
C H A P T E R  III
R E S U L T S  A N D  D I S C U S S I O N

3.1  C h a r a c t e r iz a t io n

3 .1 .1  F T IR  S p ec tro p h o to m etry
T h e  F T IR  sp ectru m  o f  th e s y n th e s iz e d  D B S A -d o p e d  p o ly p y r r o le  

is  c o m p a red  w ith  sp ectru m  o f  neutra l, u n d o p ed  p o ly p y r r o le  as rep orted  b y  
S tree t et al. (1982) sh o w n  in F ig u re  3 .1 . T h e  sp ec tru m  o f  D B S A -d o p e d  

p o ly p y r r o le  s h o w s  a fea tu re le ss  d ecrea se  in a b so rp tio n  from  4 0 0 0  c n r 1 to  1 6 0 0  
c n r 1. T h e  N H  and C H  b an d s, w h ic h  sh o u ld  b e  o b se r v e d  at 3 4 0 0  c m - 1 and  
- 3 0 0 0  c m - 1, r e sp e c t iv e ly , are n o t v is ib le  b e c a u se  th e y  are m a sk ed  b y  th e  ta il o f  
th e  - 1  e V  ( - 8 0 6 6  c n r 1) p ea k  rep resen tin g  th e  b ip o la ro n  a b so rp tio n  o b se r v e d  in  

th e  n e a r -lR  r eg io n . T h is  ch ara cter istic  is a  w e ll-k n o w n  s ig n a tu re  for th e  
e le c tr ic a l c o n d u c t iv ity  o f  e v e r y  c o n d u c t iv e  p o ly m e r s . T h e  - 1  e V  p e a k  is a b sen t  
in  th e  neutral form  o f  th e p o ly p y rro le  (F ig u re  3 .1 a ) , so  th e  N H  an d  C H  b an d s  
ca n  b e  se e n . T h e  r e g io n s  b e lo w  1 6 0 0  c n r 1 are s im ila r  for  b o th  o x id iz e d  and  
n eu tra l p o ly m e r s  b e c a u se  th ey  co n ta in  th e  sa m e  p y rro le  m o ie ty . T h e  b a n d s at 
1 5 6 0  c n r 1 and  1531 c n r 1 id e n t ify in g  th e a sy m m e tr ic a l and sy m m e tr ic a l d o u b le  
b o n d  v ib ra tio n s  in p yrro le  r in gs can  b e  o b se r v e d . T h e  b a n d s at 1 1 5 0  c n r 1 and  
6 2 0  c n r 1 rep resen t th e s = 0  and S - 0  stre tch in g  o f  th e su lfa te  a n io n s  w h ic h  
c o m p e n sa te d  th e  p o s it iv e  ch a rg es  in th e p o ly p y r r o le  ch a in s .

T o  s tu d y  th e  e f fe c t  o f  th e d o p in g  le v e l o f  th e  c o n d u c t iv e  p o ly m e r  
o n  th e  e le c tr ic a l p rop erty  and se n s it iv ity  to  th e certa in  g a s , th e  D B S A -d o p e d  
p o ly p y r r o le s  w e r e  sy n th e s iz e d  b y  v a r y in g  th e  D B S A  c o n c e n tr a tio n s  that a c ted  
as th e  d o p a n t from  1.5 - 4 .0  M . F ig u re  3 .2  sh o w s  th e  F T IR  sp ec tra  w ith  v a r io u s
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F igure 3.1 T he FT IR  spectra o f  (a) the D B SA -doped p olyp yrrole and (b) 
neutral, undoped polypyrrole.

D B S A  c o n cen tra tio n s . W e fo u n d  that th e  a b so rp tio n  b an d s o f  s u lfa te  a n io n s , 
o b se r v e d  at 1 1 5 0  c n r 1 and 6 2 0  cm -1 , in crea se  in th eir  in te n s it ie s  w ith  th e  
in c r e a se  in  D B S A  co n cen tra tio n s. T h is  resu lt im p lie s  that m o r e  D B S A  
m o le c u le s  can  in teract w ith  th e p o ly p y r r o le  c h a in s  w h e n  h ig h e r  D B S A  
c o n c e n tr a tio n s  are u sed .
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F ig u r e  3 .2  T h e  F T I R  s p e c tr a  o f  th e  D B S A -d o p e d  p o ly p y r r o le  p r e p a r e d  b y  

u s in g  D B S A  c o n c e n t r a t io n s  o f  (a )  1 .5  M  , (b )  2 .0  M  5 ( c )  2 .5  M  , 
(d )  3 .0  M  , (e )  3 .5  M  a n d  (f)  4 .0  M .
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F ig u re  3 .3  sh o w s  a p lo t o f  th e  d o p in g  le v e l  o f  D B S A -d o p e d  
p o ly p y r r o le  c a lc u la te d  from  S /N  w e ig h t  ratio  a n a ly z e d  b y  e le m e n ta l a n a ly z e r  in  
C H N S  m o d e  u s in g  E q u a tio n  2.1 as a  fu n c tio n  o f  D B S A  c o n c e n tr a tio n . In th is  
e x p e r im e n t, w e  v a r ied  th e D B S A  c o n cen tra tio n  from  0 .1 2  M  to  4 .5  M . W e  

fo u n d  that th e  d o p in g  le v e l  in c r e a se s  w ith  th e  D B S A  co n c e n tr a tio n . T h e  re su lts  

a g ree  w ith  th e  F T IR  sp ectra  w h ic h  sh o w  th e  in crea se  in  th e  m a g n itu d e  o f  
su lfa te  a n io n  a b so rp tio n  and c o n fir m  that m o re  D B S A  m o le c u le s  p en e tra te  in to  
th e  p o ly p y r r o le  c h a in s  w h e n  h ig h er  D B S A  c o n cen tra tio n  are u sed .

3.1.2 Elemental Analysis

Figure 3.3 Plot of the doping level as the function of DBSA concentration.
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T h e  resu lts  o f  e le m e n ta l a n a ly s is  o f  D B S A -d o p e d  p o ly p y r r o le  n ot 
o n ly  g iv e  th e  e f f e c t  o f  th e  d o p in g  le v e l  data  but a lso  ro u g h ly  p r o v id e  c h e m ic a l  
stru ctu re  in fo rm a tio n . T h e  c h e m ic a l structure is  in d ica ted  b y  o b s e r v in g  a tom  

m o le  ratio  o f  e a ch  e le m e n t  (C , H , N , ร and O ). T h e  a to m  m o le  ra tio s  o f  th e  
e le m e n ts  w e r e  c a lc u la te d  b y  d iv id in g  th e  w e ig h t  ratio  b y  e a c h  m o le c u la r  w e ig h t  
an d  th en  n o r m a liz in g  w ith  o n e  n itro g en  a tom . T h e  o x y g e n  c o n te n ts  w e r e  
d e term in ed  b y  d iffe r e n c e  w ith  w e ig h t  o f  c , H , N  and ร o b ta in e d  fro m  th e  
e le m e n ta l a n a ly s is . T h is  c a lc u la t io n  is  sh o w n  in A p p e n d ix  c  an d  th e  a to m  m o le  

ra tio s  o f  D B S A - d o p e d  p o ly p y r r o le  p rep a red  b y  u s in g  v a r io u s  D B S A  
c o n c e n tr a tio n s  are sh o w n  in  T a b le  3 .1 .

T able 3.1 A tom  m ole ratios from  elem ental analyzer o f  D B SA -doped  
polypyrrole w ith various D BSA  concentrations

[DBSA]
(M)

Pyrrole
Ring3

Anion3
(€ 18แ  29๐ 3 ร) Excess

Oxygenb
c H N C H ร O

0.12 4.00 5.233 1.00 4.307 6.900 0.238 0.714 0.997
0.15 4.00 5.278 1.00 4.662 7.539 0.260 0.780 0.754
0.20 4.00 5.490 1.00 5.134 8.266 0.285 0.855 0.461
0.25 4.00 5.399 1.00 5.399 8.687 0.300 0.899 0.020
0.30 4.00 5.612 1.00 6.431 10.352 0.357 1.071 0.613
0.35 4.00 5.589 1.00 6.623 10.667 0.368 1.103 0.722
0.40 4.00 5.708 1.00 7.390 11.883 0.410 1.229 0.906
0.45 4.00 5.803 1.00 8.824 14.207 0.490 1.470 0.403

N o te  : a : T h e y  w e r e  n o rm a lized  to  N  atom .
b : T h e y  w e r e  o b ta in ed  b y  d iffe r e n c e .
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T a b le  3 .1 ,  sh o w s  that e x c e s s  h y d ro g en  an d  o x y g e n  w e r e  
c o n ta in e d  in  th e sa m p le s . Salm on et al. (1982) rep orted  that th e s e  e x c e s s e s  
in d ica ted  that th e p o ly p y r r o le  w a s  n o t s im p ly  a lin ear  c h a in  w ith  p y r r o le  u n its  
b u t a lso  co n ta in e d  so m e  satu rated  p y rro lid in e  u n its a n d /o r  p a r tia lly  sa tu ra ted  
u n its  term in a ted  w ith  p y rro lid in o n e  stru ctu res as sh o w n  in  F ig u re  3 .4 .

P yrro le  unit P y rro lid in e  u n it

H

P y rro lid in o n e  stru ctu res

F ig u r e  3 .4  T h e  p r o p o s e d  c h e m ic a l  s t r u c t u r e s  o f  p o ly p y r r o le .
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U V -V I S  sp ec tra  w e r e  s tu d ied  b e c a u se  th e y  s h o w  an o p tic a l  
p ro p erty  that is  im p ortan t for th e  c o n d u c t iv e  p o ly m e r s . T h e  o p tic a l p ro p erty  o f  
th e  c o n d u c t iv e  p o ly m e r  freq u en tly  c o n s id e r e d  is th e  a b so rp tio n  w a v e le n g th  in  

e le c tro n  v o lt  u n its  w h ic h  can  b e  co n v e r te d  to  p h o to n  e n e r g y  in  e le c tr o n  v o lt  
u n its  b y  u s in g  E in s te in ’s eq u a tio n  as e x p r e sse d  in  E q u a tio n  2 .2 .  F ig u r e  3 .5  is 
th e  U V -V I S  sp ectra  o f  1 g  /  100  m l m -c r e so l so lu t io n  o f  D B S A -d o p e d  
p o ly p y r r o le  at d ifferen t d o p in g  le v e ls  : 0 .1 5  M , 0 .3 0  M  and 0 .4 0  M  o f  D B S A ,  
r e p r e se n tin g  th e  lo w , m ed iu m  and h ig h  d o p in g  le v e ls  o f  D B S A -d o p e d  
p o ly p y r r o le s , r e sp e c t iv e ly . It can  b e  se e n  that th ere  ap p ear tw o  a b so rp tio n

3.1.3 UV-VIS Spectrophotometry

F igure 3.5 U V -V IS spectra o f m cresol solution  o f polyp yrrole  doped  by
DBSA  concentration  (a) 0.15 M, (b) 0.20 M, (c) 0 .40 M.
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p e a k s  at 3 4 5  n m  and 4 6 0  nra, o n  en e r g y  le v e ls  o f  3 .6  e V  an d  2 .7  e V ,  
r e s p e c t iv e ly . T h e s e  tw o  a b so rp tio n s are in terp reted  as e v id e n c e  for  th e  p r e se n c e  
o f  b ip o la ro n  s ta te s  in  p o ly p y r r o le  c h a in s  that in d ica te  th e  c o n d u c t in g  b e h a v io r  
o f  th e  p o ly m e r .

Y akush i e t al. (1983)  s h o w e d  th e  a b so r p tio n  sp e c tr a  o f  

p o ly p y r r o le  p erch lo ra te  f ilm s  to g e th e r  w ith  th e  sp ec tra  o f  a se r ie s  o f  su c h  f ilm s  

su b je c te d  to  v a r io u s  d o p in g  le v e ls .  T h e y  rep orted  a B lu e  sh ift  fro m  2 .1  e V  an d
3 .2  e V  p e a k s  to  2 .7  e V  and 3 .6  e V  p ea k s , r e sp e c t iv e ly , u p o n  in c r e a s in g  th e  
d o p in g  le v e l ,  b ut w e  ca n n o t fin d  th is  e v e n t  in our resu lt. T h e  r e a so n  m ig h t  b e  
th e  n arrow  v a r ia tio n  o f  d o p in g  le v e l  u sed  in our w o rk . In th e  s y n th e s is  o f  
s o lu b le  p o ly p y r r o le  b y  u s in g  L e e ’s m eth o d , th e  p o s s ib le  ra n g e  o f  D B S A  

c o n c e n tr a tio n  that w e  w e r e  a b le  to  u se  w a s  o n ly  from  0 .1 5  to  0 .4 5  M  b e c a u s e  o f  
th e  s o lu b ility  f ix e s  th e  lo w er  lim it and p r o c e s s ib il ity  se ts  th e  u p p er  lim it.
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In ou r p resen t in v e s t ig a tio n , S E M  w a s  u se d  to  m e a su r e  th e  f ilm  

th ic k n e s s  and to  stu d y  th e  m o r p h o lo g y  o f  th e  s y n th e s iz e d  D B S A -d o p e d  
p o ly p y r r o le s . T h e  resu lts  w e r e  d iv id e d  in to  tw o  parts :

3.1.4.1 F ilm  Thickness D eterm ination. S E M  w a s  n e e d e d  to  
o b se r v e  th e th ic k n e ss  o f  f ilm  b e c a u se  th e prepared  p o ly p y r r o le  f ilm  w a s  th in  
and rather brittle  an d  th ey  c o u ld  n o t b e  sep ara ted  from  th e su b stra te . D B S A -  

d o p ed  p o ly p y r r o le  f ilm s  u se d  in  th e c o n d u c tiv ity  s tu d y  w e r e  p rep a red  as 

m e n tio n e d  in th e  se c t io n  2 .2 .2 . F ig u re  3 .6  sh o w s  an e x a m p le  o f  S E M  im a g e  in  
th e  e d g e  v ie w  o f  th e  0 .3 0  M  D B S A -d o p e d  p o ly p y r r o le  f ilm . T h e  f ilm  th ic k n e s s  
w a s  m ea su red  b y  o b se r v in g  an e d g e  v ie w  o f  th e  sa m p le  b y  u s in g  th e  stan d ard  
s c a le  se tt in g  in th e S E M  p rogram . T h e  o b ta in ed  film  th ic k n e ss  is  an  im p ortan t  

p a ra m eter  to  c a lc u la te  th e s p e c if ic  c o n d u c tiv ity  as e x p r e sse d  in  E q u a tio n  2 .5 .

3.1.4 SEM

18. dfc P o ly p y r r o le  
ip ; f ilm

G la ss  s lid e

F ig l ir e  3 .6  S E M  im a g e  in  th e  e d g e  v ie w  o f  th e  0 .3 0  M  D B S A - d o p e d  
p o ly p y r r o le  f i lm .

1 1
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3.1.4.2 M orphology. T h e  m o r p h o lo g y  o f  th e  p o ly p y r r o le  ca n  b e  

e a s i ly  in f lu e n c e d  b y  th e  d o p in g  le v e l.  S h o w n  in  F ig u re  3 .7  are th e  S E M  
m icro g ra p h s  (m a g n if ic a t io n  3 ,5 0 0  t im e s )  o f  th e  s y n th e s iz e d  D B S A -d o p e d  
p o ly p y r r o le  w ith  v a r io u s D B S A  co n cen tra tio n s . It is  in te r e s tin g  to  f in d  that th e  
m o r p h o lo g y  o f  D B S A -d o p e d  p o ly p y r r o le  sy n th e s iz e d  b y  th e  curren t m e th o d  

e x h ib its  th e  c h a n g e  from  th e  ty p ic a l 3 -D  ran d om  c o ils ,  gran u lar m o r p h o lo g y , to  
th e  r ig id  r o d - l ik e ,  f ib r illa r  m o r p h o lo g y , u p o n  th e  in c r e a se  in  D B S A  
co n c e n tr a tio n . M o r e o v e r , th e  a m o u n t and d ia m eter  o f  fib r ils  w e r e  s e e n  to  
in crea se  w ith  D B S A  c o n c e n tr a t io n . M o re  p o s i t iv e  c h a r g e s  a lo n g  th e  

p o ly p y r r o le  c h a in s  at th e h ig h er  D B S A  co n cen tra tio n s  in d u ce  h ig h e r  d o p in g  
le v e ls .  T h e  r e p u ls in g  e f fe c t  o f  th e  p o s it iv e  ch a rg es  in  th e  p o ly m e r  c h a in s  c a u se s  
th e  p o ly m e r  c h a in s  to  ex p a n d  to w a rd  fib rillar  form s.

M eixiang  et a l (1997) s h o w e d  that th e  p o ly p y r r o le  
p rep ared  b y  c h e m ic a l p o ly m e r iz a tio n  o f  p yrro le  m o n o m e r  in  th e  p r e se n c e  o f  P- 
n a p h th a len e  s u lfo n ic  a c id  (N S A ) , as th e d op an t, e x h ib its  th e  fib r illa r  

m o r p h o lo g y  w ith  a d ia m eter  o f  ab ou t 0 .5  p m  w h e r e a s  th e  s y n th e s iz e d  D B S A -  

d o p e d  p o ly p y r r o le s  g a v e  d ia m eter  o f  ab ou t 2 .5  - 7 .5  p m . In a d d itio n , the  
p o ly m e r iz a t io n  co n d it io n s  can  s ig n if ic a n t ly  in f lu e n c e  th e  m o r p h o lo g y  o f  th e  
o b ta in ed  p o ly p y r r o le s .
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a ) 0 .1 5  M  D B S A

b ) 0 .2 0  M  D B S A

c )  0 .2 5  M  D B S A

( continue )
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d )  0 . 3 0 M D B S A

e )  0 .3 5  M  D B S A

f)  0 .4 0  M  D B S A

Figure 3.7 SEM micrographs of the synthesized DBSA-doped polypyrrole
with various DBSA concentrations. Magnification was 3,500
times
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3 .2  P r e l im in a r y  T e s t

3 .2 .1  E ffe c t  o f  A g in g  T im e  o n  T h e  C o n d u c tiv ity  R e s p o n s e
T o  stu d y  th e  c o n d u c t iv ity  r e sp o n se  o f  th e  sy n th e s iz e d  D B S A -  

d o p e d  p o ly p y r r o le  f ilm s  in  th e  eq u ilib r iu m  sta te , th e  e f fe c t  o f  a g in g  t im e  w a s  

s tu d ied . T h e  D B S A -d o p e d  p o ly p y r r o le  f i lm s  w e r e  sto red  in th e  d e ss ic a to r  
b e fo r e  th e  d e te c t io n s  o f  th e  s p e c if ic  c o n d u c t iv ity  b y  th e  fo u r -p o in t p rob e  

d e te c to r  w ith  an  a p p lied  current o f  2.7 p A  in 1 atm  o f  N2 a tm o sp h e r e  at 18 °c. 
A s  sh o w n  in F ig u re  3.8, d iffe r e n tly  d o p ed  p o ly p y r r o le  f ilm s  s h o w  sa tu ra tion  
s ta te s  o f  th e  s p e c if ic  c o n d u c t iv ity  a fter  4 0  d a y s , as a resu lt o f  r e a c tio n s  w ith  th e  
o x y g e n  in th e  e n v ir o n m e n t and s o m e  h u m id ity  d u r in g  s to ra g e .

T h e  s p e c if ic  c o n d u c tiv ity  c h a n g e  (A ütjc) w a s  c a lc u la te d  b y  E q u a tio n
3 .1  and reco rd ed  in T a b le  3 .2 .

A a dc =  g |  ~  a ° X  100 ( 3 .1 )
°»

w h e r e  a 0 is  th e  in itia l s p e c if ic  c o n d u c tiv ity  d e te c te d  and CTt is  th e  s p e c if ic  

c o n d u c t iv ity  d e tec ted  after  a g in g . W e  se e  that th e c o n d u c t iv ity  c h a n g e  is  a 
fu n c tio n  o f  d o p in g  le v e l;  w ith  a h ig h er  s ta b ility  e x h ib ite d  b y  p o ly p y r r o le  h a v in g  
a h ig h e r  d o p in g  le v e l. F rom  th is  te st w e  d e c id e d  to  d e tec t th e  c o n d u c t iv ity  a fter  
4 0  d a y s  or in  th e eq u ilib r iu m  sta te  o f  th e c o n d u c t iv ity  r e sp o n se .
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T ab le 3.2 The conductiv ity  change o f  the D B SA -doped  p olyp yrro le  film s 
as a function  o f  D BSA  concentration

DBSA concentration (M) ÀCTdc (%)
0.15 164.92
0.20 215.70
0.25 156.53
0.30 96.89
0.35 37.56
0.40 35.63
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Number of days stored Number of days stored

Number of days stored Number of days stored

Number of days stored Number of days stored
Figure 3.8 Effect of aging time on the specific conductivity (Gdc) for the

DBSA-doped polypyrroles of various DBSA concentrations.
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3.2.2 Statistical Test
The statistical test was used to determine the reproducibility of 

the conductivity response of the DBSA-doped polypyrrole films detected by the 
four-point probe detector. In this test, two batches of polypyrrole were 
synthesized by using the same conditions (DBSA concentration = 0.30 M and 
APS = 0.06 mol). Then 10 polypyrrole films of each batch were prepared as 
described in the section 2.2.2 and the conductivity of those films were 
measured by four-point probe detector with an applied current of 2.7 pA in 1 
atm of N2 atmosphere at 18 °c. Average specific conductivity, standard 
deviation, control limit (mean ± std.dev.), specification (mean ± 3 std.dev.), 
and the coefficients of variation were calculated and shown in Table 3.3. Figure
3.9 presents the X-bar charts of the specific conductivity for 0.3 M DBSA- 
doped polypyrrole films.

Table 3.3 The statistical data of 0.30 M DBSA-doped polypyrrole films

Statistic Data Batch 1 (S/cm) Batch 2 (S/cm)
Mean 2.0479 1.9949

Standard deviation 0.0518 0.0502
Control limit 1.9961-2.0997 1.9447-2.0451
Specification 1.8925-2.2033 1.8443-2.1455

% coefficient of variation 2.53 2.52

We can see that all data of both batches are within the 
specification limit and % coefficients of variation are acceptable to conclude 
that the conductivity responses detected from the four-point probe detector have 
an overall good reproducibility.
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Figure 3.9 X-bar charts of the specific conductivity for 0.30 M DBSA-
doped polypyrrole films at 18 °c.
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3.2.3 Effect of Applied Current on The Conductivity Response
In the constructed four-point probe detector, the applied current 

can be varied from 0 to 2.7 pA. Therefore the effect of the applied current in 
this range on the conductivity response was studied. The conductivity of the 
DBSA polypyrrole films were observed in 1 atm of N2 atmosphere at 18 °c. 
Figure 3.10. shows the specific conductivity of DBSA polypyrrole films with 
various doping levels as a function of applied current. It is shown here that the 
applied current does not affect the specific conductivity at the applied currents 
ranging from 0.5 to 2.7 pA. This is because the applied currents were very 
small and they cannot generate enough heat to influence the conductivity 
response. So, we decided to use the applied current of 2.7 pA for studying the 
conductivity response in further work to minimize errors due to sensitivity of 
our voltmeter.

Figure 3.10 Effect of the applied current on the specific conductivity 
of the DBSA-doped polypyrrole at 18 °c.
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3.3 Electrical Conductivity

3.3.1 Effect of Dopant Concentration
In this work, DBS A used as the dopant was varied from 0.15 M 

to 0.40 M. The conductivity of the DBSA polypyrrole films were observed by 
using the four-point probe detector with 2.7 pA of applied current in 1 atm of 
N2 atmosphere at 18 °c as seen in Figure 3.11. The specific conductivity 
increases with the DBSA concentration. This result supports the FTIR and UV- 
VIS results which show the increase in the sulfate absorption and bipolaron 
absorption. We can argue that when we use a greater DBSA concentration, 
more DBSA particles can react with polypyrrole and then remove more 
electrons from polypyrrole chains. More positive charges occur in form of 
bipolaron state and then the higher conductivity follows. However, the specific 
conductivity seems to saturate at 0.35 M DBSA-doped polypyrrole.

DBSA concentration ( M )

Figure 3.11 Effect of DBSA concentration on the specific conductivity of
the DBSA-doped polypyrrole films at 18 °c and 1 atm N2.
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The specific conductivity of the DBSA-doped polypyrrole films 
was studied as a function of testing temperature. The conductivity was observed 
by the four-point probe detector with 2.7 pA of applied current in 1 atm of N2 
atmosphere. Figure 3.12 represents the plot of the specific conductivity of 
polypyrrole films with various doping levels as a function of testing 
temperature ranging from 18 °c to 70 °c. The specific conductivity of 0.20 M -
0.40 M DBSA-doped polypyrrole films shows a general feature of a conductive 
polymer, the d.c. conductivity increases with temperature, whereas in the case 
of 0.14 M and 0.15 M DBSA-doped polypyrrole films, the opposite effect 
occurs at low temperatures in the range of 20 °c - 32 °c, follwed by an 
increase in conductivity at higher temperature. The phenomena can be divided 
into two parts as follows :

a) For 0.20 M - 0.40 M DBSA-doped polypyrrole films, 
the d.c. conductivity increases with temperature. This can be described by the 
higher mobility of existing of charges carriers and creation of new charge 
carriers in polypyrrole chains, hence the increase in the d.c. conductivity based 
on the general relationship expressed in Equation 1.3, are a result of thermal 
excitation of charges carriers. A s  S tu k e  e t  a l. (1 9 7 0 )  emphasized, the plot of In 
a dc v e r s u s  1/T gives a good straight line over a considerable range of 
temperature. The electrical conductivity is a negative exponential function of 
inverse temperature and can be written by the general equation :

a dc(T) = a oexP (y Y> (3.2)

3.3.2 Effect of Testing Temperature

where Gdc (T) is the specific conductivity, Go is a constant, Ea is the activation
energy for conduction, kp is the Boltzmann constant and T is the absolute
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Figure 3.12 Plot of üdc v e r s u s  T for the DBSA-doped polypyrrole fdms 
with (a) 0.14 M DBSA, O , (b) 0.15 M DBSA, •  , (c) 0.20 M 
DBSA, m  , (d) 0.25 M DBSA, A  , (e) 0.30 M DBSA, <> , (f)
0.35 M DBS A, O , (g) 0.40 M DBSA,V.

temperature. The activation energy of 0.20 M DBSA - 0.40 M DBSA-doped 
polypyrroel films can be calculated from the slope of In CTdc against 1/T as 
shown in Figure 3.13. and tabulated in Table 3.4. We can see that the activation 
energy decreases with the doping level. These results agree with those of 
B e r th e t  e t  a l. (1 9 8 7  )  who reported that during doping reaction the incremental 
NO, concentration, acted as dopant, not only increased the room temperature 
conductivity but also resulted in a general decrease of the slopes of the In CTdc 
v e r s a s  1/T plots.
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Figure 3.13 Plot of In CTdc v e r s u s  1/T for the DBSA-doped polypyrrole 
films with (a) 0.20 M DBSA, m  , (b) 0.25 M DBSA, A , (c)
0.30 M DBSA, o , (d) 0.35 M DBSA, o , (e) 0.40 M DBSA, V.

Table 3.4 The activation energy for various DBSA concentration in the 
temperature range ะ 18 °c to 70 °c

DBSA concentration (M) The activation energy, E0 ( eV )
0.20 0 .0 8 4 6
0.25 0 .0 6 6 0
0 .30 0 .0702
0.35 0 .0 4 7 6
0 .40 0 .0 4 4 4
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The Mott variable range hopping (VRH) model [M o t t  e t  al. 
(1 9 7 9 ) ]  was proposed for describing the mechanism of charge carrier transport. 
It is a form of hopping transport which results when an electron may hop to a 
distant site instead of just a neighboring site if the energy difference between 
its current site and the distant site is smaller than the difference between its 
current site and the neighboring site. The specific conductivity was plotted 
following the general form of the temperature-dependent conductivity of Mott’s 
model as described in Equation 3.3 :

( T  ) Y(i+\
G  =  G 0 e x p - 1 0

V T y

where G 0  is a constant, d is the dimensionality and, for three dimensional 
system, To = c / kBN(Ep)L3 (c is the proportionality constant, kg the Boltzman 
constant, N(Ep) the density of states at Fermi level and L the localization 
length). For a one dimensional chain (d = 1) the localization of charge carriers 
arises for even weak disorder because of quantum interference of static back- 
scattering. In contrast, strong disorder (the mean free path is comparable with 
the Fermi wavelength) is required for localization in three-dimensional system 
(d = 3). However both 1-D and 3-D VRH model provide a good fit to our data 
through the entire temperature range as shown in Figure 3.15. This is because 
there may be no effect of the dimensionality on the conductivity or the 
temperature range used was too small.

b) In the case of 0.14 M and 0.15 M DBSA-doped 
polypyrrole films, the conductivity response can be divided into two regimes 
(Figure 3.12a and Figure 3.12b). First, the conductivity response in the 
temperature range of 33 °c  - 70 °c  represents the same trend as higher doping 
level mentioned above. Second, at the low temperature range (18 °c  - 32 °C), it 
is very interesting to find that the conductivity response shows metal-like
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behavior where the specific conductivity decreases with temperature. We are 
not sure about the actual reasons. However we can propose some idea and 
models for this situation by considering some previous works and the results of 
the morphology study because the conducting polymers generally display a rich 
variety in their morphology. From the morphology, results the low-doped 
polypyrrole contains 3D random coil-like structures whereas the higher-doped 
polypyrrole shows fibril structures. In the low temperature range, when the 
temperature increases the 3D random coil structure of the low doped 
polypyrrole will expand and increase the free volume as can be seen in Figure
3.14. The increase in free volume causes difficultly for interchain transport to 
occur, so the conductivity goes down. In the case of highly-doped polypyrrole, 
chain expansion can hardly affect the interchain transport, since they have 
already been expanded by the repulsing electrostatic effect. However as seen in 
Figure 3.12, the increase in conductivity response still appears. B r e d a s  e t  a l. 
(1 9 8 4 )  indicated that polypyrrole, poly(p-phenylene) and polythiophene possess 
a nondegenerate ground state since their ground states correspond to a single 
geometric structure which is aromatic-like. A quinoid-like resonance structure 
can be envisioned but has higher total energy (Figure 3.16). They showed that

Figure 3.14 A possible model for low-doped polypyrrole chains when
temperature increases.
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Figure 3.15 Plot of เท G dc v e r s u s  (A) 1/T/2 and (B) 1/T/4 for the DBSA- 
doped polypyrrole films with (a) 0.20 M DBSA, HI, (b) 0.25 
M DBSA, A , (c) 0.30 M DBSA, o , (d) 0.35 M DBSA, o , (e) 
0.40 M DBSA, V-
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the quinoid structure has a lower ionization potential and a larger electron 
affinity than the aromatic structure. From this reason, we can suggest that the 
higher-doped polypyrroles exhibit more quinoid structure and the larger 
electron affinity, meaning that electrons can be easier removed from higher 
doped polypyrrole chains in comparison with the lower-doped polypyrrole 
chains and then more new charge carriers can be created. These new charge 
carriers cause the increase in the conductivity. This is the possible reason why 
in the low temperature range, the specific conductivity increases with 
temperature for the highly-doped polypyrroles whereas the specific 
conductivity decreases with temperature for the lower-doped polypyrroles.

Figure 3.16 Aromatic (ground state) and quinoid-like geometric structures 
for (a) polypyrrole, (b) polythiophene, (c) poly(p-phenylene).
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The specific conductivity of the DBSA-doped polypyrrole films 
was studied as a function of exposure time to SO2. The conductivity was 
observed by the four-point probe detector with 2.7 pA of applied current at 18 
°c  in 1 atm of 2500 ppm SO2 atmosphere. Figure 3.17 illustrates the plot of the 
specific conductivity of polypyrrole films with various doping levels versus 
exposure time to SO2. It can be seen that the specific conductivity increases 
with exposure time. The reason is SO2, an electron acceptor gas, can remove 
some electrons from polypyrrole chains, so the holes or positive charges are 
created. The positive charges along the polypyrrole chains act as charge carriers 
for conduction therefore the conductivity increases. From Figure 3.17 we also 
observe that the rate of conductivity changes for various doping levels, 
observed from the slope in an initial stage of the gas exposure, are different. 
The higher doping level show a higher rate of conductivity change and become 
saturated in a lesser amount of time. For the polypyrrole with has higher 
electron affinity because of more quiniod-like structure, SO2 can easily remove 
electrons from polypyrrole chains in an initial stage. The adsorption sites along 
polypyrrole chains are compensated by sulfate anions and become saturated 
faster than the lower-doped polypyrroles.

3.3.3 Effect of Exposure Time to so ?
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Figure 3.17 Effect of exposure time to 2500 ppm S 0 2 at 18 °c for DBSA 
doped polypyrrole films with (a) 0.15 M DBSA, ® , (b) 0.20 
M DBSA, B , (c) 0.25 M DBSA, A , (d) 0.30 M DBSA, o  , (e) 
0.35 M DBSA, (ร).
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The dependence of the DBSA-doped polypyrrole films 
conductivity on ร(ว2 concentration was investigated for gas sensor application. 
The conductivity was observed by the four-point probe detector with 2.7 pA of 
applied current at 18 °c  in 1 atm of various ร(ว2 concentration. Figure 3.18 
displays the plots of the specific conductivity of the DBSA-doped polypyrrole 
films at various doping levels against log SO2 concentration based on the 
general log’ร law as expressed in Equation 3.4

a do = aiogCso, (3.4)
where a d c  is the specific conductivity, CS02 is SO2 concentration and a is 
constant. The relation is linear within the SO2 concentration range of 500 - 
2500 ppm. We thus demonstrate that the DBSA-doped polypyrrole films can be 
used as SO2 sensor within this concentration range. Considering that the slopes 
of the various doping levels are different, the doping level seems to play an 
important role in determinating the gas sensitivity of DBSA-doped polypyrrole 
films. In order to consider the sensitivity of the sensor, the data from Figure
3.18 are replotted as conductivity change, calculated by Equation 3.1, versus 
SO, concentration and then shown in Figure 3.19. It seems to illustrate that the 
highest sensitivity of the sensor is at 0.15 M DBSA-doped polypyrrole because 
it shows the largest conductivity change when compared with the higher-doped 
polypyrrole.

3.3.4 Effect of SO-xoncentration
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Figure 3.18 Effect of S 0 2 concentration at 18 °c for DBSA-doped 
polypyrrole with (a) 0.15 M DBSA, •  , (b) 0.20 M DBSA, [3 , 
(c) 0.25 M DBSA, A , (d) 0.30 M DBSA, o  , (e) 0.35 M 
DBSA, 0 .
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Figure 3.19 Plot of the specific conductivity change v e r s u s  S 0 2 
concentration at 18 °c for DRSA-doped polypyrrole with (a) 
0.15 M DBSA, #  , (b) 0.20 M DBSA, m , (c) 0.25 M DBSA, A , 
(d) 0.30 M D B SA ,0,(e) 0.35 M DBSA,(฿.
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The effect of testing temperature on the specific conductivity of 
DBSA-doped polypyrrole when exposed to ร(ว2 atmosphere is a important 
point for portable gas sensor investigation, therefore the specific conductivity 
of DBSA-doped polypyrrole films was detected at various temperature by the 
four-point probe detector with 2.7 fiA of applied current in 1 atm of 1000 ppm 
SO2. Figure 3.20 shows the plots of the specific conductivity of the 0.15 M,
0.25 M, and 0.35 M DBSA-doped polypyrrole films at various temperatures. 
They seem to display the same trend; their specific conductivities increase with 
temperature in the range of about 18 °c  to 50 °c and decrease at the higher 
temperature. The increasing conductivity in the first range is result from the 
creation of new charge carriers in the polypyrrole chains because of the electron 
attraction of SO2 and the increment in charge carrier mobility because of 
increasing temperature. However, higher temperature (50 °c  to 70 °C), the 
specific conductivities decrease with increasing temperature; this may be 
caused by the desorption of SO2 molecules from polypyrrole chains. When 
temperature increases, the expansion of polypyrrole film occurs results in larger 
free volume, and greater SO2 mobility, so they can desorb from polypyrrole 
chains more easier.

3.3.5 Effect o f  Testing Temperature in so?  Atmosphere
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Figure 3.20 Plot of the specific conductivity v e r s u s  temperatures in 1000 
ppm S 0 2 atmosphere of the DBSA-doped polypyrrole films 
with (a) 0.15 M DBSA, 9  , (b) 0.25 M DBSA, A , (c) 0.35 M 
DBSA,
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