
CHAPTER II
L IT E R A T U R E  R E V IE W

S ilica  nanostructures, such  as nanow ires and nanofibres have attracted 
considerab le attention because o f  their unique properties and p rom ise for application  in  
m eso sco p ic  research, n an od ev ices, op toelectron ics d ev ices , and chrom atographic  
supports w ith  h igh  absorption capacities. T o date, th ese  m aterials have b een  su ccessfu lly  
prepared in d ifferent w a ys such  as by excim er laser ab lation, ch em ica l vapour 
d ep osition , stress-lim ited  ox id ation , thermal evaporation, carbotherm al reduction  
syn thesis, vap ou r-liq u id -so lid  m athod, and finally  e lectrosp in n in g  p rocess. D u e  to the 
ease  o f  the techn iqu e, electrosp in n in g p rocess w ill be focu sed  on  this w ork. There are 
several p u blication s on  the e lectrosp in n in g  process due to the various asp ects o f  the  
p rocess and its application . The form ation  o f  fibre in  the e lectrosp in n in g  p rocess can be 
d iv id ed  into tw o  parts w h ich  are the in itiation  o f  the je t and the con tin u ou s f lo w  o f  the 
jet. For the in itia tion  o f  the jet, the fo llo w in g  equation  is  satisfied:

V* =  (47iry) l/2

w here V* is the critical potential, r is the droplet radius, and y is the surface tension  o f  
the solution.

T aylor (T aylor, 1969) analysed  a droplet o f  w ater d eform ed by an e lectric  field  
and sh ow ed  that a v isco u s  fluid ex ists  in equilibrium  in an electric  field  w h en  it has the 
form  o f  a con e w ith  a sem ivertical angle o f  49 .3°.

Several publications reported in vestigation  on the e ffec ts  o f  various param eters 
on the m orp h ology  o f  electrospun polym eric  nanofibres.

D eitze l and cow orkers (D eitze l e t  a l,  2 0 0 1 )  studied the e ffec ts  o f  sp inning  
v o ltag e  and so lu tion  concentration on  the m orp h ology o f  the electrospun  p o lyeth y len e  
o x id e  fibres. T hey found that sp inn ing voltage w as strongly correlated w ith  the 
form ation o f  bead in the fibres. C hanges in solution  concentration  contributed m ost to
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the s ize  o f  the fibres, w ith the fibre diam eters increasing w ith  increasing solution  
concentration  accord in g to a p ow er law  relationship. In addition, electrosp in n in g from  
so lu tio n s o f  h igh  concentration  w as found to produce fibres hav in g  a b im odal s ize  
distribution.

The e ffe c ts  o f  v isco s ity  o f  so lution , charge d en sity  carried by the je t, and 
surface tension  o f  the so lu tion s on  the form ation o f  beads on  the fibres w ere investigated  
by F on g  and cow ork ers (F ong e t  a l ,  1999). B ead s and beaded fibres w ere less  lik e ly  to 
be form ed in h ig h ly  v isco u s so lu tion s and in je ts  w ith  h igh  net charge density . Increasing  
net charge d en sity  favored the form ation o f  sm all fibres. D ecreasin g  the surface ten sion  
co effic ien t o f  the so lu tion  favors the form ation o f  larger fibres.

B ioab sorbab le nanofibrous m em branes w ere e lectrosp u n  b y  Z ong and  
cow orkers (Z on g  e t  a l ,  2 0 0 2 ). T he effec ts  o f  so lu tion  properties and p rocessin g  
param eters on  the structure and m orp h ology  o f  the electrosp u n  m em branes w ere  
investigated . R esu lts dem onstrated that the m orphology o f  electrospun  film s depended  
on the strength o f  the electric fie ld , the so lu tion  v isco sity  (e .g . concentration), the charge  
d en sity  o f  the so lu tion  (by salt addition), and the solution  feed  rate. It w as sh ow n  that the  
higher the concentration  and the charge density o f  so lu tion , the m ore the form ation o f  
uniform  nanofibres w ithout beads. The diam eters o f  the nanofibres increased  w ith  
electrosp in n in g  vo ltag e  as w ell as feed in g  rate o f  the so lu tion , w hereas they d ecreased  
w ith  the addition o f  salts.

T his w ork  fo cu ses on  preparation and characterisation o f  s ilica  fibres u sin g  the  
electrosp in n in g  technique. There are several reports on su ccessfu l preparation o f  s ilica  
fibres based on  the e lectrosp in n in g technique.

Shao e t  a l  (20 0 0 ) prepared electrospun p o ly v in y la lco h o l/s ilica  thin fibres by  
u sin g  a so l-g e l techn iqu e to incorporate s ilica  com pounds in the fibres. A fter ca lc in ation  
o f  fibres, am orphous silica  nanofibres w ith  diam eters o f  2 0 0 -3 0 0  nm  cou ld  be prepared. 
T h ey  su gg ested  that this route open  a n ew  door for m aking inorganic nanofibres. O nly  a 
year later, Shao et a l  (2 0 0 3 ) c la im ed  that fibre mats o f  p o ly v in y la lco h o l/s ilica  fibres  
w ith  different s ilica  content w ere su ccessfu lly  prepared. M adhugiri e t a l  (2 0 0 3 ) have



dem onstrated that an e lectrosp in n in g  process can produce a n on -w oven  m esh  o f  
m esop orou s m olecu lar s iev e  fibres from  D A M -1 and S B A -1 5  gels. M oreover, they  
found that by u sin g  a dual e lectrosp in n in g  technique on e can prepare a n o n -w o v en  m esh  
o f  p olym er and m olecu lar s iev e  fibres that can be handled lik e  tissu e paper. C hoi e t  a l
(2 0 0 3 ) stated that they cou ld  prepare the s ilica  fibres u sin g  the so l-g e l m ethod  and 
electrosp in n in g  techniques. T hey a lso  cla im ed that the T E O S (tetraethylsilicate) used  in 
this study d o es  not contain  any gelator or binder to help  sp innability .

D esp ite  all o f  th ese  reports, there has been  no report on  preparation o f  
electrospun  s ilica  fibres from  silatrane precursor w ith  the e lectrosp in n in g  technique. 
T herefore, it is  ch a llen g in g  to prepare silica  fibres from  th is precursor. In term s o f  
advantages, e lectrosp in n in g  is  a unique process w h ich  can produce polym er fibres w ith  
diam eter ranging from  m icrom etres d ow n  to nanom etres. O w in g  to the sm alln ess o f  their 
diam eters, e lectrospun  fibres p o sses  unusually large su rface-to -vo lu m e ratios and are 
exp ected  to d isp lay  m orp h olog ies and properties very d ifferen t from  th o se  o f  the  
con ven tion al fibres. In addition, electrospun fibres in the form  o f  n o n -w o v en  fabrics  
offer  unique cap ab ilities to control pore size.

E lectrosp in ning is a fast p rocessin g  technique in  w h ich  the operation  tim e is  
m uch shorter than that o f  the con ven tion al technique. The required equ ipm ent for  
electrosp in n in g  is a lso  sim ple, and on ly  sm all quantity o f  p o lym er is n eed ed  to obtain  
nanofibres. From  several advantages o f  electrospun fibres w h ich  p o sses  large surface  
area/m ass ratios and sm all d iam eters , the fibres can be su itable for a num ber o f  
applications:

1. T h ey  can be used  as reinforcing m aterials in co m p o sites  such  as transparent 
n an ocom p osite  o f  e lectrospun  n y lon -4 ,6  fibers w ith  ep ox y  resin  (B erg sh o e f  and V a n cso  
, 1999), n y lon  6 -m on tm orillon ite nan ocom p osite (F ong e t a l ,  20 0 2 ).

2. T h ey  can be used as filters w ith  very fine pore s izes . A p p lication s o f  filter are 
rem ovin g  nanom etre sca le  particles and droplets; for exam p le , air con d itio n in g  for 
b u ild in gs and v eh ic le s , clean-room  techn ology  for sem i-con d u ctor industry, and 
filtration o f  liqu ids for the fabrication o f  sem iconductor ch ip  circuit.
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3. N an ofib res can also  be used as supports for catalysts or en zym es.
4. B io m ed ica l app lications from  nanofibres can be used as drug d elivery  system  

(Z on g  e t  a l ,  2 0 0 2 ) , sca ffo ld s for tissue engineering, w ound dressing m aterials, etc.
5. T he production  o f  protective tex tiles  from  electrospun nanofibres (G ib so n  e t  

a l ,  2 0 0 2 ) has b een  d evelop ed . It has been  applied to fabrics as a protective m em brane  
layer w h ich  p rov id es a protection  from  extrem e w eather con d ition s, en h an ces fabric 
breathability , and im proves ch em ica l resistance o f  c lo th in g  to to x ic  ch em ica l exp osure. 
T h ese  protective  fabrics can b e m ade into seam less garm ents that w o u ld  reduce a 
so ld ier ’s risk o f  ch em ica l exposure.

In the syn th esis o f  silatrane com pounds, there are severa l p u blications  
em p h asiz in g  o n  this top ic, the first silatrane com p lexes, as sh ow n  in  sch em e 2.1 (w ith  X  
=  C 6H 5 and C2H 5O ), w ere patented by F inestone in 1960 w h o su gg ested  the ex isten ce  o f  
the S i ->  N  transannular dative bond in the syn thesised  silatrane m olecu le . In 1961 , 
Frye, V o g e l, and H all reported a num ber o f  n ew , 1-substituted silatrane, sch em e 2.1 [X  
=  H , C H 3, n -C 18H 37, C 6H 5(C H 3)C H  and etc.].

S ch em e  2.1



ะ)

T hey d escribed  the 1-eth oxy  and 1-phenylsilatranes (m eltin g  points =  100-102  °c and 
2 0 8 -2 0 9  ๐c ,  resp ective ly ) and reported som e data in support o f  intram olecular  
transannular dative b onds in silatrane com p lexes.

In 1931 , R osen heim  e t  a l  reported that s ilica , sand, and quartz pow der cou ld  
also  be em p lo y ed  to react w ith  alkali catech olates to g iv e  hexacoordinate silica te  
co m p lex es . H ow ever , C o w r ie ’ร group (Corriu R. J. p ., 1988) dem onstrated that these  
catech ol s ilica te  co m p lex es  w ere quite unstable. T hey cou ld  on ly  be m od ified  by  
reacting w ith  strong n u cleop h ile  to obtain  tri- and tetrasubstituted products, w h ich  w ere  
n ecessary  in the industry prim arily for polym er syn th esis, as sh ow n  in sch em e 2 .2 .

siO j + 2KOH + 3 [' ,2 x : 6 n 4 (O H )2J

M = ] .1. Na, K or c.s

Scheme 2.2

R .M . Laine and cow orkers (L aine e t a l ,  1991) d iscovered  n ew  syn thetic  routes 
to org an o silico n  com p oun d s. B y  reacting SiC>2 w ith  ethy len e g ly co l in the presence o f  an 
alkali base, h ig h ly  reactive pentacoordinate silica tes are obtained , as sh ow n  in sch em e
2.3 .
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S.O? < 2MOH + 5 1 1 0 0 1 ^ 0 1 ^ 0 1 1 -
-6! 1 p /<)S i '

o '  -*2

M =  ) J .  Na. K <'ท Cs

Scheme 2.3

The elem en ta l an a lysis o f  the above products sh ow ed  that i f  M  w as Li, N a , or 
K , the product w as dim eric pentacoordinate sp ecies , labeled  1 in  the sch em e 2 .4 . 
H ow ever , i f  C s w as used , the product acted as m onom eric sp ec ies , labeled  2. T h ese  
resu lts w ere con firm ed  by FTIR peak found for Vo-H at 3,300 cm '1.

Scheme 2.4

Furtherm ore, hexacoordinate silicate  co m p lexes w ere obtained  w h en  reacting  
SiO? w ith  group II ox id e  in ethy len e g ly co l, as show n in 2.5.
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S jO , 4 MC) no-cil7cil ? on M' Si

M' = Mg. Ca <ÎI Ha

Scheme 2.5

F rye’s observation  (Frye C .L ., 1970:1971) indicated that sp irosilica tes cou ld  
react w ith  M eO H  and am ine base (e .g . Et3N ) to form  pentacoordinate, an ion ic  silicate  
w ith  am m onium  counterion  at am bient temperature. T hese sp ec ies  w ere not stable ab ove  
100  ° c ,  reverting to the tetracoordinate spirosilicate, as sh ow n  in sch em e 2 .6 .

T his observation  prom pted L a in e’s group to try (b o ilin g  point >  20 0 °C ) am ine  
bases w ith  h igh  b o ilin g  points in p lace o f  group I or II hydroxides or ox id es. 
T riethylenetetram ine (bo ilin g  point 2 6 6 ° c ,  T E T A ) and triethanolam ine [T E A ] w ere  
used  as either catalyst or reactant, resp ectively . T hey found that TE TA  did not prom ote  
the form ation o f  stable am m onium  pentacoordinate s ilica tes, an ev id en ce  from 29Si
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N M R  peaks o f  the product at - 7 8 ,  -79 , -80  and - 8 2  ppm. I f  T E A  w as used in p lace o f  
T E T A , sim ilar product w as obtained, depending on the am ount o f  T E A . W ith up to tw o  
equivalents o f  T E A , the product had tw o silatrane sp ec ies su g g ested  by F A B +-M S , as 
sh ow n  in sch em e 2.7 .

m/c = 235 m/c = m

S ch em e 2 .7

I f  on e eq u ivalen t o f  T E A  or less  w as em p loyed , the prim ary product w as the 
ethy len e g lyco loxysila tran e. 29S i-N M R  o f  this com p lex  gave a s in g le  peak at - 9 6 .2  ppm , 
w h ich  is  typ ical o f  Si in silatrane (vs. T M S). T G A  data gave % ceram ic y ie ld  o f  25 .6 . 
W hen the product w as further dried under vacuum , higher M.w. o lig om ers w ere  
obtained, characterised by F A B +-M S , see  sch em e 2.8.

S ch em e 2.8
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In 1995 , Punchaipetch syn thesised  organ osilicon  co m p lex es  by reacting SiC>2 

w ith  T E A  in eth y len e  g ly co l in the presence and ab sen ce o f  T E T A . The F A B +-M S  
resu lts indicated that the product w as o lig om eric  w ith  a repeating unit equal to 23 5  D a, 
see  sch em e 2 .7 . Sh e a lso  studied the k in etics o f  form ation o f  silatrane co m p lex es  by 
u sin g  the integral m ethod to determ ine the reaction order. She found that the overall 
reaction  w as p seu d o  secon d  order. The activation  energy from  A rrhen iu s’s equation  w as  
equal to 64  +  8 K J/m ol or 15 +  2 kcal /m o l. etc (Punchaipetch, 1995).
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