
FABRICATION AND CHARACTERIZATION OF NEW 
SEMICONDUCTING NANOMATERIALS COMPOSED OF NATURAL 
LAYERED SILICATES, NATURAL RUBBER, AND POLYPYRROLE

8.1 Abstract

A n  e le c tro ly tic  ad m ic e lla r  p o ly m e riz a tio n  w as c h o sen  fo r sy n th e s iz in g  n ew  
sem ico n d u c tin g  n a n o m a te r ia ls  co m p o sed  o f  so d iu m  m o n tm o rillo n ite  (N a +-M M T ), 
p o ly p y rro le  (P P y), an d  natu ral ru b b e r (N R ). T h e  co n ten ts  o f  th e  p y rro le  m o n o m e r 
and  the  N a +-M M T  w e re  v aried  fro m  100 to  8 00  m M  and  1 to  7 p a rts  p e r h u n d red  o f  
ru b b e r (ph r), re sp ec tiv e ly . F o u rie r  tran sfo rm  in fra red  sp e c tro sc o p y  (F T IR ) and  
tran sm iss io n  e lec tro n  m ic ro sco p y  (T E M ) w ere  u sed  to  c o n firm  th e  su c c e ss  o f  th e  
sy n th esis . T h e  m o rp h o lo g ica l s tu d ie s  c a rried  o u t by  X -ray  d iffra c tio n  (X R D ) an d  
T E M  p o in ted  ou t th e  d iffe ren t s ta te s  o f  d isp e rs io n  o f  th e  lay e red  s ilic a te s , w h e rea s  
th e  study  d o n e  by  sc a n n in g  e lec tro n  m ic ro sc o p y  (S E M ) sh o w ed  a  g rea t d e p e n d e n c e  
o f  th e  n a n o c o m p o site  m o rp h o lo g y  on  th e  in c lu s io n  o f  th e  lay e red  s ilic a te s . T h e rm a l 
s tab ility  s tu d ie s  d e m o n s tra te d  th e  th e rm o -p ro te c tin g  and  th e rm o -o x id a tiv e  b e h a v io rs  
im p arted  by  th e  la y e re d  s ilica te s . T h e  m ech an ica l an d  D C  e lec tr ica l c o n d u c tiv ity  
p ro p e rtie s  w ere  s ig n ific an tly  im p ro v ed  w ith  th e  in c lu s io n  o f  th e  lay e red  s ilic a te s , 
e sp ec ia lly  a t a 7 p h r load ing .
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8.2 Introduction

O v e r th e  la s t decad e , g rea t a tte n tio n  h as  b een  g iv en  to  e le c tr ic a lly  
c o n d u c tin g  p o ly m e rs  d u e  to  th e ir  ex c e lle n t co n d u c tiv ity  an d  p o ten tia l a p p lic a tio n s  in 
e lec tro n ic s , e .g . e le c tro ch em ica l d isp lay  d ev ice s , m ic ro w av e  a b so rb in g  m a te r ia ls  and  
e le c tro m a g n e tic -sh ie ld s , e tc . [1 , 2], A m o n g  th ese  co n d u c tin g  p o ly m ers , p o ly p y rro le  
(P P y ) is o n e  o f  th e  m o st in ten siv e ly  s tu d ied  b ecau se  o f  its  fac ile  sy n th esis , 
e n v iro n m en ta l s tab ility , e le c tro rh eo lo g ica l (E R ) p ro p erty , an d  its  su p e rio r  e lec trica l 
co n d u c tiv ity  an d  h ig h  p o la riz a b ility  [3 -7 ] . P P y  can  be sy n th e s iz e d  e ith e r  by  ch em ica l 
o x id a tiv e  o r  th e  e lec tro ch em ica l p o ly m e riz a tio n  o f  p y rro le  in  an  a q u e o u s  so lu tio n , 
and  it is th e  la tte r  th a t p ro v id es  b e tte r  co n tro l o f  th e  film  th ic k n e ss  an d  m o rp h o lo g y , 
c le a n e r  p o ly m e rs , an d  b e tte r  c o n d u c tiv ity  co m p ared  to  th e  fo rm er m e th o d  [3, 4 ]. 
H o w ev er, th e  ty p ica l P P y  p o sse sse s  p o o r p ro cessab ility , an d  is in so lu b le , in fu s ib le , 
and  b rittle  [5, 6 ]; su c h  p ro b le m s h av e  lim ited  its  p o ten tia l a p p lic a tio n s . T h e  
c o m b in a tio n , th e re fo re , o f  o th e r p o ly m ers  a n d /o r in o rg an ic  m a te ria ls  w ith  an 
o rg a n ic a lly  c o n d u c tin g  p o ly m er, an d  th e  p rep a ra tio n  o f  c o n d u c tin g  p o ly m e r-b a se d  
n a n o c o m p o s ite s , a re  b e in g  ex ten s iv e ly  in v es tig a ted  w ith  th e  e x p e c ta tio n  o f  
o v e rc o m in g  th ese  lim ita tio n s .

N a n o c o m p o s ite s  are a c la ss  o f  m a te ria ls  h a v in g  a  n a n o m e te r  sca le  
d isp e rs io n  o f  re in fo rc in g  ag en ts  (a t least in  o n e  d im e n s io n )  [8 ]; and  th e se  h y b rid  
m a te ria ls  o ften  lead  to  su p e rio r  p e rfo rm a n c e  in  te rm s o f  m e c h a n ic a l s tren g th , h ea t 
re s is ta n c e , gas and  so lv en t b a rrie r, u v  s tab ility , e tc ., o v e r in d iv id u a l o rg an ic  
p o ly m e rs  o r  c o n v e n tio n a l filled  c o m p o s ite s  [5, 8 ]. F ro m  th e  d e v e lo p m e n t o f  
n an o sc ie n c e  an d  n a n o te c h n o lo g y  v iew p o in t, th e  c o m p o site s  o f  P P y  w ith  n an o s iz e d  
in o rg an ic  m a te r ia ls , n a m e ly  m e so p o ro u s  s ilic a  [7], y ttr iu m  o x id e  (Y 2O 3) [9 ], fe rric  
o x id e  (F e 2C>3) [10], tita n iu m  d io x id e  ( T i0 2) [11 ], N a +-M M T  [4 -6 ,  12, 13], e tc ., h av e  
had  tre m e n d o u s  in v es tig a tio n  as  w e ll. C lay  an d  c lay  m in e ra ls , su ch  a s  so d iu m  
m o n tm o rillo n ite , sap o n ite , h ec to rite , b e n to n ite , e tc ., h av e  b een  w id e ly  u se d  in th e  
fie ld  o f  n a n o c o m p o s ite s  by m ean s  o f  th e ir  a b ility  to  u n d e rg o  ca tio n  e x c h a n g e  w ith  
o th e r o rg an ic  o r in o rg a n ic  ca tio n s  to  ren d e r th em  m o re  o rg a n o p h ilic  and  to  sep a ra te  
th em  in to  in d iv id u a l lay e rs  w ith  a v ery  h igh  a sp ec t ra tio . A n  in te rca la ted  s tru c tu re  is 
fo rm ed  w h en  th e  p o ly m e r  ch a in s  a re  in se rted  b e tw een  th e  c lay  lay e rs ; h o w ev e r, an
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ex fo lia ted  s tru c tu re  is fo rm ed  w h en  th e  c lay  lay e rs  a re  d isp e rsed  in d iv id u a lly  w ith in  
th e  p o ly m e r m a trix . It is  the  la tte r tha t is o ften  c ited  a s  the  d e s ired  goal fo r  the  c lay - 
c o n ta in in g  co m p o site s . F rom  th e  v ie w p o in t o f  e lec tr ica l c o n d u c tiv ity , it has b een  
w e ll a ccep ted  tha t th e  e lec trica l c o n d u c tiv ity  o f  P P y /M M T  n a n o c o m p o s ite s  is 
s tro n g ly  in flu en ced  b y  th e  m ass  lo ad in g  o f  P P y , o x id a n t u sed  fo r p o ly m e riz a tio n , 
an d . m o re  im p o rtan tly , th e  p rep a ra tio n  m e th o d  [12 ], F o r in s tan ce , P P y /M M T  
n a n o c o m p o s ite s  sy n th es ized  by e le c tro p o ly m e riza tio n  on  a go ld  su b s tra te  [4] show 'ed 
im p ro v e m e n t in e lec trica l co n d u c tiv ity  by  24 tim es . W h erea s , P P y /M M T  
n a n o c o m p o s ite s  sy n th es ized  by  the  in situ  p o ly m e riz a tio n  o f  p y rro le  in  th e  p re sen ce  
o f  N a +-M M T , d o d ecy lb en zen esu lfo n ic  ac id  (D B S A ) as an  an io n ic  su rfa c ta n t an d  
fe rric  ch lo rid e  (F eC fi) as an  o x id an t [12] and  by  an  in v erted  e m u ls io n  p a th w ay  
p o ly m e riz a tio n  m e th o d  [5, 13] u sin g  D B S A  as b o th  an  e m u ls if ie r  and  a  d o p an t, an d  
am m o n iu m  p e rsu lfa te  (A P S ) as  an  o x id a n t, sh o w ed  the  o p p o s ite  tre n d ; i.e ., th e  
lay e red  s ilic a te s  w eak e n e d  th e  in te rch a in  in te ra c tio n  o f  c o n d u c tin g  P P y  a n d  im p ed ed  
th e  d e lo ca liz a tio n  o f  ch a rg e  ca rrie rs , re su ltin g  in  a d e c re a se  in e le c tr ic a l c o n d u c tiv ity .

O v e rc o m in g  th e  p o o r p ro cess ib ility  o f  n ea t PPy is n o t e a s ily  a c h iev ed , 
h o w ev e r, a lth o u g h  th e  p rep a ra tio n  o f  P P y -b a se d  n a n o c o m p o s ite s  h as  a lre a d y  b een  
s tu d ied . T h u s, th e  u tiliz a tio n  o f  m o ld ab le  N R  la tex  as  a su b s tra te  fo r a c c o m m o d a tin g  
th e  co n d u c tin g  PPy film  th ro u g h  a d m ic e lla r  p o ly m e riz a tio n  w ill be  an  in te re s tin g  
ta sk . It is su g g es ted  th a t th e  fo rm atio n  o f  an  u ltra th in  P P y film  o n  e le c tr ic a lly  
in su la tin g  su b s tra te s  like  N R  can  o v e rco m e  the  p o o r  p ro c e ssa b ility  o f  P P y  an d  
e ffic ien tly  im p ro v e  th e  e lec trica l co n d u c tiv ity  o f  N R  su b s tra te s  a s  w e ll. A d m ic e lla r  
p o ly m e riz a tio n , k n o w n  a s  a th in -film  c o a tin g  te c h n iq u e , h as  b een  a p p lie d  to  m an y  
p o ly m e r-su b s tra te  sy s te m s  fo r m ak in g  m a te r ia ls  su ita b le  fo r sp ec if ic  a re a s  such  as  
P P y  on a lu m in a  [14, 15], n ick e l flake [16] and  N R  la tex  [17]. an d  p o ly s ty re n e  (P S ) 
o n  co tto n  [1 8 ], etc. T h is  tech n iq u e  e m p lo y s  a su rfa c ta n t b ila y e r  ad so rb e d  on  a 
su b s tra te  su rface  as a  so ft tem p la te  fo r th e  p o ly m e r film  fo rm a tio n . O u r re sea rch  
g ro u p  has fo u n d  that th e  ad m ic e lla r  p o ly m e riz a tio n  o f  p y rro le  on  N R  la tex  p a rtic le s  
c an  be su c c e ssfu lly  ca rried  o u t by e ith e r  c h em ica l [17] o r  e le c tro c h em ic a l 
p o ly m e riz a tio n  [19], and , v e ry  recen tly , th e  la tte r  h a s  b een  c o n s id e re d  to  be  a novel 
ap p ro ach  for p re p a rin g  p o ly m er/c lay  n a n o c o m p o s ite s  [20], T w o  im p o rtan t asp ec ts , 
p la te le ts  e x fo lia tio n  w ith in  th e  P P y  shell an d  th e  m o rp h o lo g ic a l c h a ra c te r is tic s  o f  th e
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sy n th e s iz e d  n an o co m p o site s , w ere  v e rif ied  a s  b e in g  in flu en tia l fo r the  im p ro v e m e n t 
o f  th e ir  m ech an ica l an d  e lec trica l p ro p e rtie s . It is th u s  a n tic ip a te d  th a t such  
n a n o c o m p o s ite s  w ill b e  ex ce llen t c a n d id a te s  fo r u tiliz a tio n  a s  f le x ib le  sm art 
m a te r ia ls  fo r a p p lic a tio n s  in  s ta tic  ch a rg e  d iss ip a tio n , b io m e d ic a l an d  tissu e  
en g in ee rin g , etc . [2 1 ].

D esp ite  s tu d ie s  fo cu s in g  on  the th in -f ilm  co a tin g  o f  P P y  on  a N R  su b s tra te , 
an d  the  p rep a ra tio n  o f  c o n d u c tin g  PP y c o m p o s ite s  w ith  lay e red  s ilic a te s , no  such  
re se a rch  d ea lin g  w ith  th e  a d m ic e lla r  p o ly m e riz a tio n  o f  p y rro le  o n  N R  la tex  p a rtic le s  
in  th e  p resen ce  o f  lay e red  s ilic a te s  has b e e n  rep o rted  to  d a te , except, o n e  fro m  o u r 
re se a rch  g ro u p  [20]. T h e re fo re , th e  p u rp o se s  o f  th is  s tudy  a re  to  sy n th e s iz e  n ew  
se m ic o n d u c tin g  n a n o m a te ria ls  th ro u g h  e le c tro ly tic  a d m ic e lla r  p o ly m e riz a tio n  and  to  
in v es tig a te  th e  e ffec ts  o f  P P y  and  N a +-M M T  lo ad in g  on  th e  re a c tio n  p ro g re s s , and  
th e  m o rp h o lo g ica l an d  th e rm a l p ro p e rtie s  o f  th e  n a n o c o m p o s ite s  by u s in g  v a r io u s  
c h a ra c te riz a tio n  te ch n iq u es , e .g . F T IR , X R D , S E M , T E M , and  T G A . T h e  
m ech an ica l, d y n am ic  th e rm o -m ech an ica l an d  e lec tr ica l p ro p e rtie s  are  a lso  e x am in ed  
in  re la tio n  to  the  co n ten t o f  P P y  and  N a +-M M T . T astly , th e  fo rm a tio n  m e c h a n ism  o f  
th e  e le c tro p o ly m erized  n a n o c o m p o s ite s  is p ro p o sed .

8.3 Experimental Parts

8.3.1 R aw  M a te ria ls
N a tu ra l ru b b e r la tex  (6 0 %  d ry  ru b b e r  c o n te n t)  w as  k in d ly  p ro v id e d  by 

R u b b e r  R esea rch  In s titu te , T h a ilan d . T h e  p y rro le  m o n o m e r (>  9 7 %  p u rity )  w as  
p u rc h a se d  from  F lu k a  and  sto red  in  a re fr ig e ra to r  at 4 ° c  p rio r  to  u se . D o d ecy l su lfa te  
so d iu m  salt (S D S ), u sed  as an  an io n ic  su rfac tan t, w as  p u rch ased  from  A ld ric h  C o ., 
L td . and  w as u sed  w ith o u t fu rth e r p u rif ic a tio n . P r is tin e  so d iu m  m o n tm o rillo n ite  
(N a +-M M T ), w ith  a c a tio n  e x ch an g e  cap a c ity  (C E C ) o f  115 m e q /1 0 0 g , w a s  k in d ly  
su p p lie d  by K u n im in e  In d u s tr ie s  C o ., L td ., T o k y o , Jap an , and  w a s  u sed  as rece iv ed .

8 .3 .2  E lec tro ly tic  A d m ic e lla r  P o ly m eriza tio n  P ro cess
T h e  sy n th es is  p ro c e d u re  w a s  ca rried  o u t a c c o rd in g  to  o u r p re v io u s  

w o rk  [19, 20], In a ty p ica l sy n th esis , 25 g o f  c e n trifu g e d  N R  la tex  w as d isp e rse d  in
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an aq u eo u s so lu tio n  o f  S D S  h av in g  an  in itia l co n cen tra tio n  o f  16 m M  w ith  co n s tan t 
m ech an ica l s tir r in g  a t room  tem p e ra tu re  fo r at least 2 h r  b e fo re  a d ju s tin g  the  p H . A s 
th e  po in t o f  z e ro  ch a rg e  (P Z C ) o f  N R  is 3 .9  at ro o m  te m p e ra tu re , th e  pH  o f  th e  
sy stem  w as ad ju s te d  to  3 by  u s in g  co n c e n tra ted  h y d ro ch lo ric  acid  (H C1). A fte r  tha t, 
th e  system  w as eq u ilib ra ted  fo r 24  h r u n d e r  s tirr in g  to  e n su re  a d m ic e lle  fo rm a tio n  on  
th e  N R  su b stra te . In th e  n ex t step , the  p reco o led  p y rro le  m o n o m e r w a s  in tro d u ced  
in to  the  eq u ilib ra ted  m ix tu re  to  ach iev e  th e  d esired  c o n c e n tra tio n , an d  th e  sy stem  
w as left aga in  at room  tem p e ra tu re  fo r 1 h r to  a llo w  fo r th e  m o n o m e r 
ad so lu b iliz a tio n  in  th e  ad m ice lle . T o  in itia te  th e  e lec tro ch em ica l p o ly m e riz a tio n , a 
co n s tan t p o ten tia l o f  9 V w as ap p lied  to  th e  sy stem  u s in g  2 cm  X 10 cm  c o p p e r p la te s  
as  bo th  ca th o d e  and  an o d e  e lec tro d es . A fte r  2 h r  o f  p o ly m e riz a tio n , a  d ark  
ad m ic e lle d  ru b b e r  w as sy n th es ized  an d  d ep o s ited  at th e  ano d e  e le c tro d e . It is 
n o tew o rth y  th a t, d u e  to  a c o rro s io n  e ffec t, b o th  e lec tro d es  w ere  c h a n g e d  ev ery  2  hr. 
T h e  p o ly m eriza tio n  reac tio n  w as  reco rd ed  fro m  the  s ta rt o f  a p p ly in g  a c o n s ta n t 
p o ten tia l un til n o th in g  w as d ep o s ited  on  th e  an o d e  e lec tro d e . A t th e  en d  o f  th e  
ex p e rim en t, th e  co llec ted  m a te r ia ls  w ere  tw ic e  w ash ed  w ith  d is tilled  w a te r  to  rem o v e  
th e  o u te r  layer o f  S D S , and  th en  dried  in a v acu u m  o v en  at 7 0 ° c  fo r  2 4  hr. F in a lly , 
co m p ress io n  m o ld e d  sh ee ts  h av in g  a th ic k n e ss  o f  3 m m  w ere  p re p a re d  fo r fu r th e r  
in v es tig a tio n  by a  h y d rau lic a lly  o p e ra ted  p re ss  a t 160°c fo r  15 m in .

T o  sy n th esize  th e  n a n o c o m p o s ite s  c o n ta in in g  d iffe ren t c lay  lo ad in g s , 
10 g o f  N a f-M M T  w as first d isp e rsed  in 1000  m l o f  d is til le d  w a te r u n d e r  v ig o ro u s  
s tirrin g . A fte rw a rd s , the  a s -p rep a red  su sp e n s io n  w as a d d ed  to  th e  16 m M  S D S  
so lu tio n  to  p ro v id e  th e  c lay  co n te n ts  o f  1, 3 , 5, and  7 p h r  b efo re  in c o rp o ra tin g  th e  
cen trifu g ed  N R  la tex  an d  p y rro le  m o n o m er, re sp ec tiv e ly . T h en , the  
e le c tro p o ly m e riza tio n  w as ca rried  ou t u s in g  th e  sam e  p ro c e d u re  as d e sc r ib e d  ab o v e . 
T h e  sy n th esized  m a te ria ls  a re  d e s ig n a ted  as  N P X and N P xM y, in w h ic h  N . p , an d  M  
s tan d  fo r the  N R , PPy, an d  N a +-M M T  co m p o n e n ts , re sp e c tiv e ly , an d  x an d  y 
rep re sen t th e  m a ss  lo ad in g s  o f  p y rro le  an d  N a - M M T . re sp ec tiv e ly . T h e  v a lu e  o f  X  

v a rie s  as 100, 2 0 0 . and  800 m M . and  tha t o f  y v a rie s  as  1, 3 . 5, and  7 ph r.
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8.3 .3  C h a ra c te riz a tio n s
8.3.3.1 H orizontal A ttenuated Total Reflection-Fourier Transform

Infrared Spectroscopy (HA TR-FT1R)
T h e  H A T R -F T IR  a n a ly s is  w as  c o n d u c te d  b y  a N e x u s  6 70  

sp e c tro m e te r in  o rd e r to  a sse ss  th e  su ccess  o f  the  e le c tro c h e m ic a l p o ly m e riz a tio n . 
T h e  sp ec tra  w e re  reco rd ed  w ith  32 scan s  o v e r a w av e  n u m b e r  ra n g e  o f  6 0 0 ^ 1 0 0 0  cm" 
1 u s in g  a ir as a b ack g ro u n d .

8.3.3.2 X -R ay Diffraction
X -ray  d iffra c tio n  p a tte rn s  W'ere re c o rd e d  in  th e  ran g e  o f  29  =  

1 -3 0 °  (by  s te p s  o f  0 .0 2 °) o n  an  X -ray  d iffra c to m e te r , B ru k e r A X S  M o d e l D 8 

D isco v er, w ith  N i-f ilte re d  C u  Koc (2 =  0 .1 5 4  n m ) rad ia tio n  o p e ra ted  at a tu b e  v o ltag e  
o f  4 0  k v  and  a tube cu rren t o f  4 0  m A . T h e  basa l sp ac in g  (<7fl0 /-sp a c in g )  w as 
ca lcu la ted  u s in g  th e  B ra g g  eq u a tio n :

T =  2r/sin<9 , ( 8 . 1)
w h e re  X is th e  X -ray  w a v e le n g th , d  is  th e  basa l sp ac in g , an d  6  is th e  sc a tte r in g  an g le .

8.3.3.3 Scanning Electron M icroscopy (SEM)
T h e  m o rp h o lo g ica l fe a tu re s  o f  th e  n a n o c o m p o s ite s  w ere  

in v estig a ted  u s in g  a sc a n n in g  e lec tro n  m ic ro sc o p e  (JE O L , M o d e l JS M 5 2 0 0 ). T h e  
sam p le s  W'ere frac tu red  in a  liq u id  n itro g en  b a th , p laced  o n  a  sa m p le  h o ld e r  u s in g  
ca rb o n  ad h es iv e  tape , an d  th en  sp u tte r-c o a te d  w ith  go ld  u n d e r v a c u u m  to p re v e n t th e  
e lec tro s ta tic  c h a rg in g  d u rin g  o b se rv a tio n .

8.3.3 .4  Transmission Electron M icroscopy (TEM)
A  z e ro  A H -7 6 5 0  T E M  (H itach i H ig h -T e c h n o lo g ie s  C o ., 

Jap an ), o p e ra tin g  at an  a c c e le ra tio n  v o ltag e  o f  100 k V , w as u se d  to  s tu d y  th e  
d isp e rs io n  o f  th e  silica te  lay e rs  w ith in  th e  n a n o c o m p o s ite s . B efo re  b e in g  e x a m in e d , 
so m e  o f  th e  m ix tu re  co lle c te d  d u rin g  th e  e le c tro p o ly m e riz a tio n  w a s  su sp e n d e d  in 
d is tilled  w a te r u n d e r so n ic a tio n  fo r 5 m in  to  g e t a w e ll-d isp e rse d  su sp e n s io n . A fte r 
th a t, a d ro p le t w a s  d ep o s ited  o n  a 3 0 0  m esh  c o p p e r  g rid  an d  left fo r  d ry in g  o v e rn ig h t. 
เท th e  case  o f  sec tio n in g , th e  sm all sp e c im e n s  w ere  c ry o g e n ic a lly  cu t in to  u ltra th in
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p ieces  o f  abo lit 75 n m  th ick  w ith  a  d ia m o n d  k n ife  u sin g  a L E 1C A  U L T R A  C U T  and 
w ere  co lle c ted  on  th e  sam e c o p p e r  g rid s.

8.3.3 .5  Therm ogravim etric Analysis (TGA) a n d  D erivative
Therm ogravim etry (DTG)
T G A  and  D T G  a n a ly se s  w ere  c a rrie d  ou t u s in g  a  P e rk in - 

E lm er P y ris  D ia m o n d  T G /D T A  u n d e r  n itro g e n  a tm o sp h e re . T he w e ig h t o f  th e  
sam p les  w as  fixed  in  th e  ran g e  o f  15-20 m g. T h e  te m p e ra tu re  p ro g ram  w a s  se t from  
30°c to  600°c w ith  a  h ea tin g  ra te  o f  10°c/min. T h e  te m p e ra tu re  at m a x im u m  ra te  o f  
w eig h t lo ss  tak en  fro m  th e  D T G  cu rv e  w as d e s ig n a te d  as  th e  peak  d e c o m p o s itio n  
tem p e ra tu re . T h e  k in e tic s  o f  th e rm a l d e c o m p o s itio n  o f  th e  re su ltin g  m a te r ia ls  w as 
s tu d ied , an d  the  a c tiv a tio n  e n e rg y  ( £ a) w as  c a lc u la te d  a c c o rd in g  to  th e  m e th o d  o f  
H o ro w itz  and  M e tz g e r  [22, 23 ],

8.3.3 .6  Static and Dynam ic M echanical P roperties
H ard n ess  te s ts  w ere  p e r fo n n e d  u s in g  a  S h o re  A  d u ro m e te r  

a cco rd in g  to  A S T M  D -2 2 4 0 . T e n s ile  te s ts  w ere  c o n d u c te d  fo llo w in g  A S T M  D 6 3 8 M - 
9 1 a  w ith  a  U n iv ersa l T estin g  M a c h in e  (L L O Y D  L R  100K ). T h e  c o n d itio n s  u sed  fo r 
th e  m e a su re m e n ts  w e re  ro o m  te m p e ra tu re , a c ro ssh e a d  sp eed  o f  50  m m /m in , an d  a 
g au g e  len g th  o f  15 m m . F ive  sp e c im e n s  w ere  te s te d  and  tak en  in  an  av e rag e .

D y n am ic  m ech an ica l a n a ly se s  w ere  p e rfo rm e d  o n  a d y n am ic  
m ech an ica l a n a ly z e r  (D M A , G A B O -E P L E X O R  Q C  25) u s in g  a  c o n s ta n t f req u en cy  
o f  10 HZ and  a te m p e ra tu re  ra n g e  o f  -80°c to  +130°c. T h e  m e a su re m e n ts  w ere  
ca rried  o u t u n d e r te n s io n  m o d e  w ith  a  s ta tic  s tra in  o f  0 .5 %  an d  a d y n a m ic  s tra in  o f
0 .1% .

8.3.3. 7 The D C  E lectrical Conductivity M easurem ent
T he D C  e lec tr ica l co n d u c tiv ity  ( (7Jc ) w as  m e a su re d  a t ro o m

te m p e ra tu re  by th e  tw o -p o in t p ro b e  te c h n iq u e  u s in g  a K e ith ley  8009  R e s is tiv ity  T est 
F ix tu re .
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8.4 Results and Discussion

8.4.1 M o rp h o lo g ica l C h a ra c te riz a tio n s
T h e  m o rp h o lo g y  o f  th e  a d m ic e lle d  ru b b e rs  w ith  d iffe re n t P P y  

lo a d in g s  (N P X) c h a ra c te r iz e d  by  T E M  is d isp la y e d  in F ig . 8 .1 . The d a rk  p a r tic le  and 
p a le  ed g e  rep re sen t th e  N R  p a rtic le  and  th e  tin y  PP y n o d u le s , re sp e c tiv e ly . It can  be 
seen  fro m  the T E M  p h o to g ra p h s  th a t the  m o rp h o lo g y  o f  th e  a d m ic e lle d  ru b b e r is 
in flu en ced  by th e  m a ss  lo ad in g  o f  P P y. A t lo w  P P y  lo ad in g  (1 0 0  m M ), a sm o o th  and 
u n ifo rm  P P y o v e rla y e r  is fo rm ed  on  th e  su rfa c e  o f  th e  N R  co re  p a r tic le . T h is 
in d ic a te s  that th e  p o ly m e riz a tio n  o ccu rs  s im u lta n e o u s ly  in  all in itia tio n  s ite s  a fte r  a 
c o n s ta n t p o ten tia l is ap p lied ; su b se q u e n tly , th e  P P y  la y e r g ro w s g ra d u a lly  u n til it 
co m p le te ly  co v e rs  th e  N R  c o re  p a rtic le . T h e re fo re , th e  a d m ic e lle d  ru b b e r  h as  the 
ty p ica l c o re -sh e ll  s tru c tu re . A t h ig h  P P y  lo ad in g , e sp e c ia lly  800  m M , o n e  can 
o b se rv e  th a t th e  su rfa c e  o f  th e  N R  p a rtic le  is  c o v e red  w ith  m o re  c lo se ly  p ack ed  
lay e rs  o f  P P y  n o d u le s , and  su ch  h ig h  P P y  lo a d in g  a ffe c ts  th e  g ro w th  d ire c tio n  o f  the 
P P y  shell as w e ll; th a t is, w h en  th e  first lay e r o f  th e  P P y  d o m a in s  en tire ly  co v e rs  the 
su rfa c e  o f  th e  N R  p a rtic le , o r  th e  sa tu ra tio n  p o in t is  re a c h e d , th e  P P y sh e ll te n d s  to 
g ro w  in a d ire c tio n  p e rp e n d ic u la r  to  th e  su rface  o f  th e  N R  p a rtic le  and  c o a le sc e s  w ith  
th e  n e ig h b o rin g  P P y  shell o f  a n o th e r  c o re - s h e ll  p a rtic le  to  fo rm  a c o n tin u o u s  
m o rp h o lo g y . In o th e r  w o rd s , m o re  and  m o re  P P y  n o d u le s  a re  p re se n te d  on  th e  
su rfa c e  o f  the  N R  p a rtic le  as  th e  m a ss  lo a d in g  o f  p y rro le  in c reases . A  s im ila r 
o b se rv a tio n  h as  b een  fo u n d  in  th e  case  o f  th e  p re p a ra tio n  o f  c o re - s h e ll  p a rtic le s  
c o n s is tin g  o f  a p o ly s ty re n e -p o ly (e th y le n e  g ly c o l)  m o n o m e th a c ry la te  (P S -P E G M A ) 
co re  co v ered  w ith  a P P y  sh e ll, as  rep o rted  by  L u  and  c o w o rk e rs  [24], A s  a g rafted  
P E G M A  b ru sh -lik e  lay er w as  u sed  as  te m p la te s  fo r th e  P P y  d e p o s itio n , the  
m o rp h o lo g y  and  th ick n ess  o f  th e  P P y  shell can  be c o n tro lle d  by  c h a n g in g  th e  P P y 
lo ad in g , by  c o n tro llin g  the  o v e ra ll tem p la te  su rfa c e  a rea , and  by  in f lu e n c in g  the 
p y rro le  p o ly m e riz a tio n  k in e tic s  in th e  p re se n c e  o f  d iffe re n t o x id an ts . T h e  au th o rs  
d isco v e red  tha t a t h ig h  P P y  lo a d in g , the  P P y  sh e ll s ta rted  to  g ro w  p e rp e n d ic u la r  to  
th e  P S -P E G M A  p a rtic le  su rface  a f te r  the  s a tu ra tio n  p o in t h ad  b een  re ach ed , in d u c in g  
an  in c rea se  in th e  su rface  ro u g h n e ss  and shell th ic k n e ss  o f  th e  c o m p o s ite  p a rtic les . 
C o m p ared  to  th e  p re sen t s tu d y , as  th e  to ta l su rfa c e  a rea  o f  th e  S D S  b ila y e r  and  the
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p o ly m e riz a tio n  k in e tic s  a re  m o re  o r less th e  sam e  fo r  all sy s tem s, c h a n g in g  th e  m ass  
lo ad in g  o f  P P y  is c o n s id e re d  to  be th e  m o st c ru c ia l fa c to r a c c o u n tin g  fo r the  
d iffe ren ce  in  m o rp h o lo g y  o f  th e  a d m ic e lle d  ru b b ers . It sh o u ld  be  n o te d  th a t i f  the  
m o n o m e r c o n c e n tra tio n  is n o t h ig h  en o u g h  a n d /o r  th e  p o ly m e riz a tio n  o ccu rs  
sep a ra te ly  w ith  re g a rd s  to  th e  fav o r o f  in itia tio n  s ite s , th e  re su ltin g  P P y  d o m a in s  w ill 
ap p ea r on  th e  su rface  in  th e  fo rm  o f  sm all is lan d s  lo ca ted  at a c e rta in  d is ta n c e  from  
each  o th e r [24], c o n tr ib u tin g  to  an  in h o m o g e n e o u s  she ll fo rm a tio n  an d  an  irreg u la r  
c o n d u c tiv e  n e tw o rk . T a k in g  th e  ab o v e -m e n tio n e d  p ro b le m  in to  c o n s id e ra tio n , 100 
m M  lo a d in g  o f  the  p y rro le  m o n o m e r  w as c h o sen  as th e  s ta rtin g  C o n cen tra tio n  in  ou r 
s tudy .

It is w e ll k n o w n  th a t th e  iso m o rp h ic  su b s titu tio n s  o f  A l3+ fo r  S i4+ in 
te trah ed ra l sh ee ts  a n d /o r  M g 2+, F e2+, e tc . fo r A l3+ in  o c tah ed ra l sh e e ts  w ith in  th e  
lay ers  a re  re sp o n s ib le  fo r  th e  c re a tio n  o f  n e t n e g a tiv e ly  ch a rg ed  faces  o f  th e  lay e red  
s ilic a te s  w h ic h  are  c o u n te rb a la n c e d  by  th e  in te rla y e r c a tio n s , fo r e x a m p le  N a +, K +, 
etc . O n th e  b a s is  o f  th e  e le c tro c h em ic a l m e th o d , b o th  an o d e  and  c a th o d e  a re  m ark ed  
as p o s itiv e  and  n eg a tiv e  e le c tro d e s , re sp ec tiv e ly , an d  th u s  th e  lay e red  s ilic a te s  a re  
fo rced  to  m ig ra te  to  th e  a n o d e  e le c tro d e  a lo n g  w ith  p y rro le  an d  N R  p a r tic le s  d u rin g  
th e  p o ly m e riz a tio n  p ro c e ss  an d  a re  en tire ly  e n c a p su la te d  w ith in  th e  P P y  shell. T o  
q u a lita tiv e ly  a sse ss  th e  a b o v e -m e n tio n e d  sc e n a rio , T E M  a n a ly se s  o f  th e  
c o rre sp o n d in g  n a n o c o m p o s ite s  w ere  ca rried  o u t. T h e  T E M  p h o to g ra p h s  o f  th e  
N P XM 7 n a n o c o m p o s ite s  a re  p re se n te d  in  F igs. 8 . Id . 8 . le ,  and  8 . I f . T h e  d ark  lin es  
co rre sp o n d  to  th e  s ilic a te  p la te le ts . A s e x p e c te d , th e re  is an  e n c a p su la tio n  o f  th e  
lay ered  s ilic a te s  w ith in  th e  P P y sh e ll fo r all n a n o c o m p o s ite s  in c o m p a r iso n  w ith  th e  
N P X w ith o u t c lay ; and  a p p a re n tly , a sm o o th  and  u n ifo rm  c o re -s h e ll  s tru c tu re  is no  
lo n g e r a tta in ed , i.e. th e re  is a d is to r tio n  in  th e  u n ifo rm  sp h erica l sh ap e  o f  th e  co a tin g  
lay e r o w in g  to  the  lo n g  la tera l d im e n s io n  o f  th e  c la y  layers . T h is  is in  a c c o rd a n ce  
w ith  o u r p re v io u s  w o rk  [2 0 ].

S E M  m ic ro g ra p h s  o f  N P X an d  the  c o rre sp o n d in g  n a n o c o m p o s ite s  a t 7 
p h r N a +-M M T  lo ad in g  a re  p re se n te d  in F ig . 8 .2 . In th e  a b sen ce  o f  th e  c lay  lay ers , the  
ad m ic e lle d  ru b b e rs  e x h ib it a n ic e  ‘c a u lif lo w e r- l ik e ' a p p e a ra n c e  w ith  th e  u n ifo rm  P P y  
o v e rla y e r on  the  su rfa c e  o f  th e  N R  co re  p a rtic le , co n tr ib u tin g  to  th e  c o re -sh e ll  
s tru c tu re . B esid es , as  the  P P y  co n ten t in c rea se s , th e  su rface  o f  th e  N R  p a rtic le  is
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co v ered  w ith  a  m o re  tig h tly  p a c k e d  lay e r o f  P P y  d o m a in s , p ro d u c in g  a  m o re  
c o n tin u o u s  m o rp h o lo g y , w h ich  c o rre la te s  w ell w ith  th e  ab o v e  T E M  p h o to g ra p h s . 
S in ce  no  iso la ted  P P y  p a r tic le s  a re  e v id en ced  fro m  th e  m ic ro g ra p h s , th e  sp e c u la tio n  
is tha t th e  P P y  d o m a in s  a re  w ell a tta c h e d  on  th e  su rfa c e  o f  th e  N R  c o re  p a r tic le , and  
h ere in  a  good  co m p a tib ility  b e tw e e n  N R  an d  P P y  c o m p o n e n ts  is a ch iev ed . 
N o ticeab ly , u p o n  th e  in c lu s io n  o f  th e  lay ered  s ilic a te s , e sp e c ia lly  at 7 p h r  lo ad in g , 
the  m o rp h o lo g y  o f  th e  ad m ic e lle d  ru b b e r  b e c o m e s  m o re  c o m p a c t, ro u g h e r, and 
d en se r co m p ared  to  th a t o f  th e  n ea t sy s tem . T h is  re su lt ag rees  w ell w ith  th e  s tu d y  o f  
L iu  et al. [4] in  w h ich  th e  g ro w th  an d  a sse m b ly  o f  P P y  are  e v id e n c e d  n o t o n ly  on  
o rd e red  te m p la te s  p ro v id e d  by  th e  c la y  p la te le ts  b u t a lso  w ith in  th e  c lay  g a lle rie s , 
h en ce  p ro m o tin g  th e  sh o rt-ra n g e  o rd e r in g  o f  th e  P P y  ch a in s . T a k in g  th e  T E M  and  
S E M  re su lts  in to  c o n s id e ra tio n , th e  fo rm a tio n  m e c h a n ism  o f  th e  a d m ic e lle d  ru b b e rs  
and  th e  c o rre sp o n d in g  n a n o c o m p o s ite s  is p ro p o sed , as  sh o w n  in th e  sc h e m a tic  in  F ig . 
8.3. A s  th e  p H  w as m a in ta in e d  at 3 , p y rro le  m o n o m e rs  a re  in e v ita b ly  p ro to n a te d , and  
it is su g g es ted  that th e  p y rro le  m o le c u le s  a re  o rien ted  w ith  NT1+ to  the  p a lisa d e  
reg io n , and  th e  h y d ro p h o b ic  m o ie ty  to  th e  su rfa c ta n t ta il in s id e  th e  b ila y e rs  th ro u g h  
h y d ro p h o b ic - h y d ro p h o b ic  in te rac tio n . C o n se q u e n tly , th e  h ig h ly  c o n c e n tra ted  p y rro le  
m o n o m e rs  at th e  s o l id - l iq u id  in te rfa c e  w ill lead  to  th e  g ro w th  o f  th e  P P y  la y e r  o v e r 
the  N R  su b s tra te  u p o n  th e  in tro d u c tio n  o f  a c o n s ta n t p o ten tia l ( re a c tio n  p a th  a). 
F u n k h o u se r  et al. [14] su g g es ted  th a t w ith  th e  fo rm a tio n  o f  h y d ro g e n  b o n d s  b e tw e e n  
p y rro le  m o n o m e rs  an d  S D S  head  g ro u p s , th e  p y rro le  m o le c u le s  w e re  ab le  to  in se rt 
th e m se lv e s  in to  the  a d m ic e lle , and  o cc u p y  sp a c e  in  th e  head  g ro u p  reg io n  a s  w ell. 
M e a n w h ile , an  e n c a p su la tio n  o f  th e  c lay  lay e rs  in s id e  th e  P P y  sh e ll can  b e  o b se rv e d  
v ia  re a c tio n  pa th  b.

8 .4 .2  X -R av  D iffra c tio n  A n a ly s is
X R D  p a tte rn s  o f  th e  s tu d ie d  m a te r ia ls  a re  d isp la y e d  in  F ig . 8 .4 . T h e  

basa l sp a c in g  (n m ) an d  sc a tte rin g  a n g le  (2 6°) a re  su m m a riz e d  in  T a b le  8 .1 . D u e  to  
the  w e ll-d e fin e d  lay e red  s tru c tu re , N a +-M M T  sh o w s  a d iffrac tio n  p eak  at 20  eq u a l to 
7 .0 7 °, w h ic h  c o rre sp o n d s  to  a  t/W -sp a c in g  o f  1.25 nm  (h y d ra te d  g a lle rie s ) . A 
d ev ia tio n  fro m  th e  b asa l sp ac in g  o f  d ry  N a+-M M T  (0 .9 7  nm ) p o in ts  to  the e x is ten ce  
o f  w a te r  m o lecu le s  in th e  in te rlay e r reg io n  [25], F or th e  N P iooM y se rie s  (n o t sh o w n
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h ere), no  c h a ra c te r is tic  X R D  p eak  is d e te c te d  in th e  ra n g e  from  2 to  10°, w h ile , fo r 
the  N P 2ooM v se r ie s  (see  F ig . 8 .4 a), a d isp la c e m e n t o f  th e  d iffra c tio n  p eak  to w a rd s  a 
sm a lle r  an g le  is  o b se rv ed , an d  th e ir  b a sa l sp ac in g  is la rg e r  th an  th a t o f  N a +-M M T . 
B es id e s , th e  p e a k  re m a in in g  at 29  eq u a l to  6.52° in d ic a te s  th a t so m e  c lay  ta c to id s  
co ex is t w ith  th e  in te rca la ted  s ta ck s , an d  still its h e ig h t in c re a se s  n o tic e a b ly  w ith  th e  
c lay  co n ten t, su g g e s tin g  th e  p re d o m in a n c e  o f  a g g lo m e ra te s  at h ig h e r  lo ad in g  [26]. 
A p art from  th e  re fle c tio n  at lo w  an g le , a n o th e r  b ro ad  p eak  o b se rv ed  in  th e  reg io n  o f  
29 = 15- 25° p o in ts  to  th e  sc a tte r in g  o f  P P y  ch a in s. T h is  c an  be  in te rp re te d  to  be  tha t 
P P y  is b a s ica lly  am o rp h o u s  [5, 13]. T h e  X R D  p a tte rn s  o f  th e  N PgooM y se rie s  are  
s im ila r  to  th a t o f  the  N P 2ooMy and  so  a re  no t sh o w n  h e re . In fac t, to  a tta in  a fu ll 
u n d e rs ta n d in g  o f  th e  real m ic ro s tru c tu re s  an d  ex fo lia tio n  lev e ls , d ire c t o b se rv a tio n  by 
T E M  is req u ired , and  the  re su lts  a re  sh o w n  in F igs. 8 .1 g , 8 .1 h , and  8 .1 i .

T h e  ab sen ce  o f  a  d iffra c tio n  peak  from  th e  N a +-M M T  in  th e  N P iooM y  
se rie s  re fle c ts  a  p o p u la tio n  o f  s in g le  p la te le ts  as  w ell a s  h ig h ly  d iso rd e re d  a rra y s  o f  
s ilic a te  layers , b e in g  c o n s is te n t w ith  th e  T E M  a n a ly s is  (see  F ig . 8 .1g ). T h is  is 
e x p la in ed  by  th e  fact that m o s t o f  th e  ad d e d  p y rro le  m o n o m e rs  h av e  to  d iffu se  in to  
th e  b ilay e r re g io n  u n d e r th e  d riv e  o f  fav o ra b le  th e rm o d y n a m ic s  ra th e r  than  b e in g  
in te rca la ted  in to  th e  in te r la y e r  sp ac in g  o f  th e  s ilic a te  lay e rs  by a  c a tio n -e x c h a n g e  
reac tio n  w ith  so d iu m  ca tio n s . In th is  c o n te x t, the  sy n th e s iz e d  P P y  is e x p e c te d  to  
s itu a te  o u ts id e  th e  s ilic a te  lay e rs , and  h e n c e  an  e x fo lia te d  c o n fig u ra tio n  is a ch iev ed  
in  such  sy stem . O n  the  o th e r  han d , in  th e  case  o f  th e  NP20()My an d  th e  N PsooM y  
se rie s , s in ce  th e  in itia l p y rro le  c o n c e n tra tio n  is m o re  th an  su ff ic ie n t to  reach  
sa tu ra tio n  in th e  b ila y e r  [1 5 ], it w o u ld  re su lt in th e  in te rca la tio n  o f  th e  e x c e ss  
p ro to n a ted  p y rro le  b e tw e e n  th e  s ilic a te  lay ers . In a d d itio n , on  the  b a s is  o f  th e  rap id  
p o ly m e riz a tio n  a t h igh  c lay  lo ad in g  (see  the  re su lts  in  sec tio n  8 .4 .3 ), th o se  
in te rca la ted  s ta ck s , p lu s  so m e  tac to id s , a re  ex c lu s iv e ly  lo c k e d  up  w ith in  th e  rig id  P P y  
shell in stead  o f  b e in g  se p a ra te d  in to  th e  in d iv id u a l p la te le ts  by  th e  g ro w in g  P P y  
ch a in s . T h e re fo re , a m ix tu re  o f  in te rc a la ted  s tack s  an d  sm a ll ta c to id s  is a tta in ed  a t a 
h ig h  p y rro le  m a ss  lo ad in g , a s  sh o w n  in F igs. 8 .1 h and  8 .1 i.
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8.4 .3  P o ly m e riz a tio n  P ro c e ss  an d  S tru c tu ra l C h a ra c te riz a tio n
V a ria tio n s  o f  th e  p o ly m e riz a tio n  ra te  o f  th e  n a n o c o m p o s ite s  w ith  the  

c lay  lo ad in g  a re  sh o w n  in  F ig . 8.5. It sh o u ld  b e  n o ted  th a t th e  p o ly m e riz a tio n  ra te  is 
c a lc u la ted  from  the  in itia l s lo p e  o f  a  p lo t b e tw e e n  a c c u m u la te d  m a ss  at th e  an o d e  
e le c tro d e  and  p o ly m e riz a tio n  tim e  (n o t sh o w n  h e re ). In th e  a b se n c e  o f  th e  lay e red  
s ilic a te s , th e  reac tio n  ra te  is fo u n d  to  in c rease  w ith  th e  m ass  lo a d in g  o f  th e  p y rro le  
m o n o m er. T h is  is ex p la in e d  by  the  fac t th a t th e  h ig h e r  th e  p y rro le  co n ten t, th e  g rea te r  
is its  co n cen tra tio n  fo u n d  a t th e  s o l id - l iq u id  in te rface  (p a lisad e  re g io n ) , g iv in g  r ise  to 
a  m o re  tig h tly  p ack ed  P P y  o v e rla y e r  o n  th e  N R  co re  p a rtic le  an d  a  h ig h  a ccu m u la ted  
m a ss  at th e  an o d e  e lec tro d e .

W h en  th e  p o ly m e riz a tio n  w as c a rried  o u t in  th e  p re se n c e  o f  c la y , it is 
o b v io u s  th a t th e  s ilic a te  lay e rs  in d u c e  tw o  e ffec ts , i.e. c a ta ly tic  an d  c o n fin in g  e ffec ts  
[20 . 2 7 -2 9 ], w h ic h  w o u ld  c o m p e te  w ith  each  o th e r d u rin g  th e  p o ly m e riz a tio n  
p ro cess . A s m en tio n e d  e a rlie r , s in ce  m o s t o f  th e  p y rro le  m o n o m e r?  a re  ad so lu b iliz e d  
in to  th e  b ila y e r reg io n  u n d e r  th e  th e rm o d y n a m ic s  v iew p o in t, th e  ca ta ly tic  e ffec t 
c o n s titu te s  th e  d o m in a n t ro le  in th e  c a se  o f  th e  N P iooM y series. A c c o rd in g ly , th e re  is 
a su b s tan tia l in c rease  in th e  reac tio n  ra te  o v e r th e  en tire  c lay  c o n c e n tra tio n  ra n g e  due 
to  th e  e x is te n c e  o f  fe rric  io n  (F e 3+) in  th e  p r is tin e  N a +-M M T . S im ila r  o b se rv a tio n s  
w e re  fo u n d  in  th e  p o ly m e riz a tio n  o f  an  a n il in iu m -D B S A  sy stem  c o n ta in in g  m ica , 
ta lc , o r  N a +-M M T  [28 , 29 ]. O n  th e  o th e r h an d , as  th e re  is a sm a ll c h a n g e  in  the  
re a c tio n  ra te  o f  th e  N P 2ooMy and  th e  NPgooM y se rie s  up  to  a c lay  lo a d in g  o f  3 an d  5 
phr. re sp e c tiv e ly , it is su g g e s te d  th a t th e  co n fin in g  e ffe c t b e c o m e s  m o re  p ro n o u n c e d  
w ith in  th o se  se rie s . T h is  is  b e c a u se  a t h ig h e r  p y rro le  c o n c e n tra tio n , m o re  p ro to n a te d  
p y rro le  is av a ila b le  fo r  u n d e rg o in g  a  c a tio n -e x c h an g e  re a c tio n  and  th e re a f te r  
b e c o m e s  en trap p ed  in s id e  th e  c lay  g a lle ry , w h ic h  o ften  re su lts  in  a  d e lay  in  the  
p o ly m e riz a tio n  p ro c e ss  [29 ]. B u t o n c e  th e  c lay  c o n te n t is h ig h  e n o u g h , th e  ca ta ly tic  
e ffec t p lay s  th e  le ad in g  ro le  ag a in , d u e  to  an  in c rea se  in  th e  a m o u n t o f  fe rric  ion 
av a ila b le  fo r  c a ta ly z in g  th e  p o ly m eriza tio n . C o n se q u e n tly , th e re  is a s ig n ific a n t 
in c rea se  in th e  re a c tio n  ra te  o f  th e  N P 2ooMy an d  th e  NPgooM y se rie s , p a r tic u la r ly  at a 
7 p h r  c lay  lo ad in g , c o m p a re d  to  th a t o f  the  n ea t sy s tem . H o w e v e r, it is su g g es ted  that 
su ch  a h ig h  reac tio n  ra te , a sso c ia ted  w ith  the  p y rro le  c o n c e n tra tio n , c re a te s  a large  
n u m b e r o f  in te rca la ted  P P y  ch a in s  w ith in  th o se  sy s te m s  as w ell.



185

F T IR  sp e c tra  w e re  u tiliz ed  for c h a ra c te r iz in g  th e  ch em ica l s tru c tu re  o f  
th e  sy n th es ized  P P y , N P X, and  th e  c o rre sp o n d in g  n a n o c o m p o s ite s , as  sh o w n  in F ig .
8 .6 . T h e  sp e c tra  o f  th e  N P X c o m p o s ite s  (see  F ig . 8 .6 a) d isp lay  th e  c h a ra c te r is tic  
ab so rp tio n  p e a k s  o f  b o th  N R  and  P P y  c o m p o n en ts , b e in g  in  g ood  a g re e m e n t w ith  
p rev io u s ly  p u b lish ed  v a lu e s  [20 , 24 , 3 0 -3 3 ] , and  rev ea l th a t th e  sy n th e s iz e d  P P y  is  in 
th e  d o p ed  sta te , as c h a ra c te r iz e d  by  th e  b an d  a t 1090 cm ' 1 (r)N+H2, in -p lan e  
d e fo rm a tio n  v ib ra tio n  o f  the  N +H 2). In ad d itio n , the  re la tiv e  in ten s ity  o f  th e  peak  
a ro u n d  1552 c m ' 1 (vc=c, p y rro le  r in g  s tre tch in g ) is co n s is ten tly  in c re a se d  w ith  an 
in c rea s in g  P P y  co n ten t. T h e  sp e c tra  o f  th é  n a n o c o m p o s ite s  (see  F ig . 8 .6 b) sh o w  a 
c h a ra c te r is tic  p eak  o f  N a +-M M T  a t 1035 c m ' 1 co rre sp o n d in g  to  vsj_o ( th e  S i - 0  
s tre tch in g  v ib ra tio n )  [34]. B es id e s , a  re m a rk a b le  sh ift o f  th e  b an d  a t 1090 c m ' 1 

to w a rd s  a  lo w er w a v e n u m b e r in d ica te s  th e  C o u lo m b  in te ra c tio n  b e tw e e n  th e  
p o s itiv e ly  c h a rg ed  n itro g e n  o f  th e  p ro to n a te d  P P y c h a in s  and  th e  n e g a tiv e ly  c h a rg e d  
su rface s  o f  th e  c lay  lay e rs , as  illu s tra te d  in  F ig . 8.7.

8 .4 .4  D C  E lec tr ic a l C o n d u c tiv ity  M e asu rem en ts
T h e  ro o m  te m p e ra tu re  D C  co n d u c tiv ity  o f  th e  N R  and  H C l-d o p e d  

P P y  sy n th e s iz e d  by  the  e le c tro c h em ic a l m e th o d  is eq u a l to  7 .1 8 x 1 0  15an d  1.69 
s /c m . re sp e c tiv e ly  [19], w h e rea s , th a t o f  NPioo, NP200, and  NPgoo is 1 .7 3 x l0 -6 , 
5 .4 x 1 0 ' 7 , an d  1 .0 6 x 1  O' 6 s /c m , re sp ec tiv e ly . O b v io u s ly , th e  e lec tr ica l c o n d u c tiv ity  
o f  N P X c o m p o s ite s  is  ab o u t e ig h t o r  n in e  o rd e rs  o f  m ag n itu d e  h ig h e r  th an  th a t o f  N R . 
T h is  is a sc rib e d  to  th e  co n tin u o u s  co a tin g  o f  an  e le c tr ic a lly  in su la tin g  N R  su b s tra te  
w ith  th e  c o n d u c tin g  P P y  d o m a in s  as  w ell as  th e  fo rm a tio n  o f  n e tw o rk s  fo r  e ffe c tiv e  
ch a rg e  tra n sp o rta tio n  a lo n g  th e  P P y  c h a in s  [32, 35]. T h e  p lo t o f  th e  D C  c o n d u c tiv ity  
o f  th e  n a n o c o m p o s ite s  ag a in s t c lay  lo a d in g  is g iv en  in F ig . 8 .8 . It w a s  fo u n d  th a t fo r 
th e  N P iooM y se rie s , th e  e lec tr ica l c o n d u c tiv ity  is in c rea sed  s ig n if ic a n tly  u p o n  th e  
in tro d u c tio n  o f  th e  s ilic a te  lay e rs ; w h e re a s , fo r th e  N P 2ooMy se rie s , th e  e lec tr ica l 
c o n d u c tiv ity  first d e c re a se s  w ith  in c re a s in g  c lay  co n te n t up  to  a  3 p h r  lo a d in g  and  
th e re a fte r  g o es  on  in c re a s in g  as th e  c lay  lo a d in g  is in c reased  up  to  7 ph r. H o w e v e r , it 
can  be sa id  tha t th e  c o n d u c tiv ity  o f  th e  NP2ooM y and  th e  NPgooM y se rie s , p a r tic u la r ly
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a t 5 and  7 p h r c lay  lo ad in g s , d o e s  no t ch an g e  d ra s tic a lly  w h e n  c o m p a re d  w ith  tha t o f  
th e  N P iooM y se rie s .

It is  c le a r  th a t th e  p h y sica l p ro p e rtie s , i.e . c o m p a c tn e ss  an d  m o le c u la r  
o rie n ta tio n , an d  th e  sta te  o f  d isp e rs io n  o f  th e  silica te  lay e rs  p lay  a d o m in a n t ro le  in  
th e  d e p e n d en ce  o f  th e  e lec tr ica l c o n d u c tiv ity  o f  the n a n o c o m p o s ite s  o n  th e  c lay  
lo ad in g  [10. 2 0 ]. F o r the  N P iooM y se ries , a s  th e  c lay  p la te le ts  are  d isp e rse d  in  the  
fo rm  o f  a h ig h ly  ex fo lia ted  s tru c tu re  o v e r  th e  en tire  c o n c e n tra tio n  ra n g e  and  a re  
m a in ly  co v ered  w ith  a la y e r o f  P P y , it w o u ld  c rea te  m o re  e ffec tiv e  n e tw o rk s  fo r 
e le c tro n  c o n d u c tio n  [4> 6 , 12, 20 , 2 9 ]; fo r that re a so n , th e  co n d u c tiv ity  is 
su b s ta n tia lly  im p ro v ed . A lte rn a tiv e ly , th e  co n fin em en t o f  th e  c o n d u c tin g  P P y  c h a in s  
w ith in  the  in te r la y e r  sp aces  o f  th e  N a +-M M T  re flec ts  le ss  e lec tr ica l c o n d u c tiv ity  o f  
th e  N P 200M y an d  th e  NPfcooMy se rie s , e sp e c ia lly  fo r the  N P 2ooMi an d  th e  N P 200M 3- In 
th is  co n tex t, th e  c lay  lay e rs  w e ak en  and  d is ru p t th e  th ree  d im e n s io n a l o rg a n iz a tio n  o f  
th e  c o n d u c tin g  P P y  ch a in s , re su ltin g  in  lim ited  d e lo c a liz a tio n  o f  c h a rg e  ca rrie rs  an d  
in a  n eg a tiv e  in flu en ce  on  th e  e lec trica l co n d u c tiv ity  [5 , 13, 2 9 ], ev en  i f  th e  
m o le c u la r  c o n fo rm a tio n  o f  th e  P P y  ch a in s  in th e  in te rlay e r sp aces  is c h a n g e d  from  a 
ra n d o m  coil in to  an  e x ten d ed  c h a in  c o n fo rm a tio n .

8.4 .5  S ta tic  and  D y n am ic  M ech an ica l P ro p e rtie s
8.4.5.1 M echanical Properties

Fig. 8 .9 a  sh o w s th e  te n s ile  s tre s s -s tra in  c u rv e s  o f  p u re  N R  
an d  N P X co m p o site s . N o te  th a t p u re  N R  e x h ib its  a  sho re  A  h a rd n ess , te n s ile  s tren g th , 
an d  Y o u n g 7ร m o d u lu s  o f  2 2 .5 , 0 .5  M P a , an d  0 .6  M P a , re sp ec tiv e ly . D u e  to  th e  
rig id ity  o f  the  P P y  itse lf, th e  v a lu es  o f  s tre ss  at all s tra in  o f  th e  N P x c o m p o s ite s  
im p ro v e  c o n s id e rab ly  as th e  m a ss  lo ad in g  o f  P P y  in c rea se s , e sp e c ia lly  fo r  N Psoo, in 
w h ic h  th e  s tre ss  in c rea se s  in itia lly  very  ra p id ly  w ith  s tra in . T h is  in d ic a te s  th e  ab ility  
o f  P P y  to  act as a  re in fo rc in g  f ille r  an d  to  c h a n g e  the  b e h a v io r  o f  th e  N R  fro m  e las tic  
to  a  s t i f f  m a te ria l [19 , 20 ]. A s a  resu lt, th e  sh o re  A  h a rd n ess , te n s ile  s tren g th , an d  
Y o u n g 's  m o d u lu s  in c rease  in  th e  fo llo w in g  o rd e r  NPsoo >  NP200 >  NP100, w h ile  th e ir  
e lo n g a tio n  at b re a k  re m a in s  le ss  th an  th a t o f  pu re  N R . A  s im ila r  tre n d  h as  b een  
o b se rv e d  fo r th e  p o ly a n ilin e  (P A N I)-filled  c h lo ro p re n e  ru b b e r (C R ) [36], T h e  
d e p e n d e n c e  o f  th e  m ech an ica l p ro p e rtie s  o f  N P iooM y, N P 2ooMy. an d  NPiiooMy
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n a n o c o m p o s ite s  on  c lay  lo ad in g  are  sh o w n  in F igs. 8 .9b  an d  8 .10 . T h e  s tre s s - s tra in  
cu rv e s  o f  the  N P iooM y and N PsooM y se rie s  fo llo w  the  sa m e  te n d en cy  as tha t o f  
NP2ooM y and  so are  n o t sh o w n  here . T h e  re su lts  d e m o n s tra te  th a t th o se  m ech an ica l 
p ro p e rtie s  a re  s tro n g ly  in flu en ced  by  th e  m ass  lo ad in g  o f  N a +-M M T . F o r in s ta n c e , at 
7 p h r  o f  th e  N a +-M M T , shore  A  h a rd n ess , ten s ile  s tren g th , a n d  Y o u n g 's  m o d u lu s  o f  
th e  N P 20©Mv n an o c o m p o site s  are  im p ro v ed  by ab o u t 4 0 % , 160% , an d  3 3 2 % , 
re sp ec tiv e ly , c o m p a re d  to  th o se  o f  n ea t NP200- A n o th e r  im p o rtan t fin d in g  th a t is o f  
sp ec ia l in te rest h e re  is the  p o s itiv e  in flu en ce  o f  c lay  c o n c e n tra tio n  on  the  e lo n g a tio n  
at b reak  o f  the n a n o c o m p o s ite s  (see  F ig . 8 .1 0 d ). T h e  e lo n g a tio n  a t b reak  in c rea se s  
tre m e n d o u s ly  w ith  th e  clay  co n ten t, and  th e  av e rag e  in c rease  is  ab o u t 2 4 8 % , 150% , 
an d  86%  fo r NP100M 7, NP200M 7, and  NP800M 7 n a n o c o m p o s ite s , re sp ec tiv e ly . T h is  
illu s tra te s  th e  u n iq u e  b eh av io r o f  o u r  sy n th es ized  m a te ria ls  w ith o u t re q u ir in g  any  
m o d if ic a tio n  o f  th e  N a +-M M T  clay . It is w e ll e s ta b lish e d  th a t th e  p ris tin e  c lay  o ften  
c au se s  a d e te rio ra tio n  in  the  ten sile  e lo n g a tio n  at b reak  [37]; h o w e v e r, th e  o p p o s ite  is 
tru e  fo r a sy stem  u tiliz in g  the  o rg an o c lay  [38]. A s th e  ten sile  s tre n g th  an d  e lo n g a tio n  
are  p ro p e rtie s  tha t co rre la te  w ith  th e  in te rfac ia l p h ase  a d h e s io n , it sh o u ld  b e  p o in te d  
o u t here  th a t tw o  c ru c ia l fac to rs, i.e. th e  u n ifo rm  d isp e rs io n  o f  th e  clay  lay ers  and  the  
s tro n g  in te rfac ia l ad h es io n  b e tw een  th e  n a n o -d isp e rsed  c lay  and  th e  m a trix , 
c o n s titu te  th e  p re d o m in a n t m ech an ism  fo r th e  s ig n ific an t im p ro v e m e n t in  th o se  
p ro p e rtie s  [36 , 3 9 -4 1 ].

8.4 .5 .2  Dynamic M echanical Analysis (DMA)
D M A  can  b e  u sed  to  ev a lu a te  the  re in fo rc in g  e ff ic ie n cy  o f  

th e  s ilic a te  p la te le ts  and  the  e x te n t o f  p o ly m e r-f ille r  in te rac tio n . F igs. 8 .1 1 a , 8 .1 1 b  
an d  8.1 lc  d ep ic t th e  v a ria tio n s  in  s to rag e  m o d u lu s  (£ ') ,  lo ss  m o d u lu s  (£ " ) ,  and  lo ss  
ta n g e n t (tand*), re sp ec tiv e ly , w ith  th e  te m p e ra tu re  fo r N P X an d  the  c o rre sp o n d in g  
n an o co m p o site s . T h e ir  v a lu es  at d iffe ren t tem p e ra tu res , as  w e ll as  th e  g la ss  tra n s itio n  
te m p e ra tu re  (To), a re  su m m arized  in  T ab le  8 .2 . A s e x p ec ted , th e  s to rag e  m o d u li o f  
th e  N P X c o m p o site s  in c rease  w ith  in c rea s in g  P P y co n ten t o v e r  th e  w h o le  ran g e  o f  
tem p e ra tu res . F o r in s tan ce , th e  s to rag e  m o d u li a t To o f  N P 200 an d  NPiioo a re  2 .3 %  and  
118%  h ig h er th an  th a t o f  N P 100, re sp ec tiv e ly . S uch  f in d in g  is in q u a lita tiv e  
ag reem en t w ith  th e  p rev io u sly  d isc u sse d  ten sile  p ro p e rtie s  in  w h ich  P P y, a c tin g  as
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th e  re in fo rc in g  fille r, h e lp s  im p ro v e  the  s tif fn e ss  o f  th e  N R . A s  th e  v a lu e  o f  To is 
o b ta in e d  from  th e  m ax im u m  p eak  in  th e  tarn) cu rv e , it is  c le a r  th a t th e  To o f  the  
co m p o s ite s  in c reases  co n tin u o u s ly  w ith  in c re a s in g  P P y  co n ten t, an d  th e ir  v a lu e s  are  
in  an  in te rm ed ia te  p o s itio n  b e tw e e n  that o f  p u re  N R  (-7 0 °C ) and  P P y  (9 7 .3 °C ) [42, 
4 3 ]. T h is  a lso  in d ic a te s  good  c o m p a tib ility  b e tw een  th e  N R  an d  P P y  co m p o n e n ts . 
W ith  the  in co rp o ra tio n  o f  the  lay ered  s ilic a te s , the  E' v a lu e s  o f  th e  N P xM y sy stem s 
a re  largely  in c reased  w ith  th e  in c rease  in  c lay  co n ten t in  th e  w h o le  te m p e ra tu re  
reg io n , e sp ec ia lly  at h igh  N a +-M M T  lo ad in g . F o r  in s tan ce , th e  E' v a lu e s  a t To. a re  
im p ro v ed  by 770% , 1527% , an d  4 0 0 %  fo r th e  NP100M 7, NP200M 7, an d  N P gooM 7 
n an o co m p o site s , re sp ec tiv e ly , co m p ared  to  th o se  o f  N Px w ith o u t c lay . A g a in , th e  
h ig h  stiffn ess  o f  th e  n a n o c o m p o s ite s  is ex p la in e d  by th e  re in fo rc em en t e f fe c t o f  th e  
w e ll-d isp e rsed  layered  silica tes .

N o rm a lly , th e  in te ra c tio n  b e tw een  th e  p o ly m e r m a tr ix  and  th e  
f i l le r  can  be ex am in ed  from  th e  h e ig h t o f  th e  tanb' p eak  ( ta n £  max); th a t is, a  red u c tio n  
o f  th e  tanb' max d u rin g  d y n am ic  m ech an ica l d e fo rm a tio n  in d ic a te s  th e  re in fo rc in g  
e ffic ien cy  o f  th e  c o rre sp o n d in g  fille r as  w e ll as th e  s tro n g  in te rfac ia l ad h e s io n  
b e tw e e n  th e  p o ly m e r m atrix  an d  the  fille r, and  h en ce  th e  To is  sh if ted  to w a rd s  a 
h ig h e r  tem p e ra tu re  b ecau se  o f  th e  re s tr ic ted  m o b ility  o f  th e  c h a in  se g m e n ts  at the  
o rg a n ic - in o rg a n ic  in te rface  [44 , 45 ], In th e  p re se n t s tu d y , a re d u c tio n  o f  tan<)' max is 
c le a rly  seen  at a  7 p h r lo ad in g  o f  th e  layered  s ilic a te s  (see  F ig . 8.1 lc ) ,  c o n tr ib u tin g  to  
g o o d  in te rfac ia l ad h es io n  b e tw e e n  the  p o ly m e r  m a trix  an d  th e  c lay  lay ers . O n  th e  
o th e r  han d , c o n s id e r in g  th e  Jg o f  th e  c la y -c o n ta in in g  c o m p o s ite s  (see  T a b le  8 .2 ), h e re  
th e  7g v a lu es  are  a p p ro x im a te ly  th e  sa m e  as th o se  o f  th e  N P X w ith o u t clay , 
in d ep en d en tly  o f  th e  c lay  co n ten t. S uch  o b se rv a tio n  is s im ila r  to  th e  s tu d ie s  o f  D as et 
al. [46] and  P rad h an  et al. [47] fo r M M T  a n d  its  o rg an ica lly  m o d if ie d  fo rm -fille d  C R  
m a tr ix  and  the  lay ered  d o u b le  h y d ro x id e  (L D H )-filled  c a rb o x y la ted  n itr ile  ru b b e r 
(X N B R ) m a trix , resp ec tiv e ly . In ad d itio n , th e re  is a se co n d a ry  p eak  o b se rv e d  at 
4 4 .6 ° c  fo r th e  N P 200M 7 n a n o c o m p o s ite  (see  F ig . 8.1 lc ) .  T h is  is d u e  to  th e  re la x a tio n  
o f  so m e  p o ly m er c h a in s  co n fin ed  in s id e  th e  s ilic a te  lay e rs  [8 , 45 ].
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8.4 .6  T h e rm a l S tab ility  S tu d ies
T h e  th erm al p ro p e rtie s  o f  th e  re su ltin g  m a te r ia ls  a re  in v es tig a ted  

th ro u g h  T G A  and  D T G  th e rm o g ra m s  (see  F igs. 8.12 an d  8 .13 ). T h e  c o rre sp o n d in g  
v a lu e s  fo r the  p eak  d e c o m p o s itio n  te m p e ra tu re  (T\  2), w eig h t lo ss  (% ), and  m a x im u m  
w e ig h t lo ss  ra te  (m g /m in )  are ta b u la te d  in T ab le  8.3. A s  can  b e  seen , p u re  N R  sh o w s 
a sh a rp  w eigh t lo ss  in  the  range  o f  3 0 0 -4 0 0 ° C  w ith  th e  m a x im u m  w eig h t lo ss  ra te  at 
3 7 3 .6 ° c ,  w h ile  P P y  sh o w s tw o  s te p s  o f  w e ig h t loss. T h e  in itia l lo ss  b e lo w  1 0 0 ° c  is 
a ss ig n e d  to  the rem o v a l o f  m o is tu re . T h e  se co n d  loss, s ta r tin g  a ro u n d  2 0 0 ° c  and 
c o n tin u in g  till 5 5 0 ° c ,  is a ss ig n ed  to  a g rad u a l d e c o m p o s itio n  o f  th e  P P y  b a ck b o n e  
c h a in  [4, 48], T h e  6 6 .6 %  re s id u e  o f  PPy p o in ts  to  th e  c a rb o n iz a tio n  [4 8 ]. It is 
a p p a re n t that all N P X c o m p o site s  (see  F ig . 8 .1 2 a ) e x h ib it th e  sam e  d e c o m p o s itio n  
p a tte rn s  w ith  tw o  s te p s  o f  w e ig h t lo ss . T h e  f irs t o n e  a ro u n d  1 6 0 - 3 0 0 ° c  is  d u e  to  the 
e lim in a tio n  o f  re s id u a l SD S [34] an d  the  d e c o m p o s itio n  o f  P P y , and  th e  se c o n d  at 
3 0 0 -4 8 0 ° C  re su lts  fro m  the d e c o m p o s itio n  o f  th e  N R  c o m p o n e n t [20].

F o r th e  first stage , it can  be  seen  tha t the  a d d itio n  o f  th e  s ilic a te  layers 
c a u se s  a  sligh t in c re a se  in the  p eak  d e c o m p o s itio n  te m p e ra tu re  ( T i )  and  a d e c re a se  in 
th e  w e ig h t loss o f  th e  PPy o f  th e  N P xMy n a n o c o m p o s ite s  in  re la tio n  to  th e  N P X 
w ith o u t clay. T h is  re fle c ts  the  im p ro v ed  th e rm a l s tab ility  o f  th e  PPy by th e  w ell- 
d isp e rse d  silica te  lay e rs  [40, 49 ]. In th e  seco n d  stage , w h ich  c o rre sp o n d s  m o s tly  to 
the  d e c o m p o s itio n  o f  th e  N R  c o m p o n e n t (d e s ig n a ted  as  T2),  o n e  can  see  th a t as  the 
P P y  co n ten t is in c rea sed , the  v a lu e  o f  the  73  o f  the  N P X c o m p o s ite s  is in c reased  
acco rd in g ly , to g e th e r  w ith  a d e c re a se  in th e  w e ig h t lo ss  o f  th e  N R  co re . P P y  is 
k n o w n  fo r its low  th e rm a l c o n d u c tiv ity  (in  th e  ran g e  o f  0 .8 -1 .4  Jg  'K '1) c o m p a re d  to 
o th e r  p o ly m ers, e v e n  th o u g h  its  e lec tr ica l c o n d u c tiv ity  is v e ry  p ro m is in g  [50 ], A s a 
re su lt, it is c a p a b le  o f  b e ing  a  re la tiv e ly  th ic k  th e rm o -p ro te c tiv e  layer, p ro v id in g  
im p ro v e d  th erm al s tab ility  fo r th e  N R . B es id e s , an  in c rea se  in  P P y  co n te n t a llo w s 
m o re  p o rtio n s  o f  th e  P P y  m o le c u le s  to  be e x p o se d  to  th e  h ea t, th e reb y  re su ltin g  in  an 
in c rea se  in the w e ig h t loss o f  th e  P P y  and  in  th e  m a x im u m  w e ig h t loss ra te , a s  w ell 
as in  a d ec rem en t in th e  ch ar re s id u e  (see  fa b le  8 .3 ).

It c a n  be  fu rth e r o b se rv e d  that th e  T2 v a lu e s  o f  th e  n a n o c o m p o s ite s  are 
s lig h tly  lo w er th an  th o se  o f  th e  N P X w ith o u t clay . T h is  in d ic a te s  that th e  clay  
p a r tic le s  im part th e  th e rm o -o x id a tiv e  e ffec t to  th e  N R  m atrix  in  w h ich  th e  p resen ce
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o f  F e3+ in th e  o c tah ed ra l sh ee t d irec tly  p ro v id e s  an  o x id iz in g  site  p a r tic ip a tin g  in the  
th e rm a l d e c o m p o s itio n  o f  th e  N R  [20 , 27]. O n  th e  o th e r han d , w h en  the  m a x im u m  
w e ig h t lo ss  ra te  is se lec ted  as th e  p o in t o f  c o m p a riso n , o n e  can  see  th a t th e  m ax im u m  
w e ig h t lo ss  ra te s  o f  th e  n a n o c o m p o s ite s  (see  T a b le  8 .3 ) a re  less th an  th o se  o f  th e  n ea t 
N P X. T h is  a lso  s ig n ifie s  th e  th e rm o -sh ie ld in g  e ffec t im p a rte d  by th e  w e ll-d isp e rse d  
c lay  p la te le ts .

T h e re  is a lso  a c le a r  c o n n e c tio n  b e tw een  the  m o rp h o lo g ie s  o f  th e  
n a n o c o m p o s ite s  and  th e ir  th e rm a l p ro p e rtie s . S in ce  th e  n a n o ç o m p o s ite s  fro m  the 
N P 2ooMy an d  th e  NPgooM y se rie s  d isp lay  th e  a lm o st e n tire  d e c o m p o s itio n  o f  P P y  
c o m p a re d  to  th a t o f  th e  N P iooM y se rie s  (see  T a b le  8 .3 ), it is re a so n a b le  to  co rre la te  
su ch  e x p e rim e n ta l re su lts  to  th e  d iffe ren ce  in  s ta te s  o f  d isp e rs io n  o f  th e  c lay  
p a rtic le s . T h a t is, as  th e  c lay  p a r tic le s  a re  d isp e rse d  p rim a rily  as  in te rc a la ted  s tack s  
w ith in  th e  fo rm e r sy stem s, it m a k e s  th em  p o sse ss  in fe rio r th e rm al s tab ility  co m p ared  
to  th a t o f  th e  la tte r  se rie s , w h ic h  co n ta in s  p re d o m in a n tly  in d iv id u a l p la te le ts .

T o  b e tte r  u n d e rs tan d  th e  th e rm a l p ro p e rty  o f  the  s tu d ied  m a te ria ls , a  
d e te rm in a tio n  o f  th e  ac tiv a tio n  e n e rg y  o f  th e  d e c o m p o s itio n  p ro c e ss  is d e s ire d  w ith  
th e  a n tic ip a tio n  o f  e lu c id a tin g  th e  ro le  o f  th e  s ilic a te  lay e rs  on  th e  th e rm a l s ta b ility  o f  
th e  N P xMy n a n o c o m p o s ite s . T h e  d e c o m p o s itio n  ac tiv a tio n  energ y  (£a) is c a lcu la ted  
on  th e  b asis  o f  T G A  th e rm o g ra m s  acco rd in g  to  th e  H o ro w itz  an d  M e tz g e r  m e th o d  
[22, 2 3 ]. B y m a k in g  th e  a ssu m p tio n s  th a t th e  Ea is  co n s tan t o v e r  a  sp ec ific  
te m p e ra tu re  ran g e , an d  th a t th e  re a c tio n  fo llo w s  f irs t-o rd e r  k in e tic s , th e  Ea can  be  
c a lc u la ted  by  th e  fo llo w in g  eq u a tio n s :

เท{เท[ ( ^  พ ,)!(พ ,  พ ' , ) ! = ^ f , (8 .2 )

E-rf-,IIจะ. (8 .3 )

w h e re  Wo is  th e  in itia l w e ig h t o f  th e  sam p le , Wf is th e  fin a l w e ig h t o f  th e  sam p le , พ 1 
is th e  w e ig h t o f  th e  sa m p le  at th e  tim e  t, R is th e  u n iv e rsa l g as  c o n s tan t, an d  Ts is th e  
re fe ren c e  te m p e ra tu re  d e fin e d  as th e  te m p e ra tu re  w h e re  [(if) -  พ f ) / (พ70 -  w f )] =  1 /  e .
A  p lo t o f  ln{ln[(/F0 - พ f )/(lf, - w f  )jj ag a in s t 0  g iv es a  s tra ig h t line  w ith  th e  s lo p e
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equal to  — ^7 , as  d ep ic ted  in  F ig . 8 .14 . B y  su b s titu tin g  o u r T G A  d a ta  in th e  ab o v e  RTS
e q u a tio n s , the Ea is c a lcu la ted  acco rd in g ly .

T h e  ca lcu la ted  a c tiv a tio n  e n e rg y  o f  p u re  N R  is eq u a l to  58.1 k J /m o l, 
w h e re a s  tha t o f  N Pioi), N P 200, an d  N Psoo is  equal to  58 .3 , 6 0 .0 , 6 1 .2  k J /m o l, 
re sp ec tiv e ly . T h e  in c re m e n t in  th e  ac tiv a tio n  en e rg y  o f  th e  N P X c o m p o s ite s  w ith  
in c re a s in g  P P y c o n te n t a ssu re s  th e  g o o d  th e rm a l re s is ta n c e  o f  th e  P P y  sh e ll, th u s  
re su ltin g  in m o re  e n e rg y  req u ired  fo r th e  d e c o m p o s itio n  o f  th e  co m p o site s . T h is  is  in 
g o o d  a g reem en t w ith  the  re su lts  d e sc rib e d  p rev io u s ly . T h e  v a r ia tio n s  in  the  
c a lc u la ted  a c tiv a tio n  en e rg ie s  o f  th e  N P xMy n a n o c o m p o s ite s  w ith  c lay  lo ad in g  are  
sh o w n  in F ig. 8 .15 . A s can  be  seen , th e  ac tiv a tio n , en e rg ie s  o f  all n a n o c o m p o s ite s  
d e c re a se  s lig h tly  w ith  in c rea s in g  c lay  c o n te n t up  to  3 p h r, an d  a f te rw a rd s  in c rease  
w ith  fu rth e r in c re a s in g  c lay  c o n te n t, an d  a p p ro a c h  th e  m a x im u m  v a lu e  at 7 p h r  
lo ad in g . T h e  in itia l d e c re a s in g  tren d  o f  Ea w ith  c lay  lo a d in g  p o in ts  to  th e  th e rm o - 
o x id a tiv e  b e h a v io r  o f  th e  c lay  lay e rs , c a u s in g  an  a c c e le ra tio n  in  th e  th e rm a l 
d e c o m p o s itio n  p ro cess . H o w ev e r, the  in c re a s in g  tren d  o f  Ea w ith  fu r th e r  c lay  
lo ad in g , e sp ec ia lly  at 7 p h r. in d ic a te s  th e  th e rm o -sh ie ld in g  b e h a v io r  in  w h ich  th e  
W 'ell-dispersed c lay  lay e rs  p re v e n ts  o u t-d iffu s io n  o f  th e  v o la tile  d e c o m p o s itio n  
p ro d u c ts , th e reb y  re su ltin g  in  im p ro v ed  th e rm a l s tab ility  o f  th e  n a n o c o m p o s ite s . 
B ased  o n  th e  a b o v e  re su lts , it is  co n c lu d ed  th a t th e  N a +-M M T  c lay  im p a rts  b o th  th e  
th e rm o -o x id a tiv e  an d  th e rm o -sh ie ld in g  e ffe c ts  to  the  n a n o c o m p o s ite s  at th e  sam e  
tim e . T h e  fo rm er o u tw e ig h s  th e  la tte r  w h en  th e  c lay  lo a d in g  is  in  th e  lo w e r ra n g e  (<  
3 p h r) , w h ile  an  o p p o s ite  tren d  is  o b se rv e d  w h en  th e  c lay  lo a d in g  in c re a se s  b ey o n d  3 
phr.

8.5 Conclusions

A  n ew  sy n th e tic  ap p ro ach , so  ca lled  ‘e le c tro ly tic  a d m ic e lla r  
p o ly m eriza tio n " , w as  u tiliz e d  fo r  p re p a rin g  n e w  se m ic o n d u c tin g  n a n o c o m p o s ite s  
b a sed  on  N R , P P y , an d  N a +-M M T  c lay  u s in g  an  S D S  b ila y e r  as a  re a c tio n  tem p la te . 
T h e  d e ta iled  fo rm a tio n  m e c h a n ism  w as rev ea led . T h e  in f lu e n c e s  o f  PP y an d  N a +- 
M M T  co n ten t on  th e  m o rp h o lo g y , e lec trica l c o n d u c tiv ity , th e rm a l, and  m ech an ica l
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p ro p e rtie s  o f  th e  sy n th e s iz e d  n a n o c o m p o s ite s  w e re  in v es tig a ted  an d  h ig h lig h te d  in 
de ta il. B ased  on  th e  s tu d y  o f  th e  e ffe c t o f  P P y  co n ten t, th e  fo llo w in g  c o n c lu s io n s  can  
be  d raw n : (i) M o rp h o lo g y  a n a ly s is  re v e a le d  th a t a  sm o o th  an d  u n ifo rm  P P y  o v e rla y e r  
w as  a tta in e d  at lo w  lo ad in g , w h ile  th e  tig h tly  p ack ed  la y e r  w as  m o re  p re v a le n t at 
h ig h  lo ad in g , (ii) T h e  re a c tio n  ra te  w as  co n s id e ra b ly  in c reased  w ith  m a ss  lo ad in g  o f  
th e  p y rro le  m o n o m er, ( ii i)  A n in c re a se  in  th e  e lec trica l c o n d u c tiv ity  o f  the 
c o m p o s ite s  by  e ig h t o r  n in e  o rd e rs  o f  m a g n itu d e  co m p ared  to  p u re  N R  w as d irec tly  
re la ted  to  th e  ex is te n c e  o f  co n tin u o u s  co n d u c tiv e  p a th w a y s  o f  th e  PPy d o m a in s . 
H o w ev er, c h a n g e s  in  th e  P P y  c o n te n t cau sed  no  s ig n ifican t d iffe re n ce  in  the  
e lec tr ica l co n d u c tiv ity  o f  th e  c o m p o s i te s . '( iv )  T h e  m ech an ica l p ro p e rtie s  s tu d ie s  
sh o w ed  a  re in fo rc in g  e ffe c t o f  PPy, a s  re fle c ted  by  an  in c rem en t in  te n s ile  s tren g th , 
Y o u n g 's  m o d u lu s , and  s to ra g e  m o d u lu s  o f  th e  c o m p o s ite s  w ith  an  in c rease  in  th e  
P P y  c o n te n t. A lso , th e  a d d itio n  o f  P P y  in c reased  th e  To o f  th e  c o m p o s ite s  up  to  13°c 
co m p ared  to  th e  p u re  N R . (v ) T he in c re m e n t in  d e c o m p o s itio n  te m p e ra tu re  (T i) and  
c a lc u la ted  a c tiv a tio n  e n e rg y  (Ea) w ith  P P y  lo ad in g  p o in ted  to  th e  im p ro v ed  th e rm a l 
s tab ility  o f  th e  co m p o site s .

C o n s id e r in g  th e  e f fe c t o f  th e  N a - M M T  ad d itio n , th e  fo llo w in g  c o n c lu s io n s  
can  be d raw n : (i) X R D  an d  T E M  o b se rv a tio n s  in d ica ted  the  d iffe re n t s ta te s  o f  
d isp e rs io n  o f  th e  s ilica te  lay e rs . T he h o m o g e n e o u s  d isp e rs io n  o f  th e  c lay  p a r tic le s  as 
an  e x fo lia te d  s tru c tu re  w a s  o b se rv ed  in  th e  case  o f  th e  N P]ooM y se rie s . In  co n tra s t, 
fo r th e  N P 2ooMy and  NPgooM y series, th e  c lay  p a r tic le s  w e re  m a in ly  d isp e rsed  in  the  
fo rm s o f  in te rca la ted  s ta c k s  and  c lay  ta c to id s . S E M  m ic ro g rap h s  re v e a le d  a  g rea t 
d e p e n d e n c e  o f  th e  n a n o c o m p o s ite  m o rp h o lo g y  o n  th e  a d d itio n  o f  th e  N a +-M M T  c lay ; 
th a t is, th e  h ig h e r  th e  a m o u n t o f  ad d ed  N a +-M M T , th e  g re a te r  th e  c o m p a c tn e ss  o f  th e  
n a n o c o m p o s ite s , (ii) N a +-M M T  c lay  acce le ra ted  th e  p o ly m e riz a tio n  reac tio n , 
p a rtic u la rly  at a  7 p h r lo ad in g , (iii) T h e  e lec tr ica l c o n d u c tiv ity  o f  th e  n a n o c o m p o s ite s  
w as  en h a n c e d  b y  th e  a d d itio n  o f  th e  N a +-M M T  c lay , e sp ec ia lly  fo r  th e  N P iooM y  
series. H o w e v e r , th e ir  v a lu e  w as s till fa r b e lo w  th a t o f  p u re  P P y  u n d e r  id en tica l 
d o p in g  c o n d itio n s , (iv ) T h e  ten s ile  an d  th e  s to ra g e  m o d u li o f  th e  n a n o c o m p o s ite s  
w ere  d ra s tic a lly  in c reased  w ith  in c re a s in g  N a +-M M T  co n ten t, w h ic h  s ig n ifie s  th e  
re in fo rc in g  and  to u g h e n in g  e ffec ts  o f  th e  s ilic a te  lay ers . H o w ev e r, no  n o tic eab le  
ch an g e  in  th e  7g o f  th e  n a n o c o m p o s ite s  w as o b se rv ed , (v ) T h e  th e rm a l
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d e c o m p o s itio n  p ro c e ss  o f  th e  n an o co m p o site s , as  ev id en ced  by  th e  v a lu e s  o f  
c a lc u la ted  Ea, w as  ac c e le ra te d  w h en  th e  lo ad in g  o f  N a +-M M T  w as in c re a se d  up  to  3 
p h r, w h ile  an  o p p o s ite  tren d  w a s  found  w h en  th e  c lay  lo ad in g  in c re a se d  b ey o n d  3 
ph r. L astly , w e an tic ip a te d  th a t su ch  a n ew  sy n th e tic  ap p ro ach  m ig h t be  ex te n d e d  to  
o th e r  c o n d u c tin g  p o ly m e rs  an d  in o rg an ic  p a rtic le s , w ith  the  ex p e c ta tio n  o f  a tta in in g  
the  sy n e rg is tic  e ffec ts  in te rm s  o f  e lec trica l c o n d u c tiv ity  as w ell as th e rm a l b e h a v io r  
and  m ech an ica l p e rfo rm an ce  o f  th e  n an o co m p o site s .
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Table 8.1 X -ray  sca tte rin g  d a ta  o f N a +-M M T  and  the  n a n o c o m p o s ite s

C lay  and  
n a n o co m p o site s

P eak  p o s itio n .
20  (°)

B asa l sp ac in g ,
0 กก, (n m )

N a +-M M T 7.07 1.25
NP.ooMv* - -

N P 200M 1 1.83 4 .82
N P 200M 3 2 .5 2 .6 .7 1 3 .50 , 1.32
N P 200M 5 1.79, 6 .74 4 .9 3 , 1.31
N P 200M 7 1 .3 9 .6 .5 2 6 .33 . 1.35
NPgooMi 1.77 4 .98
N P 800M 3 1.89. 6 .83 4 .6 8 . 1.29

NPgooMj 1.79, 5 .53 4 .9 3 . 1.60

N P 800M 7 1 .6 5 ,5 .6 8 5 .35 , 1.55

* N o  d isp la c e m e n t o f  the  d iffra c tio n  peak  is d e tec ted .
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Table 8.2 D y n a m ic  m ech an ica l p ro p e rtie s  o f  N P X an d  th e  co rre sp o n d in g  
n a n o c o m p o site s

S y stem M M T
co n ten t

(p h r)

E  [M P a] at To [°C ] tan  (̂ mpx

-8 0 °c To 25°c 1 0 0 °c
NP.ooM v - 45.8 45.9 3.5 1.9 -65.9 0.63

1 33.8 21.2 1.2 0.6 -59.8 0.61
3 176.7 147.9 7.0 3.6 -65.8 0.62
5 305.7 222.6 15.7 9.5 -59.6 0.47
7 1328.5 399.3 37.5 19.9 -56.4 0.60

N P jooM v - 83.0 49.3 3.5 2.4 -59.4 0.69
1 83.8 68.3 2.8 1.3 -63.2 0.77
3 442.4 369.8 20.2 5.8 -60.1 0.49
5 350.5 244.2 20.9 12.9 -59.8 0.56
7 996.3 802.1 49.25 19.9 -60.0 0.33

NPsooMy - 151.8 100.1 9.3 6.1 -56.7 0.58
1 887.3 105.8 3.5 2.6 -54.0 1.14
3 3763.0 147.9 9.0 6.3 -57.8 1.04
5 3471.0 525.9 41.2 22.5 -58.0 0.63
7 1470.0 500.9 42.8 24.2 -56.9 0.50
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Table 8 .3  S u m m ary  o f  the  th e rm a l c h a ra c te r is tic s  o f  th e  s tu d ie d  m a te ria ls

System Peak
d ecom p osition  

tem perature, 
T\ a (°C )

W eight 
lo ss  b 
(%)

Peak
d ecom p osition

tem perature,
T2 c (°C )

W eight 
lo ss  d 
( % )

Peak
d ecom p osition  
rate (m g /m in )

R esidue
at

5 5 0 ° c

piire N R - - 3 7 3 .6 93.5 2 .4 4 1.1

PPy 2 6 0 .3 2 2 .2 - - 0 .0 7 68 .2

N P ,o o e 2 4 3 .2 4 .7 370 .2 70.3 1.63 19.6

N P 100M 1 2 4 3 .7 4 .6 3 5 9 .0 67,1 1.45 18.7

N P 100M 3 2 4 4 .6 4 .5 3 6 1 .9 4 3 .4 0 .7 7 36 .5

N P ] ooM 5 247.1 4 .4 3 6 2 .0 51 .9 1.47 31.1

N P 100M 7 - 13.0 3 8 0 .0 71.5 1.49 8.6

N P200f 2 5 1 .7 2 4 .6 381.1 4 9 .8 1.84 16.1

N P200M 1 - 24 .3 3 78 .4 60 .2 1.59 5.8

N P 200M 3 - 2 3 .9 3 7 7 .0 59 .9 1.34 7.8

N P200M 5 - 23 .5 3 7 4 .6 6 2 .2 1.27 8.1

N P 200M 7 - 23.1 376.1 59 .8 1.31 9.1
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Table 8 .3  Sum m ary o f  the thermal characteristics o f  the studied m aterials (con tin u e)

System Peak
d ecom p osition

tem perature,
7-1 a (oC )

W eight
lo ss b 
(%)

Peak
d ecom p osition

tem perature,
7-2 c (oC )

W eight 
lo ss  d 
(%)

Peak
d ecom p osition  
rate (m g/m in )

R esidue
at

5 5 0 ° c

NPgoo? 245.1 56 .6 382 .4 24.1 2 .15 1 1 . 8

NPgooMi 248 .3 56.3 380 .7 15.4 1.76 18.3

N P 800M 3 249.1 55.7 380 .2 4 .9 1.39 25 .5

NPgooMs - 55.1 381 .7 15.9 1.35 17.5

N P 800M 7 - 54.6 377 .5 28 .4 1.74 10.2

a T )  is the d ecom p osition  tem perature w ith  regard to the PPy com ponent. 
b W eight lo ss  corresponds to the PPy com ponent.
c T 2 is the d ecom p osition  tem perature w ith  regard to the N R  com ponent. 
d W eight lo ss  corresponds to the N R  com ponent.
c 1 g The content o f  PPy used in the com p o sites  w ere 14, 25 , and 57  wt% , 
resp ectively .
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F ig u re  8.1 TEM  im a ges o f  the resulting m aterials: (a), (b ), and (c )  are m icrographs
o f  the N Pioo, N P 200. and NPgoo co m p o sites , resp ectively; (d), (e ), and (f) are 
m icrographs o f  the N P 100M 7, N P 200M 7, and N P 8ooM7 sam p les, resp ectively; (g ), (h), 
and (i) are m icrographs o f  an ultra thin section  o f  the N P 100M 7, N P 200M 7, and 
NPgooMb sam p les, resp ective ly .
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F ig u re  8.2 SEM  m icrographs o f  (a) NPioo, (c ) N P 200, and (e ) NPgoo, w ith  the 
corresponding n an ocom p osites  (b) N P 100M 7. (d) N P 200M 7, and (1) N P 800M 7 at the 
sam e m agnification  (x 3 5 0 0 ) .
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NR particle

palisade region

SDS Q, 
at pH = 3

q \  \ f  p  _ q . S - t - P . p
\ } P - - û - 0 , 4  p  Pyrrole Q  •  y  b •'ว, 6  ร ุ*  p

๖ ' ๙  T T T  / V ?  " % •adsolubilization

•  = pyrrole monomer
ว '- = SDS 
—  = clay layers

Electropolymerization 
p a t h  ( b )

Core-Shell structure

Electropolymerization
p a t h  ( a )

Core-Shell structure

F ig u re  8 .3  S ch em a tic  o f  th e  fo rm a tio n  m e c h a n ism  o f  a d m ic e lle d  ru b b e rs  (p a th  a) 
and  the n a n o c o m p o s ite s  (p a th  b).
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20 (degree)

(a)

20 (degree)

(b)

F ig u re  8.4 X R D  patterns o f  (a) N a+-M M T  and NPjooMy series, and (b ) N a+-M M T

and N P xM 7 nanocomposites.
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Figure 8.5 Variation of polymerization rate of the nanocomposites with the clay 
loading.
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Wavenumber (cm'^)

(a)

(b)

F ig u re  8.6 F T IR  spectra o f  (a) PPy and N P X com posites, and (b ) N P X and N P XM 7

nanocomposites.
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Figure 8.7 Electrostatic interaction between a protonated PPy chain and the clay
layer.

MMT loading (phr)

Figure 8.8 Plot of the DC conductivity against clay loading of the nanocomposites.
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(a)

(b)

N P 2 0 0  and NP^ooMy series.
F ig u re  8.9 T yp ica l s tress-stra in curves o f  (a) pure N R  and N P X com posites, and (b)
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Figure 8.10 Dependence of the mechanical properties of the N P iooM y, NP2ooM y, and 
NPgooM y series on clay loading: (a) hardness, (b) tensile strength, (c) Young's 
modulus, and (d) elongation at break.
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T e m p e r a t u r e  ( ° C )

Figure 8.11 Temperature dependence of the (a) storage modulus, (b) loss modulus, 
and (c) loss tangent of NPX and the corresponding nanocomposites.
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(a)

(b)

Figure 8.12 TGA curves of (a) pure NR. PPy, and NPX composites, and (b) NPX and 
NPxM7 nanocomposites.



Figure 8.13 DTG curves of pure NR, NPx, and NPXM7 nanocomposites.
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Figure 8.14 Plots of ln{ln[(lF0 - W f i ^ v  1 - W  f )J} against e.

MMT loading (phr)

Figure 8.15 Variation of the calculated activation energy of the nanocomposites 
with clay loading.
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