
CHAPTER V
DILUTE SOLUTION PROPERTIES OF HEXANOYL CHITOSAN 

IN CHLOROFORM, DICHLOROMETHANE,
AND TETRAHYDROFURAN

5.1 ABSTRACT

H e x a n o y l c h ito sa n s  (H -c h ito sa n )  w e r e  sy n th e s iz e d  u s in g  a n e w  m e th o d  to  
o b ta in  th e  o r g a n ic  s o lv e n t  s o lu b le  c h ito sa n  d e r iv a t iv e s . H -c h ito sa n  w ith  d e g r e e  o f  
su b stitu tio n  ( D S )  o f  3 .9 2  w a s  d is s o lv e d  in  s e le c t iv e  o r g a n ic  s o lv e n ts  su ch  as 
c h lo r o fo r m , d ic h lo r o m e th a n e  and tetrah yd rofu ran  in  ord er to  s tu d y  th e  e f fe c t  o f  
so lv e n t  ty p e  o n  h e x a n o y l c h ito sa n  s o lu t io n  p ro p erties . T h e  s o lu t io n  p ro p er tie s  o f  
h e x a n o y l c h ito sa n  w e r e  d e te r m in e d  b y  d ilu te  s o lu t io n  v is c o m e tr y , d y n a m ic  lig h t  
sca tter in g , and  su r fa c e  te n s io n  te ch n iq u e . T h e  c a lc u la te d  s o lu b i l ity  p ara m eter  o f  
H -c h ito sa n  w a s  e s t im a te d  to  b e  9 .3 1  in  ( c a l .c m '3)0 5, a v a lu e  c lo s e r  to th e  s o lu b ility  
p ara m eter  v a lu e  o f  c h lo r o fo r m  than  th o se  o f  d ic h lo r o m e th a n e  an d  tetrah yd rofu ran . 
In tr in sic  v i s c o s i t y  v a lu e s  o f  H -c h ito sa n  d is s o lv e d  in  c h lo r o fo r m , d ic h lo r o m e th a n e  or  
tetrah yd rofu ran  w e r e  d e te r m in e d  b y  th e H u g g in s-K r a m e r  e x tr a p o la t io n  an d  fou n d  to  
b e  ~  1 .3 7 7 , 1 .4 7 8 , and  1 .3 8 5  d l/g , r e sp e c tiv e ly . T h e  kH v a lu e s  for H -c h ito sa n  in  ea ch  
so lu t io n  in d ic a te  that th e  th ree  H -c h ito sa n  so lu t io n s  p o s s e s s  s im ila r  p o ly m e r -so lv e n t  
in tera c tio n s . T h e  h y d r o d y n a m ic  rad iu s, R h v a lu e , in  c h lo r o fo r m  ap p ea rs to  b e  larger  
than th o se  in  d ic h lo r o m e th a n e  and  tetrah yd rofu ran , s u g g e s t in g  that m o r e  free  
u n w in d in g  o f  th e  p o ly m e r  c h a in  o c c u r s  in  c h lo r o fo r m . S u r fa c e  te n s io n  v a lu e s  o f  
H -c h ito sa n  d is s o lv e d  in  c h lo r o fo r m  and, te trah yd rofu ran  d e c r e a se  w ith  in c r e a s in g  
c o n c e n tr a tio n . O n  th e  con trary , su r fa c e  te n s io n  o f  H -c h ito sa n  d is s o lv e d  in  
d ic h lo r o m e th a n e  in c r e a se s  w ith  in c r e a s in g  c o n cen tra tio n .

(Key-words: h e x a n o y l  c h i to s a n ;  s o lu t io n  p r o p e r t ie s ;  v i s c o s i ty ;  d y n a m ic  l ig h t
s c a t te r in g ;  s u r f a c e  te n s io n ;  s o lv e n t)
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5.2 INTRODUCTION

A b il i t y  to  d is s o lv e  c h ito sa n  in  o rg a n ic  s o lv e n ts  is  im p o rtan t in  m an y  
a p p lic a tio n s . It is  w e l l  k n o w n  that c h ito sa n  is  g e n e r a lly  in s o lu b le  in  m a n y  com m o n  
so lv e n ts :  w a te r , a lk a li and  o rg a n ic  s o lv e n ts , but it is  s o lu b le  in  s o lu t io n s  o f  organic  
a c id s  o n ly  w h e n  th e  p H  o f  th e  s o lu t io n  is  le s s  than  6 [1 ] . A c e t ic  and  fo r m ic  a c id s are 
tw o  o f  th e  m o s t  w id e ly  u se d  s o lv e n ts  for  d is s o lv in g  c h ito sa n . H o w e v e r , th ese  
s o lv e n ts  o f fe r  o n ly  v e r y  lim ite d  a p p lic a tio n s  in  p r o d u c in g  c h e m ic a l d er iv a tiv es  in  
h o m o g e n e o u s  so lu t io n , in  p articu lar  th e  la r g e -sc a le  a p p lic a t io n s . P o o r  so lu b ility  o f  
c h ito sa n  in  c o m m o n  o r g a n ic  s o lv e n ts  can  b e  traced  to its  r ig id  c r y s ta llin e  structure 
th ro u gh  in tr a m o le c u la r  and in te r m o le c u la r  h y d r o g e n  b o n d in g s  [2 ], T h is  is the  
p rim ary  r e a so n  for  lim ite d  u s e fu l c h ito sa n  a p p lic a t io n s . In ord er  to  s o lv e  this  
p r o b le m , c h e m ic a l m o d if ic a t io n  o f  c h ito sa n  is  thu s req u ired .

S o lu b i l ity  o f  c h ito sa n  d e r iv a t iv e s  in  o rg a n ic  s o lv e n ts  is  e s se n t ia l in  d es ig n in g  
n o v e l m o le c u la r  stru ctu res as fu n c tio n a l m a ter ia ls . T h ere  h a s b e e n  se v e r a l w o rk s that 
h a v e  b e e n  ca rr ied  ou t o n  c h e m ic a l m o d if ic a t io n s  o n  th e  c h ito sa n  stru ctu re [3 -7 ], 
C h e m ic a l m o d if ic a t io n s  to in tro d u ce  h y d r o p h o b ic  n atu re in to  c h ito sa n  su ch  as 
p h th a lo y la t io n  [3 ] , a lk y la tio n  [4 ] , and  a c y la tio n  [5 -7 ]  r e a c tio n s  ca n  b e  carried  out. 
O rg a n ic  s o lu b le  d e r iv a t iv e s  o f  c h ito sa n  can  b e  u sed  to fo rm u la te  b y -d e s ig n e d  
m a ter ia ls  for  b io m e d ic a l a p p lic a tio n s  su ch  as p o ly m e r ic  d ru gs and  a rtif ic ia l organs  
w ith  h ig h  s p e c if ic i t y  and  w id e  a p p lic a b ility . A c y la te d  c h ito sa n s  are so lu b le  in  
v a r io u s  o r g a n ic  s o lv e n ts ,  su c h  as c h lo r o fo r m , b e n z e n e , p y r id in e , and tetrahydrofuran. 
A -a c y la te d  c h ito s a n  h a s  b e e n  fab r ica ted  as m e m b r a n e s  [ 8], fib ers  [9 ] , an d  f ilm s [10]. 
A -h e x a n o y l c h ito s a n  w a s  fo u n d  to e x h ib it  th e  b e s t  b lo o d  c o m p a tib ility  in  com p a rison  
w ith  iV -p ro p io n y l, vV-butyryl, and A -p e n ta n o y l c h ito sa n s  [1 1 ] . Furtherm ore, 
A -h e x a n o y l an d  A -o c ta n o y l c h ito sa n s  w e r e  fo u n d  to  b e  a n ti-th r o m b o g e n ic  and  
res is ta n t to  th e  h y d r o ly s is  b y  ly s o z y m e  [1 2 ] . T h u s , a c y la te d  c h ito sa n  is  an in teresting  
c h ito sa n  d e r iv a t iv e  su ita b le  fo r  b io m e d ic a l a p p lic a tio n s .

P r e v io u s  rep ort h a s d e a lt  w ith  ch a r a c te r iz a tio n s  o f  a c y la te d  c h ito sa n s , i.e . 
h e x a n o y l c h ito sa n  (H -c h ito sa n ) , d e c a n o y l c h ito sa n  (D -c h ito s a n )  and la u ro y l ch itosan  
(L -c h ito sa n )  in  s o l id  s ta te  [7 ] , T h e  a c y l s id e  c h a in s  in  H -, D - , and  L -c h ito sa n s  sh ou ld  
a s s e m b le  in to  a s im ila r  la y e r e d  structure. T h e  la y e r  sp a c in g , d  in c r e a se d  linearly
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w ith  in c r e a s in g  le n g th  o f  th e  a c y l su b stitu en ts . In sp ite  o f  th e s e  s tu d ie s , th e  d ilu te  
s o lu t io n  p r o p e r tie s  and  su r fa ce  te n s io n  o f  th e  a c y la te d  c h ito sa n , H -c h ito sa n s , h ave  
n o t b e e n  in v e s t ig a te d .

T h e  p r e se n t  w o r k  fo c u s e s  o n  th e  d ilu te  s o lu t io n  b e h a v io r  o f  H -c h ito sa n  in  
o r g a n ic  g o o d  s o lv e n ts ,  i.e . ch lo r o fo r m , d ic h lo r o m e th a n e , or  tetra h y d rofu ra n  through  
v is c o m e tr y  an d  d y n a m ic  lig h t  sca tter in g  te c h n iq u e . O u r resu lts  d em o n stra te  the  
im p o r ta n c e  o f  s o lv e n t  and  p o ly m e r -so lv e n t  in tera c tio n s  an d  p r o v id e  an ex p la n a tio n  
for  s o m e  p o o r ly  u n d e r sto o d  ex p e r im e n ta l o b se r v a t io n s  in  o r g a n ic  s o lu b le  ch ito san  
d e r iv a t iv e s  s tu d ie s . T h e  stu d y  o n  th e  su r fa ce  te n s io n  o f  H -c h ito sa n  in  se le c te d  
s o lv e n ts  w i l l  a lso  b e  rep orted .

5.3 EXPERIMENTAL

Materials
S h rim p  s h e ll  w a s  k in d ly  su p p lie d  b y  S u ra p o l F o o d  C o ., L td . S od iu m  

h y d r o x id e  s o lu t io n  50%  (พ /พ )  w a s  k in d ly  su p p lie d  b y  K P T  C o o p e r a tio n , T h ailand . 
T h e  m o le c u la r  w e ig h t s  o f  ch it in  and c h ito sa n  w e r e  d e te r m in e d  b y  th e  v isc o m e tr ic  
m e th o d . T h e  v is c o s ity -a v e r a g e  m o le c u la r  w e ig h t  o f  c h it in  and  c h ito sa n  w e r e  found  
to b e  8 . 2 1 x l 0 5 an d  3 . 7 2 x l 0 5, r e sp e c tiv e ly .

H e x a n o y l c h lo r id e  w a s  p u rch a sed  from  F lu k a  C o ., L td . P y r id in e , ch lo ro form  
and  m e th a n o l w e r e  p u rch a sed  from  L a b sca n  C o ., L td. P y r id in e  an d  c h lo r o fo r m  w ere  
d is t il le d  and  d r ied  o v e r  m o le c u la r  s ie v e  p rior to  u se . O th er  c h e m ic a ls  w ere  o f  
a n a ly tic a l g ra d e  and  w e r e  u sed  w ith o u t  further p u r if ic a t io n . T h e  o r g a n ic  so lv en ts  
u se d  in  th is  s tu d y  w e r e  c h lo r o fo r m , d ic h lo r o m e th a n e  an d  te tra h y d ro fu ra n  (L ab scan  
C o ., L td ). T a b le  5 .1  lis ts  th e  p rop erties  o f  th e  s e le c te d  o r g a n ic  s o lv e n ts .

H-chitosan Preparation
C h ito sa n  w a s  so a k e d  in  p y r id in e  fo r  a p e r io d  o f  o n e  w e e k , an d  filtered  o f f  

b e fo r e  furth er s o a k in g  in  a m ix tu re  o f  p y r id in e  an d  c h lo r o fo r m  for  a p er io d  o f  o n e  
d ay . T h e  m ix tu r e  w a s  c o o le d  to -10°c in  an ic e -sa lt  b a th , an d  th e n  h e x a n o y l ch lorid e  
d is s o lv e d  in  c h lo r o fo r m  w a s  ad d ed  d r o p w ise  in  d u r in g  a p e r io d  o f  2  h . T h e  m ixtu re  
w a s  th en  stirred  for  2  h  at ro o m  tem p era tu re  and  furth er r e f lu x e d  for  6 h  at 98°C - A
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h e te r o g e n e o u s  a g g r e g a t io n  o f  th e  p rod u ct w a s  o b se r v e d  in  th e  m ix tu re . T h e  resultant 
m ix tu re  w a s  p o u r e d  in to  m eth a n o l, and th e  p rec ip ita ted  p ro d u ct w a s  f iltered  o ff. T he  
p rod u ct w a s  d is s o lv e d  a g a in  in  ch lo r o fo r m , th en  p r e c ip ita te d  b y  p o u r in g  into  
m e th a n o l, f ilte r e d  o f f , ex tra c ted  in  a S o x h le t  ex tractor  w ith  m e th a n o l for  8 h , and  
d ried  in  v a c u u m  o v e n  at 40°c for 2 4  h. T h e  s t ic k y  y e l lo w is h  p ro d u ct w a s  obtained .

T h e  d r y in g  a c y la te d  d e r iv a t iv e s  o f  c h ito sa n , fre sh  p y r id in e , and  ch loroform  
w e r e  p la c e d  in  a f la sk  in  th e  am o u n t d e sc r ib e d  a b o v e . T h is  p ro c e d u r e  w a s  repeated  
se v e r a l t im e s  in  ord er to  v a ry  th e  d e g r e e  o f  su b stitu tio n  o f  th e  resu lta n t h exa n oy l 
c h ito sa n  (F ig u r e  5 .1 )  [7 ].

Characterization
F T IR  sp e c tr o s c o p ic  a n a ly s is  w a s  c o n d u c te d  u s in g  a B ru k er  sp ectrom eter  

(E Q U I N O X 5 5 )  w ith  a r e so lu tio n  o f  4  c m '1. 'H -N M R  sp ec tru m  w a s  recorded  b y  
u s in g  F T -N M R  5 0 0  M H z  sp ec tro m eter  (JE O L , J N M -A 5 0 0 ) . H -c h ito sa n  w a s  
d is s o lv e d  in  C D C I3 an d  te tra m e th y ls ila n e  (T M S ) w a s  u se d  a s  th e  r e fe r e n c e  for the  
c h e m ic a l sh if t  m e a su r e m e n t. E lem en ta l a n a ly s is  d ata  w e r e  o b ta in e d  from  a C H N S /O  
a n a ly z e r  (P e r k in  E lm er  P E 2 4 0 0  S e r ie s  II: o p tio n  C H N ) w ith  th e  com b u stion  
tem p era tu re  se t  at 950°c. T h e  sa m p le  (1 -2  m g ) w a s  f i l le d  in  a tin  fo il  sh eet and  
a n a ly z e d  u n d er  a ir w ith  o x y g e n  as th e  c o m b u s tio n  g a s  ( f lo w  rate o f  20  m l/m in ) and  
H e  as th e  carr ier  g a s  ( f lo w  rate o f  2 0 0  m l/m in ).

Solution Properties
M e th o d  o f  E s t im a tio n  o f  S o lu b ility  P aram eter  b y  G rou p  C o n tr ib u tio n

T h e  m e th o d  for  d e term in in g  s o lu b ility  p a ra m eters  in v o lv e s  a ca lcu la tio n  
b a sed  o n  so  c a lle d  th e  gro u p  co n tr ib u tio n  [1 3 ] . T h e  e s s e n c e  o f  th is  ap p roach  is to  
a ssu m e  that a m o le c u le  can  b e  “b rok en  d o w n ” in to  a se t  o f  fu n c tio n a l grou p s. T o  
c a lc u la te  th e  s o lu b i l ity  p ara m eter  o f  a p o ly m e r  o n e  u se s  th e  s im p le  re la tion sh ip :

5 = ^ — ^(cal.cm-3)05 ( 1 )

w h e r e  Fj is  th e  m o la r  attraction  co n sta n t o f  th e  ith g ro u p , w h ile  Vi* is  the  
c o r r e sp o n d in g  m o la r  v o lu m e  co n sta n t o f  th is  gro u p  [1 3 ] .
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In trin sic  V i s c o s i t y  M e a su r e m e n t
In tr in s ic  v i s c o s i t y  [ ๆ ]  is  a m ea su rem en t o f  the in h eren t a b ility  o f  a p o ly m e r  to 

in c r e a se  s o lu t io n  v is c o s ity .  In th e  d ilu te  r e g im e , s o lu t io n  v is c o s it y  can  b e  
rep resen ted  b y  a p o w e r  se r ie s  o f  p o ly m e r  c o n cen tra tio n  c p:

w h e r e  ๆร is  th e  s o lv e n t  v is c o s it y  and kn  is  th e  H u g g in s  c o e f f ic ie n t .  T h e  in trin sic  
v is c o s it y  ca n  b e  d e te r m in e d  b y  m e a su r in g  v i s c o s it y  o f  s o lu t io n s  at lo w  
c o n c e n tr a t io n s  an d  e x tr a p o la tin g  th e v is c o s it y  in  th e  lim it  o f  in f in ite  d ilu tio n , 
a c c o r d in g  to  th e  H u g g in s  or  K raem er re la tio n sh ip , r e s p e c t iv e ly  [1 4 ] .

w h e r e  ๆ,-6] is  th e  r e la t iv e  v is c o s ity ,  d e fin e d  as the ratio  o f  so lu t io n  v is c o s it y  and  

so lv e n t  v i s c o s i t y  ๆ /ๆ ร , and ๆ sp is  th e  sp e c if ic  v is c o s it y  w h ic h  can  b e  d e fin ed  as

H -c h ito s a n  s o lu t io n s  o f  v a r io u s  c o n c e n tr a tio n s  (0.1-0 .5  g /d l)  in  d ifferen t  
o rg a n ic  s o lv e n t  w e r e  p rep ared . E a ch  s o lu t io n  w a s  p a sse d  th ro u g h  a f ilter  (P T F E , 0 .2  

p m ) to r e m o v e  in s o lu b le  m ater ia ls . T h e  c a p illa r y  v is c o m e te r  (C a n n o n -F e n sk e , N o  
5 0 )  w a s  f i l le d  w ith  5 m l o f  so lu t io n  and th e r m a lly  e q u ilib r a ted  in  a w a ter  bath to 
m a in ta in  a  f ix e d  tem p era tu re  at 30±0.1°c. T h e  sa m p le  w a s  p a sse d  th ro u gh  the  
c a p illa r y  o n c e  b e fo r e  th e  ru n n in g  t im e  w a s  m ea su red . F o r  ea c h  sa m p le , v is c o s it y  w a s  
m ea su red  3 t im e s .

L ig h t S c a tte r in g  M e a su r e m e n t
D y n a m ic  lig h t  sc a tter in g  m ea su rem en t w a s  carr ied  o u t at th e  tem p era tu re o f  

30°c, u s in g  a M a lv e r n  d y n a m ic  lig h t  sca tter in g  sp e c tr o m e te r  w ith  a P C S 7  step p er  
m o to r  c o n tr o lle r , a P C S 8 tem p era tu re  c o n tro ller , and  a p h o to  m u ltip lier .

In d y n a m ic  lig h t  sc a tter in g  e x p e r im e n ts  a n o r m a liz e d  t im e  au toco rre la tio n  
fu n c tio n  g 2(x ,q )  o f  th e  sca ttere d  in te n s ity  w a s  m ea su red  [1 5 ]:

ๆ - ๆ ร ( 1 + [ ๆ ]  Cp +  £ / / h ] 2Cp2 +  . . . ) (2)

f isp /cp =  [ f i ]  +  M f i ] 2Cp 

๒ ( ๆ r)/Cp =  [ ๆ ]  +  kK [ ๆ ] 2 Cp
(3)
(4)

( f i r -  1 ) .

(5 )
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w h e r e  I ( โ, 0) is  th e  sc a tte r in g  in te n sity  at a certa in  d e la y  t im e  from  a r e feren c e  tim e  

t = 0. In d ilu te  s o lu t io n s  g2(T,0) can  b e  e x p r e s se d  in  term s o f  th e  n o r m a liz e d  fie ld  

co rr e la tio n  fu n c t io n  g i ( โ,q) u s in g  th e S ie g e r t  r e la tio n sh ip
g2(โ,q) = \+ p \g \{โ,q)V  (6)

w h e r e  th e  c o e f f ic ie n t  p  < 1 is  th e  c o h e r e n c e  factor . F o r  sh ort d e la y  t im e s  gi(r,q) is  
w e l l  a p p ro x im a te d  b y  a s in g le -e x p o n e n tia l d ecay :

g , ( โ,q) ~  e x p (-r(q ) โ) i f  r(q)x <  1 (7 )
T h is  d e c a y  rate T (q ) is  re la ted  to an ap p arent m u tu a l d if fu s io n  c o e f f ic ie n t  as [ 1 5 ,1 6 ]  

r (q )  =  q 2 D app(q,c) (8 )
w h ere

D app(c,q) = D cm( l  + CRg2q2 - ...) (9 )
D cm is  th e  d if fu s io n  c o e f f ic ie n t  o f  th e  p a r t ic le ’s cen te r  o f  m a ss , w h e r e  th e  su b scrip t  
in d ic a te s  th e  z -a v e r a g e  o v e r  th e  m o la r  m a ss  d istr ib u tio n  and  q is th e  w a v e v e c to r  
d e fin e d  b y  q = (47โ22)ท0ร1ท(6/2) w ith  ท0 th e  re fr a c tiv e  in d e x , <9 th e sca tter in g  an g le , 
and X th e  w a v e le n g th  o f  in c id e n t lig h t. D cm d e p e n d s  o n  c o n c e n tr a t io n  and is  w e ll  
rep resen ted  b y  a lin e a r  rela tion :

D cm= D cm( l + k n c p)  (1 0 )
w h e r e  ko  is  th e  fir st-ord er  c o n cen tra tio n  c o e f f ic ie n t  w h ic h  d e p e n d s  o n  th e  seco n d  
v ir ia l c o e f f ic ie n t ,  A 2, and th e h y d r o d y n a m ic  fr ic tio n  c o e f f ic ie n t ,  Çi, g iv e n  b y  [1 4 ]

kD =  2A }M  - Ç] - vSp (1 1 )
w h e r e  M  is  m o le c u la r  w e ig h t  o f  p o ly m e r ., and  vsp is  th e  r e c ip ro ca l o f  d e n s ity  o f  
p o ly m e r .

T h e  ra tio  r (q ) /q 2 =  D apr/c ,q )  is  an g u lar  d e p e n d e n t  and th u s an apparent 
d if fu s io n  c o e f f ic ie n t  w h ic h  is  v a lid  for sm a ll q2Rg2 < 2. T h is  an g u lar  d ep en d en ce  
resu lts  from  s e g m e n ta l m o t io n s  and  p o ly d isp e r s ity .

T h e  d o u b le  ex tr a p o la tio n  o f  D app(r,q) in  th e  lim its  o f  c= 0  and q= 0  can  b e  
a lte r n a tiv e ly  d o n e  in  a d y n a m ic  Z im m  p lo t, g iv in g  th e  d if fu s io n  c o e f f ic ie n t  at in fin ite  
d ilu t io n , Do, fro m  w h ic h  th e h y d r o d y n a m ic  rad iu s, R H, ca n  b e  o b ta in e d  from  the  
S to k e s -E in s te in  re la tio n sh ip

RH=2ÜL
6 tu]D() (12)
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w h e r e   ๆ is  th e  s o lv e n t  v i s c o s it y  and kBT  is  th e  B o ltz m a n n  co n sta n t m u lt ip lie d  by the  
a b so lu te  tem p era tu re .

S u r fa ce  T e n s io n  M e a su r e m e n t
S u r fa c e  te n s io n  o f  p o ly m e r  so lu t io n  w a s  m e a su r e d  b y  u s in g  a K ru ss D rop  

S h a p e  a n a ly z e r  (K r u ss  C o ., G erm an y) at 30°c.

5.4 RESULTS AND DISCUSSION

Characterization of H-Chitosan
H -c h ito sa n  w a s  sy n th e s iz e d  and its  c h e m ic a l stru ctu re w a s  ch ara cter ized  b y  

F T -IR , 'H -N M R  an d  e le m e n ta l a n a ly s is .
T h e  F T -IR  sp ec tra  o f  c h ito sa n  and H -c h ito sa n s , p rep ared  b y  rep eated ly  

a l lo w in g  th e  h e x a n o y la t io n  rea c tio n  up to fou r t im e s , are sh o w n  in  F ig u re  5 .2 . T he  
ch a ra c te r is tic  a b so r p tio n  at 3 0 0 0 - 4 0 0 0  c m ' 1 (O H , N H 2) in  th e  F T -IR  sp ec tr u m  o f  the  
c h ito sa n  w e r e  a b se n t  in  th e  sp ectru m  o f  H -c h ito sa n  o f  th e  fo u r  t im e s  rea c tio n . T he  
sp ectra  o f  th e  h e x a n o y l c h ito sa n  a lso  s h o w  n e w  c h a ra c ter is tic  a b so r p tio n s  at 1717  

c m ' 1 ( C = 0  o f  N (C O R )2), 1 7 4 9  c m ' 1 ( C = 0  o f  O C O R ), 2 9 5 8  c m '1, 2 9 3 2  c m ' 1 (Vas 
C H 2), 2 8 7 3  c m ' 1 ( v s C H 2), 14 5 8  c m ' 1 (6  C H 2), an d  1171  c m ' 1 ( tw is t in g  v ib ration  o f  
C H 2). T h e s e  ch a r a c te r is tic  ab so rp tio n  p ea k s  o f  th e  h e x a n o y l c h ito sa n  b ecam e  
sh arp er as th e  n u m b e r  o f  th e  rep ea ted  rea c tio n  w a s  in c r e a se d . T h e  ch aracteristic  
a b so rp tio n  p e a k s  o f  th e  c h ito sa n  w h ic h  g e n e r a lly  ca n  b e  o b s e r v e d  at 3 0 0 0 - 4 0 0 0  cm ' 1 
(O H , N H 2) are a b se n t in  th e  F T -IR  sp ectra  o f  th e  H -c h ito sa n , in d ic a tin g  that the 
h e x a n o y la t io n  r e a c tio n  occu rred  at th e  h y d r o x y l g ro u p s o f  th e  c h ito sa n . T h e  FT -IR  
d ata  s u g g e s t  th at th e  h e x a n o y l gro u p s w e r e  su b stitu ted  in to  th e  h y d r o x y l and  am ino  
g ro u p s o n  th e  m o n o s a c c h a r id e  u n its  o f  th e  c h ito sa n .

'H -N M R  d ata  w a s  tak en  to c o n fir m  th e c h e m ic a l stru ctu re o f  H -ch ito sa n . 
'H -N M R  sp e c tr a  o f  th e  H -c h ito sa n  in  C D C I3 (F ig u r e  5 .3 )  s h o w  s ig n a ls  at 5 .6  (HI),
5 .2  (H 3 ) , 4 .2  ( H 4 ) , 3 . 4 - 3 .6 (H 6 , H 5 ) , and 2 .6  (H 2 )  p p m  d u e  to  th e  p ro to n s  o f  the  
p o ly sa c c h a r id e  r in g  an d  th e  s ig n a ls  at 2 .4  ( -C O -C H 2), 1 .3 - 1 .6 ( -C H 2-) and  0 .9  (-CH3) 
p p m  are a s s ig n e d  to  th e  p e a k s  o f  h e x a n o y l ch a in s.
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F rom  F T -IR  and  ’H -N M R  a n a ly s is , th e  d ata  c le a r ly  s u g g e s t  that H -ch itosan  
w a s  o b ta in e d  a fter  th e  c h e m ic a l m o d if ic a tio n  o f  c h ito sa n  b y  th e  h exa n oy la tion  
reac tio n .

T h e  d e g r e e  o f  su b stitu tio n  o f  H -c h ito sa n  w a s  3 .9 2  for th e  fou r t im e s  reaction, 
b a se d  o n  th e  d ata  o b ta in e d  from  th e e le m e n ta l a n a ly s is . E x p e r im e n ta l resu lts w ere  
co m p a red  w ith  th e  c a lc u la te d  v a lu e s , and th e d e g r e e  o f  su b stitu tio n  w a s  determ ined  
b a se d  o n  th e  C /N  ratio  o f  the product.

Solubility Parameter of H-Chitosan
T h e  s o lu b i l ity  p aram eter  (Ô) is  an im p o rtan t p ro p erty  o f  p o ly m e r  w h ich  is 

d e fin e d  as th e  sq u are  roo t o f  c o h e s iv e  e n e r g y  d e n s ity . S o lu b i lity  p aram eters provide  
an e a s y  n u m e r ic a l m e th o d  o f  rap id ly  p red ic t in g  th e  e x te n t  o f  in tera c tio n  b etw een  
m a ter ia ls , p a r tic u la r ly  liq u id s  and p o ly m e r s . T h e y  are u s e fu l in  en su rin g  the  
su ita b ility  o f  p o ly m e r s  for p ractica l a p p lic a t io n s  and in  fo rm u la tin g  b lends o f  
s o lv e n ts  for p a rticu la r  p u rp o ses . T h e  grou p  co n tr ib u tio n  m e th o d  for ca lcu la te  the  
s o lu b ility  p a ra m eter  o f  p o ly m e r s  is  b a se d  o n  th e  c o n tr ib u tio n s  from  ind ividual 
gro u p s, a to m  and  b o n d s  c o n stitu tin g  th e m o le c u le s . B a se d  o n  th e  structure o f  the  
H -c h ito sa n , o n e  c a n  e s t im a te  th e  s o lu b ility  p ara m eter  v a lu e  b y  th e  gro u p  contribution  
m eth o d  [1 3 ] . H -c h ito sa n  c o n s is ts  o f - N < ,  - C H , - C H 2, - C H 3, - 0 - C = 0 ,  - C = 0 ,  - 0 - .  
T h is  is  s c h e m a t ic a l ly  s h o w n  in  F ig u re  5 .1 . T a b le  5 .2  g iv e s  th e  m o la r  vo lu m e  
c o n sta n ts  an d  th e  m o la r  attraction  co n sta n ts  o f  v a r io u s  g ro u p s o f  th e  H -ch ito sa n . T he  
c a lc u la te d  s o lu b i l i ty  p aram eter  o f  H -c h ito sa n  w a s  e s t im a te d  to b e  9.31 in 
(c a l.c m '3)0 5. T h is  e s tim a te d  v a lu e  can  b e  co m p a r e d  w ith  th o s e  p u b lish e d  va lu es o f  
c h lo r o fo r m , d ic h lo r o m e th a n e  and tetrahydrofurar. w h ic h  w e r e  u se d  a s  th e  so lven ts. 
T h e  s o lu b i lity  p a ra m eter  v a lu e  o f  th e  H -c h ito sa n  is  c lo s e s t  to  th e  s o lu b i l ity  param eter  
v a lu e  o f  c h lo r o fo r m  m o r e  than th o se  o f  d ic h lo r o m e th a n e  and  tetrah yd rofu ran .

Dilute Solution Properties of H-Chitosan
In trin sic  V is c o s i t y

T h e  p r o p e r tie s  o f  d ilu te  so lu t io n s  are g o v e r n e d  b y  th e  p ro p er tie s  o f  individual 
m a c r o m o le c u le s , u n lik e  in  co n cen tra ted  so lu t io n s  w h e r e  th e  c h a in s  are entangled  
w ith  ea c h  o th er . F o r  th e  d ilu te  solution, th e  H u g g in s  e q u a tio n  is  th e  m o s t  appropriate
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o n e  to  d e te r m in e  th e  in tr in s ic  v i s c o s it y  and  th e H u g g in s  c o n s ta n t, w h ic h  c o u ld  then  
b e  u se d  to  s tu d y  th e  h y d r o d y n a m ic  v o lu m e  o f  p o ly m e r s  c h a in s  and  th e in teraction  
b e tw e e n  d if fe r e n c e  p o ly m e r  c h a in s  or  b e tw e e n  p o ly m e r  c h a in s  and  th e s o lv e n t  [17 ].

T a b le  5 .3  lis ts  th e  in tr in s ic  v i s c o s it y  and  H u g g in s  c o e f f ic ie n t  o f  H -ch ito sa n  
so lu t io n s . In tr in s ic  v i s c o s i t y  v a lu e s  o f  th e  H -c h ito sa n  d is s o lv e d  in  ch lo ro fo rm , 
d ic h lo r o m e th a n e  an d  tetrah yd rofu ran  w e r e  d e te r m in e d  b y  th e  H u g g in s-K ra m er  

e x tr a p o la tio n  o f  th e  r e g r e ss io n  lin e s  and  fo u n d  to  b e  ~  1 .3 7 7 ± 0 .0 0 8 ,  1 .4 7 8 ± 0 .0 0 3 ,  
and 1 .3 8 5 ± 0 .0 0 3  d l/g  (F ig u r e  5 .4 ) , r e s p e c t iv e ly . T h e s e  d ata  s u g g e s t  that the  
p o ly m e r -so lv e n t  in te r a c tio n  o f  th e  H -c h ito sa n  w ith  e a c h  s o lv e n t  is  co m p a ra b le  in  
m a g n itu d e .

T h e  H u g g in s  c o e f f ic ie n t ,  kH is  a m e a su re  o f  p o ly m e r -p o ly m e r  in tera ctio n s in  
so lu t io n . E x p e r im e n ta lly , th e  H u g g in s  c o e f f ic ie n t  is  in d e p e n d e n t o f  m o lecu la r  
w e ig h t  for  lo n g  c h a in s , w ith  v a lu e s  o f  r o u g h ly  0 .3 0 - 0 .4 0  for g o o d  so lv e n ts  and  
0 .5 0 - 0 .8 0  for  9  s o lv e n ts .  T h e  h ig h e r  kH v a lu e  m e a n s  that th e  in te r a c tio n s  b e tw e e n  
d if fe r e n c e  m o le c u le s  b e c o m e  stron ger, kn  a s su m e s  h ig h  v a lu e s  w h e n  in term o lec u la r  
a s s o c ia t io n  e x i s t s  [1 8 ] . T h e  ku  v a lu e s  for  th e  H -c h ito s a n  in  ch lo ro fo rm , 
d ic h lo r o m e th a n e  and  tetrah yd rofu ran  s o lu t io n s  are 0 .4 2 7 ,  0 .4 7 3 ,  and  0 .5 0 8 ,  
r e s p e c t iv e ly , s u g g e s t in g  that th e  th ree  H -c h ito sa n  so lu t io n s  c o n ta in  s im ila r  p o ly m er-  
s o lv e n t  in te r a c tio n s . T h e  kn  v a lu e s  for  th e se  s y s te m s  s h o w  that th e y  are g o o d  
so lv e n ts .

F in a lly , w e  s h o w  th e  U tr a c k i-S im h a  p lo t  [1 9 ] , ฦรp v e r su s  c -[ๆ], in  F ig u re  5 .5 . 
In d ilu te  r e g im e , th e  p o ly m e r  c h a in s  are sep ara ted  fro m  e a c h  o th er  and the  
in te r a c tio n s  are w e a k , s o  that th e  p lo t  and  th e  c o l la p s e  o f  th e  d ata  v a lid a te  the  
c o r r e c tn e ss  o f  th e  H u g g in ’s eq u a tio n .

D y n a m ic  L ig h t S c a tte r in g
T h e  d y n a m ic  lig h t  sc a tter in g  e x p e r im e n t  w a s  carr ied  o u t o n  s o lu t io n s  o f  the  

H -c h ito sa n  in  th e  th ree  s o lv e n ts  (c h lo r o fo r m , d ic h lo r o m e th a n e  and  tetrah yd rofu ran ). 
M e a su r e m e n ts  w e r e  ta k e n  at th e  w a v e le n g th  o f  5 1 4 .5  n m  an d  at 30°c. T h e  resu lts  
are sh o w n  in  F ig u r e  5 .6 . V a lu e s  o f  Do, kD th e  n o r m a liz e d  s e c o n d  cu m u la n t, | i2/ r 2 as  
w e l l  as th e  h y d r o d y n a m ic  rad iu s, Rfi from  th e  s to k e s -E in s te in  re la tio n sh ip  are listed
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in  T a b le  5 .4 . Rh v a lu e s  are 5 0 .1 , 3 8 .5 , and  3 9 .9  n m  for  c h lo r o fo r m , d ich lo rom eth an e  
and  te tra h y d ro fu ra n , r e sp e c t iv e ly . T h is  s u g g e s ts  that th e  H -c h ito sa n  c h a in  expands  
th e  m o st  in  c h lo r o fo r m .

ko  is  th e  co n sta n t d e sc r ib in g  th e c o n c e n tr a tio n  d e p e n d e n c e  o f  th e  d iffu sion  
c o e f f ic ie n t .  It is  w e l l  k n o w n  that [1 4 ]  in  a s u ff ic ie n t ly  g o o d  s o lv e n t  th e  d iffu sion  
c o e f f ic ie n t  in c r e a se s  w ith  p o ly m e r  c o n cen tra tio n . A s  th e  s o lv e n t  q u a lity  b ecom es  
p oo rer , kD b e c o m e s  e v e n tu a lly  n e g a tiv e . F orm  T a b le  5 .4 , for a ll s a m p le s , ko va lu es  
are in  th e  p o s it iv e  ra n g e , in d ic a tin g  that a ll th e  so lv e n t  in v e s t ig a te d  are g o o d  so lven ts  
for  th e  H -c h ito sa n . ko  v a lu e s  a lso  su p p ort th e  resu lt o f  kn  as d eterm in ed  b y  
v is c o m e tr y

T h e  n o r m a liz e d  se c o n d  cu m u la n t, p 2/ r 2, in d ic a tin g  s iz e  p o ly d isp ers ity , is 

s h o w n  in  T a b le  5 .4  [2 0 ] , F or ch lo ro fo rm  so lu t io n , th e  n o r m a liz e d  v a r ia n ce , p.2/ r 2, is 
0 .6 1 , h ig h e r  than  th o se  o f  th e  o th er so lu t io n s , in d ic a tin g  that th e  d egree  s ize  
d if fe r e n c e  o f  H -c h ito sa n  m o le c u le s  in  c h lo r o fo r m  is  h ig h e r  than  th ose  in  
d ic h lo r o m e th a n e  or  tetrah yd rofu ran  so lu t io n  [2 0 ] . T h e  n o r m a liz e d  s e c o n d  cum ulant 
v a lu e s  for  d ic h lo r o m e th a n e  and tetrah yd rofu ran  are 0 .4 0  and  0 .3 8 , resp ectiv e ly , 
in d ic a tin g  th e  d e g r e e s  o f  s iz e  m ism a tch  for th e se  s o lv e n ts  are co m p a r a b le .

T h e  Rh v a lu e s  reco rd ed  in  ch lo r o fo r m  ap p ear larger  than  th ose  in  
d ic h lo r o m e th a n e  and  tetrah yd rofu ran , s u g g e s t in g  that s o m e  u n w in d in g  o f  the  
p o ly m e r  c h a in  o c c u r s  in  ch lo ro fo rm . T h is  can  b e  re la ted  to  th e  s o lu b i lity  param eter  
o f  H -c h ito sa n  and  ch lo r o fo r m . O ur resu lts  are in  g o o d  a g r e e m e n t w ith  the earlier 
e x p e r im e n t  o f  d y n a m ic  ligh t sca tter in g  o f  p o ly (p -m e th o x y )p h e n y l a ce ty len e  in  
c h lo r o fo r m  [ 2 1 ,2 2 ] ,

T h e  lig h t  sc a tte r in g  d ata  in d ica te  that th e  v a r ia tio n  o f  h yd rod yn a'm ic  radius o f  
H -c h ito sa n  in  d if fe r e n t  o rg a n ic  so lv e n t  c o u ld  b e  d u e  to th e  d iffe r e n t p olym er  
c o n fo r m a tio n  in  so lu t io n . A  p o ly m e r /so lv e n t  in tera c tio n  is  o p e r a iin g  h ere  lea d in g  to  
d iffe r e n t R h v a lu e s . It m u st b e  n o ted , as p o in te d  ou t b y  L e e  an d  c o w o r k e r  [23], that 
th e  h y d r o d y n a m ic  rad iu s is n o t s tr ic tly  th e  sa m e  as th e  ch a in  d im e n s io n , but 
d e p e n d in g  o n  th e  c h a in  f le x ib ility . T h is  im p lie s  that th e  c h a in  f le x ib i l i t y  m ay  vary  
w ith  s o lv e n t , r e su lt in g  in  a m o re  c o m p a c t  stru ctu re w ith  a lo w e r  h yd rod yn am ic  
rad ius.
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Finally, Figure 5.7 shows that D o  is inversely proportional to the solvent 
viscosity. This im plies a stokes-Einstein relationship.

Surface Tension
Another interesting feature, which has rarely been investigated, concerns the 

surface and interfacial activities o f  the hydrophobically m odified chitosan, 
H-chitosan. The surface tension o f  H-chitosan solutions in different organic solvents 
could be measured by the pendant drop method. Geometry o f  a drop was analyzed 
optically (Figure 5.8). The surface tension o f  a system  is governed by the usual 
thermodynamic variables and primarily by the chem ical nature o f  the components 
present in the surface phase. The surface activity phenomenon can be used to 
explain its m olecular picture (i.e., the nature o f  its monomeric units, its orientation, 
and overall distribution in solvent medium as w ell as interaction with the solvent 
m olecule).

Figure 5.9 show s surface tension vs. concentration for the three organic 
solvents o f  H-chitosan. Surface tensions o f  H-chitosan dissolved in chloroform and 
tetrahydrofuran generally decrease with increasing concentration, and no maxima or 
minima can be observed. The decease in surface tension could be attributed to the 
increase adsorption o f  the variable H-chitosan m olecules at the air-solution interface 
as the polym er concentration increases leading to the interfacial excess o f the 
polymer. At low  H-chitosan concentrations, H-chitosan m olecules absorb at the 
interface so that the H-chitosan m olecules can escape into the air phase because o f  
insufficient number o f  the H-chitosan m olecules are available to form intermolecular 
aggregates. A s a result, a sharp decrease in surface tension is observed in the lower 
polymer concentration range. In the higher H-chitosan concentration range, the 
interface becom es saturated with H-chitosan m olecules and the intermolecular 
aggregates start to provide a favorable environment for the hydrophobes. 
Consequently, a less pronounced decrease in surface tension can be observed in the 
higher H -chitosan concentration range. On the other hand, the surface tension o f  
H-chitosan dissolved in dichloromethane increases with increasing concentration.
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5.5 CONCLUSIONS

Hexanoyl chitosan with DS o f  3.92 was dissolved in various organic solvents 
such as chloroform, dichloromethane and tetrahydrofuran in order to study the effect 
o f  solvent on solution properties o f  the hexanoyl chitosan. Dilute solution properties 
o f  H-chitosan in three organic solvents, chloroform, dichloromethane or 
tetrahydrofuran were studied to investigate the relationship between polymer-solvent 
interaction, the solution viscosity and hydrodynamic radius, and the air-liquid 
interfacial activities. The kH values for the H-chitosan in each solution indicates that 
the three H-chitosan solutions contain comparable polym er-solvent interactions as 
they are expected to be for a good solvent. The R H value determined in chloroform 
appears to be larger than those in dichloromethane and tetrahydrofuran, suggesting 
that a more favorable unwinding o f  the polymer chain occurs in chloroform. This 
can be related to the closeness between the solubility parameters o f  H-chitosan and 
chloroform. Surface tension o f  H-chitosan dissolved in chloroform and 
tetrahydrofuran decreases with increasing concentration, whereas the surface tension 
o f  the H-chitosan dissolved in dichloromethane increases with increasing 
concentration.
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Variation o f  surface tension on concentration for H-chitosan in three 
solvent investigated.
Surface tension for H-chitosan in three solvent investigated



Table 5.1 P r o p e r t i e s  o f  s o lv e n ts

Properties Chloroform Dichloromethane Tetrahydrofuran
V iscosity@ 30°C  (cP) 0.539 0.440 0.460
Refractive index 1.443 1.424 1.407
Surface tension (m N/M ) 27.50 28.60 26.40
Density (g /cm 3) 1.483 1.327 0.889
Solubility parameter 9.34 9.70 9.10
(Cal/cm3) 1/2
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Table 5.2 Molar volum e and attraction constants [13]

Group Molar volume constant, Vi 

(cm 3 m ole'1)
Molar attraction constant, F '  

((cal.cm 3)0 5 m ole'1)
-CH3 31.8 218
-CH2- 16.5 132
>CH- 1.9 23
-oco- 19.6 298
-CO- 10.7 262
-0 - 5.1 95
>N - -0.5 -3
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Table 5.3 Intrinsic viscosity, [ ๆ ]  and Huggins coefficient, kn  for H-chitosan 
solutions dissolved in different organic solvents at 30°c

Solvent [ ๆ ]  (dl/g) ๒
Chloroform 1.42710.008 0.37610.012

Dichloromethane 1.40210.003 0.49610.005
Tetrahydrofuran 1.38510.003 0.50810.003
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Table 5.4 D o, ko, f^ /r 2 and R h  data obtained from dynamic light scattering 
measurement for H-chitosan solutions in different organic solvents at 30°c

Solvent A , X 10 7 
(m 2/sec)

R h

(nm) k o ^ / r 2

Chloroform 8.21±0.0 50.12±0.2 15.24+0.6 0.61+0.03
Dichloromethane 13.11+0.4 38.51 + 1.2 16.73+1.3 0.40+0.07
Tetrahydrofuran 12.09±0.1 39.92+0.2 20.78+0.2 0.38+0.02
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Figure 5.5
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Figure 5.7
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Figure 5.8
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