
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Characterization

4 .1 .1  F T -IR  S pectroscopy
T he F T -IR  spectrum  o f  a syn th esized  p o lya n ilin e  (p o ly an ilin e
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w a v e l e n g t h  ( c m ‘ 1)

Fig. 4.1 F T -IR  spectrum  o f  the sy n th esized  p o lya n ilin e  em erald ine base.

The spectrum shows five important FT-IR characteristic peaks. Each of the
peak position identifies specific characteristic of Polyaniline EB, which can be
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related  to  th e ch em ica l bonds. T he peak  location s and interpretations are 
tabulated  in T ab le 4 .1 .

Table 4.1 T he characteristic F T -IR  peaks o f  P o lyan ilin e  E m era ld in e B a se  
(Z en g  et al. 1998)

W a v e leg th  (cm ' ) Functional Group

1586 Stretching vibration o f  N -q u in o id  ring ผ— ^==^—  N

1493 Stretching vibration o f  N -b en zen o id  ring y—. H
N— \ Q ^ n

1297 Stretching vibration o f  C -N

1161 V ibration m ode o f  quinoid  ring

825 C -H  b en ding  vibration o f  para-couple b en zen e  ring

T he absorption peaks at 1586 c m '1 and 1493 cm '1 represent the  
stretch ing v ibrations o f  the quinoid  ring and the b en zen oid  ring, resp ec tiv e ly  
(Z en g  et al. 1998). T his ind icates that the sy n th esized  p o ly a n ilin e  w as  
co m p o sed  o f  tw o  parts w h ich  are the characteristic feature o f  a p o ly a n ilin e  
em era ld ine b ase. T he absorption at 1161 cm '1 ind icates an e lectro n ic  band  
w h ich  is a ssocia ted  w ith  electrical con du ctiv ity  o f  p o lya n ilin e  (N arayana et al. 
1994). T he absorption at 825 cm '1 ind icates the type o f  substituted  b en zen e  in  
p o ly a n ilin e . Our results are con sisten t w ith  th ose o f  Z en g  et al. (1 9 9 8 ).

T he F T -IR  spectra o f  the H C l, C S A  and E S A  d oped  p o ly  an ilin e  at 
variou s d op in g  ratios (C a/Cp and N a/Np) are sh ow n  in F igure 4 .2 , 4 .3  and 4 .4 ,  
resp ective ly .
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Fig 4 .2  F T -IR  spectra o f  H C l-d op ed  p o lya n ilin e  at variou s d op in g  ratios: (a) 
ca/cp = 1, Na/Np = 9.90; (b) Ca/Cp= 10, Na/Np = 99.3; (c) Ca/Cp= 50, Na/Np = 
496; and (d ) Ca/Cp= 500, Na/Np =  4963.
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w a v e l e n g t h  ( c m - *)

Fig 4.3 F T -IR  spectra o f  C S A -d op ed  p o lya n ilin e  at variou s d op in g  ratios: (a) 
C a/C p=  5, N a/Np =  7 .80; (b) c a/c p= 50, N a/Np =  78 .1 ; (c ) C a/C p=  150, N /N p  =  
2 3 4 ; and (d ) C a/Cp= 500 , N a/Np =  781 .
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2 0 0 0  1 5 0 0  1 0 0 0  5 0 0

w a v e le n g t h  ( c m - *)
Fig 4.4 F T -IR  spectra o f  E S A -d op ed  p o ly  an iline at variou s d op in g  ratios: (a)
C a/Cp= 1, N a/Np =  3 .3 0 ; and (b) C a/Cp= 10, N a/Np =  32 .9 .
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From  F T -IR  spectra o f  the undoped and d oped  p o ly a n ilin e  film s, the  
ob served  p eak s are sum m arized  in T able 4 .2 .

Table 4.2 T he sum m arized  FT -IR  peaks o f  undoped  and d op ed  p o ly a n ilin e  
film s

F un ction al group W avelength  (cm '1) R eferen ces
U ndoped HC1 C SA E S A

S tretch ing  c = 0  group o f  
rem ain in g  N M P  so lv en t

173
5

1741 1721 M ilto n  et al. 
1993

S tretch ing  c = 0  group o f  
cam p h o rsu lfo n ic  acid

1741 V ik k i et al. 
1996

S tretch ing  vibration  o f  
N -q u in o id  ring

1590 Z en g  et al. 
1998

S tretch in g  vibration  o f  
N -b e z in o id  ring

1493 145
9

1456 1458 Z en g  et al. 
1998

A rom atic  C -N  stretch ing  
vibration

1297 127
1

1281 Z en g  et al. 
1998

S u lfo n ic  acid  sa lt group  
(p eak  1)

1175 1186 T h e A ld rich  
Library o f  

F T -IR  spectra
A rom atic  h yd rogen  in
p lan e b len d in g

1161 115
4

C han et al. 
1994

S u lfo n ic  acid  sa lt group  
(p eak  2 )

1059 T he A ld rich  
Library o f  

F T -IR  spectra
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T he resu lts sh ow  that the absorption peaks at 1493 c m '1 and 1297  c m '1 
represen ting  stretch ing vibration o f  N -b en zen o id  ring and arom atic C -N  
stretch in g  v ibration , resp ective ly  w ere found in both  the u ndoped  and the three  
ty p es o f  d op ed  p o lyan ilin e . W h ile  the absorption p eak  at 1590 c m '1 
rep resen tin g  stretch ing  vibration o f  N -q u in o id  ring w as ob served  in on ly  the  
u n d op ed  p o ly a n ilin e . T his ind icates that w h en  the undoped  p o ly a n ilin e  w as  
d op ed  b y  acid  dopant, the absorption peak  at 1590  cm '1 d isappeared. T h is w as  
b eca u se  th e structure o f  the undoped p o lya n ilin e  co n sistin g  m ore q u inoid  ring  
units w a s con verted  to  the doped p o lyan ilin e  (p o ly an ilin e  em era ld in e salt) 
co n sistin g  o f  m ore b en zen oid  ring units. A ll o f  the doped p o ly a n ilin es  sh ow ed  
a n e w  p eak  at around 1700 cm '1 w h ich  id en tifies the carbonyl group from  
rem ain in g  N M P  so lven t. For C S A  doped p o lya n ilin e , th is p eak  a lso  id en tifies  
th e  carb on yl group o f  cam p horsu lfon ic acid . T he absorption p eaks at 1175 and  
1 05 9  cm '1 w ere  found  in F T -IR  spectra o f  C S A  and E S A -d o p e d  p o ly a n ilin e . 
T h ese  tw o  p eak s represent the su lfon ic  acid  salt group generated  from  the 
su lfo n ic  acid s.

T he ch an ge in  ch em ica l structure b etw een  P o ly a n ilin e  E B  and  
P o ly a n ilin e  E S is ch em ica lly  d ep icted  in Figure 4 .5 .

X  ' W d o & i z q



36

p olyan ilin e  em erald ine base

p olyan iline em eraldine salt

Fig. 4.5 T h e change o f  chem ical structure b etw een  the p o ly a n ilin e  em erald ine  
b ase  and the p o lya n ilin e  em erald ine salt in case  o f  HC1 d oped  p o lya n ilin e .

ท 
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4 .1 .2  U V -V is ib le  S p ectroscop y
T he optical properties o f  con d u ctive p olym er p lay  an im portant role  in 

in d icatin g  ch an ges in m olecu lar conform ation  that a ffect the electrica l 
properties o f  a con d u ctive polym er. F igure 4 .6  sh ow s an U V -V is ib le  spectrum  
o f  sy n th esized  p o lya n ilin e  E B  in N M P  solvent.

3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0
w a v e le n g t h  (n m )

Fig. 4.6 U V -V is ib le  spectrum  o f  syn th esized  p o lyan ilin e  em era ld ine b ase  in  
N M P  so lven t.

T he absorption  peak  at 325 nm  ind icates the 7โ-7โ* transition  electron s o f  
the b en zen e  ring d elo ca lized  onto n itrogen  atom s o f  the am ine in the 
b en zen o id  segm en ts. T he absorption peak  at 605 nm  ind icates the excita tion  
from  the h ig h est occu p ied  m olecu lar orbital (H O M O  7tb) o f  the b en zen o id  ring  
to  the lo w est u n occu p ied  m olecu lar orbital (L U M O  TCq) o f  the lo ca lized  
q uinoid  seg m en ts (H uang et al. 1993). T he tw o  absorption peaks are observed  
and identica l to  th ose  reported by L aakso et al. (1 9 9 4 ).
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T he U V -V is ib le  spectra o f  H C l-d o p e d  p o ly a n ilin e  so lu tion  at various  
d op in g  ratios are sh ow n  in Figure 4 .7 .

w a v e le n g t h  (nm  )

Fig. 4.7 U V -V is ib le  spectra o f  H C l-d op ed  p o lya n ilin e  so lu tio n  in N M P  
so lv en t at variou s d op ing ratio: (a) C a/Cp =  1, N a/Np =  9 .90 ; (b ) C a/Cp =  5, 
N a/Np =  49 .6 ; (c ) C a/Cp= 10, N a/Np =  99 .3 ; (d) C a/Cp= 50 , N a/Np =  496 ; and (e )  
C a/Cp= 100, N a/Np =  993 .

It cou ld  be seen  that, at the lo w e st d op in g  ratio (C a/Cp =  1, N a/Np =  
9 .9 0 ), the tw o  absorption peaks p resent in P o ly a n ilin e  E B  can still be  
observed . T h is ind icates that there w as n o  change in the m olecu lar structure at 
th is d op in g  ratio. A s  the d op in g  ratio increases, starting from  C a/Cp =  5, N a/Np 
=  4 9 .6 , the absorption peak  at 605 nm  representing the v ibration o f  the q u inoid  
ring seg m en t disappeared b ecau se  all q u inoid  sites w ere  reacted by protons o f  
h yd rochloric acid  and converted  to P o ly  an ilin e E S . T he n ew  absorption p eaks



39

at ~  8 5 0  nm  can be observed . T his n ew  peak id en tifies the excita tion  o f  the 
p olaron  state o f  the doped p o lyan ilin e  (W an 1992). T he absorption at 8 50  nm  
in creased  w ith  the increase in the dop in g ratio up to C a/Cp =  50, N a/Np =  496 . 
B e y o n d  th is d op in g  ratio, the absorption decreased  as the d op in g  ratio 
increased . For C a/Cp >  50, N a/Np >  4 9 6 , the doped p o lya n ilin e  so lu tio n s w ere  
co m p o sed  o f  m any protons (H +) and anions (C f)  generated from  HC1. B eca u se  
o f  th ese  tw o  sp ec ie s , they attem pted to com b in e together to  form  stable  
m o le c u le s . T h is reduced  the capability  o f  protons to  react at q u inoid  sites, thus 
th e redu ction  o f  the p o ly  an iline E S absorption peak at 850  nm  w a s observed .

F igure 4 .8  and F igure 4 .9  sh ow  the U V -V is ib le  spectra o f  C SA -an d  
E S A -d o p ed  p o ly a n ilin e  so lu tion s at various d op ing ratios, resp ective ly .
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w a v e le n g th  (n m )

Fig. 4.8 U V -V is ib le  spectra o f  C S A -d o p ed  p o ly  an ilin e so lu tion  in N M P  
so lv en t at variou s d op in g  ratios: (a) C a/Cp =  1, N a/Np =  1.60; (๖ ) C a/Cp =  5, 
N a/Np =  7 .80 ; (c ) C a/Cp =  10, N a/Np =  15.6; (d) C a/Cp =  50, N a/Np =  78 .1 ; and 
(e ) C a/C p =  150, N a/Np =  234 .
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พ a v e le n  g th  (ท เท )

Fig. 4 .9  U V -V is ib le  spectra o f  E S A -d op ed  p o lya n ilin e  so lu tio n s in N M P  
so lv en t at variou s d op in g  ratios: (a) C a/Cp =  1, N a/Np =  3 .3 0 ; (b ) C a/Cp =  5, 
N a/Np = 1 6 .5 ;  and (c ) C a/Cp =  10, N a/Np =  32 .9 .

It cou ld  b e ob served  that the U V -V is ib le  spectra o f  C S A -d o p ed  p o lya n ilin e  
so lu tio n  at the lo w e st d op in g  ratio sh ow  the sam e spectrum  as that o f  the  
p o ly a n ilin e  E B  so lu tion . A t th is dop in g ratio, the con cen tration  o f  
cam p h o rsu lfo n ic  acid  as an acid  dopant w as not h igh  en ou gh  to  con vert an EB  
(und op ed  state) to an E S (doped  state).

In F igu re 4 .8 , the absorption o f  the U V -V is ib le  spectra o f  C S A  doped  
p o ly  an ilin e at 6 05  nm  d ecreased  w h en  the d op in g  ratio (C a/Cp) w a s in creased  
up to  5 w h erea s the absorptions at 425  and 850  nm  representing  the p olaron  
state (S ertova  et al. 1998) increased. But, at the sam e d op in g  ratio, th e U V -  
V is ib le  spectra o f  E S A -d o p ed  p o lya n ilin e  so lu tion  in F igure 4 .9  still sh o w  the 
spectrum  o f  the und op ed  state. T h is ind icates that at C a/Cp =  5, so m e part o f
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E B , as d oped  by  C S A , w ere  converted  to  E S form  w h ile  E S A  doped  
p o ly a n ilin e  did n ot change it form . A t h igher dop in g ratios (C a/Cp >  5 ), the  
absorption  p eak  at 605 nm  for both film s co m p lete ly  disappeared. 
Furtherm ore, the absorption peaks at 4 2 5  and 850  nm  w ere p resent due to  the  
ch a n g e  in all o f  the quinoid  segm en ts to  the b ipolaron  state and the p o sitiv e  
radical o f  th e polaron  state in the p o lyan ilin e  em erald ine salt, resp ectiv e ly  
(H u an g  et al. 1993).

T herefore, a stronger acid  dopant n eed ed  a lesser  am ount o f  acid  dopant 
for con vertin g  a p o ly  an iline in an u ndoped  form  to a doped  form . T he ch an ges  
in  ch em ica l structure from  an undoped form  to a doped  form  o f  th ese  d oped  
p o ly a n ilin es  w ere  identical. T he overall results can be su m m arized  in  T ab le  
4 .3 .



Table 4 .3  The ch em ical structures o f  the undoped  state and the d oped  state o f  p o ly  anilines (W an 1992)

State U V -V is ib le  peak  p ositio n C hem ical Structure
U nd op ed  State P o lyan ilin e  EB

325  nm: ะ 7โ-7โ* o f  b en en o id  seg m en t (a) 
605  nm: 7C-TC* o f  quinoid  seg m en t (b)

J{ ป ี) ^ — ป ี) — ^ } { ป ี/ N = ^ ) = N j ~
(a) (b)

Interm ediate State P o lyan ilin e  E B  and P o lyan ilin e  E S  
325  nm: TC-TC* o f  b en enoid  segm en t 
605  nm: 7โ-71 o f  quinoid  segm en t  
850  nm: P o ly -sem iq u in o n e  radical cation

{ ป ี) — 'N = { Z ) = r N '

~ ]N — { { 3 ^ — N—

D op ed  State P olyan ilin e  ES
325  nm: ท-ท* o f  b en en oid  segm en t  
425  nm: B ipolaron  State 
850  nm: P o ly -sem iq u in on e radical cation  

(Polaron State) 13 ^ } — ”  3 ? — ป ี) — N— ป ี}



44

4 .1 .3  E lem ental A n a ly sis  (E A )
In the protonation d op ing p rocess o f  a p o lyan ilin e , the am ount o f  

protons from  an acid  dopant w h ich  protonates the n itrogen  atom s in  the  
p o ly m er  chain  can be quantified  in term s o f  dop in g lev e l. E A  w a s u sed  to  
d eterm ine the am ounts o f  e lem ents; carbon (C ), h ydrogen  (H ), n itrogen  (N ), 
and su lfer  (ร )  atom s o f  a doped  p o lyan ilin e  in order to  con vert to  % o f  H /N  or 
the d op in g  lev e l.

T he E A  data o f  % H /N  o f  d oped  p o lyan ilin e  film s at variou s d op in g  
ratios (C a/Cp and N a/N p) are sh ow n  in T able 4 .4 .

Table 4.4 T he E A  data o f  doped  p o lyan ilin e  film s

D o p ed  p o lya n ilin e c /c Na/Np % H/N
HC1 doped  

p o ly a n ilin e  film
0 0 5 .6 4
1 9 .9 0 11.3
10 99.3 13.4
50 4 9 6 14.7
100 993 13.7
500 4963 10.4

C S A  doped  
p o ly a n ilin e  film s

0 0 5 .6 4
1 1.60 18.8
5 7 .8 0 2 7 .6
10 15.6 2 8 .0
50 78.1 4 2 .7
150 2 34 4 6 .0
500 781 53.3
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F igure 4 .1 0  and F igure 4.11 sh o w  the d op in g  lev e ls  o f  HC1 and C S A  
d oped  p o lya n ilin e  film s from  E A  m easurem ent as a function  o f  m ass and  
m olar d op in g  ratios: C a/Cp and N a/Np.

Fig. 4.10 T he % d op in g  lev e l o f  HC1 and C S A  d oped  p o ly a n ilin e  film s at 
variou s d op in g  ratios (C a/Cp).
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Fig. 4.11 T he % d op in g  lev e l o f  H C l and C S A  d oped  p o ly a n ilin e  film s at 
various d op in g  ratios (N a/Np).

F igure 4.11 sh o w s that the d op in g  lev e l o f  the HC1 d op ed  p o ly  an ilin e at 
lo w  m olar d op in g  ratio increases w ith  the d op in g  ratio. A t N a/Np equal to  4 9 6 , 
the h ig h est d op in g  lev e l w a s obtained correspond ing to  the h ig h est  
protonation. A b o v e  N a/Np equal to  4 9 6 , the d op in g  lev e l d ecreases w ith  
in creasin g  d op in g  ratio. In the case  o f  the C S A  doped p o ly a n ilin e , the d op in g  
lev e l in creases dram atically  and m o n o to n ica lly  w ith  in creasin g  d op in g  ratio. 
D u e to the film  p ro cessin g  and preparation problem , the d op in g  le v e l o f  the  
C S A  d op ed  p o lya n ilin e  at h igh  d op in g  ratio cou ld  n ot be studied . A t the  
d op in g  ratio equal to  0, n on zero  d op in g  lev e ls  w ere  obtained. T his w a s due to  
the e x c e ss  am ount o f  the HC1 acid  obtained  from  the syn th esis.

T he d op ing lev e l o f  HC1 d oped  p o lya n ilin e  d ecreases w h en  N a/Np >  
4 9 6  b eca u se  the probability  o f  protons to  react at the q u inoid  sites d ecreased .
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In th is con d ition , h yd rochloric acid , a strong acid , produced  m any protons. 
B eca u se  th ese  protons w ere  quite active  sp ec ies , th ey  attem pted to com b in e  
w ith  an ion s m ore than to react w ith  n itrogen atom s at the q u inoid  rings. T h is  
cau sed  a reduction  in the d op in g  lev e l.

C om paring the d op ing lev e ls  o f  the HC1 and C S A  d oped  p o ly a n ilin es , it 
cou ld  b e  seen  that the d op in g  lev e l o f  C S A -d op ed  p o ly a n ilin e  is  h igh er than  
the d op in g  lev e l o f  H C l-d op ed  p o lya n ilin e  at the sam e m olar d op in g  ratio. 
T his w as b eca u se  the s ize  o f  the counteranion o f  cam p h orsu lfon ic  acid  w as  
b igger. T h is cau sed  the C S A  doped p o lyan ilin e  to h ave larger free v o lu m es  
w h ich  a llo w ed  protons to  protonate the p o ly  aniline chains.
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4 .1 .4  X -ray  d iffractrom eter (X R D )
X R D  tech n iq u e w a s used  to in vestigate  the order and the d egree o f  

crysta llin ity  o f  the doped p o lyan ilin es. T he X R D  patterns o f  the H C l, C S A  and  
E S A  d op ed  p o ly a n ilin e  film s at various dop in g ratios are sh ow n  in F igure  
4 .1 2 , 4 .1 3  and 4 .1 4 , resp ective ly .

2 theta (deg.)
Fig. 4.12 X - ray d iffraction  patterns o f  H C l-d op ed  p o ly a n ilin e  film s at variou s  
d op in g  ratios: (a) C a/Cp =  0, N a/Np =  0; (b) C a/Cp =  1, N a/N p =  9 .9 0 ; (c ) C a/Cp 
=  50 , N a/Np =  496 ; and (d) C a/Cp =  500 , N a/Np =  4 9 6 3 .
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( d )

( c )
(b )

(a)

Fig. 4.13
2 th eta  (d eg)

X -ray d iffraction  patterns o f  C S A -d op ed  p o lya n ilin e  film s at
variou s d op in g  ratios: (a) C a/Cp =  0, N a/Np =  0; (b) C a/C p =  1, N a/Np =  1.60; (c )  
C a/Cp =  5, N a/Np =  7 .80; and (d) C a/Cp =  10, N a/Np =  15.6.
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Fig. 4.14 X -ray d iffraction  patterns o f  E S A -d op ed  p o lya n ilin e  film s at variou s  
d op in g  ratios: (a) Ca/Cp = 0, Na/Np = 0; (b) Ca/Cp = 1, Na/Np = 3.30; and (c )  
Ca/Cp= 10, Na/Np = 32.9.

T he X R D  results can be analyzed  in term o f  the B ra g g ’s law : 2 d sin 0  =  
nA, (C em p b ell et al. 1989). T he d -value represents the d istan ce b etw een  
lacttices p lan es. T he theta (9 ), ท, and X identify  B ra g g ’ ร angle, an in teger, and  
w av e len g th , resp ective ly . From  X R D  patterns in F igure 4 .1 2 -4 .1 4 , the v a lu es  
o f  2 0  and d -va lu e o f  d oped  p o lya n ilin es are listed  in T ab le 4 .5 .
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Table 4.5 T he va lu es o f  2theta  and d -va lue o f  doped  p o lya n ilin e  film s

D op ed  p o lyan ilin e Na/Np 20 (°) d -va lu e  (À )
R an ge o f  d- 

va lu e (Â )

HC1 doped  
p o ly a n ilin e  film s

9.90 2 7 .4 3 .3 0

3 .3 0 - 6 .1 0496 14.6 6 .1 0
2 1 .4 4 .4 0

4963 2 7 .4 3 .3 0

C S A  doped  
p o lya n ilin e  film s

7.80
5 .70 15.5

5 .2 0 - 1 5 . 5

6 .8 0 13.0
8 .10 10.9

15.6
10.0 8 .80
13.5 6 .6 0
16.9 5 .2 0

E S A  doped  
p o lya n ilin e  film s

3.30 8 .20 10.8
8 .3 0 - 1 0 . 810.0 8 .80

32.9 10.6 8 .30

T he X R D  pattern o f  the undoped  p o lya n ilin e  film  has a broad peak  
representing  as am orphous structure. In the case o f  the HC1 d oped  p o ly  an ilin e, 
the X R D  patterns sh ow  p eaks at 3 .3 0  Â  at N a/Np equal to  9 .9 0 , and p eak s at
6 .1 0  and 4 .4 0  À  at N a/Np equal to 4 9 6 . T he broad X R D  peak  and the sharp  
p eak  at 3 .3 0  Â  w ere recovered  w h en  N a/Np is equal to  4 9 6 3 . T he X R D  pattern  
o f  th e C S A  doped p o lyan ilin e  sh ow s p eak s at 15.5 , 13.0 , and 10.9  Â  at N a/Np 
equal to  7 .8 0  and peaks at 8.80, 6 .6 0 , and 5 .2 0  Â  at N a/Np equal to  15.6 . For 
the E S A  d op ed  p o lyan ilin e , the peaks w ere found at 10.8 and 8 .8 0  Â  at N a/Np 
equal to 3 .3 0  and a peak  at 8.3 Â at N a/Np equal to  32 .9 .

T he structures o f  doped  p o lyan ilin e  related to X R D  results are proposed
and sh ow n  in T able 4 .6 .



Table 4 .6  The proposed  structures o f  doped  p o lya n ilin e  related to  X R D  results
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T able 4 .6  indicates that a com p act co il structure o f  th e p o lym er  chains  
resu lting  from  the hydrogen  b on ding  b etw een  am ine and im in e p ositio n s w as  
observed  for the undoped state. T hus, the X R D  pattern o f  the undoped  
p o lya n ilin e  revea ls the am orphous structure. W hen  p o lya n ilin e  w a s protonated  
b y  an acid  dopant, the protonation at n itrogen  p ositio n s occurred in d u cin g  the  
p o sitiv e  charges a long  the chain. D u e  to  the rep u lsive forces b etw een  p o sitiv e  
charges a lo n g  the chain, an exp an sion  o f  the p o lya n ilin e  c o ils  structure w as  
observed . T h is induced  the X R D  patterns o f  all d oped  p o ly a n ilin es  to  h ave  
so m e crysta llin e structures. A t a lo w  d op in g  ratio, a partial crystallin ity  w as  
observed . T he large d istance b etw een  p o lym er chains w ith  correspond ing h igh  
d -va lu e  occurred b ecau se o f  the lesser  rep u lsive forces b etw een  p o sitiv e  
charges a lo n g  the chain. O n the contrary, at a h igh  d op in g  ratio, th e exp and ed  
structure w a s observed . T h is resulted  in lo w  d -va lu es b eca u se  the p o lym er  
ch a in s cou ld  pack  closer. B ut in the case  o f  the HC1 doped p o ly a n ilin e  at a 
h igh  d op in g  ratio, the com p act co il structure w as recovered . T h is w a s due to  
the favorable interaction  b etw een  protons and anions cau sin g  the reduction  in  
the rep u lsive  forces generated from  p o sitiv e  charges a lo n g  the chain.

A m o n g  the d -va lu es o f  the three typ es o f  d oped  p o lya n ilin e , the HC1- 
d oped  p o ly a n ilin e  film s sh ow ed  the lo w e st d -va lue due to  a better p ack in g  o f  
p o ly a n ilin e  chains b ecau se o f  a very  sm all s ize  o f  the counteranion  group in  
the d oped  p o lya n ilin e  chains. In the case  o f  the C S A  and E S A  d oped  
p o ly a n ilin e  film s, they had the h igher d -va lu es from  the looser  p ack in g  o f  the  
p o ly a n ilin e  chains due to  b igger s izes  o f  the counteranion  groups. From  th e d- 
v a lu es o f  each  typ e o f  doped p o lya n ilin e  film s, it can b e  inferred that the  
h igher d -va lu es m ay describe the d istance b etw een  d oped  p o lym er  chains. O n  
the contrary, the low er d -va lu es m ay d escribe the d istan ce b etw een  the dopant 
m o lecu le s  and the doped p o lym er chains.
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L u zn y  et al. (2 0 0 0 ) reported that the h igher d -va lue at 18 Â  can be 
related  to  th e ordering o f  dopant m o lecu les  b etw een  p o ly a n ilin e  chains. O n the  
contrary, the low er d -va lu e  at 3.5 Â  can  be refered to  as the d istan ce b etw een  
tw o  adjacent dopant m o lecu les .
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4.2 Electrical Conductivity of Doped Poly aniline Films

4.2.1 Effect of aging

Effect of aging on the electrical conductivity of FIC1, CSA and ESA 
doped polyaniline film at various doping ratios are shown in Figures 4.15, 
4.16 and 4.17, respectively.

# a g in g  d a y s

Fig. 4.15 The electrical conductivity (a) of HCl-doped polyaniline film as a 
function o f time (days) at various doping ratios: (a) Ca/Cp = 1, N a/Np = 9.90; 
(๖) Ca/Cp = 10, Na/Np = 99.3; (c) Ca/Cp = 50, Na/Np = 496; and (d) Ca/Cp = 
500, Na/Np = 4963.
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# a g in g  d a y s

Fig. 4.16 The electrical conductivity (a) of CSA-doped polyaniline film as a 
function o f time (days) at various doping ratios: (a) Ca/Cp = 1, Na/Np = 1.60; 
(b) c a/c p = 5, Na/Np = 7.80; (c) Ca/Cp = 10, Na/Np = 15.6; (d) Ca/Cp = 100, 
Na/Np = 156; and (e) Ca/Cp = 150, Na/Np = 234.
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# a g in g  d a y s
Fig. 4.17 The electrical conductivity (a) of ESA-doped polyaniline film as a 
function o f time (days) at various doping ratios: (a) Ca/Cp = 1, Na/Np = 3.30; 
and (b) Ca/Cp = 10, N a/Np = 32.9.

Figure 4.15 indicates that the electrical conductivity o f the HCl-doped 
polyanilines of all doping ratios rapidly decreased during the period o f 1 to 2 0  

days. After this period, the equilibrium electrical conductivity was obtained. 
The highest electrical conductivity was observed at Ca/Cp = 50, Na/Np = 496 
corresponding to the highest doping level. In figure 4.16 and 4.17 show a 
different trend in comparison to the electrical conductivity o f the HCl-doped 
polyaniline films. The electrical conductivity of the CSA and ESA doped 
polyaniline films at all doping ratio showed no significant change during the 
first 30 and 50 days, respectively.

Due to the loss of traces of water and/or dopant molecules 
(MacDiarmid et. a t. 1989), the electrical conductivity of HC1 doped
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polyaniline decreased. But in the case of CSA and ESA doped polyaniline, the 
loss o f traces of water and/or dopant molecules did not occur. This may be due 
to the presence of the bulky counteranion groups, [(C 1 0 H 1 5 O)(SO3')] and 
(CH 3 CH 2 ), screening the water molecules from escaping. This phenomenon 
will be discussed further in section 4.2.3.

4.2.2 Effect of Moisture Content and Humidity

From the results in section 4.2.1, the decrease in the electrical 
conductivity of the HCl-doped polyaniline film with aging time can be related 
to the loss o f water molecules in films. On the other hand, the electrical 
conductivity of the CSA-doped polyaniline film shows no dependence. To 
confirm this relation, the moisture content in film and percentage o f humidity 
identifying the amount of water molecules in the polymer films were varied in 
order to รณdy their effect on electrical conductivity.

(a) Moisture Effect
Effect of moisture content in film on the electrical conductivity o f the 

HC1 and CSA doped polyaniline film is shown in Figure 4.18.
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Fig. 4.18 Effect of % moisture in film of the HC1 and CSA doped polyaniline 
films on the electrical conductivity: (a) HC1 doped polyaniline film at Ca/Cp = 
10, Na/Np = 99.3 and % humidity = 65; and (b) CSA doped polyaniline film at 
Ca/Cp = 10, Na/Np = 15.3 and % humidity = 62.

In Figure 4.18, the moisture content in film was measured by the TGA 
technique. The % humidity of the HC1 and CSA doped polyaniline films was 
controlled at 65 and 62, respectively during the measurements of the electrical 
conductivity. This graph shows that the electrical conductivity of HC1 doped 
polyaniline films increases with the percentage of moisture. But the electrical 
conductivity o f CSA doped polyaniline film shows only a slight change when 
moisture content.
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(b) Humidity Effect
Effect of humidity on the electrical conductivity o f the HC1 and CSA 

doped polyaniline film is shown in Figure 4.19.
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Fig. 4.19 Effect o f % humidity of the HC1 and CSA dope polyaniline film on 
the electrical conductivity: (a) HC1 doped polyaniline film at Ca/Cp = 1, N a/Np 
= 9.90 and % moisture in film < 2; and (b) CSA dope polyaniline film at Ca/Cp 
= 10, N a/Np =15.3 and % moisture in film < 4.

In Figure 4.19, the starting % moisture in HC1 doped polyaniline film was 
controlled to be less than 2%. This graph shows that the electrical conductivity 
o f HC1 doped polyaniline film increased linearly with the percentage of 
humidity. In case o f CSA doped polyaniline film, the starting % moisture in 
film was controlled at 4%. We found that at low % humidity in range o f 30 to 
60, the electrical conductivity did not significantly change with %  humidity. 
Beyond that the electrical conductivity rapidly increased with % humidity.
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The results in Figure 4.18 and 4.19 can be explained by a conductivity 
theory (Cowie, 1991). The electrical conductivity is a function o f the charge 
carriers o f species “i” (n j) , the charge on each carrier ( E j ) ,  and carrier 
mobilities ( P i )  as described by the relation a  = ZpjnjEj (Cowie, 1991). The 
electrical conductivity of conductive polymer depends on charge mobility on 
polymer chains. This means that the electrical conductivity increases with the 
mobility o f ion on polymer chains. Figure 4.20 shows the proposed model that 
explains effect o f moisture content and humidity on the electrical conductivity 
o f dope polyaniline.

Î (a)

Fig 4.20 The proposed model on the effect of moisture and humidity on the
electrical conductivity of doped poly aniline: (a) HCl-doped poly aniline; (b)
CSA-doped poly aniline.



62

From the conductivity theory, the electrical conductivity o f the doped 
polyaniline increased when water molecules inside doped film moved 
counteranions causing the charge mobility increased (Cowie, 1991). In Figure 
4.20, and in case of the FICl-doped polyaniline film, because of the small size 
o f chloride ions acting as a counteranion of the HCl-doped polyaniline, water 
molecules could move these charge carriers. Therefore the electrical 
conductivity o f HCl-doped polyaniline increased when % moisture and 
humidity increased. In contrast, the camphorsulfonate ions acting as a 
counteranion of the CSA-doped polyaniline could not move and be moved by 
water molecules because of their bigger anion group. This caused the electrical 
conductivity o f the CSA-doped polyaniline did not change. But, at high 
percentage o f humidity, the increase in the electrical conductivity o f the CSA- 
doped polyaniline was observed. It was due to the camphorsulfonate anions 
could be moved by many amounts of water molecule.
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4.2.3 Effect o f acid concentration on the electrical conductivity of 
doped polyaniline film

Effect o f acid concentration on the electrical conductivity o f HCl, CSA 
and ESA doped polyaniline films at various doping ratios is shown in Figure 
4.21.

0 50  100 150 2 0 0  2 5 0
c a/c p
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1 10 100  1000  10000
N 3 /N P

Fig. 4.21 The electrical conductivity as a function o f acid concentration of the 
HCl and CSA doped polyaniline films: (a) Ca/Cp; and (b) Na/Np.

This graph shows that the electrical conductivity of the HC1 doped polyaniline 
films sharply increases for Ca/Cp between 5 and 50. Beyond Ca/Cp = 50, N a/Np 
= 496, the electrical conductivity rapidly decreases. The maximum electrical 
conductivity o f HC1 doped polyaniline is at Ca/Cp = 50, N a/Np = 496 
corresponding to the highest doping level. For CSA and ESA doped 
polyaniline films, the electrical conductivity increases linearly with doping 
ratio.

For the HC1 doped polyaniline, at the beginning the electrical 
conductivity increased due to an increase in the doping level. Because the 
delocalization o f electrons in the interchain and intrachain direction and the 
highest degree o f crystallinity (Allcock e t  a l. 1990), the maximum electrical 
conductivity of HC1 doped polyaniline was obtained. At Ca/Cp > 50, the
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electrical conductivity of the HC1 doped polyaniline decreased corresponding 
to the decrease in the doping level. This was due to the delocalization of 
electrons and the lesser degree of crystallinity on the doped polyaniline chains. 
In case of the CSA and ESA doped poly aniline, the electrical conductivity 
increased because of the increase in the doping level and crystallinity.

The physical and chemical structures identifying the relation between 
the electrical conductivity and doping level are shown in Table 4.7.



Table 4.7 The proposed model for explanation the relationship between the electrical conductivity and doping level

Explanation Chemical Structure Physical Structure
- low doping level
- some protonated at quinoid segment
- low crystallinity
- low electrical conductivity
- low delocalization o f electrons on 

doped polymer chains
- high doping level
- protonated at all quinoid segment 

sites
- high crystallinity
- high electrical conductivity
- high delocalization of electrons on 

doped polymer chains

---------------- ร ---------------- H---- ------------ H---- ________ H ,
\ ะ ะ ร ฺ/  \ ะะy  +
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4.2.4 Effect of S 0 2

In this work, the HCl, CSA and ESA doped poly aniline films at various 
doping ratios were exposed to S 0 2  gas in order to investigate the change in the 
electrical conductivity.

(a) Effect of Acid Type and Acid Concentration
The electrical conductivity of the ElCl-doped polyaniline film at doping 

ratios equal to 1 and 50 before and after exposed to 1000 ppm S 0 2 /N 2  mixture 
are shown in Figure 4.22(a) and Figure 4.22(b), respectively.

From Figure 4.22(a) and (b), we can see that there is no difference in 
the electrical conductivity before and after the exposure to the S 0 2  gas. This 
indicates that the HCl-doped polyaniline film does not response to the S 0 2  

gas.
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Fig. 4.22 Effect of 1000 ppm S02/N2 mixture on the electrical conductivity of
the HCl-doped polyaniline film at: (a) Ca/Cp = 1, Na/Np = 9.90; and (๖) Ca/Cp
= 50, Na/Np = 496.
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The change in the electrical conductivity of CSA and ESA doped 
polyaniline when exposed to the S 0 2  gas is shown in Figure 4.23 and Figure 
4.24. In contrast to the HCl-doped polyaniline film, the response to the S 0 2  

gas was observed in case of the CSA and ESA doped polyaniline film.
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1.23 Effect o f 1000 ppm S 0 2 /N 2  mixture on the electrical conductivity of 
SA-doped polyaniline films at: (a) Ca/Cp = 1, Na/Np = 1.60; (b) Ca/Cp = 
a/Np =15.6; and (c) Ca/Cp = 150, Na/Np = 234.
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Fig. 4.24 Effect of 1000 ppm S 0 2 /N 2  mixture on the electrical conductivity of 
the ESA-doped polyaniline films at Ca/Cp =10, Na/Np = 32.9.
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From these figures, the increase in the electrical conductivity was 
observed for all doping ratios of the CSA and ESA doped polyaniline films 
when exposed to the 1000 ppm SO2 /N2  mixture gas. In addition, the difference 
in the change in the electrical conductivity (Act) at various doping ratios and 
temporal response were observed. The results are listed in Table 4.8.

Table 4.8 The changes in the electrical conductivity (Ag) o f doped 
polyaniline film after exposed to 1000 ppm S 0 2 /N 2  mixture gas

Doped polyaniline 
films

c /c Na/Np Ag
(S/cm)

Temporal Response 
(min)

CSA 1 1.60 6.34E-06 3
10 15.6 4.84E-05 8
150 234 3.38E-03 13

ESA 10 32.9 3.62E-03 6
The higher doping ratio the higher the changes in the electrical 

conductivity and temporal response occurred. The proposed models o f the HC1 
and the CSA-doped polyanilines (functionalize acid-doped polyaniline) are 
shown in Figure 4.20. Because of the bulky anion group of functionalize acid 
(CSA and ESA), the chains of the CSA and ESA-doped polyaniline could not 
closely pack together in comparison with the chains o f the HCl-doped 
polyaniline. This caused the S 0 2  molecules to penetrate into the space 
between polyaniline chains and causes the increase the electrical conductivity. 
In contrast, S 0 2  molecules could not penetrate into polyaniline chains o f the 
FICl-doped polyaniline because it had a lesser spacing between polyaniline 
chains. Thus, the FICl-doped polyaniline did not show response to S 0 2  gas. 
Our agreement is consistent with the XRD results as described in section 
4.1.4.
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The summarize of these results is shown in Figure 4.25 showing the 
relationship between À G  after the exposure to 1000 ppm S 0 2 /N 2  mixture and 
doping ratio o f the HCl, CSA, and ESA doped polyaniline films.

1 10 1 0 0
c  J  c p
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1 10 100 100 0
N a/ N p

Fig. 4.25 The change (Àü) in the electrical conductivity o f the HCl, CSA and 
ESA doped polyaniline films after exposed to 1000 ppm S02/N2 mixture at 25 
°c and 28-32 % humidity as a function of doping ratio: (a) c a/c p; and (b) 
Na/Np.
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(b) Effect o f SO2  concentration
The relationship between percentage o f change in the electrical 

conductivity and S 0 2  concentration is shown in Figure 4.26.

Fig. 4.26 The percentage change (% Ag) in the electrical conductivity as a 
function of S 0 2  concentration of the CSA doped polyaniline films at Ca/Cp = 
150, Na/Np = 234: Go = 8.25xl0 '2 s/cm and the ESA doped polyaniline films at 
Ca/Cp = 10, Na/Np = 32.9: Go = 6.52x1 O' 2  s/cm.

This graph indicates that %Ag o f the CSA doped polyanilines at S 0 2  

concentration between 187.5 and 500 ppm increase linearly with the slope of 
5 .28xl0 '6 s/cm/ppm. When the SO2  concentration is more than 500 ppm, 
%Ag of the CSA doped polyanilines rapidly increases linearly. For the ESA 
doped polyanilines, %Ag linearly increases with SO2  concentration with the 
slope of 7.10x1 O' 6  S/cm/ppm. The minimum SO2  concentrations that the CSA 
and ESA doped polyaniline films show linear responses are 187.5 and 500 
ppm, respectively.

— © —  C S A  d o p e d  P A N I  
- ^ . - -  E S A  d o p e d  P A N I

1 0 0

SO z c o n c e n t r a t i o n  (ppm)
1 0 0 0
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4.2.5 Characterization of doped polyaniline after exposed to S 0 2  gas

4.2.5.1 FT-IR Technique
In this work, FT-IR technique was used to investigate the difference in 

chemical structure of doped polyaniline after exposed to 1000 ppm S 0 2 /N 2  

mixture gas for 45 minutes.
After doped polyaniline gas was exposed to S 0 2, air purging and N 2  

purging were carried on for 1 hour each, respectively. The doped poly aniline 
was characterized by FT-IR technique to investigate the change in chemical 
structure. The result of the FT-IR measurement is shown in Figure 4.27(a) and 
Figure 4.27(b), showing the FT-IR spectra of HC1 and CSA doped polyaniline 
before and after the exposure to 1000 ppm S 0 2 /N 2  mixture. In addition, the 
lists o f peak position and these explanations of doped polyaniline films before 
and after exposure to 1000 ppm S 0 2 /N 2  mixture gas are shown in Table 4.9.

1 5 0 0  1 0 0 0
w a v e l e n g t h  ( c m 1)

2 0 0 0 5 0 0
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2 0 0 0  1 5 0 0  1 0 0 0  5 0 0
w a v e l e n g t h  ( c m 1)

Fig. 4.27 FT-IR spectra before and after exposed to 1000 ppm S 0 2 /N 2  

mixture o f doped poly aniline: (a) the HCl-doped poly aniline at N a/Np = 496; 
and (b) the CSA-doped polyaniline at N a/Np = 234.
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Table 4.9 The FT-IR peaks of doped polyaniline films before and after the 
exposure to 1000 ppm S 0 2 /N 2  mixture gas

F u n c tio n a l g rou p

W a v e le n g th  (c m  )

R e f.
HC1 at N /N p  =  4 9 6 C S A  at N a/N p =  2 3 4

B e fo r e  th e  
e x p o su re

A fte r  th e  
e x p o su r e

B e fo r e  th e  
e x p o su r e

A fte r  th e  
e x p o su r e

c=0 g ro u p  o f  
r e m a in in g  N M P  
s o lv e n t

1 7 35 1 7 3 5 1741 1741
M ilto n  e t  
al. 19 93

c=0 g ro u p  o f
c a m p h o r su lfo n ic
a c id

- - 1741 1741
V ik k i e t  
a l .  1 9 9 6

S tr e tc h in g  v ib ra tio n  
o f  N -b e z e n o id  r in g

1 4 5 9 1 4 5 8 1 4 5 6 1 4 5 5
Z e n g  e t  
a l .  1 9 9 8

A r o m a tic  C -N  
s tr e tc h in g  v ib ra tio n

1271 1271 1281 12 81
Z e n g  e t  
a l.  1 9 9 8

S u lfo n ic  a c id  sa lt  
g ro u p

- - 1 1 7 5 1 1 7 5
C h a n  e t  
a l .  1 9 9 4

A r o m a tic  in -p la n e  
b le n d in g

1 1 54 1 1 5 4 - -
C h a n  e t  
a l.  1 9 9 4

From Figure 4.27(a), Figure 4.27(b) and Table 4.9, there is no 
difference in the FT-IR spectra between before and after the exposure to 1000 
ppm S 0 2 /N 2  mixture. This indicates that S 0 2  molecules did not interact 
chemically with the doped polyaniline films. S 0 2  molecules only absorbed 
onto the polyaniline chains and provided some interaction during the 
exposure. After that the desorption of S 0 2  molecules occurred after purging.
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