
CHAPTER II 
LITERATURE SURVEY

N a n o -o r d e r e d  c o m p o s ite  m ater ia ls  c o n s is t in g  o f  o rg a n ic  p o ly m e r s  and  
in o rg a n ic  c o m p o u n d s  h a v e  b e e n  in v e s tig a te d  for  a w id e  ran g e  o f  s c ie n t if ic  and  
p ra ctica l in terests . T h e  term  “p o ly m e r  h yb rid ” d e sc r ib e d  b le n d s  o f  o rg an ic  and  
in o rg a n ic  c o m p o n e n ts  w ith  m o le c u la r - le v e l d isp e r s io n  (C h u jo  and  S a e g u sa , 1 9 9 2 ). 
R e c e n tly , th e  p rep ara tion  o f  in o rg a n ic -o rg a n ic  m e so stru c tu red  m a ter ia ls  u s in g  
su p ra m o lecu la r  a s s e m b lie s  o f  su rfactan ts to  tem p la te  th e  r e a c tio n s  o f  in o rgan ic  
s p e c ie s  h as attracted  in c r e a s in g  in terest for th e  fab r ica tio n  o f  h yb rid  m ater ia ls .

2.1 Adsorption of Surfactant on the Solid Oxide Surface

T h e  a d so rp tio n  o f  io n ic  su rfactant o n to  an o p p o s ite ly  ch a rg ed  s o lid  su rface  
h as b e e n  e x t e n s iv e ly  s tu d ied . W h en  a m in era l o x id e  su r fa ce  is  b rou g h t in to  co n ta ct  
w ith  an a q u e o u s  s o lu t io n , th e  ad so rp tio n  o f  H 30 + or  O H ' io n s  from  th e  so lu t io n  on to  
th e  su r fa ce  c a n  c a u se  v a r ia tio n s  in  th e  su rfa ce  ch arg e . A s  th e  p H  o f  th e  so lu tio n  is  
lo w e r e d , th e  m in era l o x id e  su rfa ce  w i l l  u su a lly  b e c o m e  m o re  p o s it iv e ly  ch arg ed  (or  
le s s  n e g a t iv e ly  ch a rg ed ) b e c a u se  o f  th e  a d so rp tio n  o f  th e  H 30 + io n s  o n to  th e  su rface , 
w ith  th e  c o n s e q u e n c e  o f  an in crea se  in  the ad so rp tio n  o f  a n io n ic  su rfa cta n ts and a 
d e c r e a se  in  th e  a d so rp tio n  o f  c a tio n ic  su rfactants. T h e  r e v e r se  is  true w h e n  th e p H  o f  
s o lu t io n  is  ra ised .

A d so r p tio n  d ata  h a v e  u su a lly  b e e n  p resen ted  as a lo g - lo g  p lo t  o f  th e  
su rfactan t a d so rp tio n  (am o u n t o f  su rfactant a d so rb ed  p er  gram  o f  ad so rb en t) v ersu s  
th e  eq u ilib r iu m  c o n cen tra tio n  o f  th e  su rfactant in  b u lk  so lu t io n . A d so rp tio n  
iso th e r m s u s u a lly  tak e  o n  v e r y  ch ara cter istic  sh a p es , d e p e n d in g  u p o n  th e  surfactant  
and su b strate . R o s e n  (1 9 8 8 )  d e scr ib ed  the a d so rp tio n  iso th e r m  o f  io n ic  su rfactants  
o n to  an o p p o s ite ly  ch a rg ed  su b strate  an d  a lso  s o m e t im e s  -  b u t n o t  a lw a y s  -  n o n io n ic  
su rfa cta n ts are ty p ic a lly  S -sh a p ed . In c a se  o f  n o n io n ic  su rfa cta n ts , an e th o x y la ted  
n o n y lp h e n o l, for e x a m p le , w i l l  e x h ib it  a s im ila r  iso th e r m  o n  s i l ic a , b u t w il l  n o t  
ad sorb  s u ff ic ie n t ly  s tr o n g ly  to sh o w  a ll the d e ta ils  o f  su ch  an iso th e r m  o n  a lu m in a. 
C o m m o n ly , S -sh a p e d  iso th erm  can  b e  d iv id e d  in to  fou r r e g io n s  as sh o w n  in  F igu re
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2.1 and in ea c h  th e se  r e g io n s  c o rr esp o n d s  to  a d ifferen t m e c h a n ism  o f  surfactant  
ad sorp tion .

In r e g io n  I th e  su rfactant ad so rb s m a in ly  b y  io n  e x c h a n g e  and a lso  th e  
ch a rg e  d e n s ity , or  p o ten tia l at th e  S tern  layer  o f  th e  so lid , rem a in s  a lm o s t  con stan t. 
T h is  re g io n  co r r e sp o n d s  to  v ery  lo w  a d so rp tio n  d e n s it ie s  and is  so m e t im e s  referred  
to  as th e  H e n r y ’s la w  reg ion . T h e  m o st im p o rtan t p o in t is  that th ere  are n o  
a g g r e g a te s  o f  a d so rb ed  su rfa cta n ts in  th is  re g io n  and m ay n o t e v e n  b e  d etec ta b le  
b e c a u se  it o c c u r s  at su ch  lo w  su rfactant con cen tra tion s.

L o g  eq u ilib r iu m  su rfactan t co n ce n tr a tio n

Figure 2.1 A d so r p tio n  iso th erm  fo r  an io n ic  su rfactan t o n  an o p p o s ite ly  ch arg ed  
su b stra te  (R o se n , 1 9 8 8 ).

In r e g io n  II th ere  is  a m ark ed  in crea sed  in  a d so rp tio n  as th e  eq u ilib r iu m  
co n ce n tr a tio n  o f  su rfactan t in crea ses . It is b e lie v e d  that th is  in c r e a se  is  c a u se d  by th e  
in tera c tio n s  o f  th e  h y d ro p h o b ic  ch a in s  o f  o n c o m in g  su rfactan t io n s  w ith  th o se  o f  
p r e v io u s ly  ad so rb ed  su rfactant and w ith  th e m se lv e s , w h ic h  c a u se d  th e  ad sorb ed  
su rfa cta n ts to  fo rm  a g g r e g a te s  o n  th e  su rface . T h is  a g g r e g a tio n  o f  th e  h y d ro p h o b ic  
g r o u p s  h as b e e n  term ed  h e m im ic e lle  or a d m ic e lle  d e p e n d in g  u p o n  w h eth er  th e  
a g g r e g a te s  are v ie w e d  as m o n o la y e r s  or b ila yers. T h e  fo rm a tio n  o f  th e se  a g g reg a tes  
lo c a l ly  or p a tc h w ise  at th e  in ter fa ce  is  d u e to  th e  h e te r o g e n e ity  o f  th e  su rface . T h e
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lo c a l ly  or  p a tc h w is e  at th e  in ter fa ce  is  d u e  to  th e  h e te r o g e n e ity  o f  th e  su rfa ce . T h e  
o r ig in a l ch a rg ed  su r fa ce  o f  th e  so lid  is  n eu tra lized  b y  th e  ad so rp tio n  o f  o p p o s ite ly  
ch arg ed  su rfactan t io n s  and  e v e n tu a lly  reverse , in d ica te  th e  en d  o f  r e g io n  n.

H o w e v e r , r e g io n  III is  ch ara cter ized  b y  a red u ced  s lo p e  in  th e  ad sorp tion  
iso th erm  n o t o n ly  b e c a u s e  a d so rp tio n  m u st o v e r c o m e  e le c tr o sta tic  r e p u ls io n  b e tw e e n  
th e  o n c o m in g  io n s  and  th e  id e n tic a lly  ch arg ed  h ead  g ro u p s on  th e  su r fa c e s , b ut a lso  
b e c a u se  a d so rp tio n  is  n o w  ta k in g  p la c e  on  th e m o re  and m o re  s im ila r ly  ch arged  
su r fa ces . A s  th e  eq u ilib r iu m  co n cen tra tio n  o f  su rfactan t further in c r e a se s  and  
e v e n tu a lly  a p p r o a c h e s  th e  cr itica l m ic e l le  co n cen tra tio n  (C M C ), a d so rp tio n  is  u su a lly  
c o m p le te d . T h e  b e g in n in g  o f  co n sta n t a d so rp tio n  m ark s th e  o n se t  o f  r e g io n  r v .

R e g io n  rv is  referred  to as th e  p la teau  a d so rp tio n  r e g io n  and  in  th is  reg ion  
th e  su r fa ce  c o n c e n tr a tio n  o f  su rfactan t h as reach ed  sa tu ration . T h e  ad so rp tio n  d o e s  
n ot in c r e a se  w h ile  th e  eq u ilib r iu m  co n cen tra tio n  o f  su rfactan t is  ra ised  a b o v e  the  
C M C . F u rther a d d it io n  o f  su rfactan ts o n ly  co n tr ib u tes  to  th e  fo rm a tio n  o f  ad d ition a l 
m ic e l le s  in  th e  b u lk  so lu t io n . In m o s t  sy s te m s  th e tran sition  o f  r e g io n  III/reg ion  IV  
o c c u r s  n ear th e  C M C  o f  th e  su rfactan ts.

2.2 Surfactant Layers at the Solid/Liquid Interfaces

A c c o r d in g  to  G ro sse  and E ste l (2 0 0 0 ) , th e  fo rm a tio n s  o f  th in  surfactant 
la yers o n  s o l id  su r fa c e s  p la y  an im p ortan t ro le  in  m a n y  te c h n o lo g ic a l p r o c e sse s . 
S u ch  la y ers in f lu e n c e  the p rop erties  o f  th e  s o l id  su ch  as h y d ro p h o b ic ity , 
h y d r o p h ilic ity , w e tt in g , and e le c tr o sta tic  ch a ra c ter is tic s . T h u s, th e  form atio n  o f  
su rfactan t la y ers is  a s ig n if ic a n t  o p era tion  in th e  su r fa ce  m o d if ic a t io n  o f  so lid s . 
S u rfa cta n ts  o f te n  d o  n o t form  c o n tin u o u s  m o n o la y e r s  or  b ila y ers  at th e  so lid /l iq u id  
in ter fa ce  b u t th e y  form  d iscre te  a g g reg a tes  o f  d ifferen t sh a p e  and s iz e  d e p e n d in g  on  
d ifferen t fa c to rs  in c lu d in g  su rfa ce  ch a rg es, h y d ro p h o b ic  or h y d r o p h ilic  su rfa ces, 
io n ic  n atu re o f  th e  su rfactan t, and len g th  o f  th e  carb on  an d /o r  e th y le n e  o x id e  ch a in s. 
D iffe r e n t  ty p e s  o f  su rfactan t layers o n  so l id s  form  d e p e n d in g  o n  th e  c o n d it io n s  o f  
form atio n .

A t c o n c e n tr a t io n s  b e lo w  th e C M C  th e  su rfactan t m o le c u le s  m o s t ly  form  
m o n o la y e r s  or  sp h e r ic a l ag g reg a tes . T h e  structure o n  th e  su r fa ce  co r r e sp o n d s  to that
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in  th e  b u lk  p h a se  at m u c h  h ig h er  con cen tra tio n . S u rfa cta n t co n ce n tr a tio n s  w e ll  
a b o v e  th e  C M C  le a d  to  “w o r m lik e ” a g greg a tes; i .e . ,  p a ra lle l fu ll or  h a l f  cy lin d ers. 
T h ere  is  a g o o d  c o rr e la tio n  b e tw e e n  th e  h y d ro p h ilic  /h y d r o p h o b ic  b e h a v io r  o f  the  
s o lid  and  th e  fo rm  o f  th e  su rfactan t ag greg a te . H e m ic y lin d e r s  d o m in a te  on  
h y d ro p h o b ic  m a ter ia ls  b e c a u se  a large  co n ta c t area b e tw e e n  th e  h y d ro p h o b ic  ch a in s  
o f  th e  su rfactan t an d  th e so lid  su r fa ce  is  th e r m o d y n a m ic a lly  fa v o r a b le , w h erea s  
stru ctu res s im ila r  to  that in  s o lu t io n  (rod s, fu ll c y lin d e r s )  are fo u n d  o n  h yd ro p h ilic  
su r fa ces . T h e  c o n ta c t  b e tw e e n  th e so l id  and th e h y d r o p h ilic  h ea d g ro u p s o f  the  
su rfactan t m o le c u le s  is  p referred  in  th is  case .

In a s im ila r  ap p roach , M a n n e  and G aub ( 1 9 9 5 )  a lso  d e sc r ib e d  surfactant 
o r ien ta tio n  o n  o p p o s ite ly  ch arg ed  h y d ro p h ilic  su r fa ces  w h ic h  in teract p r im a rily  w ith  
su rfactan t h e a d g r o u p s, g iv in g  r ise  to  a g g reg a te  stru ctu res that d e p e n d  o n  th e d en s ity  
o f  th e  e le c tr o s ta t ic a lly  b ou n d  h ea d g ro u p s. In a d d itio n , G r o sse  an d  E ste l (2 0 0 0 )  
ev a lu a te d  th e  d ia m eter  o f  th e se  a g g r e g a te s , w h ic h  w a s  a p p r o x im a te ly  eq u a l to  the  
d ia m eter  o f  th e  m ic e l le s .  T h e se  a g g reg a tes  are a lig n e d  p a ra lle l in  th e  sa m e  d irectio n , 
o w in g  to m ic e l le - m ic e l le  in tera c tio n s , and are in f lu e n c e d  b y  th e  sy m m e tr y  a x e s  o f  
th e  u n d er ly in g  so lid .

It h a s  b e e n  p r e v io u s ly  rep orted  b y  T ib erg  et al. ( 2 0 0 0 )  that io n ic  su rfactants, 
at c o n c e n tr a tio n s  arou n d  and a b o v e  th e  C M C , ad sorb  o n  o p p o s ite ly  ch a rg ed  su rfa ces  
w ith  th e  h ea d  g ro u p s o r ien ted  to w a rd s  th e  su rfa ce , w h i le  th e  h y d r o p h o b ic  ta ils  are  
lo c a te d  in  th e  cen te r  o f  th e  ag g reg a tes . In a su b seq u en t in v e s t ig a t io n , th e  ad so rp tio n  
o f  n o n io n ic  su rfa cta n ts  o n  o x id e s  and  o th er h y d r o x y l term in a ted  su r fa c e s  lea d s to  
p referen tia l o r ie n ta tio n  o f  th e  p o lar  h ea d g ro u p s to w a rd s  th e  su rfa ce  ( i .e . form a tio n  o f  
m ic e lla r  or b ila y e r  stru ctu res) e v e n  o n  q u ite  h y d ro p h o b ic  su r fa c e s , as lo n g  as there is  
a s u ff ic ie n t  d e n s ity  o f  h y d ro x y l g ro u p s p resen t at th e  su rfa ce . T h e  a d so rp tio n  o f  
p o ly (e th y le n e  o x id e )  su rfactan ts at ‘h y d r o p h ilic ’ o x id e  su r fa c e s  s e e m s , d e sp ite  th is , 
to  b e  d r iv en  m a in ly  b y  h y d ro p h o b ic  attraction  b e tw e e n  th e  su rfactan t and  th e so lid  
su rfa ce .

B a s e d  o n  G r o sse  and E ste l (2 0 0 0 ) ,  th e  e f fe c t  o f  th e  le n g th  o f  th e  e th y len e  
o x id e  ch a in , i .e . ,  o f  th e  h y d r o p h ilic ity  o f  th e  su rfactan t is  ev id en t: in  con trast to  the  
h e m ic y lin d r ic a l, p ara lle l-a rran ged  m ic e l le s  o f  th e  p o ly (e th y le n e  o x id e )  su rfactants
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w ith  sh ort e th y le n e  o x id e  ch a in s , lo n g  e th y le n e  o x id e  ch a in s  lea d  to  fea tu r e le ss  layers  
o n  th e  h y d r o p h o b ic  gra p h ite , in d ic a tin g  flat b ila yers.

U n t il  n o w  o n ly  a to m ic  fo rce  m ic r o sc o p e  (A F M ) m e a su r e m e n ts  h a v e  b een  
su ita b le  to  ch a r a c te r iz e  th e  structure o f  su rfactant la y ers at th e  s o l id /l iq u id  in terface;  
th e  te c h n iq u e  in c lu d e s  A F M  to p o g ra p h ic  m e th o d s  and  d ir e c t-fo r c e  o f  m ea su rem en ts , 
d e term in a tio n  o f  th e  am o u n t ad so rb ed  and  a sse s sm e n t  o f  th e  la yer  th ic k n e ss , ch a n g e  
in  th e  su r fa c e  c h a r g e s  (z e ta  p o te n tia l)  and h e te r o c o a le s c e n c e  (G r o sse  and E ste l,
2 0 0 0 ) . U s in g  a s im ila r  ap p roach , th e  a to m ic  fo rce  m ic r o s c o p e  m ea su r e m e n ts  h ave  
c o n fir m e d  th e  e x is te n c e  o f  b o th  su r fa ce  m ic e l le s  and b ila y e r  ty p e  a g g r e g a te s  o n  s il ic a  
as w e l l  as o th er  su r fa c e s  c o n ta in in g  su rfa ce  h y d ro x y l gro u p s (T ib e r g  et al., 2 0 0 0 ). 
T h e  m o r p h o lo g y  o f  C T A B  m o le c u le s  ad so rb ed  o n to  a gra p h ite  su b strate  w a s  
d eterm in ed  u s in g  A F M  b y  M a n n e  et al. (1 9 9 4 ) . T h e y  fou n d  p a ra lle l, e p ita x ia lly  
o r ien ted  str ip es  w ith  a  sp a c in g  o f  ab o u t tw ic e  th e  su rfactan t m o le c u le  le n g th  near the  
C M C . T h e y  c o n c lu d e d  that th e  str ip e  pattern  w a s  in d ic a tiv e  o f  cy lin d r ica l 
h e m im ic e l le s  at th e  gra p h ite  su rfa ce . In a d d itio n , a to m ic  fo rce  m ic r o sc o p e  has  
r e v e a le d  that m a n y  o f  th e  ag g reg a te  g e o m e tr ie s  s e e n  in  a b u lk  so lu t io n  a lso  o ccu r  
n ear an in te r fa c e  (P a tr ick  et al., 1 9 9 7 ).

2.3 Adsorption and Aggregation of Nonionic Surfactants at the Interfaces

T h e  b e h a v io r  o f  n o n io n ic  su rfactan ts at th e  in ter fa ce  o f  a q u e o u s  so lu t io n  and  
m in era l o x id e  su r fa c e s  is  im p ortan t in  m a n y  a p p lic a tio n s , su c h  a s  d eterg en cy , 
en h a n c e d  o i l  r e c o v e r y , froth  flo ta tio n , and su rfa cta n t-b a sed  ch rom a to grap h ic  
te c h n iq u e s . C o n se q u e n tly , m a n y  in v e s t ig a t io n s  o f  n o n io n ic  su rfactan t ad sorp tion  
h a v e  b e e n  p e r fo r m e d  to w a rd s  a cq u ir in g  a b etter  u n d er sta n d in g  o f  th e  ad sorp tion  
nature o f  d iffe r e n t su rfactan t m o le c u le s  at so lid  su rfa ces.

N o n io n ic  su rfa cta n t a d so rp tio n  o n  a n u m b er  o f  s o l id  su r fa c e s  h as b een  
s tu d ie d  b y  a v a r ie ty  o f  te c h n iq u e s . T h e  fo rce  b e tw e e n  m ic a  su r fa ces  in  so lu t io n s  o f  
p e n ta k is  (o x y e th y le n e )  d o d e c y l e th er  w ith  ad d ed  e le c tr o ly te  w e r e  s tu d ie d  b y  R u tland  
and C h r is te n so n  ( 1 9 9 0 )  u s in g  th e su rfa ce  fo rce  apparatus. T h e y  fo u n d  that the  
a d so rp tio n  o f  n o n io n ic  su rfactant to m ic a  w a s  w e a k . F o r c e  m e a su r e m e n t o n  s il ic a  
su r fa ces  in  an a q u e o u s  so lu t io n  as a fu n ctio n  o f  th e  co n ce n tr a tio n  o f  th e  sam e
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n o n io n ic  su rfa cta n t (p en ta k is  (o x y e th y le n e )  d o d e c y l e th er) h a v e  b e e n  stu d ied  b y  
R u tla n d  and S e n d e n  (1 9 9 3 ) .  T h e y  fou n d  that in  th e  a b se n c e  o f  su rfactan t the  
in tera ctio n  b e tw e e n  s i l ic a  su r fa ces  w a s  p u re ly  r e p u ls iv e , b e in g  c o m p o s e d  o f  
e le c tr o sta tic  and  h y d ra tio n  fo r c e s , w h e r e a s  at lo w  su rfactan t c o n c e n tr a tio n  (ระ2*1 O'5 
M , ab o u t o n e -th ir d  th e  C M C ) th e re p u ls io n  w a s  r e p la ced  at sh ort sep a ra tio n s  b y  an  
attractive  fo rce  w h ic h  p u lle d  th e  su rfa ces in to  a d h e s iv e  co n ta c t . A t  h igh er  
co n ce n tr a tio n  (ระ4 * 1  O'5 M ) th e su r fa ces  s till e x p e r ie n c e d  an a ttractive  fo r c e  at sm a ll 
sep a ra tio n s , b u t th e  a d h e s io n  d e c rea sed  m ark ed ly . A t  c o n c e n tr a tio n s  a b o v e  th e C M C  
r e p u ls iv e  s ter ic  fo r c e s  are o b serv ed .

W ith  th e  e x c e p t io n  o f  m ic a , a d so rp tio n  iso th e r m s u s u a lly  s h o w  stron g, 
c o o p e r a t iv e  a d so rp tio n  b e lo w  C M C  from  w h ic h  th e  e x is te n c e  o f  a g g r e g a te s  h as b een  
in ferred . P atr ick  et al. ( 1 9 9 7 )  s tu d ied  the a d so rp tio n  o f  n o n io n ic  su rfa cta n ts in an  
a q u eo u s so lu t io n  o n to  grap h ite , o b se r v e d  that n o n io n ic  su rfa cta n ts  ad sorb  stro n g ly  to  
gra p h ite  and th e a d so rp tio n  in crea ses  w ith  in cr e a s in g  c o n c e n tr a tio n  up to  th e  critica l 
m ic e l le  c o n c e n tr a tio n  a fter w h ic h  it rem ain s fa ir ly  co n sta n t.

T h e  a d so rp tio n  iso th erm s o f  n o n io n ic  su rfa cta n ts from  a q u e o u s  so lu t io n s  on  
h y d ro p h ilic  s i l ic a  su r fa c e s  are s ig m o id a l in  sh a p e , in d ic a tiv e  o f  a co o p e r a tiv e  
a d so rp tio n  m e c h a n ism . W e ll b e lo w  th e C M C , iso la te d  su rfactan t m o le c u le s  are 
a d so rb ed  w e a k ly  o n  p o la r  s ite s  (b y  h y d ro g en  b o n d in g  to  su r fa ce  s ila n o l gro u p s, e tc .)  
rep resen ted  b y  a  lo w -a f f in ity  r e g im e  o n  th e iso th erm . T h e  p h y s ic a lly  an ch ored  
a m p h ip h ile s  in d u c e  an in c ip ie n t su rfa ce  a g g reg a tio n  p r o c e s s  as th e  cr itica l su rface  
a g g r e g a tio n  c o n c e n tr a tio n  (c sa c )  is  reach ed , a fter w h ic h  th e  e x te n d  o f  ad sorp tion  
d ra m a tic a lly  in c r e a se s . T h e  a g g reg a tes  are fo rm ed  from  s in g le  su rfa cta n t m o le c u le s  
c o m in g  from  th e  b u lk  so lu tio n . K irâ ly , B orn er, an d  F in d e n e g g  ( 1 9 9 7 )  c lea r ly  
v e r if ie d  that th e  m a jo r  d r iv in g  fo rce  o f  th e  a g g r e g a tiv e  a d so rp tio n  is  s im ila r  in  nature 
to that o f  th e  fo rm a tio n  o f  m ic e l le s  in  th e  b u lk  s o lu t io n  (e n tr o p ic a lly  d r iv in g  
h y d ro p h o b ic  in te r a c tio n s) . S lig h t ly  a b o v e  th e C M C , th e  ad so rp tio n  le v e ls  o f f  and a 
p la tea u  is  reach , a ttr ib u tab le  to th e  s ta b iliz a tio n  o f  th e  m o n o m e r  su rfactan t ch e m ic a l 
p o te n tia l as th e  C M C  is  e x c e e d e d . In gen era l, th e  sh a p e  o f  a sc e n d in g  se c t io n  o f  the  
iso th erm  b e c o m e s  sh arp er, its  p o s it io n  is  sh ifte d  to lo w e r  c o n c e n tr a tio n s  and the  
p la tea u  v a lu e  in c r e a se s  w ith  d e c r e a s in g  p H , w ith  in c r e a s in g  tem p era tu re  and sa lin ity , 
and w ith  in c r e a s in g  h y d r o p h o b ic ity  in  a  su rfactant h o m o lo g u e  ser ie s .
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M o r e o v e r , th e  d om in a n t in teraction  b e tw e e n  n o n io n ic  su rfa cta n ts  and the  
h y d ro p h ilic  su r fa c e  o f  s i l ic a  d u e  to  h y d ro g en  b o n d in g  o f  th e  e th er  o x y g e n s  o f  the  
e th y le n e  o x id e  gro u p  and  th e su rfa ce  O H  gro u p s. It is  w e l l  e s ta b lish e d  that the  
form a tio n  o f  s i la n o l g ro u p s (S i-O H ), w h e n  a su rfa ce  is  e x p o s e d  to  w a ter , m a k es  the  
su rfa ce  h y d r o p h ilic  (P e n fo ld  et al, 2 0 0 2 ) . H o w e v e r , a p o ly o x y e th le n a te d  n o n io n ic , 
b y  its e lf , s h o w e d  v e r y  w e a k  ad so rp tio n  o n to  p o s it iv e ly  ch a rg ed  a lu m in a  (R o se n ,  
1 9 8 8 ).

In 1 9 9 8 , G rant et al. h a v e  s tu d ied  th e a d so rp tio n  o f  a se r ie s  o f  a lk y lp o ly  
(e th y le n e  o x id e )  C nE m su rfactan ts o n  three d ifferen t su b stra tes  w h ic h  are grap h ite, 
h y d ro p h o b ic  s il ic a , and h y d ro p h ilic  s i l ic a  b y  u s in g  a to m ic  fo r c e  m ic r o sc o p e . T h e  
research ers in d ic a te d  th e  ad so rp tio n  to  h y d ro p h ilic  s i l ic a  resu lts  in  th e  form atio n  o f  
g lo b u la r  stru ctu res, w h ic h  are s im ila r  to  b u lk  m ic e l le s . O n  s i l ic a  that h a s  b e e n  m ad e  
h y d ro p h o b ic  b y  re a c tio n  w ith  th e o r g a n o sila n e , a d so rp tio n  resu lts  in  a su rfa ce  layer  
that is  la tera lly  h o m o g e n e o u s  and is  p rob a b ly  a m o n o la y e r  w ith  e th y le n e  o x id e  
gro u p s in  c o n ta c t  w ith  th e  so lu tio n . T h is  large  p ertu rb ation  from  th e  so lu tio n  
ag g reg a te  stru ctu re o n  th e  h y d ro p h o b ic  su rface  is  d r iv en  b y  a m in im iz a t io n  o f  the  
area o f  co n ta c t  b e tw e e n  w a ter  and th e  h y d ro p h o b ic  s il ic a . O n  th e  grap h ite , the  
su r fa ce  la yer  is  e ith er  lo n g , th in  a g g reg a tes  (c o n s is te n t  w ith  a h em ic y lin d r ic a l  
stru ctu re) or a  la tera lly  h o m o g e n e o u s  layer  (c o n s is te n t  w ith  a m o n o la y e r  w ith  the  
h ea d g ro u p s fa c in g  so lu t io n ).

2.4 Ultrathin Polymer Film Formation by Polymerization inside a Two- 
Dimensional Solvent

T h e  p o ly m e r iz a tio n  o f  th in  f ilm s  is  carried  ou t in  fo u r-step  p r o c e s s , w h ic h  is  
b a sed  o n  th e  fo r m a tio n  o f  m ic e l le - l ik e  a g g reg a tes  o f  p h y s ic a lly  a d so rb ed  su rfactants  
at a s o l id -s o lu t io n  in te r fa c e  (พ น  et al., 1 9 8 7 ). T h e  th in -f ilm  p o ly m e r iz a tio n  p ro c e ss  
can  b e  e n v is io n e d  as o ccu rr in g  in  fou r m ajor s te p s  (F ig u r e  2 .2 )  that are d escr ib ed  
b r ie f ly  b e lo w :
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S tep  1.

Substrate Surfactant
S tep  2 .

S tep  4.

“M ” s rep resen t so lu te  m o le c u le s , m o n o m e r s .
“P ”s c o n n e c te d  b y  lin e s  rep resen t p o ly m e r  ch a in s  fo rm ed  d u rin g  th e  rea c tio n .

Figure 2.2 T h e  a d m ic e lla r  p o ly m e r iz a tio n  p r o c e ss  for  th e  fo rm a tio n  o f  a thin  
p o ly m e r  film .
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S tep  1 A d m ic e lle  F orm a tion
T h e  fo r m a tio n  o f  ag g reg a te  stru ctu res at so l id /l iq u id  in te r fa c e s  to  form  

b ila y ers  (a d m ic e lle s )  th rou gh  ad so rp tio n  from  an a q u e o u s  so lu t io n  b e lo w  critica l 
m ic e l le  c o n c e n tr a tio n  is  a w e l l-k n o w n  p h en o m en a . A d so r p tio n  is  a c c o m p lish e d  
th rou gh  th e  u se  o f  su ita b le  su rfactan t under ap p rop riate  sy s te m  c o n d it io n s . T w o  
layers sh o u ld  fo rm  s im u lta n e o u s ly  o n  lo c a l p a tch es  o f  th e  su r fa ce , rather than b y  
m o n o la y e r  c o v e r a g e  p r e c e d in g  form a tio n  o f  th e  s e c o n d  layer (พ น  et al., 1 9 8 7 ). T o  
a c h ie v e  a d m ic e lle  fo rm a tio n , th e  a d so rp tio n  o f  su rfa cta n ts o n  s o l id  su b strates is  
c o n tr o lle d  b y  a se v e r a l p aram eters in c lu d in g  th e  e le c tr o c h e m ic a l n ature o f  the  
su b strate , th e  p H  o f  th e  so lu t io n , and th e typ e  o f  su rfactan t m o le c u le . T h e  m o st  
cr itica l p aram eter  to  b e  m a n ip u la ted  is  th e  so lu t io n  p H  (S a k h a lk a r  and  H irt, 1 9 9 5 ).

T h e  s o l id  o x id e  su rfa ce  can  b e  m an ip u la ted  to p o s s e s s  e ith er  n et p o s it iv e  or 
n e g a tiv e  c h a rg e  b y  a d ju stin g  th e  pH  o f  th e  c o n ta c t in g  a q u e o u s  so lu t io n , and  
h y d ro g en  and  h y d r o x y l io n s  are p o ten tia l d e term in in g  io n s  for m eta l o x id e s . T h e  pH  
at w h ic h  th e  n e t  c h a rg e  o n  th e su rfa ce  is zero  is  c a l le d  th e  p o in t  o f  z e r o  ch arge  
(P Z C ). A t p H  v a lu e s  b e lo w  th e P Z C , the su rfa ce  b e c o m e s  p ro to n a ted  and m ore  
p o s it iv e ly  ch arg ed ; a b o v e  th e  P Z C , th e  su rfa ce  is  n e g a t iv e ly  ch arg ed . C o n se q u e n tly , 
a n io n ic  su rfa cta n ts  ad sorb  b e lo w  th e  P Z C  and c a t io n ic  su rfa cta n ts a b o v e  th e  P Z C . 
A s an e x a m p le , s i l ic a  h a v in g  2 < P Z C < 3 , w il l  b e  n e g a t iv e ly  ch a rg ed  w h e n  th e pH  o f  
th e  a q u e o u s  s o lu t io n  e x c e e d s  3 ( lier , 1 9 7 9 ).

P e n fo ld  et al. (2 0 0 2 )  h a v e  p r e v io u s ly  s h o w n  that th e  a d so rp tio n  o f  n o n io n ic  
su rfa cta n ts o n  s i l ic a  is  h ig h ly  p H  d ep en d en t. A t  h ig h  p H  ( ~ 9 .0 )  d eso r p tio n  o f  
n o n io n ic  su rfactan t o c c u r s . T h e  ad so rp tio n  at pH  2 .4  is  s ig n if ic a n tly  grea ter  than that 
at p H  7 .0 . D e c r e a s e  p H  w i l l  d ecreas

e th e  su r fa c e  ch a rg e  d en sity , w h ic h  can  b e  u se d  to  co n tr o l th e  d e n s ity  o f  
h y d r o x y l g ro u p s o n  th e  su rface . C o n se q u e n tly , d e c r e a se  th e  s o lu t io n  p H  from  7 .0  to
2 .4  en h a n c e d  th e  a d so rp tio n . E x p o su r e  o f  th e  su r fa ce  to so lu t io n s  at lo w  pH  h as  
p ro d u ced  a grea ter  a f f in ity  o f  th e  n o n io n ic  su rfactan t for th e  su r fa ce  than  at h ig h er  
p H . T h is  is  a c le a r  e v id e n c e  o f  th e  d e lic a te  nature o f  c o o p e r a t iv e  a d so rp tio n  o f  
n o n io n ic  su rfa cta n ts  at th e  h y d ro p h ilic  s ilic a .
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S tep  2 . M o n o m e r  A d so lu b iliz a t io n
A d s o lu b il iz a t io n  is  th e  su rfa ce  a n a lo g u e  o f  so lu b iliz a t io n , w h e r e  a g greg a tes  

o f  a d so rb ed  su rfa cta n t p la y  th e  ro le  o f  m ic e l le s . U n d e r  c o n d it io n s  fa v o r a b le  for the  
form a tio n  o f  a d m ic e lle s  o n  so lid  su r fa ce  in  an a q u eo u s  su p ernatan t, a d so lu b iliz a t io n  
ca n  b e  a c c o m p lish e d . M a n y  org a n ic  m o n o m e r s  that are n ea r ly  in s o lu b le  in  w a ter  
w il l  p r e fe r e n tia lly  p artition  in to  th e  b ila y er  co r e  b e c a u se  th e  a d m ic e lle  in terior  is  
h ig h ly  h y d r o p h o b ic . T h e  org a n ic  m o n o m e r s  that a d s o lu b iliz e  in to  th e  a d m ic e lle  
in ter ior  sh are th e  h y d ro p h o b ic  in tera c tio n  w ith  th e a m p h ip h ile  ta ils  ( พ น  et a l,  1 9 8 7 ). 
T h is  p r o c e s s  c a n  o c c u r  after th e  form a tio n  o f  th e  a d m ic e lle s , or  c o n cu rren tly  w ith  
su rfactant a d so rp tio n . It is  c o n v e n ie n t  e x p e r im e n ta lly  to  d is s o lv e  th e  m o n o m e r , and  
o fte n  th e  in itia to r , in  th e  su rfactant fe e d  so lu t io n  p rior  to  su rfactan t ad so rp tio n

S tep  3 . In -S itu  P o ly m e r iz a tio n  o f  A d s o lu b iliz e d  M o n o m e r s
T h is  is  a c c o m p lish e d  th ro u gh  th e g en era tio n  o f  free  r a d ica ls  ca p a b le  o f  

in it ia tin g  th e  p o ly m e r iz a tio n  reac tio n . O n ce  th e  p o ly m e r iz a tio n  r e a c tio n  h as b een  
in itia ted  and  th e  m o n o m e r  is  b e in g  c o n su m e d  in  th e  a d m ic e lle , th e  m o n o m e r  in  the  
b u lk  so lu t io n  ca n  b e g in  to re -eq u ilib ra te  b y  d if fu s in g  in to  th e  a d m ic e lle . I f  the  
rea c tio n  c o n tin u e s  for  a su ff ic ie n t  len g th  o f  t im e , v ir tu a lly  a ll m o n o m e r s  can  b e  
co n v e r te d  to  p o ly m e r  ( O ’H av er  et al., 1 9 9 5 ). T h e  c o n v e r s io n  o f  m o n o m e r  to  
p o ly m e r  is  a fu n c t io n  o f  th e  rea c tio n  t im e  (พ น  et a l,  1 9 8 7 ).

S tep  4 . S u rfa cta n t R e m o v a l
T h e  m o d if ie d  su b strate  is  w a sh e d  w ith  w a ter  to  r e m o v e  e x c e s s  su rfactant 

la yer  in  ord er  to e x p o s e  th e  p o ly m e r  film . T h e  p o w d e r  is  th en  d ried  in  an  o v e n  at 
h ig h  tem p era tu re  to  v a p o r iz e  u n reacted  m o n o m e r  and  e x c e s s  so lv e n t. H o w e v e r , the  
tem p era tu re  d o e s  n o t  a ffe c t  th e  p rop erties  o f  th e  p o ly m er .
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2.5 Synthesis of Organic/Silica Composite Materials

H y b r id iz a tio n  o f  p o ly m e r ic  org a n ic  and  in o r g a n ic  p recu rso rs su c h  as m eta l 
a lk o x id e s  h a s  b e e n  a c c o m p lish e d  w ith  th e o b je c tiv e  o f  o b ta in in g  m a ter ia ls  w ith  h ig h  
p e r fo rm a n ce , su c h  as m o re  th erm a lly  resistan t s il ic o n -b a s e d  h yb rid  m ater ia ls . T o  
a c h ie v e  o r g a n ic /s il ic a  c o m p o s ite  m ater ia ls , the s o l -g e l  m e th o d  h as to  b e  co m b in e d  
w ith  s e lf -a s s e m b ly  th rou gh  th e  surfactant te m p la te  te c h n iq u e . S o l-g e l  
p o ly m e r iz a tio n  o f  in o rg a n ic  p recu rsors w ith in  su r fa ce  a g g r e g a te s  a l lo w s  the crea tion  
o f  h ig h ly  ord ered  o rg a n ic - in o r g a n ic  c o m p o s ite s  and  th e  e n c a p su la tio n  o f  organ ic  
a g g r e g a te s , p r e se r v in g  th e m o r p h o lo g ie s  o f  th e  f le x ib le  o rg a n ic  su p ra m o lecu la r  
stru ctu res (K im u ra  et a l,  2 0 0 1 ) . T h e  s o l-g e l  p r o c e s s  is  e s s e n t ia l ly  a p h y sica l  
c h e m is tr y  rou te  that a l lo w s  o n e  to ob ta in  h ig h -p u r ity  in o rg a n ic  m a ter ia ls , w ith  a w id e  
v a r ie ty  fo rm s, su c h  as p o w d e r s , fib ers and film s.

F u rth erm ore, s o l -g e l  te c h n iq u e  o f  m eta l a lk o x id e s  is  th e  m o st  e ff ic ie n t  
m e th o d  for p rep ara tio n  o f  th e  c o m p o s ite  m ater ia ls . A n  a d v a n ta g e  o f  s o l -g e l  p ro c e ss  
te c h n iq u e  is  th e  fact that th e  reac tio n  can  b e  carried  ou t at a m b ien t tem peratu re, 
w h ile  c o n v e n tio n a l m e lt  fu s io n  tech n iq u e s  n eed  h ig h  tem p era tu re. T h u s , it en a b les  
in tro d u ctio n  o f  o rg a n ic  e le m e n ts  in to  in o rgan ic  m ater ia l w ith o u t d eter io ra tin g  their  
fu n c tio n a lity .

T h e  p r o c e s s  in v o lv e s  th e  h y d r o ly s is  o f  m e ta l a lk o x id e s , fo llo w e d  b y  
c o n d e n sa t io n  rea c tio n .
H y d ro ly s is :  - M - 0 R  +  H 20  ------------►  -M -O H  +  R O H
C o n d e n sa tio n : -M -O H  +  X O -M - ----------- ►  M -O -M  +  X O H

W h ere  X  ca n  b e  H  or R  (an  a lk yl gro u p ). D u e  to  th e  im m isc ib ili ty  o f  
o r th o s il ic a te  w ith  w a ter , the rea c tio n s  are g e n e r a lly  carr ied  o u t in  a h o m o g e n iz in g  
so lv e n t  lik e  a lc o h o l.

S i l ic o n  a lk o x id e , e .g .,  te tr a e th o x y s ila n e  (S i(O C 2 H 5 )4 ) and  
te tr a m e th o x y s ila n e  (S i(O C H 3)4), w h ic h  are a b b rev ia ted  in  th e  litera tu re as T E O S  and  
T M O S , are th e  m o s t  w id e ly  u sed  m eta l a lk o x id e s  as far. T h e  trad ition a l m eth o d  o f  
p rep arin g  te tr a a lk o x y s ila n e s  is  b y  rea c tin g  te tr a c h lo r o s ila n e  w ith  a lc o h o l. W h en
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an h yd rou s e th a n o l is  u se d , th e  p rod u ct is  T E O S  w ith  h y d ro g en  c h lo r id e  as a b y 
p roduct:

S iC l4 +  4 E tO H  ______ ^  S i(O E t)4 +  4H C 1.

It h a s b e e n  in v e s tig a te d  b y  P ed ro so  et al. ( 2 0 0 0 )  that s o l -g e l  ty p e  reac tio n s  
w ith  te tr a e th o x y s ila n e  (T E O S ) resu lt  in  lin ear  p o ly m e r s  w h e n  th e  reactio n  is  
c a ta ly z e d  b y  a c id s  or  in  m icro sp h er ica l p o ly m e r s  in  th e  p r e se n c e  o f  b a s ic  ca ta ly sts .

In a s im ila r  ap p roach , Ertl et al. (1 9 9 7 )  d e sc r ib e d  th e rate o f  h y d r o ly s is  and  
c o n d e n sa t io n  o f  te tr a e th o x y s ila n e  (T E O S ), w h ic h  is  th e  m o st  w id e ly  stu d ied  
p recu rsor, v a r y in g  as a fu n c tio n  o f  p H . U n d er  a c id ic  c o n d it io n s  h y d r o ly s is  o ccu rs at 
a faster  rate th an  c o n d e n sa t io n  and r esu ltin g  g e l is  w e a k ly  b ran ch ed . U n d er  b a sic  
c o n d it io n s  th e  r e v e r se  is  true and th e  resu ltin g  g e l is  h ig h ly  b ran ch ed  and  co n ta in s  
c o l lo id a l  a g g r e g a te s .

T h e  p r o p er tie s  o f  su ch  h yb rid  n e tw o rk s  s tro n g ly  d ep en d  o n  v a r io u s  
p ara m eters su c h  a s  th e  d e g r e e  o f  p h a se  d isp ers io n , th e  r e la tiv e  a m o u n t o f  org a n ic  and  
in o rg a n ic  c o m p o n e n ts , ty p e  o f  c a ta ly st, th e  m o la r  ratio  o f  w a ter  to  s ila n e , th e  reactio n  
t im e , tem p era tu re  and  io n ic  stren g th  as w e l l  as th e  m o le c u la r  w e ig h t  o f  p o ly m er .

T a m a k i et al. ( 1 9 9 7 )  sh o w e d  that h o m o g e n e o u s  p o ly s ty r e n e  and  s il ic a  g e l  
p o ly m e r  h yb r id s can  b e  a c h ie v e d  b y  in-situ rad ica l p o ly m e r iz a tio n  m e th o d . S tyren e  
m o n o m e r  w a s  in tro d u ced  in to  a s o l -g e l  rea c tio n  m ix tu re  o f  te tr a m e th o x y s ila n e  
(T M O S ) and  th e  p o ly m e r iz a tio n  rea c tio n  w a s  in itia ted  b y  a z o b is iso b u ty r o n itr ile  
(A I B N ), w h i le  s o l -g e l  rea c tio n  o f  T M O S  p r o c e e d e d  to  form  a s i l ic a  g e l. T h e  
h o m o g e n e ity  o f  th e  h yb rid s w a s  fo u n d  to b e  d ep en d en t o n  th e  a m o u n t o f  acid  
c a ta ly st. T h e  h o m o g e n e ity  w a s  c o n fir m e d  q u a n tita tiv e ly  b y  m e a su r in g  th e  p o ro s ity  
o f  ch arred  h y b r id s  w ith  n itrog en  p o ro sim etry . It w a s  fou n d  that p o ly s ty r e n e  w a s  
d isp e r se d  at a n a n o -m e te r  le v e l in th e  s il ic a  g e l m atrix .

T h e  p ro p er tie s  o f  su ch  h yb rid  n e tw o rk s  s tr o n g ly  d ep e n d  o n  v a r io u s  
p aram eters su c h  as th e  d e g r e e  o f  p h a se  d isp ers io n , th e  re la tiv e  am o u n t o f  org an ic  and  
in o rg a n ic  c o m p o n e n ts , ty p e  o f  c a ta ly st, th e  m o la r  ratio  o f  w a ter  to s ila n e , th e  reaction  
t im e , tem p era tu re  and  io n ic  stren g th  as w e l l  as the m o le c u la r  w e ig h t  o f  p o ly m er .
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In a f o l lo w in g  รณ d y  o f  T a m ak i and C h u jo  ( 1 9 9 9 ) ,  th e y  in v e s t ig a te d  the  
sy n th e s is  o f  p o ly s ty r e n e  and s i l ic a  g e l p o ly m e r  h yb rid s u t i l iz in g  io n ic  in teraction s  
b e tw e e n  th e  su lfo n ic  gro u p s o f  th e  org a n ic  p o ly m e r  and  th e a m in o  gro u p s o f  (3 -  
a m in o p r o p y l)  tr im e th o x y s ila n e  (A P T M O S ). T h e y  fo u n d  that as a  c o n se q u e n c e  o f  
A P T M O S  c o rp o ra tio n  to  th e  h yb rid  sy s te m , th e  in tera c tio n s  b e tw e e n  th e o rg an ic  
p o ly m e r s  an d  s i l ic a  g e l  w e r e  p r o fo u n d ly  im p ro v ed , re su lt in g  in  th e  h o m o g e n e o u s  
d isp e r s io n  o f  e a c h  p h a se  o n  n a n o m eter  le v e l. A t th e  sa m e  t im e , th e  in corp orated  
s ilo x a n e  lin k a g e  w o r k s  as c r o ss - lin k e r  b e tw e e n  th e  o rg a n ic  p o ly m e r  ch a in s  that 
in c r e a se  th e  s to ra g e  m o d u lu s  in  e la s t ic  sta te.

In a sa m e  year , G ao  et al. ( 2 0 0 1 )  sy n th e s iz e d  transparent o r g a n ic - in o rg a n ic  
h yb rid  m a ter ia ls  v ia  s o l-g e l  m eth o d  u s in g  p o ly e th y le n e -c o -Z /z -a c r y lic  a c id  (Z n -  
P E A A ) io n o m e r  and  a  m eta l a lk o x id e , tetraeth y l o r th o s il ic a te  (T E O S ). T h e  resu ltin g  
m ateria l is  tran sp aren t w h ic h  in d ic a te s  that n o  p h a se  sep ara tio n  e x is ts  b e tw e e n  
io n o m e r  and  s il ic a . M o r e o v e r , th e  th erm al s ta b ility  and  sto ra g e  m o d u lu s  o f  io n o m e r  
in c r e a se  a fter h y b r id iz a tio n .

F u rth erm ore , Jan g  and Park (2 0 0 2 )  h a v e  s u c c e s s fu lly  p rep ared  p o ly sty ren e -  
s i l ic a  h yb rid  m a ter ia ls  from  sty ren e  and tetraeth y l o r th o s il ic a te  (T E O S ) in  the  
p r e se n c e  o f  s i la n e -c o u p lin g  ag en t, w h ic h  is  3 -(tr im e th o x y s ily l) -p r o p y l-m e th a c r y la te  
(M P S ), b y  an in-situ s o l -g e l  p r o c e ss . T r ie th o x y s ily l gro u p  can  b e  in co rp o ra ted  in to  
p o ly s ty r e n e  as s id e  c h a in s  b y  th e  free -ra d ica l c o p o ly m e r iz a t io n  o f  p o ly s ty r e n e  w ith  
s i la n e -c o u p lin g  a g e n ts , and s im u lta n e o u s ly  p o ly s ty r e n e -s i l ic a  h yb rid  m a ter ia ls  w ith  
c o v a le n t  b o n d  b e tw e e n  tw o  p h a se s  w er e  fo rm ed  v ia  th e  s o l -g e l  rea c tio n . T h e  
p r e se n c e  o f  th e  s ila n e -c o u p lin g  ag en t p ro d u ced  b etter  h o m o g e n e ity  in  th e  resu ltin g  
m ater ia l and c a u se d  in c r e a se s  in  g la s s  tran sition  tem p era tu re , Tg d u e  to  th e  m o le c u la r  
m o tio n s  o f  th e  o rg a n ic  p o ly m e r  b e in g  restr icted  b y  th e  in o rg a n ic  p h a se s .

R e c u lu s a  et al. (2 0 0 2 )  sy n th e s iz e d  “ra sp b erry -lik e” h yb rid  s il ic a /p o ly s ty r e n e  
m a ter ia ls  c o n s is t in g  o f  sp h er ica l s i l ic a  b ea d s  su p p o rtin g  sm a lle r  p o ly s ty r e n e  p artic les  
b y  u s in g  n o n io n ic  su rfactan t as an e m u ls ify in g  a g en t and  so d iu m  p ersu lfa te  as an  
in itia tor . T h e y  d e te r m in e d  that th e  s i l ic a  is  in it ia lly  h y d r o p h ilic  an d  that its  su rface  
n e e d s  to  b e  m o d if ie d  to a l lo w  an ch o r in g  and p o ly m e r iz a tio n  o f  h yd ro p h o b ic  
m o n o m e r s . T h is  is  u su a lly  a c h ie v e d  b y  th e ad so rp tio n  o f  a m a c r o m o le c u le . T h ey  
c o n c lu d e d  that th e  fin a l m o r p h o lo g y  o f  th e  n a n o h y b r id s is  s tr o n g ly  d ep e n d e n t o n  the
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p r e se n c e  o f  th e  ad so rb ed  m a cro m o n o m er . M o reo v er , th e  m a c r o m o n o m e r  d er iv a tiv e  
n o t o n ly  e n a b le s  th e  p ro d u ctio n  o f  rasp b erry lik e  s il ic a -p o ly s ty r e n e  m ater ia ls , but a lso  
e n su res  stro n g  a tta ch m en t o f  th e  p o ly s ty r e n e  p a rtic le s  o n  th e  s i l ic a  su rface .

2.6 Muscovite Mica

T h e req u irem en t o f  th e  fla t su rfa ces for  e f f ic ie n t  A F M  o p era tio n  h as  
c o n cen tra ted  m o st  o f  th e  research  o n  sy s te m s  su ch  as g la s s , quartz, s il ic a , grap h ite , or  
m ic a  su b strate . B e c a u se  it ’s w e l l-d e f in e d  stru ctu re and a to m ic  sm o o th n e ss  o f  th e  
su rfa ce , m ic a  s e e m e d  to  b e  a c o n v e n ie n t  m o d e l ad so rb en t to  in v e s t ig a te  v ia  a to m ic  
fo r c e  m ic r o sc o p e .

M u s c o v ite  m ic a  is  a 2:1 la y ered  s il ic a te  and its  crysta l stru ctu re  c o n s is ts  o f  
tw o  tetrahed ral s i l ic a  sh e e ts  sa n d w ic h in g  an octah ed ra l a lu m in a  sh ee t. O n  av erag e  
o n e  s il ic o n  a to m  o f  fou r  is rep la ced  b y  a lu m in u m , g iv in g  r ise  to  lo c a liz e d  n e g a tiv e  
su r fa ce  c h a rg es  that are m o re  h o m o g e n e o u s ly  d istr ib u ted  th an  th o se  o f  
m o n tm o r illo n ite . T h ere fo re , m u sc o v ite  is b etter  su ited  to  se r v e  as su b stra te  for  su ch  
stu d ie s  (O sm a n  et al. , 2 0 0 0 ).

N a r k ie w ic z -M ic h a le k  ( 1 9 9 2 )  illu stra ted  m u sc o v ite  m ic a  ( id e a l form u la , 
KAl2(AlSi3 0 io)(OH)2) as a la yered  a lu m in o s ilic a te  m in era l c o n s is t in g  o f  1 n m  th ick  
sh e e ts  that b u ild u p  an  a n iso tro p ic  structure. T h e  io n ic  b o n d s h o ld in g  th e sh e e ts  
to g e th e r  in  th e  cry sta l are w e a k  co m p a red  w ith  th e  c o v a le n t  b o n d s  w ith in  e a c h  sh eet  
w h ic h  fa c il ita te  c le a v a g e  b e tw e e n  sh e e t  p la n es. T h e se  m o le c u la r ly  sm o o th  b asa l 
p la n e s  carry a la rg e  n e g a tiv e  ch a rg e  (1 c h a r g e /0 .4 8  n m 2) b e c a u se  o n  th e  a v era g e  o n e  
s il ic o n  a to m  o u t o f  fo u r  is rep la ced  b y  a lu m in u m  atom . B e c a u se  its  w e ll-d e f in e d  
stru ctu re and m o le c u la r ly  sm o o th  su rface , m ic a  se e m e d  to  b e  a c o n v e n ie n t  m o d e l 
ad so rb en t to  in v e s t ig a te  that co m b in e d  e f fe c t  o f  su r fa ce  h e te r o g e n e ity  and m u ltis ite  
o c c u p a n c y  ad so rp tio n .

In fact, S ak h alkar and H irt (1 9 9 5 )  h a v e  in d ica ted  th e  p r e se n c e  o f  
in h o m o g e n e ity  at th e  quartz su rfa ce  that e ffe c t  th e  u n ifo r m ity  o f  th e  a d so rb ed  layer.

In a recen t stu d y, C an trell and E w in g  ( 2 0 0 1 )  h a v e  b e e n  sh o w n  that 
m u s c o v ite  m ic a  is  a p op u la r  c h o ic e  fo r  th e  s tu d y  o f  in ter fa c ia l p h e n o m e n a  b e c a u se  its  
a lm o st  p e r fec t  c le a v a g e  a lo n g  th e  (0 0 1 )  p la n e  r e m o v e s  th e  c o m p le x it ie s  in trod u ced
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b y  r o u g h n e ss . F u rth erm ore, w a ter  h a s an a ffin ity  for th e  su r fa ce  o f  m ic a . T h e y  a lso  
in v e s t ig a te d  th in  f ilm  w a ter  o n  m u s c o v ite  m ic a  w h ic h  sh o w n  that w a ter  ad sorb ed  to  
th e  (0 0 1 )  p la n e  o f  m u s c o v ite  m ic a  h as an in frared  sp ectru m  c o n s is te n t  w ith  a 
b o n d in g  n e tw o r k  that is  m o re  structured  than that fou n d  in  b u lk  w ater .

2.7 Atomic Force Microscopy

T h e  a to m ic  fo rce  m ic r o sc o p e  (A F M ), or sc a n n in g  p ro b e  m ic r o s c o p e  (S P M )  
is  b e c o m in g  in c r e a s in g ly  im p ortan t in  p o ly m e r  ch a ra cter iza tio n  w ith  regard  to b oth  
su r fa ce  to p o g r a p h y  an d  m e c h a n ic a l p rop erties . L ik e  a ll o th er  sc a n n in g  p rob e  
m ic r o s c o p e s , th e  A F M  g e n e r a lly  o p era tes  b y  sc a n n in g  a r e la tiv e  sharp tip , attach ed  
to  a c a n tile v e r  b e a m , a cro ss  th e  su r fa ce  o f  a sa m p le  in  a raster sca n . T h e  sa m p le  to  
b e  im a g e d  w a s  p la c e d  o n  a p ie z o e le c tr ic  tu b e  sca n n er  that e n a b le s  an a ccu ra te  sca n  in  
th e  h o r iz o n ta l (x -y ) p la n  w h ile  m o v in g  in  th e  ver tica l (z ) d irec tio n  (F ig u r e  2 .3 ) . A  
co n sta n t lo a d  is  a p p lie d  w h ile  th e  tip  is  scan n ed . T h e  w a y  in  w h ic h  im a g e s  con trast  
is  o b ta in e d  ca n  b e  a c h ie v e d  in  m a n y  w a y s . T h e  th ree  m a in  c la s s e s  o f  in tera ctio n  are 
c o n ta c t  m o d e , ta p p in g  m o d e  and n o n -c o n ta c t  m o d e .
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Figure 2.3 A  sc h e m a tic  illu stra tio n  o f  th e  A F M  se t  up.

2 .7 .1  C o n ta c t  M o d e
C o n ta c t  m o d e  is  th e  m o st  c o m m o n  m e th o d  o f  o p e ra tio n  o f  th e  A F M . 

A s  th e n a m e  s u g g e s ts , c o n ta c t  m o d e  is  op era ted  b y  sc a n n in g  a tip  a tta ch ed  to  th e  en d  
o f  c a n tile v e r  a c r o ss  th e  sa m p le  w h ile  m o n ito r in g  th e  c h a n g e  in  c a n t ile v e r  d e fle c t io n  
w ith  a sp lit  p h o to d io d e  d etec tor . T h e  tip  c o n ta c ts  th e  su r fa ce  th ro u gh  th e  ad sorb ed  
f lu id  la y er  o n  th e  sa m p le  su rfa ce . T h e  “ to p o g r a p h ic ” in fo r m a tio n  a b o u t th e  su rface  
is  th en  d e d u c e d  b y  m e a su r in g  th e c a n tile v e r  d e f le c t io n  d u rin g  sc a n n in g . H o w e v e r , 
th e  tip  can  ex er t c o n s id e r a b le  fo r c e s  to  th e  sa m p le  su r fa ce , th ereb y  c a u s in g  sa m p le  
d e fo r m a tio n , so  that th e  h e ig h t im a g e s  m a y  n o t rep resen t th e  true top og rap h ic  
in fo rm a tio n  o f  th e  sa m p le  su rfa ce . T o  o v e r c o m e  su c h  d if f ic u lt ie s , ta p p in g  m o d e  
A F M  w a s  in tro d u ced .

2 .7 .2  T a p p in g M o d e ™
T a p p in g M o d e ™  A F M  o p era tes  b y  sc a n n in g  a tip  a tta ch ed  to en d  o f  

an o s c i l la t in g  c a n t ile v e r  a c ro ss  th e  sa m p le  su rfa ce . B y  th is  m e th o d , th e  ca n tilev er  
o s c i lla te s  v e r t ic a lly  n ear its  r e so n a n c e  freq u en cy , so  that th e  tip  m a k e s  c o n ta c t w ith  
th e  sa m p le  su r fa ce  o n ly  b r ie f ly  in  e a c h  c y c le  o f  o s c i l la t io n . W h e n  th e  A F M  tip is
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b rou gh t c lo s e  to  th e  sa m p le  su rfa ce , the v ib ra tio n  ch a ra cter istic  ( i .e . ,  the force  
c o n sta n t, r e so n a n c e  freq u en cy , p h a se  a n g le , and a m p litu d e )  o f  th e  c a n tile v e r  ch a n g e  
d u e  to  t ip -sa m p le  in tera c tio n  and th e co n ta m in a tio n  la yer  o n  th e  sa m p le  su rfa ce  (B ar  
et al. , 1 9 9 7 ). A d d it io n a lly , th e  o p era tio n  o f  tap p in g  m o d e  can  tak e  p la c e  in  am b ien t  
and liq u id  e n v ir o n m e n t w ith  th e h ig h  r e so lu tio n  o f  su r fa ce  to p o g ra p h y .

2 .7 .3  N o n -c o n ta c t  M o d e
N o n -c o n ta c t  m o d e  o p era tio n  is  an o th er  m e th o d  that m a y  b e  em p lo y e d  

w h e n  im a g in g  b y  A F M . T h e  c a n tile v e r  is  o sc i lla te d  at a freq u en cy , w h ic h  is  s lig h tly  
a b o v e  th e  c a n t ile v e r ’s r e so n a n ce  freq u en cy . T h e  tip  d o e s  n o t c o n ta c t  th e  sa m p le  
su rfa ce , but o s c i l la te s  a b o v e  the ad so rb ed  flu id  layer  o n  th e  su r fa ce  d u r in g  im a g in g . 
T h is  is  v e r y  d if f ic u lt  m o d e  to op era te  in  am b ien t c o n d it io n s  w ith  th e  A F M . T h e  th in  
layer  o f  w a ter  c o n ta m in a tio n  w h ic h  e x is ts  o n  th e su r fa ce  o n  th e  sa m p le  w ill  
in v a r ia b ly  form  a sm a ll ca p illa ry  b r id g e  b e tw e e n  th e  tip  and  th e  sa m p le  an d  ca u se  the  
tip  to “ju m p -to -c o n ta c t”
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