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A P P E N D I X  A

V a n  d e r  P a u w  m e t h o d  is  t h e  t e c h n iq u e  fo r  m e a s u r in g  c o n d u c t iv i ty  (ex) o f  

s a m p l e ,  w h ic h  h a s  c o n s t a n t  t h ic k n e s s  b u t a rb itra ry  s h a p e .  F ir st , fo u r  o h m s  c o n t a c t s  

a r e  m a d e  a t  t h e  e d g e  o f  t h e  s a m p l e  (F ig u r e  A -1 ) . T h e n  a p p lie d  s u i t a b l e  c u r r e n t  ( l12) 

th r o u g h  c o n t a c t  1 a n d  2  a n d  m e a s u r e d  p o te n t ia l  d if fe r e n t  (V 34) b e t w e e n  c o n t a c t  3  

a n d  4 .  เท th is  c a s e ,  t h e  s u i t a b le  c u r r e n t  ( l 12) is  a s s i g n e d  to  t h e  t h r e e  v a l u e s  b y  u s e  

t h e  r e s i s t a n c e  1 0 0  K Q , 2 0 0  K Q , a n d  3 0 0  K Q , r e s p e c t iv e ly .  T h e  o b t a in e d  d a t a  is  

s h o w n  in T a b le  A -1 .

T a b le  A -1  C u r r e n t  a n d  p o te n t ia l  d a ta  m e a s u r in g  a s  h 2 a n d  V 34, r e s p e c t i v e ly

Electrical conductivity measurement by van de Pauw method

: Current (Ampere) Potential(Volt)

100 KQ เ12(1) V34(1)

200 KQ 112(2) V34(2)

300 KQ 112(3) V34(3)

T h e  r e s i s t a n c e  is  o b t a in e d  b y  p lo tt in g  t h e  g r a p h  o f  c u r r e n t  a n d  

v o l t a g e  v a lu e  fr o m  T a b le  A - 1 . T h e  s l o p e ,  w h ic h  is  t h e  r e s i s t a n c e ,  is  a s s i g n e d  to  R-I- 

เท t h e  o t h e r  w a y ,  เ23 i s  a p p l i e d  th r o u g h  c o n t a c t s  2  a n d  3  a n d  p o t e n t ia l  d if fe r e n t , V 41 is  

m e a s u r e d  to  o b t a in  t h e  g r o u p  o f  d a ta  in t h e  s a m e  m e th o d ,  a n d  R 2 i s  o b t a in e d .



1 0 0

C o n t in u o u s ly ,  R 1 a n d  R 2 a r e  ta k e n  in to  t h e  E q u a t io n  A -1  to  o b ta in  t h e  

e l e c t r i c a l  c o n d u c t iv i t y .

e x p (- * Ri dff) +  e x p (- * Ri d a) (A -1 )

W h e r e  d is  t h e  t h ic k n e s s  o f  t h e  s a m p l e  a n d  a  is  t h e  e le c t r ic a l

c o n d u c t iv i ty .

F ig u r e  A -1  C o n d u c t iv i ty  m e a s u r e m e n t  b y  v a n  d e r  P a u w  m e t h o d

N e x t ,  t h e  c u r r e n t  e l e c t r o d e  is  c h a n g e d  a r o u n d  t h e  s a m p l e  d i s c ,  g e t  l12, เ23, เ34, 

l41 a n d  c o r r e s p o n d in g  p o te n t ia l  d if fe r e n t  V 34, V 411 v 12, v 23, r e s p e c t iv e ly .  T h e n  

c a l c u l a t e  C71, a 2 , a 3, a 4 fr o m  e q u a t io n  3 .1 .  F in a lly  o b ta in  m o r e  a c c u r a t e  c o n d u c t iv ity ,  

E q u a t io n  A -2 .

u = (ai+d2+cy3+cy4)/4 (A-2)
CT =  a v e r a g e  c o n d u c t iv ity

C o n t a c t  r e s i s t a n c e  b e t w e e n  t h e  m e a s u r e m e n t  e l e c t r o d e s  a n d  t h e  

c o m p o s i t e  s a m p l e  is  r e d u c e d  b y  p a in t in g  e l e c t r o d e s  d ir e c t ly  o n  to  t h e  s u r f a c e  o f  t h e  

s a m p l e .  S u i t a b l e  p a in t s  a r e  s i lv e r  d i s p e r s io n s  o r  A q u a d a g  (a n  a q u e o u s  d i s p e r s io n  

o f  c o l lo id a l  g r a p h it e ) .
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Calculation of electrical conductivity

C o m p u t e r  p r o g r a m  fo r  c a lc u la t in g  c o n d u c t iv ity  w a s  c o n s t r u c t e d  fo l lo w  

e q u a t io n  A -1  fr o m  v a n  d e r  P a u w  m e t h o d  b y  u s in g  p r o g r a m  ‘G W b a s ic ’ l a n g u a g e .  

T h e  d e ta il  o f  t h e  p r o g r a m  is  s h o w n  b e lo w :

o k

L ist

1 0  I N P U T "  S A M P L E  T H I C K N E S S  =  ”1D

2 0  I N P U T "  R e s i s t a n c e  N o .1  =  ”,R 1

3 0  I N P U T "  R e s i s t a n c e  N o .2  =  ”,R 2

4 0  M = 3 .1 4 1 5 2 7 * D

5 0  R = R 1

6 0  S = R 2

7 0  A = M * R

8 0  B = M * S

9 0  C = (A + B )* .5

1 0 0  x=.69314/c
1 1 0  l= E X P (-A * X )+ E X P (-B * X )

1 2 0  IF I < = 0 .0 0 0 0 1  T H E N  G O T O  1 5 0  

1 3 0  x = x ฯ  

1 4 0  G O T O  1 1 0

1 5 0  P R IN T  “ C o n d u c t iv ity  = ”;X  

o k



1 0 2

A fte r  t h e  e le c t r ic a l  d a ta  (V  a n d  I) a t  4  p o in t s  o f  p o ly m e r  s a m p l e  w e r e  

o b t a i n e d ,  t h e  s l o p e  o f  t h e  g r a p h  p lo ttin g  b e t w e e n  p o te n t ia l  a n d  c u r r e n t , R 

( R e s i s t a n c e ) ,  c o u n d  b e  o b t a in e d  b y  l e a s t  s q u a r e  fit t e c h n iq u e .  T h e n ,  t h e  r e s i s t a n c e  

v a l u e s  fr o m  e a c h  s a m p l e  w h ic h  h a v e  t h e  c o r r e c t  l e a s t  s q u a r e  fit w ill b e  c a l c u la t e d  b y  

c o m p u t e r  p r o g r a m .

S a m p l e

1 . T h i c k n e s s  d 1 =  0 .0 4 0  c m

d 2 =  0 .0 4 2  c m  

d 3 =  0 .0 4 4  c m  

d 4 = 0 .0 4 1  c m

A v e r a g e  t h ic k n e s s  d =  0 .0 4 2  c m

2 .  T h e  s l o p e  o f  t h e  g r a p h  fro m  V  a n d  I d a ta

G r o u p  1 ! 12 V 34 ะ 0 .7 9 ,  0 .5  ; 0 .3 9 ,  0 .3  ; 0 .2 4 ,  0 .1

G r o u p  2  I23 v 14 : 0 .7 9 ,  0.8 ; 0 .4 0 ,  0 .4  ; 0 .2 5 ,  0 .2

fr o m  g r o u p  1 w e  o b ta in e d  R-I =  0 .6 8  

fr o m  g r o u p  2  w e  o b ta in e d  R 2 =  1 .0 9

3 . C a lc u la t io n  p r o g r a m

R u n

S A M P L E  T H I C K N E S S  = 0 . 0 4 2  

R e s i s t a n c e  N o . 1 = 0 . 6 8

R e s i s t a n c e  N o .2  =  1 .0 9

Example for calculation the electrical conductivity of pqh/mer sample

C o n d u c t iv i ty =  6 . 0 5 0 0 9 8
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Ok
เท p r in c ip le ,  <r1, cr2, ct3 , ct4  c o u ld  b e  c a lc u la t e d  b y  c h a n g in g  t h e  c u r r e n t  

e l e c t r o d e s  a r o u n d .  T h e s e  v a l u e s  w e r e  a v e r a g e d  to  o b ta in  t h e  fin a l v a lu e  th a t  w a s  

t h e  a v e r a g e  c o n d u c t iv i t y  o f  t h e  s a m p l e .
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A P P E N D I X  B

The electrical conductivity of polypyrrole composites

T a b l e B - 1  E le c tr ic a l  c o n d u c t iv i t y  o f  P o ly s t y r e n e /P o ly p y r r o le  c o m p o s i t e s

S a m p l e P y r r o le :  P S R e a c t io n C o n d u c t iv i t y ( S c m '1) A v e r a g e
c o d e r a t io t im e (h o u r ) #1 #2 ( S q m 4 )

P S 0 1 0.1 1 1 .5 3 1 .5 3 1 .5 3

P S 0 2 0.2 1 2 .7 0 2 .7 3 2 .7 2

P S 0 3 0 .5 1 7 .1 3 8.01 7 .5 7

P S 0 4 0.8 1 8 .2 6 7 .9 4 8.10

P S 0 5 1 1 1 0 .8 5 9 .1 1 9 .9 8

P S 0 6 0.1 2 - - -

P S 0 7 0.2 2 3 .3 5 1 .7 1 2 .5 3

P S 0 8 0 .5 2 5 .4 4 5 .2 3 5 .3 4

P S 0 9 0.8 2 1 .3 3 1 .0 6 3 .2 0

P S 1 0 1 2 4 .4 1 4 .5 5 4 . 4 8

P S 1 1 0.1 3 3 .2 1 2 .9 9 3 .1 0

P S 1 2 0.2 3 2 .2 4 2 .3 8 2 .3 1

P S 1 3 0 .5 3 2 .7 8 2 .8 4 2 .8 1

P S 1 4 0.8 3 2 .3 5 2 .1 6 2 .2 6

P S 1 5 1 3 3 .4 0 3 .0 6 3 .2 3

P S  1 6 * 0.1 M ix e d 5 .1 8 7 .2 1 6 .5 1

P S  1 7 * 0.2 M ix e d 7 .0 4 7 .4 6 7 .2 5

P S 1 8 * 0 .5 M ix e d 9 .9 0 7 .5 6 8 .7 3
* S t u d y  in 5 0 %  m e t h a n o l /w a t e r  a t  1 h o u r  p o ly m e r iz a t io n  t im e
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TableB-2 Electrical conductivity of Poly(vinyl chloride)/Polypyrrole composites

S a m p l e P y r r o le :  P V C R e a c t io n C o n d u c t iv i t y ( S c m '1) A v e r a g e
c o d e ra tio t im e (h o u r ) #1 #2 ( S c r r r )

P V C 0 1 0.1 1 - - -

P V C 0 2 0.2 1 - - -

P V C 0 3 0 .5 1 5 .6 0 5 .0 6 5 .3 3

P V C 0 4 0.8 1 9 .7 9 9 .2 5 9 .5 2

P V C 0 5 1 1 1 0 .1 4 9 .9 0 10.02

P V C 0 6 0.1 2 0 . 1 1 0 .0 9 0.10

P V C 0 7 0.2 2 2 . 1 6 2 .3 3 2 . 2 4

P V C 0 8 0 .5 2 8 .1 6 7 .2 1 7 .6 8

P V C 0 9 0.8 2 7 .0 0 7 .8 2 7 .4 1

P V C 10 1 2 6 .4 8 7 .2 5 6.86

P V C 1 1 0.1 3 0 .1 9 0 .1 7 0 .1 8

P V C 1 2 0.2 3 0.88 1 .0 9 0 .9 8

P V C 1 3 0 .5 3 2.20 1 .7 4 1 .9 7

P V C 1 4 0.8 3 1 .7 1 1 .4 6 1 .5 8

P V C 1 5 1 3 1 .1 4 1 .1 4 1 .1 4

P V C 1 6 * 0.1 M ix e d 0 .4 3 0 .5 7 0 .5 0

P V C 1 7 * 0.2 M ix e d 2 .2 5 2 .6 0 2 .4 2

P V C 1 8 * 0 .5 M ix e d 4 . 0 5 3 .0 8 3 .5 6
* S t u d y  in 5 0 %  m e t h a n o l /w a t e r  a t  1 h o u r  p o ly m e r iz a t io n  t im e
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TableB-3 Electrical conductivity of Polypyrrole powder prepared by dispersion
p o ly m e r iz a t io n

Sample Pyrrole: PVP Solvent Conductivity(Scm'1) Average
(Scrrr)code ratio #1 #2

P V P 0 1 0.1 M e th a n o l 0 .1 5 0 .1 5 0 .1 5

P V P 0 2 0 .5 M e th a n o l 0 .2 3 0 .2 5 0 .2 4

P V P 0 3 0.8 M e th a n o l 1 . 1 2 1.20 1 .1 6

P V P 0 4 0.1 W a te r 1 5 .9 3 1 6 .0 2 1 5 .9 8

P V P 0 5 * 0 .5 W a te r 6 .8 2 6 .2 4 6 .5 3

P V P 0 6 0.8 W a te r 2 .8 7 2 . 8 7 2 .8 7

P V P 0 7 0.1 M ix ed 4 2 . 4 3 4 1 . 5 5 4 1 .9 9

P V P 0 8 0 .5 M ix ed 1 6 .7 1 1 4 .5 8 1 5 .6 4

P V P 0 9 0.8 M ixed 0 .9 1 0 .8 9 0 .9 0

P V P 1 0 * 0 .5 2 h o u r 7 .7 2 6 .9 4 7 .3 3

P V P 1 1 * 0 .5 3  h o u r 1 3 .0 2 1 6 .7 4 1 4 .8 8
* S t u d y  in w a t e r  a t  1 , 2 ,  3  h o u r  p o ly m e r iz a t io n  t im e
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T a b l e B - 4  C o n d u c t iv e  s ta b i l ity  o f  P o iy s t y r e n e /P o ly p y r r o le  c o m p o s i t e s

S m d e e
s t o r i n g  t im e  

( w e e k )
C o n d u c t iv ity  (S c m " 1) 

#1  #2
A v e r a g e
(S c m '1 )

0 1 .5 3 1 .5 3 1 .5 3
2 1 .4 1 1 .3 4 1 .3 8

P S 0 1 4 1 .0 8 1 .0 4 1 .0 6
6 1 .0 6 1 .3 6 1 .2 1

8 0 .8 2 1 .0 3 0 .9 2
10 0.88 0.86 0 .8 7
0 2 . 7 0 2 .7 3 2 . 7 2
2 2 .6 5 2 .4 8 2 .5 6

P S 0 2 4 1 .6 4 1 .7 2 1.68

6 1 .4 9 2 .0 6 1 .7 8
8 1 .2 5 1 .3 4 1 .3 0

10 1 .0 8 0 .9 2 1.00

0 7 .1 3 8.01 7 .5 7
2 6 .3 3 5 .4 3 5 .8 8

P S 0 3 4 4 .2 8 4 .1 6 4 . 2 2
6 3 .9 4 3 .9 1 3 .9 2
8 3 .5 2 3 .6 1 3 .5 6
10 3 .4 9 3 .3 7 3 .4 3
0 8 .2 6 7 .9 4 8.10

2 2.86 2 .0 9 2 .4 8
P S 0 4 4 1 .6 2 1 .7 2 1.68

6 1 .1 9 0 .9 8 1 .0 8
8 0 .8 7 0 .7 7 0 .8 2
10 0 .7 0 0 .7 2 0 .7 1
0 1 0 .8 5 9 .1 1 9 .9 8
2 3 .3 6 3 .9 0 3 .6 3

P S 0 5 4 2 .4 1 2 .7 8 2 .6 0
6 1 .6 5 1 .8 1 1 .7 3
8 1 .3 2 1 .6 3 1 .4 8
10 1 .0 9 1 .1 5 1 . 1 2
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T a b l e B - 5  C o n d u c t i v e  s t a b i l i t y  o f  P o l y ( v i n y l  c h l o r i d e ) / P o l y p y r r o l e  c o m p o s i t e s

Sample Storing time Conductivity (Scm"1)
code (week) 1  #1 #2 (Scm'V

0 5.60 5.06 5.33
2 2.00 2.29 2.14

PVC03 4 1.60 1.41 1.50
6 1.25 1.13 1.19
8 0.82 0.80 0.81
10 0.77 0.71 0.74
0 9.79 9.25 9.52
2 3.99 3.88 3.94

PVC04 4 3.04 3.24 3.14
6 4.44 2.95 3.70
8 1.81 1.80 1.80
10 1.24 1.14 1.19
0 11.54 8.50 10.02
2 3.50 2.88 3.19

PVC05 4 2.19 2.04 2.12
6 1.79 1.56 1.68
8 1.25 0.99 1.12
10 1.00 1.04 1.02
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A P P E N D IX  c
Attenuated total reflectance FT-IR spectroscopy [46]

The Attenuated total reflectance FT-IR spectroscopy is a sampling technique 

based on internal reflection spectroscopy (1RS). The ATR technique rely on the 

intimate contact of a sample with the surface of a high refractive index, infrared 

transparent character or ATR prism, see Figure C-1(a),(b). IR radiation entering the 

prism at an angle greater than the critical angle and internally reflected within the 

prism. Its energy was attenuated by absorption of the sample attached to the prism 

[47],

SAMPLE SAMPLE
(a) (b)

Figure C-1 Schematic diagram of internal reflection spectroscopy

Since smooth film cannot be fabricated from the samples being investigated, 

casting onto the surface of prism is employed (see Figure C-2). Droplets of 

suspended sample obtained by dispersing dry powders in methanol were put on the 

prism. After the solvent was completely removed. The sample on the surface of the 

ATR prism was analyzed by ATR FT-IR spectroscopy.
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PPy composite --------►

P R I S M

Figure C-2 ATR FT-IR study model for polypyrrole coating composite

The incident angle is important for obtaining absorption band. If the incident 

angle is small, the inner layer of polymer sample will be detected. Thus, in this 

investigation an incident angle of 45 0 was employed to observe the outer layer only 

of polymer composite.



A P P E N D IX  D
F T -IR  S p e c t r a
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Figure D-3 FT-IR spectrum (transmission) of pure polypyrrole
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