
CHAPTER IV
RESULTS AND DISCUSSION

4.1 PANI Synthesis

There are several ways to polymerize PANI but because of its poor 
solubility in water, PSS is introduced to provide a water solubility. Interfacial and 
bulk polymerization were used to synthesize PANI. For the interfacial 
polymerization, 2 phases used were water and chloroform. As shows on Figure 4.1, 
an aqueous phase contained H2SO4, APS and PSS while chloroform contained ANI 
monomer. H2SO4 was used to protonate ANI monomer at the interface then PSS 
came to pick up ANI monomer by an electrostatic interaction and ท-ท interaction 
between the benzene rings on PSS and ANI after that APS was used to initiate ANI to 
polymerize to PANI (Detsri et al., 2013). For bulk polymerization, ANI and PSS 
were dissolved together with H2SO4 to bind ANI to PSS first then added APS to 
polymerize ANI to PANI (Yang et al., 1997).
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Figure 4.1 The interfacial synthesis of polyaniline with PSS as template.
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Figure 4.2 PANI-PSS solution after interfacial and bulk polymerization.

Figure 4.3 u v  spectrum of aqueous phase after interfacial polymerization at 
different PSS concentration.
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Figure 4.4 u v  spectrum of aqueous phase after bulk polymerization at different 
PSS concentration.

Figure 4.5 Change in absorbance of the aqueous phase after interfacial and bulk 
polymerization as a function of PSS concentration.

Yield of the reaction can be measured using UV-Vis spectrophotometer by 
looking at an absorbance at a wave length equal to 750 nm which was a characteristic 
of green PANI as shown on Figure 4.2, 4.3 and 4.4. Figure 4.5, it can be seen that 
bulk polymerization gave higher yield than an interfacial method because of the 
higher monomers in the solution that were polymerized. The effect of PSS
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concentration that was used to stabilize PANI in water was studied. At 5 mM PSS in 
bulk polymerization, there was not enough PSS to provide a completed water 
solubility to PANI. 10 to 50 mM PSS were enough to provide water solubility to 
PANI. Figure 4.5 shows that Interfacial polymerization had a lower yield than the 
bulk polymerization due to a less ANI monomer that were polymerized. The result 
shows that the higher PSS concentration, the higher PANI in aqueous phase due to 
the template effect but PANI yield dropped at PSS concentration higher than 20 mM 
because of the higher viscosity of aqueous phase which made it harder for ANI 
monomers to come up to polymerize on an upper phase (Detsri et al., 2013).

4.2 Thin Film Assembly

4.2.1 The Effect of PSS Concentration and Polymerization Method of 
PANI-PSS Solution on Monolayer Deposition

Figure 4.6 PANI monolayer film that deposited at varied PSS concentration from 
bulk polymerization method.
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Figure 4.7 PANI monolayer film that deposited at varied PSS concentration from 
interfacial polymerization method.
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Figure 4.8 u v  spectrum of monolayer of interfacial polymerized PANI-PSS on 
glass slide.
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Figure 4.9 u v  spectrum of monolayer of bulk polymerized PANI-PSS on glass 
slide.

Figure 4.10 Effect of PSS concentration and polymerization method using in 
polymerization step on monolayer deposition.

PANI-PSS solutions were adjusted pH to 10 and the ionic strength was 
adjusted to 2 M NaCl. Then immersed glass slides in each solution to deposit 
monolayer of PANI-PSS and PANI monolayer films are shown on Figure 4.6 and 
Figure 4.7. The effect of PSS concentrations and the polymerization methods of 
PANI-PSS solution on the monolayer deposition on glass slide was studied by using
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บV-Vis spectrophotometer as shown on Figure 4.8 and Figure 4.9. From Figure 4.10, 
UV-vis spectrum shows that the interfacial and bulk polymerization had no 
significant effect on the film deposition so it would be better to chose interfacial 
polymerization for a further research because of an ability to separate monomers out 
of the reaction gave a better control of the PANI polymerization. From 5 to 20 mM 
PSS in interfacial polymerization method, PANI was deposited on the glass slide 
better at higher PSS concentration because the more PSS resulted in the more PANI 
in the solution that could be deposit on a glass slide but at PSS concentration higher 
than 20 mM. PANI was deposited less on the glass slide due to the excess of PSS that 
competed with PANI-PSS and less PANI in the solution which already discussed on 
PANI synthesis part (Detsri et al., 2013).

4.2.2 The Effect of pH of PANI-PSS Solution on Monolayer
Deposition

Figure 4.11 Monolayer of interfacial polymerized PANI-PSS on glass slide that 
deposited at different pH.
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Figure 4.12 u v  spectrum of monolayer of interfacial polymerized PANI-PSS on 
glass slide that deposited at different pH.
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Figure 4.13 Effect of pH in PANI-PSS solution on monolayer deposition.

From the previous รณdy, we chose PANI that synthesized by using 20 
mM PSS to study the effect of pH on the deposition ability of PANI-PSS on glass 
slide by using UV-vis spectroscopy as shown on Figure 4.11 and Figure 4.12. Figure 
4.13 shows that the deposition ability increased with higher pH because of the 
completed ionization.
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4.3 Single Silver Loading

4.3.1 Effect of NaBH-1 Immersion Time on PANI-PSS/PDADMAC 
Multilayer Film
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Figure 4.14 Effect of NaBEU immersion time on 11 layers of PANI-PSS/ 
PDADMAC multilayer film. The film was immersed in pH 2 buffer solution.

Figure 4.14 shows a red shift after dipping the PANI-PSS/ 
PDADMAC multilayer film into NaBH4 solution. It indicated that PANI on the film 
probably change molecular structure by changing from quinoid unit in PANI chain to 
benzenoid by using NaBH4 as a reducing agent and PANI were fully reduced at 5 
min (Yufeng et a i, 2006). The result can be further confirmed by FTIR.



Figure 4.15 FTIR spectra of PANI using ATR mode.

Figure 4.16 FTIR spectra of PANI/NaBH4 using ATR mode.
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T a b le  4 .1  T he  ra tio  o f  a b so rp tio n  a rea  o f  q u in o id  to  b e n z e n o id  r in g

A 1494 (quinoid) Al410 (benzenoid)
P A N I 0 .1 8 0 .2 5

P A N I /N a B H 4 0 .0 8 0 .2 9

F ig u re  4 .15  an d  F ig u re  4 .1 6  sho w  b en z e n o id  an d  q u in o id  ring  
v ib ra tio n  at 1410 c m -1 an d  1494 c m '1, resp ec tiv e ly . T ab le  4.1 in d ica te s  th a t PA N I

b e fo re  red u c in g  w ith  N aB FU  h ad  m o re  q u in o id  u n it ( “"O '5 ) an d  less  b en z e n o id

u n it ( ) th an  red u c e d  PA N I w ith  NaBHU w h ic h  su p p o rte d  th e  red  sh ift o f  UV-

v is sp ec tru m  in  F ig u re  4 .1 2  (Y ufeng  et al., 20 0 6 ).

4 .3 .2  E ffec t o f  S ilv e r N a n o p a rtic le  in P A N I-P S S /P D A D M A C  M u ltila y e r  
F ilm  on  u v  sp e c tru m
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Figure 4.17 u v  sp ec tru m  o f  o rig in a l P A N I-P S S /P D A D M A C  m u ltila y e r  f ilm , P A N I- 
P S S /P D A D M A C  m u ltila y e r  film  w ith  s ilv e r  n a n o p a rtic le s  im m ersed  in p H  2 b u ffe r  
so lu tion .
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F ig u re  4 .17  sh o w s th e  u v  sp e c tru m  o f  the  f ilm  a f te r  in  s itu  sy n th esis  
o f  s ilv e r n an o p a rtic le s  in P A N I-P S S /P D A D M A C  m u ltila y e r  film . A  red  sh ift in PA N I 
a b so rb an ce  ban d  fro m  750  n m  to  810  nm  an d  th e  in ten sity  o f  s ilv e r  p la sm o n  b an d  at 
4 2 0  nm  w as in c reased  fro m  0 .08  to  0 .75  c o m p a rin g  to  o rig in a l P A N I-P S S / 
P D A D M A C  m u ltila y e r  film .

4 .3 .3  E ffec t o f  P A N I-P S S  an d  P D A D M A C  on  T op on  A m o u n t o f  S ilv er 
A fte r  S ilv e r R ed u c tio n
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Figure 4.18 E ffe c t o f  P A N I-P S S  and  P D A D M A C  on  top  on  am o u n t o f  s ilv e r  
p a r tic le  a f te r  s ilv e r  red u c tio n  in  10 an d  11 lay e rs  o f  P A N I-P S S /P D A D M A C  
m u ltila y e r  film .

F ro m  F ig u re  4 .1 8 , P A N I-P S S  on  the  top  lay e r p ro m o te d  an  ab so rp tio n  
o f  A g + ion  in to  th e  f ilm  th ro u g h  an e lec tro s ta tic  in te ra c tio n  b e tw e e n  p o s itiv e  ch a rg e  
on  A g + an d  n eg a tiv e  ch a rg es  o f  P A N I-P S S  on  the  film  su rface . O n  th e  o th e r  h an d , 
P D A D M A C  on  the  top  lay e r w h ich  h ad  p o s itiv e  c h a rg es  re ta rd ed  an  a b so rp tio n  o f  
A g + ion  in to  th e  f ilm  due  to  th e  e lec tro s ta tic  rep u ls io n .
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4 .3 .4  P A N I-P S S /P D A D M A C  an d  P A N I-P S S /P D A D M A C  w ith  In S itu  
S ilv e r N a n o p a rtic le  F ilm  C h a ra c te riz a tio n

p H  2 p H  6 p H  7 p H  8 pH  9 p H  10 p H  11 p H  12 p H  14

Figure 4.19 F ilm  co lo r  o f  P A N I-P S S /P D A D M A C  m u ltila y e r  f ilm  a f te r  im m e rse d  in 
v a ried  pH  b u ffe r  so lu tio n .

Figure 4.20 u v  sp ec tru m  o f  P A N I-P S S /P D A D M A C  m u ltila y e r  film  a f te r  im m ersed  
in v a ried  pH  b u ffe r  so lu tio n .
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Figure 4.21 F ilm  c o lo r  o f  P A N I-P S S /P D A D M A C  w ith  in  s itu  s ilv e r  n a n o p a rtic le s  
m u ltila y e r  film  a fte r  im m ersed  in  v a ried  pH  b u ffe r  so lu tio n .
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Figure 4 .22  u v  sp ec tru m  o f  P A N I-P S S /P D A D M A C  w ith  in s itu  s ilv e r  n an o p a rtic le  
m u ltila y e r  film  a fte r  im m ersed  in v a ried  pH  b u ffe r  so lu tio n .

F o r P A N I-P S S /P D A D M A C  m u ltila y e r  f ilm s on  F ig u re  4 .1 9  and  
F ig u re  4 .20 , th e  c o lo r o f  the  film  ch an g ed  from  g reen  to  b lu e  to  p u rp le  w h en  ex p o sed  
to  h ig h e r  pH  b u ffe r  so lu tio n s . F o r P A N I-P S S /P D A D M A C  w ith  in s itu  s ilv e r  
n a n o p a rtic le  m u ltila y e r  film  in F ig u re  4 .2 1 , the  film  d isp la y e d  an  a b so rb a n c e  at 4 2 0  
nm  w h ich  is a c h a ra c te r  o f  s ilv e r  n a n o p a rtic le s  as seen  in  F ig u re  4 .2 2  and  th e  c o lo r  o f  
th e  film  c h a n g e d  fro m  y e llo w -g re e n  to  b ro w n -g re e n  w h en  th e  f ilm  e x p o se d  to  h ig h e r  
pH  b u ffe r  so lu tio n  in d ic a te d  th a t a  p H  sen s in g  p ro p e rty  o f  PA N I s till w o rk e d  ev en  
w ith  s ilv e r  n an o p a rtic le s .
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4 .3 .5  S u rface  M o rp h o lo g y

a.

Figure 4.23 A to m ic  fo rce  m ic ro sc o p e  to p o g rap h ica l scan  o f  (a .) P A N I-P S S / 
P D A D M A C  m u ltila y e r  film  and  (b .) P A N I-P S S /P D A D M A C  m u ltila y e r  film  w ith  
s ilv e r  n an o p a rtic le s .

T he  su rface  ro u g h n ess  w as m ea su re d  by  an  A F M  as seen  in F ig u re  
4 .23 . T he  su rface  o f  the  PA N I film  w as a little  ro u g h e r  th an  P A N I/A g  film  d u e  to  th e  
s ilv e r  p a rtic le s  th a t w ere  fo rm ed  and  filled  in the  gap  on  the  film  su rface  th a t co u ld  
be in d u ced  to the  h ig h e r  co n d u c tiv ity .
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4 .3 .6  C o n d u c tiv ity

Figure 4.24 C o n d u c tiv ity  o f  P A N I-P S S /P D A D M A C  m u ltila y e r  f ilm  w ith  and  
w ith o u t in s itu  s ilv e r  n an o p a rtic le s .

T he  b u lk  co n d u c tiv ity  w as m ea su re d  by  fo u r p o in t p rob e . F ig u re  4 .24  
sh o w s th a t at h ig h e r  n u m b e r o f  P A N I-P S S /P D A D M A C  lay ers , the  b u lk  c o n d u c tiv ity  
ten d ed  to  d ec rea se  b e c a u se  th e re  w as m o re  P D A D M A C  lay ers , a n o n  c o n d u c tin g  
po ly m er, w h ich  ac ted  as an  in su la to r  w all b e tw e e n  2 lay e rs  o f  P A N I-P S S . F o r bo th  
31 and  51 lay e rs  fd m , the co n d u c tiv ity  in c reased  fro m  0 .0 0 7  to  0.011 s /c m  an d  0 .0 0 4  
to  0 .012  S /cm , re sp ec tiv e ly  a f te r  a red u c tio n  o f  s ilv e r  io ns to  s ilv e r  p a rtic le s .
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Table 4.2 T he  b u lk  co n d u c tiv ity  o f  31 and  51 lay e rs  o f  P A N I-P S S /P D A D M A C  
m u ltila y e r  film  at b e fo re  and  a f te r  s ilv e r red u c tio n

Bulk Conductivity (S/cm)

Number of 
layers

31 51

No Ag Ag No Ag Ag

Avg 0.007 0.011 0.004 0.012

% increased 55.26% 211.57%

F or 51 lay e rs  film , a  p e rc e n ta g e  d iffe ren t b e tw een  an  o rig in a l f ilm  and  
a film  a fte r  s ilv e r red u c tio n  w as  m o re  th an  31 lay ers  film  b ec a u se  a th ic k e r  th ick n ess  
o f  the  film  in d u ced  m o re  s ilv e r  ion  to  go  in s id e  th e  film  as sh o w n  in T able  4 .2 .

4.4 Multi Silver Loading

4.4.1 S u rface  A p p ea ran ce

Figure 4 .2 5  P A N I-P S S /P D A D M A C  m u ltila y e r  film  a fte r  each  s ilv e r  red u c tio n  
cycle .
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F ig u re  4 .25  sh o w s th e  su rface  ap p e a ra n c e  o f  th e  PA N I film  b e fo re  an d  
a f te r  each  cy c le  o f  s ilv e r  red u c tio n . P u re  PA N I film  w as  g reen  a f te r  each  cy c le  o f  
s ilv e r  red u c tio n , th e  film  b eca m e  m o re  m e ta llic  an d  m o re  sh in y  b eca u se  o f  the 
fo rm a tio n  o f  s ilv e r  p a rtic le s  in  th e  film  (A n a n d h a k u m a r  et a l ., 2 0 13 ).

4 .4 .2  S u rface  M o rp h o lo g y

Figure 4.26 F E -S E M  im ag es  o f  a) O rig in a l P A N I-P S S /P D A D M A C  m u ltila y e r  film , 
b) P A N I-P S S /P D A D M A C  m u ltila y e r  film  a f te r  firs t cy c le  o f  s ilv e r  red u c tio n , c) 
P A N I-P S S /P D A D M A C  m u ltila y e r  film  a f te r  seco n d  cy c le  o f  s ilv e r  red u c tio n , d) 
P A N I-P S S /P D A D M A C  m u ltila y e r  f ilm  a f te r  th ird  cy c le  o f  s ilv e r  red u c tio n .
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F E -S E M  w as  u sed  to  ch a ra c te r iz e  th e  su rfa c e  m o rp h o lo g y  o f  th e  film . 
F ro m  F ig u re  4 .2 6  a) an d  b) sh o w s a g ran u le  fo rm  o f  PA N I th a t w as  p laced  on  the 
film  h o m o g en eo u s ly  an d  (b) a fte r  firs t s ilv e r  red u c tio n , th e re  w ere  a few  b ig  p a rtic le s  
on the  the  film  su rface  w h ich  w as  a n u c léa tio n  s tep  fo llo w in g  by  a n u c léa tio n  g ro w th  
step  as sh o w n  in F ig u re  4 .2 6  b) and  c), w h ich  w as  an  ag g re g a tio n  o f  nu c le i re su lted  
in b ig g e r  p artic les .

4 .4 .3  C o n d u c tiv ity

Figure 4.27 C h an g e  in  co n d u c tiv ity  o f  P A N I-P S S /P D A D M A C  m u ltila y e r  film  as a 
fu n c tio n  o f  n u m b e r o f  s ilv e r  red u c tio n  cycles .

T he  co n d u c tiv ity  o f  th e  film s w as m e a su re d  w ith  a 4 p o in t p ro b e . 
F ig u re  4 .2 7  sh o w s a re la tio n sh ip  b e tw een  co n d u c tiv ity  o f  th e  f ilm  and  n u m b e r  o f  
cy c le  w ith  a d iffe ren t co n c e n tra tio n  o f  N aB FU . 1 cy c le  c o n s is t o f  2 s tep s , f irs t is 
d ip p in g  a film  in A gN C b an d  seco n d  is d ip p in g  a film  in N aB FU .

T he  c o n d u c tiv ity  o f  th e  f ilm  th a t w as  red u ced  w ith  1 m M  NaBFLt fo r 
the  s ilv e r red u c tio n  sh o w ed  a s lo w er s ilv e r  red u c tio n  ra te . T h e  c o n d u c tiv ity  o f  the  
film  in c reased  at seco n d  cy c le  from  0 .0 0 3 8  s /c m  to 0 .0 0 6 3  s /c m  due  to  the  red u c tio n  
o f  s ilv e r th a t c rea ted  a  c o n d u c tiv e  pa th  in th e  f ilm s a f te r  a th ird  cy c le  the
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c o n d u c tiv ity  o f  th e  f ilm  d ro p p ed  b e c a u se  o f  2 rea so n s . F irs t, th e  PA N I film , 
em era ld in e  b ase , w as  red u ced  by  N a B H 4 to  leu co e m e ra ld in e  w h ic h  w as  a lo w er 
c o n d u c tiv ity  fo rm  o f  PA N I (Y ufeng  et a i ,  20 0 6 ). S eco n d  rea so n  w as the  PA N I film , 
em era ld in e  base , w as o x id ized  by  A gN C >3 to  p e m ig ra n il in e  o x id a tio n  sta te  w h ich  also  
w as a lo w er c o n d u c tiv ity  fo rm  o f  PA N I (S te jsk a l et a i ,  20 0 9 ). F o r th e  film  th a t w as 
red u ced  w ith  3 an d  5 m M  N aB FU , T he  c o n d u c tiv ity  o f  th e  film  in c rea sed  form
0.003 5  to  0 .0 0 9 2  s/cm and  0 .0 0 2 9  to  0 .0 1 1 s/cm a fte r  th e  firs t cy c le , resp ec tiv e ly . 
T he  co n d u c tiv ity  in c reased  b eca u se  o f  the  red u c tio n  o f  s ilv e r  ion  to  s ilv e r  a to m  and  
the  co n d u c tiv ity  d e c rea sed  fro m  seco n d  cy c le  as sam e  as in film  th a t w as  red u ced  
w ith  1 m M  N a B H 4.

In o rd e r to  co n firm  th a t the  c o n d u c tiv ity  d e c re a se d  b ec a u se  o f  A gN C b 
an d  N aB FU , T he  PA N I film s w ere  im m ersed  sev e ra l tim es  in A gN C b an d  N aB FB  
separa te ly .

Figure 4.28 C h an g e  in c o n d u c tiv ity  o f  P A N I-P S S /P D A D M A C  m u ltila y e r  f ilm  as a 
fu n c tio n  o f  n u m b e r o f  d ip p in g  tim es  in A gN C b.

F ig u re  4 .28  sh o w s a re la tio n sh ip  b e tw een  c o n d u c tiv ity  o f  th e  film  and  
n u m b e r o f  d ip p in g  tim es  in A gN C b so lu tio n . T h e  c o n d u c tiv ity  o f  th e  film  d ec rea sed  
im m ed ia te ly  a fte r  firs t d ip p in g  fro m  0.0061 s /c m  to 0 .0 0 2 5  s /c m  d u e  to  the
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o x id a tio n  o f  e m era ld in e  b ase  to  p e m ig ra n il in e  re su lte d  in  a lo w er c o n d u c tiv ity  
(S te jsk a l et a i ,  20 09 ).
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F ig u r e  4 .2 9  C h an g e  in co n d u c tiv ity  o f  P A N I-P S S /P D A D M A C  m u ltila y e r  f ilm  as a 
fu n c tio n  o f  n u m b e r o f  d ip p in g  tim es  in N aB FB .

F ig u re  4 .2 9  sh o w s a re la tio n sh ip  b e tw een  c o n d u c tiv ity  o f  th e  f ilm  and  
n u m b e r o f  d ip p in g  tim es  in N aB FU  so lu tio n . T h e  c o n d u c tiv ity  o f  th e  f ilm  also  
d e c rea sed  im m ed ia te ly  a f te r  f irs t d ip p in g  fro m  0.011 s/cm to  0 .0 0 6  s/cm d u e  to  the  
red u c tio n  o f  em era ld in e  b ase  to  leu co e m e ra ld in e  re su lte d  in a lo w er c o n d u c tiv ity  
(Y ufeng  et a l ,  2006 ).
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4 .4 .4  X R D

F ig u r e  4 .3 0  X -ray  d iffrac tio n  p a tte rn s  o f  P A N I-P S S /P D A D M A C  an d  P A N I-P S S / 
P D A D M A C /S ilv e r  m u ltila y e r  fd m s.

T he  X -ray  d iffrac tio n  p a tte rn s  w ere  tak en  w ith  2 7 m in  scan n in g  sp eed  from  30°-90° 
as sh o w s on  F ig u re  4 .3 0  in d ica te s  th e  s ilv e r  d iffra c tio n  p eak s  a t 2 0  =  38 , 45 , 65 an d  
77 w h ich  are  a ss ig n ed  to  (111) (2 0 0 ) (2 2 0 ) (311 ) p lan es  o f  face  c e n te r  cu b ic  la ttice  
p h ase  th a t c o rre sp o n d  to  B ra g g ’s re flec tio n .
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