h i t i n  and c h ito s a n , p re c is e  c h a r a c te r is a t io n  o f  the  

samples used by v a r io u s  w orke rs  i s  d e s ira b le  and necessary b u t 

i s  o f te n  n o t c a r r ie d  o u t .  A number o f  methods a re  now a v a i la b le ,  

based on b o th  p h y s ic a l and ch em ica l te c h n iq u e s .

2 .6 .2  Techniques f o r  d e te rm in a t io n  o f  the  degree o f  N -a c e ty la t io n

2 .6 .2 .1  T i t r a t io n  methods

Measurement o f  th e  p rim a ry  amine group c o n te n t has s e v e ra l advantages

98ove r measurement o f  r e s id u a l N -a c e ty l c o n te n t ; i t  i s  r e a d i ly

measured by t i t r a t i o n ,  i s  a d i r e c t  measure o f  th e  fu n c t io n a l group o f

the  po lym er and is  much more s e n s i t iv e  than  a n a ly s is  f o r  n it ro g e n .

99B rouss ignac  de te rm ined  th e  f r e e  amine group c o n te n t by d is s o lv in g  

c h ito s a n  samples in  a known excess o f  a c id  and t i t r a t i n g  th e  s o lu t io n s  

p o te n t io m e t r ic a l ly . The cu rve  o b ta in e d  has two p o in ts  o f  in f le x io n  

and th e  d if fe re n c e  between these  p o in ts  g iv e s  the  volume o f  a c id  

re q u ire d  f o r  n e u t r a l is a t io n  o f  th e  p r im a ry  amine g roups . S im ila r  

methods have been used by o th e r  a u th o r s ^  Hayes and D a v ie s ^ 0

prepa red  the  h y d ro c h lo r id e  s a l t  o f  c h ito s a n  and de te rm ined  the  degree 

o f  d e a c e ty la t io n  by t i t r a t i o n  w ith  sodium h y d ro x id e  and w ith  s i l v e r  

n i t r a t e .  Io d id e  t i t r a t i o n  fa l lo w in g  p e r io d a te  o x id a t io n  has a ls o  been 

used, b u t tended to  g iv e  low r e s u l t s  f o r  th e  degree o f  IN -a c e ty la t io n  

compared w ith  o th e r  m ethods, p o s s ib ly  because o f  s id e  re a c t io n s  d u r in g



th e  o x id a t io n  s tage  le a d in g  to  in c re a se d  consum ption o f  p e r io d a te .

101K u r ita  e t  a l .  de te rm ined  th e  degree o f  IN -a c e ty la t io n  o f  c h i t in

102samples u s in g  E lek  and H a r te 's  method f o r  e s t im a tio n  Df a c e ty l groups 

Samples were h yd ro lyse d  w ith  p - to lu e n e  s u lp h o n ic  a c id  then  t i t r a t e d  

w ith  sodium th io s u lp h a te , in  a r e la t i v e l y  complex p ro ced u re .

2 . 6 .2 .2  S p e c tro p h o to m e tr ic  methods 

103Domszy has re c e n t ly  deve loped a s p e c tro p h o to m e tr ic  method o f

d e te rm in in g  the  degree o f  d e a c e ty la t io n  o f  c h i t i n  and c h ito s a n  samples

u s in g  s a lic y la ld e h y d e .  S c h i f f 's  base fo rm a tio n  between the  f re e  amine

groups o f  th e  s o l id  c h ito s a n  and s a lic y la ld e h y d e  is  a llo w e d  to  proceed

to  e q u i l ib r iu m ,  when th e  c o n c e n tra t io n  o f  s a lic y la ld e h y d e  re m a in in g  in

s o lu t io n  in  the  m ethano l re a c t io n  medium id  de te rm ined  by measurement

a t  255nm. Use o f  the  re a c t io n  between s a lic y la ld e h y d e  and c h ito s a n  

103has been extended to  th e  d e te rm in a t io n  o f  f re e  amine group c o n te n t 

under homogeneous c o n d it io n s .  Excess s a lic y la ld e h y d e  i s  added to  a 

s o lu t io n  o f  c h ito s a n  in  m ethano l/aqueous a c e t ic  a c ic j, and the  concen

t r a t io n  o f  IN -s a lic y lid e n e  c h ito s a n  form ed de te rm ined  by measurement 

o f  the  absorbance a t  A1 0 nm.

A number o f  w o rke rs  have e x p lo re d  the  use o f  in f r a r e d  s p e c tro p h o to 

m e try  to  d e te rm ine  the  e x te n t o f  N -a c e ty la t io n .  Sannan e t  a l . ^ ^  and 

105M u z z a re ll i  e t . a l .  used th e  absorbance o f  the  amide I I  band a t

1550cm , c o r re c t in g  f o r  sample th ic k n e s s  by re fe re n c e  to  the  C-H

—  1 106 peak a t  287Qcm , w h i ls t  M iya e t  a l .  d e sc r ib e d  a m o d if ic a t io n  w hich

gave b e t te r  r e s u l t s  f o r  samples o f  g re a te r  than 90% d e a c e ty la t io n  by

-1 107u t i l i z i n g  the  amide I  band a t  1655cm . Moore and R oberts  had

p re v io u s ly  d e s c r ib e d  th e  use o f  th e  amide I  band, b u t re fe r re d

-1absorbances to  th e  h y d ro x y l band a t  345Qcm . They p a in te d  o u t the



advantage g ive n  by t h i s  method in  e n a b lin g  e s tim a tio n  o f  the  degree

o f  N -a c y la t io n ,  as th e  va lu e  o f  ^3 ^ 5 ^ rem ains v i r t u a l l y  c o n s ta n t w ith

in c re a s in g  ch a in  le n g th  o f  th e  N -a c y l g roup , w h ile  c o n s id e ra b le

v a r ia t io n  is  found  w ith  ^ 8 7 0 * F u rthe rm ore  they showed th a t ,  a t  low

N -a c e ty l group c o n te n ts , th e  amide I I  band f re q u e n t ly  s h i f t s  from  

-1 -11595cm to  1550cm w ith  in c re a s e  in  N -a c e ty l group c o n te n t.  T h is  

may accoun t f o r  the  poo r r e s u l t s  o b ta in e d  u s in g  the  amide I I  band a t  

h ig h  degrees o f  d e a c e ty la t io n .

2 . 6 .2 .3  Gas ch ro m a to g ra ph ic  methods

10BR adhakrishnam urthy e t  a l .  measured th e  re le a s e  o f  a c e t ic  a c id  from

N -a c e ty l groups in  m ucopo lysaccha rides  by h y d ro ly s is  w ith  h y d ro c h lo r ic

a c id  and chrom atography o f  a l iq u o ts  o f  the  t re a te d  s o lu t io n .  The

amount o f  a c e t ic  a c id  e v o lv e d , and hence the  number o f  N -a c e ty l groups

in  the  o r ig in a l  sam ple, was de te rm ined  from  the  c a l ib r a t io n  c u rv e ,

109u s in g  p ro p io n ic  a c id  as in t e r n a l  s ta n d a rd . Holan e t  a l .  used t h is

method in  s tu d ie s  on ye a s t c e l l  w a l ls ,  and proposed th e  te ch n iq u e  f o r

d e te rm in in g  the  c o n te n t o f  c h i t i n  in  the  c e l l  w a lls  o f  y e a s ts , and

hence o f  q u a n t i ta t iv e  d if fe re n c e s  in  c e l l  w a ll  f r a c t io n s  o f  d i f f e r e n t

y e a s t s p e c ie s . However, t h is  presupposes th a t  th e  n a t iv e  c h i t in  i s

c o m p le te ly  N -a c e ty la te d .

105M u z z a re ll i  e t  a l .  a ls o  used a gas ch ro m a to g ra ph ic  tech n iq u e  

w ith  c h i t i n  and c h ito s a n , b u t in  t h is  case the  method r e l ie d  on 

d if fe re n c e s  in  the  r e te n t io n  tim e  o f  m ethanol when e lu te d  th rough  

columns o f  c h i t i n  o r  c h ito s a n , th e  re te n t io n  tim e  in c re a s in g  w ith  

in c re a s in g  degree o f  N -a c e ty la t io n .

2 . 6 . 2 . k Mass sp e c tro sco p y  and n u c le a r  m agne tic  resonance spec troscopy  

The mass s p e c tra  o f  c h i t i n ,  c h ito s a n  and c h ito s a n  h y d ro c h lo r id e  have
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been de te rm ined  o ve r a range o f  te m p e ra tu re s ^ 0 0  and appeared to  p ro v id e  '

a p ro m is in g  method o f  c h a r a c te r is in g  sam ples. Use o f  th e  mass s p e c t ra l

peaks attributed tD -C D C H -j and -IMHCDCH^ mas proposed for determination

o f  the  degree o f  d e a c e ty la t io n  and e v a lu a t io n  o f  th e  -NH^Z-NHCOCH^

r a t io  mas p o s tu la te d .  P y ro ly s is  mass s p e c tra  o f  c h ito s a n s  o f  d i f f e r e n t

1 1 0degrees Df N -a c e ty la t io n  mere la t e r  p repared  and gave a c o r r e la t io n .

w ith  th e  amine group c o n te n t o f  th e  sam ples. The id e n t i f i c a t io n  o f

th e  N -a c e ty l group o f  amino sugars  o f  complex ca rb o h yd ra te s  has been

1 1 1ach ieved  by GLC-mass sp e c tro sco p y  by Banoub and M ichon . The method 

depends on the  a c y la t io n  o f  the  a ld i t o l s  (fo rm ed by re d u c t io n  o f  the  

m onosaccharides o b ta in e d  by a c id  h y d r o ly s is )  w ith  t r id e u te r io a c e t ic  

a n h yd rid e  in  p y r id in e  a t  room te m p e ra tu re . Using t h is  method, i t  mas 

shomn th a t  h y d ro ly s is  o f  c h i t i n  m ith  6 M h y d ro c h lo r ic  a c id  mas accomp

an ied  by d e - N -a c e ty la t io n , and th a t  d e -N -a c e ty la t io n  o f  o lig o s a c c h a r

id e s  co u ld  be avo ided  by u s in g  2M t r i f lu o r o a c e t ic  a c id ,  o r  90% a c e t ic  

a c id  fo llo m e d  by 0.25M s u lp h u r ic  a c id .

N u c le a r m agnetic  resonance s tu d ie s  o f  c h i t i n ,  c h ito s a n  and

112 113 112c h ito s a n  d e r iv a t iv e s  have a ls o  been c a r r ie d  o u t ’ . G agnaire

s tu d ie d  s o lu t io n s  o f  c h i t i n  in  l i t h iu m  th io c y a n a te  and l i t h iu m  c h lo r id e /

13d im e th y la ce ta m id e  m edia. The C NMR s p e c tra  o f  N -a ce ty l-D -g lu c o s a m in e

and c h ito b io s e  mere ass igned  and then  used to  a ss ig n  the  peaks in  the  

13C NMR spectrum  o f  c h i t i n .  The d is s o lu t io n  o f  c h i t i n  in  fo rm ic  a c id

mas subse q ue n tly  s tu d ie d  and shomn to  occu r m ith  the  fo rm a tio n  o f

13fo rm y l c h i t i n ,  and the  C NMR s p e c tra  o f  d i fo r m y l-  and d ia c e t y lc h i t in  

mere a ls o  marked o u t.

2 .7  A d s o rp tio n  o f  m e ta l io n s  by c h ito s a n  

114M u z z a re ll i  mas the  f i r s t  to  d e s c r ib e  the  in te r a c t io n  o f  m e ta l io n s
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93w ith  c h i t in  and c h ito s a n  as ta k in g  p la ce  by c h e la t io n .  Hauer has 

a ls o  s tu d ie d  th e  c h e la t in g  a b i l i t y  o f  c h ito s a n , a t t r ib u t in g  the

115p ro p e r ty  o f  m e ta l io n  a d s o rp tio n  to  the  -NH^ g ro up . Yaku and K o s h ijim a

used a w a te r -s o lu b le  g lucosam ine o lig o m e r to  p re pa re  a D -g lu co sam in e /

C u ( I I )  complex as a model o f  the  c h ito s a n /C u ( I I )  complex and concluded

th a t  one mole o f  c u p r ic  io n  was c o o rd in a te d  w ith  fo u r  moles o f  D -g lu c -

116osam ine. T h is  r e s u l t  c o n f l i c t s  w ith  th a t  o f  B la i r  and Ho who

e s tim a te d  th a t  in  c h ito s a n  f i lm  two moles o f  D -g lucosam ine  were

complexed w ith  one mole o f  c u p r ic  io n ,  and w ith  th a t  o f  M u z z a re ll i

e t  a l . ^ ^ who found th a t  a t  pH U.U and pH 5 .0  1 o r  2 f\l atoms p e r

c u p r ic  io n  were in v o lv e d , w h ile  a t  h ig h e r pH the  c o o rd in a t io n  number

in c re a se d  and OH groups were in v o lv e d .

The e xa c t mechanism o f  m e ta l io n  uptake  has n o t y e t been de te rm ined  -

1 10M u z z a re ll i  sp e c u la te d  th a t  ia n -exch a ng e , s o rp t io n  and c h e la t io n  may

119a l l  be in v o lv e d , and Y o s h in a r i and Subramanian suggest th a t  a l l  

th re e  p rocesses a re  im p o r ta n t to  v a ry in g  degrees f o r  d i f f e r e n t  m e ta l 

io n s .
\

C h ito san  has g re a t a f f i n i t y  f o r  f i r s t  row t r a n s i t io n  m e ta ls ,

w h ile  rem a in in g  r e la t i v e l y  in e r t  tow ards a l k a l i  m e ta l and a lk a l i

93 120e a r th  io n s  . C o lle c t io n  ra te s  depend on s e v e ra l fa c to r s  • , the

most im p o rta n t o f  w h ich  a re  po lym er g ra in  s iz e ,  te m p e ra tu re , speed 

and mode o f  s t i r r i n g ,  th e  presence o f  o th e r  io n s  s u ita b le  f o r  c o l le c t 

io n ,  o x id a t io n  number o f  th e  io n  and pH. The presence o f  la rg e  amounts 

o f  ammonium s u lp h a te  in  t e s t  s o lu t io n s  a llo w e d  t r a n s i t io n  m e ta ls  

p re s e n t a t  tra c e  le v e ls  to  be c o l le c te d ,  w h ile  th e  presence o f  an ions  

o th e r  than  s u lp h a te  may a ls o  e x e r t  im p o rta n t e f fe c ts  -  c h lo r id e  may 

depress th e  e x te n t o f  c o l le c t io n ,  as may th io c y a n a te , p o s s ib ly  because 

i t  i s  a com p lex ing  a g e n t, w h i ls t  a c e ta te  a l t e r s  th e  s u rfa c e  o f  po lym er
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g ra in s  because c h ito s a n  a c e ta te  i s  s o lu b le .  The e f f e c t  o f  chem ica l

m o d if ic a t io n  o f  c h ito s a n  on u ra n y l io n  uptake  ra te s  has a ls o  been 

121s tu d ie d  , and a decrease in  a d s o rp tio n  ra te  mas found m ith  in c re a s in g

^ - s u b s t i t u t io n  o f  th e  c h ito s a n .

In  com parison m ith  a s y n th e t ic  p o lym er, c h ito s a n  shamed c o n s is t -

122e n t ly  h ig h e r uptakes o f  m eta l ions than pD ly(g -am inostyrene)

A ltho u gh  c h ito s a n  and p o ly (g -a m in o s ty re n e )  a re  bo th  po lyam ine  po lym ers , 

th e  g re a te r  b a s ic i t y  o f  th e  a l ip h a t ic  p r im a ry  amine group compared m ith  

th e  a ro m a tic  amine group may accoun t f o r  th e  g re a te r  e ffe c t iv e n e s s  o f  

c h ito s a n .

Uptake o f  t r a n s i t io n  m e ta l io n s  is  n o t a f fe c te d  by the  presence

118o f  a l k a l i  m e ta ls  o r  a l k a l i  e a r th  io n s  ; h ig h  c a p a c ity  and b in d in g  

ra te  f o r  many io n s  a re  combined m ith  good f i l t e r i n g  p ro p e r t ie s  a l ie n 

in g  h ig h  flo m  ra te s  and a b u f fe r in g  c a p a c ity  f o r  hydrogen io n s .  In

123a d d it io n  th e  f re e  amine groups p re s e n t scope f o r  chem ica l m o d if ic a t io n

Taken m ith  the  f a c t  th a t  c h ito s a n  is  a renem able re s o u rc e , th e  po lym er

seems to  o f f e r  e x c e l le n t  scope f o r  a p p lic a t io n s  in v o lv in g  m e ta l io n

12Are c o v e ry . f\ la ir  and Madhavan examined the  m e ta l b in d in g  p ro p e r t ie s

o f  c h ito s a n  from  d i f f e r e n t  sources and concluded th a t  th e  o r ig in  o f

th e  c h ito s a n  d id  n o t g r e a t ly  a f f e c t  u p ta k e . Absorbance mas found to

be v i r t u a l l y  com plete  m ith in  one h o u r, and th e  pH o f  th e  s o lu t io n  d id

n o t in f lu e n c e  th e  ra te  o f  up take  o r  th e  q u a n t i ty  o f  m e ta l io n  absorbed.

One m a jo r dramback o f  c h ito s a n  as a m e ta l io n  a bso rben t i s  i t s

s o lu b i l i t y  in  d i lu t e  a c id ic  media m ith  th e  e x c e p tio n  o f  s u lp h u r ic  a c id ,

m hich form s in s o lu b le  c h ito s a n  s a l t s  a t  am bient te m p e ra tu re . P r e t r e a t -

m ent, o r  c o n d it io n in g ,  o f  c h ito s a n  m ith  s u lp h a te  media has been shomn

125 126to  enhance t r a n s i t io n  m e ta l io n  c a p a c ity  under some c o n d it io n s  ’ ,

and s h o r t  term  c y c l in g  o f  c h ito s a n  columns m ith  d i lu t e  a c id  (<3%) mas



93f e l t  to  have l i t t l e  d e g ra d a tiv e  e f f e c t  and to  be a p o s s ib le  means o f  

a v o id in g  the  problem  o f  s o lu b i l i t y  in  a c id ic  m edia; an a l t e r n a t iv e

123s o lu t io n  is  the  p a r t i a l  c r o s s - l in k in g  o f  c h ito s a n  w ith  g lu ta ra ld e h y d e  

P o te n t ia l  in d u s t r ia l  a p p l ic a t io n s  o f  the  m e ta l io n  b in d in g  capab

i l i t i e s  o f  c h ito s a n  a re  numerous and range from  tre a tm e n t o f  e le c t r o -

123p la t in g  w astes to  im p ro v in g  th e  q u a l i t y  o f  wool dye ing  e f f lu e n ts

127C h ito san  from  prawn waste and c h i t i n ,  c h ito s a n  and s h e l l f i s h  

1 2 Qpowders have been s tu d ie d  f o r  tre a tm e n t o f  w astes and have been

found  to  be ve ry  p ro m is in g . The use o f  c h i t i n ,  c h ito s a n  and c h ito s a n -

129 130g lucan  complexes from  fu n g a l sources has a ls o  been e x p lo re d  * , and

in a c t iv a te d  m a te r ia l from  S trep tom yces g r is e u s  c u ltu r e s  was found to  

be p a r t i c u la r l y  p ro m is in g . Such m a te r ia l is  a v a i la b le  in  la rg e  amounts 

as a waste p ro d u c t o f  fe rm e n ta t io n  p la n ts  p ro du c in g  S tre p to m yc in  f o r  

th e  p h a rm a c e u tic a l in d u s t r y .

The e x te n s iv e  o ccu rre nce  o f  c h i t i n ,  and p a r t i c u la r l y  i t s  presence 

in  la rg e  amounts in  zo o p la n k to n  e xo ske le to n s  g iv e s  cause f o r  c o n s id e r

a t io n  o f  i t s  r o le  in  th e  c y c l in g  o f  m e ta ls  in  th e  b io sys te m . B io -

94d e g ra d a tio n  o f  c h i t in - m e ta l  com plexes has been s tu d ie d  by Subramanian ,

who co ns ide re d  th a t  th e  d e co m p o s itio n  o f  these  complexes may be the

source  o f  lo c a l is e d  m e ta l l i fe r o u s  sed im ents in  the  m arine  e nv iron m e n t.

C o n c e n tra tio n s  o f  cadmium, co pp e r, c o b a lt ,  i r o n ,  magnesium, manganese,

n ic k e l ,  le a d , s tro n t iu m  and z in c  in  s u rfa c e  zo o p la n k to n  specimens was

found  to  be lo w e r than  in  zo o p la n k to n  samples c o l le c te d  a t  dep ths o f

1 0 0  m etres o r  more, presum ably because food-rdependent m o u lt in g  ra te s

131were lo w e r a t  d e p th , g iv in g  lo n g e r  f o r  a ccu m u la tio n  o f  m e ta l io n s

UJhen th e  e s tim a te d  annua l b io s y n th e s is  o f  c h i t i n  by zo op la n k to n  a lone

132is  co n s id e re d  -  g re a te r  th a n  one b i l l i o n  ton s  -  the  s c a le  o f  m e ta l 

io n  up take  in  th e  e xo s k e le to n s  o f  m arine  Crustacea can be seen to  be
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c o n s id e ra b le . A d iag ram m atic  re p re s e n ta t io n  o f  a g e n e ra lis e d  

b ioge o che m ica l c y c le  o f the  e lem ents i s  g ive n  be lou

> L iv in g  . 

o rgan ism s

/  /^ S u r fa c e  

S o i l  t ra n s p o r t  

\ v  A e r ia l 

\  \ t r a n s p o r t

A ccum ula tion

Sea Sea bed

Deep

Rock

2 .8  D yeing o f  c h i t i n  and c h ito s a n

V/ery fe u  s tu d ie s  on th e  dye ing  o f  c h i t i n  and c h ito s a n  have been

133 13Lc a r r ie d  o u t .  G ile s  e t  a l .  ' s tu d ie d  the  a d s o rp tio n  o f  su lphona ted  

azo dyes, and a ls o  o th e r  o rg a n ic  s o lu te s ,  on c h i t i n  o b ta in e d  from  the  

from  th e  carapaces o f  IMephrops n o rv e g ic u s , the  N orueg ian  lo b s te r ,  and 

compared the  r e s u l t s  u i t h  those  o f  s im i la r  s tu d ie s  c a r r ie d  o u t an 

c e l lu lo s e .  The c h i t i n  used uas n o t th o ro u g h ly  c h a ra c te r is e d , b u t 

e s tim a te d  to  be about 13% d e a c e ty la te d . A f f i n i t y  f o r  th e  dyes rose  

u i t h  in c re a s in g  number o f  benzene n u c le i -  in c re a s in g  p la n a r area o f 

th e  an ion  -  and f e l l  u i t h  in c re a s in g  degree o f  s u lp h o n a tio n  o f  the  

dyes, s t e r ic  e f fe c ts  p re v e n t in g  in te r a c t io n  a t c a t io n ic  s i te s  o f  the  

second and subsequent su lp h o n a te  g roups , u h ic h  rem ain d is s o lv e d  in  

th e  u a te r  and tend  to  desorb  th e  an ion  from  the  s u b s tra te .  The
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a d s o rp tio n  o f  su lphona ted  dyes can be regarded as an ion -exchange  

p rocess  a t  the  acetam ido g roups , and the  re a c t io n  o f  a dye w ith  the  

c a t io n ic  s i t e  in  a s u lp h u r ic  a c id  medium may be re p re se n te d  as g ive n  

be low 133.

+ 4
R-NH2 CaCH3 S0if2~ + NaDye  ==^ R-IMH^CDCH^Dye'" + ^ a 2 S0^

C h it in  was found to  e x e r t  weaker van d e r Waals* fo rc e s  than  

c e l lu lo s e ,  p ro b a b ly  because o f  th e  le s s  re g u la r  m o le c u la r ch a in  

c o n to u r .  Hydrogen bond ing  may a ls o  ta ke  p la c e , and as w ith  io n -  

exchange the  in te r a c t io n  o ccu rs  a t  th e  acetam ido g roups , as the  

g lu c o s id e  h y d ro x y l groups appear to  be p ro te c te d  by s o lv a te d  w a te r 

m o le cu le s .
'I35—'137

McKay, B la i r  and G ardner have a ls o  s tu d ie d  th e  a d s o rp tio n

o f  dyes on c h i t i n .  A d s o rp tio n  iso th e rm s  were p lo t te d  f o r  a d i r e c t ,

a m ordant, an a c id  and a p re m e ta ll is e d  a c id  d y e s tu f f ,  and f i lm  mass

t r a n s fe r  c o e f f ic ie n ts  and in t r a p a r t i c le  d i f f u s io n  processes were

co n s id e re d  in  a s e r ie s  o f  s tu d ie s  w h ich  examined the  e f fe c ts  o f  v a r io u s

param ete rs  on dye a d s o rp t io n ,  in c lu d in g  te m p e ra tu re , p a r t i c le  s iz e ,

a g i ta t io n ,  s o lu t io n  pH and i n i t i a l  dye c o n c e n tra t io n .  An e a r l ie r

136s tu d y  by Mataga and K o izum i found  th a t  the  a d s o rp tio n  and f lu o r e s c 

ence s p e c tra  o f  s o lu t io n s  o f  c h ito s a n  h y d ro c h lo r id e  and g lucosam ine 

h y d ro c h lo r id e  in  co m b in a tio n  w ith  e o s in  and e ry th r o s in  ( C . I .  45380 

and 45430) showed m o d if ic a t io n  o f  th e  a d s o rp tio n  and flu o re s c e n c e  

s p e c tra  when the  po lym er b u t not the  monomer was p re s e n t.  In  c o n tra s t  

a c lo s e ly  re la te d  dye, u ra n in e  ( C . I .  45350) d id  n o t show the  same k in d  

o f  m o d if ic a t io n .  T h is  paper w i l l  be co n s id e re d  more f u l l y  in  the  

fa l lo w in g  s e c t io n .
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A p p lic a t io n s  in v o lv in g  th e  use o f  c h ito s a n  in  dye ing  have been

139suggested to  f a c i l i t a t e  th e  c o lo u ra t io n  o f  g la s s  fa b r ic s  , p o ly e s te r -

140 141c o tto n  f ib r e s  , and p la s t i c  fa b r ic s  . P r in t in g  o f  p o ly e s te r -

c o tto n  t e x t i l e s  w ith  a s o lu t io n  o f  c h ito s a n  in  1% a c e t ic  a c id  fo llo w e d

by d ry in g  and dye ing  to  g iv e  in t e n s i f ie d  c o lo u rs  on the  p r in te d

140s e c tio n s  has been suggested , as has th e  use o f  c h ito s a n  s o lu t io n s

c o n ta in in g  p ig m en ts . A n o v e l a p p l ic a t io n  has a ls o  been p u t fo rw a rd  

142by K n o rr , who proposes c h i t i n  and c h ita s a n  as p o te n t ia l  c a r r ie r s  

o f  food  c o lo u r in g  m a te r ia ls .

2 .9  Metachromasy

2 .9 .1  In t ro d u c t io n

The phenomenon o f metachromasy, o r  m etachrom asia , has been known s in ce  

th e  m id d le  o f  th e  19th  c e n tu ry .  I t  was f i r s t  observed as a v is ib le  

change in  th e  c o lo u r  o f  c e r ta in  dyes used as h is t o lo g ic a l  s ta in s  when 

these  were a p p lie d  to  p a r t i c u la r  t is s u e s ,  and has s in c e  been s tu d ie d  

w ith  in c re a s in g  in t e r e s t  b o th  h is t o lo g ic a l ly  and in  s o lu t io n .

A ltho u gh  many w o rke rs  have devo ted  c o n s id e ra b le  e f f o r t  to  d e te rm in in g  

th e  p h y s ic a l b a s is  o f  m etachrom asy, the  u n d e r ly in g  cause o f  the  change 

in  the  w ave leng th  o f  maximum a d s o rp tio n  has s t i l l  to  be d e sc rib e d  

s a t i s f a c t o r i l y .  Even th e  d e f in i t io n  o f  a m etach rom atic  s h i f t  in  

w ave leng th  v a r ie s  from  one group o f  w o rke rs  to  a n o th e r.

Fo r the  purposes o f  t h i s  th e s is ,  the  fo l lo w in g  d e f in i t io n  w i l l  be 

adopted :

Metachromasy is  a c h a r a c te r is t ic  r e v e rs ib le  c o lo u r  change 

th a t  any dye may undergo by v i r t u e  o f  a change in  i t s

143env ironm en t n o t in v o lv in g  chem ica l re a c t io n  o f  the  dye 

The fo l lo w in g  re v ie w  o f  work on metachromasy up to  th e  p re s e n t w i l l
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c o n c e n tra te  on s tu d ie s  c a r r ie d  o u t on dyes in  s o lu t io n ,  and w i l l  

d e s c r ib e  work c a r r ie d  o u t to  va ry  th e  e nv ironm en t o f  the  dyes s tu d ie d  

and th e  th e o r ie s  p re sen ted  as a r e s u l t  o f  such w ork, as background 

to  th e  r e s u l t s  to  be d e s c r ib e d  in  S e c tio n  3 .

2 .9 .2  Metachromasy in  t is s u e s  and s o l id  s u b s tra te s

One o f  th e  few re v ie w s  Df m etachrom asy, and by f a r  th e  most d e ta i le d ,

144is  th a t  w r i t t e n  by S chubert and Hamerman in  1956 , and th e  e a r l ie s t

re fe re n c e s  to  m e tach rom a tic  d y e / t is s u e  in te r a c t io n s  a re  taken  from

145 146 147t h e i r  p a p e r. In  1875, C o r n i l  , H esch l and Gurgens appear to

have n o t ic e d  s im u lta n e o u s ly  th a t  s e v e ra l tr ip h e n y lm e th a n e  dyes s ta in e d

am ylo id  a c o lo u r  c h a r a c t e r is t ic a l ly  d i f f e r e n t  from  th e  c o lo u r  o f  the

148dyes in  d i lu t e  s o lu t io n .  In  1879, E h r l ic h  found th a t  th e  same dyes

s ta in e d  b o th  g ra n u la te d  c e l l s  and plasma c e l l s  o f  c o n n e c tiv e  t is s u e

144in  a rem arkab le  manner and S chube rt and Hamerman a t t r ib u t e  the

f i r s t  use o f  th e  d e s c r ip t io n  'm e ta c h ro m a tic 1 to  E h r l ic h .  S ince  th a t

tim e  metachromasy has been used to  s tu d y  t is s u e  s e c t io n s ,  and has been

p a r t i c u la r l y  a s s o c ia te d  w ith  o b s e rv a tio n s  c a r r ie d  o u t on t is s u e s

c o n ta in in g  h ig h  m o le c u la r w e ig h t p o ly s a c c h a r id e s  c o n ta in in g  s u lp h a te

e s te r  groups -  f o r  example mast c e l l s ,  c a r t i la g e  and m u c ila g e s .

149M ic h a e lis  and G ra n ick  no ted  th a t  n u c le ic  a c id s  s ta in e d  the  'n o rm a l'

c o lo u r  o f  the  dye , and th a t  th e  c o lo u r  o f  m e ta c h ro m a tic a lly  s ta in in g

150t is s u e s  was more v a r ia b le  a c c o rd in g  to  c o n d it io n s .  M ic h a e lis  

a p p lie d  id e a s  a lre a d y  c u r re n t  in  1947 on th e  im po rtance  o f  'p o ly m e r is 

a t io n '  o f  dyes in  th e  fo rm a tio n  o f  th e  m e tach rom a tic  c o lo u r  in

s o lu t io n  to  h is  s tu d ie s  o.f a g a r, and o f  t is s u e s  c o n ta in in g  n u c le ic  

151a c id s ,  and K e l ly  p o in te d  o u t th a t  th e  th ia z in e  dyes -  f o r  example 

T o lu id in e  B lu e , Azure A and M e thy lene  B lu e , were u s e fu l h is t o lo g ic a l  

s ta in s .  M ethy lene  B lue  was p a r t i c u la r l y  u s e fu l in s t r u m e n ta l ly ,
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a lth o u g h  v is u a l ly  i t s  s e n s i t i v i t y  was l im i t e d .  The problem s o f  p u r i t y

m entioned by K e l ly  mere a ls o  u n d e r lin e d  by S y lve n , mho th o u g h t th a t

th e  use o f  m e tach rom atic  s ta in in g  as an in d ic a t io n  o f th e  presence

o f  s p e c i f ic  chem ica l groups in  h is t o lo g ic a l  s e c tio n s  mas v e ry  l im i t e d 152.

153By c o n t ra s t  S z irm a i and B a lazs  th o u g h t th a t  the  q u a n t i ta t iv e  use 

o f  metachromasy in  the  in v e s t ig a t io n  o f  t is s u e  c o n s t itu e n ts  mas 

p o t e n t ia l l y  u s e fu l.

More re c e n t m arkers have used d i f fu s e  re f le c ta n c e  s p e c tro p h o to 

m e try  to  examine m e tach rom atic  c o lo u r  changes in  dyes adsorbed onto  

154 155s o l id  s u b s tra te s  ’ . P o ly a n io n ic  c e l lu lo s e s  p repared  under

d i f f e r e n t  c o n d it io n s  mere used to  s tud y  th e  e f fe c ts  o f  the  n a tu re  o f 

th e  a n io n ic  group and the  in t e r s i t e  d is ta n c e  on the  metachromasy 

e x h ib ite d  by M ethylene B lue  and good agreement mas found m ith  s tu d ie s  

on m e tach rom atic  dyes in  aqueous s o lu t io n  o f  p o ly a n io n s  (c o n s id e re d  

in  d e t a i l  in  the  fo l lo m in g  s e c t io n s ) .

M e tach rom atic  dyes a re  s t i l l  f in d in g  mide a p p lic a t io n  in  h is to lo g 

i c a l  and c y to lo g ic a l  s tu d ie s  -  f a r  example in  the  exam ina tio n  o f  the

r o le  o f  po lyam ines in  the  e x p re s s io n  o f  th e  d i f f e r e n t ia t e d  phenotype

156
o f  chond rocy tes  in  c u ltu r e  , and in  th e  id e n t i f i c a t io n  o f  d i f f e r e n t

157b lood  le u k o c y te s  in  norm al and leukaem ic  p a t ie n ts

2 .9 .3  Metachromasy in  s o lu t io n  in  th e  absence o f  po lym er

2 .9 .3 .1  E f fe c t  o f  in c re a s in g  dye c o n c e n tra t io n

In  a lo n g  paper d e a lin g  m ith  th e  e f fe c t s  o f  env ironm ent and a g g re g a tio n

on th e  a b s o rp tio n  s p e c tra  o f  dyes, Sheppard d iscussed  the  b e h a v io u r

158
o f  dyes in  aqueous s o lu t io n s  . He noted  the  d if fe re n c e  in  s p e c t ra l 

c h a r a c te r is t ic s  e v id e n t betmeen s o lu t io n s  o f the  same dye in  o rg a n ic
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s o lv e n ts  and in  m ater and made a s e r ie s  o f  o b s e rv a tio n s  th a t  mere 

to  be much quoted by la t e r  m a rke rs . These o b s e rv a tio n s  re fe r re d  

back to  mork on cya n ine  dyes c a r r ie d  o u t by Sheppard in  1906 and 1907 

and in c lu d e d  th e  f in d in g s  t h a t :

i )  in  o rg a n ic  s o lu t io n ,  eg. a lc o h o l,  the  a b s o rp tio n  obeyed 

B e e r 's  Lam f o r  a l l  s p e c t r a l  bands;

i i )  in  m a te r, B e e r 's  Lam mas n o t obeyed, b u t th e  r a t io  o f  

band in t e n s i t ie s  ( e x t in c t io n s )  depended on th e  c o n c e n tra t io n ; 

m ith  in c re a s in g  c o n c e n tra t io n  th e  s h o r te r  mave bands 

ga ined  in  s t re n g th  a t  th e  expense o f  the  main mave band -  

t h i s  b e h a v io u r mas r e v e r s ib le ;

i i i )  on r a is in g  the  te m p e ra tu re , th e  aqueous s o lu t io n  shomed 

s p e c t ra l c h a r a c te r is t ic s  more l i k e  those  found in  o rg a n ic  

s o lu t io n  -  t h i s  b e h a v io u r mas a ls o  r e v e r s ib le .

Sheppard conc luded  th a t  th e  s p e c t ra l  changes in  m a ter mere due 

to  a r e v e r s ib le  m o le c u la r a g g re g a tio n , mhereas in  o rg a n ic  s o lv e n ts  

th e  dye mas m o le c u la r ly  d is p e rs e d . The main bands in  th e  dye s p e c tra , 

m hich mere a ls o  th e  a b s o rp t io n  bands a t  lo n g e s t m ave leng th , mere termed 

the  a bands by Sheppard, mho c a l le d  th e  s u b s id ia ry  bands B and y 

bands, th e  y  band o c c u r r in g  a t  th e  s h o r te s t  m ave leng th .

From a c o n s id e ra t io n  o f  th e  s t r u c tu r e s  o f  th e  dyes th a t  he s tu d ie d ,  

and from  e le c tro c h e m ic a l measurements made on dye s o lu t io n s  o f  

d i f f e r e n t  c o n c e n tra t io n ,  Sheppard conc luded  th a t  the  most l i k e l y  dye 

agg rega te  mas a d im e r, and th a t  th e  p la n a r  -dyes e x h ib i t in g  d im e r is a t io n  

must be c o o rd in a te d  m ith  a m a ter m o le c u le .



□
^ ------------------- ifA  5s-

158
F ig u re  2 . Suggested s t r u c tu r e  o f  d im er

Dimer fo rm a tio n  was th o u g h t to  accoun t f o r  the  s p e c t ra l d e v ia t io n s  

observed in  aqueous s o lu t io n .  The 3  and y bands, however, were n o t 

ass igned  s p e c i f i c a l l y  to  d im er o r  h ig h e r  agg re g a te s ; r a th e r ,  d im er 

fo rm a tio n  enhanced the  t r a n s i t io n  p r o b a b i l i t y  o f  bands produced in  the

m o lecu le  by c o u p lin g  o f  th e  e le c t r o n ic  t r a n s i t io n  w ith  v ib r a t io n s .

1AA
S chubert and Hamerman's re v ie w ro f 1956 c o l le c te d  to g e th e r  work 

on b a s ic  dyes in  s o lu t io n  and summarised th e  f in d in g s  and the  p rob lem s. 

They emphasised th e  f a c t  th a t  dyes show ing m e tach rom a tic  b e h a v io u r do 

n o t conform  tD B e e r 's  Law and b ro u g h t to g e th e r  some o f  th e  th e o r ie s  

p u t fo rw a rd  to  accoun t f o r  s p e c t ra l s h i f t s .  In  p a r t i c u la r  the y  

d e s c r ib e d  th e  work o f  s e v e ra l a u th o rs  who ass igned the  a band (a ls o  

c a l le d  th e  M band) to  monomeric dye, and th e  3 ( o r  D) band to  d im e r ic  

dye, and the  y ( o r  m ) band to  h ig h e r  aggrega tes (w ith  w ave leng th  

a >3 > y )  and concluded th a t  th e  d e v ia t io n s  from  B e e r 's  Law in  aqueous 

s o lu t io n s  co u ld  be bes t' in te r p r e te d  by th e  assum ption th a t  dyes can 

e x is t  in  s o lu t io n  as monomers, d im ers  and h ig h e r po lym ers , a l l  in
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e q u i l ib r iu m ,  and th a t  changes in  dye c o n c e n tra t io n  change the  p ro p o r t 

io n s  o f  these  m o le c u la r sp e c ie s  in  the  e q u i l ib r iu m .  P o ly m e r is a tio n

o f  dyes was th o u g h t tD a f f e c t  lo o s e ly  c o n s tra in e d  it e le c tro n s  u i t h  a

1AAconsequent e f f e c t  on th e  spectrum  o f  the  dye

A s e r ie s  o f  papers by McKay and H i l ls o n  examined th e  b eh a v io u r o f

159—162dyes in  u a te r  and in  s o lv e n ts  o f  d i f f e r e n t  d ie le c t r i c  c o n s ta n t

They used the  term s M band (a  band) and H band ( lo u e r  m avelength band

ass igned  to  aggregated  d y e ) , and a ls o  d e sc r ib e d  a s h o r te r  m avelength

band ( th e  L band) th a t  appeared nea r the  s o lu b i l i t y  l i m i t  o f  tmo o f

th e  dyes s tu d ie d .  From a s tud y  o f  th e  e f f e c t  o f  in c re a s in g  dye

c o n c e n tra t io n  in  aqueous s o lu t io n  ( ‘ d y e - in d u c e d ’ metachromasy) i t

mas found th a t  th e  M bands o f  th e  dye s p e c tra  d im in is h e d  m h ile  the

H bands in c re a se d  in  in t e n s i t y  as dye c o n c e n tra t io n  mas in c re a s e d .

The dyes s tu d ie d  mere n e a r ly  a l l  c a t io n ic  dyes m ith  th e  io n ic  charge

d e la c a lis e d  o ve r th e  mhale chrom ophore. Three e x c e p tio n s  mere n o te d :

9 -m e th y l-3 ,3 ‘ - d i(3 -s u lp h o b u ty l) th ia c a rb o c y a n in e  io d id e  -  an a n io n ic

dye by v i r t u e  o f  th e  su lp h o n a te  g roups , b u t m ith  a p o s i t iv e  charge on

th e  chromophore system  -  shamed m e tach rom a tic  b e h a v io u r; Solmay U lt r a

B lue  B ( C . I .  62B55, an a n th ra q u in o n e  dye) and Janus Y ellom  G ( C . I .

26060, an azo dye) d id  n o t shorn m e tach rom atic  b e h a v io u r ove r the

c o n c e n tra t io n  range 10 ^ to  10 ^M. In  these  la s t  tmo dyes th e  io n ic

159charge is  n o t p a r t  o f  th e  ch rom ophoric  system

The e f f e c t  o f  in c re a s in g  dye c o n c e n tra t io n  mas a ls o  s tu d ie d  in

a s e r ie s  o f  s o lv e n ts  and s o lv e n t m ix tu re s  o f  d i f f e r i n g  d ie le c t r i c

c o n s ta n t,  mhere i t  mas found  th a t  th e  lam er the  d ie le c t r i c  c o n s ta n t,

16Dth e  g re a te r  the  metachromasy induced  . T h is  f in d in g  mas taken  as 

f u r t h e r  s u p p o rt f o r  the  viem th a t  th e  m e tach rom a tic  b e h a v io u r o f  dyes
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sh ou ld  bE a t t r ib u te d  to  in te r a c t io n  between dye and io n s  and c o u n te r -

159io n s  advanced in  an e a r l ie r  paper . However, t h i s  v iew  was la r g e ly

w ithd raw n  when s o lv e n ts  o f  h ig h  d ie le c t r i c  c o n s ta n t,  in c lu d in g  w a te r ,

162were co ns ide re d  . S p e c tra l d a ta  f o r  two m e tach ro m a tic  dyes d is s o lv e d

in  w a te r ( 1 ,1 * - d ie t h y l - 2 , 2 ' -c a rb o c y a n in e  brom ide and M ethylene  B lu e )

showed marked m etachrom asy, w h ich  was n o t shown by dye s o lu t io n s

p repa red  in  th e  o th e r  s o lv e n ts  exam ined, w ith  the  e x c e p tio n  o f  g ly c e r o l ,

in  w h ich  metachromasy was much le s s  marked than in  w a te r . The tendency

Df water molecules, and to a lesser extent polyhydric alcohals, to

form  hydrogen bonds c o n fe rs  a h ig h  degree o f  s t r u c t u r a l  o rd e r ,  and the

metachromasy o f  dyes in  w a te r was a t t r ib u te d  la r g e ly  to  t h is  p ro p e r ty .

159The L band o f  H i l ls o n  and McKay was term ed the  H band by
1/i3

Padday , who rev iew ed  s tu d ie s  o f  dye c o n c e n tra t io n  m etachrom asia and 

examined th e  ways in  w h ich  th e  a b s o rp tio n  s p e c tra  o f  m e tach rom a tic  

dyes have been ana lysed  by v a r io u s  a u th o rs  to  p ro v id e  q u a n t i ta t iv e

163c o n f irm a tio n  o f  the  a g g re g a tio n  th e o ry  o f  metachromasy. S c u lth o rp e  

r e i te r a te d  th a t  m e tach rom a tic  c o lo u r  change is  o n ly  shown by dyes in  

w h ich  th e  io n ic  charge i s  an in t e g r a l  p a r t  o f  the  chromophore system , 

and th a t  dyes show ing c o n c e n tra t io n  m etachrom asia a l l  f a i le d  to  obey 

B e e r 's  Law.

2 .9 .3 .2  E f fe c t  o f  a d d it io n  o f  e le c t r o ly te s

158 150Both Sheppard and M ic h a e lis  no ted  th a t  m e tach rom a tic  changes

c o u ld  be induced in  d i lu t e  dye s p e c tra  by a d d it io n  o f  n e u t ra l s a l t s ,

when c o l lo id a l  p a r t i c le s  o f  dye w h ich  rem ained in  r e la t i v e l y  s ta b le

149s o lu t io n s  showed a -y a d s o rp t io n  band. M ic h a e lis  and G ra n ick  

s ta te d  th a t  the  degree o f  t h i s  e f f e c t  was dependent upon th e  cone-



159e n t r a t io n  o f  th e  s a l t  w h ile  McKay and H i l ls o n  found th a t  a d d it io n

o f  s a l t  was r e la t i v e l y  le s s  e f f e c t iv e  than  a d d it io n  o f  f u r th e r  dye.

The e f f e c t  was a ls o  dependent upon th e  va le ncy  o f  th e  c a t io n  -  barium

and ca lc iu m  c h lo r id e s  produced changes s im i la r  in  m agnitude to  those

produced by sodium c h lo r id e  a t  h a l f  the  m o la r c o n c e n tra t io n .  The

c o n c e n tra t io n  o f  dye a t  w h ich  th e  s a l t s  were added a ls o  a ffe c te d  the

r e s u l t s .  In  a ppa ren t ig n o ra n ce  o f  t h i s  p re v io u s  work W a ll in  and 

164Jaques c la im ed  , as la t e  as 1973, to  have made th e  f i r s t  obse rv 

a t io n  o f  metachromasy induced by an e le c t r o ly t e  -  in  t h i s  case 3M NaCl.

2 .9 .3 .3  R eve rsa l o f  metachromasy in  the  absence o f  polym er

On r a is in g  the  tem pe ra tu re  o f  an aqueous s o lu t io n  o f  a m e tach rom atic

dye , th e  spectrum  o f  th e  dye becomes s im i la r  to  th a t  o f  the  same

dye d is s o lv e d  in  an o rg a n ic  s o lv e n t  -  th a t  i s ,  th e  a band in c re a s e s

in  in t e n s i t y ,  and th e  3 and y bands decrease in  in t e n s i t y  o r  d is a p p e a r.

158 143T h is  e f f e c t  i s  w h o lly  r e v e r s ib le  . Padday f e l t  th a t  the  e f f e c t

o f  r a is in g  th e  te m p e ra tu re  o f  a s o lu t io n  o f  dye was to  h in d e r th e

fo rm a tio n  o f  dye agg rega tes  and to  fa v o u r th e  presence o f  monomer,

and was a b le  to  base therm odynam ic c a lc u la t io n s  on th e  tem pe ra tu re

dependence o f  th e  e q u i l ib r iu m  between monomer and aggregated  dye.

The metachromasy o f  aqueous s o lu t io n s  o f  M ethylene B lue was shown

162to  be reduced by th e  a d d it io n  o f  la rg e  q u a n t i t ie s  o f  sucrose  

The in c re a s e  in  in t e n s i t y  o f  th e  M band (a  band) was accompanied by 

a s l i g h t  ba thoch rom ic  s h i f t ,  w h ich  was a t t r ib u te d  to  th e  in c re a s e  in  

th e  r e f r a c t iv e  in d e x  o f  th e  s o lu t io n  c o n ta in in g  sucrose  ove r th e  aqueous 

s o lu t io n .



2 .9 .4  Metachromasy in  th e  presence o f  n a tu ra l a n io n ic  polym ers

2 .9 .4 .1  In t r o d u c t io n

The s tu d y  o f  the  metachromasy shown by same b a s ic  dyes w ith  s e v e ra l

n a tu ra l p o ly a n io n s  fo llo w e d  n a tu r a l ly  from  the  work o f  h is t o lo g is t s

as an a tte m p t to  e x p la in  and q u a n t i fy  the  phenomenon. In  s p ite  o f

many years  o f  in v e s t ig a t io n  th e  mechanism o f  metachromasy has y e t to

be e x p la in e d  to  th e  com ple te  s a t is fa c t io n  o f  a l l  w o rke rs ; a w ide range

o f  n a tu ra l and s y n th e t ic  p o ly e le c t r o ly te s  have now been in v e s t ig a te d ,

and s e v e ra l a p p lic a t io n s  o f  metachromasy in  s o lu t io n ,  and o f  the

re la te d  c h a r a c te r is t ic s  e x h ib ite d  by f lu o re s c e n t  m e tach rom a tic  dyes

have been fo u n d . V i r t u a l l y  a l l  work has co n c e n tra te d  on c a t io n ic

(b a s ic )  dyes, w h ile  th e  po lym ers  o r  o th e r  chrom otropes in d u c in g  the

metachromasy a re  a lm os t e n t i r e ly  a n io n ic .  Indeed , S chubert and 

144
Hamerman expressed t h e i r  re g re t  a t  th e  absence o f  p o ly c a t io n  -  

a n io n ic  dye metachromasy and r e f le c te d  on the  p o te n t ia l  t h a t  such a 

system  would have as a re se a rch  te c h n iq u e .

2 .9 .4 .2  The in f lu e n c e  o f  th e  p o ly a n io n

144In  1956, S chubert and Hamerman s ta te d  th a t  ' a l l  known chrom otropes

a re  a n io n ic ,  o r  n e g a t iv e ly  charged , in  aqueous s o lu t io n ,  and in  a d d it io n ,

a re  o f  h ig h  m o le c u la r w e ig h t,  o r  i f  o f  low  m o le c u la r w e ig h t a re  capab le

o f  a s s o c ia t in g  in to  agg rega tes  o f  h ig h  m o le c u la r w e ig h t '.  The l i s t  o f

examples th a t  th e y  gave in c lu d e d  among an im a l p ro d u c ts  -  h e p a r in ,

c h o n d ro it in  s u lp h a te , h y a lu ro n a te  and n u c le a te s , and among p la n t

p ro d u c ts  -  agar and a lg in a te .  An e x te n s iv e  summary o f  work on is o la te d

system s o f  m e tach rom atic  dye and chrom otrope in  s o lu t io n  i s  g ive n  and

*165assessed. Among th e  wark m entioned is  th a t  o f  L is o n  , and o f Bank



and Bungenberg de J o n g ^ ^ .  L is o n  found no Evidence f o r  a s to ic h 

io m e t r ic  r e la t io n s h ip  between dye and chrom otrope and proposed th a t  

th e  dye e x is te d  in  s o lu t io n  in  two ta u to m e r ic  fo rm s , th e  e q u il ib r iu m

between th e  two b e in g  d is p la c e d  s h a rp ly  in  fa v o u r o f  th e  m e tach rom a tic

166fo rm . Bank and Bungenberg de Jong were a b le  to  show th a t  the  

charge d e n s ity  o f  th e  chrom otrope  was im p o rta n t in  in d u c in g  metachrom

a t i c  c o lo u r  and a ls o  found  th a t  th e  c h a ra c te r  o f  th e  a n o in ic  group 

de te rm ined  the  e x te n t o f  c h ro m o tro p ic  a c t io n ,  in  th e  o rd e r s u lp h a te  > 

phosphate > c a rb o x y la te .  T h is  work was la r g e ly  c a r r ie d  o u t by v is u a l  

com parison a g a in s t a s e t o f  a r b i t r a r y  s tan d a rds  in  w h ich  agar was the  

ch rom o trope . S p e c tro p h o to m e tr ic  s tu d ie s  were c a r r ie d  o u t on agar and 

n u c le ic  a c id s  by M ic h a e lis  and G ra n ick  who found th a t  metachromasy 

co u ld  be induced by a g a r, b u t n o t w ith  n u c le ic  a c id  under the  c o n d it io n s  

o f  t h e i r  expe rim en ts  (pH 4 .6 ,  3% s o lu t io n  o f  n u c le ic  a c id ) .  They 

in fe r r e d  from  t h e i r  r e s u l t s  th a t  a s a l t - l i k e  compound was formed from  

n u c le ic  a c id  and b a s ic  d y e s tu f fs  in  s to ic h io m e t r ic  amounts, whereas 

w ith  agar a re v e rs ib le  p o ly m e r is a t io n  o f  dye m o lecu les  took p la c e ,

th e  dye agg rega te  su b se q u e n tly  b e ing  adsorbed o n to  th e  a g a r. Lev ine  

167and S chubert s tu d ie d  s o lu t io n s  o f  h y a lu ro n a te , c h o n d ro it in  s u lp h a te ,

h e p a rin  and a lg in a te  w ith  M ethylene  B lue  and C ry s ta l V io le t .  A l l  o f

th e  p o ly s a c c h a r id e s  behaved as ch rom otropes f o r  th e  dyes and induced

m etach rom atic  b e h a v io u r. However, as th e  c o n c e n tra t io n  o f  th e  chromo-

tro p e  was in c re a s e d , metachromasy began to  d isa p p e a r from  the  s o lu t io n s .

The r e s u l t s  o f  d ia ly s is  e xpe rim en ts  le d  th e  a u th o rs  to  b e lie v e  th a t

dye b in d in g  was n o t suppressed by in c re a s in g  chrom otrope c o n c e n tra t io n .

167Comparison w ith  s im i la r  s tu d ie s ' c a r r ie d  o u t on d e te rg e n ts  suggested 

th a t  m ic e l le  fo rm a tio n  by th e  ch rom otropes co u ld  be in v o lv e d  in  

metachrom asy.



The in te r a c t io n s  o f  T o lu id in e  B lue  u i t h  a range o f  n a tu ra l po lym ers

16Band d e r iv a t iv e s  uere  s tu d ie d  by W alton and R ic k e t ts  u i t h  the  aim 

dF im p ro v in g  th e  h is t o lo g ic a l  use o f  th e  dye. The p o ly s a c c h a rid e  

samples used v a r ie d  in  th e  e x te n t  o f  t h e i r  p o ly m e r is a t io n ,  in  the  

number and n a tu re  o f  th e  a tta c h e d  a c id ic  groups and in  th e  n a tu re  o f  

t h e i r  component s a c ch a rid e  u n i t s .  In  p a r t i c u la r  a s e r ie s  o f  d e x tra n  

d e r iv a t iv e s  uere  p repa red  hav ing  d i f f e r i n g  e x te n ts  o f  p o ly m e r is a tio n ,  

from  u h ic h  d e x tra n  s u lp h a te s  uere  p re p a re d . I t  uas found th a t ,  ove r 

a th re s h o ld  o f  fo u r  g lucose  u n i t s ,  m e tach rom atic  a c t i v i t y  uas n o t 

dependent on degree o f  p o ly m e r is a t io n  o f  the  d e x tra n  s u lp h a te s , b u t 

uas l in e a r ly  dependent upon degree o f  s u lp h a t io n .  When th e  metachrom

a t i c  a c t i v i t i e s  o f  ca rb oxym e th y l d e x tra n s  uere  compared u i t h  a h e p a rin  

s ta n d a rd , th e  a c t i v i t y  uas found to  be s e v e ra l hundred tim e s  le s s  than 

th e  h e p a rin  a t  pH 2 .0 ^ .  A t pH 7 .3  the  a c t i v i t y  o f  the  c a rb o x y la te d  

sample had doub led b u t uas s t i l l  a t  le a s t  one hundred tim e s  le s s  than  

th a t  o f  h e p a rin  a t  th e  same pH. The s to ic h io m e try  o f  in te r a c t io n  u i t h  

th e  d e x tra n  s u lp h a te s  uas a ls o  e s tim a te d  and found to  g iv e  good

1 GBagreement u i t h  a model assum ing one dye m o lecu le  p e r s u lp h a te  group

The m e tach rom atic  a c t i v i t y  o f  c a rb o x y l ic  groups uas a ls o  co ns ide re d  by 

153S z irm a i and B a lazs  , uho used th e  sodium o r  po tass ium  s a l t s  o f  

v a r io u s  n a tu r a l ly  o c c u r r in g  p o ly s a c c h a r id e s , and found  th a t  a t  pH 6 .7  

th e re  uas a 1 : 1  s to ic h io m e try  betueen a n io n ic  s i t e s  p e r d is a c c h a r id e  

u n i t  and th e  number o f  m o le cu les  o f  dye bound p e r d is a c c h a r id e  u n i t .

The r e la t iv e  p a r t i c ip a t io n  o f  c a rb o x y l and s u lp h a te  groups uas 

f u r t h e r  examined by v a ry in g  th e  pH o f th e  s o lu t io n s .  A t pH 3 b in d in g  

by c a rb o x y l groups uas suppressed u h i le  s u lp h a te  e s te r  groups rem ained 

a c t iv e .  U n lik e  W alton and R ic k e t ts ,  uho measured th e  unbound dye 

re m a in in g  in  s o lu t io n  a f t e r  th e  m e tach rom a tic  complex had been e x tra c te d



by o rg a n ic  s o lv e n t^ ®  f S z irm a i and B a la z s ^ " 3 measured th e  s p e c tra  o f 

s o lu t io n s  c o n ta in in g  f re e  and bound dye . These w o rke rs  a ls o  found 

th a t  a t  the  p o in t  a t  w h ich  a l l  a n io n ic  s i t e s  were s a tu ra te d  w ith  dye, 

th e  p o ly s a c c h a r id e /d y e  complex p r e c ip i ta te d  and co u ld  be removed from  

s o lu t io n  by c e n t r i fu g a t io n .  T h e ir  da ta  suggested th a t  th e  su p e rn a ta n t 

s o lu t io n  showed e i t h e r  th e  spectrum  o f  th e  f re e  dye, w ith  the  a band 

reduced in  in t e n s i t y  to  some deg ree , o r  the  spectrum  o f  the  metachrom

a t i c  com plex, b u t n o t any o f  the  t r a n s i t i o n a l  s p e c tra  reco rded  f o r  the

same s o lu t io n s  p r io r  to  c e n t r i f u g a t io n .  The dye in  t h i s  case was

1G9Azure A. By c o n t ra s t  P a l and S chube rt , who a ls o  removed th e  meta

c h ro m a tic  complex farm ed from  M ethy lene  B lue and c h o n d ro it in  s u lp h a te  

from  s o lu t io n  by c e n t r i fu g a t io n ,  found  th a t  th e  s u p e rn a ta n t s o lu t io n  

showed th e  o r th o c h ro m a tic  spectrum  w ith  a s in g le  peak a t  665nm. 

S u b tra c t io n  o f  t h i s  spectrum  from  th a t  o f  th e  s o lu t io n  b e fo re  c e n t

r i f u g a t io n  gave a d if fe re n c e  spectrum  ass igned to  th e  m etach rom a tic  

com plex, and hav ing  a s in g le  peak a t  57Bnm. D ir e c t  a n a ly s is  o f  the  

sed im en ts showed them to  c o n ta in  p o ly a n io n /d y e  complex a t  a p o lym er:dye  

e q u iv a le n t  s i t e s  r a t io  (P /D ) o f  1 :1 , even though th e  o r ig in a l  s o lu t io n s  

had P/D va lu e s  o f  up to  2 0 :1 . The a u th o rs  suggested th a t  in  the  

presence o f  excess p o ly e le c t r o ly te  the  dye c a t io n s  were n o t u n ifo rm ly  

d is t r ib u te d ,  b u t s a tu ra te d  some po lym er m o lecu les  p r e fe r e n t ia l ly ,  

le a v in g  th e  r e s t  a lm ost f re e  o f  dye c a t io n s .
17P

S im ila r  f in d in g s  were re p o r te d  by the  same a u th o rs  on u s in g  a 

d i f f e r e n t  method o f  e x t r a c t io n  o f  th e  m e tach rom atic  com plex. S o lu t io n s  

o f  M ethylene B lue  and C ry s ta l V io le t  were a llo w e d  to  in t e r a c t  w ith  

c h o n d ro it in  s u lp h a te  to  fo rm  th e  m e tach rom a tic  com plex, w h ich  was then  

adsorbed by one o f  th e  th re e  in s o lu b le  c a lc iu m  s a l t s  w h ich  had been 

shown to  adsorb n e i th e r  f r e e  dye n o r ch rom o trope . The s a l t s  were



c a lc iu m  hydrogen phosphate (CaHPO^), ca lc iu m  ca rbona te  (CaCO^) and

ca lc iu m  o x a la te  (CaC^O^).

The metachromasy shown by a n o th e r dye, f lc r id in e  O range, was

examined in  r e la t io n  to  samples o f  n a t iv e  and dena tu red  n u c le ic  a c id s ,

p o ly a d e n y lic  a c id ,  p o ly u r id y l ic  a c id  and h e p a r in , and aga in  s to ic h io -

171 172m e tr ic  com plexing  was observed ’ . The te ch n iq u e s  developed were

la t e r  a p p lie d  in  th e  c la s s i f i c a t io n  o f  su lp h a te d  p la n t  p o ly s a c c h a rid e s

173on th e  b a s is  o f  t h e i r  a b i l i t y  to  a c t as chrom otropes . The p ro p e r t ie s

o f  A c r id ih e  Orange and M ethy lene  B lue were la t e r  compared on the  b a s is

o f  q u a n t i ta t iv e  s p e c t ra l measurements and found to  show marked d i f f e r -

17Aences in  t h e i r  s e n s i t i v i t y  to  chrom otrope  average i n t e r s i t e  d is ta n c e  

The s p e c t ra l param eters  used were t o t a l  band in t e n s i t y  ( o s c i l l a t o r  

s t re n g th )  and in t e n s i t y  w e igh ted  average fre qu e ncy  o f  th e  band (c e n tre  

o f  g r a v i t y ) ,  and were co n s id e re d  to  g iv e  se pa ra te  measures o f the  two 

aspects  o f  metachromasy shown by these  dyes -  hypochromism ( re d u c t io n  

o f  in t e n s i t y  o f  th e  main absorbance band) and fre q u e n cy  s h i f t  ( in  t h is  

case , and g e n e ra lly ,  hypsochrom ic -  to  s h o r te r  w a v e le n g th s ). The 

measurements were c a r r ie d  o u t on dye /ch rom o trope  complexes in  s o lu t io n  

a t  a P/D r a t io  o f  1 :1 . Whereas th e  change in  c e n tre  o f  g r a v i t y  f o r  

M ethylene B lue showed a marked dependence on the  i n t e r s i t e  d is ta n c e  o f  

th e  a c id ic  s i t e s  on th e  p o lym er, A c r id in e  Orange showed o n ly  m in im a l 

dependence. The dyes a ls o  v a r ie d  in  th e  e x te n t to  w h ich  t h e i r  meta

chromasy was a f fe c te d  by th e  s t re n g th  o f  the  a c id ic  s i t e s .

An example o f  a dye show ing m e tach rom a tic  a c t i v i t y  w ith  a b a th a ch -

ram ie  s h i f t  ( s h i f t  to  lo n g e r  w a ve len g th ) was c i te d  by Bean, Shepherd, 

175Hay and W alw ick , who examined th e  s p e c tra  produced by 4 ,5 ,A f , 5 ' -  

d ib e n z o -3 ,3 '-d ie th y l-9 -m e th y lth ia c a rb o c y a n in e  (DBTC) w ith  s e v e ra l 

d i f f e r e n t  p o ly io n ic  m acrom o lecu les , and re p o r te d  s p e c tra  showing seven
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d i f f e r e n t  complex band maxima. T h e ir  n o ta t io n  appears to  d i f f e r  

c o n s id e ra b ly  from  th a t  o f  p re v io u s  a u th o rs , b u t e xa m in a tio n  o f  th e  

s p e c tra  shown in  th e  t e x t  sugges ts  th a t  d i f f e r e n t  p o ly io n ic  m acro- 

m o lecu les  induce  m e tach rom a tic  b e h a v io u r to  d i f f e r i n g  e x te n ts .  

V a r ia t io n s  in  pH were found n o t to  a f f e c t  the  s to ic h io m e try  o f  the  

complex re a c t io n s ,  even when i t  was expected th a t  th e  io n iz a t io n  o f  

c a rb o x y l groups would  va ry  c o n s id e ra b ly .

The in te r a c t io n  o f  M e thy lene  B lue  w ith  p o ly a n io n s  has been s tu d ie d

176 —by the  te ch n iq u e  o f  p u ls e  r a d io ly s is  . H ydra ted  e le c tro n s  ( e " ^ )

a re  gene ra ted  by p u lse  r a d io ly s is  o f  th e  s o lu t io n s ,  and th e  d is a p p e a r

ance o f  e~ can be fa llo w e d  as a fu n c t io n  o f  t im e . Whereas f re e  aq

M ethylene  B lue re a c te d  e x tre m e ly  r a p id ly  w ith  th e  h yd ra te d  e le c tro n s ,  

th e  ra te  o f  re a c t io n  dropped to  th e  ra te  o f  re a c t io n  f o r  h e p a rin  when 

th e  M ethylene B lue was in  s o lu t io n  in  the  presence o f  th e  po lym er. 

P u lse  r a d io ly s is  measurements were compared w ith  s p e c t ra l measurements 

f o r  th e  same s o lu t io n s  a t  th e  same te m p e ra tu re , and an th e  b a s is  o f  

the se  com parisons i t  was deduced th a t  a g g re g a tio n  ra th e r  than io n -  

b in d in g  was la r g e ly  re s p o n s ib le  f o r  metachromasy. In c re a se  in  temp

e ra tu re  le d  to  l ib e r a t io n  o f  f re e  monomeric dye and h in de re d  fo rm a tio n  

o f  th e  com plex, th e  amount o f  dye re le a s e d  a t  any g ive n  tem pe ra tu re  

be ing  dependent on th e  n a tu re  o f  th e  p o ly a n io n .

2 . 9 . k . 3 R e ve rsa l o f  metachromasy shown by n a tu ra l o rg a n ic  p o ly a n io n s

Many a u th o rs  have s tu d ie d  th e  re v e r s ib le  n a tu re  o f  metachromasy in  

s o lu t io n  in  a tte m p ts  to  q u a n t i fy  th e  's t r e n g th ' o f  th e  ch rom o trope , 

and to  in v e s t ig a te  th e  mechanism o f  th e  m e tach rom atic  in t e r a c t io n .  

S tu d ie s  have f a l le n  in to  fo u r  b road g roups , two o f  w h ich  a re  s im i la r  

to  those  examined f o r  dye system s in  the  absence o f  po lym er -  the



e f fe c ts  o f  te m p e ra tu re , a d d i t io n a l  c a t io n s ,  s o lv e n t system , and 

a d d i t io n a l  p o lym er.

a) The e f f e c t  o f  tem pe ra tu re

Many a u th o rs  have i m p l i c i t l y  re co g n ise d  th e  im po rtance  o f  tem pe ra tu re

by re p o r t in g  s tu d ie s  c a r r ie d  o u t a t  f ix e d  te m p e ra tu re . Only two

d i r e c t  re fe re n c e s  to  t h is  e f f e c t  mere found however; when Moore,

176P h i l l i p s  and Power no ted  th a t  th e  n a tu re  o f  th e  p a ly a n io n  a ffe c te d

th e  amount o f  th e  f re e  dye re le a s e d  in to  the  system on r a is in g  the

te m p e ra tu re , and when the  re v e rs a l o f  metachromasy by r a is in g  the

177tem pe ra tu re  was shown to  be c o m p le te ly  re v e rs ib le

b ) The e f f e c t  o f  a d d i t io n a l  c a t io n s

In  S e c tio n  2 .9 .3 .2  th e  e f f e c t  o f  a d d i t io n a l  e le c t r o ly t e  on the

a g g re g a tio n  o f  m e tach rom a tic  dyes in  s o lu t io n ,  in  th e  absence o f

p o lym er, was d e s c r ib e d . In  c o n t ra s t  to  the  p ro m o tion  o f  a g g re g a tio n

found  under these  c o n d it io n s ,  th e  metachromasy induced by p o ly a n io n s

167is  suppressed by th e  a d d it io n  o f  e le c t r o ly t e s .  Lev ine  and S chubert

re p o r te d  d ia ly s is  e xpe rim en ts  show ing th a t  po tass ium  c h lo r id e  (0.0DD5M)

reduced M ethylene B lue  -  c h o n d ro it in  s u lp h a te  metachromasy c o n s id e ra b ly

and th a t  D.01M KC1 suppressed th e  c o n c e n tra t in g  e f f e c t  o f  d ia ly s is

c o m p le te ly . From these  r e s u l t s ,  th e y  in fe r r e d  th a t  th e  d y e -b in d in g

process was d is ru p te d ,  w ith  consequent d is ru p t io n  o f  metachrom asy.

166Bank and Bungenberg de Jong had a ls o  shown th a t  th e  a d d it io n  o f

n e u t ra l  s a l t s  re ve rse d  th e  p ro d u c t io n  o f  m e tach rom atic  c o lo u r  by

chrom otropes and th a t  th e  e f f e c t  was more pronounced th e  h ig h e r the

172charge on th e  c a t io n  o f  th e  s a l t .  B ra d le y  and F e ls e n fe ld  re p o r te d  

th e  s e n s i t i l / i t y  o f  A c r id in e  Orange -  d e o x y r ib o n u c le ic  a c id  metachromasy
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178to  th e  a d d it io n  o f  s a l t s  and D avies e t a l .  d e s c r ib e d  the

d is s o c ia t io n  o f  dye -po lym er complexes a t h ig h  io n ic  s t re n g th .  P u lse

r a d io ly s is  s tu d ie s  have a ls o  been used to  fo l lo w  the  change in  the

r a t io  o f  complexed dye to  f re e  dye th a t  takes  p la ce  when sodium

177c h lo r id e  i s  added to  h e p a rin -M e th y le n e  B lue s o lu t io n s  . When 0.05M 

IMaCl was in tro d u c e d  to  a s o lu t io n  o f  P/D r a t io  100:1 th e  ra te  o f  

d isappearance  o f  e- ^  in c re a se d  to  a ra te  approach ing  th a t  f a r  dye

17Ba lo n e , and e q u a lle d  th a t  f o r  dye a lo ne  w ith  0.1M NaCl. Davies e t  a l .  

c o n tin u e d  the  p u lse  r a d io ly s is  in v e s t ig a t io n  by m easuring the  r e la t iv e  

b in d in g  s tre n g th s  f o r  d i f f e r e n t  type s  o f  a n io n ic  s i t e  f o r  p o ly a n io n ic  

g lycosam inog lycans  in c lu d in g  de-jM -su lphated  h e p a r in , c h o n d ro it in - 4 -  

s u lp h a te , c h o n d r o it in - 6 -s u lp h a te ,  s u lp h a te d  h y a lu ro n ic  a c id  ( a l l  

po tass ium  s a l t s ) ,  sodium a lg in a te  and sodium d e x tra n  s u lp h a te . The 

c o n c e n tra t io n  o f  po tass ium  c h lo r id e  re q u ire d  to  ach ieve  com plete 

re le a s e  o f  M ethylene B lue  from  th e  p o ly a n io n s  v a r ie d  w ith  the  n a tu re  

o f  the  b in d in g  s i t e s  p re s e n t and to  a le s s e r  degree w ith  P/D r a t io ,  

and was termed th e  l im i t i n g  s a l t  c o n c e n tra t io n ,  by ana logy w ith  the  

c r i t i c a l  e le c t r o ly t e  c o n c e n tra t io n .  The e f f e c t  o f  add ing  potass ium  

c h lo r id e  to  p o ly a n io n -c e ty lp y r id in iu m  c h lo r id e  (CPC) s o lu t io n s  was 

a ls o  measured by p u lse  r a d io ly s is ,  and i t  was shown th a t  CPC was 

re le a s e d  from  th e  com plex; b in d in g  a f f i n i t i e s  f o r  CPC were n o t,  

however, found to  be the  same as those  f o r  M ethylene  B lu e , a lth o u g h  

th e  o rd e r was s im i la r .  B in d in g  a f f i n i t y  o f  the  a n io n ic  s i t e s  (P/D =

1 : 1 ) was found to  in c re a s e  in  th e  o rd e r :

CDg" < C02 “  + D .SD3 ~ < CB2 "  + D .S B 3“  + NH.SB3~ < B .S 0 3~

S im ila r  l im i t in g  s a l t  c o n c e n tra t io n s  were found f o r  complexes w ith  P/D 

r a t io s  o f  1 0 : 1  and 1 0 0 : 1 , su g g e s tin g  th a t  the  s t re n g th  o f  in te r a c t io n
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was more c lo s e ly  a s s o c ia te d  w ith  th e  n a tu re  o f  the  a n io n ic  s i t e  than

w ith  th e  c o n c e n tra t io n  o f  th e  c o u n te r io n .  C e ty l p y r id in iu m  c h lo r id e

179was a ls o  used by P a l and B iswas who were ab le  to  show th a t  CPC 

d is p la c e d  dye io n s  a lm ost s ta ic h io m e t r ic a l ly  from  complexes w ith  

h e p a rin  o r  c h o n d ro it in  s u lp h a te .  The dyes used were M ethylene B lue  

and C ry s ta l V io le t ,  and th e  m e tach rom a tic  complexes were removed from  

s o lu t io n  by e x t r a c t io n  w ith  carbon  te t r a c h lo r id e ,  a f t e r  w h ich  the  

unbound dye re m a in in g  in  s o lu t io n  was measured s p e c t ro p h a to m e tr ic a l ly .

I t  was emphasised th a t  t h i s  r e s u l t  c o n tra s ts  w ith  th e  n o n -s to ic h io m e tr ic  

f in d s  f o r  s im p le  e le c t r o ly t e s .

c ) The e f fe c ts  o f  d i f f e r e n t  s o lv e n ts

166Bank and Bungenberg de Jong found th a t  the  a d d it io n  o f  a lc o h o l to

m e tach rom a tic  s o lu t io n s  re ve rse d  metachromasy ( re p o r te d  by S chubert 

1M+sand Hamerman ) .  They a ls o  found  th a t  th e  e x te n t o f  re v e rs a l was 

g re a te r  th e  lo n g e r the  ch a in  le n g th  o f  th e  a lc o h o l.  L a te r ,  the

180re v e rs a l o f  metachromasy by e th a n o l was used by P a l and S chubert 

to  produce a s c a le  o f  s t a b i l i t i e s  o f  tw e lve  m e tach rom atic  compounds 

from  d i f f e r e n t  co m b in a tio n s  o f  dyes and p o ly a n io n s . Urea was a ls o  

used by these  w o rke rs  to  re v e rs e  metachromasy, and e q u iv a le n t  r e s u l t s  

were o b ta in e d . The measure used was th e  c o n c e n tra t io n  o f  e th a n o l 

( o r  u re a ) re q u ire d  to  in c re a s e  th e  a absorbance band to  h a l f  o f  th e  

va lu e  a t  w h ich  a l l  m e tach rom a tic  a c t i v i t y  was d e s tro y e d . I t  became 

c le a r  th a t  bo th  dyes and ch rom otropes d i f fe r e d  in  t h e i r  m e tach rom atic  

s t re n g th .  For any p a r t i c u la r  ch rom o trope , the  o rd e r o f  m e tach rom atic  

s t re n g th  o f  the  dyes was T o lu id in e  B lue  > A c r id in e  Orange > M ethylene 

B lue  > C ry s ta l V io le t .  When th e  s tro n g e s t dyes and chrom otropes were 

com bined, com plete  d e s t ru c t io n  o f  m etachrom asia was n o t ach ieved  even
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a t th e  h ig h e s t e th a n o l c o n c e n tra t io n  used (60% by volume o r  about

10M). Above such e th a n o l c o n c e n tra t io n s  p r e c ip i t a t io n  o f  chrom otropes

was sometimes obse rved . The e x te n t o f  re v e rs a l o f  metachromasy

d e te rm ined  th e  c o lo u r  o f  th e  p r e c ip i ta t e  -  i f  re v e rs a l was com plete

b e fo re  p r e c ip i t a t io n  began, the  p r e c ip i ta te  was c o lo u r le s s ,  o th e rw is e

1 ft 1
th e  p r e c ip i ta te  showed th e  m e tach rom a tic  c o lo u r .  P a l e x te n d e d ‘the

s tu d y  o f  th e  e f fe c ts  o f  e th a n o l to  o th e r  a lc o h o ls  -  m e thano l, p ro pa n -

2 - o l  and 2 -m e th y lp ro p a n -2 - o l , and found  th a t  th e  su p p re ss io n  o f

metachromasy f o r  th e  A d r id in e  O range/x -carageenan system  c o r re la te d

w ith  in c re a s in g  h y d ro p h o b ic ity  o f  th e  a lc o h o ls .  D ioxane (10-50% v /v )

was a ls o  used as a s o lv e n t in  a com parison o f  th e  m e tach rom atic  and

c o n d u c tim e tr ic  e f fe c ts  o f  th e  a d d it io n  o f  o rg a n ic  s o lv e n ts  to

M ethylene  B lue o r  C ry s ta l V io le t  complexes w ith  potass ium  c h o n d ro it in

182s u lp h a te  o r  h e p a rin  . C ry s ta l V io le t / c h o n d r o i t in  s u lp h a te  complexes 

were found to  be more s e n s i t iv e  to  o rg a n ic  s o lv e n ts  than  M ethylene 

B lu e /c h o n d ro it in  s u lp h a te  complexes when judged s p e c t ro p h o to m e tr ic a l ly , 

b u t c o n d u c tim e tr ic  measurements were in te r p r e te d  as show ing, f o r  exam ple, 

th a t  75% bound dye was s t i l l  p re s e n t when th e  spectrum  in d ic a te d  th a t  

metachromasy had been reduced to  16% ( 8 M u re a ) .  P u lse  r a d io ly s is  

s tu d ie s  a ls o  showed th a t  th e  a d d it io n  o f  o rg a n ic  s o lv e n t can suppress 

metachromasy -  th e  ra te  o f  decay o f  e __ in c re a se d  when m ethanol was
cjl|

177in tro d u c e d  to  th e  system  M ethy lene  B lu e /h e p a r in

d ) A d d it io n  o f  excess po lym er

The im po rtance  o f  th e  r a t io  o f  chrom otrope  c o n c e n tra t io n  to  dye conc

e n t r a t io n ,  and in  p a r t i c u la r  o f  e q u iv a le n t  a n io n ic  s i t e  c o n c e n tra t io n  

to  dye c o n c e n tra t io n  has been rev iew ed  by S chubert and Ham erm an^^, 

who d e s c r ib e  th e  changes observed in  the ' spectrum  on add ing  in c re a s in g
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amounts o f  chrom otrope  to  a s o lu t io n  o f  a m e tach rom a tic  dye. A t a 

f ix e d  dye c o n c e n tra t io n ,  in c re a s in g  chrom trope  c o n c e n tra t io n  g e n e ra lly  

produces a decrease in  th e  ot and 3 bands ( f o r  Azure A, M ethylene  B lue 

and C ry s ta l W io le t)  and a r is e  in  the  e x t in c t io n  c o e f f ic ie n t  o f  the  

P o r  y bbnd. T h is  change c o n tin u e s  u n t i l  e q u iva le n ce  o f  chrom atrope 

and dye is  reached and th e  f u l l  m e tach rom atic  c o lo u r  i s  seen. F u r th e r  

in c re a s e  in  chrom otrope c o n c e n tra t io n  re ve rse s  the  changes in  the  

absorbance bands; the  \x o r  y band in t e n s i t y  f a l l s  w h ile  the  a and 3 

band in t e n s i t ie s  in c re a s e  tD,. o r sometimes ra th e r  h ig h e r  than  t h e i r  

va lu es  in  the  absence o f  ch rom o trope . The f a i lu r e  o f  a u th o rs  w o rk in g  

w ith  agar as the  chrom otrope  to  n o t ic e  the  s e q u e n t ia l changes in  

a b s o rp tio n  bands w ith  in c re a s in g  c o n c e n tra t io n  o f  ch rom otrope was 

a t t r ib u te d  to  th e  fo rm a tio n  o f  s t i f f  g e ls  by the  agar as the  conc

e n t ra t io n  is  in c re a s e d , making th e  amount o f  chrom otrope in  t ru e

144s o lu t io n  d i f f i c u l t  to  e s tim a te , and p ro b a b ly  n o t h ig h  . Lev ine  and

S chubert used a p u r i f ie d  agar sample and were a b le  to  show th e  onse t

167o f  re v e rs a l o f  metachromasy . O the r chrom otropes were a ls o  used 

in  th e  same s tu d y , and th e  r e s u l t s  o f  e q u il ib r iu m  d ia ly s is  expe rim en ts  

suggested th a t  dye b in d in g  was n o t suppressed by chrom otrope  conc

e n t ra t io n  in c re a s e , even when metachromasy had d isa p p e a re d .

171 172B ra d ley  e t  a l .  ’ made a s e r ie s  o f  o b s e rv a tio n s  on the  s p e c tra  

produced by a number o f  ch rom otropes w ith  A c r id in e  Orange, and as a 

r e s u l t  in tro d u c e d  th e  s ta c k in g  c o e f f ic ie n t  ( K ) , w h ich  is  a measure o f  

th e  ease w ith  w h ich  a p a r t i c u la r  chrom otrope can re v e rs e  metachromasy 

when i t s  c o n c e n tra t io n  is  ra is e d  to  p ro v id e  excess b in d in g  s i t e s .

When K=1, a s s o c ia t io n  o f  dye w ith  po lym er s i t e s  i s  random; ie .  th e re  

i s  no p rom o tion  o f  s ta c k in g  by th e  p o lym er. The P/D r a t io  re q u ire d  

to  produce a‘ g ive n  degree o f  u n s ta c k in g  -  o r d is a s s o c ia t io n  o f  dye 

m o lecu les  in  th e  presence o f  th e  p o ly a n io n  -  was found to  be c h a ra c t
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e r i s t i c  f o r  each p c ly a n io n  w ith  a g ive n  dye. Fo r DIMA’ s , com plete

u n s ta c k in g  was observed a t  a p p ro x im a te ly  P/D = 1 0 0 . From a knowledge

o f  the  n a tu re  o f  th e  po lym er in  s o lu t io n  i t  was suggested th a t  a

h ig h  s ta c k in g  c o e f f ic ie n t  co rresponds  to  a f l e x ib le  arrangem ent o f

b in d in g  s i t e s ,  w h ile  a low  s ta c k in g  c o e f f ic ie n t  co rresponds  to  a r i g id

arrangem ent, as found in  a m u lt is t ra n d e d  h e l ix .  S uppo rt f o r  t h is  ide a

came from  r e s u lts  found f o r  p o ly a d e n y lic  a c id  w h ich  was th o u g h t tD

undergo t r a n s i t io n  from  a s in g le  s tra n d e d  c o i l  above pH 7 to  a r i g i d ,

two s tra nd e d  h e l ix  below pH 5 . The s ta c k in g  c o e f f ic ie n t  was found to

be h ig h  a t  pH 7 b u t low  a t  pH 5 . O b se rva tio n s  were la t e r  made

177 1R3on a s e r ie s  o f  n a t iv e  and dena tu red  d e o x y r ib o n u c le ic  a c id s  ,/c-> ,LĴ

when i t  was found th a t  th e  s ta c k in g  tendency o f n a t iv e  DIMA is  q u ite

low  (K app roach ing  1 ) ,  b u t in c re a s e s  on d e n a tu r in g . I t  was suggested

th a t  measurement o f  th e  s ta c k in g  tendency co u ld  fo rm  th e  b a s is  o f  a

te ch n iq u e  f o r  a ssess ing  th e  e x te n t o f  d e n a tu ra t io n  o f  DIMA sam ples,

172b o th  in  s o lu t io n  and in  t is s u e  s e c t io n  . These r e s u l t s  were aga in

re la te d  to  the  t r a n s i t io n  from  a r i g id  h e l ic a l  s tra n d  to  a s t ru c tu re

1 0 1o f g re a te r  f l e x i b i l i t y  . S ta c k in g  c o e f f ic ie n ts  f o r  n a t iv e  DIMA's 

were found to  be a lm ost id e n t ic a l  b u t a v a r ia t io n  was found w ith  

dena tu red  sam ples, lilhen a v a r ie ty  o f  ch rom otropes was co n s id e re d , 

a w ide range o f  s ta c k in g  c o e f f ic ie n ts  was found f o r  A c r id in e  Orange, 

w ith  DIMA e x h ib i t in g  th e  lo w e s t v a lu e , and h e p a rin  and po lyphospha te  

hav ing  va lu e s  a p p ro x im a te ly  800 tim e s  h ig h e r .  The same p r in c ip le  -  

th e  measurement o f  s ta c k in g  tendency , o r  ease o f  re v e rs a l o f  m etachro

masy by in c re a s in g  P/D r a t io  -  was used to  c h a ra c te r is e  p la n t  su lp h a te d  

173p o ly s a c c h a rid e s

In  th e  course  o f  t h e i r  s tu d ie s  on the  u l t r a c e n t r i f u g a l  s e p a ra tio n  

o f  M e th y le n e *B L u e /c h o n d ro it in  s u lp h a te  com plexes, P a l and S chubert 

no ted  th a t  the  sedim ent d e p o s ite d  from  m e tach rom atic  s o lu t io n s  a t



h ig h  c e n t r i f u g a l  f i e ld s  (5 0 ,000  x g ) a lw ays co n ta in e d  po lym er and dye

a t  a P/D r a t io  o f  1 :1 , even when the  P/D r a t io  o f  th e  o r ig in a l

169s o lu t io n  was as h ig h  as 20 :1  . T h is  f in d in g  was d e s c r ib e d  as

d e m o n s tra tin g  the  p r e fe r e n t ia l  s a tu ra t io n  o f  same o f  th e  p o ly e le c t 

r o ly t e  m o lecu les  w h ile  o th e rs  rem ained a lm ost f r e e  o f  dye c a t io n s .

P a l and S chubert a ls o  used th e  absorbance o f  th e  m e tach rom a tic  comp

ound by in s o lu b le  ca lc iu m  s a l t s  to  s tu d y  th e  e f fe c ts  o f  p o ly e le c t r o ly te  

excess, and found th a t  th e  amount o f  th e  m e tach rom a tic  compound

removed rose  r a p id ly  w ith  c h o n d ro it in  su lp h a te  c o n c e n tra t io n  to  reach a

170p la te a u  th a t  was m a in ta in e d  up to  a P/D r a t io  o f  10:1 . A t h ig h e r

P/D r a t io s  th e  amount o f  m e tach rom a tic  compound removed began to  f a l l .  

C e n tr i fu g a t io n  and e x t r a c t io n  w ith  tr ic h lo ro m e th a n e  were a ls o  used to  

e s tim a te  the  amount o f  m e tach rom a tic  compound removed, and gave s im i la r  

r e s u l t s  up to  P/D = 1 0 :1 ; a t  h ig h e r  P/D va lu es  th e  cu rves  d e v ia te d  

from  each o th e r .  These r e s u l t s  w ere , however, a l l  s u b je c t  to  the  

m a jo r q u a l i f i c a t io n  th a t  th e  presence o f  s a l t  was necessary f o r  

s e d im e n ta tio n  and f o r  a b s o rp tio n  o f  th e  m e tach rom atic  compound by 

th e  ca lc iu m  s a l t s .

In  th e  p u lse  r a d io ly s is  s tu d ie s  c a r r ie d  o u t on M ethylene  B lu e /

176 177 —h e p a rin  complexes •’ , i t  was no ted  th a t  the  decay o f  e”  was a t

177a minimum a t a P/D r a t io  o f  100:1 b u t e xam ina tio n  o f  a t e x t  f ig u r e  

sugges ts  th a t  th e  ra te  o f  decay was a t  a minimum a t  a P/D r a t io  o f  

a p p ro x im a te ly  1 0 :1 . I t  i s  in te r e s t in g  th a t  th e  amount o f  f re e  dye 

e s tim a te d  in  th e  s o lu t io n  shou ld  be g re a te r  from  s p e c t ra l measure

ments than  from  r a d io ly s is  m easurements, and th a t  s p e c t ra l measure

ments in d ic a te  th a t  f re e  M ethy lene  B lue  i s  a t  a minimum a t  a P/D r a t io  

app roach ing  1 0 : 1  r a th e r  than  1 : 1 , w ith  a s teady in c re a s e  th e r e a f te r .

The in c re a s e  shown by s p e c t ra l measurements i s  accompanied by a sharp



decrease fo llo w e d  by a s teady  in c re a s e  in  th e  amount o f  f re e  dye 

e s tim a te d  by r a d io ly s is . The a u th o rs  d e s c r ib e  t h i s  f in d in g  as

176 177u n e q u ivo ca l ev idence  th a t  th e  dye i s  bound a t  the  a n io n ic  s i t e  ’

2 .9 .5  Metachromasy in  th e  presence o f  s y n th e t ic  a n io n ic  polym ers

S y n th e t ic  a n io n ic  po lym ers have been used to  examine th e  mechanism o f

184th e  metachromasy shown by M ethy lene  B lue  . The e f f e c t  o f  the  s t r u c t 

u re s  o f  p o ly ( v in y l  s u lp h a te )  and i t s  homologues .on M ethylene B lue 

metachromasy have shown th a t  a n io n ic  s i t e  d e n s ity  and the  f l e x i b i l i t y  

o f  the  po lym er ch a in  a re  im p o r ta n t fa c to r s .  The P/D range over which 

th e  a band absorbance was a t  a minimum v a r ie d  among th e  p o ly a n io n s  

exam ined, from  2-56  f o r  a po lym er o f  DP 1500 w ith  100% s u lp h a t io n ,  

to  1-7 f o r  a po lym er o f  DP 150 w ith  100% s u lp h a t io n .  The e f f ic ie n c y  

o f  a g g re g a tio n  o f  M e thy lene  B lue a ls o  decreased w ith  decrease in  th e  

degree o f  s u lp h a t io n  w h i ls t  th e  le a s t  f le x ib le  po lym ers a ls o  showed 

decreased e f f ic ie n c y  in  p ro m o ting  a g g re g a tio n . A no the r s e r ie s  o f

s y n th e t ic  po lym ers hav ing  c lo s e ly  re la te d  s t ru c tu re s  was a ls o  s tu d ie d

185f o r  t h e i r  e f fe c ts  on M ethy lene  B lue  metachromasy . Again the  

v a r ia t io n  o f  the  in t e n s i t y  o f  th e  ot band w ith  P/D r a t io  was measured 

and found to  va ry  w ith  th e  n a tu re  o f  th e  p o lym er. Fo r p o ly (so d iu m  

a c r y la t e ) , the  a band in t e n s i t y  reached a minimum a t a P/D r a t io  o f  

a p p ro x im a te ly  1 8 :1 , and a p p a re n tly  f o r  none o f  th e  po lym ers was the  

minimum a band in t e n s i t y  reached below  P/D = 8 .0 :1 .  The charge d e n s ity  

and f l e x i b i l i t y  o f  th e  po lym ers were th o u g h t to  be im p o rta n t here a ls o  

b u t d e f in i t e  c o n c lu s io n s  were n o t drawn. The metachromasy o f  M ethylene 

B lu e /p o ly (v in y lp h e n o l)  in  s o lu t io n s  o f  sodium h y d ro x id e , chosen to  g iv e  

d i f f e r e n t  degrees o f  d is s o c ia t io n  o f  th e  p h e n o la te  an ion  re s id u e s , 

was in v e s t ig a te d  by S h i r a i ,  Nagaoka and Tanaka . A t each IMaOH



c o n c e n tra t io n ,  th e  r a t io  o f  p h e n o la te  an ion  to  dye f o r  w h ich  the  

a band in t e n s i t y  was a t  a minimum was a p p ro x im a te ly  3 . The meta

chromasy induced by p a ly (v in y lp h e n o l)  was n o t d e s tro ye d  a p p re c ia b ly  

by a d d it io n  o f  sodium c h lo r id e ,  b u t was d es tro ye d  by a d d it io n  o f  

4.8M u re a .

The cyan ine  dye p in a c y a n o l c h lo r id e  and i t s  in te r a c t io n  w ith

s y n th e t ic  p o ly a n io n s  was d e s c r ib e d  by P a l and Ghosh, who drew p a ra -

187l l e l s  w ith  f in d in g s  f o r  n a tu ra l po lym ers . Again  th e  polym er 

c o n fo rm a tio n  was f e l t  to  be o f  g re a t im portance  in  d e te rm in in g  the  

metachromasy obse rved . Only p o ly ( a c r y la te )  and p o ly C v in y l s u lp h a te )  

complexes showed 1 : 1  s to ic h io m e try ,  whereas p o ly C m e th a c ry lic  a c id )  

and p o lyC s ty re n e  s u lp h o n a te ) showed 2 :1  s to ic h io m e try .  P o ly ( a c r y la te ) , 

p o ly C v in y l s u lp h a te )  and p o ly (m e th a c ry la te )  ( th e  l a t t e r  o n ly  a t  P/D >3) 

had broad and m u lt ip le -b a n d e d  s p e c tra ,  whereas th e  s p e c tra  were 

sharp  and s in g le  banded f o r  p o ly C m e th a c ry lic  a c id )  and p o lyC s ty re n e  

s u lp h o n a te ) . The a u th o rs  p o s tu la te d  th a t  m u lt ip le -b a n d e d  s p e c tra  

were caused by c h a o t ic  a g g re g a tio n  o f  th e  dye due to  i t s  la rg e  s iz e ,  

when ' ove rcrow ded ‘ a t  a 1 : 1  s to ic h io m e try  as th e  random c o i l  o f  the  

po lym er became more compact w ith  th e  re d u c t io n  o f  re p u ls iv e  e le c t r o 

s t a t i c  fo r c e s .  C o n ve rse ly , b in d in g  a t  a l te r n a te  a n io n ic  s i t e s  (2 :1

187s to ic h io m e try )  a llo w e d  more re g u la r  a g g re g a tio n  o f  th e  bound dyes

1QBS h ir a i  e t  a l .  found  th a t  th e  metachromasy induced  in  

M ethylene  B lue by p o ly C v in y l s u lp h a te )  and p o ly C g -s ty re n e  su lp h o n a te ) 

was d e s tro ye d  by a l k a l i  m e ta l c h lo r id e s ,  and by 1 -a lk y 1 -3 -c a rb a m o y l 

p y r id in iu m  brom ides to  an e x te n t  dependent on th e  s iz e  o f  th e  a l k a l i  

m e ta l c a t io n s  and th e  h y d ro p h o b ic ity  o f  th e  1 - a lk y l  g ro u p . The 

c o n c e n tra t io n  o f  a l k a l i  m e ta l c a t io n  re q u ire d  to  d e s tro y  metachromasy 

decreased in  th e  o rd e r L i+ > l\la+ > > Cs+ , and in  th e  o rd e r
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CH3 CH2DH = CH3 (CH2 ) 3QH > CH3 (CH2 ) 7DH > CH3 (CH2 ) 1 1 0H. Low dye

c o n c e n tra t io n s  were found to  enhance th e  metachromasy shown by p o ly

(g -s ty re n e  s u lp h o n a te ) .

A te ch n iq u e  o f  s p e c t ra l a n a ly s is ,  term ed th e  extended p r in c ip a l

component a n a ly s is  m ethod, has been a p p lie d  to  m e tach rom atic  d ye /

p o ly a n io n  system s, and once aga in  th e  c o n fo rm a tio n  o f  th e  po lym er and

th e  n a tu re  o f  the  a n io n ic  s i t e  have been found to  be o f  g re a t im p o r t-
/]□□ igo

ance in  d e te rm in in g  th e  e x te n t  o f  metachromasy ’ . The dyes used,

C ry s ta l V /io le t and t r y p a f la v in e ,  were found to  have m etach rom a tic

bands in  t h e i r  s p e c tra  a t  b o th  s h o r te r  and lo n g e r w ave leng th  than  th e

peak w ave leng th  f o r  th e  f r e e  dye, when th e  s p e c tra  were ana lysed  by

189th e  p r in c ip a l  component method . In  a d d it io n ,  the  a n a ly s is  showed

th e  presence o f  o n ly  one dye s p e c ie s , o th e r  than  f r e e  dye , a t  P/D £  1,

189w hich was a t t r ib u te d  to  bound dye . The f r a c t io n  o f  t h is  bound dye

sp e c ie s  was shown to  decrease w ith  in c re a s in g  c o n c e n tra t io n  o f  sodium

190c h lo r id e ,  even though th e  ana lysed  s p e c tra  rem ained unchanged 

The p r in c ip a l  component a n a ly s is  method was a ls o  used to  assess the  

perfo rm ance o f  s p in - la b e l le d  a c r id in e  dyes in  p ro d u c in g  metachromasy 

w ith  p o ly e le c t r o ly t e s , in  com parison w ith  t h e i r  n o n - la b e lle d  c o u n te r

p a r ts ,  when the  la b e l le d  dyes were shown to  produce s im i la r  s p e c tra  

to  the  u n la b e lle d  d y e s ^ .

2 .9 .6  Metachromasy in  th e  p resence o f  in o rg a n ic  an ions  and d e te rg e n ts

The most f re q u e n t ly  re p o r te d  in o rg a n ic  chrom otropes a re  po lyph o sph a te s ,

144a lth o u g h  S chubert and Hamerman a ls o  m ention  s i l i c a t e s  , and Ghosal

e t  a l .  d e s c r ib e d  dye a g g re g a tio n  on c la y  s u rfa c e s  in  ve ry  d i lu t e  

192suspension  . Wiame found th a t  T o lu id in e  B lue metachromasy was 

induced by sodium hexam etaphosphdte, b u t n o t by o r th o - ,  p y ro -  o r
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193t r ip h o s p h a te ,  no r by adenosine tr ip h o s p h a te  . Sodium t r im e ta 

phosphate gave a v e ry  s l i g h t  m e tach rom a tic  re a c t io n  a t t r ib u te d  to  

c o n ta m in a tio n  by hexam etaphosphate. On the  b a s is  o f  E530nm/E630nm 

( th e  r a t io  o f  th e  m o la r e x t in c t io n  c o e f f ic ie n t  o f  the  m etach rom atic  

band to  th a t  o f  the  o rth o c h ro m a tic  band) metachromasy was found to  

be s tro n g e s t a t  a P/D r a t io  o f  8 :1 ,  and decreased a t  ve ry  lorn and 

h ig h  c o n c e n tra t io n s .  P a l and Biswas examined the  p o s s ib i l i t y  th a t  

s m a ll m o lecu les  m ig h t a c t  as ch rom o tropes , and concluded th a t  the  

chrom otrope need n o t be a m acrom alecule  to  induce  m etachram asia in  

a dye s o lu t io n ,  and th a t  th e  minimum num ber-o f charges p e r p o ly a n io n

necessary to  g iv e  i t  a c h ro m a tro p ic  c h a ra c te r  v a r ie d  w ith  the  n a tu re  

194o f  th e  p o ly a n io n  . T a k a ts u k i and Yamaoka measured th e  a b s o rp tio n

s p e c tra  o f  C ry s ta l V io le t  and T ry p a f la v in e  in  th e  presence o f  th re e

195sodium po lyphospha tes  o f  d i f f e r e n t  ch a in  le n g th s  . The amount o f  

bound dye was shown to  in c re a s e  w ith  in c re a s in g  ch a in  le n g th  a t  a 

g ive n  P /D, a lth o u g h  a t  low  P/D va lu e s  th e  s p e c tra  o f  th e  bound dyes 

were independent o f  ch a in  le n g th .  These r e s u lts  were o b ta in e d  by 

a p p ly in g  the  method o f  extended p r in c ip a l  component a n a ly s is .  The 

e f f e c t  o f  sodium c h lo r id e  on sodium p o lyph o sph a te /dye  complexes was 

somewhat s im i la r ,  in  th a t  th e  a n a ly s is  method showed th a t  the  f r a c t io n  

o f  bound dye decreased on a d d it io n  o f  e le c t r o ly t e ,  a lth o u g h  the  s p e c tra  

rem ained unchanged^90 .

In te r e s t  in  d e te rg e n t- in d u c e d  metachromasy has ce n tre d  around 

m ic e l le  fo rm a tio n ,  w ith  th e  im p l ic a t io n s  th a t  t h i s  m ig h t have on 

g e n e ra l th e o r ie s  o f  m etachrom asy. S chubert and Hamerman l i s t

144m y r is ta te ,  Duponol and p h o s p h o lip id s  among the  d e te rg e n ts  s tu d ie d  , 

and Lev ine  and S dhubert showed th a t  the  two d e te rg e n ts  m y r is ta te  

and Duponol induce  m e tach rom atic  b e h a v io u r th a t  i s  ve ry  s im i la r  to
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167th a t  f o r  a n io n ic  p o ly s a c c h a rid e s  , w ith  in c re a s e  in  in t e n s i t y  o f  

m e tach rom atic  bands fo llo w e d  by a decrease in  in t e n s i t y  as the  

chrom otrope c o n c e n tra t io n  c o n tin u e d  to  r i s e .  D ia ly s is  expe rim en ts  

suggested th a t  a t  h ig h  chrom otrope  c o n c e n tra t io n ,  dye b in d in g  was 

s t i l l  p re s e n t when metachromasy was suppressed and th e  a u th o rs  

suggested th a t  m ic e l le  fo rm a tio n  co u ld  be im p o rta n t in  d e te rg e n t and 

p o ly s a c c h a r id e  s o lu t io n s .

2 .9 .7  Metachromasy in  th e  p resence o f  p o ly c a t io n s

In  t h e i r  re v ie w  o f  1956, S chu b e rt and Hamerman s ta te  th a t  ' f i l l  known
14^

chrom otropes a re  a n io n ic 1 . However a few re p o r ts  o f  p o ly c a t io n ic

chrom otropes have been made, and a ga in  they  have a r is e n  from  the

in te r e s t s  o f  h is t o lo g is t s  in  s ta in in g  t is s u e s  o f  d i f f e r i n g  b io c h e m ic a l

n a tu re .  S chubert and Hamerman a ls o  p o in te d  o u t th a t  a m etach rom atic

system  o f  an a n io n ic  dye and a c a t io n ic  chrom otrope would be o f

c o n s id e ra b le  in t e r e s t  as i t  would a llo w  com parison o f  dyes w hich d id

and d id  n o t conform  to  B e e r 's  Law. The e lu c id a t io n  o f  th e  mechanisms

o f v i t a l  dye s ta in in g  o f  plasma le d  G regerson and G ibson to  examine

th e  s p e c tra  o f  s e v e ra l a n io n ic  dyes in  s o lu t io n ,  in  th e  presence and

196absence o f  sodium c h lo r id e  o r  plasma ( o r  serum) . In  some cases,

f o r  example a dye d e s ig n a te d  T.182L and N iagara  Sky B lu e , the  s p e c tra

appear to  show hypo- and b a thoch rom ic  s h i f t s  in  th e  presence o f  p lasm a,

197b u t hypsochrom ic s h i f t s  in  the  p resence o f  sodium c h lo r id e .  Rawson 

a ls o  used T.1824 and N iaga ra  Sky B lue  and aga in  s p e c t ra l s h i f t s  in  

th e  presence o f  plasma p ro te in  ( in  t h is  case a lb um in ) were hypo- and 

b a th o ch ro m ic , as were those  f a r  Trypan B lu e . K e l ly  d iscussed  these  

changes as n a n -m e ta e h ro m a tic , as h is  d e f in i t io n  o f  metachromasy 

re q u ire d  a hypsochrom ic s h i f t ,  .and d e s c r ib e d  Congo Red as showing a
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198m etach rom a tic  s h i f t  in  th e  p resence o f  p ro tam ine  s u lp h a te  

Congo Red was known to  agg rega te  in  s o lu t io n ,  b u t to  obey B e e r’ s Law, 

in  c o n t ra s t  to  a few a n io n ic  dyes re la te d  to  E os in  w h ich  d e v ia te d  

from  the  Law. The s p e c t ra l s h i f t  o f  E osin  w ith  p ro ta m ine  was n o t 

th o u g h t to  be m e tach rom a tic  by K e l ly ,  a lth o u g h  th e  te x t  f ig u r e

in d ic a te s  the  developm ent o f  a secondary absorbance band a t s h o r te r

198 138w ave leng ths  than  th e  main band . Mataga and Koizum i re fe r re d

to  s p e c t ra l changes shown by E osin  -  t h is  tim e  w ith  c h ito s a n  hyd ro 

c h lo r id e  as chrom otrope  -  as be ing  n on -m e ta ch rom atic , even though the  

spectrum  showed a hypochrom ic and ba thoch rom ic  s h i f t ,  fa l lo w e d  by 

some re co ve ry  tow ards th e  f re e  dye spectrum  on in c re a s in g  the  conc

e n t r a t io n  o f  ch rom o trope . (Mo s im i la r  change was observed when low  

m o le c u la r w e ig h t amine compounds -  D -g lucosam ine  h y d ro c h lo r id e  o r  

m ethylam ino  h y d ro c h lo r id e  -  were added to  the  dye s o lu t io n .

E ry th ro s in  gave com parable r e s u l t s  to  E o s in , b u t U ran ine  showed 

marked s p e c t ra l changes (h yp o - and hypsochrom ic) w ith  b a th  h ig h  and

low  m o le c u la r w e ig h t compounds, w ith  no re co ve ry  observed a t  the

138c o n c e n tra t io n s  used

One more re c e n t r e p o r t  has suggested th a t  m e tach rom a tic  s p e c t ra l

changes may ta ke  p la ce  when s o l id  s u b s tra te s  ( c e l lu lo s e  p o ly c a t io n s )

199a re  t re a te d  w ith  a n io n ic  dyes

2 .9 .8  H e te ro a g g re g a tio n

P a l and S chube rt2 00 , and P a l,  Ash and Ghosh20  ̂ have ra p o r te d  an

in te r e s t in g  phenomenon o c c u r r in g  when p a ir s  o f  c a t io n ic  dyes a re  in

200s o lu t io n  w ith  one ch rom o trope . In  the  f i r s t  s tu d y  , th e  spectrum  

o f  each dye /ch rom o trope  s o lu t io n  was p re pa re d , as was th e  spectrum  f o r  

th e  chrom otrope in  th e  presence o f  b o th  dyes. By s u b t ra c t in g  the
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in d iv id u a l dye/chrom otrope spec tra  from the spectrum o f the m ix tu re ,

P a l and S chubert mere a b le  to  d is t in g u is h  two type s  o f  metachromasy.

In  th e  f i r s t ,  th e  d if fe re n c e  spectrum  mas a lm ost z e ro , and shomed

th a t  th e  s o lu t io n  c o n ta in e d  a m ix tu re  o f  th e  tmo m e tach rom a tic

com plexes, m h ile  in  the  second, th e  re s id u a l spectrum  shamed h ig h

p o s i t iv e  and deep n e g a tiv e  peaks, su g g e s tin g  th a t  th e  tmo dyes had

form ed a m ixed aggrega te  m ith  a un ique  spectrum . The f i r s t  c o n d it io n

mas term ed 's im p le  m etachrom asy' and th e  second 'compound m etachrom asy '.

In  compound metachromasy, th e  spectrum  shomed enhanced absorbance

c lo s e  to  th e  y -band o f  th e  dye mhose y -band mas a t  s h o r te r  mave-

le n g th ,  m h ile  the  absorbance mas s h a rp ly  decreased c lo s e  to  the  y -band

2 DDa t  lo n g e r m avelength

The chrom otropes used in  th e  second s tud y  mere the  s y n th e t ic

p o ly a n io n s  p o ly (p o ta s s iu m  s ty re n e  s u lp h o n a te ) and pa lyC po tass ium  v in y l

2 0 1s u lp h a te )  m ith  th e  cyan ine  dyes p in a c y a n o l and th ia c a rb o c y a n in e

In  a d d it io n  th e  spectrum  o f  M e thy lene  B lue  and A c r id in e  Orange in

th e  presence o f  m e rc u r ic  c h lo r id e  mas a ls o  exam ined. In  each case,

h e te ro a g g re g a tio n  mas shomn to  o c c u r, m ith  the  enhancement o f  th e

m etach rom atic  band o f  th e  p a r tn e r  dye hav ing  X max a t r e la t i v e l y

s h o r te r  m ave leng th , a t  th e  expense o f  th e  absorbance a t  th e  m eta-

201c h ro m a tic  band Df th e  o th e r  dye

2 .9 .9  The im portance  o f  m ater

That m ater p la y s  a v i t a l  p a r t  in  th e  m e tach rom atic  in te r a c t io n  o f  

dyes and chrom otropes has been re co gn ise d  f o r  many y e a rs ; the  e xa c t 

n a tu re  o f  the  r o le  o f  m ater has been the  s u b je c t o f  a g re a t d e a l of 

c o n je c tu re .  Many m arkers have observed th a t  d e h y d ra tio n  o f  h i s t o l 

o g ic a l specimens le a ds  to  lo s s  o f  th e  m e tach rom a tic  c o lo u r .  S chubert 

and Hamerman have rev iem ed t h i s  a spe c t Df metachromasy and d e sc r ib e d



the  e a r ly  d is t in c t io n  made between ' t r u e ' and ' f a ls e ' metachromasy,

t h a t  i s  m e tach rom atic  s ta in in g  th a t  was s ta b le  to ,  o r removed by,

tre a tm e n t w ith  a lc o h o l r e s p e c t iv e ly .  C r i t i c s  o f such a d is t in c t io n

p a in te d  o u t th a t  th e  e x te n t  o f  d e h y d ra tio n  o f  t is s u e  s e c tio n s  w ith

a lc o h o l was ve ry  v a r ia b le ,  and h ig h ly  dependent Dn in d iv id u a l  te c h -  
']LL

n iq ue  . S z irm a i and B a lazs  no ted  th e  d i f f i c u l t i e s  in h e re n t in  

making q u a n t i ta t iv e  assessm ents o f  th e  m e tach rom atic  re a c t io n  a f t e r  

f i x a t i o n  o r  d e h y d ra tio n  o f  t is s u e s ,  as f o r  example on s e c tio n s  dehyd

ra te d  w ith  m e thy l benzoate  and mounted in  Canada Balsam , when the

Azure A a b s o rp tio n  maximum induced  by ro o s te r  c a r t i la g e  and comb

153m a te r ia l moved to  lo n g e r w ave leng ths

1L3 158Padday and Sheppard b o th  co ns ide re d  the  f a c t  th a t  metachram-

a t i c  dyes obey B e e r 's  Law in  o rg a n ic  s o lv e n ts ,  and d e v ia te  from  the  

Law in  aqueous s o lu t io n  to  be o f  g re a t im po rtance  and to  h o ld  p a r t 

i c u la r  im p lic a t io n s  f o r  th e  n a tu re  o f  dye a g g re g a tio n  in  the  metach

ro m a tic  com plex. McKay and H i l ls o n  s tu d ie d  the  s p e c tra  o f  two meta

c h ro m a tic  dyes in  a v a r ie ty  o f  s o lv e n ts  o f  h ig h  d ie le c t r i c  c o n s ta n t,

and were a b le  to  show th a t  metachromasy was e x h ib ite d  o n ly  in  w a te r

162and to  a much s m a lle r  e x te n t  in  g ly c e r o l s o lu t io n s

R e c e n tly , Lawton and P h i l l i p s  have s tu d ie d  the  e f f e c t  o f  w a te r

on the  m e tach rom atic  complexes o f  M ethy lene  B lu e / in s o lu b le  c e l lu lo s ic

202p o ly a n io n s  by d i f fu s e  re f le c ta n c e  sp e c tro sco py  . They were a b le  

to  dem onstra te  th a t  com ple te  d e h y d ra tio n  caused th e  complexes to  

become o r th o c h ro m a tic , and th a t  re h u m id i f ic a t io n  re ve rse d  the  change. 

Under anhydrous c o n d it io n s  d i f f e r e n t  type s  o f c e l lu lo s ic  p o ly a n io n s  

behaved s im i la r ly ,  su g g e s tin g  th a t  the  typ e  o f  s i t e  was n o t im p o r ta n t,  

b u t th a t  in  th e  presence o f  w a te r m e tach rom a tic  b e h a v io u r decreased 

in  the  o rd e r :
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su lpha te  > phosphate > ca rb o xy l > carboxym ethyl

202f o r  c e l lu lo s ic  p a ly a n io n s  whose s i t e  spac ing  was s im i la r

2 . 9 . 1D O p t ic a l p ro p e r t ie s  re la te d  to  metachromasy

Two m a jo r o p t ic a l  phenomena have been s tu d ie d  in  c o n ju n c t io n  w ith  

metachromasy -  they  a re  th e  v a r ia t io n s  in  f lu o re s c e n t  em iss ion  

e x h ib ite d  by f lu o re s c e n t  m e tach rom a tic  dyes, and the  anomalous o p t ic a l  

r o ta to r y  d is p e rs io n  shown by some m e tach rom a tic  com plexes.

2 .9 .1 0 .1  F luo rescence

In  1953, K o izum i and Mataga re p o r te d  th a t  the  f lu o re s c e n c e  in t e n s i t y

o f  Rhodamine 6 G v a r ie d  in  a s im i la r  manner to  th e  a b s o rp tio n  in t e n s i t y

203o f  th e  monomer band o f  th e  dye . The chrom otrope used was potass ium  

p o ly C v in y l s u lp h a te ) .  A la t e r  s tu d y  in  the  same s e r ie s  used a range 

o f  sodium and potass ium  a lk y l  s u lp h a te  e s te rs  o f  d i f f e r e n t  ch a in  

le n g th  to g e th e r  w ith  s e v e ra l f lu o re s c e n t  dyes^D\  M e th y l and b u ty l  

s u lp h a te  had no e f f e c t  on e i t h e r  th e  a b s o rp tio n  o r  f lu o re s c e n c e  

s p e c tra  o f th e  dyes, and amyl s u lp h a te  showed o n ly  a s l i g h t  e f f e c t  

a t  h ig h  c o n c e n tra t io n .  In  th e  case o f  o c ty l  s u lp h a te , quenching o f 

f lu o re s c e n c e  o c c u rre d , accompanied by changes in  the  a b s o rp tio n  

spectrum ; when the  c r i t i c a l  m ic e l le  c o n c e n tra t io n  (CMC) was reached, 

th e  f lu o re s c e n c e  recove red  and th e  a b s o rp tio n  spectrum  became s im i la r  

to  th a t  o f  the  aqueous dye s o lu t io n .  Sodium la u r y l  s u lp h a te  showed 

s im i la r  e f fe c ts  to  those  o f  th e  o c ty l  s u lp h a te , b u t re co ve ry  o f  

f lu o re s c e n c e  began a t  a c o n s id e ra b ly  lo w e r c o n c e n tra t io n  than the  

CMC. Changes in  th e  f lu o re s c e n c e  s p e c tra  o f  E os in  and E ry th ro s in  

were a ls o  noted when c h ito s a n  h y d ro c h lo r id e  Dr dodecylam ine h yd ro 

c h lo r id e  were used as th e  ch rom o trope , and were th o u g h t to  be analogous



13Qto  those  observed f o r  th e  b a s ic  dyes

P a l used d i lu t e  aqueous s o lu t io n s  o f  th e  f lu o re s c e n t  dyes 

A c r id in e  Orange and Rhodamine 6 G, b o th  o f  w hich become more f lu o re s c e n t  

when u rea  o r  e th a n o l i s  added to  th e  s o lu t io n ,  and examined the

181e f fe c ts  o f  v a r io u s  p o ly a n io n s  on th e  f lu o re s c e n c e  o f  th e  s o lu t io n s

He co ns ide re d  Rhodamine 6 G to  be a n ly  ve ry  w eakly m e tach ro m a tic , b u t

observed th a t  quenching and subsequent reappearance o f  f lu o re s c e n c e

was found w ith  bo th  dyes. E xpe rim en ts  w ith  a d d it io n  o f  s o lv e n ts  o f

in c re a s in g ly  h yd rophob ic  n a tu re  le d  P a l to  conc lude  th a t  m ic e lle

fo rm a tio n  was im p lic a te d  in  th e  quenching o f. f lu o re s c e n c e , and in  

181metachromasy . The a p p l ic a t io n  Df th e  flu o re s c e n c e  quenching o f  

A c r id in e  Drange in  th e  presence o f  a p o ly a n io n  in  a q u a n t i ta t iv e  

assay f o r  carrageenans was advocated by C u n d a ll, P h i l l i p s  and
2Q5 206

Rowlands ’ . They e x p lo ite d  th e  s tro n g  b in d in g  o f  A c r id in e  Grange

to  p o ly a n io n s  and th e  f a c t  th a t  a s s o c ia t io n  w ith  th e  p o ly a n io n  

induces  a s h i f t  to  red  w ave leng ths  o f  th e  green f lu o re s c e n c e  shown 

by th e  unbound dye . The f lu o re s c e n c e  in t e n s i t y  o f  th e  unbound dye 

was p lo t te d  a g a in s t th e  c o n c e n tra t io n  o f  ca rrageenan s o lu t io n  added, 

u n t i l  an e n d p o in t in d ic a t in g  1 : 1  s to ic h io m e try  was reached , in  an 

analogous manner to  m e tach rom a tic  t i t r a t i o n .  Carrageenans co u ld  be 

e s tim a te d  in  th e  p resence o f  c a rb o x y m e th y lc e llu lo s e  i f  th e  assay 

was perfo rm ed a t  pH 3 .D -3 .5 , as a t  t h i s  pH io n is a t io n  o f  the  c a rb o x y l 

group i s  s u p p re s s e d ^ ^ ’ *̂"1̂ .  The f lu o re s c e n c e  o f  A c r id in e  Grange was 

a ls o  used to  in v e s t ig a te  th e  b in d in g  s tre n g th s  o f  s ix  p o ly a n io n s  and 

th e  in f lu e n c e  o f  s im p le  e le c t r o ly te s  on the  d y e /p o ly a n ia n  com plex.

The o rd e r o f  e f fe c t iv e n e s s  o f  th e  c a tio n s  in  d is r u p t in g  th e  d ye / 

p o ly a n io n  complex was found  to  be :

□ 2 +  2 +  n 2 +  2 +  .y-f- i . +Ba > S r > Ca > Mg »  K > l\la > L i  .
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W ith in  th e  same va le n cy  group th e  most e f f e c t iv e  c a t io n  mas th a t

2B7w ith  the  s m a lle s t h yd ra te d  ra d iu s  . The re le a s e  o f  dye from  the

p o ly a n io n /d y e  complex on the  a d d it io n  o f  p o ly c a t ia n  mas a ls o  s tu d ie d

2 0 0by th e  flu o re s c e n c e  te ch n iq u e  - I t  mas found th a t  s to ic h io m e t r ic

d isp la ce m e n t o f  dye o ccu rre d  w ith  a d d it io n  o f  p o ly c a t io n s ,  b u t th a t

th e  re la te d  monomers were n o t e f f e c t iv e ,  even in  g re a t excess, in

p ro d u c in g  the  re le a s e  o f  f r e e  dye and hence in c re a s in g  th e  in t e n s i t y

a t  th e  w ave leng th  f o r  unbound dye f lu o re s c e n c e . In  a n o th e r s tud y  the

c a t io n ic  b in d in g  s tre n g th  o f  h e p a r in  f r a c t io n s  was examined u s in g

A c r id in e  Orange and a c o r r e la t io n  between a n t ic o a g u la n t a c t i v i t y  and

209th e  l in e a r  charge param ete r o f  th e  p o ly a n io n  was im p lie d  .

2 .9 .1 0 .2  O p t ic a l r o ta to r y  d is p e rs io n

The anomalous change in  o p t ic a l  r o ta t io n  w ith  w ave leng th  -  o p t ic a l  

r o ta to r y  d is p e rs io n  o r  QRD -  o f  m e tach rm oa tic  com plexes, p a r t i c u la r l y

o f  M ethylene  B lu e /g ly c o s a m in o g ly c a n s  com plexes, has been s tu d ie d  by

210 211 Stone and Moss , and by Stone . On the  b a s is  o f  the  ORD observed

f o r  h e p a rin /M e th y le n e  B lue  complexes a t  a c id ic  pH a h e l ic a l  s t r u c tu r e

f o r  th e  p o ly a n io n  was p roposed, w h ich  was th o u g h t to  e x p la in  the

210induced C o tto n  e f fe c ts  . The ORD c o r re la te d  w ith  pH ra th e r  than  

w ith  hypochromism o r  fre q u e n cy  s h i f t s ,  and th e  p o s s ib i l i t y  o f  a 

c o n fo rm a tio n a l change in  th e  po lym er w ith  change in  pH was suggested . 

The im po rtance  o f  dye-dye in te r a c t io n  in  p ro d u c in g  th e  o p t ic a l  e f fe c ts  

was em phasised, and i t  was observed th a t  h y d ro ly s is  o f  about 33% o f  

th e  N -s u lp h a te  g ro up s , w h ich  i s  known to  cause a lo s s  o f  a lm ost a l l  

th e  a n t ic o a g u la n t a c t i v i t y  -  im p ly in g  changes in  th e  secondary 

s t r u c tu r e  o f  h e p a rin  -  le d  to  a marked lo s s  o f  th e  induced  asymmetry 

o f  th e  bound M ethylene  B lue  w ith  r e la t i v e l y  s l i g h t  lo s s  o f  m etach-
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210romasy . Work was extended to  o th e r  g lycosam inog lycans  and the

211to p ic  was rev iew ed  by S tone in  1970 . In  t h i s ,  i t  was p a in te d  o u t

th a t  the  m agnitude and s ig n s  o f  th e  e x t r in s ic  ( o r  in duced ) C o tton  

e f fe c ts  (anom alous CRD) o f  a g iv e n  dye v a r ie d  g r e a t ly  between the  

th re e  c la s s e s  o f  b io p o lym e rs  -  p r o te in s ,  p o ly n u c le o t id e s  and p o ly 

s a c c h a rid e s , and d is o rd e re d  p o ly p e p tid e s  showed no induced ORD.

The c o tto n  e f fe c ts  were seen to  change w ith  changes in  d y e :a n io n ic  

s i t e  r a t io ,  and t h is  change v a r ie d  w ith  d i f f e r e n t  dyes and p o lym ers .

The v a r i a b i l i t y  observed here is  r e f le c te d  by th e  d if fe re n c e s  in  

metachromasy e x h ib ite d  by dyes and p o ly a n io n s  -  th e  s p e c tra  o f  

A c r id in e  Orange and M bthy lene  B lue  w ith  a range o f  a c id  p o ly s a c c h a rid e s  

were compared, and th e  M ethy lene  B lue  complexes were shown to  have 

much g re a te r  v a r ia t io n  than  th e  A c r id in e  Orange com plexes. A c r id in e  

O range/po lym er complexes co u ld  n o t be used to  s tu d y  po lym er confo rm 

a t io n s  because o f  th e  changes in  ORD and c i r c u la r  d ic h ro is m  observed 

w ith  changes in  P/D r a t io  f o r  d i f f e r e n t  po lym ers , b u t M ethylene B lu e /

po lym er complexes gave r e s u l t s  w h ich  co u ld  be p re d ic te d  from  co n fo rm - 

211a t io n a l  models . C le la n d  a ls o  used A c r id in e  Orange in  a s tu d y  o f

h y a lu ro n ic  a c id  and c h o n d ro it in - 4 - s u lp h a te ,  and faund th a t  in c re a s in g

th e  io n ic  s tre n g th  by a d d it io n  o f  sodium c h lo r id e ,  and in c re a s in g  P /D,

212had d i f f e r e n t  e f fe c ts  on th e  ORD s p e c tra  in  the  m e tach rom a tic  re g io n  

A t P/D = 1 th e  s p e c tra  f o r  th e  two po lym ers were s im i la r .  A t h ig h e r 

P/D r a t io s  the  o p t ic a l  r o ta t io n  spectrum  f o r  c h a n d ro it in -4 - s u lp h a te  

in c re a s e d  in  in t e n s i t y  a lth o u g h  th e  m e tach rom a tic  spectrum  a t  th e  same 

P/D rem ained unchanged, whereas th e  ORD spectrum  f o r  h y a lu ro n ic  a c id  

was a t  a maximum a t  P/D = 1. In c re a s in g  the  io n ic  s t re n g th  o f  the  

A c r id in e  O ra n g e /c h o n d ro it in -A -s u lp h a te  system had l i t t l e  e f f e c t  

u n t i l  q u ite  h ig h  c o n c e n tra t io n s  were reached, whereas 0.01M NaCl was
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s u f f i c i e n t  to  remove bo th  m e tach rom a tic  and C o tto n  e f fe c ts  from  the

212A c r id in e  D ra n g e /h y a lu ro n ic  a c id  complex

The com plex ing  o f  M e thy lene  B lue  w ith  d i f f e r e n t  samples o f  sodium

a lg in a te  was s tu d ie d  by S ee ly  and H a r t ,  who showed th a t  th e  samples

co u ld  be d is t in g u is h e d  on th e  b a s is  o f  t h e i r  m e tach rom atic  s p e c tra ,

213and th a t  o n ly  th re e  o f  th e  samples showed c i r c u la r  d ic h ra is m  (CD)

Samples n o t show ing CD had been s u b je c te d  to  ve ry  m ild  a c id  tre a tm e n t

and th e  a u th o rs  p o s tu la te d  th a t  c o n fo rm a tio n a l change, r a th e r  than

d is r u p t io n  o f  p r im a ry  bonds, was in v o lv e d .  M e tach rom a tic  s p e c tra  and

CD e f fe c ts  were a ls o  found  to  va ry  w ith  P/D, bo th  the  s ig n  and the

213e x te n t o f  CD a l t e r in g  as th e  P/D in c re a se d

A re c e n t re v ie w  o f  th e  c o n fo rm a tio n a l s tu d ie s  c a r r ie d  o u t on

21Ag lycosam inog lycans  u s in g  ORD s tu d ie s  has been p repa red  by Kennedy 

2 .9 .1 1  T h eo ries  o f  metachromasy

Two papers a re  of p a r t i c u la r  in t e r e s t  in  a re v ie w  Df th e  h is t o r ic a l

developm ent o f  th e o r ie s  o f  metachromasy -  th a t  o f  S chubert and

1Mt 215Hamerman and one by P h i l l i p s  . S chubert and Hamerman s tre s s e d  the

e a r l ie r  o b s e rv a tio n s  th a t  a l l  dyes known to  e x h ib i t  metachromasy

w ith  t is s u e s  d e v ia te d  from  B e e r 's  Law in  aqueous s o lu t io n ,  and a ls o

the long association of ideas Df dye aggregation as responsible for

such d e v ia t io n .  In  a d d it io n  th e y  p o in te d  o u t th a t  a g g re g a tio n  o f

a dye in  aqueous s o lu t io n  d id  n o t n e c e s s a r ily  r e s u l t  in  d e v ia t io n

from  B e e r 's  Law, and th a t  in  m e tach rom a tic  dyes th e  perm anent charge ^

was p a r t  o f  the  resonance system  re s p o n s ib le  f o r  the  c o lo u r  o f  .the dye.

S chubert and Hamerman summarised th e  accum ulated e x p e rim e n ta l da ta

by sa y in g  th a t  th e  d e v ia t io n s  from  B e e r 's  Law observed in  c a t io n ic

dyes in  aqueous s o lu t io n  were b e s t in te r p r e te d  by th e  assum ption  th a t
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th e  dyes co u ld  e x is t  as monomers, d im ers  and h ig h e r  po lym ers , a l l  

in  e q u i l ib r iu m ,  and th a t  changes in  dye c o n c e n tra t io n  in  aqueous 

s o lu t io n s  changed th e  p ro p o r t io n s  o f  th e  dye sp e c ie s  in  th e  e q u i l 

ib r iu m .  When th e  p o ly m e r is a t io n  in v o lv e d  d e la c a lis e d  n e le c tro n s ,  

changes in  dye c o n c e n tra t io n  mere accompanied by changes in  the  

a b s o rp t io n  s p e c tra . S chube rt and Hamerman mere a nx ious  to  q u a l i f y  

th e  assum ption  th a t  the  a , 3 and y bands (w ith  w a ve le n g th s^  >3 > y )  

c o u ld  be ass igned  tD monom eric, d im e r ic  and p o ly m e r ic  form s o f  the  

dye c a t io n  re s p e c t iv e ly ,  by p o in t in g  o u t th a t  monomeric form s co u ld  

show a l l  th re e  bands, a lth o u g h  the  a band was u s u a lly  the  mast 

intense"^.
In  *1935 L isa n  suggested th a t  metachromasy in  s o lu t io n  in  the

presence Df chrom otropes c o u ld  be e x p la in e d  by th e  presence in  w a te r

o f  two form s o f  the  dye, th e  norm a l and m e tach rom atic  fo rm s , in

165re v e r s ib le  e q u il ib r iu m  . The e f f e c t  o f  ch rom otropes was to  d is p la c e

th e  e q u il ib r iu m  s h a rp ly  in  fa v o u r o f  th e  m e tach rom atic  fo rm , b u t

th e re  was no s to ic h io m e t r ic  r e la t io n  between chrom otrope and dye.

An id e a  th a t  was to  re c e iv e  much g re a te r  in v e s t ig a t io n  was th a t

p u t fo rw a rd  by Bank and Bungenberg de Jong, who emphasised the

im po rtance  o f  th e  charge d e n s ity  o f  th e  a n io n ic  c o l lo id s  th a t  they

166
used as chrom otropes f o r  in d u c in g  m e tach rom atic  b e h a v io u r 

L e v in e  and S chubert a ls o  co n s id e re d  d e te rg e n ts  as chrom otropes and

167compared th e  r e s u l t s  o b ta in e d  w ith  r e s u l t s  f o r  a n io n ic  p o ly s a c c h a r id e s

-6They suggested th a t  a t  low  c o n c e n tra t io n s  (<  1D M) th e  in d iv id u a l  

p o ly s a c c h a r id e  m o le cu les  were l in e a r ly  d isposed  and th e  d e te rg e n t

m o lecu les  were se p a ra te  and io n iz e d .  In  the  c o n c e n tra t io n  range

-6  - k  „5
10 M to  10 M, in  th e  presence o f  dye c o n c e n tra t io n  o f  1.25 x 1B M,

m ic e lle  fo rm a tio n  o f  th e  chrom otrope  o ccu rre d  to  produce m ic ro - re g io n s
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o f  h ig h  an ion  d e n s ity  w h ich  were re s p o n s ib le  f a r  th e  m e tach rom atic

b e h a v io u r obse rved . C r i t i c a l  m ic e lle  c o n c e n tra t io n s  f o r  th e  d e te rg e n ts

used were n o t quoted s p e c i f i c a l l y ,  b u t were s a id  to  be in  the  range 

- k  -1from  10 H to  5 x 10 M. From th e  t e x t  f ig u r e s  m e tach rom a tic  bands

-5f o r  po tass ium  m y r is ta te  appear to  deve lop  between 1 0  M and 1 0  M,

and to  decrease a t  c o n c e n tra t io n s  above 10~’S /I ^ ^ .  However, C o r r in ,

K levens and H a rk in s  found  th a t  in c re a s in g  soap c o n c e n tra t io n s  le d

to  a sharp  s p e c t ra l change in  fa v o u r  o f  the  f re e  dye spectrum  -

t h i s  change was found to  o ccu r a t  th e  c r i t i c a l  m ic e lle  c o n c e n tra t io n  

216o f  th e  soap ' . I t  was suggested th a t  th e  .b a s ic  dye io n s  were

in c o rp o ra te d  in to  m ic e lle s  and p o ly a n io n  aggrega tes in  such a way

th a t  they  were s u b je c te d  to  a u n ifo rm  e le c t r i c a l  f i e l d ;  th e  charge

d is t r ib u t io n  and th e re fo re  th e  e le c t r o n ic  c o n f ig u ra t io n  o f  the  dye

io n  became th e  same as th a t  o f  th e  u np e rtu rbe d  dye w h ich  then gave i t s

norm al a b s o rp tio n  spec trum . S e v e ra l a tte m p ts  were made to  dem onstra te

th a t  d i r e c t  in te r a c t io n  between dye io n  and a n io n ic  s i t e  -  the  io n - p a ir

model -  was re s p o n s ib le  f o r  m etachrom asy. S chubert and Lev ine

deve loped t h e i r  f in d in g s  w ith  a n io n ic  p o ly s a c c h a r id e s  in to  a q u a l i t a t iv e

th e o ry  o f  metachromasy, and made a s e r ie s  o f  p re d ic t io n s  th a t  co u ld

217be te s te d  q u a n t i ta t iv e ly  . The q u a l i t a t iv e  th e o ry  c o n s is te d  o f  

fo u r  p o s tu la te s  based, in  p a r t ,  on work by e a r l ie r  a u th o rs .

1) Chrom otropes e x is t  in  s o lu t io n  as a n io n ic  g lo b u la r  c lu s te r s  

o r  m ic e l le s ,  whose charge d e n s ity  depends on the  n a tu re  o f  the  

chrom otrope and the  s o lu t io n  env iron m e n t; th e  m ic e lle s  a re  se pa r

a ted  by in t e r m ic e l la r  spaces o f  s m a ll an ion  d e n s ity .
%

2 ) C a tio n s  a re  r e v e r s ib ly ,  and more o r  le s s  f i r m ly ,  bound w ith in  

th e  c lu s te r s  o r  m ic e l le s ,  th e  r e la t iv e  f irm n e s s  o f  b in d in g
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in c re a s in g  w ith  the charge o f the c a t io n s .

3 ) The m e tach rom a tic  dye e x is ts  in  s o lu t io n  as a s e r ie s  o f 

po lym ers in  e q u i l ib r iu m ,  th e  p ro p o r t io n s  o f  the  m o le c u la r sp e c ie s  

depending on th e  dye c o n c e n tra t io n .

4) The m e tach rom a tic  c o lo u r  i s  produced as a r e s u l t  o f  the  

s e le c t iv e  and re v e rs ib le  b in d in g  o f  th e  p o ly m e r ic  dye c a t io n  o f 

th e  h ig h e s t charge a v a i la b le  w ith in  th e  a n io n ic  c lu s te r .

B in d in g  o f  th e  dye c a t io n  o f  h ig h  charge caused a s h i f t  in  the

e q u il ib r iu m  o f  the  dye sp e c ie s  w ith  a f a l l  in  th e  c o n c e n tra t io n  o f

io n s  o f  lo w e r cha rge , g iv in g  a r e la t iv e  in c re a s e  in  th e  c o n c e n tra t io n

o f  dye c a tio n s  o f  h ig h  charge even in  d i lu t e  s o lu t io n  and thus  a change

in  th e  a b s o rp tio n  spec trum . S chubert and Lev ine  drew a number o f

c o r o l la r ie s  from  t h e i r  th e o ry ,  w h ich  they  proposed c o u ld  be te s te d .

Any g ive n  m e tach rom a tic  dye sh ou ld  show s im i la r  c o lo u r  changes f o r

a l l  chrom otropes -  d if fe re n c e s  among chrom otropes would depend o n ly

on th e  d i f f e r i n g  e x te n t  to  w h ich  the y  bound th e  dye c a t io n  o f  h ig h e s t

cha rge , w h ich  would in  tu rn  depend on the  a n io n ic  d e n s ity  o f  the

a n io n ic  c lu s te r  o r  m ic e l le .  The e f fe c t iv e n e s s  o f  added s a l t s  o r

h ig h e r  chrom otrope c o n c e n tra t io n  in  d e s tro y in g  metachromasy must depend

on th e  c o m p e tit iv e  a c t io n  o f  t h e i r  c a t io n s  and would th e re fo re  depend

on the  c a t io n  c o n c e n tra t io n  and charge and on the  dye c o n c e n tra t io n .

I t  shou ld  be p o s s ib le  to  deve lop  a q u a n t i ta t iv e  th e o ry  o f  metachromasy

in  s o lu t io n  f o r  dyes show ing s u f f i c i e n t  v a r ia t io n  in  a , & and y bands

to  a llo w  c a lc u la t io n  o f  th e  e q u i l ib r iu m  c o n s ta n ts  and id e n t i f i c a t io n

217 144
o f  the  m - b and -p roduc ing  agg rega te  ' . L a te r  u l t r a c e n t r i f u g a t io n

and s p e c i f ic  a d s o rp tio n  s tu d ie s  Dn m e tach rom a tic  compounds were h e ld  

to  s u p p o rt the  th e o ry  o f  s a l t - l i k e  in te r a c t io n  between dye and 

ch rom o trope , when th e  adsorbed o r  p r e c ip i ta te d  compound was shown to



have a c o n s ta n t p ro p o r t io n  o f  dye and chrom otrope Dver a tw e n ty 

f o ld  c o n c e n tra t io n  ra n g e . In  a d d it io n  i t  was h e ld  th a t  the  p re c ip 

i t a t e  co m p o s itio n  showed th a t  p o ly a n io n s  were p r e fe r e n t ia l ly  s a tu ra te d

w ith  dye m o le cu le s , ra th e r  than  show ing random d is t r ib u t io n  over a l l  

169 170a v a i la b le  s i t e s  ’ . P a l and S chubert la t e r  m o d if ie d  the  th e o ry

by s u g g e s tin g  th a t  th e  m e tach rom a tic  compound form ed by e q u iv a le n t

amounts o f  dye c a tio n s  and p o ly a n io n s  was s ta b i l is e d  in  aqueous

s o lu t io n  by hom op o lym e risa tio n  o f  th e  dye and c lo s e  e le c t r o s t a t ic

a s s o c ia t io n  o f  th e  hamopolymer w ith  th e  p o ly a n io n 21'^ .  S ha ring  o f  it

e le c tro n s  by a d ja c e n t c a t io n s  was co n s id e re d  to  be re s p o n s ib le  f o r

th e  su p p re ss io n  o f  th e  a band and th e  appearance o f  th e  y band in  the

m etach rom atic  spectrum , w h ile  h yd rop h ob ic  in te r a c t io n  between th e  dye

m o le cu les  e x p la in e d  t h e i r  e x is te n c e  in  aqueous s o lu t io n ,  and the

e f fe c ts  o f  e th a n o l and u rea  in  d e s tro y in g  the  m e tach rom atic  compound20^ .

H i l ls o n  and McKay a ls o  a t t r ib u te d  metachromasy p r im a r i ly  to  io n ic

in te r a c t io n  w ith  s u b s tra te s ;  a g g re g a tio n  was known to  o c c u r, and the

up take  o f  c o u n te r - io n s  re q u ire d  to  reduce e le c t r o s t a t ic  re p u ls io n

between a g g re g a tin g  dye io n s  was th o u g h t to  have an a d d i t io n a l  e f f e c t  

161
on metachromasy . Bean, Shepherd, Kay and iila lw ic k  th o u g h t th a t

a g g re g a tio n  a lone  co u ld  n o t e x p la in  the  c o m p le x ity  o f  th e  m e tach rom a tic

s p e c tra  found  f o r  th e  dye w h ich  the y  s tu d ie d  ( 4 , 5 , 4 ' , 5 , - d ib e n z o -3 ,3 '-

d ie th y l-9 -m e th y lth ia c a rb o c y a n in e ) ,  b u t th a t  the  c o n fo rm a tio n  o f  the

dye and i t s  in te r a c t io n  w ith  th e  a n io n ic  s i t e  and w ith  a d ja c e n t s i t e s  

175were a l l  in v o lv e d  . P u lse  r a d io ly s is  and s p e c t ra l s tu d ie s  were

combined in  an a tte m p t to  c l a r i f y  th e  r e la t iv e  p a r ts  p la yed  by agg reg -

176-178 215a t io n  and dye b in d in g  in  metachromasy ~ * and i t  was concluded

th a t  th e re  was a d i r e c t  r e la t io n s h ip  between a n io n ic  s i te /d y e  b in d in g  

and metachrom asy, and th a t  e le c t r o n ic  exchange and p a r t i a l  o r



com ple te  n e u t r a l is a t io n  o f  th e  chairge o f  the  dye o c c u rre d . UJhen a l l  

metachromasy mas d e s tro ye d  the  e x is te n c e  o f non-aggrega ted  bound dye 

c o u ld  s t i l l  be d e te c te d  in  th e  s o lu t io n s  s tu d ie d .  In  a d d it io n ,  the  

l im i t i n g  s a l t  c o n c e n tra t io n  -  th e  amount o f s a l t  re q u ire d  to  remove 

d y e /s i te  in te r a c t io n  c o m p le te ly  -  mas shown to  in c re a s e  w ith  the  

energy o f  the  m e tach rom atic  s h i f t ,  and t h is  was taken  to  in d ic a te  

th a t  th e  m e tach rom a tic  s h i f t  was d i r e c t l y  re la te d  to  the  s tre n g th

o f  th e  s i te /d y e  in t e r a c t io n .

215 1A4P h i l ip s  and S chube rt and Hamerman tra c e  the  o r ig in s  o f  the

a g g re g a tio n  th e o ry  o f  metachromasy to  e a r ly  .work by M ic h a e lis  and

1if9 150G ra n ick  , and M ic h a e lis  . By ana logy w ith  th e  b e h a v io u r o f

c a t io n ic  dyes in  s o lu t io n  i t  was suggested th a t  p o ly m e r is a t io n  o f

th e  dye, e i t h e r  adsorbed on to  th e  s u rfa c e  o f  th e  p o ly a n io n  o r bound

a t  s p e c i f ic  s i t e s ,  was re s p o n s ib le  f o r  metachromasy, and th a t  the

b e h a v io u r o f  n u c le ic  a c id s  w ith  b a s ic  dyes co u ld  be e x p la in e d  by

the  p re v e n t io n , by th e  s t r u c tu r e  o f  the  n u c le ic  a c id ,  o f  p o ly m e r is a t io n

150o f  the  d y e s tu f f  beyond th e  d im er . From h is  work Dn hexameta-

phospha tes, Uliame proposed th a t  when many m o lecu les  o f  dye were

combined w ith  th e  same m o le cu le  o f  hexametaphosphate the y  behaved as

i f  p o ly m e r is e d . In  th e  presence o f  excess chrom otrope  th e  combined

dye m o lecu les  became more s c a tte re d ,  w ith  few er on each chrom otrope

m o le c u le , so th a t  p o ly m e r is a tio n  d id  n o t occu r and th e  m e tachrom atic

193c o lo u r  changed to  th e  norm al c o lo u r  . Sylven a ls o  suppo rted  the

id e a  th a t  e le c t r o s t a t ic  a t t r a c t io n  between th e  s u b s tra te  and dye was

fo llo w e d  by dye /dye  in t e r a c t io n ,  w ith  th e  po lym er a c t in g  as a p a t te rn  

152f o r  o r ie n ta t io n  , and suggested th a t  w a te r m o le cu les  were i n t e r 

c a la te d  between th e  dye m o le c u le s . Ko izum i and Mataga proposed two

203 20^id e a l cases Df metachromasy ’ , w ith  the  s ta te s  superim posed in
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a g e n e ra l case. Frcm t h e i r  work w ith  Rhodamine 6 G, T ry p a f la v in e  

and A c r id in e  Y e llo w  they  conc luded  th a t  th e  r e s u l t s  co u ld  be adequat

e ly  e x p la in e d  by changes in  a g g re g a tio n  o f  th e  dye due to  a d s o rp tio n  

o f  th e  dye io n  on to  th e  ch rom otrope  ( t h e i r  second c a s e ) , ra th e r  than 

by a change in  th e  e le c t r o n ic  s ta te  o f  th e  dye io n  as a r e s u l t  o f  

in te r a c t io n  between the  dye io n  and the  ch rom o trope .

A m a jo r e x p o s it io n  o f  th e  a g g re g a tio n  th e o ry  was p ro v id e d  by 

B ra d le y  and W olf in  1959, in  w h ich  the y  in tro d u c e d  th e  concept o f  the  

d y e -s ta c k in g  c o e f f ic ie n t .  T h is  n u m e ric a l param ete r expressed the  

c h a r a c te r is t ic  tendency o f  a po lym er to  prom ote th e  r e v e rs ib le

171a s s o c ia t io n ,  o r  s ta c k in g ,  o f  dye m o le cu les  bound to  i t s  s u rfa c e  

S ta c k in g  c o e f f ic ie n ts  were c a lc u la te d  f o r  a number o f  ch rom otropes 

w ith  th e  dye M ethy lene  B lu e , by s tu d y in g  th e  re v e rs a l o f  metachromasy 

on a d d it io n  o f  excess p o lym e r. A number o f  fa c to r s  were th o u g h t to  

a f f e c t  th e  s ta c k in g  tendency o f  a dye on a p a r t i c u la r  po lym er, 

in c lu d in g  th e  e x te n t  to  w h ich  th e  c a t io n ic  charge o f  th e  dye was 

n e u t r a l is e d ,  th e  change in  th e  d ie le c t r i c  c o n s ta n t in  th e  v i c i n i t y  o f

th e  dye, and the  e x te n t to  w h ich  th e rm a l a g i ta t io n  o f  th e  dye was

reduced because o f  b in d in g .  However B ra d le y  and W o lf suggested th a t  

th e  most im p o rta n t f a c to r  in f lu e n c in g  p rom o tion  o f  a s s o c ia t io n  by 

d i f f e r e n t  po lym ers co u ld  be r e la t i v e  o r ie n ta t io n  o f  dyes bound to  

a d ja c e n t s i t e s  and th e  r i g i d i t y  w ith  w h ich  t h is  o r ie n ta t io n  was 

m a in ta in e d . I t  was th o u g h t p o s s ib le  th a t  po lym ers whose b in d in g  s i t e s

were f r e e  to  assume o p t im a l p o s i t io n s  f o r  th e  s ta c k in g  o f  dye bound

to  them would have h ig h  s ta c k in g  c o e f f ic ie n t s ,  w h ile  those  whose 

b in d in g  s i t e s  were r i g i d l y  h e ld  in  le s s  than  o p t im a l p o s it io n s  would 

have lo w e r s ta c k in g  c o e f f ic ie n t s .  L a te r  work w ith  n a t iv e  and d e n a t

u red DNA co n firm e d  th a t  th e  p o ly a n io n s  assumed to  be more f le x ib le



P/D = 1 P/D > 1 P/D »  1

Complete s ta c k in g  P a r t ia l  s ta c k in g  IMo s ta c k in g

S8H3 Polym er b in d in g  s i t e

Dye m o lecu le  w ith  c lo u d  o f  n -e le c t ro n s

F ig u re  Schem atic re p re s e n ta t io n  o f  th e  a g g re g a tio n  o f  dye

m o lecu les  bound to  th e  s u rfa c e  o f a p o ly e le c t r o ly te 171



F ig u re  5 .

P o lya n io n
X\  _ ,_____/ \ _____T_____/ \ _____ ,_____ / \ _____ _______/ \

Dye Dye Dye Dye

R e p re s e n ta tio n  o f  dye-dye h yd rop h ob ic  bonds

Schem atic model f o r  m e tach rom a tic  compound in v o lv in g  

d y e -p o ly a n io n  e le c t r o s t a t ic  bonds and dye-dye hydrophob ic  

bonds



( th e  dena tu red  sam ples) had h ig h e r  s ta c k in g  c o e f f ic ie n ts  than the  

n a t iv e  r i g id  m o le c u le s ^ ^  ’

From about 1970 onwards a v a r ie t y  o f  papers were p u b lis h e d

in v e s t ig a t in g ' th e  p h y s ic a l b a s is  o f  metachromasy and in c o rp o ra t in g

o r com bin ing  the  io n - p a ir in g  and a g g re g a tio n  id e as  to  a g re a te r  o r

le s s e r  deg ree . The r e s u l t s  o f  c o n d u c tim e tr ic  t i t r a t i o n s  on d ye /

chrom otrope  system s were h e ld  to  s u p p o rt th e  v iew  th a t  a g g re g a tio n  o f

th e  dye io n s  ra th e r  than  e le c t r o s t a t ic  bond ing was re s p o n s ib le  f o r

1fl2
th e  m e tach rom atic  s p e c t ra l  s h i f t  o f  th e  dye . P o ly m e r is a tio n  o f 

th e  dye fo llo w e d  e le c t r o s t a t ic  a t t r a c t io n  to  p o ly a n io n ic  s i t e s ,  and 

in v o lv e d  h yd rophob ic  o r  o th e r  dye /dye  bonds. S ince  c o n d u c tim e tr ic  

measurements showed th a t  metachromasy was mare s e n s i t iv e  than  dye - 

b in d in g  to  agents  such as e th a n o l and d ioxane  i t  was conc luded th a t  

th e  dye /dye  fo rc e s  d is ru p te d  by such agen ts  must induce  th e  s p e c t ra l 

s h i f t 102.

S cheibe used the  concep t o f  h yd rop h ob ic  bond ing  to  e x p la in  th e  

p ro m o tion  o f  a g g re g a tio n  o f  dyes a t  the  po lym er s u rfa c e  in  response 

to  th e  e f fe c ts  Df s t r u c tu r in g  o f  w a te r .  The s t r u c tu r in g  was augmented 

by th e  h yd rop h ob ic  s u rfa c e s  o f  dye m o lecu les  and m acrom alecu les, and 

th e  consequent lo w e r in g  o f  e n tro p y  would tend  to  be compensated f o r  by a 

re d u c t io n  o f  s u rfa c e  a rea in  c o n ta c t w ith  w a te r th rou g h  a g g re g a tio n  o f  

th e  dye on the  m acrom a lecu les , and o f  p la n a r  dye m o le cu les  w ith  each 

o th e r • The s p e c t ra l s h i f t  was co ns ide re d

to  r e s u l t  from  th e  c o u p lin g  o f  o s c i l l a t o r  systems w ith  th e  same 

re so n a n t fre qu e ncy  and w ith  dye m o lecu les  o f  h ig h  symmetry a new

• t r a n s i t io n  moment f o r  th e  h ig h e r  fre q u e n cy  o s c i l l a t o r  would be

, .210 produced

Dye/dye in te r a c t io n s  were a ls o  h e ld  to  be im p o rta n t in  s tu d ie s
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c a r r ie d  c u t on dye a d s o rp tio n  on s o l id  c e l lu lo s ic  p o ly a n io n s , b u t

b o th  papers s tre s s e d  th a t  d y e /s i te  in te r a c t io n s  (and p o s s ib ly  d y e /

s u b s tra te  in te r a c t io n s )  c o u ld  e x e r t  an in f lu e n c e  on the  s p e c t ra l

154 202c h a r a c te r is t ic s  o f  the  dye ’ . In  p a r t i c u la r  the  n a tu re  o f  the

a n io n ic  s i t e  was shown to  m o d ify  dye /dye  in te r a c t io n s ,  even when

th e  n e g a tiv e  s i t e  spac ing  was the  same f o r  d i f f e r e n t  a n io n s . The

o v e r a l l  c o n c lu s io n  drawn, how ever, was th a t  s i te /d y e  b in d in g  d id  n o t

in  i t s e l f  induce  a m e tach rom a tic  c o lo u r  change, b u t th a t  the  s tre n g th

o f  b in d in g  m o d if ie d  th e  metachromasy observed and was re s p o n s ib le  f a r

th e  d if fe re n c e s  observed between d i f f e r e n t  dye /ch rom a trope  complexes

f o r  the  same dye, and f o r  th e  d i f f e r e n t  s e n s i t i v i t i e s  o f  A c r id in e

□range and M ethylene B lu e . In  a ppa ren t c o n tra s t  w ith  these  f in d in g s

i s  a pape r, from  the  same g roup , in  w h ich  i t  was co n s id e re d  th a t

a g g re g a tio n  is  a necessary p r e r e q u is i te  to  dye b in d in g ,  and th a t  dye

b in d in g  occurs  most r e a d i ly  and s ta b ly  a t  s i t e s  a d ja c e n t to  an a lre a d y

bound dye c a t io n ,  o r th a t  agg rega ted  dye w ith in  th e  po lym er domain is

207bound to  th e  p o ly a n io n  to  fo rm  h ig h e r  agg rega tes . T h is  second

model was co n s id e re d  to  be le s s  l i k e l y  than  the  f i r s t  on th e  grounds

o f  the  marked d if fe re n c e s  shown by d i f f e r e n t  p o ly a n io n /d y e  complexes

207in  response to  a d d it io n  o f  e le c t r o ly t e

U o l l in  and Jaques proposed a combined th e o ry  o f  metachromasy

164in v o lv in g  io n - p a ir in g  and d y e -s ta c k in g  concep ts  . On t h e i r  m odel, 

metachromasy is  produced by a d ye -d im e r re a c t in g  w ith  a p o ly a n io n  

in  a lo o se  manner. The d im er u n i t  i s  s ta b i l is e d  by th e  presence o f 

w a te r m o le cu le s , and th e  resonance o f  th e  dye m o le cu les  was th o u g h t 

to  le a d  to  a p a r t i a l  charge fo rm in g  a t  each end o f  th e  d im e r, a llo w in g  

lo o se  in te r a c t io n  w ith  th e  p o ly a n io n . The m e tach rom atic  band s h i f t  

was b e lie v e d  to  be th e  r e s u l t  o f  t h i s  in te r a c t io n  in v o lv in g  the  amino
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groups fo rm in g  p a r t  o f  th e  th ia z in e  dye chrom ophore. The in te r a c t io n  ^  

reduces it e le c tro n  d e lo c a l is a t io n  le a d in g  to  absorbance a t  s h o r te r  

w a ve len g th , and th e  s t re n g th  o f  b in d in g  o f  th e  l\!-group is  r e f le c te d  

in  the  band s h i f t .

S c u lth o rp e  produced a b r ie f  re v ie w  Df metachromasy in  1978 in  

w h ich  he concluded th a t  'ch ro m o tro pe  m etach rom asia ' in v o lv e s  e le c t r o 

s t a t i c  bond fo rm a tio n  between c lo s e ly  spaced a n io n ic  groups o f  a

163s u b s tra te  and c a t io n ic  dye m o le cu les  . The dye m o lecu les  shou ld  be 

s u f f i c i e n t l y  p la n a r  to  s ta c k  down to  in te rm o le c u la r  d is ta n c e s  c lo s e  

to  D.3nm in  o rd e r to  a llo w  o v e r la p  o f  it e le c t ro n s ,  and shou ld  c o n ta in  

o n ly  one ( te r m in a l)  p o s i t iv e  charge  so th a t  cou lom b ic  re p u ls io n  fo rc e s  

between dye m o lecu les  is  n o t to o  g re a t .  Where a n io n ic  s i t e s  a re  

s l i g h t l y  more w id e ly  spaced a hydrogen bonded w a te r m o lecu le  co u ld  be 

in te r c a la te d  between each p a i r  o f  dye m o le cu le s , and as few as 6 - 1 0

d y e /s u b s tra te  e le c t r o s t a t ic  bonds co u ld  be s u f f i c i e n t  to  a llo w  m eta-

. 163chromasy

A t about the  same tim e  a number o f  papers appeared w h ich  emphasised

th e  im po rtance  o f  the  f l e x i b i l i t y  o f  the  chrom otrope in  d e te rm in in g

th e  e x te n t o f  metachromasy in  s y n th e t ic  p o ly a n io n s . S h ir a i  e t  a l .

co n s id e re d  th a t  a g g re g a tio n  o f  M e thy lene  B lue fo llo w e d  e le c t r o s t a t ic

b in d in g  o f  the  dye to  th e  po lym er and th a t  the  g re a te r  degree o f

metachromasy shown by some po lym ers  was due to  t h e i r  g re a te r  f l e x -  

184i b i l i t y  . Random b in d in g  o f  th e  dye to  the  p o ly a n io n  fo llo w e d  by

a g g re g a tio n  induced  by c o n fo rm a tio n a l change in  th e  po lym er ch a in

was fa vo u re d  ove r an a l t e r n a t iv e  mechanism o f  p r e fe r e n t ia l  b in d in g

o f  M ethylene B lue  to  s i t e s  a d ja c e n t to  bound dye; s p e c t ra l s h i f t s

219due to  a g g re g a tio n  were im p lie d  . The e f f e c t  o f  in c re a s in g  P/D 

r a t io  was e x p la in e d  as a ls o  be ing  due to  c o n fo rm a tio n a l changes in
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th e  po lym er, th e  po lym er c o i ls  e x te n d in g  as P/D in c re a s e d , r e s u l t in g

185in  reduced a g g re g a tio n  . T a k a ts u k i and Yamaoka concluded th a t  the  

peak p o s it io n s  o f  th e  metachromasy bands depend on th e  lo c a l  

c o n fo rm a tio n  o f  th e  b in d in g  s i t e  o f  po lym ers , and th a t  th e  c o n f ig 

u ra t io n  o f  th e  it e le c tro n s  o f  th e  bound dye co u ld  be a f fe c te d  by

195th e  mean in t e r s i t e  d is ta n c e  . The m u lt ip le -b a n d e d  metachromasy 

observed w ith  th e  dye p in a c y a n o l c h lo r id e  and chrom otropes was aga in  

co ns ide re d  to  be p a r t l y  e x p la in e d  by po lym er f l e x i b i l i t y :  as the  

random c o i l  p o ly a n io n  c o lla p s e s  to  a more compact fo rm  due to  

re d u c t io n  o f  re p u ls iv e  fa rc e s  by dye b in d in g ,  th e  la rg e  bound p in a -

107c y a n a l c a t io n s  mould become overcrow ded and fo rm  c h a o t ic  aggrega tes

Where s to ic h io m e try  was shown to  be 2 :1  and dye m o le cu les  were assumed

to  b in d  to  a l te r n a te  a n io n ic  s i t e s ,  th e  s in g le  m e tach rom atic  band was

sharp  and th e  dye agg rega te  assumed to  be more re g u la r .  I t  was a ls o

th o u g h t p o s s ib le  th a t  th e  po lym er c o n fo rm a tio n  co u ld  a f f e c t  the  non-

e le c t r o s t a t ic  in te r a c t io n  o f  dye and p o lym er, aga in  w ith  e f fe c ts  on

107th e  m e tach rom atic  bands . The geom etry o f  dye agg rega tes  in  s o lu t io n

in  th e  absence Df chrom otrope  was co n s id e re d  by P a l and Ghosh who

concluded th a t  s tagge red  a g g re g a tio n  shou ld  produce a ba thoch rom ic

s h i f t  o f  th e  monomer X max, and th a t  the  n a tu re  o f  th e  dye would

220d e te rm ine  th e  type  o f  a g g re g a tio n  observed . Thus, pseudo isD cyan ine

shows a b a thoch rom ic  s h i f t  w ith  a g g re g a tio n , w h ile  M ethylene  B lue

agg rega tes  in  p a r a l le l  s ta c k s  and shows a hypsochrom ic s h i f t .

F in a l ly ,  T h ie ry  and D u tra c h t c a r r ie d  o u t e le c tro n m ic ra s c o p y  s tu d ie s

o f  is o la te d  a lg in a te  f ib r e s  t re a te d  w ith  m e tach rom a tic  dyes and

d e s c r ib e d  the  p e r io d ic  s t r u c tu r e  observed as s u p p o rt f o r  m e tach rom a tic

th e o r ie s  re q u ir in g  th a t  dye m o le cu les  a re  r e g u la r ly  a rranged  a t the

221chrom otrope s ju rface
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2 .9 .1 2  Summary

The s h i f t  in  a b s o rp tio n  s p e c tra  shoun by some c a t io n ic  dyes in  

s o lu t io n  u i t h  ch rom atropes (m etachrom asy) can be shoun to  be s to ic h 

io m e t r ic .  The m e tach rom a tic  complex may be p a r t ly  o r  u h o lly  d e s tro ye d  

by h e a t in g , a d d it io n  o f  e le c t r o ly t e s  o r  a d d it io n  o f  s o lv e n ts  o f 

v a ry in g  h y d ra p h o b ic ity .

Chrom atropes va ry  in  th e  e x te n t  to  u h ic h  they  can induce  meta

ch ro m a tic  b e h a v io u r in  a p a r t i c u la r  dye, and dyes d i f f e r  s im i la r ly .

The n a tu re  o f th e  b in d in g  s i t e  and o f  th e  in t e r s i t e  d is ta n c e , and 

th e  f l e x i b i l i t y  o f  the  p o ly a n io n , o r  fa c to r s  c o r re la te d  u i t h  th e se , 

have a l l  been shoun to  a f f e c t  m etachrom asy.

Three broad type s  o f  th e o ry  o f  metachromasy have been proposed:

1 ) th a t  metachromasy is  due to  th e  e le c t r o s t a t ic  in te r a c t io n  betueen

po lym er and agg rega te  ( io n - p a i r in g ) ;

2 ) th a t  metachromasy is  due to  th e  dye aggrega tes  th a t  a re  form ed as

a r e s u l t  o f  in d iv id u a l  dye io n s  b in d in g  to  a s u ita b le  s u r fa c e ;

3 ) th a t  metachromasy i s  due to  th e  combined e f f e c t s  o f  a g g re g a tio n

and io n - p a ir in g .

I t  i s  n o t y e t c le a r  u h ic h ,  i f  any, o f  these  th re e  th e o r ie s  o f fe r s  

th e  b e s t e x p la n a tio n  o f  m etachrom asy.



CHAPTER 3

RESULTS AND DISCUSSION

3 .1  Enzyme s tu d ie s  on c h ito s a n

3 .1 .1  In t r o d u c t io n

The methods o f  p re p a r in g  c h ito s a n  by d e a c e ty la t io n  o f  c h i t i n  most

commonly in  use a l l  r e q u ire  r e la t i v e l y  harsh  c o n d it io n s  and cause

re d u c t io n  in  m o le c u la r w e ig h t o f  th e  po lym er to  a g re a te r  o r le s s e r

e x te n t (S e c tio n  2 .5 .2 ) .  Enzymic d e a c e ty la t io n  o f  c h i t i n  has been 

50re p o r te d  , b u t no re fe re n c e  to  a com m ercia l d e a c ty la t io n  a p p lic a t io n  

has been fou n d , even though th e  s p e c i f i c i t y  o f e nzym e-subs tra te  i n t e r 

a c t io n s  and th e  m ild  c o n d it io n s  g e n e ra lly  re q u ire d  would appear to  

o f f e r  a means o f  o b ta in in g  h ig h  m o le c u la r w e ig h t c h ito s a n .

In  an a tte m p t to  d e a c e ty la te  c h ito s a n  to  a ve ry  low  re s d id u a l 

degree o f  H - a c e ty la t io n , two enzymes were s tu d ie d  -  an e x t r a c t  o f 

Pseudomonas a e rug in osa  o f  h ig h  amidase a c t i v i t y ,  and a co m m e rc ia lly  

a v a i la b le  p re p a ra t io n  o f  p a p a in .

3 .1 .2  The e f fe c t  o f  Pseudomonas a e ru g in o s a e x t r a c t  on c h ito s a n

E x tra c ts  o f  Pseudomonas a e rug in osa  c u ltu re d  w ith  a c e ta n i l id e  as the  

s o le  source  o f  carbon were in cu b a te d  w ith  s o lu t io n s  o f  c h ito s a n  h y d ro - 

brom ide and assayed f o r  amidase a c t i v i t y .  C o n tro l enzyme a l iq u o ts  

in cu b a te d  w ith  a c e ta n i l id e  o r  acetam ide and hyd roxy lam ine  were h ig h ly  

a c t iv e  as soon as assayed, b u t th e  c h ito s a n  s o lu t io n s  showed no 

amidase a c t i v i t y  even a f t e r  2A h o u rs . F u rthe rm ore  th e  c h ito s a n  s o lu 

t io n s  showed ev idence  o f  p r e c ip i t a t io n  on a d d it io n  o f  th e  enzyme 

e x t r a c t .  I t  seems p o s s ib le  th a t  th e  enzyme complexed i r r e v e r s ib ly



u i t h  the  c h ito s a n  s u b s tra te ,  le a d in g  to  lo s s  o f  a c t i v i t y  and 

p r e c ip i t a t io n .

3 .1 .3  The e f f e c t  o f  papa in  on c h ito s a n

3 .1 .3 .1  In t r o d u c t io n

The use o f  e x tr a c ts  o f  th e  papaya t re e  f r u i t ,  C a ric a  papaya, f o r

cheese making uas re co rd ed  in  Roman t im e s , and uas d e s c r ib e d  f o r

222f le s h  te n d e r is in g  from  th e  m id d le  o f  th e  E ig h te e n th  C en tu ry

P a r t  o f  the  a c t i v i t y  o f  th e  papaya e x tr a c ts  i s  nou knoun to  be due

223 22Ato  th e  enzyme p a p a in , u h ic h  has been e x te n s iv e ly  s tu d ie d  ’ , and

shoun to  be a s u l fh y d r y l  enzyme u i t h  p r o te o ly t ic ,  e s te ra s e  and amidase

a c t i v i t y .  O p tim a l a c t i v i t y  o f  papa in  p re p a ra t io n s  is  found  in  the

presence o f  m ild  re d u c in g  and c h e la t in g  agents -  these  ensure  th a t

th e  d is u lp h id e  b r id g e s  a re  reduced to  th e  f re e  s u l f h y d r y l  group and

th a t  t ra c e  heavy m e ta l io n s  do n o t i n h ib i t  enzyme a c t i v i t y .  S tandard

assay c o n d it io n s  re q u ire  a medium c o n ta in in g  D.0D5M c y s te in e  and

□ .0 0 1 -0 .002M EDTA. The m o le c u la r u e ig h t  o f  th e  enzyme m o lecu le  is

223e s tim a te d  to  be a p p ro x im a te ly  22,000

Papain uas in tro d u c e d  to  s o lu t io n s  o f  c h ito s a n  and c h ito s a n  (HBr 

s a l t )  in  th e  presence o f  sodium m e ta b is u lp h ite  and EDTA, in  o rd e r to  

in v e s t ig a te  th e  p o s s ib i l i t y  o f  d e a c e ty la t io n  o f  th e  po lym er by the  

enzyme. A lthough  f i lm s  c a s t from  th e  ch itosan /enzym e  s o lu t io n  shoued 

no d if fe re n c e  in  degree o f  N - a c e ty la t io n , uhen compared u i t h  f i lm s  

c a s t from  th e  c o n t r o l  s o lu t io n ,  th e  tua  s o lu t io n s  shoued marked d i f f 

e rences in  v is c o s i t y .  No re fe re n c e  to  t h is  e f f e c t  o f  papa in  on 

c h ito s a n  s o lu t io n s  c o u ld  be found in  th e  l i t e r a t u r e ,  and the  change 

in  v is c o s i t y  on a d d it io n  o f  enzyme uas th e re fo re  in v e s t ig a te d .



3 .1 .3 .2  Change in  v is c o s ity  o f concen tra ted  polymer s o lu tio n s

A B ro o k f ie ld  v isco m e te r (M odel L l/F) uas used to  fo l lo w  the  change in  

v is c o s i t y  o f  c h ito s a n  s o lu t io n s  a f t e r  the  a d d it io n  o f  p a p a in . The 

v is c o s i t ie s  o f  c h ito s a n  (K y te x  H) s o lu t io n s  were a ls o  measured u i t h  

and w ith o u t  th e  a c t iv a to r s  used -  sodium m e ta b is u lp h ite  and EDTA.

The c h ito s a n  uas su bse q ue n tly  p r e c ip i ta te d ,  th o ro u g h ly  washed, and 

re d is s o lv e d , and the  v is c o s i t y  rem easured. The r e s u l t s  a re  p resen ted  

in  T ab les  1-2 and in  F ig u re  6 .

The la rg e  change in  v is c o s i t y  in  th e  presence o f  the  a c t iv a to r s  

i s  presum ably due to  th e  re d u c t io n  in  po lym er volume in  th e  in c re a se d  

io n ic  c o n c e n tra t io n  due tD th e  in t r o d u c t io n  o f  sodium m e ta b is u lp h ite .  

More in te r e s t in g  i s  the  s teady f a l l  in  the  v is c o s i t y  o f  th e  po lym er 

s o lu t io n  u i t h  tim e  a f t e r  th e  in t r o d u c t io n  o f  the  enzyme. The c o n t in 

u a t io n  o f  t h is  f a l l  in  v is c o s i t y  o ve r a t  le a s t  two h o u rs , coup led  u i t h  

th e  low enzyme c o n c e n tra t io n  (a p p ro x im a te ly  1B,80D monomer u n i ts  p e r 

enzyme m o le cu le ) would appear to  r u le  o u t th e  p o s s ib i l i t y  th a t  the  

enzyme is  m ere ly  a l t e r in g  th e  po lym er co n fo rm a tio n  by b in d in g  i r r e v 

e r s ib ly  to  th e  po lym er c h a in . I t  seems much more l i k e l y  th a t  the  

enzyme i s  in te r a c t in g  u i t h  th e  po lym er s u b s tra te  in  a r e v e rs ib le  manner, 

and is  re d u c in g  th e  ch a in  le n g th ,  thu s  re d u c in g  th e  v is c o s i t y  o f  the  

s u b s tra te  s o lu t io n .  T h is  v iew  is  f u r t h e r  suppo rted  by th e  v is c o s i t y  

o f  the  re d is s o lv e d  p o lym er, u h ic h  rem ained ve ry  lo w .

3 .1 .3 .3  Change in  v is c o s i t y  o f  d i lu t e  polym er s o lu t io n s

P re lim in a ry  measurements shoued th a t  the  change in  v is c o s i t y  o f 

c h ito s a n  in  th e  presence o f  papa in  co u ld  be fo llo w e d  r e a d i ly  by u s in g  

a suspended le v e l  c a p i l la r y  v is c o m e te r . The v isco m e te r uas p la ced  in  

a v isco m e te r ba th  (B r id g e  C o n tro l*  In s tru m e n t S e r ie s  I I I )  th e  tem pe ra tu re
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Table  1. B ro o k f ie ld  v is c o s i t y  measurements.

S o lu t io n  Tem perature /^C  U is c o s ity /c e n t ip o is e

A 20 626

A 37 359

B 37 131

S o lu t io n  A -  K ytex  H (1 g ) in  a c e t ic  a c id  (1% v /v ,  100cm ) .

S o lu t io n  B -  K ytex  H (Q .88g) in  a c e t ic  a c id  (0.88% v /v ,  1Q0cm^), 

sodium m e ta b is u lp h ite  (0 .0048M ), EDTA (0 .0019M ).

T ab le  2 . B ro o k f ie ld  v is c o s i t y  measurements in  th e  presence o f  papa in

Time e la pse d /m in  l / is c o s ity /c p s  Time e la pse d /m in  U is c o s ity /c p s

0 131 60 58

5 114 65 55

10 103 70 5k

15 98 75 51

20 94 80 48

25 89 85 kk

30 86 90 kk

35 81 95 42

A0 74 100 40

45 72 105 38

50 65 110 38

55 63 24 hours 20

S o lu t io n  B as in  Table  1, 37°C, 0.5cm ^ enzyme s o lu t io n  c o n ta in in g  

0.0139g p m te in .
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o f  w h ich  co u ld  be m a in ta in e d  a c c u ra te ly  to  w ith in  B.1 deg ree . The 

c a p i l la r y  v is co m e te r a f fo rd s  more p re c is e  measurement o f  the  change 

in  v is c o s i t y  o f  s o lu t io n s  than  th e  B ro o k f ie ld  in s tru m e n t,  and a ls o  

a llo w s  th e  use o f  s m a lle r  vo lum es. I n i t i a l l y ,  th e  e f f e c t  o f  papa in  

suspension  on the  f la w  tim e s  o f  c h ito s a n  s o lu t io n s  was e x p lo re d  in  

th e  presence o f  low  c o n c e n tra t io n s  o f  a c t iv a to r s  (F ig u re  7 ) ,  and as 

w ith  th e  measurements c a r r ie d  o u t on c o n c e n tra te d  s o lu t io n s ,  a marked 

decrease in  v is c o s i t y  was observed -  the  change in  v is c o s i t y  be ing  

ra p id  a t  f i r s t  and then  f a l l i n g  g ra d u a lly  and becoming s teady a t  the  

reduced le v e l .

3 .1 .3 .A Measurement o f  th e  ra te  o f  change o f  v is c o s i t y  a t  f ix e d  

enzyme c o n c e n tra t io n

The c h i t i n o l y t i c  a c t i v i t y  o f  a c h it in a s e  e x t r a c t  o f  b la c k  k o j i  m ould,

A s p e rg i l lu s  n ig e r , was s tu d ie d  by D takara  u s in g  a s u b s tra te  o f  g ly c o l 

52c h i t i n  . The tim e  re q u ire d  by d i f f e r e n t  e x tra c ts  to  h a lve  the  

v is c o s i t y  in c re m e n t was used as a measure o f  enzyme a c t i v i t y .

V is c o s ity  in c re m e n t was d e fin e d  as r e la t iv e  v is c o s i t y  -1 ,  so th a t

0 .5  x v is c o s i t y  in c re m e n t = 0 .5  ( t / t  -1 )o

where t  = po lym er f lo w tim e  in  the  absence o f  enzyme

t  = s o lv e n t f lo w t im e ,  o

□ ta k a ra  used th e  o b s e rv a tio n  th a t  th e  tim e  re q u ire d  to  h a lve  th e  

v is c o s i t y  o f  the  re a c t io n  m ix tu re  was in v e rs e ly  p ro p o r t io n a l to  the  

amount o f  enzyme u sed >to  assess th e  r e la t iv e  s tre n g th s  o f  A s p e rg il lu s  

e x t r a c t  f r a c t io n s .  The tim e  re q u ire d  to  h a lve  the  v is c o s i t y  in c re m e n t 

was c a l le d  th e  ' h a l f - l i f e  t im e ' and was used as the  b a s is  o f  com parison 

f o r  th e  f r a c t io n s .
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-3  3O c h ito s a n  ( 8  x 10 g) in  a c e t ic  a c id  (1% v /v ,  25cm ) ,  sodium

m e ta b is u lp h ite  (2  x 10“ ^ m oles dm"*"5) , EDTA (2 x ID""^ mole dm ~^),

papa in  O .A m g).

—2 3<D c h ito s a n  (2  x 10 g ) in  a c e t ic  a c id  (1% v /v ,  125cm ) ,  sodium

m e ta b is u lp h ite  (1 x 10“ ^ m oles dm"""5) ,  EDTA (A x 10” 5  moles dm- "3) ,

papa in  (1,3.9m g).
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In  o rde r to  study the ra te  o f change o f v is c o s ity  f o r  the enzyme/

s u b s tra te  system p a p a in /c h ito s a n , d i lu t e  enzyme suspensions mere

added tD a range o f  c h ito s a n  s o lu t io n s  o f  d i f f e r e n t  c o n c e n tra t io n s ,

225and th e  change in  th e  v is c o s i t y  in c re m e n t (n sp , t / t Q- 1 ) was p lo t te d  

a g a in s t tim e  e lapsed s in c e  enzyme a d d it io n  (F ig u re  Q ). The h a l f -  

l i f e  tim e s  f o r  the  s o lu t io n s  were then  compared (F ig u re  9 ) ,  and i t  

was found th a t  a t  c o n s ta n t enzyme c o n c e n tra t io n ,  th e  h a l f - l i f e  tim e  

f a r  th e  s o lu t io n  in c re a s e s  as th e  po lym er c o n c e n tra t io n  in c re a s e s .

T h is  r e la t io n s h ip  would be expected  i f  c leavage  o f  g ly c o s id e  bonds 

was ta k in g  p la ce  w ith in  th e  po lym er ch a in  -  th a t  i s ,  i f  the  enzyme 

was a c t in g  in  an "endo” manner.

3 .1 .3 .5  Measurement o f  r a te  o f  change in  v is c o s i t y  a t  f ix e d  polym er 

c o n c e n tra t io n

The change in  v is c o s i t y  o f  po lym er s o lu t io n s  o f  the  same c o n c e n tra t io n  

in  the  presence o f  d i f f e r e n t  c o n c e n tra t io n s  o f  papa in  was fo llo w e d  

by m easuring the  change in  f lo w tim e  in  a c a p i l la r y  v is co m e te r as 

b e fo re .  A ga in , r e s u l t s  were p lo t te d  as change in  s p e c i f ic  v is c o s i t y  

ve rsus  tim e  e lapsed  from  th e  a d d it io n  o f  the  enzyme s o lu t io n ,  and 

h a l f - l i f e  tim es were e s tim a te d  from  th e  graph (F ig u re  1 0 ).

H a l f - l i f e  tim es  were a ls o  p lo t te d  as a fu n c t io n  o f  enzyme c o n c e n tra t io n  

and o f  th e  lo g a r ith m s  o f  enzyme c o n c e n tra t io n  (F ig u re s  11 and 1 2 ). The 

graphs suggest s t ro n g ly  th a t  h a l f - l i f e  tim e  is  in v e rs e ly  p ro p o r t io n a l 

to  enzyme c o n c e n tra t io n  f o r  t h i s  enzym e /su bs tra te  system . A ga in , 

t h i s  r e la t io n s h ip  would be expected  i f  c leavage o f  the  po lym er ch a ins  

was ta k in g  p la ce  in  an "endo" manner.
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3 .1 .3 .6  The e f fe c t  o f papain on ch ito sa n  s o lu tio n s  o f d i f fe r e n t

degrees o f  fM -a c e ty la tio n

S ix  samples o f  c h ito s a n  o f  d i f f e r e n t  degrees o f  JM -a ce ty la tio n  mere 

p repared  f a r  v is c o s i t y  measurements in  the  presence o f  p a p a in . 

A c t iv a to r - f r e e  s o lu t io n s  mere used f o r  these  measurements, as i t  had 

p re v io u s ly  been shown th a t ,  s u r p r is in g ly , the  enzyme d id  n o t re q u ire  

th e  presence o f  a c t iv a to r s  w ith  the  c h itb s a n  s u b s tra te  (T a b le  3 ) .  

F low tim es were reco rded  f o r  each s o lu t io n  in  the  absence and presence 

o f  enzyme, and th e  h a l f - l i f e  t im e s  were compared in  o rd e r to  de te rm ine  

w he ther the  a c t i v i t y  o f  th e  enzyme was a ffe c te d  by d e a c e ty la t io n  o f  

th e  p o lym er. F u rthe rm ore  a c o r r e la t io n  o f  enzyme a c t i v i t y  w ith  the  

degree o f  JM -a ce ty la tio n  o f  the  c h ito s a n  shou ld  in d ic a te  w hether the  

c la s s i f ic a t io n  o f  c h it in a s e  o r  c h ito sa n a se  was a p p ro p r ia te .  The 

r e s u l t s  a re  p resen ted  in  F ig u re s  13 and 14.

I t  i s  appa ren t from  F ig u re  13 th a t  th e re  is  r e la t i v e l y  l i t t l e  

change in  v is c o s i t y  f o r  th e  samples o f  ve ry  low degree o f  J M -a c e ty la tio n . 

As the  degree o f  JM -a ce ty la tio n  in c re a s e s , the  ra te  o f  re d u c t io n  o f  

th e  v is c o s i t y  o f  th e  po lym er s o lu t io n s  a ls o  in c re a s e s . When the  

r e s u l t s  a re  p lo t te d  as h a l f - l i f e  tim e  ve rsus  degree o f  J M -a c e ty la tio n , 

a d i r e c t  r e la t io n s h ip  between degree o f  JM -a ce ty la tio n  and enzyme 

a c t i v i t y  i s  in d ic a te d .  The two samples o f po lym er w h ich  approached 

th e  id e a lis e d  c h ito s a n  s t r u c tu r e  d id  n o t show s u f f i c i e n t  change in  

v is c o s i t y  to  g iv e  a h a l f - l i f e  tim e  w ith in  the  d u ra t io n  o f  the  measure

ments (up to  1 week f o r  sample S 10 ). By c o n t ra s t ,  the  sample o f 

h ig h e s t degree o f  f ^ -a e e ty la t io n , S3D (55% JM -a c e ty la tio n ) showed a 

ve ry  ra p id  Ghange in  v is c o s i t y ,  even a t th e  low  enzyme c o n c e n tra t io n  

used (F ig u re  1 4 ).
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I t  may be deduced from  these  f in d in g s  th a t  th e  papa in  a c ts  as 

a c h it in a s e  ra th e r  than  a c h ito s a n a s e , and th a t  th e  presence o f 

JM -acetyl groups on th e  po lym er ch a in  i s  im p o rta n t in  p rom o ting  

a c t i v i t y  in  the  enzyme.

3 .1 .3 .7  The a d d it io n  o f  f re s h  s u b s tra te  to  a p a p a in - tre a te d  c h ito s a n  

s o lu t io n

A f re s h  u n tre a te d  s o lu t io n  o f  c h ito s a n  mas added to  a s o lu t io n  th a t  

had p re v io u s ly  been tre a te d  m ith  p a p a in , and the  change in  the  f la m -  

tim e  o f  the  s o lu t io n  th ro u g h  a c a p i l la r y  v isco m e te r mas fo llo m e d .

Whereas the  v is c o s i t y  o f  th e  t re a te d  s o lu t io n  appeared to  have 

reached a s ta b le  v a lu e , the  a d d it io n  o f f re s h  s u b s tra te  produced an 

o v e r a l l  in c re a s e  in  s o lu t io n  v is c o s i t y ,  fo llo m e d  by a decrease in  

v is c o s i t y  (decrease  in  f lo m t im e ) . H a l f - l i f e  tim e  mas reached in  

a p p ro x im a te ly  3$ h o u rs .

Enzyme a c t i v i t y  mas s t i l l ,  th e re fo re ,  p re s e n t, and m easurab le , 

in  s p ite  o f  th e  ve ry  lorn d i lu t io n  o f  the  enzyme, and th e  ve ry  h ig h  

r a t io  o f  monomer u n i ts  to  enzyme m o le cu les  ( -  1 x 1 0  to  1 ) .

3 .1 .3 .B  The e f f e c t  o f  papa in  an h y d ro x y e th y l c e l lu lo s e

To t e s t  m hether papa in  a c ts  as a g ly c o s id a s e  f o r  the  s t r u c t u r a l l y  

re la te d  p o ly s a c c h a rid e  c e l lu lo s e ,  h y d ro x y e th y l c e l lu lo s e  s o lu t io n  

mas t re a te d  m ith  papa in  suspension  in  the  same may in  mhich c h ito s a n  

s o lu t io n s  mere t re a te d  ( a c t iv a to r  p re s e n t in  th e  s o lv e n t ) ,  no change 

in  v is c o s i t y  (no change in  f lo m tim e ) mas observed .

3 .1 .3 .9  Summary

The absence o f  enzyme a c t i v i t y  m ith  h y d ro x y e th y l c e l lu lo s e  su p p o rts
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the view th a t the observed e f fe c ts  o f  papain on ch itosa n  s o lu tio n s

were a r e s u l t  o f  a t ru e  e nzym e /su bs tra te  in te r a c t io n  w h ich  is  promoted

by th e  presence on N -a c e ty l g roups on the  po lym er c h a in . The a c t i v i t y

o f  t h is  s u l fh y d r y l  enzyme in  the  absence o f  a c t iv a to r s  was s u r p r is in g ,

and the  mode o f  su bs tra te /e n zym e  in te r a c t io n  was n o t f u l l y  e lu c id a te d ,

a lth o u g h  h y d ro ly s is  o f  th e  lin k a g e  in  th e  v i c i n i t y  o f an

N -a c e ty la te d  re p e a t u n i t  seems in d ic a te d .

I t  i s  p a s s ib le  th a t  the  observed c h it in a s e  a c t i v i t y  o f  lysozyme

57e x tra c ts  from  Papaya and F ic u s  was due to  tra c e s  o f  papa in  p re se n t 

in  the  lysozym e, and n o t p r im a r i ly  to  the  lysozym e.

3 .2  D e a c e ty la t io n  s tu d ie s  on c h ito s a n

3 .2 .1  In t r o d u c t io n

The problem s a s s o c ia te d  w ith  o b ta in in g  h ig h  m o le c u la r w e ig h t c h ito s a n  

by d e -N -a c e ty la t io n  o f  c h i t i n  have been o u t l in e d  in  S e c tio n  2 .5 .2 .

I t  has been observed th a t  d e a c e ty la t io n  under a lk a l in e  c o n d it io n s
n *2

proceeds r a p id ly  u n t i l  th e  po lym er i s  a p p ro x im a te ly  70% d e a c e ty la te d  

A f te r  t h is  s tage  i s  reached d e a c e ty la t io n  proceeds s lo w ly  u n t i l  th e  

p ro d u c t i s  about 20% N -a c e ty la te d .  F u r th e r  a lk a l in e  tre a tm e n t does 

n o t produce a s ig n i f ic a n t  in c re a s e  in  the  degree o f  d e a c e ty la t io n ,  

b u t does degrade th e  po lym er c h a in . S ince  t h is  work was c a r r ie d  o u t,  

Mima, M iya , Iwamoto and Yoshikawa have re p o r te d  a method f o r  o b ta in 

in g  c h ito s a n  o f  v i r t u a l l y  1DD% d e a c e ty la t io n ;  the  m o le c u la r w e ig h t o f
5 _

t h is  p ro d u c t was found to  be 5 x 10 (M w), w hich suggests  th a t  some

226d e g ra d a tio n  has o ccu rre d

I t  i s  p a s s ib le  th a t  N -a c e ty l groups w hich a re  fo ld e d  w ith in  the  

c o n f ig u ra t io n  o f  the  po lym er ch a in  o f  th e  s o l id  p a re n t m a te r ia l a re  

n o t a c c e s s ib le  f o r  ch em ica l d e - l\ l-a c e ty la t ia n ;  i f  t h is  were so,
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s o lu t io n  o f  the  po lym er a f t e r  an i n i t i a l  a lk a l in e  d e a c ty la t io n  

tre a tm e n t, fo l lo w e d  by r e p r e c ip i ta t io n  and f u r t h e r  a lk a l in e  tre a tm e n t, 

shou ld  r e d is t r ib u te  th e  re m a in in g  j\h -a ce ty l groups r e la t iv e  to  the  

p a r t i c le  s u r fa c e , and enab le  a p ro d u c t o f  low degree o f  N -a c e ty la t io n  

and h ig h  m o le c u la r w e ig h t to  be p roduced.

3 .2 .2  D e a c e ty la t io n  o f  c h ito s a n

In  o rd e r to  t e s t  t h i s  h y p o th e s is , a s e r ie s  o f  d e a c e ty la t io n  tre a tm e n ts

were c a r r ie d  o u t on a co m m e rc ia lly  a v a i la b le  c h ito s a n  sam ple. Each

group o f tre a tm e n ts  in c lu d e d  th e  s o lu t io n  and r e p r e c ip i ta t io n  o f

th e  p ro d u c ts , and th e  degree o f  N -a c e ty la t io n  and the  m o le c u la r w e ig h t

o f  the  samples were de te rm ined  a t  each s ta g e . S tro n g ly  a lk a l in e

c o n d it io n s  have been used to  p re pa re  c h ito s a n  f o r  many years

(S e c tio n  2 .5 .2 )  and two o f  th e  tre a tm e n ts  d e s c r ib e d  here  used 50% w/w

sodium h yd ro x id e  as bo th  re a c t io n  medium and d e a c e ty la t in g  a ge n t.

In  two o th e r  tre a tm e n ts  a p p ro x im a te ly  96% o f the  sodium h yd ro x id e

was re p la ce d  by t e r t i a r y  b u ty l  a lc o h o l as th e  re a c t io n  medium -

227t h is  system  is  known to  g iv e  good r e s u l t s  . Sodium b o ro h y d rid e

was in tro d u c e d  in to  two tre a tm e n t system s (one a l l  sodium h y d ro x id e , 

and one t e r t i a r y  b u ty l  a lc o h o l p lu s  sodium uta. ) :  i t  has been

shown th a t  the  presence o f  sodium b o ro h y d rid e  can p re v e n t the  degrad

a t io n ,  from  the  re d u c in g  end -g ro u ps , o f  c e l lu lo s e  in  a lk a l in e  

p rocesses by re d u c t io n  o f  the  te rm in a l a ldehyde group to  a h y d ro x y l,  

and i t  was hoped th a t  i t  would be p o s s ib le  s im i la r ly  to  p ro te c t  the  

c h ito s a n  po lym er c h a in , g iv in g  a h ig h e r m o le c u la r w e ig h t p ro d u c t.

The fo u r  d e a c e ty la t io n  system s used a re  g ive n  in  Table  k .

Three samples were re ta in e d  from  each system f o r  m o le c u la r w e ig h t 

and degree o f  N -a c e ty la t io n  d e te rm in a t io n s : a f t e r  the  f i r s t  a lk a l i



Table A. De-f\l--acety  lo t io n  systems used

System tertiary butyl alcohol sodium hydroxide sodium horofiydrido

A J j -

B -
J

-

G J J J

D - J J

treatment (eg. A1), after solution and reprecipitation (eg. A2) and 

after a further alkali treatment (eg. A3). The starting material mas 

commercial chitosan (Kypro) mhich had been dissolved in 1% acetic acid, 

filtered to remove insoluble fragments and reprecipitated. Experiments.], 

details are given in Section 5. The results obtained from this series 

of de-N-acetylation treatments are presented in Table 3.

Molecular weights mere determined from viscosity measurements

using the viscometric constants for chitosan reported by Roberts and 
228Domszy" „ The degree of [\b-acetylation mas determined by a ineta- 

chrornatin titration method described fully in Section 3.5.

The samples in all four systems mere densetyluted to minimum 

levels while molecular weights remained very high. One interesting 

and unexpected finding was that intermediate solution and reprecip- 

itation of a sample was associated with a considerable decrease in 

N-acetylation - for samples 02 and D2 virtually no residual 0-acetyl 

groups could be detected. When sodium borohydride was present in 

the system, molecular weights decreased further, relative to the 

starting material, than when sodium borohydride was absent, in 

contrast to what mas anticipated. System A and system C mere

- 0 1 -
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r e la t i v e l y  more e f f e c t iv e  f o r  d e - j\ j-a c e ty la t io n  o f  th e  samplea than  

system  B and system D r e s p e c t iv e ly ;  th a t  i s ,  a low  c o n c e n tra t io n  Qf 

sodium h yd ro x id e  in  th e  presence o f  t e r t i a r y  b u ty l  a lc o h o l was as 

e f f e c t iv e  as a ve ry  h ig h  c o n c e n tra t io n  o f  sodium h yd ro x id e  a lo n e .

In  an in d u s t r ia l  p rocess where s o lv e n t re co ve ry  was fe a s ib le ,  an 

a lc o h o l / a lk a l i  system co u ld  be cheaper to  o pe ra te  than  one based on 

a l k a l i .

In f r a re d  s p e c tra  co n firm e d  th e  v e ry  low degree o f  N -a c e ty la t io n  

o f  the  c h ito s a n  samples o b ta in e d  by d e -J \[~ a ce ty la tio n  a f t e r  s o lu t io n  

and r e p r e c ip i ta t io n  -  F ig u re s  16 and 17 show the  spectrum  o f  the  

s t a r t in g  m a te r ia l and th a t  o f  sample 03 . In  F ig u re  17, the  f u l l y  

d e -N -a c e ty la te d  sample has no amide I  band a t  1655cm , whereas the

spectrum  f o r  the  s t a r t in g  m a te r ia l shows a w e ll-d e v e lo p e d  amide I  

band.

I t  would th e re fo re  appear th a t  r e p r e c ip i ta t io n  o f  c h ito s a n  

r e s u l t s  in  th e  in c re a se d  a v a i l i b i l i t y  o f  r e s id u a l JM -acetyl groups 

f o r  chem ica l m o d if ic a t io n ,  th ro u g h  a l t e r a t io n  o f  the  m orphology o f  the  

p o lym er.

S ince  t h is  work was com p le ted , Domard and Rinaudo have re p o r te d

a method f o r  p re p a r in g  f u l l y  d e a c e ty la te d  c h ito s a n  o f  h ig h  m o le c u la r 

229w e ig h t . In  c a lc u la t in g  v is c o s ity -a v e ra g e  m o le c u la r w e ig h t from

230th e  M ark-Howink e q u a tio n , th e y  used th e  va lu es  c a lc u la te d  by Lee

f o r  the  param ete rs  and _a, and no ted  the  d is p a r i t y  between the

v is c o s ity -a v e ra g e  m o le c u la r w e ig h t o b ta in e d  and th e  Mn c a lc u la te d  by

membrane osmometry. However, i f  th e  c o n s ta n ts  c a lc u la te d  by R oberts  

220and Domszy a re  s u b s t i tu te d  in t o  th e  e q u a tio n , the  v is c o s i t y -  

average m o le c u la r w e ig h t o b ta in e d  is  s l i g h t l y  g re a te r  than  tw ic e

-9 3 -
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th e  number average m o le c u la r w e ig h t , as would be expected  f o r  a 

random ly degraded sample showing a norm al m o le c u la r w e ig h t d i s t r i b 

u t io n .

229The m o le c u la r w e ig h ts  o f  samples p repared  by t h is  method are  

lo w e r than  those  p repared  by the  method d e sc rib e d  in  t h i s  s e c tio n  

b u t the  N -a c e ty l c o n te n t o f  samples would seem to  be s im i la r ly  lo w .

3 .3  A d s o rp tio n  o f  C u ( I I )  io n s  by c h ito s a n

The a d s o rp tio n  o f  m e ta l io n s ,  in c lu d in g  C u ( I I )  io n s ,  from  d i lu t e  

aqueous s o lu t io n s  has been s tu d ie d  by a c o n s id e ra b le  number o f 

w o rke rs  (see S e c tio n  2 .7 ) .  However th e  a c tu a l method o f  complex 

fo rm a tio n  -  io n ic  in t e r a c t io n ,  l ig a n d  bond fo rm a tio n ,  c h e la t io n  -  has 

n o t been e s ta b lis h e d . F u rthe rm ore  much o f  the  work has been c a r r ie d  

o u t on u n c h a ra c te r is e d  c h ito s a n  hence com parison between the  r e s u l t s  

o f  d i f f e r e n t  w o rke rs  i s  d i f f i c u l t .  In  the  work re p o r te d  here a 

c h ito s a n  sample o f  known f re e  am ine •group c o n te n t was used. In  

a d d it io n ,  the  c h ito s a n  s u b s tra te  was used in  th e  fo rm  o f  f i lm  in  

an a tte m p t to  de te rm ine  ra te s  o f  up take  o f  C u ( I I )  io n s  w ith o u t 

th e  problem s a r is in g  from  p a r t i c le  s iz e  v a r ia t io n  in  c h ito s a n  f la k e .

□ne advantage o f  u s in g  c h ito s a n  in  f i lm  form  is  th a t  th e  s u b s tra te  

can be examined d i r e c t l y  by in f r a r e d  and u v / v is ib le  s p e c tro s c o p y .

I f  a s u ita b le  a b s o rp tio n  band co u ld  be found th e  c o n c e n tra t io n  o f  

C u ( I I )  io n  in  th e  f i lm  co u ld  be measured re p e a te d ly ,  as a fu n c t io n  

o f  t im e , on the  same sam ple.

3 .3 .1  D e te c tio n  o f  C u ( I I )  io n s  in  c h ito s a n  f i lm

I n i t i a l  t r i a l s  w ith  s o lu t io n s  o f  v a r io u s  C u ( I I )  s a l t s  in d ic a te d  th a t  

c u p r ic  a c e ta te  i s  a s u ita b le  s a l t  f o r  a d s o rp tio n  s tu d ie s .  C h itosan



f i lm s  tre a te d  w ith  aqueous s o lu t io n s  o f c u p ric  ace ta te  showed

in c re a se d  a b s o rp tio n  a t  abou t 26Cnm b u t the  band is  too  in te n s e  to

be o f  use even f o r  th in  f i lm s  and low  C u ( I I )  io n  u p ta ke s . The b lu e

c o lo u r  o f  the  f i lm s  is  due to  a broad and ve ry  s h a llo w  a b s o rp tio n

band ce n tre d  around 660nm, b u t t h i s  was n o t d i s t in c t  enough to  be

used f o r  m o n ito r in g  io n  u p ta ke , w ith  the  in s tru m e n t then  a v a i la b le ,

even a t  r e la t i v e l y  h ig h  C u ( I I )  io n  c o n c e n tra t io n s  (F ig u re s  1 8 ,1 9 ).

The in f r a r e d  s p e c tra  o f  c u p r ic  a c e ta te - t re a te d  f i lm s  show a

-1broaden ing  o f  the  band a t  1360cm and a s h i f t  in  the  amide I I  band 

-1 -1from  1590cm to  1550cm . T h is  s h i f t  i s  s im i la r  to  th a t  found

107w ith  in c re a s in g  N -a c e ty l c o n te n t and may a ls o  be due to  a re d u c t io n

in  the  e x te n t o f  in vo lve m e n t o f  th e  amide groups in  hydrogen bonding

(F ig u re s  2 0 ,2 1 ) .  In  an a tte m p t to  f in d  an in f r a r e d  band th a t  co u ld

be used f o r  m o n ito r in g  C u ( I I )  io n  uptake  the  spectrum  o f  a t re a te d

-1f i lm  was reco rded  down to  200cm . Comparison w ith  th e  spectrum

o f an u n tre a te d  f i lm  f a i le d  to  in d ic a te  a s u ita b le  band. In  v iew  

o f  these  n e g a tiv e  r e s u l t s  th e  use o f  an a f te r t re a tm e n t  w ith  copper 

com plex ing  re a ge n ts  was in v e s t ig a te d .

3 .3 .1 .1  A f te r t re a tm e n t  w ith  sodium d ie th y ld ith io c a rb a m a te

C h ito san  f i lm s  t re a te d  w ith  sodium d ie th y ld ith io c a rb a m a te  (NaDDC) 

show a b s o rp tio n  bands a t  abou t 260nm and 293nm, w h i ls t  th e  in f r a r e d  

spectrum  does n o t d i f f e r  s ig n i f i c a n t l y  from  th a t  o f  th e  f i lm  p r io r  

to  tre a tm e n t w ith  NaDCC. In  c o n t ra s t  to  t h i s ,  b o th  the  in f r a r e d  

and th e  u v / v is ib le  s p e c tra  o f  c u p r ic  a c e ta te - t re a te d  c h ito s a n  f i lm s  

show marked changes a f t e r  tre a tm e n t w ith  aqueous s o lu t io n s  o f  NaDCC. 

The u v / v is ib le  spectrum  shows bands a t  2BQnm and ^SDnm on tre a tm e n t 

w ith  NaDCC,"the l a t t e r  band b e in g  o f  s u ita b le  in t e n s i t y  f o r  use in
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m o n ito r in g  C u ( I I )  io n  up take  (F ig u re  2 2 ) . The in f r a r e d  spectrum

(F ig u re  23) shews a number o f  a d d i t io n a l  sharp a b s o rp tio n  bands,

- 1 - 1 - 1
th e  most n o ta b le  b e ing  a t  1500cm , 1260cm and 1200cm . ,  The fa c t

th a t  th e  complexed c o p p e r-c o n ta in in g  f i lm  was deep brawn in  c o lo u r ,

w h i ls t  th e  tre a tm e n t l iq u o r  rem ained c o lo u r le s s ,  in d ic a te s  th a t  no

C u ( I I )  io n s  a re  removed from  the  f i lm  d u r in g  th e  NaDCC tre a tm e n t.

A lth o u g h  t h is  method gave e x c e l le n t  r e s u lts  a t  ve ry  low  c o n c e n tra t io n s

o f  C u ( I I )  io n  u p ta ke , a t  h ig h e r  c o n c e n tra t io n s  th e  absorbance a t

A50nm became to o  in te n s e  w h i ls t  a le s s  in te n s e  band a t  650nm was too

broad f o r  q u a n t i ta t iv e  measurem ents.

3 .3 .1 .2  A f te r t re a tm e n t  w ith  ammonium th io c y a n a te /p y r id in e

Trea tm en t w ith  ammonium th io c y a n a te  and p y r id in e  g iv e s  no a p p re c ia b le

change in  the  u v / v is ib le  spectrum  o f  c o p p e r-c o n ta in in g  c h ito s a n  f i lm s

-1w h i ls t  th e  in f r a r e d  spectrum  shows a sharp  a b s o rp tio n  band a t  2 0 0 0 cm 

a f t e r  tre a tm e n t w ith  the  re a g e n t and washing w ith  w a te r .  However 

a s im i la r  band, though le s s  in te n s e , i s  o b ta in e d  on t r e a t in g  c o p p e r- 

f re e  c h ito s a n  f i lm  (F ig u re s  2 A ,2 5 ).

3 .3 .1 .3  A fte r t re a tm e n t  w ith  d im e th y lg ly o x im e

Trea tm en t o f  c o p p e r-c o n ta in in g  c h ito s a n  f i lm s  w ith  d im e th y lg ly o x im e  

in  m ethanol r e s u l t s  in  th e  s o lu t io n  becoming in te n s e ly  c o lo u re d , 

s u g g e s tin g  th a t  th e  tre a tm e n t i s  le e c h in g  o u t th e  C u ( I I ) /d im e th y l-  

g lyox im e  com plex. T h is  was co n firm e d  by g iv in g  a d im e th y lg ly o x im e - 

t re a te d  f i lm  a subsequent tre a tm e n t w ith  NaDCC. Hone o f  th e  a b s o rp tio n  

bands c h a r a c te r is t ic  o f  th e  C u(II)/f\laD C C  complex were observed in  

the  in f r a r e d  spectrum  show ing th a t  the  C u ( I I )  io n s  were no lo n g e r 

p re s e n t in  the  f i lm  in  d e te c ta b le  am ounts.

-1D2-
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3 .3 .1 .A A fte rtre a tm e n t w ith  a -benzDinoxime’

T rea tm en t Df c o p p e r-c o n ta in in g  c h ito s a n  f i lm s  u iith  a -benza inox im e 

(ABO) g iv e s  no o b se rva b le  changes in  th e  in f r a r e d  spectrum , b u t does 

g iv e  a sharp  a b s o rp tio n  band a t  ^*+nm in  the  u v /v is ib le  spectrum  

(F ig u re  2 6 ) .  F ilm s  t re a te d  in  t h i s  may mere green in  c o lo u r  w h i ls t  

th e  tre a tm e n t l iq u o r  was c o lo u r le s s  on v is u a l in s p e c t io n .  However 

s p e c tro s c o p ic  a n a ly s is  in d ic a te d  th a t  a s m a ll amount o f  the  C u (II)/A B O  

complex had been e x tra c te d  from  th e  f i lm  d u r in g  th e  tre a tm e n t.

3 .3 .1 .5  Summary

The above r e s u l t s  in d ic a te  th a t  sodium d ie th y ld ith io c a rb a m a te  is  

th e  most s u ita b le  o f  th e  com p lex ing  agents s tu d ie d  as th e re  is  no 

ev idence  o f  any rem oval o f  C u ( I I )  io n s  from  th e  f i lm  d u r in g  the  

co m p le xa tio n  s ta g e , w h i ls t  th e  complex farm ed g iv e s  r is e  to  s u ita b le  

a b s o rp tio n  bands in  b o th  th e  u v / v is ib le  and in f r a r e d  s p e c tra .

-B enza inox im e a ls o  g iv e s  a com plex w ith  a s u ita b le  band in  the  u v / 

v is ib le  spectrum  b u t w ith  some in d ic a t io n  o f a s l i g h t  amount o f  

e x t r a c t io n  o f  th e  C u ( I I )  io n s  d u r in g  th e  tre a tm e n t. Use was th e re fo re  

made o f  these  two re a g e n ts  in  s tu d y in g  th e  uptake  o f  copper io n s  by 

c h ito s a n  f i lm s .

3 .3 .2  A d s o rp tio n  o f  C u ( I I )  io n s  by c h ito s a n  f i lm

P re lim in a ry  s tu d ie s  in d ic a te d  th a t  no a p p re c ia b le  in c re a s e  in  C u ( I I )

io n  up take  o ccu rre d  a f t e r  2k hours im m ersion in  s o lu t io n s  o f  c u p r ic

a c e ta te  and so t h is  tre a tm e n t tim e  was s e le c te d  f o r  use in  subsequent

in v e s t ig a t io n s .  The f i r s t  f a c to r  chosen f o r  s tu d y  was the  e f f e c t  o f

f i lm  th ic k n e s s  on the  C u ( I I )  io n  u p ta ke , u s in g  the  in f r a r e d  a b s o rp tio n  

'  -1band a t  890cm as an in t e r n a l  s ta n d a rd  to  c o r re c t  f o r  f i lm  th ic k n e s s .
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A p re lim in a ry  check co n firm e d  th a t  th e re  mas good c o r r e la t io n  betuieen 

the  f i lm  th ic k n e s s , as measured u s in g  a M ercer f i lm  th ic k n e s s  gauge, 

and the  absorbance o f  th e  890cm band.

Samples o f  c h ito s a n  f i lm  o f  v a ry in g  th ic k n e s s e s  mere suspended

in  m e ll s t i r r e d  s o lu t io n s  o f  c u p r ic  a c e ta te  c o v e r in g  a range o f

c o n c e n tra t io n s .  A f te r  2k hours th e  samples mere removed, m ashed.to

remove excess c u p r ic  a c e ta te  s o lu t io n  and t re a te d  m ith  e i t h e r  IMaDCC

o r ABO. The absorbance va lu e s  o f  th e  f i lm s  mere measured a t  450nm

(NaDCC) o r  kkknm (ABO), to g e th e r  m ith  th e  a b s o rp tio n  va lu e s  o f  the

Q90cm in  th e  in f r a r e d .  The r e s u l t s  a re  shomn in  F ig u re s  27 and 28

and c le a r ly  dem onstra te  th a t  m ith  a l l  the  s o lu t io n  c o n c e n tra t io n s

used th e re  is  a decrease in  the  absorbance, c o rre c te d  f o r  f i lm

th ic k n e s s ,  m ith  in c re a s e  in  f i lm  th ic k n e s s .  F u rth e rm o re , f i lm s

steeped in  more c o n c e n tra te d  c u p r ic  a c e ta te  s o lu t io n s  became b r i t t l e

and shamed c o n s id e ra b le  c o n t ra c t io n ,  and developed r e la t i v e l y  le s s

c o lo u r  on tre a tm e n t m ith  cam p lex ing  a g e n ts . T h is  in v e rs e  r e la t io n s h ip

betmeen c o rre c te d  absorbance and f i lm  th ic k n e s s  is  in  agreement m ith

1 *16th e  r e s u l t s  o f  B la i r  and Ho mho found th a t  th e  e q u il ib r iu m  adso rp 

t io n  o f  C u ( I I )  io n s  decreased m ith  in c re a s e  in  f i lm  th ic k n e s s , and 

a ls o  commented on the  g re a te r  r i g i d i t y  and b r i t t le n e s s  o f  c u p r ic  

s u lp h a te - tre a te d  c h ito s a n  f i lm  compared m ith  u n tre a te d  f i lm .

Assuming th a t  e q u i l ib r iu m  uptake  has been reached m ith in  the

2k hour tre a tm e n t t im e , these  r e s u l t s  suggest e i t h e r  th a t  the  C u ( I I )

io n  c o n c e n tra t io n  is  n o t u n ifo rm  th ro u g h o u t the  f i lm  b u t in s te a d

th e re  is  a c o n c e n tra t io n  g ra d ie n t  from  s u rfa c e  to  c e n tre ,  o r  th a t

c r o s s - l in k in g  o f  th e  c h ito s a n  ch a in s  by the  C u ( I I )  io n s  p re ve n ts

th e  c h e la t in g  re a ge n t p e n e tra t in g  f u l l y  in to  th e  f i lm .  The r e s u lts  

116o f  B la i r  and Ho s u p p o rt th e  fo rm e r c o n c lu s io n  as they  dete rm ined
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C o n c e n tra tio n  o f  copper a c e ta te  s o lu t io n s  

(m ole dm "^):

D . 8

2.75  x 10

2 .75  x. 10

0 .7

,-5

□ . 6

0 .5

0 .3

0.2

0 .3 1.10.1 0 .5 0 .7 0 .9

F ilm  th ic k n e s s  in d e x  ( lo g  1 0 0 /tflgQcm )

F ig u re  27. Absorbance o f  c h ito s a n  f i lm s  t re a te d  m ith  copper a c e ta te  

and a f te r t r e a te d  m ith  a -b e n zo in o x im e .
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C o n c e n tra tio n  o f  copper a c e ta te  

s o lu t io n s  (g  d irf"5) :
3 .2

2 .75  x 10

3.D 2 .75  x 10

2 . Q

2.6

2.2

2 .0

1.0

0.8

0.6

0.2

0.1 0 .5 0 .90 .3 0 .7 1.1 1 .3

' -1 F ilm  th ic k n e s s  in d ex  ( lo g  100/tgggCm )

F ig u re  26. Absorbance o f  c h ito s a n  f i lm s  t re a te d  w ith  capper a c e ta te  

and a f te r t r e a te d  w ith  sodium d ie th y ld ith io c a rb a m a te .
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the C u ( I I )  io n  uptake by change in  co n ce n tra tio n  o f the c u p ric

s u lp h a te  s o lu t io n  and so t h e i r  r e s u l t s  d id  n o t depend on subsequent

p e n e tra t io n  o f  the  f i lm  by a com p lex ing  re a g e n t. Furtherm ore, even

the  f i lm s  w ith  th e  g re a te s t  C u ( I I )  io n  uptake  a llo w e d  th e  d i f fu s io n

116o f  a dye ( C . I .  A c id  Orange 10) th ro u g h  them ; th e re fo re  i t  is

reasonab le  to  expec t th a t  the  s m a lle r  com plexing  re agen t m o lecu les

co u ld  a ls o  p e n e tra te .

E s ta b lis h in g  u ne q u ivoca b ly  th e  presence o f  a c o n c e n tra t io n

g ra d ie n t w ith in  the  f i lm  would re q u ire  the use o f s p e c ia lis e d

te c h n iq u e s , such as m ic ra d e n s ito m e try , th a t  can scan a c ro s s -s e c t io n

o f the f i lm .  (\1d such techn ique was a v a ila b le  bu t subsequent to  th is  

231work Averbach re p o r te d  the  d e te rm in a t io n  o f th e  d is t r ib u t io n  o f 

C u ( I I )  io n s  w ith in  c h ito s a n  f i lm s  u s in g  scann ing  e le c tro n  m ic rosco p y . 

In  h is  work the  f i lm s  were t re a te d  in  s o lu t io n s  o f  c u p r ic  su lp h a te  

f o r  up to  2 0 0  hou rs  b u t even w ith  these  tre a tm e n t tim e s  u n ifo rm  

C u ( I I )  io n  d is t r ib u t io n s  were n o t o b ta in e d , the  c o n c e n tra t io n  

d e c re a s in g  w ith  in c re a s e  in  th e  d is ta n c e  from  th e  f i lm  s u r fa c e .

D e sp ite  th e  n o n -u n ifo rm ity  o f  C u ( I I )  io n  d is t r ib u t io n  th e  s u lp h a te  

io n s  were found to  have a u n ifo rm  d is t r ib u t io n  th ro u g h o u t the  f i lm .

3 .3 .3  A d s o rp tio n  o f  complexed C u ( I I )  io n s  by c h ito s a n  f i lm

In  v iew  o f  the  p o s s ib i l i t y  th a t  c r o s s - l in k in g  o f  c h ito s a n  polym er 

ch a in s  by C u ( I I )  io n s  o c c u rs , th e  a d s o rp tio n  o f  C u ( I I )  io n s  th a t  

were a lre a d y  complexed was s tu d ie d .  For t h is  th e  C u ( I I )  io n s  were 

complexed w ith  im in o d ia c e t ic  a c id ,  d iso d iu m  s a l t  (IDA), a t r id e n ta te  

l ig a n d .  In  t h is  fo rm  th e  C u ( I I )  io n s  re q u ire  o n ly  a s in g le  a d d it io n a l 

l ig a n d  to  com plete  t h e i r  c o -o rd in a t io n  number so c h ito s a n  can o n ly  

fu n c t io n  as a m onodentate l ig a n d  -  see F ig u re s  29 and 30.
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F ig u re  29. P a s s ib le  s t r u c tu r e  f a r  c h ito s a n  c ro s s - l in k e d  by C u ( I I )  io n s .

H

F ig u re  3D. C u ( I I ) / ID A  complex bound to  c h ito s a n .

P re lim in a ry  s tu d ie s  u s in g  c u p r ic  s u lp h a te  shamed th a t  the  va lu e s  

o f  X max and emax o f  C u ( I I ) / ID A  s o lu t io n s  a re  h ig h ly  dependent 

on th e  C u ( I I ) : ID A  r a t i o ,  w ith  Xmax moving tow ards lo w e r w ave leng ths 

w ith  in c re a s e  in  IDA (F ig u re  3 1 ) .  . F o r t h i s  reason the  s tu d ie s

were c a r r ie d  o u t u s in g  a C u ( I I ) : ID A  r a t io  o f 1:1 a lth o u g h  these  

s o lu t io n s  showed some i n s t a b i l i t y ,  le a d in g  to  th e  fo rm a tio n  o f a

IMH,

Cu.
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F ig u re  31. V is ib le  s p e c tra  

o f  c u p r ic  sulpWote- /ID A  s o lu t io n s  1 
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p r e c ip i ta te  on s ta n d in g . A se p a ra te  c a l ib r a t io n  p lo t  was re q u ire d  

f o r  th e  c u p r ic  s u lp h a te :ID A  s o lu t io n  w h ich  had a much h ig h e r 

e x t in c t io n  c o e f f ic ie n t  than  s o lu t io n s  o f  c u p r ic  s u lp h a te  a lo n e .

A sample o f  f i lm  was immersed in  an a l iq u o t  o f  the  s o lu t io n  Df 

C u ( I I ) / ID A  and th e  c o n c e n tra t io n  o f  complexed C u ( I I )  io n s  re m a in in g  

a f t e r  24 hours de te rm ined  s p e c t ro p h o to m e tr ic a l ly . The uptake  o f  

C u ( I I ) ,  measured in  t h is  way, was c a lc u la te d  to  be 6 4 .5 g /f re e  amine 

e q u iv a le n t  w e ig h t, w h ich  w ith in  e x p e rim e n ta l e r r o r  i s  ve ry  c lo s e  to  

a C u ( I I ) :a m in e  group r a t io  o f  1 :1 . T h is  dem onstra tes th a t  when 

c o n d it io n s  a re  chosen so as to  r e s t r i c t  the  r o le  o f  c h ito s a n  to  th a t  

o f  a m onodentate l ig a n d ,  com p le te  re a c t io n  o f  th e  amine groups take s  

p la c e .

3 .4  D yeing o f  c h ito s a n  f i lm s

S tu d ie s  o f  the  uptake  o f  dye by c h ito s a n  f i lm s  a re  r e la t i v e ly  ra re

(S e c tio n  2 .8 )  and th e  e x te n t  Df JM -a ce ty la tio n  of th e  po lym er ch a ins

has n o t been a de q ua te ly  c h a ra c te r is e d  in  the  re p o r ts  o f  dye ing

e xp e rim e n ts . As an i n i t i a l  s te p  tow ards an e xam ina tio n  o f  t h is

v a r ia b le ,  c h ito s a n  f i lm ,  N -a c e ty la te d  c h ito s a n  f i lm  and N -a c e ty la te d /

d e -O -a c e ty la te d  c h ito s a n  f i lm s  were dyed w ith  the  m ono-sulphonate

dye C . I .  A c id  Red 8 8  ( C . I .  AR8 8 , S tru c tu re  I  in  F ig u re  4 1 ).

The fre e  a c id  form  o f  th e  pure  dye ( C . I .  C o n s t i tu t io n  No. 15620)

was used in  the  absence o f  a d d i t io n a l  e le c t r o ly t e .  Samples o f  each

o f  the  th re e  type s  o f  c h ito s a n  f i lm  (undyed) were a ls o  s u b je c te d  to  

40th e  R im in i t e s t  o r to  S c h i f f 's  base fo rm a tio n  w ith  s a lic y la ld e h y d e  

-  b o th  te s ts  g iv e  p o s i t iv e  r e s u l t s  in  the  presence o f  f re e  amine 

g roups . The r e s u l t s  o f  th e  te s ts  a re  summarised in  Tab le  6 , and in  

F ig u re s  32 and 33.
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1.80

1.5D

1.20

0 .90

0 .60

0 .30

320 360

a 2 1 % N -a c e ty la te d  f i lm  

b f u l l y  iN -a ce ty la te d  

f i lm

c d e -O -a c e ty la te d  f i lm

W avelength (nm)

F ig u re  32. U v /v is ib le  s p e c tra  o f  c h ito s a n  f i lm s  t re a te d  w ith  

‘ s a lic y la ld e h y d e .
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3. DO

2 .70

2.10

1.QD

1.50

Q)U
ro 1.20
X3U□tn
X3a;

0 .90

a 21% l\ l-a c e ty la te d  F ilm0 .60

b f u l l y  l\ l-a c e ty la te d  f i lm

c d e -O -a c e ty la te d  f i lm
0 .3 0

610530 570 650

W avelength (nm)

F ig u re  33. .V is ib le  a p e c tra  o f  c h ito s a n  f i lm s  t re a te d  w ith  AR8 Q



ch ito sa n  f i lm l\l-ace ty la te d  l\ l-a c e ty la te d /

ch itosa n  f i lm  d e -C -ace ty la te d

ch itosa n  f i lm

C . I .  A c id  Red 8 6  deep red p a le  p in k p in k

R im in i t e s t +

S c h i f f 's  base

Tab le  6 . E f fe c t  o f  IM- a c e ty la t io n  o f  c h ito s a n  f i lm .

The peak a t  405nm in  th e  spectrum  in  F ig u re  32 is  due to  the

S c h i f f 's  base form ed by re a c t io n  o f  f re e  amine groups w ith  s a l i c y l -

a ld eh yd e . A lthough  pronounced in  the  spectrum  from  the  c h ito s a n

f i lm ,  th e  band i s  b a re ly  d e te c ta b le  in  th e  s p e c tra  from  the  N -a c e ty la te d

and N ra c e ty la te d -d e -D -a c e ty la te d  f i lm s .  S im i la r ly  th e  a b s o rp tio n  band

a t 510nm in  th e  s p e c tra  in  F ig u re  33, due to  adsorbed dye, i s  much

le s s  pronounced in  th e  s p e c tra  from  th e  two tre a te d  c h ito s a n  f i lm s

than  in  the  spectrum  from  th e  c h ito s a n  f i lm .  However in  each case,

s a lic y la ld e h y d e  tre a tm e n t and C . I .  A c id  Red 8 8  t re a tm e n t,  th e  re le v a n t

a b s o rp tio n  band is  more pronounced a f t e r  the  d e - IQ -a c e ty la tio n

tre a tm e n t, show ing th a t  some d e -K b -a c e ty la tio n  a ls o  occurs  even though

232i t  i s  n o t d e te c ta b le  u s in g  th e  R im in i t e s t  , w h i ls t  th e re  is  a 

low  amine group c o n c e n tra t io n  in  th e  a c e ty la te d  c h ito s a n  f i lm  even 

p r io r  to  th e  d e -O -a c e ty la t ia n  tre a tm e n t.

F u r th e r  dye ing s  were c a r r ie d  o u t on JN -ace ty la ted  c h ito s a n  f i lm  

u s in g  th e  f re e  a c id  fo rm  o f  dye ( I ) .  I t  was found th a t  uptake o f  

dye was reduced by th e  a d d it io n  o f  fo rm ic  a c id  ( 1% o . w . f . ) ,  a 2 % 

d ye ing  in  th e  presence o f  fo rm ic  a c id  showing lo w e r absorbance 

than  a 1% dye ing  in  th e  absence o f  fo rm ic  a c id ,  even though the
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dyebath  pH was lo w e r in  th e  fo rm e r (pH 3 .8 -A .D ) than  th e  l a t t e r  

(pH 5 .1 )  -  F ig u re  3A. T h is  suggests  th a t  the  fo rm a te  an ions 

compete w ith  the  dye an ions  f a r  th e  few a v a i la b le  dye s i t e s ,  th e re b y  

re d u c in g  the  dye u p ta ke . However i f  dye ( I )  was used in  the  sodium 

s a l t  fo rm  the  b e h a v io u r was re ve rse d  and dye uptake  was in c re a se d  

by a d d it io n  o f  fo rm ic  a c id  (F ig u re  3 5 ) .

A s e r ie s  o f  dye ing s  was c a r r ie d  o u t u s in g  a range o f  dye 

c o n c e n tra t io n s  based on th e  w e ig h t o f  f i lm  be ing  dyed ( a . w . f . ) ,  

and uptake o f dye was c a lc u la te d  from  measurement o f  the  absorbance 

o f  the  dyebath  b e fo re  and a f t e r  d y e in g . The. f i lm s  adsorbed from  

A-7 tim e s  as much dye from  the  dyeba ths o f  h ig h  dye c o n c e n tra t io n  

as the y  adsorbed from  th e  dyebath  o f  lo w e s t c o n c e n tra t io n ,  even though 

th e  l a t t e r  was n o t exhaus ted , o n ly  a p p ro x im a te ly  38% be ing  adsorbed.

A p lo t  o f  Dye adsorbed ve rsu s  % Dye a p p lie d  (F ig u re  36) shows an 

i n i t i a l  cu rve  fo llo w e d  by a l in e a r  p o r t io n .  These r e s u l t s  suggest 

th a t  th e re  a re  two a d s o rp tio n  mechanisms o p e ra t in g :

i )  s p e c i f ic  s i t e  a d s o rp tio n  on to  the  p ro to n a te d  amine g roups;

i i )  d i f fu s e  a d s o rp tio n  a t  random p a in ts  a long  the  c h a in .

In  o rd e r to  s tu d y  th e  s i t e  a d s o rp tio n  mechanism in  th e  absence o f  

th e  second mechanism, d ye in g s  were c a r r ie d  o u t on th e  unm od ifie d  

f i lm  s in c e  the  c o n c e n tra t io n  o f  dye s i t e s  is  so g re a t i t  i s  reasonab le  

to  assume th a t  a l l  th e  dye taken  up w i l l  be adsorbed a t  s p e c i f ic  

s i t e s .  F o r the  f i r s t  s e t o f  dye ing  e xpe rim en ts  an a c e t ic  a c id /so d iu m  

a c e ta te  b u f fe r  was used to  c o n t r o l  th e  pH o f th e  s o lu t io n  o f  th e  f re e  

a c id  fo rm  o f  ( I ) .  In  one o f  th e  e a r ly  runs  th e  f i lm  d is s o lv e d  and 

t h i s  was accompanied by a v is u a l  change in  th e  c o lo u r  from  red  to  

o range . When measured s p e c tro p h o to m e tr ic a l ly  i t  was found th a t
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Time o f  d y e in g /h o u rs

F ig u re  3A. Absorbance o f  c h ito s a n  f i lm s  dyed w ith  C . I .  A c id  Red BB Hg

( f r e e  a c id  fo r m ) .
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O 2% oujf ARBB, 1% owf fo rm ic  a c id  . .

^  1% ouif AR8 B, no fo rm ic  a c id
'BI
'I
•fa
•p

- 1 2 0 -  -m
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F ig u re  35 . Absorbance o f  c h ito s a n  f i lm s  dyed w ith  C . I .  A c id  Red 8 8  

(sod ium  s a l t ) ,  2 % owf fo rm ic  a c id  added a f t e r  dye ing  

f o r  7 h o u rs .

o 0.5% owf AR8 8

(D 1 . 0 % owf AR8 8

□ 2 . 0 % owf AR8 8

o 3.5% owf AR8 8

V 5.0% owf AR8 8

A 1 0 . 0 % owf AR8 8
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d is s o lu t io n  o f  th e  c h ito s a n  f i lm  had caused a hypsochrom ic s h i f t  in  

A max from  505nm to  A50nm. T h is  s h i f t  mas re p ro d u c ib le  and mas a ls o  

dem onstra ted  on m ix in g  a s o lu t io n  o f  c h ito s a n  w ith  a s o lu t io n  o f  ( I ) .  

The mixed s o lu t io n  mas orange b u t re v e r te d  to  red  as the  f i lm  formed 

on d ry in g .

In  v iew  o f  th e  im po rtance  o f  t h i s  f in d in g  and i t s  p o te n t ia l  

u s e fu ln e s s  in  s tu d y in g  m etachrom asy, a l l - f u r t h e r  work was d ire c te d  

tow ards in v e s t ig a t in g  th e  m e tach rom asy-induc ing  b e h a v io u r o f  c h ito s a n .

3 .5  M e tach rom a tic  s tu d ie s  on c h ito s a n

3 .5 .1  In t r o d u c t io n

I t  was in d ic a te d  in  S e c tio n  2 .9 .7  th a t  re p o r ts  o f  m e tach rom atic  

re a c t io n s  between p o ly c a t io n s  and a n io n ic  dyes a re  ra re ,  and the  

observed change in  c o lo u r  o f  th e  a n io n ic  dye C . I .  A c id  Red 8 8  

d e s c r ib e d  in  S e c tio n  3 . A was th u s  o f  g re a t in t e r e s t .  F u rth e rm o re , 

th e  p o s s ib i l i t y  o f  u s in g  th e  m e tach rom a tic  in te r a c t io n  between 

c h ito s a n  and th e  dye as a n a v e l,  f a c i le  means o f  m easuring the  

degree o f  N -a c e ty la t io n  o f  th e  po lym er -  w i th in  th e  s o lu b le  range -  

was o f  p rim e  im p o rta n c e . The w ide range Df type s  o f  a n io n ic  dyes 

gave an o p p o r tu n ity  to  s tu d y  th e  r e la t io n s h ip  between dye s t ru c tu re  

and m e tach rom a tic  b e h a v io u r, and th e  b e h a v io u r o f  c h ito s a n /d y e  

s o lu t io n s  in  the  presence o f  e le c t r o ly t e s ,  u rea and e th a n o l was o f 

in t e r e s t  in  v iew  o f  th e  work c a r r ie d  o u t on a n io n ic  p o ly m e r /c a t io n ic  

dye s o lu t io n s .  F in a l ly ,  i t  was hoped th a t  the  e f f e c t  o f  the  m o le c u la r 

w e ig h t o f  the  po lym er, and th e  b e h a v io u r o f  some d ib a s ic  dyes in  th e  

presence o f  c h ito s a n , would s u p p o rt a new th e o ry  o f  metachrom asy.



3 .5 .2  The m etachrom atic t i t r a t i o n  o f ch itosa n

F ig u re  37 shows th e  s p e c tra  o f  C . I .  A c id  Red 8 8  (AR8 8 ) and o f  

AR8 8  + c h ito s a n . Whereas th e  peak absorbance f o r  th e  dye a lone  

o ccu rs  a t  505nm, in  th e  presence o f  th e  polym er th e  maximum s h i f t s  

d a w n fie ld  to  45Dnm, and v is u a l ly  th e  s o lu t io n  changes from  red  to  

o range .

When a l iq u o ts  o f  dye o f  known c o n c e n tra t io n  were m ixed w ith  

v a r io u s  c o n c e n tra t io n s  o f  c h ito s a n  and d i lu te d  to  s ta n d a rd  volume 

w ith  Q.1M a c e t ic  a c id ,  th e  s e r ie s  o f  s p e c tra  shown in  F ig u re  38 

were o b ta in e d . The absorbance v a lu e s  a t  45Dnm and 505nm were 

p lo t te d  to  show th e  s h i f t  in  A max in  r e la t io n  tD po lym er c o n c e n tra t io n  

(F ig u re  3 9 ) , and b o th  peaks were found to  reach s teady  absorbances 

a t  th e  same p o in t .  T h is  p o in t  c o in c id e d  w ith  a 1:1 m a la r r a t io  o f  

AR8 8  to  c h ito s a n  f re e  am ine. The f a c t  th a t  th e  m etach rom a tic  

re a c t io n  between c h ito s a n  and AR8 8  i s  s to ic h io m e t r ic  suggested th a t  

i t  co u ld  be used e i t h e r  to  d e te rm ine  the  c o n c e n tra t io n  o f  c h ito s a n  

o f  known degree o f  N - a c e ty la t io n , o r  to  de te rm ine  the  degree o f  

N -a c e ty la t io n  o f  a c h ito s a n  sam ple.

3 .5 .2 .1  D e te rm in a tio n  o f  c h ito s a n  c o n c e n tra t io n

A sample o f  c h ito s a n  (K yp ra ) o f  known degree o f  a c e ty la t ia n  was 

d is s o lv e d  in  0 . 1M a c e t ic  a c id  and th e  s o lu t io n  used to  t i t r a t e  a 

s o lu t io n  o f  AR8 8  o f  known m o la r i t y ,  u s in g  the  decrease in  the  

absorbance o f  th e  5D5nm band to  fo l lo w  the  m e tach rom atic  b e h a v io u r. 

From the  volume o f c h ito s a n  s o lu t io n  re q u ire d  to  reach a s teady 

absorbance , the  number o f  moles o f  dye p re s e n t and the  e q u iv a le n t  

w e ig h t o f  the -am ine  groups in  th e  c h ito s a n  sam ple, th e  c o n c e n tra t io n
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F ig u re  37. Metachromasy o f  AR6 B in  th e  presence o f  c h ito s a n .

_5
a spectrum  o f  dye s o lu t io n  (1 .5  x 10 .W)

b spectrum  o f  dye + po lym er (P/D = 1 :1 )
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F ig u re  38 . Metachromasy o f  AR8 Q in  th e  presence o f  c h ito s a n ,

showing the  hypsochrom ic s h i f t  in  xmax w ith  in c re a s in g  

P/D r a t io .

P/D r a t io s :

a 1 :1

b 0.25:1

c 0 .5 :1

d 0 .75:1

e 1 : 1
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F ig u re

O

□

R a tio  o f polymer to  dye

39. Change in  absorbance o f  C . I .  A c id  Red 6 Q in  the  presence

-5o f  c h ito s a n  s o lu t io n  (1 .5  x 10 M dye s o lu t io n ) .

Absorbance a t  505nm 

Absorbance a t  A50nm



o f  c h ito s a n  in  s o lu t io n  was c a lc u la te d .  T h is  was c a r r ie d  o u t f o r

fo u r  s o lu t io n s  and the  r e s u l t s  a re  g ive n  in  Tab le  7

Tab le  7

A c tu a l and measured c o n c e n tra t io n s  o f  c h ito s a n  in  s o lu t io n .

-3  -3A c tu a l c o n c ./g  dm Measured c o n c ./g . dm

□.887 0 .915

□.□583 □.□586

□.□389 Q.D395

□.□19A 0.D196

3 .5 .2 .2  D e te rm in a tio n  o f  degree o f  N -a c e ty la t io n  o f  c h ito s a n

Samples o f  c h ito s a n  c o v e r in g  a range o f  degrees o f  N -a c e ty la t io n  

were p repared  by homogeneous N -a c e ty la t io n  o f  c h ito s a n  in  s o lu t io n  

in  aqueous m e th a n o l10? F ilm s  were c a s t from  each sample and ana lysed  

f o r  degree o f N -a c e ty la t io n  by in f r a r e d  sp ec tro sco py  u s in g  the
-"I

absorbance a t  1655cm as a measure o f  th e  amide group c o n te n t and 

-1th a t  a t  3A5Dcm as an in t e r n a l  re fe re n c e  to  c o r re c t  f o r  f i lm  

107th ic k n e s s  . The samples were a ls o  ana lysed  f o r  f r e e  amine c o n te n t,

and from  t h is  f o r  degree o f  j \ l - a c e ty la t io n , by m e tach rom atic  t i t r a t i o n .

The r e s u l t s  a re  g ive n  in  Tab le  8  and in  g ra p h ic a l fo rm  in  F ig u re  AD,

from  w h ich  i t  can be seen th a t  th e re  is  a good c o r r e la t io n  between

th e  r e s u l ts  from  the  two te c h n iq u e s .

The accuracy o f  the  in f r a r e d  s p e c tro s c o p ic  te ch n iq u e  has re c e n t ly

1D3 23Abeen dem onstra ted  by i t s  c o r r e la t io n  w ith  o th e r  te ch n iq u e s  ’ 

so th a t  F ig u re  AD c o n firm s  th e  accuracy o f  the  m e tach rom a tic  t i t r a t i o n  

m ethod. The m e tach rom a tic  method is  now in  re g u la r  use in  t h is
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Table 8

Comparison o f  p e rc e n t N- a c e ty la t io n  o f  c h ito s a n  samples c a lc u la te d  

from  in f r a r e d  sp ec tro sco py  o r  m e tach rom atic  t i t r a t i o n .

p e rc e n t N -a c e ty la t io n

C h ito san  sample 

A 

B 

C 

D 

E 

F

IR 

18.20 

33 . DA 

38.67 

47.31 

56.59 

59.20

AR8 8

19.0

31 .7

41 .6  

48 .3  

55.5

58.7

la b o ra to ry ,  g iv in g  re p ro d u c ib le  and ra p id  r e s u l t s .  I t  i s  a ls o  used 

to  c a lc u la te  the  c o n c e n tra t io n  o f  a s o lu t io n  o f  known degree o f  

N -a c e ty la t io n .  The method is  g iv e n  in  f u l l  in  S e c tio n  5, to g e th e r  

w ith  th e  method o f  c a lc u la t in g  th e  f re e  amine e q u iv a le n t  w e ig h t from  

th e  pe rcen tage  JM -a ce ty la tio n  and the  co n ve rs io n  graph d e r iv e d  from  

t h is  c a lc u la t io n .  A sample c a lc u la t io n  is  g ive n  in  Appendix I .

3 .5 .3  Survey o f  a n io n ic  dyes

Having e s ta b lis h e d  th a t  c h ito s a n  induces m etach rom a tic  change in  

th e  u v /v is ib le  spectrum  o f  AR8 8 , . i t  was dec ided  to  c a r ry  o u t a 

su rvey  o f  a number o f  o th e r  a n io n ic  dyes. T h is  was done in  o rd e r 

to  de te rm ine  w he ther th e  b e h a v io u r o f  AR8 8  in  th e  presence o f  c h ito s a n  

is  t y p ic a l  o f  a n io n ic  dyes in  g e n e ra l,  and i f  any c o r r e la t io n s  

between dye s t r u c tu r e  and m e tach rom a tic  b e h a v io u r co u ld  be e s ta b lis h e d , 

The dyes examined a re  l i s t e d  in  F ig u re  41 and Table  9 - 6  c a t io n ic
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233F iqu rE  41 . Dys S tru c tu re s

I  C . I .  A c id  Red QQ C . I .  15620

HQ

I I  C . I .  A c id  Red 13 C . I .  16045

HD

I I I  C . I .  A c id  Red 27 C . I .  16165

HD

l=l\I

C . I .  A c id  Red 141 C . I .  15625l \ l

HD
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\l C . I .  A c id  Orange 7 C . I .  15510

l\la03S O
\ i i C . I .  A c id  Orange 20 C . I .  1AG00

(MaÔ S

V I I C . I .  A c id  Red 1 C . I .  18050

HO IMH.CO.CH-

0 3Na

UIII

C12H25

IX C . I .  A c id  Orange 6  

Ht

(Ma03 S. f\I=(M.

C . I .  1A27Q

C . I .  A c id  Red 138 C . I .  18073
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X C . I .  Acid Orange 52 C . I .  13025

XI Dye A C .I,

N=IM

CH

X I I Dye B C .I

HO

CH

X I I I Dye C

HO

-OH

C .I,

XIV C . I .  M ordant B la ck  38 C . I .  18160

HO,

-133-



XV/ C . I .  M ordant B la ck  1 C . I .  15710

□H HQ

XVI C . I .  M ordant B la ck  15 ' C . I .  15690

0 , ,0 H

XV/II C . I .  M ordant B lack  17 C . I .  15705

OH HO

X V /III C . I .  M ordant V /io le t 5 C . I .  15G70

OH HO

- m -



XIX C . I .  Mordant Red 5 C . I .  1^290

OH HD 

N=l\l

Na03S

XX C . I .  M ordant B la ck  9 

OH

l\la03S

:|\l

□H

C . I .  16500

XXI C . I .  M ordant Green 3k C . I .  17650

HD HIM CH

C l C l

X X II C . I .  M ordant Green 17 
OH

HO IMH,

(M=IM

IMaO

C . I .  17225

,IMa

X X I I I C . I .  M ordant B lue  kk  C . I .  1725D

C l

C l C l
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XXIV/ C . I .  Mordant Blue 13 C . I .  16600

□HHO

C l

XXV/ C . I .  M ordant B la ck  11 C . I .  1A6^5

•l\l=IM

XXVI C . I .  M ordant B la ck  3 C . I .  1A6A0

HD

N=l\l

XXVII C . I .  A c id  Y e llo w  11 C . I .  10820

HB

N

X X V III C . I .  A c id  Y e llo w  1A C . I .  10960

= IM -C

IM

.l\l C l

CH.
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XXIX C . I .  Acid Ye llow  72 C . I .  18961

HO

C12H25

CH.

C l

IM- SO-^iMa

XXX C . I .  M ordant Orange 37 C . I .  18730

HO.OH

CH

XXXI C . I .  M ordant Red 19 C . I .  18735

HO
IM

IM

CHC l

XXXII C . I .  A c id  Red 111 C . I .  23266

H

X X X III C . I .  D ir e c t  Red 39 C . I .  23630

CH HO

05
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XXXIV C . I .  D ire c t  V io le t  ^5 C . I .  22510

NaO^S SO-^Na

XXXV C . I .  D ir e c t  B lue  B C . I .

CH .□CH

i ,

XXXVI C . I .  D ir e c t  Red 17 C . I .  22150

HO'

:f\l

XXXVII C . I .  D ir e c t  Red 28 C . I .  22120

f\!H,

l\l=N

X XX V III C . I .  D ir e c t  Y e llc u  12 C . I .  2^895



XXXIX C . I .  Acid  Red 97 C . I .  22890

□H HQ

N=N

XL C . I .  A c id  Y e llow  42 C . I .  22910

CH

HO

XL I C . I .  A c id  Y e llo w  42 -  h a l f  u n i t
* *

CH

HO

X L II C . I .  A c id  l / i o l e t  15 C . I .  43525

h3c m



X L II I C . I .  Acid  Green 7 C . I .  A2D55

(c 2 h5 ) 2im r ^ ^ f N +(C2H5) 2

D.S ' V '  SB-,Na 

3  CH3 3

XLIV C . I .  A c id  B lue 27 C . I .  6153D

IHCH

HIM

XL \J C . I .  A c id  B lue  25 C . I .  S2D55
NH,

HIM

XLUI C . I .  A c id  V io le t C . I .  62D2D

NH□

-1AD-



XL V II C . I .  Acid  Green 25 C . I .  6157C

HIM

X L V III  C . I .  S o lu b i l is e d  V at Y e llow  7 C . I .  GD531

IH.CD

XLIX C . I .  A c id  B lue  61 C . I .  5D33B

□3'

IMH

NH,
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L C . I .  Acid Red 94 C . I .  45440

I  I
.□KO

C

COOKC l

C l

C l

L I  C . I .  S o lu b i l is e d  V at B lue  5 C . I .  73066

Br

Br

L I I  C . I .  B as ic  Orange 24 C . I .  11056

(C H ,)J \l+CH„.OC _
c i "  v — V  V — y  x ch2 ch2cn

L I I I  C . I .  B as ic  Orange 25 C . I .  11175

H,C
3

(CH3 ) 3 N+CH2 .0 C “ <v(v  / ~ m 2

C l"

L IV  C . I .  B as ic  Y e llo w  15 C . I .  110B7
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L\y C . I .  Basic Blue 22 C . I .  61512

3IH .C t-

□ n h (ch 2 ) 3n (c h 3 ) 3

C l"

LV/I C . I .  B a s ic  B lue  A 7 C . I .  61111

IMH,

HIM

C l

L V II C . I .  B a s ic  Orange 1A C . I .  A6005

C l
H

+ N / ^ V ' N(CH3 )

(A c r id in e  Orange)

* *  P repared by Dr G .A .F . R oberts
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Table 9. Change in  absorbance a f dyes in  the presence o f polymer

C . I .  Name S h if t (n m )

I A c id  Red 8 8 -55

I I A c id  Red 13 -25

I I I A c id  Red 27 -5  (+70)

IV A c id  Red 141 -50

V A cid  Orange 7 -55

VI A c id  Orange 20 -27

V I I A c id  Red 1
*

• X

V I I I A c id  Red 138 +5 +20

IX A c id  Orange 6 X

X A cid  Orange 52 - 1 0

X I Dye A
* *

+5

X I I Dye B
* *

+5

X I I I Dye C
* *

- 2 0

XIV M ordant B lack  38 - 1 0

XV M ordant B lack  1 +5

XVI M ordant B lack  15 +38

X V II M ordant B la ck  17 (+40)

X V I I I M ordant V io le t  5 (+40)

XIX M ordant Red 5 X

XX M ordant B la ck  9 -5

XXI M ordant Green 34 -5

X X II M ordant Green 17 - 2  (+40)

X X I I I M ordant B lue  44 X

XXIV M ordant B lue  13 -55



C . I .  Name S h if t  (nm)

XXV 

XXVI 

XXVII 

X X V III 

XXIX 

XXX 

XXXI 

XXXII 

X X X III 

XXXIV 

XXXV 

XXXVI 

XXXVII 

X XX V III 

XXXIX 

XL 

XL I  

X L II  

X L I I I  

XLIV 

XLV 

XL VI 

XLV 11 

X L V III  

XLIX 

L

Mordant B lack 11 -18

M ordant B lack  3 -30

A c id  Y e llo w  11 -7

A c id  Y e llo w  14 x

A c id  Y e llo w  72 +10

M ordant Orange 37 -10

M ordant Red 19 x

A c id  Red 111 +10

D ir e c t  Red 39 -2

D ir e c t  V io le t  45 (+50)

D ir e c t  B lue  8  -15  (+75)

D ir e c t  Red 17 -45

D ir e c t  Red 28 x

D ir e c t  Y e llow  12 +35

A c id  Red 97 + 2 .5  (+38)

A c id  Y e llo w  42 +20
% $

A c id  Y e llo w  42 -  h a l f  u n i t  -5  

A c id  V io le t  15 x

A c id  Green 7 x

A c id  B lue 27 +20 +50*

A c id  B lue  25 +20

A c id  V io le t  41 +10 +10

A cid  Green 25 +10 +15

S o lu b i l is e d  V at Y e llo w  7 +1B

A c id  B lue  61 +5

A c id  Red 94 x t
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C . I .  IMame S h if t  (nm)

L I S o lu b i l is e d  Mat B lue  5 -5

L I I B as ic  Orange 24 X

L I I I B as ic  Orange 25 X

LIV B a s ic  Y e llo w  15 -5

L M B as ic  B lue  22 +3 +3*

LUI B a s ic  B lue  47 +5 +20

L \ I I I B as ic  Orange 14
*

-15

Hey:

S h i f t  o f  d ye /p o lym e r s o lu t io n  to  s h o r te r  w ave leng th  (hypsochrom ic 

s h i f t )  r e la t iv e  to  dye s o lu t io n .

+ S h i f t  o f  d ye /p o lym e r s o lu t io n  to  lo n g e r  w ave leng th  (ba th o ch rom ic

s h i f t )  r e la t iv e  to  dye s o lu t io n .

( ) S h i f t  in  p a re n th e s is  r e fe r s  to  a sh o u ld e r on th e  spectrum .

* Peak r a t io s  changed when po lym er was p re s e n t.

-j- Very g re a t in c re a s e  in  in t e n s i t y  in  th e  presence o f  p o lym er.

* *  P repared by Dr G .A .F . R o b e rts .



dyes a re  a ls o  in c lu d e d , and were te s te d  in  the  presence o f  c a rb o x y - 

m e th y l c e l lu lo s e .  I t  sh ou ld  be no ted  th a t  f o r  th e  purposes o f t h is  

s u rv e y , and u n less  s p e c ia l ly  p re p a re d , a l l  dyes were used as s u p p lie d  

by th e  m a n u fa c tu re rs , and c o n ta in e d  unknown q u a n t i t ie s  o f  im p u r i t ie s ,  

o f  w hich sodium c h lo r id e  was l i k e l y  to  be the  most common. I t  was 

f e l t ,  however, th a t  th e  c o n c e n tra t io n  o f  s a l t s  and o th e r  im p u r i t ie s  

was n o t l i k e l y  to  be s u f f i c i e n t l y  h ig h  to  in t e r fe r e  w ith  any m eta- 

ch ro m a tic  in te r a c t io n  ta k in g  p la c e . F u rth e rm o re , the  s t ru c tu re s  

g ive n  re p re s e n t those  o f  th e  most l i k e l y  isom ers p re s e n t, as 

com m ercia l dyes a re  n o t p u r i f ie d  p r io r  to  s a le .  In  o n ly  a few cases 

would th e  p re c is e  s t ru c tu re s  have been d e te rm in e d . In  Table  9, 

s h i f t s  in  X max o f  th e  d ye /p o lym e r s o lu t io n  r e la t iv e  to  th e  dye 

s o lu t io n  a re  shown -  a m inus s ig n  in d ic a te s  a s h i f t  to  s h o r te r  

w ave leng ths  (hypsochrom ic s h i f t )  and a p lu s  s ig n  in d ic a te s  a s h i f t  

to  lo n g e r w ave leng ths  (b a th o ch ro m ic  s h i f t ) .  In  a few cases, x max 

rem ained s im i la r  f o r  b o th  s o lu t io n s  b u t a sh o u ld e r e i t h e r  deve loped , 

o r  changed p o s i t io n  in  th e  spec trum . A s h i f t  o f  t h i s  typ e  is  shown 

in  p a re n th e s is ,  and an example o f  such a spectrum  is  g ive n  in  F ig u re  42.

A number o f  c o n c lu s io n s  may be drawn from  th e  r e s u l t s  in  F ig u re  41 

and T ab le  9 , a lth o u g h  in  some cases th e  c o n c lu s io n s  a re  o n ly  te n ta t iv e  

and would re q u ire  th e  e xa m in a tio n  o f  a c o n s id e ra b le  number o f  a d d i t 

io n a l  dyes b e fo re  be ing  g e n e ra lly  accep ted .
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610 650570530

W avelength (nm)

F ig u re  A2. Example o f  m e tach rom a tic  s h i f t  in  th e  presence o f  c h ito s a n , 

show ing developm ent o f  a s h o u ld e r b a thoch rom ic  to  the  

uncomplexed dye X max ( C . I .  A c id  Red 2 7 ) .

a AR27 s o lu t io n  a lone

b AR27 + po lym er
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3 .5 .3 .1  D ire c t io n  o f  m etachrom atic s h i f t

B oth  hypsochrom ic and b a thoch rom ic  s h i f t s  in  xmax have been fou n d . 

T h is  c o n tra s ts  w ith  th e  f in d in g s  o f  o th e r  w o rke rs , who have o n ly  

re p o r te d  hypsochrom ic s h i f t s  in  t h e i r  s tu d ie s  o f  p o ly a n io n ic /c a t io n ic  

dye system s. In  p a r t i c u la r ,  the  an th ra qu in a ne -b a sed  dyes, bo th  

a n io n ic  (X L V -X L V III)  and c a t io n ic  (L V -L V I) show ba thoch rom ic  s h i f t s  

in  th e  presence o f  p o ly e le c t r o ly te s  o f  o p p o s ite  ch a rge . The c o r r e l 

a t io n  w ith  s t r u c tu re  i s  n o t so c le a r  w ith  o th e r  dyes showing b a th o 

ch rom ic  s h i f t s ,  a lth o u g h  two p a in ts  a re  o f  in t e r e s t .  In  a s e r ie s  o f 

m ordant dyes (O jO '-d ih y d ro x y a z o  d e r iv a t iv e s )  based on naph tha lene  

r in g  system s (X V -X V III)  th e  s h i f t  i s  b a th och ro m ic , a lth o u g h  re la te d  

monohydroxyazo d e r iv a t iv e s  ( I ,  I I ,  IV ) ,  show hypsochrom ic s h i f t s .

However, the  two dyes XXV and XXVI show hypsochrom ic s h i f t s  a lth o u g h

233th e  s t ru c tu re s  g ive n  in  th e  C o lo u r Index a re  o ,o '-d ih y d ro x y a z D

s t r u c tu r e s .  N o rm a lly  d iazon ium  io n s  would be expected  to  coup le

w ith  1 -n a p h th o l in  th e  A -p o s it io n  ra th e r  than  th e  2 - p o s i t io n ,  b u t i t

235is  suggested in  the  C o lo u r Index th a t  w ith  these  dyes c o u p lin g  

take s  p la ce  a t  th e  2 - p o s i t io n  because o f  the  s t ro n g ly  a lk a l in e  

c o u p lin g  c o n d it io n s  used. However th e  hypsochrom ic s h i f t s  th a t  b o th  

dyes e x h ib i t  w ith  c h ito s a n  suggest th a t  c o u p lin g  o ccu rs  in  th e  A- 

p o s i t io n  as would n o rm a lly  be expe c ted , so th a t  th e  dyes do n o t 

c o n ta in  th e  o ,o 1-d ih y d ro x y a z o  s t r u c tu r e ,  and hence do n o t g ive  

ba thoch rom ic  s h i f t s  s im i la r  to  those  g ive n  by X V -X V III .

There are  two p a ir s  o f  dyes ( V I I / V I I I  and X X V III/X X IX ) in  w hich 

th e  o n ly  d if fe re n c e  between th e  two dyes in  each p a i r  i s  th a t  one 

o f  them c o n ta in s  a la rg e  hydrocarbon  "w e ig h t in g ” g roup . A lthough  

th e  dye in  each p a i r  th a t  is  unw eighted shows no s h i f t  in  e i th e r
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d i r e c t io n ,  b o th  w e igh ted  dyes show ba thoch rom ic  s h i f t s .

3 .5 .3 .2  The im portance  o f  d e lo c a lis e d  charges

T h eo ries  o f  metachromasy s ta te  th a t  the  change in  metachromasy is

due to  a change in  d is t r ib u t io n  o f  th e  d e lo c a lis e d  charge over the

chromophore when the  dye io n  a s s o c ia te s  w ith  th e  io n ic  s i t e s  on 

144th e  po lym er . T h is  concep t presum ably arose because most p re v io u s  

work an metachromasy has been c a r r ie d  o u t u s in g  a few b a s ic  ( c a t io n ic )  

dyes w h ich  have d e lo c a lis e d  ch a rg e s . The n e g a tiv e  charge o f  the  

io n is e d  s u lp h o n ic  a c id  g roup , w h ich  i s  th e  s o lu b i l i s in g  group f o r  

most o f  the  dyes in  F ig u re  4 1 , canno t be d e lo c a lis e d  o ve r the

m o lecu le  in  the  same way as can th e  p o s i t iv e  charge in  A c r id in e

□range (L U I I )  o r  M ethy lene  B lu e , and t h is  would tend  to  d is p ro v e  

th e  s u g g e s tio n  g ive n  above. However, i t  co u ld  be argued th a t  dye 

io n / io n ic  s i t e  in te r a c t io n  m ig h t a f f e c t  e le c tro n  d e lo c a l is a t io n  in  

th e  a ro m a tic  r in g  b e a r in g  th e  s u lp h o n ic  a c id  g roup . The b eh a v io u r 

o f  a number o f  dyes in  w h ich  th e  io n ic  group is  in s u la te d  from  the

r e s t  o f  th e  m o lecu le  -  so th a t  even t h is  p o s s ib i l i t y  i s  exc luded  -

was th e re fo re  s tu d ie d .  Both  a n io n ic  dyes such as L I  and X L V III  and 

c a t io n ic  dyes such as L IU , LII and LUI showed m e tach rom a tic  s h i f t s  

w ith  th e  a p p ro p r ia te  p o ly e le c t r o ly t e ,  c le a r ly  d e m o n s tra tin g  th a t  

metachromasy does n o t re q u ire  th e  dye io n  to  c o n ta in  a d e lo c a lis e d  

cha rge .

3 .5 .3 .3  B a s ic i ty  o f  th e  dye

Dyes I  to  I I I  fo rm  a s e r ie s  in  w h ich  th e  number o f  s u lp h o n ic  a c id  

groups in c re a s e s , a lth o u g h  th e  rem a inde r o f  th e  m o lecu le  rem ains
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c o n s ta n t.  Tha s h i f t  in  X max decreases w ith  in c re a s e  in  the  number 

o f  s u lp h o n ic  a c id  groups and t h is  can be a t t r ib u te d  to  two fa c to r s ,  

b o th  o f  w hich would reduce th e  tendency o f  the  dyes to  aggrega te  

on go ing  from  I  I I I ,  and hence m ig h t be expected to  decrease th e  

m e tach rom atic  s h i f t .  As th e  number o f  s u lp h o n ic  a c id  groups in c re a s e s , 

th e  dye io n s  become more w a te r s o lu b le  and the  e le c t r o s t a t ic  re p u ls io n  

between them in c re a s e s .

I t  i s  obv ious th a t  the  r e la t io n s h ip  between dye s t r u c tu r e  and 

th e  n a tu re  and e x te n t o f  th e  s h i f t  in  absorbance produced is  com plex. 

The sample o f  dyes used in  t h is  b r ie f  su rvey, form s o n ly  a s m a ll 

p a r t  o f  the  v a s t range o f  a n io n ic  dyes a v a i la b le ,  and i t  would be 

unw ise to  draw c o n c lu s io n s  th a t  were o th e r  than  g e n e ra l and q u a l i f ie d .  

However, i t  i s  q u ite  c le a r ly  seen th a t  th e  m e tach rom atic  s h i f t  can 

be to  b o th  h ig h e r  and lo w e r w ave leng ths  in  c a t io n ic  dyes as w e ll  

as a n io n ic  dyes. W ith  a w id e r sam ple, and w ith  th e  ch o ice  o f  

c lo s e ly  re la te d  s t ru c tu re s  v a ry in g  in  one c h a r a c te r is t ic  a t  a t im e , i t  

shou ld  be p o s s ib le  to  produce a c le a r e r  p ic tu r e  o f  the  e f f e c t  th a t  

dye s t r u c tu r e  has on th e  m e tach rom a tic  in te r a c t io n  o f  dye and p o lym er.

3 .5 .4  The e f f e c t  o f  e le c t r o ly t e ,  u rea  and e th a n o l on d y e /c h ito s a n  

s o lu t io n s

3 .5 .4 .1  In t r o d u c t io n

S e c tio n  2 .9 .4 .3  summarises th e  work c a r r ie d  o u t on the  re v e rs a l 

o f  the  m e tach rom atic  s h i f t  in  c a t io n ic  d y e /p o ly a n ia n  system s.

I t  was o f  c o n s id e ra b le  in t e r e s t  to  de te rm ine  w he ther a s im i la r  

re v e rs a l o f  a n io n ic  d y e /c h ito s a n  metachromasy co u ld  be induced by 

com parable a ge n ts , and th e  e f f e c t  o f  a v a r ie ty  o f  e le c t r o ly te s ,



and o f  u rea  and e th a n o l was assessed s p e c t ro p h o to m e tr ic a l ly . For 

most o f  t h i s  work th e  monoazo dye C . I .  A c id  Drange 7 (AD7, s t r u c tu re  

V in  F ig u re  A1) was used, as th e  survey d e s c r ib e d  in  S e c tio n  3 .5 .3  

had shown th a t  the  s h i f t  induced  in  th e  spectrum  o f  t h i s  dye was 

o f  the  same o rd e r as th a t  shown by AR8 S, w h i ls t  th e  s m a lle r  s iz e  

o f  the  A07 m o lecu le  r e la t iv e  to  AR8 Q suggested th a t  re v e rs a l o f 

metachromasy would be more r e a d i ly  a ch ie ve d .

3 .5 . A .2 The re v e rs a l o f  metachromasy by e le c t r o ly te s

F o r each o f  the  e le c t r o ly te s  used, the  measurement te ch n iq u e  was 

th e  same. The e f f e c t  o f  a range o f  c o n c e n tra t io n s  o f  th e  e le c t r o ly t e  

on the  absorbance o f  a s ta n d a rd  c o n c e n tra t io n  o f  th e  dye was f i r s t  

re co rd e d ; the  same e le c t r o ly t e  c o n c e n tra t io n s  were then  added to  

dye /po lym er s o lu t io n s  c o n ta in in g  a s ta n d a rd  amount o f  dye and 

s u f f i c i e n t  po lym er to  g iv e  e q u iv a le n c e  o f  f re e  amine s i t e s  to  dye 

io n s ,  p lu s  a s l i g h t ,  and c o n s ta n t,  excess to  ensure  th a t  the  meta

ch ro m a tic  s h i f t  was co m p le te . By ta k in g  the  d ye /p o lym e r s o lu t io n  

absorbance in  the  absence o f  e le c t r o ly te s  as ze ro  p e rc e n t f re e  dye, 

and the  d y e /e le c t r o ly te  absorbance f o r  th e  p a r t i c u la r  e le c t r o ly t e  

c o n c e n tra t io n  as 1 0 0  p e rc e n t f r e e  dye, th e  p e rc e n t f re e  dye a t  each 

e le c t r o ly t e  c o n c e n tra t io n  co u ld  be c a lc u la te d .  Examples o f  the  i n i t i a l  

absorbance p lo t ,  and o f  th e  d e r iv e d  f re e  dye p lo t s ,  a re  g ive n  in  

F ig u re s  A3-A6. The e le c t r o ly te s  used were: 

sodium c h lo r id e  

sodium io d id e  

sodium brom ide

benzenesu lphon ic  a c id  (sodium  s a l t )  

benzene m -d is u lp h o n ic  a c id  (sod ium  s a l t )
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F ig u re  A3. Absorbance o f  p o l y m e r / d y e  s o lu t io n  in  th e  presence o f
_5

sodium c h lo r id e  (3  x 10 M A07 s o lu t io n )

O dye s o lu t io n

□ po lym er/dye  s o lu t io n  (P /D  = 1 :1 )
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l i t h iu m  c h lo r id e barium  c h lo r id e

tetram ethylam m onium  c h lo r id e ca lc iu m  c h lo r id e

potass ium  c h lo r id e s tro n t iu m  c h lo r id e

magnesium c h lo r id e

In  each o f  the  f re e  dye p lo ts  (F ig u re s  *+*+-*+6 ) the  c o n c e n tra t io n s  

shown are  those  Df th e  m onova lent io n ;  eg . f o r  CaCl^ th e  c o n ce n t-

The p a t te rn  o f  re le a s e  o f  f re e  dye from  the  m e tachrom atic  p o ly m e r/

dye complex was s im i la r  f o r  a l l  th e  e le c t r o ly te s  used in  the  s tu d y .

I n i t i a l l y  the  change in  absorbance w ith  change in  c o n c e n tra t io n

was q u ite  s lo w , b u t th e r e a f te r  th e  change was v e ry  ra p id  and l in e a r ly

re la te d  to  th e  c o n c e n tra t io n  o f  th e  e le c t r o ly t e .  The ra te  o f  change

then  decreased as th e  p ro p o r t io n  o f  f re e  dye in  s o lu t io n  approached

100 p e rc e n t.  bJith th e  e x c e p tio n  o f  th e  benzene d is u lp h o n ic  a c id  s a l t ,

a l l  th e  e le c t r o ly te s  produced a re v e rs a l o f  metachromasy w ith in  a

-5narrow  c o n c e n tra t io n  ra n g e . Fo r a dye c o n c e n tra t io n  o f  3 x 10 M,

th e  re v e rs a l e f f e c t  was f i r s t  observed when the  s a l t  c o n c e n tra t io n

-3was a p p ro x im a te ly  3 x 10 M, and 50% f re e  dye was p re s e n t in  s o lu t io n

-2when the  e le c t r o ly t e  c o n c e n tra t io n  was about 1 .8  x 10 M. Complete

re v e rs a l was ach ieved  when th e  m o la r i t y  o f  the  m onova lent e le c t r o ly te

io n  was a p p ro x im a te ly  0.2M . The narrow  c o n c e n tra t io n  f o r  t h is  e f f e c t
_2

( f o r  exam ple, 2 .0  -  1 .3  x 10 M e le c t r o ly t e  io n  to  produce 50 p e rc e n t 

f r e e  dye) suggests  th a t  th e  n a tu re  o f  th e  c a t io n  o r  an ion  p re s e n t may 

n o t be o f  g re a t im po rtance  in  t h i s  d ye /p o lym e r system , b u t th a t  th e  

presence o f  g r e a t ly  in c re a s e d  e le c t r o ly t e  s tre n g th  i s  th e  c o n t r o l l in g  

f a c t o r .  The s im i la r i t y  o f  th e  cu rves  suggests  th a t  th e  same mechanism 

is  o p e ra t in g  .in  each case ( w ith  the  p o s s ib le  e x c e p tio n  o f  the

g
ra t io n s  shown a re  those  o f  th e  C l io n .
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F igu re  k k .  Reversal o f metachromasy by sodium s a l ts .

(3 x 10~5M A07 s o lu t io n ,  P/D = 1 :1)
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F igu re  L5. Reversa l o f  metachromasy by c h lo r id e  s a lts

(3 x 10” 5M A07 s o lu t io n ,  P/D = 1 :1)
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F igure  A6. Reversal o f metachromasy by d iv a le n t s a lts

(3 x 10~5M A07 s o lu t io n ,  P/D = 1 :1 )

-1 5 7 -



d is u lp h o n a te ) .  I t  was n o ta b le  th a t  th e  com plete  re v e rs a l o f  meta

chromasy was ach ieved  a t  e le c t r o ly t e  c o n c e n tra t io n s  w e l l  below 

those  re q u ire d  f o r  a g g re g a tio n  o f  th e  dye in  s o lu t io n  in  the  absence 

o f  p o lym er. T h is  was n o t t ru e  f o r  th e  AR8 Q /c h ito s a n  complex w hich 

re q u ire d  h ig h e r c o n c e n tra t io n s  o f  sodium c h lo r id e  (a p p ro x im a te ly

20.000 tim e s  th e  c o n c e n tra t io n  o f  th e  dye) than  th e  A 0 7 /ch ito sa n  

complex b e fo re  th e  le v e l  o f  f re e  dye in , s o lu t io n  reached 50 p e rc e n t.

T h is  d is p a r i t y  in  th e  r e la t iv e  c o n c e n tra t io n s  re q u ire d  was expected 

in  v iew  o f  the  h ig h e r m o le c u la r w e ig h t and lo w e r s o lu b i l i t y  o f  AR8 8  

w hich would in c re a s e  th e  tendency o f  th e  dye to  a gg re g a te .

3 .5 .A .3 The re v e rs a l o f  metachromasy by urea and e th a n o l

S e c tio n  2 .9 .A .3c gave a b r ie f  re v ie w  o f  th e  work c a r r ie d  o u t on the$

re v e rs a l o f  metachromasy in  c a t io n ic  d y e /p o ly a n io n  system s by the

in t r o d u c t io n  o f  u rea  o r  a lc o h o l to  the  d ye /p o lym e r s o lu t io n .  Of the

a lc o h o ls  p re v io u s ly  exam ined, o n ly  e th a n o l was used in  th e  s tud y

d e s c r ib e d  h e re , and the  te c h n iq u e  f o r  b o th  u rea and e th a n o l was

s im i la r  to  th a t  d e s c r ib e d  in  S e c tio n  3 .5 .4 .2 .  The r e s u l t s  a re

p la t te d  in  F ig u re  A7, to g e th e r  w ith  th e  p la t  f a r  sodium c h lo r id e .

I t  i s  im m e d ia te ly  a pp a re n t th a t  th e re  is  l i t t l e  d if fe re n c e

between th e  e f f ic ie n c y  o f  u rea and o f  e th a n o l in  p ro m o ting  the

re v e rs a l o f  m etachrom asy. Uhereas a c o n c e n tra t io n  o f sodium c h lo r id e  o f  

- 22.0 x 10 M is  s u f f i c i e n t  to  g iv e  50 p e rce n t f re e  dye in  s o lu t io n ,  

th e  c o n c e n tra t io n  o f  u rea  re q u ire d  is  2.2M ( f o r  a dye c o n c e n tra t io n  

o f  3 x 10“ 5 M ).

One a p p a re n tly  h i t h e r t o  u n re p o rte d  aspec t o f  th e  re v e rs a l o f  

metachromasy was th e  im po rtance  o f  th e  p o in t  a t  w h ich  th e  e le c t r o ly te  

o r  u rea  was added to  th e  s o lu t io n .  I f  th e  s a l t  o r  urea was added



Fr
ee

 
dy

e/
%

100 v  sodium c h lo r id e

O e th a n o l

90 □ urea

80

70

SO

30

20

10-1-2-3

Log (c o n c e n tra t io n ) /m o le s  dm

F igu re  k l . Reversa l o f  metachromasy by sodium c h lo r id e ,  e thano l

and urea (3 x 10, ~Vl A07 s o lu t io n ,  P/D = 1 :1 )

-159 -



to  the  dye s o lu t io n  b e fo re  th e  a d d it io n  o f  the  po lym er, re v e rs a l o f  

metachromasy mas observed a t  a s l i g h t l y  lo w e r c o n c e n tra t io n  Df th e  

a d d it iv e  than  i f  th e  p o lym er/dye  complex was form ed f i r s t .  T h is  

e f f e c t  was re p ro d u c ib le ,  and h e ld  f o r  sodium c h lo r id e  and urea w ith  

A07, and a ls o  f o r  sodium c h lo r id e  w ith  ARB0 s o lu t io n s  a t  c o n c e n tra t io n s  

o f  s a l t  below those  caus ing  e x te n s iv e  p r e c ip i t a t io n  o f  the  dye in  

s o lu t io n .  I f  th e  c o n c e n tra t io n  o f  sodium c h lo r id e  was fu r t h e r  

in c re a s e d , to  the  p o in t  a t  w h ich  th e  a g g re g a tio n  o f  A07 in  s o lu t io n  

took p la c e , i t  was found th a t  a g g re g a tio n  o f  th e  dye o ccu rre d  f i r s t  

in  s o lu t io n  in  the  absence o f  po lym er, th e e  in  s o lu t io n s  in  which 

th e  s a l t  was added la s t  (F ig u re  AS). I t  would be u s e fu l to  d is c o v e r  

w he the r t h is  e f f e c t  h e ld  w ith  o th e r  a d d it iv e s ,  and w he ther i t  was 

a ls o  p re s e n t in  p o ly a n io n /c a t io n ic  dye system s. A f u r t h e r  p o in t  

w o rth y  o f  in v e s t ig a t io n  i s  the  p o s s ib i l i t y  o f  a s y n e r g is t ic  e f f e c t  

between two a d d it iv e s  p ro m o ting  re v e rs a l o f  metachromasy by d i f f e r e n t  

means. P re lim in a ry  te s ts  showed no evidence o f  synerg ism  in  the  

a c t io n  o f  d i f f e r e n t  sodium c h lo r id e  c o n c e n tra t io n s  when a c o n s ta n t 

c o n c e n tra t io n  o f  urea was m a in ta in e d . On the  c o n t ra ry ,  f o r  0.1M 

and 0 . 0 1 M urea (between a p p ro x im a te ly  1Q ,0 0 D and 1 0 0 0  tim e s  the  

c o n c e n tra t io n  o f  th e  dye) no d if fe re n c e  in  the  e f f ic ie n c y  o f  sodium 

c h lo r id e  was found from  th a t  in  th e  com plete  absence o f  u re a .

I t  w ou ld , however, be w o rth w h ile  to  extend th e  range o f c o n c e n tra t io n s  

s tu d ie d .

3 .5 . A.A The re v e rs a l o f  metachromasy by in c re a s e  in  tem pe ra tu re

a) In  th e  absence o f  a d d i t io n a l  e le c t r o ly te

B a lazs e t  a l .  re co gn ise d  th a t  the  m e tach rom a tic  s h i f t  lo s t  cn 

h e a tin g  a p o ly a n io n /c a t io n ic  dye s o lu t io n  was c o m p le te ly  re s to re d
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177by c o a lin g  , and th a t  th e  n a tu re  o f  the  p o ly a n io n  a f fe c te d  the  

change in  metachromasy on h e a t in g .  UJhen A 07 /po lym er s o lu t io n s  were 

h ea ted , and the  change in  absorbance a t  484nm was m o n ito re d , a 

l in e a r  r e la t io n s h ip  between absorbance and tem pe ra tu re  was fou n d ; 

the  system re tu rn e d  to  th e  o r ig in a l  absorbance le v e ls  on c o o lin g  

to  room tem pe ra tu re  ( f ig u r e  4 9 ) .  ARQQ/polymer s o lu t io n s  d id  n o t 

re v e rs e  so r e a d i ly ,  and a t  th e  h ig h e s t tem pe ra tu re  a t  w h ich  r e s u l t s  

were reco rded  f o r  t h is  system (9 0 ° )  the  absorbance was s t i l l  q u ite  

lo w . A c o o lin g  cu rve  was re co rd ed  f o r  AR Q Q /ch itosan, and showed 

a s teady and a lm ost l in e a r  r e tu r n  to  the  o r ig in a l  absorbance le v e l .

b ) In  the  presence o f  a d d i t io n a l  e le c t r o ly t e

The change in  absorbance o f  AD7/polym er s o lu t io n  on h e a tin g  

in  the  presence o f  e le c t r o ly t e  was s tu d ie d  f o r  th re e  s a l t s  -  c a lc iu m  

c h lo r id e ,  sodium c h lo r id e  and sodium io d id e .  A l l  th re e  s a l t s  

promoted the  re v e rs a l o f  metachromasy a t  a g ive n  tem pe ra tu re  when 

compared w ith  th e  absorbance o f  th e  s o lu t io n  in  th e  absence o f  s a l t s ,  

and in  a l l  th re e  th e  e x te n t o f  re v e rs a l was dependent upon the  

c o n c e n tra t io n  o f  s a l t  p re s e n t -  th e  g re a te r  the  c o n c e n tra t io n  o f  

s a l t s  th e  g re a te r  the  re v e rs a l o f  metachromasy (F ig u re s  5 0 ,5 1 ) .

Uhen th e  ra te  Df change in  absorbance pe r u n i t  change in  tem pe ra tu re  

was p lo t te d  a g a in s t c o n c e n tra t io n ,  th e  e f f ic ie n c y  o f  the  th re e  s a l t s  

was in  the  o rd e r

CaClg IMal > IMaCl.

The o rd e r was the  same when th e  ca lc iu m  c h lo r id e  c o n c e n tra t io n  

was expressed as c h lo r id e  io n  c o n c e n tra t io n ,  b u t d i f f e r s  from  th a t  

f o r  the  e f fe c ts  o f  s a l t s  a t  c o n s ta n t te m p e ra tu re , where sodium 

c h lo r id e  was more e f f i c i e n t  than  sodium io d id e .
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3 .5 .5  The e f fe c t  c f  in c re a s in g  the polym er/dye r a t io

I

'3i

In  v iew  o f  the  s im i l a r i t y  Df th e  metachromasy o f  th e  p o ly c a t io n /  * |

a n io n ic  dye system  to  th a t  o f  th e  p o ly a n io n /c a t io n ic  dye systems 

p re v io u s ly  d e sc r ib e d  (S e c tio n  2 .9 . A) th e  e f f e c t  o f  in c re a s in g  the  

r a t io  o f  polym er c a t io n ic  s i t e s  to  dye io n s  in  s o lu t io n  was o f  

i n t e r e s t .  S e c tio n  2 .9 . A .3d re v ie w s  the  work p u b lis h e d  on in c re a s in g  

th e  p ro p o r t io n  o f  chrom otrope  p re s e n t in  a s o lu t io n  o f  m e tachrom atic  

dye to  w e l l  beyond the  c o n c e n tra t io n  re q u ire d  f o r  e q u iva le n ce  o f 

po lym er a n io n ic  s i t e s  and dye . As th e  po lym er to  dye c o n c e n tra t io n  

in c re a s e s  (P/D > 1 )  th e  spectrum  o f  the  s o lu t io n  g ra d u a lly  s h i f t s  

back tow ards th a t  o f  th e  dye s o lu t io n  in  the  absence o f  p o lym er. - J

J
In  o rd e r to  d is c o v e r  w he ther a s im i la r  e f f e c t  co u ld  be produced in  f:

th e  ch itosan /A D 7  system , the  absorbances o f  a s e r ie s  o f  s o lu t io n s  

o f  c o n s ta n t dye c o n c e n tra t io n ,  b u t in c re a s in g  P/D r a t io  were reco rded  |f

(F ig u re  5 2 ) . As the  amount o f  excess chrom otrope p re s e n t in  s o lu t io n

in c re a s e d , th e  m e tach rom a tic  s h i f t  o f  the  s o lu t io n  was re v e rs e d . ^
• • -1

&The absorbance o f  th e  s o lu t io n  a t  the  w ave leng th  o f  th e  f re e  dye rose  a
,s

s te a d i ly  u n t i l  re v e rs a l was v i r t u a l l y  com plete  -  th e  h ig h  m o le c u la r |
I

w e ig h t o f  the  sample p re c lu d e d  fo l lo w in g  o f  th e  change in  absorbance S
"  |

f u r t h e r  than  shown in  the  f ig u r e .  f

A ga in , th e  metachromasy e x h ib ite d  by A07 and the  p o ly c a t io n ic  

chrom otrope c h ito s a n  seems to  be e q u iv a le n t  to  th a t  shown by 

c a t io n ic  dyes in  th e  presence o f  p o ly a n io n ic  ch rom o tropes .

3 .5 .6  The mechanism o f  metachromasy

There a re  th re e  main o b je c t io n s  to  th e  th e o ry  o f  a d s o rp tio n  a t  s i t e s  

on the  po lym er le a d in g  to  a g g re g a tio n  o f  the  dyes, as suggested by,

-166-



F ig u re  52

Log (P /D )

R e ve rsa l o f  metachromasy by a d d it io n  o f  excess po lym er 

(3  x 10~^M AD7 s o lu t io n )



215 18A 182
f o r  exam ple, P h i l l i p s  , S h ir a i  e t  a l .  and P a l and C haudhuri

i )  The i n t e r s i t e  d is ta n c e  in  f u l l y  d e -N -a c e ty la te d  c h ito s a n  is

a p p ro x im a te ly  1.03nm, s in c e  th e  s i t e s  a l te r n a te  qn each s id e  o f  th e

c h a in , and m i l l  be even g re a te r  mhen the  c h ito s a n  is  p a r t i a l l y

N -a c e ty la te d . Thus, th e  s ta c k in g  model suggested by p re v io u s  

1B3m arkers i s  u n l ik e ly  to  le a d  to  a g g re g a tio n  s in c e  th e  dye m o lecu les

4- 4- +
+ +*< T03nm=*-F (A)

mould be to o  f a r  a p a r t .  F u rth e rm o re , a c a t io n ic  s ta rc h  m ith  an

average o f  o n ly  1 charged group f o r  every  15 anhyd rog lucose  u n i ts

has been shomn to  induce  metachromasy in  AD7, d e s p ite  the  even g re a te r

236s e p a ra tio n  o f  s i t e s  . A no the r model mhich m ig h t be invoked  to  

overcome t h is  o b je c t io n  in  p a r t ,  i s  one in  mhich th e  dye io n s  are  

adsorbed a t  s p e c i f ic  s i t e s  b u t l i e  a long  the  ch a in  ra th e r  than 

p e rp e n d ic u la r  to  i t .

i"G
ZED3 +■ -t-<E

+C +C (B)

i i )  Polym ers in  s o lu t io n  have a ve ry  h ig h  degree o f  confo rm 

a t io n a l  e n tro p y  due to  ra p id  c o n fo rm a tio n a l changes caused by 

segm ental m o tio n . Such changes mould be im p o s s ib le  m ith  a g g re g a tio n  

o f  the  type  in  model (A ) mhich mould p re v e n t segm enta l m o tion  s in c e
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t h i s  mould re q u ire  c o n t in u a l d is r u p t io n  o f  the  dye agg re g a te s .

Thus a g g re g a tio n  o f  th e  type  d e p ic te d  in  (A ) mould c o n v e rt the  po lym er 

from  a f le x ib le  ch a in  to  a r i g id  one m ith  consequent lo s s  o f  c o n s id 

e ra b le  c o n fo rm a tio n a l e n tro p y . A g g re g a tio n  o f the  typ e  d e p ic te d  in  

(B ) mould n o t p re v e n t segm ental m o tion  co m p le te ly  b u t mould reduce i t  

c o n s id e ra b le , hence re d u c in g  the  c o n fo rm a tio n a l e n tro p y .

i i i )  In  th e  case o f  th e  chitosan/ARQQ system th e  m etachrom atic  

s h i f t  can be observed v is u a l ly  as th e  c o lo u r  changes from  red  to  

o range . P r e c ip i ta te s  mhich form ed in  the  m e tach rom a tic  s o lu t io n s  

in  some in s ta n c e s , on s ta n d in g , mere re d , a lth o u g h  i t  i s  reasonab le  

to  assume th a t  in  th e  p r e c ip i ta t e  th e re  is  c lo s e  io n  p a ir in g  betmeen 

th e  p o s i t iv e ly  charged s i t e s  on th e  po lym er ch a in  and th e  su lp ho n a te  

group o f  the  dye. E vidence in  s u p p o rt o f  s p e c i f ic  s i t e  in te r a c t io n s

in  th e  s o l id  s ta te  have been adduced from  e le c tro n  m icroscope 

221s tu d ie s  b u t these  mould have been c a r r ie d  o u t on a sample under 

vacuum and th e re fo re  in  the  absence o f  m a te r. Under these  c o n d it io n s ,  

s ite -d y e  in te r a c t io n s  mould be expected  and a re g u la r  p e r io d ic  

s t r u c tu r e  observed , b u t such a s t r u c tu r e  mould n o t n e c e s s a r ily  occur 

in  s o lu t io n .  Change in  c o lo u r  can a ls o  be observed on c a s tin g  a f i lm  

from  th e  m e tach rom a tic  c h ito sa n /A R 8 8  s o lu t io n .  As the  s o lv e n t 

evapo ra tes  and th e  f i lm  fo rm s , th e  c o lo u r  re v e r ts  from  the  meta

ch ro m a tic  orange to  th e  red  c o lo u r  t y p ic a l  o f  th e  dye in  the  absence 

o f  c h ito s a n . C o n ve rs ly , a s o lu t io n  o f  AR8 8  undergoes no m etach rom a tic  

change in  th e  presence o f  h y d ro x e th y l c e l lu lo s e  b u t a f i lm  ca s t 

from  th e  s o lu t io n  shams bands o f  o range . These r e s u lts  suggest th a t  

in  th e  l a t t e r  case dye a g g re g a tio n  occurs  as the  s o lv e n t evapo ra tes  

to  g iv e  a more c o n c e n tra te d  s o lu t io n ,  b u t in  the  fo rm e r case the  dye 

is  aggregated in  s o lu t io n ,  th e  aggrega tes  b re a k in g  up as th e  s o lv e n t 

evapo ra tes  to  g iv e  io n  p a ire d  s t r u c tu re s  betmeen charged s i t e s  on



the polymer and the dye io n s .

The phenomenon o f  metachromasy can be e x p la in e d  by a mechanism 

th a t  does n o t in v o lv e  a g g re g a tio n  o f  the  dye io n s  on the  po lym er. 

In  p o ly e le c t r a ly te  s o lu t io n s  th e  c o u n te r io n s  a re  n o t d is t r ib u te d  

u n ifo rm ly  th ro u g h o u t the  s o lu t io n  b u t a re  co n c e n tra te d  w ith in  the  

e le c t r o s t a t ic  domain o f  th e  in d iv id u a l  p o ly e le c t r o ly te  cha ins  

(F ig u re  5 3 ) .

F ig u re  53. D is t r ib u t io n  o f  c o u n te r io n s  w ith in  a s o lu t io n  o f  a

237p o ly e le c t r a ly te

T h is  d is t r ib u t io n  is  r e f le c te d  in  the  ve ry  low  a c t i v i t y  c o e f f ic ie n ts

237f o r  the  c o u n te r io n s  . On a d d it io n  o f  a dye to  the  s o lu t io n  the  

dye io n s  a re  exchanged f o r  th e  c o u n te r io n s  in  th e  e le c t r o s ta t ic  

domain o f  the  p o ly e le c t r a ly te .

P-IMH® + XpS + D0
13 Q  □

P-NH^ + Dp + Xy

where P-NH^ = p ro to n a te d  amine group on c h ito s a n  ch a in  
□

Xp = c o u n te r io n  w ith in  th e  e le c t r o s t a t ic  domain o f  a 

p o ly e le c t r a ly te  ch a in
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□
X = co u n te r io n  o u ts id e  th e  e le c t r o s ta t ic  domain o f  a 

p o ly e le c t r o ly te  ch a in
□

D = dye io n  o u ts id e  the  e le c t r o s t a t ic  domain o f  a p o ly e le c t ro ly e  

cha in
g

Dp *  dye io n  w ith in  th e  e le c t r o s t a t ic  domain o f  a p o ly e le c t r o ly te  

ch a in

T h is  exchange means th a t  a h ig h ly  c o n c e n tra te d  dye s o lu t io n  is  

produced w ith in  th e  e le c t r o s t a t ic  domain o f  each o f  the  p o ly e le c t 

r a ly t e  c h a in s , le a d in g  to  a g g re g a tio n  o f  the  dye io n s  and to  the  

observed s p e c t ra l changes. A g g re g a tio n  lo w e rs  th e  t o t a l  energy 

o f  the  system by re d u c in g  th e  e x te n t o f  c o n ta c t between the  h yd ro - 

pho b ic  s u rfa c e s  o f  the  dye m o le cu les  and w a te r m o le cu le s . F u rthe rm o re , 

a cc o rd in g  to  the  th e o ry  o f  h yd rop h ob ic  bond ing , such a g g re g a tio n  

w i l l  r e s u l t  in  an o v e r a l l  in c re a s e  in  the  e n tro p y  o f  th e  system .

The re d u c t io n  in  energy and in c re a s e  in  e n tro p y  a re  th e  d r iv in g  

fo rc e s  th a t  move th e  e q u il ib r iu m  c o m p le te ly  over to  th e  r ig h t  hand 

s id e  and indeed ensure th a t  dye io n s  e n te r  the  domain in  excess o f 

th e  amount o f  c o u n te r io n  i n i t i a l l y  p re s e n t, the  l i m i t  be ing  e le c t r o 

s t a t i c  e q u iva le n ce  between charged s i t e s  on the  po lym er and io n ic  

groups on the  dye m o le c u le s .

The a b i l i t y  o f  added n e u t ra l e le c t r o ly t e  to  re v e rs e  metachromasy 

i s  due to  a mass a c t io n  e f f e c t  s h i f t i n g  the  e q u il ib r iu m  over tow ards 

the  l e f t  hand s id e  w h i ls t  th e  e f f e c t  o f  e th a n o l and urea is  due to  

th e  a b i l i t y  o f  these  compounds to  reduce o r  p re v e n t a g g re g a tio n  o f  

dyes, p o s s ib ly  by d is r u p t in g  th e  s t r u c tu re  o f  w a te r and hence 

re d u c in g  h yd rophob ic  bond ing  e f f e c t s .  S im i la r ly ,  in c re a s in g  the  

tem pe ra tu re  w i l l  reduce th e  a g g re g a tin g  tendency o f  th e  dye io n s ,  as
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can be observed in  b u lk  s o lu t io n s .  Reducing the  tendency o r a b i l i t y

o f  the  dye io n s  to  agg rega te  w i l l  reduce the  d r iv in g  fo rc e  f o r  dye

io n s  to  e n te r  the  po lym er domain e xcep t by s im p le  io n  exchange w ith

the  c o u n te r io n s .  R e ve rsa l o f  metachromasy by in c re a s in g  the  P/D

r a t io  above the  s to ic h io m e t r ic  r a t io  i s  due to  the  in c re a s e  in  the

volume o f the  t o t a l  e le c t r o s t a t ic  domain and hence the  decrease in

dye c o n c e n tra t io n ,  w i th in  t h i s  vo lum e, u n t i l  the  c o n c e n tra t io n  is

below  th a t  re q u ire d  f o r  a g g re g a tio n .

Two main e x p e rim e n ta l r e s u l t s  th a t  have been in te r p r e te d  as

s u p p o rt in g  s p e c i f ic  s ite -d y e  in te r a c t io n s  be ing  im p o r ta n t f o r  the

p ro d u c tio n  o f  m e tach rom atic  s h i f t s  in  the  a b s o rp tio n  s p e c tra  o f

178 215
dyes a re  i )  the  p u lse  r a d io ly s is  work o f  P h i l l i p s  e t  a l .  ' and

210 211i i )  the  ORD work o f  S tone e t  a l .  r . In  the  fa rm e r works i t  :«j
I

was found th a t  th e  ra te  o f  d e s t ru c t io n  o f  hyd ra te d  e le c tro n s  , by 

in te r a c t io n  w ith  c a t io n ic  dyes, was reduced in  the  presence o f  an 

a n io n ic  p o ly e le c t r o ly te .  T h is  was in te r p r e te d  as be ing  caused by 

a re d u c t io n  in  th e  a c c e s s ib i l i t y ,  to  the  h yd ra te d  e le c tro n s ,  o f  the  

charges on th e  dye io n s  due to  io n  p a i r  fo rm a tio n  between th e  po lym er 

s i t e s  and the  dye io n s .  However the  c r i t i c a l  assum ption  in  the

argum ent, th a t  th e  dye c o n c e n tra t io n  is  the  same in  the  dye s o lu t io n

and in  the  d ye /p o lym e r s o lu t io n ,  i s  open to  q u e s t io n . C e r ta in ly ,  

th e  o v e r a l l  c o n c e n tra t io n s  in  th e  two s o lu t io n s  a re  th e  same b u t the  <&

c o n c e n tra t io n  d is t r ib u t io n s  w i l l  n o t be. The dye io n s  w i l l  be

u n ifo rm ly  d is t r ib u te d  th ro u g h o u t th e  dye s o lu t io n  b u t t h is  w i l l  n o t ; |

be the  case in  the  d ye /p o lym e r s o lu t io n .  In  the  d ye /p o lym e r s o lu t io n  

th e  dye io n s  w i l l  be c o n c e n tra te d  w ith in  the  e le c t r o s t a t ic  domains 

o f  th e  po lym er c h a in s . The h yd ra te d  e le c tro n s  w i l l  be genera ted  

u n ifo rm ly  th rou g h  bo th  th e  dye s o lu t io n  and the  d ye /p o lym e r s o lu t io n ,
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b u t th e  ra te  o f  in te r a c t io n  between h yd ra te d  e le c tro n s  and dye io n s  

w i l l  be reduced in  the  l a t t e r  s o lu t io n  because o f  the  n o n -u n ifo rm  

d is t r ib u t io n  o f dye io n s  w ith in  i t .

210 211The ORD r e s u l ts  o f  S tone e t  a l .  ’ can be e x p la in e d  in  term s 

o f  the  proposed mechanism o f  metachromasy by assuming th a t  a s m a ll 

f r a c t io n  o f  the  dye agg rega tes  i s  adsorbed on th e  p o ly e le c t r a ly te  

ch a in  so th a t  th e re  is  an e q u i l ib r iu m  between dye aggrega tes  in  

s o lu t io n  and adsorbed dye a g g re g a te s , w ith  the  e q u il ib r iu m  p o s i t io n  

ly in g  w e ll  ove r on the  s id e  o f  a g g re g a tio n  in  s o lu t io n  (F ig u re  5 A ).

F ig u re  5A. D is t r ib u t io n  o f  agg rega tes  between the  s o lu t io n  and 

a d s o rp tio n  on th e  po lym er c h a in .

The above th e o ry  e lim in a te s  th e  problem  o f in t e r s i t e  d is ta n c e ,

and the  problem  o f  the  lo s s  o f  c o n fo rm a tio n a l e n tro p y  th a t  would o f

n e c e s s ity  occu r w ith  d ye /p o lym e r s i t e  b in d in g  fo llo w e d  by a g g re g a tio n

as in  the  s ta c k in g  m odel. F u rthe rm ore  i t  o f f e r s  an e x p la n a tio n  o f

172why dena tu red  DNA is  a more e f f i c i e n t  chrom otrope than  n a t iv e  DNA , 

d e s p ite  bo th  form s hav ing  th e  same number o f  a n io n ic  s i t e s  pe r u n i t  

w e ig h t o f  p o lym er. N a tiv e  DNA i s  a much s t i f f e r  po lym er than



dena tu red  DNA and hence i t s  e f f e c t iv e  volume in  s o lu t io n  m i l l  be 

g re a te r .  T h is  means th a t  the  dye c o n c e n tra t io n  m ith in  the  e le c t r o 

s t a t i c  domain m i l l  be g re a te r  f o r  the  more f l e x ib le ,  more compact, 

ch a in s  Df dena tu red  DNA -  hence re v e rs a l o f  metachromasy m i l l  be 

more d i f f i c u l t  than  m ith  n a t iv e  DNA.

The th e o ry  a ls o  a llo m s  an e x p la n a tio n  o f metachromasy induced 

by d e te rg e n ts . A m ic e lle  formed by io n ic  d e te rg e n t m o lecu les  m i l l  

have a h ig h ly  charged s u rfa c e  su rrounded  by a la y e r  o f  m ater in  

mhich th e re  is  a h ig h  c o n c e n tra t io n  o f  c o u n te r io n s  (F ig u re  5 5 ) .

,0 ®© 0 ,

© 0

0 ®

F ig u re  55. D e te rg e n t m ic e l le  s t r u c tu r e .

Exchange o f  these  c o u n te r io n s  f o r  s im i la r ly  charged dye io n s  m i l l  

produce a c o n c e n tra te d  dye s o lu t io n  around the  m ic e l le  s u r fa c e , 

le a d in g  to  a h ig h  degree o f  dye a g g re g a tio n  and hence a change in  

the  u v /v is ib le  spec trum . Aga in  th e  d r iv in g  fo rc e s  f o r  the  io n  

exchange a re  the  lo m e rin g  o f  energy due to  the  decrease in  m a te r / 

h yd rophob ic  s u rfa c e  in te r a c t io n s  and the  in c re a s e  in  e n tro p y  due 

to  re le a s e  o f  s t ru c tu re d  m ater m o le cu les  from  araund the  in d iv id u a l  

dye m o le cu le s .

-17A-



;

Two e x p e rim e n ta l te s ts  mere d ev ised  to  d is t in g u is h  between the  

s ta c k in g  th e o ry  and the  th e o ry  proposed above.

3 .5 .6 .1  The in te r a c t io n  o f  d ib a s ic  a n io n ic  dyes w ith  c h ito s a n

The e x is t in g  th e o r ie s  o f  th e  mechanism o f  metachromasy a l l  in v o lv e  

s p e c i f ic  in te r a c t io n  between th e  charged s i te s  on th e  po lym er and 

th e  dye io n s , combined w ith  a g g re g a tio n  o f  th e  dye . The o rd e r in  

w h ich  io n - p a ir in g  and a g g re g a tio n  take  p la c e , and t h e i r  r e la t iv e  

im po rtance  a re  d iscu ssed  by s e v e ra l a u th o rs  (see S e c tio n  2 .9 .1 1 )  

b u t the  g e n e ra l model o f  metachromasy i s  one in v o lv in g  the  re g u la r  

arrangem ent o f  aggregated  dye io n s  a long  the  po lym er backbone.

F o r such a model th e  po lym er s i te :d y e  io n  s to ic h io m e try  (P/D r a t io )  

f o r  the  m e tach rom atic  in te r a c t io n  w ith  d ib a s ic  dye io n s  would have 

to  be 1:1 d e s p ite  the  dye io n s  b e in g  d iv a le n t .  O b v io u s ly  i t  would 

be e x tre m e ly  u n l ik e ly ,  i f  n o t im p o s s ib le , f o r  th e  p o ly e le c t r o ly te  

to  rem ain in  s o lu t io n  i f  each dye io n  was bonded to  two dye s i t e s ,  

as t h i s  would re q u ire  e i t h e r  c r o s s - l in k in g  between extended c h a in s , 

o r  in t ra -m o le c u la r  c r o s s - l in k s  in  fo ld e d  ch a ins  (F ig u re s  56a, 5 6 b ).

¥
©

"S"
©

M ©M

F ig u re  56a. P o s s ib le  model f o r  d iv a le n t  d y e /p o ly e le c t ro ly te

in te r a c t io n  in v o lv in g  1 : 1  po lym er s i te :d y e  m o lecu le  

s to ic h io m e try . -
9
%£%
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F ig u re  56b. P o s s ib le  model f o r  d iv a le n t  d y e /p o ly e le c t rD ly te

in te r a c t io n  in v o lv in g  in te r c h a in  o r in t r a c h a in  c ro s s -  

l in k in g  .

However, i f  s p e c i f ic  s i t e  b in d in g  is  n o t in v o lv e d , and i f  a g g re g a tio n  

o f dye m o lecu les  in  s o lu t io n  w ith in  th e  polym er domain is  re s p o n s ib le  

f o r  metachromasy, then  th e  s to ic h io m e try  a t  the  m etachrom atic  

e q u iva le n ce  p o in t  sh ou ld  in d ic a te  a P/D r a t io  o f  2 :1  (a  polym er f re e  

amine g roup :dye  a n io n ic  group r a t io  o f  1 : 1 ) .

Four d ib a s ic  dyes were in c lu d e d  in  t h i s  s tu d y . These were 

C . I .  D ir e c t  Y e llow  12 (DY12), C . I .  A c id  Red 97 (AR97), C . I .  A c id  

Y e llo w  A2 (AYA2) and C . I .  D ir e c t  B lue  B (DBB) -  s t r u c tu re s  X X X V III, 

XXXIX, XL and XXXV in  F ig u re  h i .  M e tach rom atic  t i t r a t i o n s  were 

c a r r ie d  o u t w ith  these  dyes as f o r  AB7 and AR8 B, and the  re s u lts  

were p lo t te d  so th a t  the  e q u iva le n ce  p o in t  co u ld  be d e te rm ine d .

The s p e c tra  and the  p lo t  o f  th e  r a t io  o f  peak h e ig h ts  a t the  i n i t i a l  

and f i n a l  X max a re  shown f o r  one dye (AYA2) in  F ig u re s  57 and 5B.

A l l  fo u r  dyes gave s im i la r  r e s u l t s  in  th a t  the  a n a ly s is  o f t h e i r  

s p e c tra  -  w he the r by peak h e ig h t r a t io  o r  two-com ponent m ix tu re  

a n a ly s is  -  suggested th a t  the  m e tach rom atic  s h i f t  was com plete  when 

one dye a n io n ic  s i t e  was p re s e n t f o r  each po lym er c a t io n ic  s i t e .

T h is  was co n firm e d  by s u b je c t iv e  v is u a l assessment o f  th e  s o lu t io n s ,
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and s p e c t ra l s h i f t s ,  and a ls o  by a p lo t  o f  the  absorbance o f the  

s o lu t io n  a g a in s t the  P/D r a t io ,  when the  e q u iva le n ce  p o in t  was found 

to  be a t  a P/D r a t io  o f  2 :1 .  The t i t r a t i o n  p lo ts  were n o t so 

s t ra ig h t fo rw a rd  as those  f o r  the  monobasic dyes, and in  a l l  fo u r  

cases passed th ro u g h  a minimum a t  a P/D r a t io  o f  a p p ro x im a te ly  1 .5 :1  

(F ig u re  5 9 ) . The presence o f  p r e c ip i ta t e  was a ls o  noted  in  the  

s o lu t io n s  a t  t h is  p o in t .  I n te r p r e ta t io n  o f  the  s p e c tra  was c o m p lic 

a ted  by th e  r e la t i v e l y  s m a ll s e p a ra tio n  o f  the  peaks (2Dnm f o r  AY42) 

g iv in g  an appa ren t in c re a s e  in  f r e e  dye a t  th e  e q u iva le n ce  p o in t  

f o r  AYA2. The s p e c tra , how ever, showed th a t  th e  X max moved 

s te a d i ly  tow ards th e  m e tach rom a tic  w ave leng th  (A3Dnm, ba thoch rom ic  

s h i f t )  and th a t  a f t e r  th e  minimum was passed the  s o lu t io n  peaks 

ga ined  r a p id ly  in  in t e n s i t y .

I t  i s  d i f f i c u l t  to  e x p la in  th e  m e tach rom atic  e q u iva le n ce  o f  

d ib a s ic  dyes a t a P/D r a t io  o f  2 :1  i f  the  s i t e - s i t e  b in d in g  o f  

c o n v e n tio n a l models i s  m a in ta in e d . However, i f  a g g re g a tio n  a lone  

i s  co n s id e re d , then  the  p h y s ic a l c o n s t ra in ts  imposed by io n - p a ir in g  

a re  no lo n g e r a c o n s id e ra t io n ,  and e q u iva le n ce  w i l l  o ccu r a t  the  

p o in t  a t  w hich the  number o f  dye a n io n ic  groups is  equa l to  the  

number o f  f re e  amine g ro up s . W ith in  the  po lym er dom ain, a g g re g a tio n  

o f  the  dye m o lecu les  would ta ke  p la c e  to  reduce th e  area o f  h yd ro 

p ho b ic  s u rfa c e  exposed to  w a te r and the  m e tach rom atic  s h i f t  in  the  

spectrum  would be obse rved .

3 .5 . 6 .2 The in f lu e n c e  o f  c h ito s a n  m o le c u la r w e ig h t on the  ease o f 

re v e rs a l o f  metachromasy

There a re  two m odels used in  s tu d ie s  o f  p o ly e le c t r o ly te s  in  s o lu t io n
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n e ith e r  model has been found to  be a p p lic a b le  in  a l l  s i t u a t io n s .

23BOne model -  the  S tra u ss -A n d e r model , env isages the  po lym er domain

as a c y l in d r ic a l  volume s u rro u n d in g  the  po lym er ch a in  (F ig u re  6 0 a ).

In  t h is  model the  domain volume i s  d i r e c t l y  p ro p o r t io n a l to  the

po lym er ch a in  le n g th .  The second m odel, the  'e q u iv a le n t  sphe re '

239model , c o n s id e rs  th e  po lym er domain to  be a ro u g h ly  s p h e r ic a l 

volume su rro u n d in g  th e  c o i le d  po lym er ch a in  as a mhole (F ig u re  6 0 b ).
3/x

In  t h i s  model th e  domain volume is  p ro p o r t io n a l to  D.P. and mould 

th e re fo re  in c re a s e  more r a p id ly  than  the  ch a in  le n g th  m ith  in c re a s in g  

degree o f  p o ly m e r is a t io n .

(a )

2 30F ig u re  60 . a) th e  S tra u ss -A n d e r model , and

239b ) the  'e q u iv a le n t  sp h e re ' model o f  po lym er vo lum e.

I t  mould be p re d ic te d  from  th e  accep ted  model o f  metachromasy -  

in v o lv in g  a g g re g a tio n  o f  dye th ro u g h  b in d in g  a t  s p e c i f ic  s i te s  -  

th a t  d if fe re n c e s  in  the  m o le c u la r m e igh t o f  the  p o ly e le c t r o ly te  

mould have no e f f e c t  on th e  ease m ith  mhich metachromasy co u ld  be 

re ve rse d  by in c re a s in g  th e  P/D r a t io ,  re g a rd le s s  o f  mhich o f the  

models o f  po lym er volume is  c o r r e c t .  In  the  case o f  th e  th e o ry  

proposed in  S e c tio n  3 .5 .6  the  a b i l i t y  o f  excess po lym er to  re ve rse



metachromasy mould s im i la r ly  be independent o f  m o le c u la r m e ight 

i f  the  S tra u ss -A n d e r model f o r  th e  po lym er domain is  c o r re c t  s in c e  

th e  t o t a l  po lym er domain volume f o r  a g ive n  c o n c e n tra t io n  o f  polym er 

in  s o lu t io n  m i l l  be th e  same re g a rd le s s  o f  the  m o le c u la r m e ig h t. 

However, i f  the  'e q u iv a le n t  s p h e re ' model is  c o r re c t  then  the  t o t a l  

po lym er domain volume f o r  a g ive n  c o n c e n tra t io n  Df po lym er in  s o lu t io n  

m i l l  be la r g e r  th e  g re a te r  th e  m o le c u la r m e igh t o f  the  p o lym er.

Thus a t  any P/D r a t io  th e  c o n c e n tra t io n  o f  dye m ith in  th e  polym er 

domain m i l l  be lam er the  g re a te r  th e  m o le c u la r m e igh t o f  the  po lym er 

and hence a lam er P/D r a t io  mould be re q u ire d  to  reduce the  dye 

c o n c e n tra t io n  to  a lorn enough le v e l  th a t  a g g re g a tio n  mould n o t take  

p la c e .

Samples o f h ig h  m o le c u la r m e igh t c h ito s a n  mere h yd ro lyse d  in

d i lu t e  hyd rob rom ic  a c id  s o lu t io n  to  y ie ld  a medium and a lorn

m o le c u la r m e igh t c h ito s a n  sam ple, th e  m o le c u la r m e igh ts  f o r  bo th  o f

these  samples and a h ig h  m o le c u la r m e igh t sample be ing  de te rm ined

22Bby d i lu t io n  v is c o m e try  . The e f fe c ts  on the  pe rcen tage  o f  f re e  

dye o f  a l t e r in g  the  P/D r a t io  f o r  each o f  these  samples i s  shomn 

in  F ig u re  61. I t  i s  c le a r  th a t  the  metachromasy Df th e  s o lu t io n s  

is  re ve rse d  more r e a d i ly  by th e  a d d it io n  o f  excess h ig h  m o le c u la r 

m e igh t c h ito s a n  than  by th e  a d d it io n  o f  excess medium m o le c u la r 

m e igh t c h ito s a n , and th a t  th e  lorn m o le c u la r m e igh t c h ito s a n  re q u ire d  

a h ig h e r  P/D r a t io  than  e i t h e r  o f  the  o th e r  tmo samples in  o rd e r 

to  re v e rse  th e  m etachrom asy. T h is  is  th e  b e h a v io u r th a t  i s  p re d ic te d  

on the  b a s is  o f  the  nem th e o ry  o f  metachromasy proposed in  S e c tio n  

3 .5 .6 .  I t  a ls o  shoms th a t  the  'e q u iv a le n t  sp he re ' model is  more 

a p p ro p r ia te  than  th e  S tra u s s -A n d e r model f o r  the  d is c u s s io n  o f  the  

m e tach ram asy-induc ing  b e h a v io u r o f  p o ly e le c t r o ly te s .  The p e rce n t
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N -a c e ty la t io n  o f  these  samples was n o t id e n t ic a l ,  be ing  17.5% f o r  

th e  h ig h  m o le c u la r w e ig h t and 11.5% f o r  th e  medium m o le c u la r w e ig h t 

sam ple. I t  does n o t seem l i k e l y ,  however, th a t  t h is  d i f fe re n c e ,  

w h ich  r e f le c t s  f re e  amine group c o n te n ts  o f  82.5% and 88.5% re s p e c t

i v e ly ,  would s ig n i f i c a n t ly  a f f e c t  th e  a b i l i t y  o f  th e  samples to  

re v e rs e  metachrom asy. F u rth e rm o re , the  p e rc e n t N -a c e ty la t io n  o f  

th e  low  m o le c u la r w e ig h t sample was th e  same as th a t  f o r  the  medium 

m o le c u la r w e ig h t sam ple.

These two te s ts  -  th e  b e h a v io u r w ith  d ib a s ic  a n io n ic  dyes and 

th e  e f f e c t  o f  po lym er m o le c u la r w e ig h t on metachromasy re v e rs a l -  

s u p p o rt the  proposed mechanism f o r  metachromasy induced  by the  

presence o f  p o ly e le c t r o ly t e s , namely th a t  the  s p e c t ra l changes a re  

due to  the  fo rm a tio n  o f  dye agg rega tes  in  the  h ig h ly  co n c e n tra te d  

dye s o lu t io n  produced w ith in  th e  po lym er domain by exchange o f  dye 

io n s  f o r  the  po lym er c o u n te r io n s .
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CHAPTER A

CONCLUSIONS

1) Copper ( I I )  io n s  a re  r e a d i ly  adsorbed from  s o lu t io n  by c h ito s a n  

f i lm s  and th e  e x te n t  o f  a d s o rp tio n  can be fo llo w e d  by t r e a t in g  C u ( I I ) -  

c o n ta in in g  f i lm s  w ith  a number o f  co ppe r-com p lex ing  re a g e n ts . There 

is  an in v e rs e  r e la t io n s h ip  between f i lm  th ic k n e s s  and th e  q u a n t i ty

o f  C u ( I I )  io n s  adsorbed p e r u n i t  w e ig h t o f  c h ito s a n , s u g g e s tin g  th a t  

a c o n c e n tra t io n  g ra d ie n t  e x is ts  across  the  f i lm  from  th e  s u rfa c e  to  

th e  c e n tre .

2 ) C h ito san  hav ing  an enhanced degree o f  d e a c e ty la t io n  may be 

o b ta in e d  by g iv in g  two d e a c e ty la t io n  tre a tm e n ts , w ith  d is s o lu t io n  

and r e p r e c ip i ta t io n  Df th e  c h ito s a n  between the  two a lk a l in e  t r e a t 

m ents. The c h ito s a n  produced in  t h i s  way has a ve ry  low  re s id u a l 

N -a c e ty l c o n te n t ( ~ 1%) b u t h ig h  m o le c u la r w e ig h t.  T h is  su p p o rts

th e  concept th a t  d e a c e ty la t io n  o f  c h i t i n  under heterogeneous c o n d it io n s  

is  l im i te d  by the  la c k  o f  a c c e s s ib i l i t y  o f  a p o r t io n  o f  the  l\[~ ace ty l 

groups due to  some m o rp h o lo g ic a l fa c to r  such as ch a in  f o ld in g .

3 ) The enzyme papa in  (E .C . 3 .A .2 2 .2 )  does n o t h y d ro ly s e  re s id u a l 

N -a c e ty l groups o f  c h ito s a n  under homogeneous c o n d it io n s .  In s te a d  

th e  main po lym er ch a in  i s  h y d ro ly s e d  le a d in g  to  a re d u c t io n  in  ch a in  

le n g th  o f  th e  c h ito s a n . The ra p id  ra te  o f re d u c t io n  o f  the  s o lu t io n  

v is c o s i t y ,  and th e  f a c t  th a t  the  ra te  o f  re d u c t io n  in  v is c o s i t y  

in c re a s e s  w ith  in c re a s e  in  the  degree o f  N -a c e ty la t io n  o f  the  c h ito s a n  

s u b s tra te ,  in d ic a te s  th a t  th e  enzyme a c ts  on c h ito s a n  in  an ' endo'



manner and behaves as a c h it in a s e  ra th e r  than a c h ito s a n a s e .

A) The a d s o rp tio n  from  s o lu t io n  o f  C . I .  A c id  Red 8 8  by N -a c e ty la te d  

c h ito s a n  f i lm  proceeds by more than  one mechanism. The mechanisms 

in v o lv e d  a re  most p ro b a b ly  s p e c i f ic  s i t e  a d s o rp tio n  a t  the  p ro to n a te d  

amine groups and d i f fu s e  a d s o rp tio n  a t  random p o in ts  a long  the  c h a in .

5) D e -O -a c e ty la t io n  o f  N -a c e ty la te d  c h ito s a n  f i lm  by tre a tm e n t w ith  

e th a n o lic  po tass ium  h y d ro x id e  s o lu t io n s  causes some d e -N -a c e ty la t io n  

o f  the  f i lm  as w e l l .  The degree o f  d e - iN -a c e ty la t ia n  i s  too  law  to  

g iv e  a p o s i t iv e  R im in i t e s t  b u t i s  appa ren t from  th e  in c re a se d  

a d s o rp tio n  a t AD5nm, a f t e r  tre a tm e n t w ith  a s o lu t io n  o f  s a lic y la ld e h y d e  

in  m e thano l, o r  a t  510 nm a f t e r  tre a tm e n t w ith  an a c id i f ie d  aqueous 

s o lu t io n  o f  C . I .  A c id  Red 6 8 .

6 ) C h ito san  has been shown to  be capab le  o f  in d u c in g  metachromasy 

in  a la rg e  number o f  a n io n ic  dyes c o v e r in g  a range o f  chem ica l 

s t r u c tu r e s .  The induced metachromasy can be re ve rse d  by a d d it io n  o f 

n e u t ra l e le c t r o ly te s ,  e th a n o l,  u rea  o r  excess po lym er, and by in c re a s e  

in  te m p e ra tu re . T h is  b e h a v io u r shows th a t  the  c h ito s a n - in d u c e d  

metachromasy i s  s im i la r  to  the  metachromasy induced in  c a t io n ic  dyes 

by a n io n ic  p o ly e le c t r o ly te s .

7 ) The r e s u l t s  show th a t  c o n tra ry  to  p re v io u s  s ta te m e n ts  in  the  

l i t e r a t u r e  the  induced s p e c t ra l s h i f t  may be e i t h e r  hypsochrom ic o r 

b a th o ch ro m ic , depending an th e  p a r t i c u la r  dye, and th a t  th e re  is

no requ irem ent f o r  the charge on the dye ion  to  be d e lD ca lise d .
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8 ) The m e tach rom atic  in te r a c t io n s  between c h ito s a n  and C . I .  A c id

Red 8 8 , and between c h ito s a n  and C . I .  A c id  Orange 7 , a re  s to ic h io m e t r ic ;  

e q u iva le n ce  be ing  reached when th e re  i s  one p ra to n a te d  po lym er amine 

group f o r  each dye s u lp h o n ic  a c id  g roup . Thus th e  in te r a c t io n  can 

be used to  assay th e  pe rcen tage  o f  amine groups in  a c h ito s a n  sample 

Dr to  d e te rm ine  th e  c o n c e n tra t io n  in  s o lu t io n  o f  a c h ito s a n  sample 

o f  known degree o f  N -a c e ty la t io n .

9) The r e s u l t s  Df the  c h ito s a n /a n io n ic  dye s tu d ie s  have been i n t e r 

p re te d  in  term s o f  a new model f o r  th e  mechanism o f  metachromasy.

T h is  a t t r ib u te s  metachromasy to  the  a g g re g a tio n  o f  dye io n s  in  

s o lu t io n  w ith in  the  po lym er dom ain, due to  the  v e ry  h ig h  dye io n  

c o n c e n tra t io n .  S p e c if ic  io n  p a ir in g  between dye io n s  and polym er 

io n ic  s i t e s  i s  n o t necessary f o r  metachromasy and may a c tu a l ly  p re v e n t 

a g g re g a tio n  and hence p re c lu d e  th e  in d u c t io n  o f  metachromasy.

10) The s to ic h io m e try  o f  th e  m e tach rom a tic  in te r a c t io n  between 

c h ito s a n  and a number o f  d is u lp h o n ic  a c id  dyes is  such th a t  e q u iva le n ce  

is  reached when th e re  i s  one p ro to n a te d  po lym er amine group f o r  dye 

s u lp h o n ic  a c id  g ro u p . F u rthe rm ore  re v e rs a l o f  th e  m e tachrom atic  

b e h a v io u r o f  C . I .  A c id  Orange 7 on a d d it io n  o f excess c h ito s a n

occurs  a t  a d e c re a s in g  P/D r a t io  w ith  in c re a s in g  m o le c u la r w e ig h t o f 

th e  c h ito s a n . These r e s u l t s  canno t be e x p la in e d  in  term s o f a mech

anism f o r  metachromasy th a t  in v o lv e s  s p e c i f ic  io n  p a ir in g  between 

dye io n s  and io n ic  s i t e s  on th e  p o lym er, b u t s u p p o rt th e  new mechanism 

o u t l in e d  in  ( 9 ) .
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CHAPTER 5

EXPERIMENTAL

5 .1  M a te r ia ls  used

5 .1 .1  C h ito san

The c h ito s a n  used in t h is  work was s u p p lie d  by H e rcu le s  In c o rp o ra te d ,

[p a p a in a se , E .C. 3 .A .2 2 .2 , l o t  P3125, tw ic e  r e c r y s ta l l is e d ,  10Cmg 

enzyme suspended in  3.60cm'3 sodium a c e ta te  (D.C5M) c o n ta in in g  thym o l 

(□ .□ 1 % )]. T r is  b u f fe r  [ t r is (h y d ro x y m e th y l)a m in o m e th a n e ], ' T r iz m a ’ 

base, was s u p p lie d  by Sigma.

U v /v is ib le  s p e c tra  and s in g le  w ave leng th  measurements were 

c a r r ie d  o u t on a P e rk in  E lm er 551S sp e c tro p h o to m e te r, and a Pye
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D e la w a re ,(K y te x  H, L o t SPX 535D) and by th e  Hypro Company, S e a t t le ,  w
§ £

W ashington.
J

5 .1 .2  Chem icals .1
The chem ica ls  and s o lv e n ts  used were o f G enera l Purpose Reagent 

g ra de . The dyes used were com m erc ia l sam ples, p u r i f ie d ,  where 

n ecessa ry , as d e s c r ib e d  in  S e c tio n  5 .1 1 , excep t f o r  X I,  X I I ,  X I I I  

and XLI w h ich  were p repa red  by D r G .A .F . R o b e rts . The w a te r used 

was s in g ly  d i s t i l l e d .  The papa in  used was s u p p lie d  by Sigma L
■*S

I

I
H■w

5 .2  S p e c tro s c o p ic  methods ^-----------------------------------------------

In f r a re d  s p e c tra  were re co rd ed  on a P e rk in  E lm er 137 sodium c h lo r id e  4

sp e c tro p h o to m e te r, and on a P e rk in  E lm er S83 sp e c tro p h o to m e te r, 4

I

- 'I
re c o rd in g  to  2 CCcm . 4?

I
I

1

J



Unicam SP5DQ s in g le  beam s p e c tro p h o to m e te r.

5 .3  V iscom etry

S o lu t io n  v / is c o s it ie s  were measured u s in g  a B ro o k f ie ld  LVF v is c o m e te r, 

o r  f o r  d i lu t e  s o lu t io n  a suspended le v e l  v is c o m e te r w ith  s in te re d  

g la s s  f i l t e r  (P o lym er C o n s u lta n ts  L t d . ) .  A l l  d i lu t e  s o lu t io n  

v isc o m e try  was c a r r ie d  o u t in  a s p e c ia l ly  designed th e rm o s ta t ic a l ly  

c o n t ro l le d  m a te rba th  a t  25DC _+ 0 .0 5 DC (B rid g e  In s tru m e n ts  L td . )  

and fla m  tim es mere measured by a stopm atch a ccu ra te  tD +_ D. 2  seconds.

5 .A F ilm  th ic k n e s s

The th ic k n e s s  o f  c h ito s a n  f i lm s  mas measured u s in g  a M ercer f i lm

th ic k n e s s  gauge (Thomas M ercer L td . ,  Model 5L) g radua ted  to  0.0D2mm.

- 1The absorbance o f  f i lm s  a t  890cm mas used as an in t e r n a l  re fe re n c e  

f o r  f i lm  th ic k n e s s  f o r  th e  c o r re c t io n  o f  absorbance measurements in  

C u ( I I )  and dye ing  e xp e rim e n ts . Good c o r r e la t io n  mas found betmeen 

th e  tmo methods.

5 .5  C h a ra c te r is a t io n  o f  c h ito s a n

J
5 .5 .1  M o le c u la r m e igh t

The m o le c u la r m e igh t o f  G h itosan  samples mas de te rm ined  by measurement

o f  t h e i r  L im it in g  V is c o s ity  Number (LVN) in  a 0.1M a c e t ic  a c id /0 .2 M

sodium c h lo r id e  s o lv e n t ,  u s in g  the  suspended le v e l  v is c a m e te r.

Repeat measurements o f  f lo m tim e s  mere made u n t i l  re a d in g s  agreed

to  m ith in  0 .2  seconds. The L im it in g  V is c o s ity  Numbers mere re la te d

to  m o le c u la r m e igh t u s in g  th e  v is c o m e tr ic  c o n s ta n ts  de te rm ined  by 

. 228R oberts  and Dom ^y . LVN 's mere de te rm ined  from  p lo ts  o f V is c o s ity
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number ve rsus  C o n c e n tra tio n /g  cm~"^, e x tra p o la te d  to  ze ro  co n c e n tra 

t io n .  The m o le c u la r m e ig h t o f  K y tex  H had been de te rm ined  p re v io u s ly ,  

u s in g  th e  same s o lv e n t and c o n s ta n ts , to  be 1.72 x lO ^ g ^ "5. The
g

m o le c u la r m e igh t o f  th e  Kypro c h ito s a n  mas found to  be 2 . 0 1  x 1 0  g .

5 .5 .2  Degree o f  [\l - a c e ty la t io n

The degree o f  N -a c e ty la t io n  o f  Kypro c h ito s a n  mas de te rm ined  by

m e tach rom atic  t i t r a t i o n  m ith  AR8 8  (S e c tio n  5 .1 6 ) to  be 22%. T h is

method has been shomn to  c o r r e la te  m e ll m ith  the  in f r a r e d  method o f  

107Moore and R oberts  . The degree o f  N -a c e ty la t io n  f o r  K ytex  H

103had p re v io u s ly  been shomn to  be 2 1 %

5 .6  P re p a ra tio n  o f  c h ito s a n

5 .6 .1  Pomder form

3
C h ito sa n  (1 g ) mas d is s o lv e d  in  1% aqueous a c e t ic  a c id  (100cm ) .

The s o lu t io n  mas f i l t e r e d  th rou g h  a m ono filam en t p o ly e s te r  c lo th  and 

poured in to  m e th a n o l/0 .880 ammonia (7 /3  v /v ,  200citP ). The m h ite  

p r e c ip i ta t e  mas s t i r r e d  th o ro u g h ly  and then  f i l t e r e d  o f f .  I t  mas 

then  re p e a te d ly  s lu r r ie d  m ith  m ethano l and f i l t e r e d  u n t i l  n e u t ra l 

to  l i tm u s ,  and mas then  mashed m ith  e th e r  (100cm ^). The p ro d u c t mas 

then  p a r t i a l l y  d r ie d  in  a i r ,  ground to  a pomder, and d r ie d  c o m p le te ly .

5 .6 .2  F ilm  form

C h itosan  (1 g ) mas d is s o lv e d  in  1% aqueous a c e t ic  a c id  OOOcm"3) ,  and 

then  f i l t e r e d  th ro u g h  a m on o fila m e n t p o ly e s te r  c lo t h .  P o r t io n s  o f  

th e  v is c o u s  s o lu t io n  mere poured on to  c le a n  g la s s  p la te s  and spread 

as t h in l y  and e ve n ly  as p a s s ib le .  The p la te s  mere then  covered and



I

l e f t  to  d ry  in  a le v e l ,  d ra u g h t- fre e  p o s i t io n .  UJhen a l l  the  s o lv e n t 

had e vapo ra ted , the  p la te s  were immersed in  a la rg e  tan k  c o n ta in in g  

methanol/O.QQO ammonia (7 /3  v /v )  f o r  16 h ou rs . The f i lm s  mere then 

removed from  the  p la te s  by soak ing  in  a 1 0 % s o lu t io n  o f  sodium 

h yd ro x id e  f o r  3 h o u rs . The f i lm s  mere then  mashed in  m ater and 

m ethanol b e fo re  be ing  d r ie d  betmeen f i l t e r  p ape rs .

5 .6 .3  Lorn m o le c u la r m e igh t c h ito s a n

C h itosan  (5g ) mas d is s o lv e d  in  hyd rob rom ic  a c id  (1% v /v ,  500cm"3) ,  

and then  f i l t e r e d  th rou g h  a m on o fila m e n t p o ly e s te r  c lo t h .  The 

s o lu t io n  mas d iv id e d  in t o  tmo p o r t io n s ,  bo th  o f  mhich mere ke p t a t  

70dC. One p o r t io n  mas r e p r e c ip i ta te d  a f t e r  UQ hours and the  second 

p o r t io n  mas r e p r e c ip i ta te d  a f t e r  168 h o u rs . R e p re c ip i ta t io n  mas 

ach ieved  by p o u rin g  each c h ito s a n  s o lu t io n  in to  m e th a n o l/0 .880 

ammonia s o lu t io n  (7 /3  v / v ,  200cm"5) ,  s t i r r i n g  the  p r e c ip i ta te  

th o ro u g h ly  and then  f i l t e r i n g .  The p r e c ip i ta te  mas mashed re p e a te d ly  

m ith  m ethanol u n t i l  the  f i l t r a t e  mas n e u t ra l to  l i tm u s ,  and mas 

then  mashed m ith  e th e r  and a i r  d r ie d .

5 .7  P re p a ra tio n  o f  enzyme s o lu t io n s

5 .7 .1  B ro o k f ie ld  v is c o s i t y  measurements

3
C h ito san  (1 g ) mas d is s o lv e d  in  d i lu t e  a c e t ic  a c id  (1% v /v ,  220cm ) 

and th e  s o lu t io n  v is c o s i t y  mas measured a t  bo th  20aC and 37°C.
3

To the  s o lu t io n  mas then  added sodium m e ta b is u lp h ite  (1% m /v, 25cm )

3 oand EDTA (0.Q2M, 25cm ) ,  and th e  v is c o s i t y  mas remeasured a t 37 C.
3

Papain suspension  (0.5cm  ) mas then  added, and th e  v is c o s i t y  o f the

s o lu t io n  mas measured a t  in t e r v a ls  o f  5 m inu tes  a t  a tem pe ra tu re  o f  

37dC.



5 .7 .2  D ilu te  s o lu t io n  v is c o s ity  measurements

D e ta i ls  o f  in d iv id u a l  s o lu t io n s  a re  g ive n  on th e  a p p ro p r ia te  F ig u re s . 

A l l  s o lu t io n s  were p repared  a p p ro x im a te ly  one hour b e fo re  be ing  

measured so th a t  the  s o lu t io n  co u ld  e q u i l ib r a te  to  the  tem pe ra tu re  

o f  the  w a te rb a th . Papain suspens ion  mas added im m e d ia te ly  b e fo re  

measurements commenced, and measurement o f  e lapsed  tim e  began a t 

th e  tim e  o f  enzyme a d d it io n .  I f  no enzyme was added an e q u iv a le n t 

amount o f  an a p p ro p r ia te ly  d i lu te d  sodium a c e ta te  s o lu t io n  was added

in s te a d . For d i lu t e  enzyme c o n c e n tra t io n s  the  enzyme suspension

3 3(0.5cm  ) was d i lu te d  to  10cm w ith  d i s t i l l e d  w a te r . The d i lu t e

suspension  was f r e s h ly  p repa red  d a i ly .

V iscom e te rs  were th o ro u g h ly  r in s e d  b e fo re  m easuring a new

s o lu t io n ,  f i r s t  w ith  a c e t ic  a c id  ( 1 0 % v /v ,  th re e  r in s e s ) ,  then w ith

s o lv e n t (tw o  r in s e s ) ,  and then  w ith  the  new s o lu t io n  (tw o  r in s e s ) .

I f  a c t iv a to r s  were used, a s to c k  s o lv e n t c o n ta in in g  the  d e s ire d

amounts o f  th e  a c t iv a to r s  was p re p a re d , and was used to  d is s o lv e

and su bse q ue n tly  d i lu t e  the  c h ito s a n .

5 .7 .3  Assay o f  Pseudomonas a e rug in osa

3
Pseudomonas a e rug inosa  c u ltu r e s  ( s t r a in  A I3 , k x 100cm ) p ro v id e d

w ith  a c e ta n i l id e  as the  s a le  source  o f carbon were s u p p lie d  by 

Dr A. S k in n e r, Departm ent o f  L i f e  S c iences , T re n t P o ly te c h n ic .
3

The c u ltu r e s  were c e n tr i fu g e d  in  2 x 200cm a l iq u o ts  a t  10,000 rpm 

f o r  5 m in u te s , and the  s u p e rn a ta n t was poured o f f .  The c e l ls  were
3

resuspended in  2 a l iq u o ts  in  ' t r i s '  b u f fe r  (0.Q5M, pH 7 .2 ,  10cm ) 

and were re c e n t r i fu g e d .  The p e l le t s  were combined and resuspended
3

in  ' t r i s '  b u f fe r  (5cm ) and k e p t on ic e .  The c e l ls  were then



ru p tu re d  by s o n ic a t io n  (3  x 2D seconds), w h ile  th e  tem pe ra tu re  o f  

th e  c e l ls  was ke p t low in  an ic e  b a th . F in a l ly ,  th e  c u ltu r e  was 

c e n tr i fu g e d  a t  5°C (15,DD0 rpm, 15 m in u te s ) , the  ru p tu re d  c e l ls  

were d isca rd e d  and th e  s u p e rn a ta n t re ta in e d  f o r  assay o f  amidase 

a c t i v i t y .

Pseudomonas a e rug in osa  i s  an 'a c c id e n ta l p a thogen 1 -  a lth o u g h  a 

norm a l p a r t  o f  th e  g u t f l o r a  i t  can in f e c t  c u ts ,  wounds and b u rns .

As i t  i s  ve ry  r e s is ta n t  to  a n t im ic r o b ia l a g e n ts , s t r i c t  a t te n t io n  

shou ld  be p a id  to  hygiene in  th e  h a n d lin g  and d is p o s a l o f  suspensions 

o f  t h i s  b a c te r iu m .

When c u ltu re d  in  th e  p resence o f  a c e ta n i l id e  as th e  s o le  carbon 

so u rce , PdeMdomonas a e rug in osa  ( A I3 ) ,  produces an amidase w hich w i l l  

h y d ro ly s e  s e v e ra l am ides, such as acetam ide ( 1 ) ,  and w i l l  a ls o  

c a ta ly s e  the  fo rm a tio n  o f  a c y l hydroxam ates from  amides in  the  

presence o f  hyd roxy lam ine  ( 2 ) .

CH3 .CD.I\JH2  + HgD -----> l\IH* + CH3 CDD~ .................................... (1 )

CH3 .CD.I\lH2  + NHgDH + H+ — ^  CH3 .CO.I\IHDH + NH^ ..................(2 )

The h y d ro ly s is  o f  p - n i t r o a c e t a n i l id e , and the  fo rm a tio n  o f  an a c y l 

hydroxam ate can bo th  be used as co n ve n ie n t assays o f  amidase a c t i v i t y .

a) The h y d ro ly s is  o f  p - n i t r p a c e ta n i l id e

To £ ~ n i t r o a c e ta n i l id e  (2.9cm"3, 5 x 1 D S i)  in  ' t r i s '  b u f fe r  (0.05M ) 

is  added c e l l - f r e e  e x t r a c t  ( 0 . 1cm"3) and a s im i la r  b la n k  s o lu t io n  

w ith  no e x t r a c t  i s  p re p a re d . The s o lu t io n s  are  in cu b a te d  a t  37DC, 

and th e  appearance o f  £ - n i t r a a n i l i n e  m o n ito red  by measurement o f  the  

u v /v is ib le  absorbance a t  ^OOnm.
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b) The fo rm a tio n  o f hydroxam ate

A s o lu t io n  o f  m ixed s u b s tra te s  was p repared  c o n ta in in g  acetam ide 

(O .^M ):h yd ro xy la m in e  h y d ro c h lo r id e  ( 2 . DM, f r e s h ly  n e u t r a l is e d ) :

' t r i s *  b u f fe r  (0 .1M , pH 7 .2 ) ,  in  th e  r a t io  1 :1 :2 .  The mixed s u b s tra te  

s o lu t io n  was k e p t on ic e  u n t i l  re q u ire d  in  o rd e r to  a vo id  the  s p o n t-
3

aneous re a c t io n  o f  acetam ide w ith  h yd ro xy la m in e . A p o r t io n  (3.Qcm )

oo f  t h is  s o lu t io n  was e q u i l ib r a te d  in  a w a te rb a th  (37 C) f a r  a few
3

m in u te s , then  th e  c e l l - f r e e  e x t r a c t  (0.2cm  ) was added. A b la nk
3

was p repa red  s im i la r l y ,  b u t w ith  a d d it io n a l ' t r i s 1 b u f fe r  ( 0 . 2 cm )
3

in  p la ce  o f  the  enzyme e x t r a c t .  A liq u o ts  (1cm ) were removed from  

th e  s o lu t io n s  a t  0 , 5 and 10 m in u te  in t e r v a ls ,  and added to  f e r r i c  

c h lo r id e /h y d r o c h lo r ic  a c id  re a g e n t (2cm"3) .  The s o lu t io n  was shaken, 

and th e  absorbance measured a t  500nm a g a in s t th e  e x t r a c t - f r e e  b la n k . 

F e r r ic  c h lo r id e  g iv e s  a da rk  brown complex in  the  presence o f  

hydroxam ates.

c ) C h itosan  assay

A mixed s u b s tra te  was p repa red  from  c h ito s a n  hydrobrom ide  (1% w /v ,

3 3
2 cm ) ,  h yd roxy lam ine  h y d ro c h lo r id e  ( 2 . 0 M, 2 cm ) and ' t r i s '  b u f fe r

3
(0 .1M , Acm ) .  S im ila r  m ixed s u b s tra te s  were p repa red  from  c h ito s a n

3
hydrobrom ide  ( 0 . 1% w /v , 2 cm ) o r  from  H -a ce ty lg lu co sa m in e  ( 0 . 1% w /v ,

3
2cm ) .  A l l  s u b s tra te s  were d is s o lv e d  in  ' t r i s 1 b u f f e r .  From each

3m ixed s u b s tra te  s o lu t io n ,  a l iq u o ts  (3.1cm  ) were taken  to  p ro v id e  

an enzyme system and a b la n k . The s o lu t io n s  were e q u i l ib r a te d  to

D 337 0 . Enzyme e x t r a c t  (0.2cm  , p re v io u s ly  shown to  be h ig h ly  a c t iv e )  

o r ' t r i s '  b u f fe r  (0.2cm"3) was then  added as a p p ro p r ia te .  A liq u o ts
3

(1cm ) were w ithd raw n  from  each system  a t 0 , 5 and 15 m inu te  in te r v a ls
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3
and added to  f e r r i c  c h lo r id e /h y d r o c h lo r ic  a c id  re a g e n t ( 2 cm ) .  

Sam pling was a ls o  c a r r ie d  o u t a f t e r  24 h o u rs .

5 .8  D e -a c e ty la t io n  o f  c h ito s a n

5 .8 .1  Sodium h yd ro x id e  system

3
C h ito san  (4 g ) was s lu r r ie d  w ith  sodium h yd ro x id e  (50% w /v , 80cm ) ,

heated to  75°C in  a w a te rb a th , and m a in ta in e d  a t t h is  tem pe ra tu re

f o r  1 h o u r. The s lu r r y  was s t i r r e d  th ro u g h o u t the  p ro ced u re .

The c h ito s a n  was then  f i l t e r e d ,  washed w e l l  w ith  w a te r , and s lu r r ie d

w ith  m e th a n o l/w a te r (4 :1  v / v ) .  S m all amounts o f  a c e t ic  a c id  were

added to  n e u t ra l is e  the  a l k a l i  in  s o lu t io n ,  to  f a c i l i t a t e  the

e x t r a c t io n  o f  a l k a l i  from  th e  sam ple. The a d d it io n  o f  a c id  was

m o n ito re d  c a r e fu l ly  by pH m eter to  ensure th a t  th e  m ix tu re  d id  n o t

become a c id ic .  When a l l  th e  sodium h yd ro x id e  had been e x tra c te d ,

th e  sample was f i l t e r e d ,  washed th o ro u g h ly  w ith  w a te r , then  m ethanol

and f i n a l l y  e th e r ,  b e fo re  be ing  a i r  d r ie d  and w e ighed. Samples were

taken  a t  t h is  s tage  f o r  m o le c u la r w e ig h t and degree o f  N -a c e ty la t io n

d e te rm in a t io n .  The c h ito s a n  was then  re d is s o lv e d  in  a c e t ic  a c id  
3

(1% v /v ,  250cm ) ,  r e p r e c ip i ta te d  in  m e th a n o l/0 .8 8 0  ammonia (7 :3 ,
3

450cm ) ,  f i l t e r e d  on a m on o fila m e n t c lo th ,  and then  re p e a te d ly  

s lu r r ie d  in  m ethanol and f i l t e r e d  u n t i l  the  f i l t r a t e  was n e u tra l to  

l i tm u s .  The c h ito s a n  was then  washed w ith  e th e r ,  and a i r  d r ie d .  

Samples were aga in  re ta in e d  f o r  m o le c u la r w e ig h t and degree o f 

N -a c e ty la t io n  d e te rm in a t io n s .  The a l k a l i  tre a tm e n t was then
3

repea ted  (2g c h ito s a n , 40cm sodium h y d ro x id e ) and f i n a l  samples 

were ta k e n .
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5 .8 .2  A lc o h o l/s o d iu m  h y d ro x id e  system

T h is  system was e s s e n t ia l ly  th e  same as th a t  d e s c r ib e d  in  S e c tio n

5 .B .1 , b u t th e  q u a n t i ty  o f  a l k a l i  mas g re a t ly  reduced. C h itosan
3

(4 g ) was s lu r r ie d  w ith  2 -m e th y lp ro p a n -2 -o l ( t e r t - b u ta n o l, BQcm )

and heated w ith  s t i r r i n g  to  75°C on a w a te rb a th . Sodium h yd ro x id e  
3

(50% hi/bi, 5cm ) was added to  th e  f la s k  and the  tem pe ra tu re  m a in ta in e d  

a t  75DC f o r  one h o u r. The c h ito s a n  was then  f i l t e r e d ,  washed, r e d is s 

o lve d  and p r e c ip i ta te d  as b e fo re , w ith  samples re ta in e d  a t approp

r ia t e  s ta g e s . The a lc o h o l / a lk a l i  tre a tm e n t was then  repea ted

3 3(2g c h ito s a n , 40cm 2 -m e th y lp ro p a n -2 -o l, 2.5cm a l k a l i ) .

5 .B .3  D e a c e ty la t io n  in  the  presence o f  sodium b o ro h y d rid e

a) Sodium h yd ro x id e  system

Sodium b o ro h y d rid e  (2 g ) was added to  the  chitosan/IMaQH s lu r r y  

im m e d ia te ly  a f t e r  th e  a d d it io n  o f  th e  a l k a l i .  When the  s o lu t io n  

and r e p r e c ip i ta t io n  s te p  o f  the  p rocess was com p le ted , a second 

d e a c e ty la t io n  p rocess was c a r r ie d  o u t and sodium b o ro h y d rid e  ("lg ) 

was added to  th e  s lu r r y  im m e d ia te ly  a f t e r  the  a d d it io n  o f  a l k a l i .

b ) A lc o h o l/s o d iu m  h y d ro x id e  system

Sodium b o ro h y d rid e  (D .5 g ) was added to  the  chitosan/N aO H s lu r r y  

im m e d ia te ly  a f t e r  the  a d d it io n  o f  the  a l k a l i .  When th e  s o lu t io n  

and r e p r e c ip i ta t io n  s te p  o f  the  p rocess was com p le ted , a second 

d e a c e ty la t io n  p rocess was c a r r ie d  o u t and sodium b o ro h y d rid e  (0 .2 5 g ) 

was added to  the  s lu r r y  im m e d ia te ly  a f t e r  the  a d d it io n  o f  a l k a l i .



5 .9  The trea tm en t o f  ch itosa n  f i lm s  m ith  copper ace ta te

P ieces o f  c h ito s a n  f i lm  O  0 .025g ) mere mounted in  p la s t i c  s l id e

mounts (35mm tra n sp a re n cy  s iz e )  and suspended in  copper a c e ta te  
3

s o lu t io n s  (50cm ) o f  th e  re q u ire d  c o n c e n tra t io n .  Washing o f  the  

f i lm  w ith  d i s t i l l e d  m a te r, and th e  subsequent tre a tm e n t o f  the  f i lm  

m ith  co ppe r-com p lex ing  agents  mere c a r r ie d  o u t m ith o u t rem oving the  

f i lm  from  the  s l id e  m ount. The s l id e  mounts a ls o  o f fe re d  a conven

ie n t  means Df p re s e n tin g  the  c h ito s a n  f i lm  f o r  in f r a r e d  and u v / 

v is ib le  s p e c tro p h o to m e tr ic  measurement. The sample a reas o f the  

in s tru m e n ts  mere adapted m ith  s u ita b le  s l id e  h o ld e rs  b u i l t  from  

shee t p o ly s ty re n e  and p a in te d  m a tt b la c k .

5 .10  D e te c tio n  o f  C u ( I I )  io n s

240
5 .1 0 .1  Sodium d ie th y ld ith io c a rb a m a te

W ell-m ashed f i lm s  mere t re a te d  m ith  aqueous sodium d ie t h y ld i t h ia -
3

carbam ate s o lu t io n  (0.2%  m /v , 20cm ) .  A ye llom -brom n to  dark-brom n 

c o lo u r  deve lops in  the  f i lm  in  th e  presence o f  coppe r. T reatm ent 

s o lu t io n s  rem ain c le a r .

S p e c tro p h o to m e tr ic  d e ta i ls  ( d if fe r e n c e s  from  u n tre a te d  f i lm ) :

in  th e  absence o f  capper a c e ta te , X max ( u v / v is )  260nm, 293nm;

in  the  presence o f  copper a c e ta te , X max ( t h in  f i lm )  2B0nm, 450nm

-1v max ( t h in  f i lm )  1500cm ,

1260cm ~\ 1 2 0 0 cm \

241
5 .1 0 .2  Ammonium th io c y a n a te /p y r id in e

3 3C h itosan  f i lm  mas immersed in  m ater (20cm ) ,  pure p y r id in e  (2cm )
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and s o l id  ammonium th io c y a n a te  (0 .5 g )  were added to  the  s o lu t io n  

-  c h ito s a n  f i lm s  c o n ta in in g  copper became b r ig h t  green a t  t h is  

p a in t .  The f i lm  mas then  mashed and d r ie d  and the  spectrum  re c o rd e d . 

S p e c tro p h o to m e tr ic  d e ta i ls  ( d if fe r e n c e s  from  c h ito s a n  f i lm ) :

in  the  absence o f  coppe r, v max 2 0 0 0 cm ;

in  the  presence o f  co pp e r, v max 2 0 0 0 cm , in te n s e .

ZkZ5 .1 0 .3  D im e th y lg lyo x im e

C h ito san  f i lm  mas immersed in  a s o lu t io n  c o n ta in in g  m e th a n o lic

3 3d im e th y lg ly o x im e  (1% m /v, 25cm ) and 0.BQ0 ammonia (1% v /v ,  5cm ) .

In  the  presence o f c o p p e r- tre a te d  f i lm s ,  the  s o lu t io n  became in te n s e ly

c o lo u re d .

2^35 .1 0 .^  a -B enzo inoxim e

C h ito san  f i lm  mas t re a te d  m ith  a s o lu t io n  c o n ta in in g  0 .880  ammonia

3 3(1% v /v ,  5cm ) ,  a -benzo inox im e  (1% v /v  in  m e thano l, 5cm ) and
3

m ater (25cm ) .  F ilm  p re tre a te d  m ith  copper became deep g reen . 

S p e c tro sco p ic  d e ta i ls  (d if fe r e n c e s  from  c h ito s a n  f i lm ) :

in  the  presence o f  co pp e r, max kkknm.

5.11 P u r i f ic a t io n  and p re p a ra t io n  o f  dyes

5 .1 1 .1  P u r i f ic a t io n  o f  C . I .  A c id  Red 8 8

The f re e  a c id  o f  dye ( I ) ,  p re v io u s ly  p u r i f ie d  by the  method o f

(Mursten and U Jilliam Sj mas a v a i la b le  as a s o lu t io n ,  as th e  d ry  f re e

2M*a c id  is  knomn to  be u n s ta b le  to  h ea t . The sodium s a l t  o f  the  

dye mas p repared  by t i t r a t i n g  th e  d is s o lv e d  f re e  a c id  (0.0508% m /v,
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3
500cm ) a g a in s t d i lu t e  sodium h yd ro x id e  s o lu t io n  (0.0Q 1M ), u n t i l  

th e  n e u t ra l p o in t  was reached (pH m e te r ) .  The dye was then evap

o ra te d  to  d ryness under vacuum in  a r o ta r y  e v a p o ra to r and s o lu t io n s  

o f  the  sodium s a l t  in  d i s t i l l e d  w a te r p re p a re d . The c o n c e n tra t io n s

o f  dye s o lu t io n s  were checked from  the  p u b lis h e d  e x t in c t io n  c o e f f -

24Ai c ie n t  f o r  th e  sodium s a l t  , and were then  expressed as % w /v 

so th a t  c o n c e n tra t io n s  in  r e la t io n  to  the  w e ig h t o f  c h ito s a n  f i lm

(p e rc e n t on w e ig h t o f  f i lm ,  % ow f) co u ld  be r e a d i ly  c a lc u la te d :

% owf = V x 5 

Ul

where V = volume o f  s to c k  s o lu t io n  ta ke n , cm'3

Ld = w e ig h t o f  f i lm ,  g

S = c o n c e n tra t io n  o f  s to c k  s o lu t io n ,  % w /v

5 .1 1 .2  P u r i f ic a t io n  o f  C . I .  A c id  Orange 7 and d ib a s ic  dyes

C . I .  A c id  Orange 7 and th e  d ib a s ic  dyes ( s t r u c tu r e s  XXXV, X X X V III, 

XXXIX, XL) were p u r i f ie d  by th e  fo l lo w in g  method. Dye (1 g ) was
3

s o x h le t -e x tra c te d  w ith  e th a n o l (150cm ) f o r  A h o u rs . The a lc o h o lic  

dye s o lu t io n  was then  evapo ra ted  on a steam ba th  to  about h a l f  o f  

th e  o r ig in a l  volume and th e  dye r e c r y s ta l l is e d .  The s o l id  was 

f i l t e r e d ,  re d is s o lv e d  in  h o t e th a n o l and aga in  r e c r y s ta l l is e d .

5 .12  Dyeing o f  c h ito s a n  f i lm s  w ith  C . I .  A c id  Red 8 8

C h itosan  f i lm  ( -  0 .025g ) was dyed from  a s o lu t io n  c o n ta in in g  

s u f f i c i e n t  dye (0.0500%  w /v  f re e  a c id  o r O.Q513% w /v  sodium s a l t )  

to  g iv e  th e  re q u ire d  c o n c e n tra t io n  (% o w f) . Form ic a c id  (0.1% w /v ) 

was added where a p p ro p r ia te  to  g iv e  the  re q u ire d  c o n c e n tra t io n  (% o w f) .
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The t o t a l  s o lu t io n  volume was a d ju s te d  w ith  d i s t i l l e d  w a te r to  g iv e  

a l iq u o r  r a t io  (LR) o f 2200:1 (a p p ro x im a te ly  50cm"3) .  The f i lm  was 

dyed in  a s toppe red  c o n ic a l f la s k  in  a shaking  w a te rb a th  (6 5 DC) o r 

under r e f lu x  a t  th e  b o i l .

A ce ta te  b u f fe r  was p repa red  from  a c e t ic  a c id  (0 .2M ) and sodium 

a c e ta te  (Q.2M) to  g iv e  th e  fo l lo w in g  p H 's :

a c e t ic  a c id /cm '3
3

sodium ace ta te /cm pH

6 . 0 A . 0 A.A5

A.O 6 . 0 A .00

2 . 0 0 . 0 5.23

0 .5 9 .5 5 .09

5 .13  N- a c e ty la t io n  o f  c h ito s a n

5 .1 3 .1  In  f i lm  fo rm ^°

C h ito san  f i lm  (C .025g) was steeped in  a c e t ic  a n h yd rid e  in  m ethanol 

(1% v /v )  o v e rn ig h t ,  then  washed th o ro u g h ly  in  m e thano l. Where 

subsequent d e -O -a c e ty la t io n  was c a r r ie d  o u t,  the  N ~ a ce ty la te d  f i lm  

was soaked in  e th a n o lic  po tass ium  h yd ro x id e  (0.5% w /v ) then  washed 

th o ro u g h ly  w ith  e th a n o l.

AD5 .1 3 .2  Homogeneous N -a c e ty la t io n

3
C h itosan  (1 .2 5 g ) was d is s o lv e d  in  a c e t ic  a c id  (1% v /v ,  125cm ) and

3
d i lu te d  w ith  m ethanol (150cm ) .  A c e t ic  anhyd rid e  in  m ethanol 

(2% v /v ,  3.5cm’3) was added, th e  s o lu t io n  was th o ro u g h ly  mixed 

and then  a llo w e d  to  s tand  f o r  1 h o u r. A f te r  t h is  tim e  the  re a c t io n  

was stopped by p o u r in g  th e  s o lu t io n  in to  methanol/O.QBO ammonia ( 7 :3 ) .
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The p r e c ip i ta te  was f i l t e r e d ,  washed th o ro u g h ly  w ith  m ethanol u n t i l

th e  f i l t r a t e  was n e u t ra l to  l i tm u s ,  then  washed w ith  e th e r ,  and

f i n a l l y  a i r  d r ie d .  O the r c h ito s a n  samples were N -a c e ty la te d  by
3

th e  same te ch n iq u e  w ith  15, 20 and 30cm m e th a n o lic  a c e t ic  anhyd rid e  

( 2 % v /v )  r e s p e c t iv e ly .

5.1A Form a tion  o f  th e  S c h i f f 's  base o f  c h ito s a n  w ith  s a lic y la ld e h y d e

3
C h ito san  f i lm  (0 .0 2 5 g ) was re f lu x e d  in  m ethanol (50cm ) in  the

3
presence o f s a lic y la ld e h y d e  (1cm ) f o r  one h o u r. The f i lm  was then  

washed th o ro u g h ly  w ith  m ethanol and a llo w e d  to  d ry ,  b e fo re  the  

u v / v is ib le  spectrum  was o b ta in e d  ( \  max ^07nm).

5 .1 5  Survey o f  dyes f o r  m e tach rom a tic  b eh a v io u r

5 .1 5 .1  A c id , m ordant and d i r e c t  dyes

A s m a ll amount Df the  u n p u r i f ie d  dye (a p p ro x im a te ly  0 .0 1 g ) was
3

d is s o lv e d  in  a t e s t  tube  in  a c e t ic  a c id  (0.6% v /v ,  30cm ) .  The 

s o lu t io n  was heated g e n t ly  to  encourage d is s o lu t io n  o f  the  dye 

when nece ssa ry . The s o lu t io n  was then d iv id e d  in to  two p a r ts  

(15cm^ e ach ); to  one h a l f  was added c h ito s a n  s o lu t io n  [1% w /v in  

a c e t ic  a c id  ( 0 . 6 % v / v ) ,  Ibcn i5] , and the  o th e r  p o r t io n  was then 

d i lu te d  to  the  same e x te n t w ith  a c e t ic  a c id  (0.6% v /v ,  15cm ) .

The u v /v is ib le  s p e c tra  o f  the  two s o lu t io n s  were then  compared.

5 .1 5 .2  O asic dyes

The te ch n iq u e  f o r  b a s ic  dyes was e s s e n t ia l ly  the  same as th a t  f o r  

a c id ,  m ordant and d i r e c t  dyes, b u t a l l  s o lu t io n s  were p repared  in  

d i s t i l l e d  w a te r , and th e  po lym er used was ca rboxym ethy l c e l lu lo s e  

( 2 % w /v in  d i s t i l l e d  w a te r ) .
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5.16 M etachromatic t i t r a t i o n  o f ch itosa n

5 .1 6 .1  P re p a ra tio n  o f  s to c k  dye s o lu t io n

3
C . I .  A c id  Red 8 6  (0 .3 g )  was d is s o lv e d  in  aqueous a c e t ic  a c id  (IDDOcm )

-A 3to  g iv e  a s o lu t io n  o f  a p p ro x im a te ly  7 .5  x 10 M. A liq u o ts  (Acm )

were then  used in  the  m e tach rom atic  t i t r a t i o n  in  a t o t a l  volume o f

3 -51D0cm , g iv in g  a dye c o n c e n tra t io n  o f  a p p ro x im a te ly  3 x 10 M,

and an absorbance (1cm c e l l s ,  505nm) o f  -  0 .60  absorbance u n i ts  in

th e  absence o f  p o lym er. The e x a c t s o lu t io n  c o n c e n tra t io n  was

dete rm ined  u s in g  th e  p u b lis h e d  e x t in c t io n  c o e f f ic ie n t  f o r  AR8 Q o f 

2 AA20,350 . S tock s o lu t io n s  o f  C . I .  A c id  Orange 7 were p repared  in

2 AAa s im i la r  way and c a l ib r a te d  u s in g  e max 22,500 . The absorbance

of t h is  s o lu t io n  in  the  absence Df po lym er (1cm c e l ls ,  A8 Anm) was 

a p p ro x im a te ly  0.6A absorbance u n i t s .

N o te : I n i t i a l  work w ith  C . I .  A c id  Red 8 8  used the  dye a t  1 .5  x 1Q~5M

in  the  f i n a l  s o lu t io n s ,  g iv in g  absorbances in  the  absence o f  po lym er 

o f  a p p ro x im a te ly  0 .2 9  absorbance u n i t s .  R e p ro d u c ib i l i t y  in  t h is  

range was good, b u t the  c o n c e n tra t io n  was in c re a se d  to  a llo w  g re a te r  

independence from  m ino r v a r ia t io n s  in  e x p e rim e n ta l te c h n iq u e .

5 .1 6 .2  P re p a ra tio n  o f  c h ito s a n  s o lu t io n s

C h itosan  (Q .16g) was d is s o lv e d  in  aqueous a c e t ic  a c id  (0.6% v /v ,

3 3100cm ) .  A p o r t io n  (10cm ) o f  t h i s  s o lu t io n  was then  d i lu te d  to

3 3250cm w ith  aqueous a c e t ic  a c id }  10cm o f  t h is  s to c k  s o lu t io n  were

3a p p ro x im a te ly  e q u iv a le n t  to  Acm o f  the  s to c k  dye s o lu t io n .



5 .1 6 .3  The t i t r a t i o n  o f ch ito sa n  s o lu t io n  w ith  a m etachromatic dye

3
Aqueous a c e t ic  a c id  (0.6% v /v ,  2Dcm ) was p laced  in  a v o lu m e tr ic

3 3f la s k  (1D0cm c a p a c ity )  and an a l iq u o t  o f  s to c k  dye s o lu t io n  (Acm )

added. The f la s k  was s toppe red  and in v e r te d  to  ensure th a t  a l l  the

dye was d i lu t e d .  The re q u ire d  amount o f  d i lu t e  c h ito s a n  s tock

s o lu t io n  was then  added to  th e  f la s k ,  and the  s o lu t io n  made up to

th e  mark w ith  a c e t ic  a c id  (0.6% v / v ) .  The c o n te n ts  o f  the  f la s k

were m ixed th o ro u g h ly  by repea ted  in v e rs io n  b e fo re  the  absorbance

o f  the  s o lu t io n  was read a t  A8 Anm (A07) o r  505nm (AR8 Q) in  1cm c e l ls

a g a in s t a d i s t i l l e d  w a te r b la n k . [ I t  had p re v io u s ly  been e s ta b lis h e d

th a t  th e re  was no d if fe re n c e  in  th e  absorbance va lu e s  o b ta in e d  in

com parison o f  s o lu t io n s  made up w ith  d i s t i l l e d  w a te r o r w ith  a c e t ic

a c id  (0.6% v /v )  b la n k s ] .  S u ita b le  volumes o f  d i lu t e  c h ito s a n  s to ck

s o lu t io n  ( f o r  a 21% N -a c e ty la te d  sam ple) were 2 , 5 , 8 , 1D, 15 and

2Dcrrf5. A c o n t r o l  f la s k  w ith o u t  po lym er was a ls o  p re p a re d . The

reco rded  absorbances were then  p lo t te d  a g a in s t th e  volume o f  c h ito s a n

added, so th a t  th e  volume o f  po lym er s o lu t io n  re q u ire d  f o r  e q u iva le n ce

c o u ld  be d e te rm ine d .

5 .1 6 .A D e te rm in a tio n  o f  the  degree  o f  (\l- a c e ty la t io n  o f c h ito s a n

5 .1 6 .A .1  C o n s tru c tio n  o f  a f re e  amine e q u iv a le n t w e ig h t/d e g re e  o f  

IM -a c e ty la t io n  c o n v e rs io n  graph

The f re e  amine e q u iv a le n t  w e ig h t a t  any degree o f  N -a c e ty la t io n  

can be c a lc u la te d  from  th e  fo l lo w in g  e q u a tio n :

f re e  amine e q u iv a le n t  w e ig h t = (N x C) + (1DD-N) x P

100-N
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where IM is  the  degree o f  N -a c e ty la t io n  (p e rc e n t)

C i s  th e  re p e a t u n i t  w e ig h t f o r  c h i t i n  (10096 N _-ace ty la ted ) = 203

P i s  th e  re p e a t u n i t  w e ig h t f o r  po lyg lu co sam in e  (no N -a c e ty l

a t io n )  = 161

Thus, th e  f r e e  amine e q u iv a le n t  w e ig h t f o r  a 20% N -a c e ty la te d  

sample o f  c h ito s a n  i s  g iv e n  by :

f r e e  amine e q u iv a le n t  w e ig h t (20% N -a c e ty la te d )  =

(20. x 203) + (6 0 .x  161)

80

= 211.75

S im ila r  c a lc u la t io n s  f o r  d i f f e r e n t  degrees o f  N -a c e ty la t io n  were 

used to  c o n s tru c t  F ig u re  6 2 . T h is  graph co u ld  then  be used to  

c o n v e r t a c a lc u la te d  e q u iv a le n t w e ig h t o f  f re e  amine to  % N -a c e ty l-  

a t io n ,  o r  c o n v e rs e ly , to  c o n v e rt th e  degree o f  N -a c e ty la t io n  o f 

a sample to  th e  re le v a n t  f re e  amine e q u iv a le n t  w e ig h t.

5 .1 6 .A .2 C a lc u la t io n  o f  degree o f  N -a c e ty la t io n  from  th e  e q u iva le n ce  

p o in t

The e q u iv a le n c e  p o in t  f o r  th e  m e tach rom a tic  t i t r a t i o n  was de te rm ined  

by in t e r p o la t io n  o f  th e  h o r iz o n ta l p lo t  o b ta in e d  (when P/D > 1) 

to  th e  s lo p e  o b ta in e d  as P/D approaches 1. I t  was then  p o s s ib le  to  

c a lc u la te  th e  w e ig h t o f  c h ito s a n  th a t  was e q u iv a le n t  to  Acm"5 o f  dye 

o f  known c o n c e n tra t io n ,  and thu s  to  de te rm ine  th e  f r e e  amine e q u iv 

a le n t  w e ig h t o f  the  sam ple, g ive n  th a t  the  s to ic h io m e try  f o r  the  

t i t r a t i o n  i s

1 mole f r e e  amine = 1 mole dye (m onobasic dye)

An example o f  th e  c a lc u la t io n  is  g iv e n  in  Appendix .1.
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5 .1 6 .A .3 C a lc u la t io n  o f the  c o n c e n tra tio n  o f ch itosa n

The c a lc u la t io n  fo llo w e d  th e  s te p s  s e t o u t in  S e c tio n  5 .1 6 .A .2, 

b u t  here  th e  degree o f  N -a c e ty la t io n  o f  the  sample was known, and 

c o u ld  be co n ve rte d  to  f r e e  amine e q u iv a le n t  w e ig h t (F ig u re  6 2 ) .

I t  was then  p a s s ib le  to  c a lc u la te  th e  c o n c e n tra t io n  o f  the  c h ito s a n  

s o lu t io n  from  th e  volume re q u ire d  f o r  e q u iva le n ce  between the  po lym er 

and a known c o n c e n tra t io n  o f  the  dye, ta k in g  in to  accoun t the  

d i lu t io n  used to  o b ta in  th e  w o rk in g  s o lu t io n s .

5 .1 7  M e tach rom a tic  t i t r a t i o n  in  th e  presence o f  e le c t r o ly te s
ft

and urea

' S to ck  c h ito s a n  s o lu t io n  was f i r s t  t i t r a t e d  a g a in s t th e  s tan d a rd  

dye s o lu t io n  (AQ7) as d e s c r ib e d  in  S e c tio n  5 .16  in  o rd e r to  d e te rm ine  

th e  e q u iva le n ce  p o in t  f o r  th e  p o lym er. A s e r ie s  o f  v o lu m e tr ic  f la s k s  

were then  p re pa re d , each o f  w h ich  co n ta in e d  aqueous a c e t ic  a c id

( 0 . 6 % v /v ,  25cm3) , dye (7 .5  x 1 0  Si, Acm3 ) and c h ito s a n  s o lu t io n
^ ,3

(3  x 10 M f re e  amine e q u iv a le n t ,  10cm ) .  The s o lu t io n s  were m ixed

w e l l ,  and th e  re q u ire d  volumes o f  e le c t r o ly t e  o r u rea  s o lu t io n

(2M; 0 , 0 .5 ,  1, 5 , 10 o r  25cm3 ; 0.02M ; 0 .5 ,  1, 5 , ,10 o r  25cm3 ) .

A l l  e le c t r o ly t e  o r u rea  s o lu t io n s  were p repared  by d is s o lv in g  the

d ry  s o l id  in  aqueous a c e t ic  a c id  (0.6% v / v ) .  The f la s k s  were then

made up to  th e  mark w ith  aqueous a c e t ic  a c id  ( 0 . 6 % v /v )  and the

c o n te n ts  were th o ro u g h ly  m ixed by in v e rs io n  o f  th e  f la s k s ,  b e fo re

absorbances were read (ASAnm, 1cm c e l l s ,  d i s t i l l e d  w a te r re fe re n c e ) .

A s im i la r  ro u t in e  was fo l lo w e d  f o r  a s e r ie s  o f  c o n t r o l  s o lu t io n s ,

w h ich  were p repa red  in  th e  absence o f  po lym er so th a t  th e  e f f e c t  o f

th e  e le c t r o ly t e  o r  u rea  on t h e ' absorbance o f th e  dye co u ld  be m easured.
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D e te rm in a tio n s  were a ls o  c a r r ie d  o u t:

-5  3 3a ) u s in g  AR8 8  (7 .5  x 10 M, Acm o r  2cm ) measured a t  505nm;

b ) u s in g  h ig h e r c o n c e n tra t io n s  o f  sodium c h lo r id e  o r u re a , when 

s u f f i c i e n t  d ry  s o l id  was added to  th e  f la s k s  to  g iv e  th e  d e s ire d  

c o n c e n tra t io n ;

c )  w ith  the  a d d it io n  o f  th e  e le c t r o ly t e  o r  u rea  p re ce d in g  the  

a d d it io n  o f  th e  po lym er s o lu t io n .

5 .18  M e tach rom atic  t i t r a t i o n  in  th e  presence o f  e th a n o l

_A 3sC h ito sa n  s o lu t io n  (5  x 10 M f re e  amine e q u iv a le n t ,  6 cm ) was p la ced
' 3
in  a v o lu m e tr ic  f la s k  ( 1 0 0 cm c a p a c ity )  and g la c ia l  a c e t ic  a c id

(0.55cm 3 ) was added. A07 s to c k  s o lu t io n  (7 .5  x 10~3 M, Acm3 ) and
3

d i s t i l l e d  w a te r (8A.5cm ) were a ls o  added. The f la s k  c o n te n ts  were
*

m ixed th o ro u g h ly ,  and then  e th a n o l (5cm ) was added, to  b r in g  th e  

s o lu t io n  up to  th e  m ark. S im ila r  f la s k s  were p repa red  c o n ta in in g
3

0 , 1, 10, 15, 20 , 50 o r  89.5cm e th a n o l,  w ith  th e  amount o f  d i s t i l l e d
3

w a te r re q u ire d  to  make a t o t a l  o f  1 0 0 cm be ing  added in  each case .

The absorbance o f  th e  s o lu t io n s  was measured a t  ASAnm (1cm c e l l ,  

d i s t i l l e d  w a te r re fe re n c e ) .  C o n tro l f la s k s  were a ls o  p repared  in  

th e  absence o f  p o lym e r.

A s im i la r  s e r ie s  was a ls o  c a r r ie d  o u t u s in g  a lo w e r m o le c u la r

-A 3w e ig h t c h ito s a n  (3  x 10 M f r e e  amine e q u iv a le n t ,  10cm ) .

5 .1 9  M e tach rom a tic  t i t r a t i o n  in  th e  presence o f  excess po lym er 

*
JO

C h ito sa n  s o lu t io n  (3  x 10 M f re e  amine e q u iv a le n t)  was added tQ 

v o lu m e tr ic  f la s k s  (50cm ) to  g iv e  f i n a l  P/D r a t io s  ra n g in g  from  

1:1 to  1000 :1 . The f la s k s  were s top p e red  and hea ted  g e n t ly  in  a



/  7

w a te rb a th  to  70°C . Dye s o lu t io n  (AD7, 7 .5  x 10" M, 2cm ) was then  

added to  th e  f la s k s  and th e  c o n te n ts  were made up a lm o s t to  the  

mark w ith  aqueous a c e t ic  a c id  (0.6%  v / v ) .  The samples were then 

a llo w e d  to  c o o l to  room te m p e ra tu re  b e fo re  be ing  d i lu te d  w ith  

a c e t ic  a c id  to  th e  m ark. The absorbance o f  th e  s o lu t io n s  was 

measured a t  ASAnm ( 1cm c e l l s ,  d i s t i l l e d  w a te r b la n k ) .

I t  was necessary  to  warm th e  c o n c e n tra te d  po lym er s o lu t io n  

b e fo re  add ing  th e  dye in  o rd e r to  a vo id  p r e c ip i t a t io n .

5 .2 0  The e f f e c t  o f  te m p e ra tu re  on th e  metachromasy o f  c h ito s a n

Ja c k e te d , s top p e red  c e l ls  (b o th  sample and re fe re n c e )  were connected 

in  p a r a l le l  to  a c o n s ta n t te m p e ra tu re  w a te rb a th  and c i r c u la t in g  

pump (G ra n t In s tru m e n ts  Model FH15). The tem pe ra tu re  d i f fe re n c e  

between th e  c e l ls  was le s s  than  1°C. The change in  absorbance o f  

po lym er/dye  s o lu t io n s  a t  a P/D r a t i o  o f  1 :1  (p re p a re d  from  s o lu t io n s  

s ta n d a rd is e d  as in  S e c tio n  5 .1 6 .3 )  was fo llo w e d  w ith  change in  

te m p e ra tu re , a t  ASAnm (A07) o r 505nm (AR8 B ).

S im ila r^m easu rem en ts  were c a r r ie d  o u t in  th e  presence o f sodium 

c h lo r id e ,  sodium io d id e  and c a lc iu m  c h lo r id e ,  w ith  s o lu t io n s  p repa red

as in  S e c tio n  5 .1 7 . A ga in  th e  P/D r a t io  was 1 :1 . E le c t r o ly te

- A  - 2c o n c e n tra t io n s  ranged from  5 x 10 M to  1 x 10 M.

5 .21  D ib a s ic  dye t i t r a t i o n s

P u r i f ie d  d ib a s ic  dye (0 .3 g )  was d is s o lv e d  in  aqueous a c e t ic  a c id

* 3  3(0.6%  v /v ,  500cm ) .  A l iq u o ts  o f  th e  s to c k  dye s o lu t io n  (Acm )

were then  t i t r a t e d  a g a in s t p re v io u s ly  s ta n d a rd is e d  c h ito s a n  s o lu t io n ,

fo l lo w in g  the  method s e t o u t in  S e c tio n  5 .1 6 .3 .  The e q u iva le n ce

p o in t  was d e fin e d  as th e  volume o f  po lym er a t  w h ich  the  p lo t  o f



Polym er volume ve rsu s  Absorbance became h o r iz o n ta l .  The X max f o r  

each o f  th e  dyes in  th e  absence o f  po lym er was:

C . I .  D ir e c t  Y e llo w  12 3 9 5 .5nm

C . I .  A c id  Y e llo w  A2 A1Dnm

C . I .  D ir e c t  B lue  8  565nm

C . I .  A c id  Red 97 A97.5nm.

ft
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APPENDIX I  '

Example o f  th e  c a lc u la t io n  o f  ‘the  degree o f  N -a c e ty la t io n  o f  a 

c h ito s a n  sample by m e tach rom a tic  t i t r a t i o n .

C h ito sa n  s o lu t io n /c m 3  absorbance , 505nm ( r e s u l t s  p lo t te d  in

F ig u re  A I)

1 . 0 .550

2 0 .516

k ■0.A38

6  Q.3A6

Q 0 .265

10 0.210

1 A 0 .195

16 0 .193

-5Dye c o n c e n tra t io n  = 2 .9 5  x 10 M

C h ito sa n  c o n c e n tra t io n  = 0.0650gdm 3

3
E q u iva le n ce  p o in t  = 9.8cm (fro m  F ig u re  A1)

3 3
ie .  9.8cm c h ito s a n  s o lu t io n  a re  e q u iv a le n t  to  100cm o f  dye,

-5when th e  dye c o n c e n tra t io n  i s  2 .95  x 10 M

A  98cm3 c h ito s a n  s o lu t io n  E 1000cm3  2 .95  x 10 3M dye 

B ut th e  c h ito s a n  c o n c e n tra t io n  i s  0.0650gdm~3
3

9Bcm c h ito s a n  s o lu t io n  c o n ta in s  0 .0650 x 98g c h ito s a n

1000
* -5

= 2 .95  x 10 mole f r e e  am ine.

c h ito s a n  f r e e  amine e q u iv a le n t  w e ig h t = 2 15 .93 .

From the  co n v e rs io n  graph (F ig u re  62) th e  degree o f  N -a c e ty la t io n

o f the  ch ito sa n  is  21.5%.

A I-1



APPENDIX I I

2^5Tup component m ix tu re  a n a ly s is

F o r a m ix tu re  o f  two dyes o f  d i f f e r e n t  X max, th e  absorbance a t 

any w ave leng th  w i l l  depend upon th e  a d d it iv e  absorbance va lu e s  

o f  each o f  the  two dyes, w h ich  w i l l  in  tu rn  depend on th e  e x t in c t io n  

c o e f f ic ie n t  f o r  each dye a t  th a t  w a ve len g th , and on th e  c o n c e n tra t io n  

o f  th e  dye . Thus:

A = Ea Ca + Eb Cb
X X  X

A = Ea Ca + Eb Cb
y y y

where A = absorbance a t  x nm x

A = absorbance a t  y nm
y *

E a ^ b y  = e x t in c t io n  c o e f f ic ie n t s  o f  the  two dyes a and b 

a t  x nm o r  y nm

Ca,Cb = c o n c e n tra t io n s  o f th e  two dyes a and b .

I f  a s in g le  dye in  two s ta te s  i s  co ns ide re d  ( f r e e  dye and m eta- 

c h ro m a tic  com plex) then  i t  sh ou ld  be p o s s ib le  to  ana lyse  th e  s p e c tra  

produced a t  v a r io u s  s tages  by the ' two component m ix tu re  a n a ly s is ,  

in  o rd e r to  d e te rm ine  th e  r e la t iv e  p ro p o r t io n s  o f  f r e e  dye and 

complex p re s e n t in  s o lu t io n .

The assum ption  i s  made th a t  in  th e  absence o f  po lym er the  

absorbance spectrum  w i l l  be due e n t i r e ly  to  uncomplexed dye, and th e  

e x t in c t io n  c o e f f ic ie n t s  f o r  th e  uncomplexed dye a t  th e  o r th o c h ro m a tic  

and m e tach rom a tic  w ave leng ths  can th u s  be d e te rm in e d , u s in g  the  

known c o n c e n tra t io n  o f  th e  dye in  s o lu t io n  and th e  measured abso rb 

ances. S im i la r ly  i t  i s  assumed th a t  in  th e  presence  o f  excess



po lym er (when no f u r t h e r  change in  absorbance va lu e  i s  obse rved ) 

th e  absorbance spectrum  m i l l  be due e n t i r e ly  to  complexed dye 

th a t  th e  re le v a n t  e x t in c t io n  c o e f f ic ie n ts  can be .o b ta in e d , a ga in  u s in g  

th e  knomn c o n c e n tra t io n  o f  th e  dye in  s o lu t io n .  The tmo component 

m ix tu re  e q u a tio n  can then  be used to  g iv e  the  c o n c e n tra t io n s  o f 

complexed and uncomplexed dye p re s e n t a t  d i f f e r e n t  P/D r a t io s .

A II-2
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