
C H A P T E R  II

THEORY AND LITERARURE REVIEW

2.1 Stimuli-responsive polymers

S t im u li- r e s p o n s iv e  p o ly m e r s  a re  p o ly m e r s  th a t  re s p o n d  w ith  la rg e  p ro p e r t y  

c h a n g e s  t o  s m a ll  p h y s ic a l o r c h e m ic a l c h a n g e s  in  th e ir  e n v iro n m e n t .  T h e y  a re  u s u a lly  

c la s s if ie d  a c c o rd in g  t o  t h e  s t im u li t h e y  r e s p o n d  to  as te m p e ra tu re - ,  pH -, io n ic  

s tre n g th - , lig h t-, e le c t r ic - ,  a n d  m a g n e t ic  f ie ld - s e n s it iv e .  S o m e  p o ly m e r s  r e s p o n d  t o  a 

c o m b in a t io n  o f  tw o  o r m o re  s t im u li.

P o ly l/V - is o p ro p y la c ry la m id e ) ,  PN IPA A m , is a w e l l- k n o w n  th e rm o - r e s p o n s iv e  

p o ly m e r  w h ic h  c o n ta in s  a h y d r o p h il ic  a m id e  a n d  a h y d r o p h o b ic  is o p r o p y l g ro u p  in 

t h e  p o ly m e r  c h a in s . P N IP A A m  in an  a q u e o u s  s o lu t io n  d e m o n s t r a te s  lo w e r  c r it ic a l 

s o lu t io n  t e m p e ra tu r e  (LCST ) a t 32°c b e c a u s e  o f  h y d ro g e n  b o n d in g  in te ra c t io n s  

b e tw e e n  th e  a m id e  g ro u p  a n d  w a te r  as s h o w n  in F ig u re  2.1. H y d ro g e n  b o n d s  a re  

b o u n d  to  t h e  h y d ro p h il ic  m o ie t ie s  a n d  th e  p o ly m e r  is in a s w o l le n  c o n fo rm a t io n  

b e lo w  L C S T  a n d  in a sh r in k a g e  s ta te  w h i le  t h e  te m p e ra tu r e  is h ig h e r th a n  L C S T  [1],

Figure 2.1. R e v e rs ib le  c o n fo rm a t io n a l c h a n g e s  in re s p o n s e  t o  v a r ia t io n s  o f  th e  

te m p e ra tu r e  o f  th e  P N IP A A m  [1],
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2.2 Polymeric activated esters

P o ly m e r s  h a v in g  m u lt ip le  r e a c t iv e  u n its  a lo n g  th e ir  b a c k b o n e  a re  u s e fu l 

p re c u rs o rs  fo r  m u lt if u n c t io n a l p o ly m e r  p re p a ra t io n . R in g sd o r f a n d  c o w o rk e r s  [2] a n d  

F e rru t i et o f  [3] p e r fo rm e d  p io n e e r in g  w o rk  o n  r e a c t iv e  p o ly m e r s  b a s e d  o n  a c t iv a te d  

e s te rs  in 1972.

T h e  m o n o m e r s  /V -a c ry lo x y s u c c in im id e  (NAS) o r  A / -m e th a c ry lo x y s u c c in im id e  

(N M A S ) h a v e  b e e n  u s e d  e x te n s iv e ly  fo r  t h e  s y n th e s is  o f  m a c r o m o le c u la r  p re c u rso rs

[4] (F igu re  2.2). T h e s e  p o ly m e r s  c a n  b e  c o n v e r t e d  w ith  a m in e s  in a p o s t  

p o ly m e r iz a t io n  m o d if ic a t io n  u n d e r  v e ry  m i ld  c o n d it io n s ,  y ie ld in g  fu n c t io n a l iz e d  

p o ly a c r y la m id e  o r p o ly m e th a c r y la m id e  d e r iv a t iv e s . H o w e v e r , a n o t a b le  d is a d v a n ta g e  

o f  th e s e  tw o  p o ly m e r s  is th e ir  l im it e d  s o lu b il it y .  T h e y  a re  o n ly  s o lu b le  in  D M F  a n d  

D M SO .

A c t iv a te d  e s te rs  in  t h e  fo rm  o f  p e n ta f lu o r o p h e n y l  (m e th - )a c ry la te ,  P FP (M )A  [5] 

a re  v e ry  a t t r a c t iv e  c h o ic e s  in th a t  th e ir  re s u lt in g  p o ly m e r s  a re  h y d r o ly t ic a l ly  s t a b le  in 

a ir a n d  s o lu b le  in m a n y  c o m m o n  o rg a n ic  s o lv e n ts  s u ch  as d io x a n e , d ie t h y l  e th e r , 

c h lo r o fo rm ,  b e n z e n e ,  m e th a n o l,  a n d  n -h e x a n e . A d d it io n a l a d v a n ta g e  lie s  o n  th e  fa c t  

th a t  t h e  re a c t io n  o f  t h e  p e n ta f lu o r o p h e n y l  e s te r  g ro u p s  c a n  b e  c o n v e n ie n t ly  

m o n it o r e d  b y  19F N M R  s p e c t r o s c o p y  [5],

2,4,5-trichlorophenol ester 
(TCP)

pentafluorophenyl acrylate 
endo-N-hydroxy-5-norbornene- (PFPA)
2,3-dicarboxyimide (NorbNHS)

Figure 2.2. C h e m ic a l s t ru c tu re s  o f  v a r io u s  a c t iv a te d  e s te r  m o n o m e r s  [4],
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2.3 Thermo-responsive polymeric micelles

A m p h ip h i l ic  b lo c k  c o p o ly m e r s ,  c o n ta in in g  b o th  h y d r o p h o b ic  a n d  h y d ro p h il ic  

b lo c k s , a re  w e l l  e s ta b lis h e d  as b u ild in g  b lo c k s  fo r  t h e  p re p a ra t io n  o f  m ic e l la r  

s t ru c tu re s . W h e n  a m p h ip h i l ic  b lo c k  c o p o ly m e r s  a re  d is p e r s e d  in  w a te r , m ic e l l iz a t io n  

o c cu rs , w ith  h y d ro p h o b ic  b lo c k s  fo rm in g  th e  c o re  a n d  h y d ro p h il ic  b lo c k s  fo rm in g  th e  

s h e ll .  T h e  w a te r  s o lu b i l i t y  o f  th e s e  s e lf - a s s e m b le d  s t ru c tu re s  is d e r iv e d  f ro m  th e ir  

h y d r o p h il ic  s h e ll .  T h e  h y d r o p h o b ic  c o re  m a k e s  t h e m  p e r fe c t  ca rr ie rs  fo r  h y d r o p h o b ic  

c o m p o u n d s .  It is b e l ie v e d  th a t  t h e  h y d r o p h o b ic  c o re  c re a te s  an  a d e q u a te  re se rv o ir  

fo r  p o o r ly  w a te r - s o lu b le  m o le c u le s  s u ch  as d rug s o r  g enes . T h e  h y d r o p h il ic  s h e l l  n o t  

o n ly  in c re a s e s  t h e  s o lu b i l i t y  o f  t h e  c o m p le x ,  b u t  a ls o  p ro te c ts  t h e  p o o r ly  w a te r -  

s o lu b le  m o le c u le s  f r o m  th e  e x te rn a l e n v iro n m e n t .

T h e rm o - re s p o n s iv e  m ic e l le s  a s s e m b le d  f ro m  a m p h ip h i l ic  b lo c k  c o p o ly m e r s  

h a v e  b e e n  e x te n s iv e ly  s tu d ie d . W h e n  th e  t h e rm o - r e s p o n s iv e  c o m p o n e n t  is 

c o m b in e d  w ith  a h y d r o p h o b ic  b lo c k ,  th e  p o ly m e r  w i l l  fo rm  m ic e l le s  w ith  a th e rm o -  

r e s p o n s iv e  s h e ll .  U p o n  h e a t in g  a b o v e  th e  LC S T  th e  s h e l l  c o l la p s e s  re su lt in g  

p re c ip ita t io n / g e la t io n  o f  t h e  m ic e l le s .  T h e  fo rm  o f  c o l lo id a l  m a te r ia ls  h a s  b e e n  

u t i l iz e d  t o  e n c a p s u la te  h y d r o p h o b ic  m o le c u le s  w ith in  t h e  c o re  a n d  re le a s e  th e m  

u p o n  h e a t in g  a b o v e  th e  LC S T  as f o llo w in g  re p o rts .

เท 1997, O k a n o  et ai.[6] p re p a re d  th e rm o - r e s p o n s iv e  p o ly m e r ic  m ic e l le s  f ro m  

a m p h ip h i l ic  b lo c k  c o p o ly m e r s  c o m p o s e d  o f  A / - is o p ro p y la c ry la m id e  (N IPA A m ) (a 

th e rm o - r e s p o n s iv e  o u te r  s h e ll)  a n d  s ty re n e  (St) (a h y d r o p h o b ic  in n e r  c o re )  as s h o w n  

in F ig u re  2.3. T h e  m ic e l le s  h a v e  a u n im o d a l s iz e  d is t r ib u t io n  (24 ก ค ) . T h e s e  m ic e l le s  

h a v e  a s m a ll  d ia m e te r  w ith  a LCST , p ro v id in g  a c a rr ie r  th a t  m a y  h a v e  lo n g  b lo o d  

c ir c u la t io n  t im e s . La te r, in 1999, O k a n o  et ๗ . [7] d e v e lo p e d  p o ly ( /V - is o p ro p y l-  

a c ry la m id e ) -b (o c /c -p o ly (b u ty l m e th a c r y la te )  m ic e l le s  a n d  e n c a p s u la t e d  a d r ia m y c in  

w ith in  t h e  c o re . A t  te m p e ra tu r e s  b e lo w  th e  L C S T  o f  t h e  A / - is o p ro p y la c ry la m id e  

(N IPA A m ) b lo c k  (ca. 32°c), a d r ia m y c in  re le a s e  w a s  s lo w  w ith  le s s  th a n  20%  re le a s e  

a f te r  48 h. W h e n  th e  te m p e ra tu r e  w a s  ra is e d  t o  37  o r  40°c r e le a s e  w a s  ra p id  w ith  

80% a fte r  5 h a n d  90% a fte r  48 h. S im ila r  r e s u lt s  h a v e  b e e n  r e p o r te d  b y  Y an g  a n d  

c o w o rk e r s  [8] fo r  d o x o ru b ic in  (D O X) re le a s e  f r o m  po ly [N IPAAm -co -(/V ,/V  - 

d im e th y la c r y la m id e ) ] - b (o c k -p o ly [ (D ,L - la c t id e ) - c o -g ly c o l id e ]  m ic e l le s  a n d  b y
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Z h u  et al.[ 9] fo r  t h e  re le a s e  o f  p a c l it a x e l f ro m  po ly (N IP A A m )-W o c/c - 

p o ly [ ( h y d ro x y e th y l ทาe th a c ry la te ) -g ra / f -p o ly c a p ro la c to n e ) ]  m ic e l le s .

P I P A A m  h y d r o p h i l ic

P S t  h y d r o p h o b ic  c o r e  d o m a in

c o re  d o m a in

Figure 2.3. S t ru c tu ra l c h a n g e s  o c cu rr in g  w h e n  th e  s o lu t io n  t e m p e ra tu r e  is in c re a s e d  

a b o v e  th e  L C S T  o f  P N IP A A m /P S t m ic e l le s  [7],

M u c h  le s s  w o rk  ha s  b e e n  d e d ic a te d  t o  t h e  p re p a ra t io n  o f  t h e rm o - r e s p o n s iv e  

m ic e l le s  c o n ta in in g  a c t iv a te d  m o ie t ie s .  R e c e n t ly  in 2 012 , Z h u a n g  et al. h a v e  

d e v e lo p e d  w a te r -d is p e r s ib le  n a n o g e ls  b a s e d  o n  p e n ta f lu o r o p h e n y l  a c ry la te  a n d  

p o ly le t h y le n e  g ly c o l)  m e th a c r y la t e  r a n d o m  c o p o ly m e r  h a v in g  d ia m in e  as a 

c ro s s lin k e r  (F igu re  2.4). I s o p ro p y la m in e  a n d  N,N - d im e th y le th y le n e d ia m in e  w e re  

in c o rp o ra te d  o n t o  t h e  c ro s s - l in k e d  n a n o g e l t o  d e m o n s t r a te  t h e  p o s s ib i l i t y  o f  s u r fa c e  

e n g in e e r in g . T h e s e  n a n o g e ls  c a n  e n c a p s u la te  l ip o p h i l ic  g u e s t m o le c u le s  d u r in g  th e  

c ro s s - lin k in g  s te p  o f  t h e  n a n o g e l s y n th e s is  [10].
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NHj-R-NH. 
DIPEA.

1, - K -w n ,  b  0 ,  NH c  o  R-NH; J o  0, * *  V H

EA. Solver \  R V ' T  FDIPEA. Solvent ) R6 o^  NH F X  ^  NH

๙ .  ๙
NG 1 NG 2

PEG unit 

PFP unit

R = CHjCHjCHjCHjCHjCHj R' = CHfCHjlj
or Ch' c HjS-SCh 'c h '  or CH2CH2N(CH 1)2

«ะ' Lipophilic molecule 
" O '  Diamino cross-linker

(NHj-R-NH,)
9  Surface modification agent

Figure 2.4. S c h e m a t ic  r e p re s e n ta t io n  o f  d e s ig n a n d  s y n th e s is  o f  t h e  c ro s s - l in k e d

p o ly m e r  n a n o g e ls  [10].

2.4 Electrospinning

T h e  e le c t r o s p in n in g  t e c h n iq u e  is r e c o g n iz e d  as a s im p le  a n d  v e r s a t i le  m e th o d  

fo r  p re p a r in g  m ic ro / n a n o s c a le  f ib e rs  w ith  a v e r y  la rg e  su r fa c e  a rea  t o  v o lu m e  ra tio , 

f le x ib i l i t y  in s u r fa c e  fu n c t io n a l it ie s ,  a n d  s u p e r io r  m e c h a n ic a l p e r fo rm a n c e  [11]. A  b a s ic  

c o n c e p t  o f  e le c t r o s p in n in g  is t o  e m p lo y  a h ig h -v o lta g e  e le c t r ic  f ie ld  t o  p r o d u c e  f ib e rs  

f ro m  a p o ly m e r ic  f lu id  s t re a m  ( s o lu t io n  o r m e lt )  d e p o s it e d  o n  th e  c o l le c t o r  su rfa ce . 

U p o n  a p p ly in g  an  e le c t r ic  f ie ld ,  t h e  p o ly m e r ic  s o lu t io n  w ith  a m o d e r a te  v is c o s it y  

v a lu e  fo rm s  th e  T a y lo r  c o n e  (F ig u re  2 .5) a t  t h e  t ip  o f  an  in je c to r  [12], W h e n  th e  

e le c t r ic  v o lt a g e  a p p lie d  b e tw e e n  th e  in je c to r  a n d  t h e  c o l le c t o r  e x c e e d s  t h e  su r fa c e  

t e n s io n  fo r c e  o f  t h e  T a y lo r  c o n e ,  t h e  c h a rg e d  je t s  a re  e v e n t u a l ly  s p r in k le d  t o  t h e  

g ro u n d . D u ring  th e  t r a v e l o f  t h e  f ib ro u s  je ts , t h e  s o lv e n t  e v a p o ra te s ,  g e n e ra t in g  a 

s o l id if ie d  n a n o f ib ro u s  s t ru c tu re  o n  t h e  g ro u n d . T h e  b a s ic  e x p e r im e n t a l s e tu p  is 

p r e s e n te d  in F igu re  2.6.
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Increas ing  A p p lie d  Vo ltages

Figure 2.5. S c h e m a t ic  i l lu s t ra t io n  o f  a T a y lo r  c o n e  fo rm a t io n  w ith  in c re a s e  in a p p lie d  

v o lta g e s  [12].

Figure 2.6. S c h e m a t ic  d ia g ra m  o f  t h e  e le c t r o s p in n in g  p ro c e s s  [13],

T o  th e  b e s t  o f  o u r  k n o w le d g e , th e re  a re  a fe w  re se a rch  p u b lic a t io n s  r e p o r te d  

th e  u se  o f  e le c t r o s p u n  PN IPA A m  fib e rs  fo r  b io m e d ic a l a p p lic a t io n s .

เท 2012 , S h a rm a  et o f . [14] p re p a re d  d u a l s t im u li- s e n s it iv e  p o ly m e r ic  

n a n o f ib e r s  o f  p o ly a n il in e - c a rb o n  n a n o tu b e /p o ly ( /V - is o p ro p y l a c ry la m id e - c o -  

m e th a c r y l ic  a c id )  (P A N I-C N T /P N IP A A m -co -M A A ) c o m p o s it e  n a n o f ib e r s  as a c o n d u c t in g  

sm a rt  t is s u e  e n g in e e r in g  s c a f fo ld  u s ing  e le c t ro s p in n in g .  C e l lu la r  r e s p o n s e  o f  th e  

n a n o f ib e r s  w a s  s tu d ie d  w ith  m ic e  L 9 2 9  f ib ro b la s ts .  P A N I-C N T /P N IP A A m -co -M A A  

c o m p o s it e  n a n o f ib e r s  s u p p o r t e d  h ig h e s t  c e l l  g ro w th  a n d  c e l l  v ia b il it y  as c o m p a re d  to  

P N IP A A m -c o -M A A  n a n o f ib e rs . C e l l  v ia b il it y  o f  98%  o n  th e  c o m p o s it e  n a n o f ib e r s
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in d ic a t in g  th a t  t h e  c o m p o s it e  n a n o f ib e r s  p ro v id e s  a b e t t e r  e n v ir o n m e n t  as a 3D  

s c a f fo ld  fo r  th e  c e l l  p ro l ife r a t io n  a n d  a t ta c h m e n t  s u it a b le  fo r  t is s u e  e n g in e e r in g  

a p p lic a t io n s .

เท 2014 , H e e  O h  et ๐/.[15] fa b r ic a te d  t h e rm o re s p o n s iv e  p o ly s t y r e n e  (PS) 

n a n o f ib ro u s  m a ts  b y  e le c t r o s p in n in g  m e th o d  a n d  s u b s e q u e n t  s u r fa c e  graft 

p o ly m e r iz a t io n  o f  p o ly ( /V - is o p ro p y la c ry la m id e )  P N IP A A m  b y  e le c t r o n  b e a m  irra d ia t io n . 

C e l ls  w e re  w e l l  a t ta c h e d  a n d  p ro l ife r a te d  o n  n a n o f ib ro u s  PS m a t  m o re  th a n  f la t  PS 

d ish  su rfa ce . M o re o v e r ,  c e l ls  w e re  d e ta c h e d  m o re  ra p id ly  o n  P N IP A A m -g ra fte d  PS 

n a n o f ib e r  su r fa c e s  th a n  P N IP A A m -g ra fte d  PS  d ish  su r fa c e s  p r o b a b ly  d u e  t o  th e  

e f fe c t iv e  w a te r  s u p p ly  v ia  e x is t in g  p o re s  o n  n a n o f ib e rs . F ro m  th is  v ie w  p o in t , 

P N IP A A m -g ra fte d  n a n o f ib ro u s  m a ts  c o u ld  b e  a p ro m is in g  t o o l  t o  re c o v e r  in ta c t  

c u lt u r e d  c e l ls .

B io e n g in e e r in g  a p p lic a t io n s  o f  P N IP A A m  a re  s ig n if ic a n t ly  l im it e d  b e c a u s e  o f  

t h e  s im p le  s t ru c tu re  o f  t h e  P N IP A A m  w h ic h  d o e s  n o t  c o n ta in  a n y  r e a c t iv e  fu n c t io n a l 

g ro u p s  th a t  a re  c a p a b le  o f  fo rm in g  c h e m ic a l ly  in c o r p o r a te d  b io c o n ju g a te s  w ith  

b io m o le c u le s .  เท o rd e r  t o  im m o b il iz e  b io a c t iv e  m o le c u le s  o n t o  t h e  s u r fa c e  o f  

P N IP A A m , th e ir  su r fa c e s  m u s t  b e  m o d if ie d  to  in t r o d u c e  a c t iv e  fu n c t io n a l g ro u p  fo r  

fu n c t io n a l iz a t io n .  F o r  th is  re a so n , c o p o ly m e r s  o f  P N IP A A m  h a v in g  m u lt ip le  r e a c t iv e  

u n its  a lo n g  th e ir  b a c k b o n e  s h o u ld  b e  u s e fu l p re c u rs o rs  fo r  m u lt if u n c t io n a l  p o ly m e r  

p re p a ra t io n .

เท 20 03 , S m ith  et o f . [16] s y n th e s iz e d  A / - is o p ro p y la c ry la m id e  (N IP P A m )-b a se d  

th e rm o r e v e r s ib le  p o ly m e r s  c o n ta in in g  a m in e - r e a c t iv e  /V -a c ry lo x y s u c c in im id e  (NAS) 

g ro u p s . T h e  N A S -c o n ta in in g  p o ly m e r s  w e re  c a s t  as f i lm s  o n  t is s u e  c u ltu r e  

p o ly s ty r e n e .  T h e  t r ia m in o  a c id  s e q u e n c e ,  a rg in in e -g ly c in e -a s p a r t ic  a c id  (RGD) w a s  

t h e n  im m o b il iz e d  o n  th e  f ilm . T h e  g ra fte d  p e p t id e s  s u p p o r t  C 2 C 1 2  c e l l  a t ta c h m e n t ,  

as e v id e n c e d  b y  in c re a s e d  c e l l  a t t a c h m e n t  a n d  sp re a d in g  o n  N IP P A m  su rfa c e s  

c o n ju g a te d  w ith  th e  p e p t id e .  N A S -c o n ta in in g  th e rm o r e v e r s ib le  p o ly m e r s  a re  

a m e n a b le  fo r  g ra fting  b io m im e t ic  p e p t id e s  t o  im p a r t  c e l l  a d h e s iv e n e s s  t o  th e  

p o ly m e r s .

D es ign ing  a n d  p ro d u c in g  th r e e - d im e n s io n a l (3D) o f  f u n c t io n a l  p o ly m e r  

n a n o f ib ro u s  s t ru c tu re  v ia  e le c t r o s p in n in g  w a s  in v e s t ig a te d  b y  G e n ts c h  a n d  c o w o rk e r s
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in 2 0 10  [17], T h e y  s u c c e s s fu l ly  p re p a re d  r e a c t iv e  f ib e r  m e s h e s  o f  p o ly lp e n t a f lu o r o -  

p h e n y l m e th a c r y la te )  (P P F P M A ) a n d  P P F P M A /p o ly ( £ - c a p ro la c to n e )  (PCL) b le n d s , 

re su lt in g  in r e a c t iv e  n a n o f ib e r s  w ith  f ib e r  s u r fa c e s  th a t  c a n  b e  fu n c t io n a l iz e d  w ith  

s u ita b le  b io a c t iv e  e n t it ie s  (F ig u re  2.7). T h is  f ib e r  m e sh  is a v e r s a t i le  p la t fo rm  fo r  

s im p le  im m o b il iz a t io n  o f  suga r m o le c u le s  v ia  p o ly m e r  a n a lo g o u s  re a c t io n . M e sh e s  

f u n c t io n a l iz e d  w ith  m a n n o s e  s p e c if ic a lly  e n h a n c e  th e  c y to k in e  p r o d u c t io n  o f  

m a c ro p h a g e s .

R  = HO''-'-' ' ■''^

Figure 2.7. F u n c t io n a liz a t io n  o f  f ib e r  m e s h e s  b e a r in g  a c t iv a te d  e s te rs  a t  t h e  su r fa c e  

a l lo w s  fo r  t h e  in t r o d u c t io n  o f  d if fe re n t  a m in o  fu n c t io n a l m o le c u le s  [17].

2.5 Reversible addition-fragmentation chain transfer (RAFT) polymerization

เท r e c e n t  y ea rs , r e v e rs ib le  a d d it io n - f ra g m e n ta t io n  c h a in  t ra n s fe r  o r  R A FT  

p o ly m e r iz a t io n ,  o n e  k in d  o f  c o n t r o l le d  ra d ic a l p o ly m e r iz a t io n ,  is a t t r a c t iv e  fo r  

d e v e lo p m e n t  o f  liv in g  ra d ic a l p o ly m e r iz a t io n .  R A F T  p o ly m e r iz a t io n  has b e e n  u se d  

s u c c e s s fu l ly  fo r  s y n th e s iz in g  a w id e  range  o f  p o ly m e r s  w ith  c o n t r o l le d  m o le c u la r  

w e ig h t  a n d  lo w  p o ly d is p e r s it y  in d e x  (PDI) [18-20], S o m e  m o n o m e r s  c a p a b le  o f  

p o ly m e r iz in g  b y  R A FT  in c lu d e  s ty re n e s , a c ry la te s ,  a c ry la m id e s  as w e l l  a s a range  o f  

o th e r  v in y l m o n o m e rs .  เท a d d it io n , t h e  R A FT  p ro c e s s  a l lo w s  th e  s y n th e s is  o f  v a r ie ty  

m a c r o m o le c u la r  a r c h ite c tu re s  s u ch  as b lo c k , g ra d ie n t, s ta t is t ic a l,  c o m b /b ru s h ,  star, 

h y p e rb ra n c h e d , a n d  n e tw o rk  c o p o ly m e r s  as w e l l  as A T R P  sy s te m .

R A FT  is a t y p e  o f  liv in g  p o ly m e r iz a t io n  in v o lv in g  a c o n v e n t io n a l  r a d ic a l 

p o ly m e r iz a t io n  in t h e  p re s e n c e  o f  a r e v e rs ib le  c h a in  t ra n s fe r  re a g e n t  (CTA). T h e  C T A
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o r R A FT  a g e n ts  s u ch  as d ith io e s te rs ,  th io c a rb a m a te s ,  a n d  d ith io c a r b o n a te s  

(x an th a te s ) , a re  u se d  to  b e  in te rm e d ia te  in t h e  p o ly m e r iz a t io n  v ia  a r e v e rs ib le  c h a in -  

t ra n s fe r  p ro c e s s . T h e  g e n e ra l s t ru c tu re  o f  C T A  is s h o w n  in F igu re  2.8. T h e  z  g ro u p  

se rv e s  to  a c t iv a te  o r  d e a c t iv a te  t h e  re a c t iv ity  o f  t h e  c = s  b o n d  to w a rd s  a d d it io n . T h e  

R g ro up , a h o m o ly t ic  le a v in g  g ro up , m u s t  fo rm  a s t a b le  f re e  ra d ic a l.  L ik e  o th e r  liv in g  

p o ly m e r iz a t io n s ,  t h e re  is n o  te rm in a t io n  s te p  in th e  R A F T  p ro c e s s . It is a v e ry  

v e r s a t i le  m e th o d  t o  fo rm  lo w  p o ly d is p e r s it y  p o ly m e r  f r o m  m o n o m e r s  c a p a b le  o f  

r a d ic a l p o ly m e r iz a t io n .  T h e  re a c t io n  is u s u a l ly  d o n e  w ith  a d ith io e s te r .  T h e re  a re  fo u r  

s te p s  in R A FT  p o ly m e r iz a t io n :  in it ia t io n , a d d it io n - f ra g m e n ta t io n ,  r e - in it ia t io n  a n d  

e q u il ib r a t io n  (F igu re  2.9).

1) In it ia tion : T h e  re a c t io n  is s ta r te d  b y  ra d ic a l in ita to rs  su ch  as AIBN. เท th is  s te p , 

t h e  in it ia to r  (I) re a c ts  w ith  a m o n o m e r  u n it  t o  c re a te  ra d ic a l s p e c ie s  w h ic h  

s ta rt a c t iv e  p o ly m e r iz in g  ch a in .

2) A d d it io n - F r a g m e n ta t io n : T h e  a c t iv e  c h a in  (pn) re a c ts  w ith  t h e  d ith io e s te r ,  

w h ic h  k icks o u t  t h e  h o m o ly t ic  le a v in g  g ro u p  (R). T h is  is a r e v e r s ib le  s te p , w ith  

an  in te rm e d ia te  s p e c ie s  c a p a b le  o f  lo s in g  e ith e r  th e  le a v in g  g ro u p  (R) o r  th e  

a c t iv e  s p e c ie s  (pn).

3) R e - in it ia t io n :  T h e  le a v in g  g ro u p  ra d ic a l th e n  re a c ts  w ith  a n o th e r  m o n o m e r  

sp e c ie s , s ta rt in g  a n o th e r  a c t iv e  p o ly m e r  ch a in . T h is  a c t iv e  c h a in  (p m) is th e n  

a b le  t o  go th ro u g h  th e  a d d it io n - f ra g m e n ta t io n  o r e q u il ib r a t io n  s te p s .

4) E q u il ib ra t io n :  T h is  is th e  fu n d a m e n ta l s te p  in t h e  R A F T  p ro c e s s  w h ic h  t ra p s  

th e  m a jo r ity  o f  t h e  a c t iv e  p ro p a g a t in g  s p e c ie s  in to  th e  d o rm a n t  t h io c a r b o n y l 

c o m p o u n d .  T h is  l im its  t h e  p o s s ib i l i t y  o f  c h a in  te rm in a t io n .  A c t iv e  p o ly m e r  

c h a in s  (pm a n d  P J  a re  in an  e q u il ib r iu m  b e tw e e n  th e  a c t iv e  a n d  d o rm a n t  

stages. W h ile  o n e  p o ly m e r  c h a in  is in t h e  d o rm a n t  s ta ge  (b o u n d  t o  th e  

t h io c a r b o n y l c o m p o u n d ) ,  th e  o th e r  is a c t iv e  in  p o ly m e r iz a t io n .
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R e a c t iv e  §
d o u b le  b o n d  II

ร < R

Î : .  1
V  A i f i  j j ;,; W e a k  s i n g lez  m o d if ie s  a d d it io n  b o n d
and  fra g m e n ta t io n

Figure 2.8. G e n e ra l fo rm  o f  R A F T  c h a in  t ra n s fe r  a g e n ts  [20],

Initiation
.  Monomer (M) p .  

-------------►  “ n

Chain transfer

Reinitiation

p* Monomer (M) p  • 
rv ---------------£*» ' n

Chain equilibration

Figure 2.9. M e c h a n is m  o f  R A FT  [20].

B y  c o n t r o l l in g  t h e  c o n c e n t r a t io n  o f  in it ia to r  a n d  C T A , it is p o s s ib le  t o  p r o d u c e  

c o n t r o l le d  m o le c u la r  w e ig h t  w ith  lo w  p o ly d is p e rs it ie s .  เท R A F T  p o ly m e r iz a t io n ,  th e  

c o n c e n t r a t io n  o n  th e  a c t iv e  s p e c ie s  is k e p t  lo w  r e la t iv e  t o  t h e  d o rm a n t  s p e c ie s  b y  

c o n t r o l l in g  t h e  a m o u n t  o f  in it ia to r  a n d  c a p p in g  agen t. T h is  in tu rn  w i l l  l im it  

t e rm in a t io n  s te p s  s u ch  as ra d ic a l c o m b in a t io n  a n d  d is p r o p o r t io n a t io n ,  in c re a s in g  th e  

p o ly m e r  le n g th .

F irs t in v e s t ig a t io n s  o f  t h e  R A F T  p o ly m e r iz a t io n  o f  t h e  c o p o ly m e r iz a t io n  o f  N AS  

w ith  N,n ' - d ie t h y l  a c ry la m id e  w a s  s u c c e s s fu l u n d e r  R A FT  c o n d it io n s  [21]. A  g o o d
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control of molecular weight (5 kDa < Mn <130 kDa), narrow molecular weight 

distributions (PDI < 1.1), and reasonable yields of up to 70% were achieved. เท similar 

experiments, Kane and coworkers [22] reported on the RAFT copolymerization of 

NMAS with A/-(2-hydroxypropyl) methacrylamide in a wide range of molecular weights 

(Mn = 3-50 kDa) with narrow molecular weight distributions (PDI = 1.1-1.3), which may 

be used in polymeric therapeutics. Accordingly, block copolymers were synthesized 

by RAFT polymerization of A/,//-dimethyl acrylamide (DMA) to yield a first block with 

a molecular weight of Mn = 44.3 kDa, which had been used as a polymeric chain 

transfer agent for the RAFT polymerization of NAS (Mn = 7.4 kDa) [23]. Savariar and 

Thayumanavan [24] reported a successful copolymerization of NFISA with A/-isopropyl 

acrylamide under RAFT polymerization.

A controlled RAFT homopolymerization of NAS or NMAS still causes 

problems, probably due to the limited solubility. An alternative approach resembles 

the polymerization of pentafluorophenyl acrylates (PFPA) and -methacrylates 

(PFPMA) [5], For example, pentafluorophenyl methacrylate could be polymerized 

under RAFT conditions using cumyl dithiobenzoate or 4-cyano-4- 

((thiobenzoyl)sulfanyb-pentanoic acid with a very good control over molecular 

weight (Mn up to 17 kDa) and narrow molecular weight distributions (Mv/Mn = 1.2) 

[25], The excellent solubility of the resulting poly(pentafluorophenyl methacrylate) 

(PPFPMA) in common organic solvents led to the successful synthesis of diblock 

copolymers using RAFT polymerization.
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