
CHAPTER I 
IN T R O D U C T IO N

1.1 B ackground

T h e  fa b ric a tio n  o f  m a te r ia ls  w ith  o n e -d im e n s io n a l n a n o sc a le  s tru c tu re  is o f  
g re a t p ro m ise  fo r  th e  fu n d a m e n ta l u n d e rs ta n d in g  o f  th e  ro le s  o f  d im e n s io n a lity  a n d  size  
in  an  o p tic a l, e le c tr ic a l, an d  m e c h a n ic a l p ro p e rtie s  w ith  re fe re n c e  to  a p p lic a tio n s  in  
se m ic o n d u c to r , m e c h a n ic a l, an d  c h e m ic a l in d u s tr ie s . P o ly m e r  n a n o fib re s  a re  o f  
c o n s id e ra b le  in te re s t fo r  v a r io u s  k in d s  o f  a p p lic a tio n s  in c lu d in g  f ilte rs , re in fo rc in g  
ag en ts , b io m e d ic a l m a te r ia ls  an d  f ib re  tem p la te s  to  p rep a re  n a n o tu b e s . R e c e n tly , th e re  
h as  b een  a g ro w in g  in te re s t in  o n e -d im e n s io n a l, in o rg a n ic  n a n o s iz e d  m a te r ia ls  su c h  as 
c a rb o n  n a n o tu b e s , c a rb o n  n an o ro d s , s ilic a  an d  tita n ia  n a n o fib re s /n a n o tu b e s . T h e se  o n e ­
d im e n s io n a l n a n o m a te r ia ls  e x h ib it so m e  no v e l p h y s ic a l an d  c h e m ic a l p ro p e r tie s  d u e  to  
th e ir  p e c u lia r  s tru c tu re  an d  s ize  e ffec t, an d  a re  o f  g re a t im p o rta n c e  in  n a n o d e v ic e s  and  
m e so sc o p ic  th e o re tic a l re se a rch . H en ce , it is  v e ry  in te re s tin g  to  c o n d u c t th e  re se a rc h  in  
th is  fie ld . F ro m  th is  p o in t, it c o m e s  to  a  v e ry  im p o rta n t q u e s tio n  o f  th e  h o w  n a n o fib re s  
a re  fab rica ted .

F ro m  v a rio u s  ty p e s  o f  sp in n in g  te c h n iq u e , e le c tro sp in n in g  te c h n iq u e  is  an  
e ffe c tiv e  m e th o d  fo r p ro d u c in g  n an o fib re s . P rev io u s ly , th e re  a re  tw o  ro u te s  fo r  m a k in g  
u ltra -f in e  f ib re s  c o m m e rc ia lly  th a t a re  d irec t sp in n in g  an d  c o n ju g a te  sp in n in g . In  d ire c t 
sp in n in g  m e th o d , th e  c o n d itio n s  o f  c o n v en tio n a l sp in n in g  a re  o p tim ise d  so  a s  to  b e  
su ita b le  fo r th e  p ro d u c tio n  o f  u ltra -f in e  fib res. In th e  c o n ju g a te  sp in n in g , u ltra - f in e  fib re s  
a re  p ro d u c e d  b y  e x tru s io n  o f  p o ly m e r c o m p o n e n ts  a rran g ed  a lte rn a te ly  su ch  as  in  th e  
is la n d s- in -a -se a , s e p a ra tio n  o r sp littin g , and  m u lti- la y e r  ty p e s , a n d  th e n  sp litt in g  th e se  
c o m p o n e n ts  in to  fib res.

In re c e n t y ea rs , d u e  to  fu r th e r  u n d e rs ta n d in g  an d  c o n tin u in g  d e v e lo p m e n t o f  th e  
te c h n iq u e , e le c tro sp in n in g  o ffe rs  to  be  a n ew  m eth o d  th a t can  m a k e  u ltra -f in e  f ib re s  w ith  
d ia m e te rs  in  th e  n an o m e tre  ran g e . In th is  p ro cess , it in v o lv es  th e  a p p lic a tio n  o f  a  s tro n g
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e le c tro s ta tic  f ie ld  b e tw e e n  c a p illa ry  c o n n ec ted  w ith  a  re se rv o ir  c o n ta in in g  a  p o ly m e r 
so lu tio n  o r  m e lt  an d  a  co lle c tio n  sc reen . U n d e r th e  in flu en ce  o f  th e  e le c tro s ta tic  fie ld , a  
p e n d a n t d ro p le t  o f  th e  p o ly m e r  so lu tio n  a t th e  c a p illa ry  tip  is d e s ta b ilis e d  in to  a  co n ica l 
sh a p e  (T a y lo r  co n e). I f  th e  v o lta g e  su rp a sse s  a  th re sh o ld  v a lu e , e le c tro s ta tic  fo rces  
o v e rc o m e  th e  su rfa c e  te n s io n , an d  a  f in e  ch a rg ed  j e t  is  e je c ted . T h e  je t  m o v es  to w a rd s  a  
g ro u n d e d  c o lle c tio n  p la te . D u e  to  th e  ex ten s io n a l v isc o s ity  o f  th e  p o ly m e r so lu tio n  an d  
th e  p re se n c e  o f  e n ta n g le m e n ts , th e  j e t  rem ain s  s ta b le  an d  d o e s  n o t tra n s fo rm  in to  
sp h e rica l d ro p le ts  as  e x p e c te d  fo r a  liq u id  c y lin d ric a l th read . T h e  so lv e n t b e g in s  to  
e v a p o ra te  im m e d ia te ly  a fte r  th e  fo rm a tio n  o f  th e  je t .  T h e  re su lt is th e  d e p o s itio n  o f  a  th in  
p o ly m e r  f ib re  o n  a  su b s tra te  lo c a te d  a b o v e  th e  c o u n te r  e lec tro d e .

T h e  fo rm a tio n  o f  f ib re s  fro m  th is  sp in n in g  p ro c e ss  c a n  b e  d iv id e d  in to  tw o
p arts .

(1 ) T h e  in itia tio n  o f  th e  je t .
(2 ) T h e  c o n tin u o u s  f lo w  o f  th e  j e t

T h e  in itia tio n  o f  th e  je t

In  e le c tro sp in n in g , in itia tio n  and  fo rm a tio n  o f  th e  je t  a re  c o m p le x  an d  
in te re s tin g  p ro c e sse s . T h e  in itia tio n  is less im p o rtan t th a n  th e  m a in te n a n c e  o f  a  s ta b le  je t ,  
b u t it is an  e sse n tia l s tep  to  th e  te ch n iq u e .

B e fo re  th e  e le c tr ic  f ie ld  is ap p lied  to  th e  p o ly m e r so lu tio n s , an d  w h e n  th e  
c a p illa ry  tu b e  o r  n o z z le  is in  a  v e rtic a l p o s itio n  an d  c a rrie s  a  d ro p  to  th e  tip  o f  n o z z le , th e  
re la tio n  b e tw e e n  th e  su rface  te n s io n  an d  the  h e ig h t o f  th e  c o lu m n  o f  liq u id  u n d e r 
e q u ilib r iu m  c o n d itio n s  is g iv en  by

2 y ( l /R  +  1/r) =  p g h  (1)
w h e re  y is th e  su rface  te n s io n  o f  th e  liq u id  o f  d en sity  p , h is th e  h e ig h t o f  th e  c o lu m n  o f  
liq u id  ab o v e  th e  lo w est su rface  o f  th e  d ro p , R  is th e  ra d iu s  o f  c u rv a tu re  o f  th e  liq u id  at 
th e  u p p er liq u id  su rface  an d  r is th e  ra d iu s  o f  c u rv a tu re  o f  th e  liq u id  at th e  lo w e r su rface



o f  th e  liq u id . T h e  d ro p  fo rm a tio n  can  be  o b se rv ed  w ith o u t an  ap p lied  e lec tr ic  fie ld . I f  th e  
h y d ro s ta tic  p re s su re  is h ig h  en o u g h , a  j e t  is fo rm ed  in s tead  o f  a  d ro p  (M ic h e lso n , 1990).

C o n s id e r  a  d ro p le t o f  p o ly m e r so lu tio n s  th a t is a p p lie d  to  a  h ig h  e lec tr ic  fie ld . 
C h a rg es  a re  p re se n t in  th e  liq u id  rep e l o n e  an o th e r. T h e  re p u ls io n  fo rce s  a re  o p p o se d  to  
th e  fo rce s  o f  su rfa c e  te n s io n  o f  th e  liq u id  m o lecu les . T h e  p o ly m e r  d ro p le t b e c o m e s  
u n s ta b le  w h e n  re p u ls iv e  fo rce  fro m  ch a rg ed  su rface  b e c o m e s  la rg e  e n o u g h  to  o v e rco m e  
th e  s ta b ilis in g  fo rce  o f  su rfa c e  ten s io n . T h e  c o n d itio n s  th a t  a re  n e c e ssa ry  fo r a  ch a rg e d  
su rface  to  b e c o m e  u n s ta b le  can  b e  d e sc rib ed  b y  co n s id e r in g  a  fo rc e  eq u ilib r iu m  
eq u a tio n ,

V* =  (47rry)1/2
w h e re  V* is th e  c ritic a l p o te n tia l, r  is  th e  d ro p le t rad iu s , an d  y is th e  su rfa c e  te n s io n  o f  
th e  so lu tio n . F o r  th e  d ro p le ts  su b jec ted  to  a  h ig h e r  p o te n tia l, V  >  V» th e  d ro p le t 
e lo n g a te s  in to  a  c o n e - lik e  sh a p e  th a t w as  d e sc rib ed  m a th e m a tic a lly  b y  T a y lo r  a n d  o f te n  
re fe rre d  to  as a  T a y lo r  cone .

T h e  ch a rg e  p e r  u n it a rea  at th e  tip  o f  th is  T a y lo r  c o n e  b e c o m e s  h ig h e r  as th e  
ra d iu s  n e a r  th e  tip  o f  th e  co n e  d ec rea ses . A s th e  p o te n tia l is  in c re a se d , b e y o n d  th e  
s ta b ility  lim it, a  j e t  o f  liq u id  e jec ted  fro m  th e  tip  o f  th e  co n e . A fte r  j e t  in itia tio n , th e  
c o n e  sh ap e  c a n n o t b e  m a in ta in e d  i f  th e  f lo w  o f  so lu tio n  to  th e  c a p illa ry  o r  n o z z le  t ip  
d o e s  n o t m a tc h  th e  ra te  a t w h ic h  th e  so lu tio n  is b e in g  re m o v e d  b y  th e  je t .  H o w e v e r , th e  
e le c tro s ta tic a lly  d r iv e n  j e t  m ay  c o n tin u e  to  f lo w  a fte r  th e  c o lla p se  o f  th e  co n e , e v e n  
th o u g h  th e  sh a p e  o f  th e  su rface  fro m  w h ich  th e  e s ta b lish e d  j e t  o r ig in a te s  is  ra d ic a lly  
d iffe re n t fro m  th e  c o n ic a l sh ap e  seen  a t th e  tim e  o f  th e  je t  in itia tio n .

T h e  c o n tin u o u s  f lo w  o f  th e  jet

O rig in a lly , th e  m e c h a n ism  o f  th e  ap p e a ra n ce  o f  a  s tab le  e le c tro sp in n in g  j e t  
se p a ra te s  in to  fo u r re g io n s  as sh o w n  in fig u re  1.1. T h e  je t  e m e rg e s  fro m  th e  c h a rg e d  
su rfa c e  at th e  b a se  re g io n , tra v e ls  th ro u g h  th e  je t  reg io n , d iv id e s  in to  m an y  fib re s  in  th e  
sp la y in g  re g io n , an d  s to p s  in th e  c o lle c tin g  reg ion .
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F ig u r e  1.1 S c h e m a tic  d raw in g  o f  an  e le c tro sp in n in g  se t-u p .

A fte r  o b se rv a tio n  o f  th e  j e t  fo rm a tio n  th ro u g h  th e  h ig h  sp e e d  e le c tro n ic  c a m e ra  
w h ic h  re c o rd e d  u p  to  2 0 0 0  fram es  p e r  se co n d  w ith  a  tim e  re so lu tio n  o f  a p p ro x im a te ly  
0 .0 1 2 5  m s, th e  m e c h a n ism  is a lte red  fro m  p re v io u s  m e c h a n ism  (R e n e k e r  e t  a l ,  2 0 0 0 ). 
A fte r  a  c h a rg e d  j e t  is  e je c ted  fro m  th e  d ro p le t, it w ill f lo w  c o n tin u o u s ly  u n d e r  th e  
in f lu e n c e  o f  th e  e le c tr ic  fie ld . T h e re  a re  tw o  k in d s  o f  e le c tr ic a l fo rce s  th a t a c t o n  th e  je t .  
O n e  fo rce  is fro m  th e  ex te rn a l fie ld  th a t tr ie s  to  pu ll th e  je t  to w a rd  co lle c to r. A n o th e r  
fo rce  is  th e  s e lf - re p u ls io n  b e tw een  th e  c h a rg e s  ca rried  by  a d ja c e n t se g m e n ts  o f  th e  je t  
th a t try  to  p u sh  e a c h  o th e r  ap art. T h e  se lf-re p u ls io n  can  a lso  ca u se  d iffe re n t ty p e s  o f  
in s ta b ility  su c h  as b e n d in g  in s ta b ility  an d  sp littin g  in s tab ility .

In  e le c tr ic a lly  d riv en  b e n d in g  in s tab ility , a lte rn a tiv e ly  re fe rre d  to  as in s ta b ility , 
th e  j e t  ro ta te s  in  a  co n ica l reg io n , w h o se  v e rte x  is th e  en d  o f  th e  s tra ig h t je t. T h e  o th e r  
en d  o f  th e  je t ,  w h ic h  is h ig h ly  s tre tch ed , an d  red u ced  in d ia m e te r, is d e p o s ite d  o n  the 
c o lle c to r  as a re su lt o f  th e  fast w h ip p in g  m o tio n s . P rev io u s  o b se rv a tio n s  a t c o a rse r  tim e  
re so lu tio n  led  to  th e  m ech an ism  w h e re , in s tead  o f  a  s in g le  w h ip p in g  fiber, a  la rg e  
n u m b e r o f  sm a lle r  d ia m e te r  fib res  a re  fo rm ed  at th e  end  o f  th e  in itia l s tra ig h t j e t  u n d e r
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th e  ac tio n  o f  c h a rg es  p re sen t, an d  a re  d ep o s ited  in d ep en d en tly  on  th e  c o lle c to r  (S h in  e t  

a l ,  2001 ).
T h e  j e t  fo llo w e d  a b e n d in g , w in d in g , sp ira lin g  a n d  lo o p in g  p a th  in  th re e  

d im en s io n s . T h e  j e t  in  each  lo o p  g re w  lo n g e r an d  th in n e r  as th e  lo o p  d ia m e te r  in c rea sed . 
A fte r  so m e  tim e , se g m e n t o f  a  lo o p  su d d en ly  d ev e lo p ed  a  n e w  b e n d in g  in s ta b ility , b u t at 
a  sm a lle r  sca le  th a n  th a t o f  th e  firs t one. E ach  cy c le  o f  b e n d in g  in s ta b ility  c an  be  
d e sc rib ed  in  th re e  s tep s  (R e n e k e r e t  a l ,  2000).

S tep  1: A  sm o o th  se g m e n t th a t w as  s tra ig h t o r  s lig h tly  c u rv e d  su d d e n ly  
d e v e lo p e d  a n  a rra y  o f  b en d s .

S tep  2: T h e  seg m en t o f  th e  je t  in  each  b en d  e lo n g a te d  an d  th e  a rra y  o f  b en d s  
b ecam e  a  se r ie s  o f  sp ira lin g  lo o p s  w ith  g ro w in g  d iam ete rs .

S tep  3: A s th e  p e rim e tre  o f  th e  lo o p s  in c reased , th e  c ro ss -se c tio n a l d ia m e te r  o f  
th e  j e t  fo rm in g  th e  lo o p  g rew  sm alle r; th e  co n d itio n s  o f  th e  f irs t s tep  w e re  e s ta b lish e d  o n  
a  sm a lle r  sca le , an d  th e  n e x t cy c le  o f  b e n d in g  in s tab ility  b egan .

T h is  c y c le  o f  in s tab ility  w as  o b se rv ed  to  re p e a t in  a  sm a lle r  sc a le . It w a s  
in fe rred  th a t  a  la rg e r  n u m b e r o f  cy c le s  o ccu rred  re su lte d  in  a  d e c re a se  in  th e  je t  
d ia m e te rs , h e n c e  a  d e c re a se  in  th e  d ia m e te r  o f  th e  o b ta in ed  f ib re s . T h e  f lu id  j e t  so lid if ie s  
as  it d ried  an d  e le c tro sp u n  n an o fib re s  w ere  c o lle c ted  so m e d is ta n c e  b e lo w  th e  e n v e lo p e  
cone .

B y  a p p ly in g  a  seco n d a ry  ex te rn a l fie ld  o f  th e  sa m e  p o la rity  as  th e  su rfa c e  
ch a rg e  o n  th e  je t ,  it is p o ss ib le  to  co n tro l o r e lim in a te  th e  b e n d in g  in s ta b ility  (D e itz e l e t  

a l ,  2 0 0 1 ). T h is  m e c h a n ism  a llo w s fo r g rea te r  co n tro l o v e r th e  d e p o s itio n  o f  e le c tro sp u n  
fib re  on  a  su rfa c e  an d  fo r  co lle c tio n  o f  e lec tro sp u n  fib res  in  o th e r  fo rm s b e s id e s  n o n - 
w o v e n  m ats .

A n o th e r  in s ta b ility  o f  th e  ch a rg ed  je t  is the  sp littin g  in s tab ility . It o c c u rs  w h e n  
th e  ch a rg e d  j e t  in c re a se s  as th e  so lv e n t ev ap o ra te s . T he e lo n g a tio n  o f  th e  je t  can  re d u c e  
ch a rg e  p e r u n it su rfa c e  a rea  s in ce  e lo n g a tio n  increases  th e  su rfa c e  o f  a  p a r t ic u la r  m ass. 
T h e  c h a rg ed  je t  can  re d u c e  its ch a rg e  p e r un it su rface  a rea  by e je c tin g  a  sm a lle r  j e t  fro m  
th e  su rface  o f  th e  p rim a ry  je t ,  o r  by  sp littin g  ap a rt to  fo rm  tw o sm a lle r  je ts . T h is
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in s ta b ility  o f  th e  j e t  is a lso  o b se rv e d  in  th e  p rev io u s  m e c h a n ism , w h ich  is in p a rt o f  
sp la y in g  reg io n .

H o w e v e r , th e re  are  so m e  p ro b le m s  w h ic h  m u st be o v e rc o m e ; e .g ., w h a t sh o u ld  
b e  th e  b e s t p re c u rso r  fo r p ro d u c in g  s ilic a  n an o fib re s?  S ila tran e  co m p le x e s  s tan d  as  a  
v e ry  g o o d  c a n d id a te  fo r th is  p ro c e ss . S ila tran e  c o m p lex es  a re  o n e  o f  a  fam ily  o f  
o rg a n o s ilic o n  c o m p o u n d s , th e se  co m p o u n d s  a re  d e riv ed  fro m  tr ia lk a n o la m in e  su c h  as  
tr ie th a n o la m in e , tr iiso p ro p a n o la m in e . T h ey  h av e  s ilic o n -n itro g e n  co o rd in a tio n  in  th e  
s tru c tu re . T h e se  a re  h y d ro ly tic a lly  s ta b le  an d  h av e  u n iq u e  p h y s ic a l p ro p e rtie s . T h ey  c a n  
be  s ta b le  in  a ir  (m o is tu re )  fo r  p e r io d s  o f  u p  to  sev e ra l w e e k s  in  th e ir  b u lk  fo rm s. W ith  
th e se  re a so n s  th e  s ila tra n e  c o m p le x e s  can  b e  se rv ed  as  p re c u rso rs  in  e le c tro sp in n in g  
p ro c e ss  b y  a  so l-g e l te ch n iq u e .

In  so l-g e l m e th o d , th is  h as  w id e ly  b een  u sed  as  an  a lte rn a tiv e  te c h n o lo g y  fo r  
th e  p re p a ra tio n  o f  a  w id e  v a r ie ty  o f  fo rm s in c lu d in g  m o n o lith s , p o w d e rs , c o a tin g s , a n d  
fib re s  b e c a u se  th e  co n v e n tio n a l m e th o d  req u ire s  h ig h  te m p e ra tu re  w h ic h  o ften  lim its  th e  
c o n tro l o f  th e  m ic ro s tru c tu re , p ro p e rtie s , sh ap e , an d  su rface  fe a tu re s  o b ta in ed . T h e  g o a l 
o f  th is  m e th o d  is  to  u se  lo w  te m p e ra tu re  ch em ica l p ro cess  to  p ro d u c e  n e t-sh a p e , n e t-  
su rfa c e  o b je c ts , o r  c o m p o s ite s  th a t can  be  u sed  c o m m e rc ia lly  a f te r  a  m in im u m  o f  
a d d itio n a l p ro c e s s in g  step .

S o l-g e l te c h n o lo g y  is th e  p re p a ra tio n  o f  c e ram ic , g lass , o r  c o m p o s ite  m a te r ia ls  
b y  th e  p re p a ra tio n  o f  a  so l, g e la tio n  o f  th e  so l, and  rem o v a l o f  th e  so lv en t. P o te n tia l 
a d v a n ta g e s  o f  th e  so l-g e l p ro c e ss  in c lu d e :

(1 ) T h e  a b il i ty  to  m a in ta in  h ig h  p u rity
(2) T h e  a b il i ty  to  v a ry  c o m p o s itio n a l h o m o g e n e ity  a t a  m o le c u la r  lev e l
(3 ) L o w  te m p e ra tu re s  o f  p ro c e ss in g  th a t lead  to  sa v in g  in  en e rg y
(4) P re p a ra tio n  o f  n e w  c ry s ta llin e  p h ases  and  n e w  n o n c ry s ta llin e  so lid s
(5) T h e  a b ility  to  p ro d u c e  sa m p le s  in  d iffe ren t p h y s ic a l fo rm s
(6) U ltra s tru c tu re  co n tro l o f  m a te r ia ls  by  m a n ip u la tin g  n e tw o rk  fo rm a tio n  fro m  

e a r ly  s ta g e s  o f  sol fo rm a tio n
(7) P re p a ra tio n  o f  m a te ria ls  h av in g  im p ro v ed  p h y s ic a l p ro p e rtie s
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O n  th e  o th e r  h an d , th is  te c h n iq u e  h o ld s  so m e  d ra w b a c k s  w h ic h  a re  th e  
sh rin k a g e  o f  th e  c e ra m ic s  from  rem o v a l o f  th e  so lv e n ts  an d  th e  n e e d  fo r  e x p e n s iv e  h ig h - 
p u rity  a lk o x id e s . T h is  te n d s  to  lim it th e  u se  o f  th e  p ro c e ss  fo r  b u lk  c e ra m ic s , b u t is  a  
m in o r  fo r sp e c ia l a p p lic a tio n s  o r  th o se  c a se s  w h e re  c o n v e n tio n a l te c h n o lo g y  fa ils .

T h e  h a n d lin g  o f  p re c u rso r  by  h e a t tre a tm e n t is an  im p o rta n t fa c to r  n e e d e d  to  b e  
c o n s id e re d . G e n e ra lly , th e  so l-g e l p ro c e ss  is  th e  sy n th es is  o f  an  in o rg a n ic  n e tw o rk  a t lo w  
te m p e ra tu re  b y  a  c h e m ic a l re ac tio n  in  so lu tio n . T h is  te c h n iq u e  in v o lv e s  a  tra n s itio n  
c h a ra c te r ise d  b y  a re la tiv e ly  ra p id  c h a n g e  from  a  liq u id  (so lu tio n  o r c o llo id a l so lu tio n )  
in to  a  so lid  (g e l- lik e  s ta te ) .

S o l-g e l te c h n o lo g y  can  b e  d iv id e d  in to  tw o  ty p es. F irs tly , c o llo id a l m e th o d  
in v o lv e s  th e  su sp e n s io n  o f  so lid  p a r tic le s  in  a  liq u id  to  fo rm  a  so l. S eco n d ly , p o ly m e ric  
m e th o d  in v o lv e s  p o ly m e risa tio n  o f  o rg a n o m e ta llic  c o m p o u n d s , su c h  a s  a lk o x id e s  th a t  
p ro v id e  a  c o n v e n ie n t so u rc e  fo r in o rg a n ic  m o n o m e rs  to  fo rm  a  g e l w ith  th ree - 
d im e n s io n a l n e tw o rk  s tru c tu re . T h e  m e ta l a lk o x id es , M (O R )n, g e n e ra lly  c o n s is t o f  m e ta l 
a to m , M , b o n d e d  th ro u g h  o x y g e n  a to m  to  one  o r m o re  a lk y l g ro u p s , w h e n  ท is th e  
v a le n c e  o f  th e  ca tio n .

G e n e ra lly , th e  p re c u rso r  is d is so lv e d  in  a  su itab le  o rg a n ic  so lv e n t in  o rd e r  to  
o b ta in  a  so lu tio n . T h e  so lv e n t m u s t b e  ca re fu lly  se le c te d  so  th a t  a  so lu tio n  w ith  h ig h  
c o n c e n tra tio n  o f  th e  re q u ire d  c o m p o n e n t is ob ta in ed .

Sol-gel processing involves the following steps:
1. H y d ro ly s is  o f  p re c u rso r
2. P o ly c o n d e n sa tio n
3. G e l fo rm a tio n
4. Organic pyrolysis by heat treatment
The first step, starting materials (metal alkoxides) are mixed in a selected 

solvent system to form a solution. In the gelation process, the transition from a solution 
into solid, involves simultaneous hydrolysis and polycondensation of metal alkoxide 
precursor. Many factors influence the rate of hydrolysis and condensation because both 
processes often occur simultaneously. The most important variables are temperatures,
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nature and concentration  o f  electro lyte , nature o f  so lven t, and types o f  a lk ox id e  
precursor. The fo llo w in g  step, p yro lysis, is necessary to con vert g e l into a u sefu l form.

S o l-g e l p rocess can be done at the am bient con d ition  (vacuum  is not n eed ed ). 
A nother advantage o f  this p rocess is in expen sive as com pared  to other d ep osition  
techniques. M aterials can be produced in a variety o f  form s, such  as fin e p ow ders, thin  
film s, m on olith s and fibres. H ow ever, som e draw backs o f  the so l-g e l process are 
e x c e ss iv e  shrinkage that can cau se cracking.

A t present, m etal a lk ox id es are exp lo ited  as precursors for polym eric  ge l in  so l-«;
gel p rocessin g . T h ese  precursors are readily used  w ith  a su itab le organic so lv en t, w h ich  
is usually  a lcoh ol. The m etal a lk oxid e bond is in general extrem ely  su scep tib le  to 
hydrolytic reaction  leading to m etal hydroxides or hydrated ox id e . T he ch o ice  o f  an  
a lk ox id e  can be considered by m any factors includ ing m etal content, reactiv ity , 
availab ility , cost, and sen sitiv ity  to m oisture and d ecom p osition  tem perature.

A  com p oun d  with le ss  organic content and h igh  m etal content is a lw a ys a 
proper precursor. L ess organic so lven t cau ses in  less vo lu m etric shrinkage during drying  
and annealing. Therefore, film  has few er tendencies to crack. A lth ough , a com p oun d  
w ith  h igh  m etal content is usually  m uch m ore reactive, it m ay be d ifficu lt to prepare a 
stable solution . For a lk oxid es w ith  d ifferent alkyl groups, the reactiv ity u su ally  in creases  
in the order o f  m ethy l> eth yl> p rop yl> b uty l> h igher order alkyl groups.

In the gelation  step, there are tw o im portant reactions in p o lym eric  ge l 
form ation. T h ese  reactions are partial h yd ro lysis, fo llo w ed  by con d en sation  
polym erisation . P olym erisation  steps v ia  h ydrolysis and con d en sation  reaction are 
depicted  in the reaction sch em e 1 . 1 ;
R eaction  1 (H yd ro lysis)

M (OR)n +  H20  --------------- ►  M (O R )n-i(O H ) +  RO H
R eaction  2 (C ondensation)

M(OR)n + M (O R )„ .,(O H ) ---------------- ►  M 20 ( 0 R ) 2n-2 +  RO H
R eaction 3 (C ondensation)

M (O R )n-i(O H ) + M (O R )n.,(O H ) --------------- ►  M 20 ( 0 R ) 2n.2 + H20
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The M -O -M  netw ork product is form ed by p o lycon d en sation  reactions as in 
reactions 2 and 3, in w h ich  a lcoh ol and water are produced as the by-products. There are 
m any applications o f  controlled  hyd ro lysis to obtain a desired m olecu lar structure.

O ther param eters that need to be considered  are the ag in g  o f  ge l, rem oval o f  
so lven t, and heat treatm ent.

A g in g  represents the tim e b etw een  the form ation o f  a gel and the rem oval o f  
so lven t. A s  lon g  as the pore rem ains in the m atrix, a gel can undergo m any  
transform ations. For a lk ox id e  derived gels, condensation  b etw een  surface functional 
groups con tin u e to occu r after the g e l point. T h is process can actually  be desirable  
b ecau se  it lead s to a m ore cross-link ed  netw ork that is m ech an ica lly  stronger and easier  
to handle.

D ry in g  is a p rocess o f  evaporating so lven t from  a gel netw ork. S im ilar to ag ing, 
a g e l is not static during drying and, for that reason, drying can be v iew ed  as part o f  the  
overall ag in g  p rocess. The properties o f  product are thus depended  on  the drying m ethod  
and condition .

C alcination /S in terin g  often  is  done in  the p resen ce o f  a reactive gas (e .g . 
f low in g  air, o x y g en , or hydrogen) in order to bum  o f f  any organ ic residues or to o x id ize  
(or reduce) the sam ple. E xp osin g  the sam ple to a high tem perature over an extended  
period o f  tim e leads to sintering and con seq u en tly  a le ss  surface area. T he p rocess can  
also  cause the m aterial to crystallise  into different structural fo n n s. Thus, the physica l 
characteristics o f  the product depend on various param eters, such  as tem perature, 
heating rate, tim e and gaseou s environm ent.

From  the w ork on the electrospun s ilica  nanofibres v ia  so l-g e l p rocess, the 
electropsun  s ilica  nanofibres w ere prepared by so l-g e l techn ique. The so l precursors are 
prepared from  tetraethylorthosilicate (T E O S), S i(O C H 2C H 3)4. In recent years, there have  
been  efforts to syn th esise  m etal ox id e  (silica  or titania) nanofibres and nanotubes by the 
so l-g e l tem plate m ethod. M ean w h ile, preparation o f  m icron -sized  silica  fibres h ave been  
ach ieved  by extruding spinnable sol through an orifice.
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In this w ork , silica  nanofibres w ill be prepared by electrosp inning technique  
from  silatrane precursors.

1.2 Objectives

T he o b jectives o f  this research work are ะ
1. T o  prepare electrospun  s ilica  fibres from silatrane precursors
2. T o  characterise structures, m orp h ologies, and properties o f  the obtained  

electrosp u n  fibres
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