
I M P R O V E M E N T  O F  E L E C T R O M E C H A N I C A L  P R O P E R T I E S  O F  
G E L A T I N  H Y D R O G E L S  B Y  B L E N D I N G  W I T H  N A N O W I R E -  

P O L Y P Y R R O L E :  E F F E C T  O F  E L E C T R I C  F I E L D  A N D  T E M P E R A T U R E

3.1  A b s t r a c t

N a n o w i r e - P o ly p y r r o le /g e la t in  h y d r o g e ls  w e r e  f a b r ic a te d  b y  th e  d i s p e r s io n  

o f  n a n o w ir e - p o ly p y r r o le  in to  th e  g e la t in  a q u e o u s  s o lu t i o n  f o l l o w e d  b y  th e  s o lv e n t  

c a s t in g .  T h e  e le c t r o m e c h a n ic a l  p r o p e r t ie s ,  th e r m a l  p r o p e r t ie s  a n d  d e f l e c t i o n  o f  p u re  

g e la t in  h y d r o g e l  a n d  n a n o w ir e - p o ly p y r r o le /g e la t in  h y d r o g e ls  w e r e  s tu d ie d  a s  

fu n c t io n s  o f  t e m p e r a tu r e , f r e q u e n c y , a n d  e le c t r ic  f i e ld  s tr e n g th . T h e  0 .0 1 ,  0 .1 .  0 .5 ,  1 
% v /v  n a n o w ir e - p o ly p y r r o le /g e la t in  h y d r o g e ls  a n d  p u r e  g e la t in  h y d r o g e l  p o s s e s s  

s to r a g e  m o d u lu s  s e n s i t i v i t y  v a lu e s  o f  0 .7 5 ,  1 .0 4 ,  0 .8 8 ,  0 .9 9  a n d  0 . 4 6 ,  r e s p e c t iv e ly ,  at 

th e  e l e c t r i c  f i e ld  s t r e n g th  o f  8 0 0  v / r n m .  T h e  e f f e c t  o f  t e m p e r a tu r e  o n  th e  

e l e c t r o m e c h a n ic a l  p r o p e r t ie s  o f  th e  p u r e  g e la t in  h y d r o g e l  a n d  n a n o w ir e -  

p o ly p y r r o le /g e la t in  h y d r o g e ls  w e r e  i n v e s t ig a t e d  b e t w e e n  3 0  ° C  a n d  8 0  °C ; th e r e  a re  

th r e e  r e g im e s  fo r  th e  s t o r a g e  m o d u lu s  b e h a v io r .  In th e  d e f l e c t i o n  t e s t in g  in  th e  

c a n t i le v e r  f ix tu r e ,  th e  d i e le c t r o p h o r e s i s  f o r c e  w a s  d e t e r m in e d  a n d  fo u n d  to  in c r e a s e  

m o n o t o n i c a l ly  w ith  e l e c t r i c  f ie ld  s tr e n g th . T h e  p u r e  g e la t in  h y d r o g e l  p o s s e s s e s  th e  

h ig h e s t  d e f l e c t i o n  a n g le  a n d  d ie le t r o p h o r e s i s  f o r c e  a t t h e  e l e c t r i c  f i e ld  s tr e n g th  o f  8 0 0  

v / m m  r e la t iv e  to  t h o s e  o f  th e  n a n o w ir e - p o ly p y r r o le /g e la t in  h y d r o g e ls .

K e y w o r d s :  B io p o ly m e r ;  G e la t in ;  H y d r o g e ls ;  C o n d u c t in g  p o ly m e r s ;  A c tu a t o r
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T h e  e x c h a n g e  o f  e le c t r ic a l  e n e r g y  a n d  m e c h a n ic a l  e n e r g y  h a s  b e e n  o f  

s c i e n t i f i c  a n d  t e c h n o l o g ic a l  in te r e s t  fo r  m a n y  d e c a d e s .  E l e c t r o a c t iv e  p o ly m e r s  

( E A P s )  o f f e r  p r o m is in g  a n d  n o v e l  c h a r a c t e r is t ic s  s u c h  a s  l ig h t w e i g h t ,  h ig h  e n e r g y  

d e n s i t y ,  a n d  h ig h  f l e x ib i l i t y .  T h e y  a r e  a ls o  c a n d id a t e s  fo r  m u s c l e - l i k e  a c tu a to r  

m a te r ia ls .  S o m e  o f  th e  c u r r e n t ly  a v a i la b le  m a t e r ia ls  a re  i o n i c  p o ly m e r - m e t a l  

c o m p o s i t e s  ( I P M C )  ( S h a h in p o o r  e t a l.,  1 9 9 8 ) ,  g e l - p o l y m e r s  ( C a lv e r t  e t a l., 1 9 9 8 ) ,  
c o n d u c t iv e  p o ly m e r s  (M a c d ia r m id  e t a l.,  1 9 8 5 ) ,  e l e c t r i c  f i e ld  a c t iv a t e d  E A P s  s u c h  a s  

e le c t r o n  ir r a d ia te d  ( P V D F  T r F E ) ( Z h a n g  e t a l.,  1 9 9 8 ) ,  d ie le c t r ic  e la s t o m e r s  (P e r l in  et 
al.. 1 9 9 8 ) ,  e le c t r o s t r i c t iv e  p o ly m e r  a r t i f ic ia l  m u s c l e  ( E P A M )  ( K im  ■ ๙ a l ,  2 0 0 6 ;  B a r  

c o h e n  e t a l.,  2 0 0 1 ) ,  a n d  e le c t r o r h e o lo g ic a l  f lu id s  ( K o y a m a  e t'.a l.,  1 9 9 5 ) .  T h e  

d e v e lo p m e n t  o f  e l e c t r o a c t i v e  m a te r ia ls  fo r  a r t i f ic ia l  m u s c l e s  o r  a c tu a to r s  i s  s o u g h t  

a fte r  b e c a u s e  o f  th e  b e n e f i t s  th e y  o f f e r .
G e la t in  is  a  o n e  t y p e  o f  e l e c t r o a c t iv e  p o ly m e r s ;  it i s  p r o t e in  a  b io p o ly m e r  

d e r iv e d  f r o m  th e  p a r t ia l h y d r o ly s i s  o f  n a t iv e  c o l l a g e n s ,  th e  m o s t  a b u n d a n t  s tr u c tu r a l  

p r o t e in s  f o u n d  in  t h e  a n im a l  b o d y :  s k in ,  t e n d o n s ,  c a r t i la g e ,  a n d  b o n e .  It i s  a  g o o d  

f i lm  a n d  p a r t i c l e - f o r m i n g  m a te r ia l  ( Y a n g  e t a l.,  1 9 9 7 ) .  D u e  t o  i t s  w e a l t h  o f  m e r i t s —  

its  b i o l o g i c a l  o r ig in ,  n o n - i m m u n o g e n ic i t y ,  b io d e g r a d a b i l i t y ,  b i o c o m p a t ib i l i t y ,  a n d  

c o m m e r c ia l  a v a i la b i l i t y  a t r e la t iv e ly  l o w  c o s t — g e l a t in  h a s  b e e n  w i d e l y  u s e d  in  th e  

p h a r m a c e u t ic a l  a n d  m e d ic a l  f ie ld s :  s e a la n t s  fo r  v a s c u la r  p r o s t h e s e s .  c a rr ier s  fo r  d r u g  

d e l iv e r y ,  w o u n c l  d r e s s in g s ,  a n d  a r t i f ic ia l  m u s c l e s  ( M a r o is  e t a l.,  1 9 9 5 ) .  N o r m a l ly  

G e la t in  is  p r o d u c e d  b y  d e n a tu r in g  a  n a tu r a l ly  d e r iv e d  c o l la g e n  in  a  s o lu t io n  th r o u g h  

e ith e r  a c id ic  o r  a lk a l in e  p r o c e s s  in  w h i c h  th e  t r ip le - h e l ix  s tr u c tu r e  is  s e p a r a te d  in to  

th e  r a n d o m  c o i l  s tr u c tu r e . D u r in g  th e  g e l l i n g  p r o c e s s ,  th e  r a n d o m  c o i l  in  a  w a r m  

a q u e o u s  s o lu t io n  w i l l  c h a n g e  in to  th e  c o i l - h e l i x  s tr u c tu r e  w h e n  c o o le d  ( R o s s -  

M u r p h y , 1 9 9 2 ) .  H o w e v e r ,  g e la t in  e x h i b i t s  p o o r  m e c h a n ic a l  p r o p e r t ie s ,  w h ic h  l im i t s  

i t s  p o s s i b l e  a p p l ic a t io n  a s  a  b io m a te r ia l .  In  o r d e r  to  u s e  th is  m a te r ia l  in  p r a c t ic a l  

a p p l ic a t io n s ,  th e  s t r u c tu r e  n e e d s  to  b e  r e in f o r c e d  e i t h e r  t h r o u g h  c r o s s l in k in g  o r  u s in g  

s o m e  f i l l e r  m a te r ia ls .  H o w e v e r ,  th e  p r e s e n c e  o f  r e s id u a l  c r o s s l i n k i n g  a g e n ts  c a n  le a d  

to  t o x ic  s id e  e f f e c t s .  T h e  u s e  o f  m u l t iw a l l  c a r b o n - n a n o t u b e  ( M W N T )  a s  a  

r e in f o r c e m e n t  in  g e la t in  h a s  b e e n  s t u d ie d  b y  H a id e r  e t a l .( 2 0 0 7 ) .  R e c e n t ly ,  th e

3.2 Introduction



27

in s e r t io n  o f  a  c o n d u c t iv e  p o ly m e r  in to  a  b io p o ly m e r  f o r m in g  a  b le n d  h a s  b e e n  o f  

k e e n  in te r e s t .  C o n d u c t iv e  p o ly m e r s  c a n  o f f e r  a  v a r ie ty  o f  b e n e f i t s  to  th e  h o s t  

b io p o ly m e r :  v a r ia b le  c o n d u c t iv i t y ,  b e t te r  th e r m a l s t a b i l i t y ,  a n d  m e c h a n ic a l  p r o p e r t ie s  

(P u v a n a tv a t ta n a  et a l.,  2 0 0 6 ) .  O n  th e  o th e r  h a n d , c o n d u c t in g  p o ly m e r s  h a v e  b e e n  

in t e n s iv e l y  s tu d ie d  f o r  th e ir  o n e - d im e n s io n a l  c o n j u g a t e d  s tr u c tu r e s  a n d  a d ju s ta b le  

c o n d u c t iv i t y  ( S k o t h e im  e t a l., 1 9 9 8 ) .  C o n d u c t in g  p o ly m e r s  c a n  o f f e r  v a r ie ty  o f  

b e n e f i t s  to  o u r  m a tr ix :  v a r ia b le  c o n d u c t iv i t y ,  b e t te r  th e r m a l s t a b i l i t y ,  a n d  m e c h a n ic a l  

p r o p e r t ie s .  A m o n g  th e  c o n d u c t in g  p o ly m e r s ,  p o ly p y r r o le  ( P p y )  i s  o n e  o f  th e  m o s t  

in v e s t ig a t e d  d u e  to  it s  h ig h  e le c t r ic a l  c o n d u c t iv i t y ,  r e la t iv e ly  g o o d  e n v ir o n m e n ta l  

s t a b i l i t y ,  a n d  l o w  t o x i c i t y  ( Y a n g  et-a l., 2 0 0 1 ;  A t h a w a le  e t a l., 2 0 0 8 ;  W a g h u le y  e t a l..
2 0 0 8 ) .  T h u s ,  th e  s y n t h e s i s  o f  n a n o sc 'a le  m a te r ia ls  h a s  a ttr a c te d  g r e a t  in te r e s t  d u r in g  

th e  p a s t  1 0  y e a r s .  C h e m ic a l  o x id a t io n  p o ly m e r iz a t io n  is  s im p l e  a n d  c h e a p  in . 
p r o d u c in g  la r g e  q u a n t i t i e s  o f  n a n o s tr u c tu r a l  p o ly p y r r o le  ( P p y ) ,  b e c a u s e  it o v e r c o m e s  

th e  l im i t a t io n  o f  e l e c t r o c h e m ic a l  p o ly m e r iz a t io n .  D u c h e t  e t a l. ( 1 9 9 8 )  u s e d  

c o m m e r c ia l  p o ly c a r b o n a t e  n a n o p o r o u s  p a r t ic le  t r a c k - e t c h e d  m e m b r a n e s  a s  t e m p la t e s  

to  p r e p a r e  P p y n a n o t u b u le s  a n d  n a n o f ib r i ls  ( D u c h e t  e t a l.,  1 9 9 8 ) .
In  th e  p r e s e n t  s tu d y , w e  a re  in t e r e s t e d  in  b le n d in g  o f  th e  n a n o  w ir e -  

p o ly p y r r o le  ( n a n o w ir e  P p y )  a s  a  c o n d u c t iv e  p o ly m e r  w i t h  a  g e la t in  h y d r o g e l  

c o n t a in in g  a n  i o n ic  s u r f a c ta n t  ( i . e . ,  D o d e c y l b e n z e n e  s u l f o n ic  a c id  d is p e r s e d  in  a n  

a q u e o u s  s o lv e n t ) .  T h e  m e c h a n ic a l  p r o p e r t ie s ,  e le c t r o m e c h a n ic a l  p r o p e r t ie s , a n d  

e l e c t r i c a l  p r o p e r t ie s  w e r e  in v e s t ig a t e d  in  te r m s  o f  n a n o w ir e  P p y  c o n c e n tr a t io n ,  
e le c t r ic  f i e l d  s tr e n g th , a n d  te m p e r a tu r e .

3 .3  M a te r ia l s  a n d  M e t h o d s

3 .3 .1  M a te r ia ls
G e la t in  ( T y p e  B , b o v in e  s k in ) ,  P y r r o le  m o n o m e r  ( S ig m a ) ,  C a lc iu m  

h y d r id e  ( C a f f ,  F lu k a )  w e r e  u s e d  a s  r e c e iv e d .  A n h y d r o u s  ir o n (I I I )  c h lo r id e  ( F e C f i ,  
R ie d e l - d e  H e a n )  w a s  u s e d  a s  a n  o x id a n t  w ith o u t  fu r th e r  p u r if ic a t io n .  
D o d e c y l b e n z e n e  s u l f o n i c  a c id  ( D B S A ,  S ig m a )  w a s  u s e d  a s  r e c e iv e d  a n d  a s  a  d o p a n t .
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3 .3 .2  S y n t h e s i s  o f  N a n o w ir e - p o ly p y r r o le
In t h is  w o r k , w e  f o l l o w e d  th e  c h e m ic a l  s y n t h e s i s  p r o c e d u r e  o f  H e  et 

al. ( 2 0 0 3 )  fo r  th e  n a n o w ir e  P p y . T h e  p y r r o le  m o n o m e r  w a s  d r ie d  b y  m ix in g  w ith  

C a H i a t a  r a t io  o f  1 0 0  g  o f  C a H i p e r  l itr e  o f  p y r r o le  a n d  th e  r e a c t io n  w a s  a l lo w e d  to  

p r o c e e d  fo r  2 4  h . 0 .0 1 7 5  m o l  o f  d o d e c y l b e n z e n e  s u l f o n ic  a c id  a n d  0 .0 1 7 5  m o l  o f  

d r ie d  p y r r o le  m o n o m e r  w e r e  d i s s o lv e d  in to  s e p a r a te  b e a k e r s  o f  2 5 0  m l o f  d i s t i l l e d  

w a te r . T h e n ,  th e  s o lu t i o n s  w e r e  m i x e d  t o g e th e r  b y  v i g o r o u s l y  s t ir r in g  to  o b ta in  an  

e m u ls io n .  A  s o lu t io n  o f  F e C lj  ( 0 .0 6 5  m o l .  0 .0 1 6 2 5  M )  in  d e io n iz e d  w a te r  w a s  a d d e d  

to  th e  e m u ls i o n  a t 0  ๐c  fo r  a  d u r a t io n  o f  4 0  h . It w a s  t e r m in a t e d  b y  p o u r in g  a  la r g e  

e x c e s s i v e  m e t h a n o l  in t o  th e  s o lu t io n .  T h e n , th e  r e s u l t in g  p o ly p y r r o le  p r e c ip ita te  w a s  

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

t im e d  u n t i l  p H  w a s  e q u a l  to  6 .0 .  F in a l ly ,  it w a s  d r ie d  in  a  v a c u u m  o v e n  fo r  4 0  h  at 3 0 '  

°c.O th e r  P p y s  w e r e  s y n t h e s iz e d  w i t h  th e  s a m e  p r o c e d u r e  b u t  w ith  0 .0 0 0 1 7 5 .  

0 . 0 0 1 7 5 ,  0 .1 7 5 ,  0 .8 7 5 ,  a n d  1 .7 5  m o is  o f  D B S A .

3 .3 .3  P r e p a r a t io n  o f  N a n o w i r e - p o l y p v n o l e / G e la t i n  H y d r o g e l
T h e  v a r io u s  c o n c e n t r a t io n s  o f  n a n o w ir e  P p y :  0 .0 1 ,  0 .1 ,  0 .5 ,  a n d  

l% v / v  w e r e  d i s p e r s e d  b y  a  t r a n s o n ic a to r  (E lm a , D  7 2 8 4 )  in  a n  a q u e o u s  m e d iu m  

f i l l e d  w i t h  4 x l 0~3 M  o f  D B S A . T h e n  th e  g e la t in  h y d r o g e l  w a s  p r e p a r e d  v ia  th e  

d i s s o lu t io n  in  th e  1 0  % v /v  in  d i s t i l l e d  w a te r  (p H  =  6 .4 0 )  a t 4 0  ๐c  o v e r n ig h t  b y  

m a g n e t i c  s t ir r in g  u n t i l  p H  w a s  e q u a l  to  6 .3 1 .  T h e  t w o  s o lu t i o n s  w e r e  m ix e d  a n d  

p o u r e d  o n t o  a  'p e tr i  d i s h  fo r  th e  h y d r o g e l  c a s t in g  at a  r o o m  te m p e r a tu r e . T h e  

t h ic k n e s s  o f  h y d r o g e l  s a m p le s  w a s  a b o u t  1 .4  m m . F ig .  3 .1  s h o w s  a  s c h e m a t ic  fo r  th e  

p o s s i b l e  in te r a c t io n  o f  th e  g e la t in  a n d  d o d e c y l b e n z e n e  s u l f o n i c  a c id  ( D B S A ) .

3 .3 .4  C h a r a c te r iz a t io n  a n d  d e s t i n e  o f  H y d r o g e l  C o m p o s i t e s
E a c h  p o ly p y r r o le  s a m p le  w a s  id e n t i f ie d  fo r  f u n c t io n a l  g r o u p s  b y  a  

F o u r ie r  t r a n s fo r m  in fr a r e d  s p e c t r o s c o p y  ( T h e r m o  N i c o l e t ,  N e x u s  6 7 0 )  o p e r a te d  in  

th e  a b s o r p t io n  m o d e  w ith  3 2  s c a n s  a n d  a  r e s o lu t io n  o f  ± 4  c m ” 1, c o v e r in g  a  

w a v e n u m b e r  r a n g e  o f  3 5 0 0  c m  1 to  5 0 0  c m  1 u s i n g  a  d e u t e r a t e d t r ig ly c in e  s u l f a t e  

d e te c to r .  O p t ic a l  g r a d e  p o ta s s iu m  b r o m id e  (K B r . C a r lo  E r b a  R e a g e n t )  w a s  u s e d  a s  

th e  b a c k g r o u n d  m a te r ia l .



E le c t r ic a l  c o n d u c t iv i t y  w a s  m e a s u r e d  b y  a  m e t e r  w h ic h  c o n s i s t s  o f  

t w o  p r o b e s  th a t m a k e  c o n t a c t  w i t h  th e  s u r f a c e  o f  th e  f i lm  s a m p le .  T h e  p r o b e s  w e r e  

c o n n e c t e d  to  a  s o u r c e  m e te r  ( K e i t h le y ,  M o d e l  6 5 1 7 A )  fo r  a  c o n s t a n t  v o l t a g e  s o u r c e  

a n d  fo r  re a d  a b i l i t y  o f  th e  cu rren t. T h e  a p p lie d  v o l t a g e  a n d  th e  r e s u lta n t  c u r r e n t  in  th e  

l in e a r  O h m ic  r e g im e  w e r e  u s e d  to  d e te r m in e  e l e c t r i c a l  c o n d u c t iv i t y  o f  th e  p o ly m e r  

u s in g  E q u a t io n  (3 .1  ) a s  f o l lo w s :

1 _  1 1

P  =  R t = K V T ( 3 .1 )

w h e r e  a  i s  th e  s p e c i f i c  c o n d u c t iv i t y  ( S /c m ) ,  p  is  th e  s p e c i f i c  r e s i s t iv i t y  (E> c m ) .  R s i s  

th e  s h e e t  r e s i s t iv i t y  ( Q ) ,  /  is  th e  m e a s u r e d  c u r r e n t  ( A ) ,  K  i s  th e  g e o m e t r ic  c o r r e c t io n  

fa c to r , Vis th e  a p p lie d  v o l t a g e  ( V ) ,  a n d  t is  th e  p e l l e t  t h ic k n e s s  ( c m ) .
S c a n n in g  e le c tr o n  m ic r o g r a p h s  w e r e  ta k e n  w i t h  a  s c a n n in g  e le c tr o n  

m ic r o s c o p e  (J E O L , m o d e l  .I S M - 5 2 0 0 )  to  d e t e r m in e  th e  m o r p h o lo g y  o f  th e  

p o ly p y r r o le  in  a  p o w d e r  fo r m  at v a r io u s  D B S A  c o n c e n t r a t io n s .  T h e  s c a n n in g  

e le c t r o n  m ic r o g r a p h s  o f  p o ly p y r r o le  w e r e  o b t a in e d  b y  u s in g  a n  a c c e le r a t io n  v o l t a g e  

o f  15 k v  w ith  m a g n i f i c a t io n s  o f  15  0 0 0  a n d  1 0 0  0 0 0  t im e s .
A t o m ic  f o r c e  m ic r o s c o p y  ( A F M . C S P M  4 0 0 0 )  im a g e s  w e r e  ta k e n  

w ith  a  s c a n n in g  e l e c t r o n  m ic r o s c o p e  to  d e t e r m in e  th e  t o p o l o g y  o f  th e  h y d r o g e ls  at 

v a r io u s  c o n c e n t r a t io n s  o f  n a n o w ir e  P p y  b y  u s in g  a  s c a n  r a te  0 .5  H z  a n d  a s c a n  s iz e
10 p m  X 1 0  p m .

A  m e lt  r h e o m e te r  ( R h e o m e t r ic  S c i e n t i f i c ,  A R E S )  w a s  u s e d  to  m e a s u r e  

th e  r h e o lo g ic a l  p r o p e r t ie s .  It w a s  f i t t e d  w it h  a  c u s t o m - b u i l t  c o p p e r  p a r a lle l  p la te  

f ix tu r e  (d ia m e te r  o f  3 0  m m ) . A  D C  v o l t a g e  w a s  a p p l ie d  w i t h  a  D C  p o w e r  s u p p ly  

( I n s te k . G F G 8 2 1 6 A ) .  w h ic h  c a n  d e l iv e r  e l e c t r i c  f i e l d  s t r e n g th  to  8 0 0  v/mm. A  

d ig i ta l  m u lt im e t e r  w a s  u s e d  to  m o n i t o r  th e  v o l t a g e  in p u t. In  t h e s e  e x p e r im e n t s ,  th e  

o s c i l l a t o r y  s h e a r  s tr a in  w a s  a p p lie d  a n d  th e  d y n a m ic  m o d u l i  ( G ' a n d  G ") w e r e  

m e a s u r e d  a s  f u n c t io n s  o f  f r e q u e n c y  a n d  e le c t r ic  f i e ld  s tr e n g th . S tr a in  s w e e p  te s ts  

w e r e  f ir s t  c a r r ie d  o u t  to  d e te r m in e  s u i t a b le  s tr a in s  to  m e a s u r e  th e  G ' a n d  G" in  th e  

l in e a r  v i s c o e l a s t i c  r e g im e .  T h e  a p p r o p r ia te  s tr a in  w a s  d e t e r m in e d  to  b e  0 .1 5  °/o fo r  

b o th  th e  p u re  g e la t in  h y d r o g e ls  a n d  fo r  th e  n a n o w ir e  P p y / g e la t i n  h y d r o g e ls .  T h e n



3 0

f r e q u e n c y  s w e e p  t e s t s  w e r e  c a r r ie d  o u t  to  m e a s u r e  G '  a n d  G "  o f  e a c h  s a m p le  a s  

f u n c t io n s  o f  f r e q u e n c y .  T h e  d e f o r m a t io n  f r e q u e n c y  w a s  v a r ie d  fr o m  0.1  to  1 0 0  ra d /s . 
B e f o r e  e a c h  m e a s u r e m e n t ,  p u r e  g e la t in  h y d r o g e ls  a n d  n a n o w ir e  P p y /g e la t in  

h y d r o g e ls  w e r e  p r e s h e a r e d  at a  l o w  fr e q u e n c y  ( 0 .0 3 9 8 1 1  r a d /s ) ,  a n d  th e n  th e  e le c tr ic  

f ie ld  w a s  a p p lie d  fo r  15 m in  t o  e n s u r e  th e  fo r m a t io n  o f  e q u i l ib r iu m  p o la r iz a t io n  

b e f o r e  ta k in g  th e  G '  a n d  G "  m e a s u r e m e n t s .  E x p e r im e n t s  w e r e  c a r r ie d  o u t  at a 

te m p e r a tu r e  o f  3 0  ๐c  a n d  r e p e a te d  a t l e a s t  tw o  to  t h r e e  t im e s .  T h e  e f f e c t  o f  

te m p e r a tu r e  w a s  s t u d ie d  a t v a r io u s  te m p e r a tu r e s  b e t w e e n  3 0  a n d  8 0  °c f o r  th e  p u re  

g e la t in  h y d r o g e ls  a n d  th e  n a n o w ir e  P p y /g e la t in  h y d r o g e ls .  T h e  te m p o r a l  r e s p o n s e  

e x p e r im e n t s  w e r e  e a r n e d  o u t  a t 8 0 0  v/mm fo r  th e  p u r e  g e la t in  h y d r o g e ls  a n d  th e  

n a n o w ir e  P p y /g e la t in  h y d r o g e ls .  D e f l e c t i o n s  o f  th e  p u r e  g e la t in  h y d r o g e l  a n d  th e  

n a n o w ir e  P p y /g e la t in  h y d e r g e ls  w e r e  c a r r ie d  o u t  u n d e r  v a r io u s  a p p l ie d  e le c tr ic  

s t r e n g th s .  F o r  e a c h  h y d r o g e l ,  o n e  e n d  o f  th e  s a m p le  w a s  f i x e d  w ith  a  g r ip  v e r t ic a l ly  

in  a  tr a n sp a r e n t  c h a m b e r  c o n t a in in g  t w o  p a r a l le l  e l e c t r o d e s .  T h e  in p u t D C  f i e ld  w a s  

p r o v id e d  b y  a  D C  p o w e r  s u p p ly  (G o ld  รนท 3 0 0 0 ,  G P S  3 0 0 3 D )  a n d  a  h ig h  v o l t a g e  

p o w e r  s u p p ly  ( G a m m a  H ig h  V o l t a g e .  U C 5 - 3 0 P ) ,  w h ic h  d e l iv e r e d  v a r io u s  e le c tr ic  

f i e ld  s t r e n g th s ,  f r o m  2 5  to  6 0 0  v / m m .  A  d ig i t a l  v id e o  r e c o r d e r  ( S o n y ,  H a n d ic a m  

H R  T). w a s  u s e d  to  r e c o r d  th e  d i s p la c e m e n t  o f  th e  f i lm s .  T h e  t ip  d i s p la c e m e n t  w a s  

m e a s u r e d  a n d  c a lc u la t e d  fr o m  a S c io n  I m a g e  ( B e t a  4 .0 .3 )  p r o g r a m .
F r o m  th e  s ta t ic  f o r c e  b a la n c e ,  th e  d e f l e c t i n g  f o r c e  o r  th e  

d ie l e c t r o p h o r e s i s  f o r c e  ( F d )  o n  th e  s a m p le s  is  e q u a l  to  th e  s u m  o f  th e  r e s i s t in g  e la s t ic  

f o r c e  ( F e )  a n d  th e  w e ig h t  a lo n g  t h e  b e n d in g  d ir e c t io n  E q u a t io n  ( 3 .2 ) ,  w h e r e  th e  f i lm  

d e f le c t i o n  d is t a n c e  a t  e q u i l ib r iu m  is  d.

F d  =  F e  +  m g  s in  0  ( 3 .2 )

w h e r e  m  is  th e  s a m p l e ’ s  m a s s  ( k g ) ,  g  is  th e  g r a v ity  c o n s t a n t  ( 9 .8  m / s 2), 0 i s  th e  

d e f l e c t i o n  a n g le ,  a n d  F e  is  th e  r e s i s t in g  e la s t ic  f o r c e  ( N ) .  In  o u r  e x p e r im e n t ,  th e  f i lm  

d e f l e c t i o n s  w e r e  s m a l l .  T h e  lin e a r  d e f le c t io n  th e o r y  o f  o n e  f r e e - e n d  f i lm  is ,  th e r e fo r e , 
u s e d  w h e r e  th e  e l a s t i c  f o r c e  c a n  b e  c a lc u la t e d  b y  th e  f o l l o w i n g  e q u a t io n  ( 3 .3 )  (S a to  

e t a l., 1 9 9 6 ;  T i m o s h e n k o  et a l., 1 9 7 0 ) :
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w h e r e  E  is  th e  e l a s t ic  m o d u lu s  w h ic h  is  e q u a l  to  2 G ' ( l + v )  in  w h i c h  G ' ( l  r a d /s ,  E )  is  

th e  s h e a r  m o d u lu s  a n d  V is  th e  P o is s o n 's  r a t io , w h i c h  i s  e q u a l  t o  1 /2  fo r  a n  

i n c o m p r e s s ib le  m a te r ia l ,  I  i s  th e  m o m e n t  o f  in e r t ia , e q u a l  to  t3พ  /1 2 ,  w h e r e  t is  th e  

s a m p le  t h ic k n e s s ,  น, is  th e  s a m p le  w id th , d  is  th e  d e f l e c t i o n  d is t a n c e ,  a n d  /  is  th e  

s a m p le  le n g th .

3 .4  R e s u lt  a n d  D is c u s s io n

3 .4 .1  C h a r a c te r iz a t io n  o f  N a n o w ir e  P o ly p y iT o le
A  F T - I R  s p e c tr u m  o f  th e  p p y  w a s  ta k e n  t o  i d e n t i f y  th e  c h a r a c te r is t ic  

a b s o r p t io n  p e a k s  a s  s h o w n  in  t a b le  1, th e  c h a r a c te r is t ic  p e a k s  o f  th e  s y n t h e s iz e d  P p y  

a re  a t 1 5 4 7 , 1 4 5 0 ,  1 3 0 2 ,  1 1 7 8 ,  1 0 3 8 ,  a n d  6 3 3  c m  '. T h e  p y r r o le  r in g  v ib r a t io n  o c c u r s  

at 1 5 4 7  a n d  1 4 5 0  c m ' 1, th e  = C - H  in  p la n e  v ib r a t io n  at 1 3 0 2  a n d  1 0 3 8  c m "1 ( H e  e t a l., 
2 0 0 3 ) ,  th e  C - N  s t r e t c h in g  v ib r a t io n  at 1 1 7 8  c m ' 1 ( P r i s s a n a r o o n  e t a l.. 2 0 0 0 ) .  W h e n  

P p y  i s  d o p e d  w i t h  D B S A .  th e  p e a k  a t 6 3 3  c m ' 1 in c r e a s e s .  T h is  p e a k  r e p r e s e n t s  th e  

s = 0  a n d  S - 0  s t r e t c h in g  v ib r a t io n s  o f  s u l f o n a t e  a n io n s  w h i c h  c o m p e n s a t e  fo r  th e  

p o s i t i v e  c h a r g e s  in  th e  p p y  c h a in s  ( D i a z  e t a l., 1 9 8 3 ) .
T h e  e f f e c t  o f  th e  d o p in g  l e v e l  o n  th e  m o r p h o lo g y  o f  th e  c o n d u c t iv e  

p o ly m e r  w a s  in v e s t ig a t e d  b y  S c a n n in g  e le c t r o n  m i c r o s c o p y  ( S E M ) .  F ig u r e s  3 . 2 ( a ) -  

( c )  s h o w  S E M  m ic r o g r a p h s  o f  s y n t h e s iz e d  P p y  o f  v a r io u s  D B S A  c o n c e n tr a t io n s :  

0 .0 0 1 7 5  to  1 .7 5  m o l  (NoBSA^Nmonomer e q u a l  to  0 .0 1 : 1 ,  0 .1 : 1 ,  0 .5 : 1 ,  1 :1 , 5 :1 ,  a n d  

1 0 :1 ) .  It i s  in t e r e s t in g  to  o b s e r v e  th at u p o n  in c r e a s in g  th e  d o p a n t  l e v e l ,  th e  

m o r p h o lo g y  o f  th e  c o n d u c t iv e  p o ly m e r  c h a n g e s  f r o m  h a v in g  t y p ic a l  th r e e  

d im e n s io n a l  r a n d o m  c o i l  n a n o g r a n u la r  s tr u c tu r e s  to  n a n o w ir e  f ib r i l la r  s tr u c tu r e s  a n d  

th e n  re tu rn  to  a  n a n o g r a n u la r  s tr u c tu r e  a g a in  ( F ig .  3 . 2 ( a ) - ( c ) ) .  T h e  m ic r o g r a p h s  

s u g g e s t  th a t a s  th e  d o p a n t  c o n c e n t r a t io n  in c r e a s e s  m o r e  p o la r o n s  a n d  b ip o la r o n s  a re  

g e n e r a t e d  a lo n g  th e  p o ly m e r  c h a in s  a n d  t h e y  in d u c e  a g la n u le - t o - n a n o w ir e  

tr a n s it io n . It c a n  b e  s e e n  th a t th e  c o n c e n t r a t io n  o f  D B S A  s t r o n g ly  a f f e c t s  th e
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m o r p h o lo g y  o f  th e  P p y  o b t a in e d .  W h e n  th e  c o n c e n t r a t io n  o f  D B S A  in  th e  r e a c t io n  

s o lu t io n  i s  h ig h e r  th a n  0 .1 7 5  m o l ,  th e  r e s u lt in g  m o r p h o lo g y  o f  p o ly p y r r o le  is  th e  

g r a n u la r , s im i la r  to  th o s e  o f  th e  P p y  s y n t h e s iz e d  w i t h  o th e r  d o p a n ts  ( D i a z  e t a l., 
1 9 8 3 ;  S tr e e t  e t a l.,  1 9 8 5 ;  S h e n  e t a l.,  1 9 9 8 ) .  A s  p r e v io u s l y  m e n t io n e d ,  th e  n a n o w ir e  

P p y  w a s  o b t a in e d  w h e n  t h e  r e a c t in g  s o lu t io n  w a s  a t a  p r o p e r  r e a c ta n t  c o n c e n tr a t io n ,  
a n d  th e  n a n o g r a n u la r  P p y  w a s  o b ta in e d  w i t h  a h ig h e r  r e a c ta n t  c o n c e n t r a t io n  ( K w o n  

et a l.,  2 0 0 8 ) .  T h e  r e s u lt in g  P p y  a v e r a g e d  p a r t ic le  s i z e s  o f  v a r io u s  D B S A  

c o n c e n t r a t io n s  (NoBSA^Nmonomer e q u a l to  0 .0 1 : 1 .  0 .1 : 1 .  0 .5 : 1 .  1 :1 . 5 : 1 ,  a n d  1 0 :1 )  a re  

ta b u la t e d  in  t a b le  3 .2 .  F ig u r e s  3 . 3 ( a ) - ( c )  s h o w  th e  S E M  m ic r o g r a p h s  o f  th e  c r o s s -  

s e c t io n s  o f  th e  n a n o w ir e  P p y /G e la t in  h y d r o g e ls  a t v a r io u s  n a n o w ir e  p p y  

c o n c e n t r a t io n s .  T h e  n a n o w ir e  P p y  s h o w s  a  m o d e r a t e  d i s p e r s io n  i n ’- t h e  g e la t in  

s o lu t io n  a t l o w  n a n o w ir e  P p y  c o n c e n t r a t io n s  w i t h  t h e  a id  o f  th e  su r fa c ta n t;  th e  

d is p e r s io n  b e c o m e s  r e la t iv e ly  p o o r  at h ig h  n a n o w ir e  P p y  c o n c e n t r a t io n s .  P a r t ia l ly  

h o m o g e n e o u s  n a n o w ir e  P p y /g e la t in  h y d r o g e l  is  o b t a in e d  d u e  to  th e  p o o r  n a n o w ir e  

P p y  d is p e r s io n  a s  a  r e s u lt  o f  th e  v a n  d e r  W a a ls  f o r c e s  b e t w e e n  P p y  n a n o w ir e s .
T h e  s p e c i f i c  e le c t r ic a l  c o n d u c t iv i t y  o f  P p y  a n d  th e  n a n o w ir e  P p y  w e r e  

m e a s u r e d  w i t h  a  c u s t o m - b u i l t  t w o  p o in t  p r o b e  ( K e i t h l e y ,  M o d e l  6 5 1 7 A ) .  T h e  

s p e c i f i c  e l e c t r i c a l  c o n d u c t iv i t y  w ith  c o r r e s p o n d in g  s ta n d a r d  d e v ia t io n s  o f  P p y , at 

NoBSA^Nmonomer e q u a l  to  0 .0 1 : 1 ,  0 .1 : 1 ,  0 .5 : 1 ,  1 :1 , 5 : 1 ,  a n d  1 0 :1 ,  a re  s h o w n  in  ta b le
3 .2 .  T h e  e l e c t r i c a l  c o n d u c t iv i t y  o f  P p y  is  th u s  c l o s e l y  r e la te d  to  th e ir  m o r p h o lo g y .  
T h e  c o n d u c t iv i t y  (a )  is  e x p r e s s e d  a s  a  =  aeju w h e r e  “ ท” is  th e  d e n s i t y  o f  th e  c h a r g e  

c a r r ie r , “ e ” r e p r e s e n t s  th e  e le c t r o n  c h a r g e , a n d  เแ is  th e  m o b i l i t y  o f  th e  c h a r g e  ca rr ier . 
T h u s ,  th e  e l e c t r i c a l  c o n d u c t iv i t y  o f  P p y  is  p r o p o r t io n a l  to  th e  d e n s i t y  ( th e  d o p in g  

l e v e l  in  th e  c a s e  o f  c o n d u c t in g  p o ly m e r s )  a n d  th e  m o b i l i t y  o f  th e  c h a r g e  ca r r ie r s .  
T h e  c o n d u c t iv i t y  o f  th e  n a n o g r a n u la r  p p y  ( 1 0 : 1 )  is  1 5 .9 5  s / c m ,  lo w e r  th a n  th e  

n a n o w ir e  P p y  ( 1 : 1 )  w h ic h  is  2 3 .8 6  s / c m .  T h e  P p y  w i t h  th e  n a n o  w ir e  m o r p h o lo g y  

p r e s u m a b ly  h a s  a h ig h e r  m o b i l i t y  fo r  th e  c h a r g e  c a r r ie r s  th a n  th a t o f  th e  g r a n u la r  

P p y  a n d  th is  f a c t o r  d o m in a t e s  th e  c h a r g e  c a r r ie r  d e n s i t y  f a c t o r  (M a r t in ,  1 9 9 4 ) .
T h e  t o p o l o g y  a n d  th e  o r ie n t a t io n  o f  th e  n a n o w ir e  P p y  /g e la t in  

h y d r o g e ls  w e r e  a l s o  in v e s t ig a t e d  b y  A F M . T h e  A F M  m ic r o g r a p h s  o f  th e  n a n o w ir e  

P p y /g e la t in  a n d  th e  p u r e  g e la t in  h y d r o g e ls  a re  d e m o n s t r a t e d  in  F ig .  3 . 4 ( a ) - ( c ) .F i g .  
3 .4 ( a )  s h o w s  th e  t o p o l o g y  a n d  th e  o r ie n ta t io n  o f  th e  0 .1  % v /v  n a n o w ir e  P p y /g e la t in



h y d r o g e l;  i t  c o n s i s t s  o f  n a n o r o d s  w h i c h  a r e  a l ig n e d  in  o n e  d ir e c t io n  w i t h  a  u n ifo r m  

d is tr ib u t io n  b y  a  m e c h a n ic a l  fo r c e ;  th e  s c h e m a t ic  d ia g r a m  i s  i l lu s tr a t e d  in  F ig .  
3 .4 ( a ') .  T h e  1%  n a n o w ir e  P p y /g e la t in  h y d r o g e l  p o s s e s s e s  a  c o t t a g e - l i k e  t o p o lo g y .  
Its t o p o l o g y  p r e s u m a b ly  c o n s i s t s  o f  n a n o w ir e s  p i l in g  u p  r a n d o m ly  w i t h  e a c h  o th e r  

a s  s h o w n  in  th e  s c h e m a t ic  d ia g r a m s  o f  F ig . 3 .4 ( b )  a n d  F ig . 3 .4 ( b ' )  d u e  to  th e  

a g g lo m e r a t io n .  T h e  la s t  i l lu s t r a t io n  is  o f  th e  p u r e  g e l a t in  h y d r o g e l  a s  s h o w n  in  F ig .  
3 .4 ( c ) .F i g .  3 .4 ( a )  o f  th e  0 .1  % v /v  n a n o w ir e  P p y /g e la t in  h y d r o g e l  s h o w s  th at th e  

n a n o w ir e  P p y  a r e  d i s p e r s e d  q u it e  u n i f o r m ly  w it h in  t h e  g e la t in  h y d r o g e l .

3 .4 .2  E le c t r o m e c h a n ic a l  P r o p e r t ie s

3 .4 .2 .1  T im e D e p en d en ce  o f  E le c tro rh e o lo g ic a l R e sp o n se
W e  in v e s t ig a t e d  th e  te m p o r a l c h a r a c t e r is t ic s  o f  th e  p u re  g e la t in  

a n d  th e  n a n o w ir e  P p y /g e la t in  h y d r o g e ls  (0 .1  % v /v  a n d  1 % v /v )  at a n  e le c tr ic  f i e ld  

s tr e n g th  o f  8 0 0  v / m m  fr o m  th e  t im e  s w e e p  t e s t s ,  in  w h ic h  th e  e l e c t r i c  f i e ld  w a s  

tu r n e d  o n  a n d  o f f  a l t e r n a te ly .  T h e  T e m p o r a l c h a r a c t e r is t ic  o f  e a c h  s a m p le  w a s  

r e c o r d e d  in  th e  l in e a r  v i s c o e l a s t i c  r e g im e  at a  s tr a in  o f  0 .1 5  % , a n d  a  f r e q u e n c y  o f  

1 0 0  r a d /s . F ig .  3 .5  s h o w s  th e  c o m p a r is o n  in  th e  s t o r a g e  m o d u lu s ,  G ' o f  th e  p u r e  

g e la t in  a n d  o f  th e  n a n o w ir e  P P p /g e la t in  h y d r o g e ls ,  d u r in g  th e  t im e  s w e e p  te s ts .  A t  

th e  e le c t r ic  f i e l d  s tr e n g th  o f  8 0 0  v / m m ,  G ' im m e d i a t e l y  i n c r e a s e s  a n d  r a p id ly  

r e a c h e s  a  s t e a d y - s t a t e  v a lu e .  F o r  th e  p u r e  g e la t in  h y d r o g e l ,  a s  th e  e le c t r ic  f i e ld  is  

tu r n e d  o f f ,  G 's d e c r e a s e s  in s t a n t a n e o u s ly  to  its  o r ig in a l  s ta te . F o r  th e  n a n o w ir e  

P p y /g e la t in  h y d r o g e l  (0 .1  % v /v ,  a n d  1 % v /v ) ,  G ' d e c r e a s e s  b u t d o e s  n o t  r e c o v e r  its  

o r ig in a l  v a lu e .  T h is  b e h a v io r  in d ic a t e s  th a t  th e r e  a re  s o m e  ir r e v e r s ib le  

a g g lo m e r a t io n s  o f  th e  n a n o w ir e  P p y  o r  s o m e  d i p o l e  m o m e n t  r e s id u e s ,  p o s s ib ly  d u e  

to  s o m e  h y d r o g e n  b o n d in g  b e t w e e n  a d ja c e n t  n a n o w ir e  P p y . H o w e v e r ,  th e  1%  v / v  

n a o n o w ir e  p p y /g e la t in  h y d r o g e l  s h o w s  a  q u ic k  r e s p o n s e  u n d e r  a n  e l e c t r i c  f ie ld  s in c e  

th e  a g g lo m e r a t io n  o f  n a n o w ir e  P p y  in  h y d r o g e ls  c o n s t i t u t e s  la r g e  in d u c e d  d ip o le  

m o m e n t  d o m a in s .



3 .4 .2 .2  E ffe c t o f  E lec tr ic  F ie ld  S tren g th  a n d  C o n cen tra tio n
T h e  e f f e c t  o f  e le c t r ic  f ie ld  s t r e n g t h  o n  th e  e le c t r o m e c h a n ic a l  

p r o p e r t ie s  o f  th e  n a n o w ir e  P p v /g e la t in  h y d r o g e ls  o f  0 .  0 .0 1 ,  0 .1 .  0 .5 .  a n d  1 v o l%  

w e r e  in v e s t ig a t e d  in  a  r a n g e  o f  0  to  8 0 0  v / m m .  F ig . 3 .6  s h o w s  th e  s t o r a g e  m o d u lu s  

r e s p o n s e  ( A G ')  o f  th e  h y d r o g e ls  v s .  e le c t r ic  f ie ld  s t r e n g th  at a  f r e q u e n c y  o f  1 0 0  r a d /s ,  
a  s tr a in  o f  0 .1 5  % , a n d  a t  a  te m p e r a tu r e  o f  3 0  ° c .  T h e  in c r e a s e s  in  A G ' w ith  e le c tr ic  

f i e ld  s tr e n g th  a re  n o n lin e a r  w it h in  th e  r a n g e  o f  0 .1  to  8 0 0  v / m m .  T h e  s to r a g e  

m o d u lu s  r e s p o n s e  v a lu e s  o f  t h e s e  s a m p le s  a t an e l e c t r i c  f i e ld  s t r e n g th  o f  8 0 0  v / m m  

a re  2 5 0  0 0 0 ,  5 0 3  0 0 0 ,  1 0 0 5  0 0 0 ,  2 1 2  9 9 0 .  a n d  2 0 2  7 7 9  P a  fo r  th e  p u r e  g e la t in ,  th e  

n a n o w ir e  P p y  0 .0 1  v o l% /g e la t in ,  th e  n a n o w ir e  P p y  0 .1  v o l% /g e la t in ,  th e  n a n o w ir e  

P p y  0 .5 v o l% /g e la t in ,  a n d  th e  n a n o w ir e  P p y  1 v o l% /g e la t in  h y d r o g e ls ,  r e s p e c t iv e ly .  
(T h e  s t o r a g e  m o d u lu s  s e n s i t i v i t y  v a lu e s  o f  th e s e  s a m p le s  a t a n  e l e c t r i c  f i e ld  s tr e n g th  

o f  8 0 0  V / m m  a re  ta b u la te d  in  T a b le  1 ) T h e  m ix in g  o f  th e  n a n o w ir e  P p y  in to  g e la t in  

le a d s  to  th e  in c r e a s e s  in  G ' w i t h  a n d  w it h o u t  a n  e le c t r ic  f ie ld .  T h e  in c r e a s e  o f  G'o c a n  

b e  a t tr ib u te d  to  th e  e f f e c t  o f  p a r t ic le s  a c t in g  a s  f i l l e r s .  F o r  th e  s m a l l  a m o u n t  o f  

n a n o w ir e .  P p y  a d d e d , th e  f i l l e r s  in d u c e  o n ly  an  a d d it io n a l  fr e e  v o lu m e ,  b u t th e  

d i s t a n c e s ,  b e t w e e n  p a r t ic le s  a re  la r g e  e n o u g h  to  c r e a te  a  s ig n i f i c a n t  p a r t ic le  

in t e r a c t io n  th r o u g h  th e  e le c t r ic  f i e ld - in d u c e d  d i p o l e  m o m e n t s  ( S h ig a ,  1 9 9 7 ) .  
T h e r e f o r e ,  th e  s to r a g e  m o d u lu s  s e n s i t iv i t y  b e c o m e s  h i g h  o n ly  a t s u i t a b le  n a n o  w ir e  

P p y  c o n c e n t r a t io n s .  T h e  m a x im u m  A G '  a n d  A G '/G 'o  o c c u r s  w i t h  th e  n a n o w ir e  P p y  

0 .1  v o l% /g e la t in  h y d r o g e l .  H o w e v e r ,  th e  s to r a g e  m o d u lu s  r e s p o n s e  a n d  se n s it iv ity -  

d e c r e a s e  w i t h  th e  n a n o w ir e  P p y  c o n c e n tr a t io n  g r e a te r  th a n  0 .1  v o l% . F o r  th e  

h y d r o g e l  s y s t e m  w ith  th e  h ig h e s t  p a r t ic le  c o n c e n t r a t io n  o f  1 v o l% , th e  s to r a g e  

m o d u lu s  r e s p o n s e  u n d e r  th e  e f f e c t  o f  th e  e le c tr ic  f i e ld  d im i n i s h e s  s in c e  th e  h y d r o g e l  

p r e s u m a b ly  c o n s i s t s  o f  th e  p h a s e  s e p a r a t io n  b e t w e e n  th e  g e la t in  h y d r o g e l  a n d  th e  

n a n o w ir e  p p y  a g g lo m e r a t io n .
L iu  e t a l. ( 2 0 0 1 )  r e p o r te d  a  s im i la r  e f f e c t  fo r  a  s i l i c a / s i l i c o n e  

s y s t e m .  T h e  e n h a n c e m e n t  o f  s h e a r  m o d u lu s  w a s  n e g l i g i b l e  b e lo w  8 .0  v o l% , b u t  

in c r e a s e d  d r a m a t ic a l ly  a b o v e  th is  th r e s h o ld  c o n c e n t r a t io n .  A t  a  v o lu m e  a m o u n t  

a b o v e  5 5  v o l% , th e  s h e a r  m o d u lu s  d e c r e a s e d  s in c e  th e  in te r p a r t ic le  f o r c e  d e c r e a s e d  

w it h  th e  s t e r ic  h in d r a n c e  e f f e c t  (L iu  e t a l.. 2 0 0 1 ) .  K u n a n u r u k s a p o n g  e t a l. ( 2 0 0 7 )  

fo u n d  th at th e  s to r a g e  m o d u l i  o f  a  p o ly m e r  b le n d  b e t w e e n  p o l y ( / > p h e n y le n e )  a n d  an



a c r y l ic  e la s t o m e r  in c r e a s e d  w i t h  in c r e a s in g  p o l y ( p - p h e n y l e n e )  c o n c e n tr a t io n .  
H o w e v e r  at th e  h ig h e r  p a r t ic le  c o n c e n t r a t io n  o f  3 0  v o l% , th e  s to r a g e  m o d u lu s  

r e s p o n s e  ( A G ' i k i ÿ 111,,,) d e c r e a s e d  ( K u n a n u r u k s a p o n g  e t a l., 2 0 0 7 ) .

ร. 4 .2 .3  E ffe c t o f  O p e ra tin g  T em p era tu re
T h e  m e c h a n ic a l  p r o p e r t ie s  u n d e r  a n  e l e c t r i c  f i e ld  o f  th e  p u re  

g e la t in  a n d  th e  n a n o w ir e  P p y /g e la t in  h y d r o g e ls  w e r e  i n v e s t i g a t e d  at o p e r a t in g  

t e m p e r a tu r e s  b e t w e e n  3 0  a n d  8 0  ° c .  c  a n d  A G ' ( 1 0 0  r a d /s )  a re  p lo t t e d  w it h  

te m p e r a tu r e  a s  s h o w n  in  F ig . 3 .7 .  O n e  s a m p le  w a s  u s e d  fo r  e a c h  o f  th e  G ’0 a n d  G '  

m e a s u r e m e n t s .  A n  e l e c t r i c  f i e ld  w a s  f ir s t  a p p lie d  o n  a n o th e r  s a m p l e  fo r  a  p e r io d  o f  

10 m in  b e f o r e  G ' w a s  m e a s u r e d  s u c c e s s i v e l y  at e a c h  te m p e r a tu r e .  E x p e r im e n t s  w e r e  

c a rr ied  o u t  u s in g  t w o  r e p r e s e n ta t iv e  h y d r o g e ls — P u r e  g e la t in  a n d  n a n o w ir e  P p y  0 .1  

v o l% /g e la t in  h y d r o g e l  a s  s h o w n  in  F ig .  3 .7 .  F ig u r e  3 .7  s h o w s  t h e  s to r a g e  m o d u lu s  o f  

th e  p u re  g e la t in  h y d r o g e l  in i t ia l ly  d e c r e a s e s  in  th e  te m p e r a tu r e  r a n g e  o f  3 0 - 4 0  ° c  

b e c a u s e  o f  th e  d é n a tu r a t io n  o f  th e  t r ip le  h e l ix  c o i l  to  th e  r a n d o m  c o i l  ( B ig i  e t a i ,
2 0 0 4 ) .  In th e  t e m p e r a tu r e  r a n g e  o f  4 0 - 6 0  ° c .  th e  s t o r a g e  m o d u lu s  in c r e a s e s ,  
c o n s i s t e n t  w ith  th e  c l a s s i c a l  n e t w o r k  th e o r y  ( S a t o  e t a i ,  1 9 9 6 ) .  A  h ig h e r  te m p e r a tu r e  

in d u c e s  m o r e  e n tr o p y  o f  th e  g e l ,  l e a d in g  to  th e  in c r e a s e  in  th e  r e tr a c t iv e  fo r c e  a n d  th e  

s to r a g e  m o d u lu s .  H o w e v e r  th e  s t o r a g e  m o d u lu s  d e c r e a s e s  w i t h  in c r e a s in g  

t e m p e r a tu r e  b e t w e e n  6 0 - 8 0  ° c ,  th e  te m p e r a tu r e  r a n g e  c l o s e  to  th e  lo w - te m p e r a t u r e  

g la s s s  t r a n s i t io n  o f  1 2 0  ° c  in  w h ic h  th e  d e v i t r i f i c a t io n  o f  a - a m in o  a c id  b lo c k  o c c u r s  

(F r a g a  e t a l., 1 9 8 5 ) .  In  th e  c a s e  o f  0 .1  v o l%  n a n o w ir e - P p y /g e la t in  h y d r o g e l ,  th e  

te m p e r a tu r e  in c r e m e n t  u n d e r  e le c t r ic  f i e l d  re ta r d s  th e  d é n a tu r a t io n  te m p e r a tu r e  ( 3 0 — 

4 0  ° C )  a n d  th e  lo w - te m p e r a t u r e  g la s s  t r a n s i t io n  ( 6 0 - 8 0  ° C )  b e c a u s e  o f  th e  

p o la r iz a t io n  o f  P p y . In  a d d it io n , th e  s to r a g e  m o d u lu s  in c r e m e n t  d r a s t ic a l ly  in c r e a s e s  

w ith  te m p e r a tu r e  c o n s i s t e n t  w ith  th e  c la s s i c a l  n e t w o r k  th e o r y  ( 4 0 - 6 0  ° C ) . F r o m  th e  

r e s u lt s  s h o w n ,  th e  e le c t r o m e c h a n ic a l  r e s p o n s e s  o f  n a n o w ir e - P p y /g e la t in  h y d r o g e l  a re  

m a in ly  im p r o v e d  in  te r m s  o f  s t o r a g e  m o d u lu s  r e s p o n s e  (A G ')  v ia  th e  P p y  

p o la r iz a t io n .  W ith  th e  p r e s e n c e  o f  n a n o w ir e  P p y ,  G ’s o o v / m m  a n d  A G '  a t a n y  

te m p e r a tu r e  a re  h ig h e r  th a n  t h o s e  o f  th e  p u r e  g e la t in  h y d r o g e l  s in c e  th e  n a n o w ir e  

P p y  a c t s  a s  a  f i l l e r  a n d  c r e a te s  th e  w ir e - t o - w ir e  d i p o l e  in t e r a c t io n  u n d e r  th e  e le c t r ic  

f ie ld .

I  a s  ใ ) า  O êA 'S
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3 .4 .3  D e f l e c t i o n  o f  N a n o w ir e  P p v /G e la t in  H y d r o g e ls
T h e  d e f l e c t i o n  o f  th e  p u r e  g e la t in  a n d  n a n o  w ir e  p p y /g e l a t i n  h y d r o g e ls  

w e r e  s tu d ie d  b y  v e r t ic a l ly  s u s p e n d in g  th e  f i lm s  in  a  s i l i c o n  o i l  b a th ; a n d  a  D C  

e le c tr ic  f i e ld  w a s  a p p lie d  h o r iz o n t a l ly  b e t w e e n  t w o  p a r a l le l  f la t  c o p p e r  e le c t r o d e s ,  as  

s h o w n  in  F ig .  3 .8 .  T h e  a m o u n t  o f  d e f le c t i o n  at a  s p e c i f i e d  e l e c t r i c  f i e ld  s tr e n g th  is  

d e f in e d  b y  th e  g e o m e t r ic a l  p a r a m e te r s — d , 1, a n d  0 — w h i c h  a re  i l lu s tr a t e d  in  F ig . 3 .8 .  
T h e  tip  d i s p la c e m e n t  o f  th e  f i lm  w a s  r e c o r d e d  b y  a  d ig ita l  v id e o  r e c o r d e r  ( S o n y ,  
H a n d ic a m  H R 1 ) .  F ig u r e s  3 .9 ( a ) —( c )  s h o w  th e  b e n d in g s  o f  th e  p u r e  g e la t in  a n d  th e  

n a n o  w ir e  P p y /g e la t in  h y d r o g e ls  im m e r s e d  in  th e  s i l i c o n e  o i l  u n d e r  a n  e le c tr ic  f i e ld  

s tr e n g th  o f  6 0 0 - v / m m .  u p o n  a p p ly in g  a n  e le c t r ic  f i e l d ,  th e  fr e e  l o w e r  e n d  o f  th e  f i lm  

d e f le c t s  t o w a r d s  th e  a n o d e  s id e  b y  a n  a m o u n t  d e p e n d e n t  o n  th e  f i e l d  s tr e n g th  th a t  

r e s u lt  f r o m  th e  e f f e c t  o f .  th e  n o n - s y m m e t r ic  c h a r g e s .  T h e  p u r e  g e la t in  h y d r o g e l  

in d ic a t e s  a n  a t tr a c t iv e  in te r a c t io n  b e t w e e n  th e  a n o d e  a n d  th e  p o la r l iz e d  c a r b o x y l  

g r o u p , in  w h i c h  th e  g e la t in  s tr u c tu r e  p o s s e s s e s  n e g a t i v e  c h a r g e s .  T h e  d e f le c t io n  

d is t a n c e s  o f  th e  p u r e  g e la t in  a n d  th e  n a n o w ir e  P p y /g e la t in  h y d r o g e ls  u n d e r  th e  

e le c t r ic  f i e l d  a r e  s h o w n  in  F ig .  3 .1 0 ( a ) —( b ). T h e  p u r e  g e la t in  h y d r o g e l  s h o w s  g r e a te r  

d e f l e c t i o n  v a lu e s  th a n  t h o s e  o f  th e  n a n o w ir e  p p y /g e l a t i n  h y d r o g e ls .  T h e  h y d r o g e ls  

s ta r t to  d e f l e c t .a t  lo w e r  c r i t ic a l  e le c tr ic  f i e l d  s t r e n g th s  2 5  v / m m ,  3 0 0  v / m m ,  a n d  4 0 0  

v / m i n  fo r  th e  p u re  g e la t in  h y d r o g e l ,  th e  n a n o w ir e  P p y  0 .1  v o l% /g e la t in ,  a n d  th e  

n a n o w ir e  P p y  lv o l % /g e l a t i n  h y d r o g e l ,  r e s p e c t i v e ly .  M o r e o v e r ,  th e  n a n o w ir e  

P p y /g e la t in  h y d r o g e ls  h a s  a  l e s s e r  d e f l e c t i o n  r e s p o n s e  u n d e r  th e  a p p l ie d  e le c tr ic  f i e ld  

th a n  th e  p u r e  g e la t in  h y d r o g e l  d u e  to  its  in i t ia l  h ig h e r  r ig id i t y ,  o r  its  h ig h e r  G'o v a lu e .
F ig u r e s  3 . 1 0 ( a ) —(b )  s h o w  th e  d e f l e c t i o n  d i s t a n c e s  a n d  th e  

d i e l e c t r o p h o r e s i s  fo r c e s  o f  th e  p u r e  g e la t in  a n d  th e  n a n o w ir e  P p y /g e la t in  h y d r o g e ls  

u n d e r  a n  e l e c t r i c  f ie ld .  T h e  d e f le c t i o n  d is t a n c e s  a n d  d ie l e c t r o p h o r e s i s  fo r c e s  o f  th e  

p u r e  g e la t in  a n d  n a n o w ir e  P p y /g e la t in  h y d r o g e ls  a p p e a r  to  in c r e a s e  s t e p w i s e  w it h  

in c r e a s in g  e l e c t r i c  f ie ld  s tr e n g th . T h e  d ie l e c t r o p h o r e s i s  f o r c e s  a t E  =  6 0 0  v / m m  f o r c e  

o f  th e  p u r e  g e l a t in  h y d r o g e l ,  n a n o w ir e  P p y  0 .1  v o l% /g e la t in ,  a n d  n a n o w ir e  p p y  1 .0  

v o l% /g e la t in  h y d r o g e l  a re  7 .0 5 ,  6 .6 0 ,  a n d  1 .6 0  m N , r e s p e c t iv e ly .  S u r p r is in g ly ,  th e  

r e s u lta n t  d ie l e c t r o p h o r e s i s  f o r c e s  o f  th e  n a n o w ir e  P p y /g e la t in  h y d r o g e ls  u n d e r  th e  

a p p lie d  e l e c t r i c  f i e ld  a re  s m a l le r  th a n  t h o s e  o f  th e  p u r e  g e la t in  h y d r o g e l .  It a p p e a r s  

th a t  th e  in d u c e d  d ip o le  m o m e n t s  g e n e r a te d  b y  n a n o w ir e  p p y  c o u n t e r a c t  w ith  th o s e  o f
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th e  p u r e  g e la t in .  U n d e r  a n  a p p lie d  e le c t r ic  f i e l d ,  p u r e  g e la t in  h y d r o g e l  c a n  p o la r iz e  

a n d  g e n e r a t e  n o n - s y m m e t r ic  n e g a t iv e  c h a r g e s .  O n  th e  o th e r  h a n d , th e  n a n o w ir e  P p y  

h a s  s t r o n g  p o s i t iv e  c h a r g e s  a t ta c h e d  o n  th e  m a in  c h a in s .  A p p a r e n t ly ,  th e  p r e s e n c e  o f  

p o s i t i v e  c h a r g e s  d im i n i s h e s  th e  n o n - s y m m e t r ic  n e g a t i v e  c h a r g e s  g e n e r a te d  w i t h in  th e  

g e la t in  m a tr ix .  T h e r e f o r e ,  th e  b e n d in g  a n d  t h e  d ie l e c t r o p h o r e s i s  f o r c e s  o f  th e  

n a n o w ir e  P p y /g e la t in  h y d r o g e ls  u n d e r  e le c tr ic  f i e l d  a re  l e s s .
In  p r e v io u s  w o r k , T h o n g s a k  e t al. ( 2 0 1 0 )  r e p o r te d  th e  

d ie l e c t r o p h o r e s i s  f o r c e  o f  s t y r e n e - i s o p r e n e - s t y r e n e  t r ib lo c k  c o p o l y m e r  ( S I S  

D i l l  4 P  ), th e  m a x im u m  d e f le c t i o n  d is ta n c e ,  a n d  th e  d ie l e c t r o p h o r e s i s  fo r c e  a t E  =  

6 0 0  v / m m  w a s  2 .8 6  m m  a n d  3 6 .4  p N .  r e s p e c t i v e ly  ( T h o n g s a k  e t a l.,  2 0 1 0 ) .  D a i  et 
al. ( 2 0 0 9 )  s tu d ie d  th e  b e n d in g  fo r c e  u n d e r  a p p l i e d  e le c t r ic  f i e l d  o f  io n ic  n e tw o r k  

m e m b r a n e  b a s e d  o n  th e  b le n d s  o f  w a te r  s o lu b le  p o l y  v in y l  a l c o h o l  ( P V A )  a n d  h ig h ly  

io n ic  c o n d u c t iv e  p o ly  2 - a c r y l a m i d o - 2 - m e t h y l - l -  p r o p a n e s u l f o n ic  a c id  ( P A M P S ) .  T h e  

b e n d in g  f o r c e  o f  th e  P V A /P A M P S  b le n d  w a s  e q u a l  to  4 .9  m N  at E  =  4 0  v / m m  (D a i  

e t a l.,  2 0 0 9 ) .  K u n a n u r u k s a p o n g  e t a l. ( 2 0 1 1 )  s t u d ie d  th e  e le c t r o m e c h a n ic a l  r e s p o n s e  

o f  a n  a c r y l ic  e la s t r o m e r  ( A R 7 0 ) .  T h e  m a x im u m  d e f l e c t i o n  d is ta n c e  a n d  

d ie l e c t r o p h o r e s i s  fo r c e  a t th e  e le c t r ic a l  s tr e n g th  o f  2 2 5  v / m m  w a s  1 2 .4 1  m m  a n d  

0 .3 6 7  m N ,  r e s p e c t i v e ly  (K u n a n u r u k s a p o n g  e t a l.,  2 0 1 1 ) . F o r  th e  p u r e  g e la t in  a n d  

n a n o w ir e  P P y /g e la t in  h y d r o g e ls  s tu d ie d  in  th is  w o r k ,  th e  m a x im u m  d e f le c t i o n  

d is t a n c e  a n d  d ie le c t r o p h o r e t ic  f o r c e  w e r e  o b ta in e d  fo r  th e  p u r e  g e la t in  h y d r o g e l  a t E
=  6 0 0  V / m m . T h e y  w e r e  1 4 .8 4  m m  a n d  7 .0 5 5  m N , r e s p e c t iv e ly .

\

3.5 Conclusions

In  th is  s t u d y ,  th e  e le c t r o m e c h a n ic a l  p r o p e r t ie s ,  th e  s to r a g e  m o d u lu s  

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

n a n o w ir e  P p y /g e la t in  h y d r o g e ls  w e r e  in v e s t ig a t e d  a s  f u n c t io n s  o f  e le c tr ic  f i e ld  

s tr e n g th  a n d  o p e r a t in g  te m p e r a tu r e . In  th e  p u r e  g e la t in  h y d r o g e l  a n d  n a n o w ir e  

P p y /g e la t in  h y d r o g e ls  0 .0 1 ,  0 .1 ,  0 .5 ,  a n d  1 v o l% .,  th e  s t o r a g e  m o d u lu s  ( G '), th e  

s to r a g e  m o d u l i  r e s p o n s e  {A G ')  a n d  th e  s to r a g e  m o d u lu s  s e n s i t i v i t y  (A G '/G n) in c r e a s e  

m o n o t o n i c a l ly  w ith  in c r e a s in g  e le c t r ic  f i e ld  s t r e n g th  u p  to  8 0 0  v / m m .  T h e  m a x im u m  

s to r a g e  m o d u lu s  s e n s i t i v i t y  w a s  1 0 4 %  fo r  th e  n a n o w ir e  P p y  0 .1  v o l%  /  g e la t in
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h y d r o g e l  a t a n  e le c t r ic  f i e l d  s tr e n g th  o f  8 0 0  v/mm. T h e  m e c h a n i s m  fo r  th e  s to r a g e  

m o d u lu s  r e s p o n s e  i s  th e  in te r a c t io n  b e t w e e n  e l e c t r i c a l ly  p o la r iz e d  n a n o w ir e  P p y  

w h ic h  in d u c e s  a n  e l e c t r o s t a t ic  in te r a c t io n  a n d  th e  e f f e c t  o f  p a r t ic le s  a c t in g  a s  f i l le r s .  
U n d e r  t h e  p r e s e n c e  o f  n a n o  w ir e  P p y , G ' a n d  A G '  a t  a n y  te m p e r a tu r e  in v e s t ig a t e d  a re  

h ig h e r  th a n  t h o s e  o f  th e  p u re  g e la t in  h y d r o g e l  s i n c e  t h e  n a n o w ir e  P p y  a c ts  a s  a  f i l l e r  

a n d  c r e a t e s  th e  w ir e - t o - w ir e  d ip o le  in te r a c t io n  u n d e r  th e  e l e c t r i c  f ie ld .  F o r  th e  

d e f le c t i o n  m e a s u r e m e n t ,  th e  d e f le c t i o n  d is t a n c e s  a n d  th e  d ie l e c t r o p h o r e s i s  f o r c e s  o f  

th e  p u r e  g e la t in  a n d  n a n o w ir e  P p y /g e la t in  h y d r o g e ls  in c r e a s e  m o n o t o n ic a l ly .  -w ith  

in c r e a s in g  e le c t r ic  f i e l d  s tr e n g th . In  th e  c a s e  o f  th e  n a n o w ir e  P p y  1 v o l% /g e la t in  

h y d r o g e l  it  p o s s e s s e s  th e  l o w e s t  d e f le c t io n  r e s p o n s e  r e la t iv e  to  o th e r s  d u e '  to  its  

in i t ia l ly  h ig h e r  r ig id i t y  o r  its  h ig h e r  G'o v a lu e .  F lo w e v e r ,  th e  n a n o w ir e  P p y - 0 .1  

v o l% /g e la t in  h y d r o g e l  is  s h o w n  o v e r a l l  h e r e  to  b e  m o r e  e l e c t r o a c t i v e  th a n  th e  p u re  

g e la t in  h y d r o g e l .
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F ig u r e  3 .1  Scheme of the possible interaction of the gelatin and dodecylbenzene 
sulfonic acid (DBSA).

a )  0 . 0 0 1 7 5  m o l  D B S A  b )  0 . 1 7 5  m o l  D B S A
( N dk.SA- ht monomer — 0 . 0  1:1) (NuBSA-Nmonom er — 1 • 1 )

c) 1.75 mol DBSA
(NdBSA' bimonoiner — 10:1)

F ig u r e  3 .2  SEM micrographs of DBSA-doped synthesized polypyrroles at various 
DBSA concentrations with a magnification of: (a) 0.0175 mol (NoBSÂ Nmonomer = 
0.01:1): (b) 0.175 mol (N DBS A :N monomer -  1:1): (c) 1.750 mol (NDBSA:Nmonomer — 10:1).
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a) Cross-section of pure 
gelatin

b) Cross-section of nanowire 
PPyO.l %v/v / gelatin

c) Cross-section nanowire 
PPy 1 %v/v / gelatin

F ig u r e  3.3 SEM micrographs of cross-sections of the pure gelatin and the nanowire 
Ppy/Gelatin hydrogels; (a) cross-section of the pure gelatin; (b) cross-section of the
0.1 vol% nanowire Ppy/gelatin; and (c) cross-section of the 1 vol% nanowire Ppy/ 
gelatin.
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F ig u r e  3.4 AFM micrographs of: (a) Nanowire Ppy 0.1 vol% /gelatin hydrogel; (a') 
Schematic diagram of nanowire Ppy 0.1 vol% orientation; (b) Nanowire Ppy 1 vol% 
/gelatin hydrogel; (V) Schematic diagram of nanowire Ppy 1 vol% orientation; and 
(c) Pure gelatin hydrogel.
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Time (ร)

o Gelatin hydrogel (Ge)
□  Ge - 0.1 % v/v nanowirePpy I 
A Ge' - 1 % v/v nanowirePpy i

F ig u r e  3 .5  Temporal responses of the storage modulus (G') of the pure gelatin 
hydrogel and the nanowire Ppy/gelatin hydrogels (sample diameter 30 mm, gel 
thickness 1.405 mm, 0.15 % strain, frequency of 100 rad/s, electric field strength 800 
v/mm, and at 30 °G):(o) pure gelatin hydrogel; (□ ) 0.1 %v/v nanowire ppy; (A) 1 
%v/v nanowire Ppy..
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Electric fie ld strength (V/mm)

o  Gelatin hydrogel (Ge) (Storage moduli different at G'0 = 540 000 Pa) ! 
□  Ge-0.1 %v/v nanoPPy (Storage moduli different at G'0 = 965 000 Pa)
A Ge-1 %v/v nanoPPy (Storage moduli different at G'„ = 203 401 Pa)

F ig u r e  3 .6  Effect of concentration of particles on the storage modulus response 
(AG') at various electric field strengths (sample diameter 30 mm. gel thickness 1.405 
mm, 0.15 % strain, frequency of 100 rad/s, and at 30 °c ): (o) Pure gelatin hydrogel; 
(□ ) 0.1 %v/v nanowire Ppy; and (A) r%v/v nanowire ppy.
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! o Gelatin hydrogel (G'Pa, 100 rad/s)
□  Gelatin-0.1 %v/v nanowirePpy (G'Pa, 100rad/s)
•  Gelatin hydrogel ( Storage modulus response )
ช Gelatin-0.1 %v/v nanowirePpy ( storage modulus response )

F ig u r e  3 .7  Effect of concentration of particles on the storage modulus ( C )  and the 
storage modulus response ( A C )  at various temperatures (sample diameter 30 mm, 
gel thickness 1.405.mm, 0.15 % strain, electric field strength 800 v/mra, frequency 
of 100 rad/s).
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O r ig in a l p o s i t io n  
D e f le c t e d

F ig u r e  3 .8  Schematic of the apparatus Iised to observe the dielectrophoretics on the 
hydrogel samples.
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F ig u r e  3.9 Deflection of the hydrogels at E = 0 and 600 v/mm: (a) pure gelatin 
hydrogel; (b) 0.1 %v/v nanowire Ppy/gelatin hydrogel; and (c) 1 %v/v nanowire 
Ppy/gelatin hydrogel. Note: The polarity of the electrode on the left hand side is 
positive.
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Figure 3.10 (a) Deflection distances of the gelatin hydrogel, the 0.1 %v/v nanowire 
Ppy/gelatin hydrogel, and the 1 %v/v nanowire Ppy/gelatin hydrogel at various 
electric field strengths and (b) Dielectrophoretic force calculated through the Linear 
Deflection theory.
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T a b le  3 .1  F T I R  c h a r a c te r is t ic  p e a k s  o f  s y n t h e s iz e d  p o ly p y r r o le

W a v e n u m b e r  ( c m - l ) A s s ig n m e n t

1 5 4 7 , 1 4 5 0 P y r r o le  r in g

1 3 0 2 , 1 0 3 8 = C - H  in  p la n e

1 1 7 8 C - N  s t r e t c h in g

o i i S u l f o n a t e  a n io n

T a b le  3 .2  ' A v e r a g e  p a r t ic le  s i z e s  a n d  e le c t r ic a l  c o n d u c t iv i t y  d a ta  o f  th e  P p y  

s y n s t h e s i z é d  a t d i f f e r e n t  D B S A /p y r r o le  r a t io s

C o n c e n t r a t io n  o f  D B S A  

a n d  p y r r o le  ra tio

.. • (NoBSAtNinononier)

A v a r a g e  p a r t ic le  

s i z e s  (m il)
C o n d u c t iv i t y  ( S /c m )

0 .0 1 :1 3 7 0  ± 2 8 . 1 0 0 .7 6  ±  0 .0 0 0 2
0.1 :1 2 5 0  ± 4 0 . 3 0 1 .3 7  ± 0 . 0 0 0 9
0 .5 :1 1 9 5  ±  1 4 .2 0 2 .3 0  ±  0 .0 0 2 3
1:1 9 5  ±  1 8 .0 0 2 3 .8 6  ± 0 . 0 3 2
5:1 5 3  ±  4 .1 0 1 5 .4 1  ± 0 . 0 1 8
10:1 4 9  ± 2 . 6 0 1 5 .9 5  ± 0 . 0 1 1
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T a b le  3 .3  S e n s i t iv i t y  o f  th e  s to r a g e  m o d u lu s  o f  th e  p u r e  g e la t in  a n d  t h e  N a n o w ir e  

P p y  /g e la t i n  h y d r o g e ls :  0 .1 5  %  s tr a in , e l e c t r i c  f i e ld  s t r e n g t h  8 0 0  v / m m ,  f r e q u e n c y  o f  

1 0 0  r a d /s , a n d  a t 3 0  ๐c

M a te r ia l S to r a g e  m o d u lu s I n it ia l  s to r a g e S e n s it iv i ty  o f

( n a n o w ir e  P p y ( G r) P a m o d u lu s  ( G 'o) P a s to r a g e  m o d u lu s

d ia m e te r :  9 5  ±  18  n m ) (A G V  G'o) P a

G e la t in  h y d r o g e l  (G e ) 7 9 0  0 0 0 5 4 0  0 0 0 0 .4 6

G e  -  0 .0 1  %  v / v  

n a n o w ir e  P p y
. 1 1 7 0  0 0 0 6 6 7  0 0 0 0 .7 5

G e  -  0 .1  %  v / v  n a n o w ir e  

P p y
1 9 7 0  0 0 0 9 6 5  0 0 0 1 .0 4

G e  -  0 .5  %  v / v  n a n o  w ir e  

P p y
; 4 4 7  1 0 0 2 3 4  0 1 0 0 .8 8

G e  -  1 %  v / v  n a n o w ir e  

P p y
4 0 6 1 8 0 2 0 3  4 0 1 0 .9 9
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