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T i - r e  c o i n b i n a t i o n  b e t w e e n  i n o r g a n i c  a n d  o r g a n i c  p o l y m e r i c  m a -

t e r i a l s  o n  n a n o n l e t e r  s c a l e  d e p e n d s  s t r o n g l y  o n  r n e t h o d s  f o r

s y n t h e  s i z i n g  i n o r g a n i c  p o l y m e r i c  n e t w o r k s  s u i t a b l e  t o  t h e

t h e r m a l  s t a 6 i f i t y  o f  o r g a n i c  m a t e r i a l s .  T h e  s o l - 9 e I  p r o c e s s

a s  a  " s o f l - c h e m i l t t y "  m e t h o d  h a s  b e e n  p r o v e d  t o  b e  a  p r o p e r

t o o l  f  o r  b u  i l d i n g  ' , r - p  i n o r g a n i c  n e t w o r k  w i t h  i n c o r p o r a t e d

o r g a n i c  c o m p o n e n t s .  E x a m p I " =  f o r  c h e m i c a l  s y n t h e s i s  a n d  m a -

t e r i  a l  a p p l  i c a { : i o u s  a r e  g i v e n  .

I n L r o d u c t i o n

T h e  c o m b i n a t i o n  o f  d i f f e r e n t  t y p e s  o f  m a t e r i a l s  f o r  a c h i e v i n g

n o v e l  p r o p e r t i e s  h a s  a l w a y s  b e e n  o f  h i g h  i n t e r e s t ,  s i n c e  i n

m a n y  c a s e s  t h e  p r o p e r t i e s  o f  t h e  b a s i c  m a t e r i a l s  d o  n o t  m e e t

s p e c i a l  r e g u i r e m e n t s  f o r  a p p l i c a t i o n .  T h e r e f  o r e  '  n u n ' I e r o u s

e x a m p l e s  c a n  b e  g i v e n :  L a m i n a t e d .  a u t o m o t i v e  w i n d  s c r e e n s ,  f i b e r

r e i n f o r c e d  o r  f i I I e d  p o l y m e r s ,  c o r r o s i o n  p r o t e c t e d  s t e e l  s u r -

f a c e s ,  o r  v a r i o u s  o t h e r  t y p e s  o f  c o m p o s i t e s  '  T h e  c o m p o s i t e s  a r e

g e n e r a l l y  c h a r a c t e r i z e d '  b y  t h e  f a c t ,  t h a t  t h e  t w o  ( o r  m o r e )

b a s i c  t y p e s  o f  m a t e r i a r s  h a v e  t o  b e  c o m b i n e d .  b y  m e c i r a n i c a l  p r o -

c e s s e s  b e f o r e  o r  d u r i n g  t i r e  p r o c e s s i n g  o r  t h e  m o u l C i n g  s t e p  '

E x c e p t i o n s  a r e  g a s  p h a s e  d e p o s i t e d  f i l m s  o n  s u b s t r a t e s ,  w h e r e

t h e  m a t e r i a l  s y n t h e s i s  s t e p  t a k e s  p l a c e  d u r i n g  t h e  c o a t i n g  p r o -

c e c l u r e  o r  t i r e  f o r m a t i o n  o f  c r y s t a l s  i n  g l a s s e s  t o  p r o d u c e  g l a s s

c e r a m i c s .  O n l y  i n  t h e  l a t t e r  c a s e ,  t h e  c o m p o s i t e  u n i t  . s t V e  c a n

c o v e r  t i r e  r a n g e  o f  " m i c r o s c o p i c "  d i m e n s i o n s ,  w h e r e a s  t h e  o t h e r

e ) { a m p r e s  ( a n d  t h a t  i s  t r u e  f o r  t h e  m a j o r i t y  o f  t h e  r e a r  c o m P o -

s i t e s )  c o v e r  t h e  r a n g e  o f  " m a c r o s c o p i c "  c o m p o s i t e s  '  G e n e r a l I y  '



A  c o m b i n a t i o n  o f  s p e c i a l  i n t e r e s t s  a r e  v e r y  o f t e n  m a t ' e r i a l s

w i t h  e x t r e m e l y  d i f f e r e n L  b a s i c  p r o p e r t i e s  I i k e  m e t a l s  a n d  p o l y -

m e r s  o r  c e r a m i c s  a n d  p o l y m e r s .  E s p e c i a l l y  c e r a m i c s  a n d  p o l y m e r s

a r e  n o t  o n l y  v e r y  d i f f e r e n t  i n  p r o P e r t i e s  b u t  a l s o  i n  t h e i r

p r o d u c t i o n  t e c h n o l o g i e s .  I
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t h e  p r e p a r a t i o n  o f  c o m p o s i t e s  b a s e d ,  o n  m e c h a n i c a l  p r o c e d u r e s

l i m i t s  t h e  u n i t  s i z e ,  s i n c e  h a n d l i n g  o r  e v e n  p r e p a r a t i o n  o f

n a n o s i z e d  p a r t i c l e s  o r  f i b e r s  i s  r a t h e r  d i f f i c u l t  o r  e v e n  i m -

p o s s i b l e .  T h u s  ,  f o r  t h e  g e n e r a t i o n  o f  m i c r o c o m p o s i t e s ,  c h e m i s t -

r y  o r i e n t a t e d .  i n - s i t u  p r o c e s s e s  s e e m  t o  b e  a  m o r e  s u i t a b l e  t o o l .

N u m e r o u s  p r o c e s s e s  a r e  k n o w n  w h i c h  c a n  p r o d u c e  v e r y  s m a l l  u n i t s '

I i k e  c r y s t a l l i s a t i o n  f r o m  s o l v e n t s  o r  m e l t s ,  c o n d ' e n s a t i o n  f  r o m

t h e  g a s  p h a s e ,  o r  g r o r v t h  p r o c e s s e s  o f  a m o r p h o u s  m a t e r i a l s  b y

c o n d e n s a l i o n  r e a c t i o n s  f r o m  s o l u t i o n  o r  f r o m  t h e  g a s  p h a s e -  T h e

t a s k  f o r  t h e  s y n t h e s i s  o f  m i c r o c o m p o s i t e s  i s  t o  u s e  t h o s e  p r o -

c e s s e s  i n  c o m b i n a t i o n  w i t h  o t h e r  ( k n o w n )  m a t e r i a t  s y n t h e s i s

p r o c e s  s e s  i n  o r d e r  t o  d . e v e l o p  n e w  m a t e r i a l s  .

T h e  b a s i c  " c o n s t r u c t i o n  p r i n c i p l e s "  f o r  i n o r g a n i c  p o l y m e r s  l i k e

g l a s s e s  a r e  n e t w o r k  f o r m i n g  u n i t s  l i k e  t h e  t s i o ' l l 4 -  t e L r a h e d r o n

or  ana logous  componen ts  wh ich  a re  l i nked  to  a  th ree -d imens iona l

ne twork  by  sha r ing  co rne rs .  The  p rope r t i es  de f i ned '  by  th i s  p r i n -

c i p l e  a r e  w e l l  k n o w n :  H a r d n e s s ,  b r i t t l e n e s s ,  h i g h  t e m p e r a t u r e

p rocess ing ,  h igh  Tg  va lues ,  and  l ov l  f r ee  vo lumes  '  A lmos t  t he

o p p o s i t e  c a n  b e  o b s e r v e d  i n  o r g a n i c  p o l y m e r s .  F o r  e x a m p l e '  i n

h y d r o c a r b o n s ,  t h e  s t r u c t u r e  b u i l d i n g  u n i t s  a r e  = C - C =  r  = C - O -  o r

=C-N=  g roup ings  wh ich  a re  l i nked  toge the r  t o  po l ymer i c  cha ins

b y  c h e m i c a l  ( n o t  m e l t i n g )  p r o c e s s e s  a n d  a  l i n e a r  c h a i n  i s  f o r m -

ed  i n  the  f i r s t  s tep  wh ich  has  to  be  c ross l i nked  to  ge t  t h ree -

d i m e n s i o n a l  n e t w o r k s .  A s  a  r e s u l t ,  t h e  p o l y m e r s  u s u a l l y  a r e

s o f t ,  I o i v  t e m p e r a t u r e  p r o c e s s i n g  i s  p o s s i b l e ,  a n d  t h e  d e s i r e d

e las t i c  o r  t he rmop las t i c  p rope r t i es  can  be  ach ieved  '  The  f ree

vo lume i s  h igh  due  to  the  o rgan ic  cha in  movemen t ,  and  Tq ls  ge -

ne ra l l y  a re  l ow .  F igu re  1  compares  the  Tg  reg imes  o f  t he  two

groups  o f  po l ymers  based  on  the  Cp  cons ide ra t i -on .  The re  m igh t

be  an  ove r  l ap  w i th  ve ry  spec  i a l  compos  i t  j - ons  .



3

o-
C)

1 000 10 000100
T

1n

F igu re  1 .  l , l a i n  Tg  reg imes  o f  i no rgan ic  and  o rgan ic  po l ymers  '

T h e  q u e s t i o n  a r i s e s  h o w  t o  s y n t h e s i z e  c o m p o s i t e  m a t e r i a l s  w i t h

i n o r g a n i c  a n d  o r g a n i c  c o m p o n e n t s .  [ n  
t h e  l i v i n g  n a t u r e '  t h e

p r i n c i p l e  i s  u s e d  r a t h e r  o f t e n ,  g o h e s  a r e  a n  e x c e l l e n t  e x a m p l e

f o r  t h e  c o m b i n a t i o n  o f  s t r e n g t h  a n d  e l a s t i c i t y  b a s e d  o n  a  c o l l a -

gene  /  ca lc ium phospha te  compos i te .  O ther  exa lnp les  a re  p lan ts

w h i c h  c a n  p r e c i p i t a t e  s i l i c a t e s  o r  o x a r a t e s  a s  r e i n f o r c i n g  c o m -

p o n e n t s .  I n  t h e s e  c a s e s ,  I o w  t e m p e r a t u r e  p r o c e s s e s  a r e  t h e  b a s i s

f o r  t h e  s y n t h e s i s .  T h e s e  c o m p o s i t e s  a r e  c h a r a c t e r i z e d  b y  t h e

f  a c t ,  t h a t  t h e  u n i t  s i z e  i s  q u i t e  s m a l l  b u t  s t i l l  n o t  i n  t - h e

m o r e c u r a r  o r  n a n o m e t e r  s i z e ,  b u t  a  p e r f e c t  a r r a n g e m e n t  o r  m i c r o -

s t r u c t u r e  i s  b u i l t  u p  f o r  a n  o p t i . m a l  s t r e n g h t e n i n g  e f  f  e c t  "  I t

i s  d i f f i c u r t  t o  d e f i n e  a  l o w e r  l i m i t  f o r  t h e  u n i t  s l z e  f b r :  t h e

d . i f f e r e n t  c o m p o s i t e  c o m p o n e n t s  i ' o r d e r  t o  c o n s i d e r  t h e  m a t e r i a l

s t i l l  a s  a  r e a l  c o m p o s i t e .  I n  t h i s  c o n s i d e r a t i o n ,  i n o r g a n i c

i o n s  (  l i k e  i n  i o n o m e r s )  o r  i n o r g ; r n i c  a t o m s  a r e  d e f  i n e d  t o  b e

n o t  s u f f i c i e n t  f o r  a n  i n o r g a n i c - o r g a n i c  c o m p o s i t e  -  T h a t  m e a n s  '

f o r  e x a m p l e ,  t h a t  s i l i c o n e s  w i t h  t h e  = S i - O - b o n d  a s  t h e  p o l y -

m e r i c  c h a i n  f o r m i n g  e l e m e n t  a r e  e x c l u d ' e d .  T h e  s m a l l e s t  u n i t s

a c c e p t e d  i n  t h i s  c o n s i d e r a t i o n  a r e  i n o r g a n i c  n e t w o r k  f o l g i n g

A -  a  -  - t - - i r ^ * - r r r ö c

un i t s  I i ke  the  t  S lO4  I  
n  te t rahed . ron  o r  ana logous  s t ruc tu re  s

( e . g .  T i ,  Z r ,  A 1 ) .  A s  u p p e r  l i m i t ,  t h e  r a n g e  s  1  p m  i s  c o n -

s  i de red  .

, r r r / t

orgonic  inorgonic

Tg regime
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F o r  t h e  o r g a n i c  m o d i f i c a t i o n  o f  c e r a m i c s ,  v a r i o u s  p o s s i b i l i t i e s

e x i s t .  T h e y  a l l  h a v e  t o  h a v e  i n  c o n m o n ,  t h a t  a  c c m b i n a t i o n  o f  t h e

i n o r g a n i c  w i t h  t h e  o r g a n i c  p a r t  t a k e s  p r a c e  v i a  a  s o f t  c h e m i s t r y

rou te ,  wh ich  has  to  be  demand,ed  fo r  i no rgan ic  ne twork  fo rm ing

s t e p s  d u r i n g  t h e  s y n t h e s i s ,  t o o ,  T h e r e f o r e ,  t h e  s o l - g e l  p r o c e s s

is  a  su i tab re  mean where  the  ne twork  fo rm ing  s tep  can  take  p lace

b y  a  c o n d , e n s a t i o n  r e a c t i o n  a t  r o w  t e m p e r a t u r e s  (  1 )  t  1 -  L 2 )  -

=1.1e-OH

=1"1e-OH

RO-l'le = -->

HO-Me =

=I. le-O-Me =

=Me-0- l4e =

atom

+

+
+

+

n"'r

I lOR

H2"-
( r )

R  =  a l k y l ;  M e  =  m e t a l

s o m e  i m p o r t a n t  e x a m p l e s  t o  i n t r o d u c e  o r g a n i c s  i n t o  i n o r g a n i c

c o m p o n e n t s  a r e :

pene t ra t i ng  Porous  g lass

and, polyme r ize them t  f :  l

o r ge ls  by  o rgan ic  monomers

pene t ra t i ng  i no rgan ic  po l ymer  p recu rso rs i n t o  s i l i c o n e s  t f A l

syn thes i z ing  i ndependan t  i no rgan ic -o rgan ic  i n te rpene t ra t i ng

ne tworks  t  fS  l

I i nk ing  o rgan rc

m ica l  bonds  as

g rouP ings  to  an

shown in scheme 1
j " " tnan ic  

backbone  v ia  che -

-  0 \
- 0 ' S i - C / . ^ / R  ( o )
- o /

-  0 .
- olt'4eO^.^rn (b)
- 0 '

- 0
-  O) fy1 .+  

-O-Cnn,R 
(c )

- o /  ö

e.g.  fo r  R:

/\/\/ NH2; ̂ 4t

/\/\/ 0-9-9=CH2; ̂^^V
ö Ö H ,  o

A/\/ CHO ;

A^nSH; ^^^C Mel..

e .g .  f  o r  Me:

T i ,  Z r .  S n

Scheme 1 .  I " lodeIs  f  o r  I ink ing -organ ic  g I?"p ings -  to  inorgan ic

backbones .  (a )  :  cova l ; ; '  uo ia  l ä  s i ;  i u )  t -  comp l tT  fo rma t ion

t o  a  m e t a l  a t o m ,  e . g .  z t / a c e t y l a c e t o n a t e s ;  ( c ) :  i o n i c  b o n d

to  "?  o rgan ic  ac id  l sa l t '  f o rma t ion )  '
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I n  t h i s  p a p e r ,  t h e  v a r i o u s  p o s s i b i l i t i e s  r e s u l t i n g  f r o m  t h e

m o d e l  ( a )  a n d  ( b )  w i l l  b e  e m p h a s i z e d .  S i n c e .  ( a )  t y p e  m o l e c u l e s

c a n  b e  s y n t h e s i z e d  e a s i l y  v i a  t h e  h y d , r o s i l y l a t i o n  r e a c t i o n  t  1 6 l

i n  f o r m  o f  h y d r o l y s a b l e  c o m p o u n d s  t  ( R o )  
3 S i R ' l  

a n d  a  v a r i e t y  o f

t h e m  i s  a l r e a d y  c o m m e r c i a l l y  a v a i l a b l e ,  t h e y  P r o v i d e  a n  e a s y

w a y  t o  b i n d  o r g a n i c s  t o  a n  i n o r g a n i c  n e t w o r k .  I n  a d d i t i o n  t o

t h i s ,  c h e m i c a l  r e a c t i o n s  c a n  b e  c a r r i e d  o u t  i n  o r d e r  t o  m o d i f y

o r  p o l y m e  r L z e  o r g a n i c  g r o u p i n g s  t o  n e w  s t r u c t u r e s  .  O n e  e x a m p l e ,

t h e r e f o r e ,  i s  t h e  m o d i f i c a t i o n  o f  a n  a m i n o  g r o u p  i n t o  n i t r o -

a n i l i n o  o r  d . i a z o  g r o u p  a c c o r d . i n g  t o  t  1 7 I  ( 2 1  .

( R o ) ( C H Z )  
r t ' t H ,  

+  C I C O C O H q N o Z
-I f /-  1^ . v  3  (  R O ) ( cHz )  

, l iHcoc6H4NoZ3 s i 3 s i

+  6 ( H )

+  NOz

- H  - Ot -  ( R O )

J.

H ' >  ( R o )

3 s i
( c H z  )  3 N H C O C 6 H 4 N H Z

( c H 2 )

t h e  s i l a n e s  i s  b a s e d  o n  t h e  " s o l - g e l "  r e -

3 s i -  
g r o u p i n g .  A  v a r i e t y  o f  d i f f e r e n t  s t r u c -

shown  in  f i gu re  2 .

( 2 )

t +
3NHCOC e HaN z3 s i

The  inco rpo ra t i on  o f

a c t i v i t y  o f  t h e  ( R O )

t u r e s  i s  p o s s i b l e  a s

O r g a n i c s  c a n  b a s i c a l l y  a c t  a s  i n o r g a n i c  n e t w o r k  m o d i f i e r s  a n d

t h e y  c a n  d . o  t h a t  i n  t w o  d i f  f  e r e n t  w a y s  .  T h e y  c a n  b e  c r o s s  l i n k e d

d i r e c t l y  t o  t h e  i n o r g a n i c  n e t w o r k  v i a  a .  c h e m i c a l  b o n d  o r  t h e y

c  a n  b e  e n t r a p p e d  a s  m o l e c u l e s  i n t o  a n  i . n o r g a n i c  n e t w o r k  ,  t h u s

m o d i f y i n g  i t  b y  c r e a t i n g  a  c h e m i c a l l y  o r  p h y s i c a l l y  d i f f e r e n t

s i t e  ( a )  .  O r  t h e y  c a n  a c t  a s  n e t w o r k  f o r m e r s ,  € .  g .  i f  p o l y -

m e r i z a b l e  l i g a n d s  a r e  u s e d .  ( b )  r  w h i c h  c a n  b e  p o l y m e r i z e d '  b y

t h e m s e l v e s  o r  w i t h  o r g a n i c  m o n o m e r s .  T h e  s t r u c t u r e  m o d e l  ( c )

c a n  b e  c o n s i d . e r e d  a s  a  v a r i a t i o n  o f  ( b )  ,  a n d  ,  o f  c o u r s e ,  a I I

t h r e e  p r i n c i p l e s  c a n  b e  u s e d  i n  o n e  a n d  t h e  s a m e  m a t e r i a l  '
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modi f  ie r

o
entropped
molecu le

( a l

6--/
o r g o n r c
po l ymer i c
choin

( b )

./'
orgonic
in terpene -

t ro t ing cho in

( c l

F i g u r e  2 .  s t r u c t u r e  m o d . e l s  o f  o r g a n i c a l l y  m o d i f i e d  c e r a m i c s :

a )  o rgan ics  as  ne twork  mod i f i e rs
b )  o rgan ics  as  ne twork  fo rmers
" i  o röan ics  as  i ndependan t  ne tworks '

2 .  R e a c t i o n s

I f  s o I - g e I  r e a c t i o n s  a r e  c a r r i e c l  o u t r  s o m e  b a s i c  q u e s t i o n s  h a v e

to  be  taken  i n to  accoun t .  r f  one  s ta r t s  f rom a rkox ides ,  hyd ro -

I ys i s  ra tes ,  expec ia l f y  i n  mu l t i componen t  sys tems '  become im-

po r tan t .  The  hyd ro l ys i s  reac t i on  i s  t he  s tep  wh ich  p rov ides

ac t i ve  monomers ,  and  the i r  concen t ra t i ons  as  a  func t i on  o f  t ime

de f ine  the  d i s t r i bu t i on  o f  d i f f e ren t  componen ts  i n  a  coq$ensa te ,

p roduced  by  the  s .econd  impor tan t  s tep ,  t he  conc lensa t i on  reac t i on  '

Thus ,  homogene i t y  o r  i nhomogene i t y  o f  ge Is  can  be  i n f l uenced

s t i o n g l y .  T h i s  i s  d e m o n s t r a t e d  i n  s c h e m e  2  ( a f t e r  t 1 8  l )
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d i f  f e r e n t  r a t e s
o  f  s t e p s

d i  f f e r e n t  r a t e s

o f  d i f f e r e n t

p recu rs  o r  s

A A '  :  m o n o m e r  A  w i t h  d . i f  f e r e n t  s t a t e s  o f  h y d r o l y s i s

( e . g .  A = S i O H ( O R )  3  
-  -  .  -  A " = S i  ( O H )  

4 )

monomer B

S c h e m e  2 .

I n  sys tems ,  wh ich  can  reac t  t o  pu re  i no rgan ic  ma te r ia l s  i t  i s

poss ib le  to  add a  second.  s t ruc ture  forming s tep by a  h igh tempe-

r a t u r e  t r e a t m e n t  e . g .  c r y s t a r l i z a t i o n  t o  c e r a m i c s  o r  d e n s i f i c a -

t i o n  t o  g l a s s e s .  I n  t h i s  s t e p ,  i t  i s  p o s s i b l e  t o  o v e r c o m e  t o  a

I im i te6  ex tend .  s t ruc tu re  p re fo rma t ion  as  a  resu l t  o f  hyd ro l ys i s

a n d  c o n d e n s a t i o n .  I f  o r g a n i c s  a r e  p r e s e n t ,  t h i s  p o s s i b i l i t y  h a s

to  be  abund ,ened  in  mos t  cases ,  s ince  the  tempera tu res  to  be

app l i ed  fo r  t he  i no rgan ic  ne twork  so f ten ing  (wh ich  wou ld  rep re -

s e n t  a  f i c t i v e  " i n o r g a n i c "  T g  i n  t h e  c o m p o s i t e )  g e n e r a l I y  a r e

too  h igh  w i th  respec t  t o  t he  the rma l  s tab i l i t y  o f  o rgan ic  g roup -

ings  .  As  a  consequence  '  one  has  to  pay  a l l  a t t en t i on  to  the

chemica l  syn thes i s  up  to  ge ra t i on  as  the  s t ruc tu re  (o r  m ic ro -

s  t ruc ture  f  o rming)  : : teP -

Numerous invest igat ions have been car r ie 'd  out  for  the d 'e termina-

t i o n  o f  h y d r o l y s i s  r a t e s  l i . g - 2 7 f  o f  s i l i c i c  a c i d  o r t h o e s t e r s '

wh ich show that  pro tons and hydroxy l ions increase the ra te ,  and '

hyd. ro lys is

I
C o n d e n s a t i o n  g e l a t i o n

I
I  ager-ng

I Iv t
d i f f e r e n t  r a t e s  o f  Y

d i f f e r e n t  m o n o m e r s  n e t ' o r k  r e -

A A ;  A A t ;  A A r r  . . .  a r r a n g e m e n t

A A ;  B B t ;  B B "  . .  .  r i P e n i n g

A B ;  A B t ;  A " B "  . . -

Il .



I

i nc reas ing  cha in  reng th  o f  the  hydro lysab le  oR s lows  down the

r a t e .  B u t  o n l y  a  f e w  d a t a  a r e  a v a i l a b l e  o n  ! h "  i n f l u e n c e  o f

n o n - h y d r o l y s a b l e  g r o u P i n g s  o n  h y d r o l y s i s  a n d  c o n d e n s a t i o n '  I n

f i g u r e  3 ,  a f t e r  t Z g l ,  t h e  h y d r o l y s i s  r e a c t i o n  o f  d i f f e r e n t

e s t e r s  a r e  s h o w n .  T h e  r a t e  i s  f o r r o w e d .  b y  t h e  r R  d e t e c t i o n  o f

t h e  w a t e r  c o n s u m p t i o n  o f  t h e  s y s t e m .  T h e  a c i d  c a t a l y z e d  s y s t e m s

( f i g u r e  3 a )  s h o w  a  r a t e  i n c r e a s e  w i t h  i n c r e a s i n g  n u m b e r  o f  s i - R

rJ
c
o
rJ
o
c
o

Jü

cotolysl :  0.f f i2 mote HCI/ l

reocl ion hme (mnl

u
6
t

|l,

c
o
vt

;
ru

F i g u r e  3 .  H Y d r o l Y s i s
(vo lume ra t i o  I  :  1 )  ;

C H : S i ( } C Z H S ) : i  o :  S i

o f  d i f f e r e n t  s i l a n e s  i n  e t h a n o l  a s  s o l v e n t

o  :  ( C H : )  
r S i o c  z \ S i , : :  . ( a n : )  Z S i  

( o C  
Z H  S l  Z i  t l :

( o C 2 H 5 t 4 i  a '  3 ' S i  ( O C H 3 )  
4 . -

c o l o l y s l ' 2 m o l e s  N H l , l

reoclon l ime Iminl
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subs t i t uen ts .  I n  t he  base  ca ta l yzed  p rocess  i nc reas ing  numbers

o f  unhyd ro l ysab le  g roup ings  seem to  i nh ib i t  t he  hyd ro l ys i s  reac -

t i on .  Th i s  su rp r i s i ng  e f fec t  can  be  exp la ined ,  by  the  e lec t ron

d .ona t i ng  (+ I )  e f  f ec t  o f  a l ky l  g roups .  Due  to  the  i nc reas ing

e lec t ron dens i ty  on the s i l i con a tom wi th  increas ing numbers  o f

R '  pe r  = l l i con  a tom,  a  d i rec t  nuc leoph i l i c  a t tack  o f  an  OH to

the  S i  w i th in  a  nuc leoph i l i c  subs t i t u t i on  becomes  more  and  more

d i f f i c u l t .  I n  t h i s  c a s e ,  t h e  a c i d  m e c h a n i s m  i n c l u d i n g  a  p r o t o -

n i s a t i o n  o f  t h e  = S i - O - R  b o n a  r e n a i n s  a s  t h e  r a t e  l i m i t i n g  s t e p

( 3 )  :

o )

ö +
e

^ ,  O -
K  \ -

^ n
H  _  > ] _ U K

R. ,  I
,z-.

ap
$ +

a

R \  o -

R:- -Si -0 -R
g,t

H1OH.
--

I

R \  * , R

R'*  Si -  0 .
R'/ I 

.H

0H-
S N

R\
R'-Si-0H
p'/

+  H O R

( 3 )

( 3 )
b ) I

I

D u e  t o  t h e  t h e  c o n c e n t r a t i o n s  o f  H +  i n  a n  a l k a l i n e  m e d i a ,  t h e

c o n c e n t r a t i o n  o f  t h e  t r a n s i t i o n  c o m p l e x  b e c o m e s  e x t r e m e l y  l o w

a n d ,  ä c c o r d i n g  t o  t h e  m o d e l  o f  E y r i n g  a n d  P o l y i a n i  t h e  o v e r a l I

r a t e  d . e c r e a s e s .  l " l e a s u r e m e n t s  w i t h  R  t  a s  a l k y l s  a n d  e p o x y  s h o w

t h e  s a m e  t e n d . e n c y .  O t h e r  a l k o x i d e s  l i k e  T i  ( O p . )  
4  

o r  A f  ( O n )  
I  

e x -

h i b i t  h i g h e r  h y d r o l y s a t i o n  a n d  c o n d e n s a t i o n  r a t e s ,  t o o '  c o m p a r -

e d .  t o  s i l i c i c  a c i d  e s t e r s .  I n  o r d e r  t o  c o n t r o l  h o m o g e n e i t y  i t

i s  n e c e s s a r y  t o  d e v e l o p  r e a c t i o n  p r o c e s s e s  w h i c h  c a n  o v e r c o m e

t h e s e  r a t e  d i f f e r e n c e s .  A d d i t i o n  o f  w a t e r  t o  a  m i x t u r e  o f

S  i  ( O R )  ,  / T i  ( O R )  ,  I e a d . s  t o  a  P r e c i p i t a t i o n  o f  T i O r ' ä 9 .  a n d  a- - ' 4 "  ' 4  -  r  -  z

m a x i m u m  i n h o m o g e n e i t y  o f  t h e  s y s t e m .  T h e r e  i s  a  l i m i t e d  c h a n c e

t o  e q u a l i z e  r a t e  d i f f e r e n c e s  b y  t h e  v a r i a t i o n  o f  t h e  O R  c h a i n

l e n g t h .  B u t  i n c r e a s i n g  t h e  c h a i n  l e n g t h  r e q u i r e s  t h e  d e v e l o p -

m e n t  o f  n e w  s y n t h e s i s  m e t h o d s ,  t h e  i n t r o d u c t i o n  o f  h i g l  - l p o u n t s

o f  o r g a n i c s  i n t o  . t h e  s y s t e m ,  a n d ,  a  r e m a r k a b l e  c o s t  i n c r e a s e  -

A n o t h e r  w a y  d e s c r i b e d .  b y  D i s t i c h  t 1 0 l  i s  t h e  c o m p l e x  f o r m a t i o n

w i t h  a c e t y l  a c e t o n a t e  ( a c a c )  w h i c h  s e e m s  t o  e q u a l i z e  c o n d e n s a -

t i o n  r a t e s  i n  m u l t i c o m p o n e n t  s y s t e m s .  L i v a g e  t Z g  I  c o u l d  s h o w



1 0

t h a L  t h e  h y d r o l y s i s  r a t e  o f  T i  ( o R )  
4  

d e c r e a s e s  w i t h  a c e t a t e  c o m -

p l e x a t i o n .  F o r  A r  ( o n )  
I  

ß - d i k e t o n e  c o m p l e x a t i o n  w a s  p r o v e d  t o

d e c r e a s e  c o n d e n s a t i o n  r a t e  o n l y  t 3 0 l '  T h e  h y d r o l y s i s  r a t e  w a s

n o t  a f f e c t e d .  F i g u r e  4  s h o w s  t h e  N I R  s p e c t r a  o f  a  h y d r o l y z e d

a n d  n o n _ h y d r o r y s e d  A r ( o R )  r / e t h y r a c e t o a c e t a t e  
c o m p l e x -  r n  t h e

, , h y d r o l y s e d "  s p e c t r a ,  D o  w a t e r  c a n  b e  f  o u n d  ( w h i c h  c a n  b e  c l e a r -

r y  d , e t e c t e d  i n  t h e  a r k o x i d e - f r e e  m i x t u r e  w i t h  w a t e r )  -  T h i s

p r o v e s  t h e  c o n s u m p t i o n  o f  w a t e r  b y  t h e  r e a c t i n g  s y s t e m  (  3 0  s e c

a f t e r  a d d i t i o n ) ,  B u t  i n  c o n t r a s t  t o  t h e  u n c o m p r e x e d  a l k o x i d e ,

n o  p r e c i p i t a t i o n  t a k e s  p I a c e ,  i n d i c a t i n g  t h a t  t h e  E n d e n s a t i o n

r a t e  i n  t h i s  c a s e  i s  s l o w e d .  d o w n  r e m a r k a b l y '
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F i g u r e  4 .  N l R - s p e c t r a  o f  t h e  1 l ( O R )  3
s o l u t i o n  :
a )  H ^ o  / P r ' o H  s o l u t i o n
; i  s 3 * p r e  a f t e r  h y d r o l y s i s  ( r e a c t i o n

c)  unhydro lyzed samPle '

complex and the H Zo /  
Pr toH

t ime l  m inu te )

s im i l a r  resu l t s  a . re  ob ta ined  w i th  z i r kon ia  t  311  '  Th i s  means  '

t ha t  comprex  fo rma t ion  can  be  success fu l r y  used  to  e l im ina te

undes i red  reac t i ons  . f rom fas t  reac t i ng  a l kox ides  -  Ano the r  p ro -

cess  had  been  deve ropedr .  wh ich  was  ca l ted  the  ccc  ( chemica l l y



1 1

c o n t r o l l e d  c o n d e n s a t i o n )  m e t h o d .  t 3 2 1 .  r n  t h i s  c a s e '  w a t e r  i s

generated wi th in  the react ing system chemica l ly  -  The advantage

of  th is  method is  to  avo id  concent ra t ion grad. ients  and to  con-

t r o l  t h e  w a t e r  c o n c e n t r a t i o n  ( 4 ,  5 )  '

HX + ROH

X :  h a l o g e n

re  f l ux
->. RX + HzO

RCI * HzO

H 0 R  *  H 0  T i t O R 1 3

(Ror3n-0- ; ' toR12

R '

lRo)3Tio -  s i  (o R 13

' l  Hto
(oR)"
t -

H O  T i - 0 - S i ( O R ) 3
+

(Ro)?  T i  -  o -s i (oR)3' R '

l - H o R
tRo l?T i  -o -s i (oR)2

. Ä  
R .  l r v r

I
tRolzTi -o -s i toR13

I
I
I

( 4 )

( s )
R ' C O O H  +  R O H -  R ' c o o R  +  H r O

B y  p r o p e r  c h o i c e  o f  r e a c t i o n  c o n d i t i o n s ,  t h e  H Z O  g e n e r a t i o n

ra te  can  be  ad .ap t .ed .  t o  t he  sys tem.  v t i t h  t h i s  me thod ,  f  o r  exampre ,

i n  m i x t u r e s  o f  r  :  r r  :  r r r  =  3 0  : 5 0  : 2 0  (  s c h e m e  3 )  i t  i s  p o s s i b r e  t o

f  i :< the t i tanium into a prepof yrner ' l ic  netrvork (  rv)  by on Iy gene-
' ' l

r a t i n g  a b o u t  I / 1 6  o f  t h e  a m o u n t  o f  w a t e r  n e c e s s a r y  f o r  t o t a l

h y d r o l y s i s  b y  e s t e r  f o r m a t i o n .  D i r e c t  a d d i t i o n  o f  e x c e s s  w a t e r

t o  t h i s  p r e p o r y m e r  d o e s  n o t  l e a d  t o  a n y  p r e c i p i t a t e s  o f  T i o 2 ' a g i

n o  c o m p r e x  f o r m e r  i s  r e q u i r e d .  T h e  e f f e c t i v e n e s s  o f  t h i s  m e t h o d

has  been  p roved .  f o r  a  va r ie t y  o f  reac t i ons  -

ROH + HCI

HzO .  R0 Ti l0R)3

tROl3T i0H .  R0 S i  l0R)2

R ' l t t l

tROl3T iOH *  S i IOR)r

-+

P'  .  g lyc idy l

S cheme 3 .



A s  a n  e x p l a n a t i o n  f o r  t h i s  s u r p r i s i n g  f i n d i n g ,  i t '  h a s  t o  b e

c o n c l u d e d  t h a t  t h e  w a t e r  a t  f i r s t  l e a d s  t o  p a r t i a l l y  h y d r o l y s e d

f a s t  r e a c t i n g  s p e c i e s ,  i n  t h i s  c a s e  t o  ( R o )  - T i o H .  T h e  = T i o H

t h e n  r e a c t s  s t a t i s t i c a l l y  w i t h  a I I  t y p e  o f  = M e O R  r g r o u p s  a n d

t h u s  i s  l i n k e d  t o  h e t e r o a t o m s  .  O n c e  m i x e d  p o l y m e r s  a r e  f o r m e d ,

a d d i t i o n a l  w a t e r  n o  l o n g e r  c a n  l e a d  t o  T i o 2  p r e c i p i t a t e s .  T h e

m e t h o d  w o r k s  f i n e  w i t h  o t h e r  a l k o x i d e s  l i k e  A I  a n d  Z t  ,  t o o .  B y

t h e  C C C  m e t h o d r  p e r f e c t  h o m o g e n e i t i e s  ( e . g .  e x t r e m e l y  l o w  l i g h t

s c a t t e r i n g r  D o  p h a s e  s e p a r a t i o n  d e t e c t a b l e  i n  t h e  h i g h  r e s o l u -

t i o n  T E I ' { )  c a n  b e  a c h i e v e d  a n d  o p t i c a l  a p p l i c a t i o n s  a r e  p o s s i b l e  -

B u t  p h a s e  s e p a r a t i o n  c a n  b e  i n t r o d u c e d ,  i f  d e s i r e d  b y  c h e m i c a l

r e a c t i o n ,  t o o .  F o r  e x a m p l e ,  i n  a  g l a s s  m a d e  f r o m  S i - e P o x y  s i -

I a n e ,  S i - m e t h a c r o y l  s i l a n e  a n d  h e x a m e t h y l e n - d i a m i n  ( g l t n )  a s

c r o s s l i n k i n g  a g e n t  p h a s e  s e p a r a t i o n  t a k e s  p l a c e  a t  S i - e p o x y :

H t " l D  =  1 : 1  ( S i - e p o x y : S i - m e t h a c r o y l  =  1 : 1 )  i n d i c a t i n g  a  l o w e r

d e g r e e  o f  c r o s s l i n k i n g  d u e  t o  t h e  H M D  e x c e s s .  T h e  t w o  p h a s e s

h a v e  a b o u t  t h e  s a m e  S i  c o n t e n t  ( h i p h  r e s o l u t i o n  E D A X ) .  O n e  c a n

c o n c  l u d e  t h a t  i n  t h i s  s y s t e m ,  t h e  [ i * * o U i l i z a t i o n  o f  t h e  d i f  f  e r -

e n t  p h a s e s  c a n  b e  c a r r i e d .  o u t  b y  o r g a n i c  c r o s s l i n k i n g ,  i f  p r o -

p e r  c o n d i t i o n s  a r e  a p p l i e d ,  b u t  a l s o  t h a t  p h a s e  s e p a r a t i o n  c a n

b e  i n t r o d u c e d .  T h e  s a m p l e s  a r e  p r e p a r e d  b y  h y d r o l y s i n g  S i - e p o x y

s i l a n e  t o  a  s l i g h t l y  v i s c o u s  l i q u i d  i n  e t h a n o L / I I 2 O / H C 1 ,  a d d i n g

t h e  S i - m e t h a c r o y l  s i l a n e ,  c o n t i n u i n g  h y d r o l y s i s  a n d  c o n d e n s a -

t i o n ,  r e m o v i n g  t h e  s o l v e n t  a n d  H C I ,  t h e n  a d d i n g  t h e  a m i n e .  F i -

g u r e  5 a  s h o w s  t h e  h o m o g e n e o u s  a n d  F i g u r e  5 b  t h e  p h a s e  s e p a r a t e d

c a s e .

T 2

I n  t h e  s o l - g e l  p r o c e s s  w i t h  p r e c u r s o r s  l e a d i n g  t o  p u r e l y  i n o r -

g a n i c  m a t e r i a l s ,  g e n e r a l l y  g e l s  a r e  p r o d u c e d  w h i c h  a r e  b r i t t l e

and  po rous .  Th i s  i s  due  to  the  th ree -d imens iona l  ne twork  fo rmed

by  condensa t i on ,  by  wh ich  a  po rous  m ic ros t ruc tu re  i s  f o rmed .

For  fur ther  d .ens i  f  i ca t ion,  temperatures around the network  sof  -

t en ing  po in t  o r  t empera tu res  fo r  c rys ta l  f o rma t ion  by  d i f f us ion

p rocesses  a re  requ i red .  F igu re  6  g i ves  a  schemat i ca l  de .sc r i p -

t i o n .

:
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F i g u r e  5 a .  S T E I \ {  m i c r o g r a P h
o f  a  m o d i f i e d  g l a s s  a c c o r d -
i n g  t o  s c h e m e  3 ;  b a r  =

200 lfrll.

F i g u r e  5 b .  S T E M  m i c r o g r a P h  o f  a

m o d i f i e d  g l a s s  ( c o m P o s i t i o n  s e e

t e : < t )  w i t h  P h a s e  s e P a r a t i o n ;
b a r  -  

5 0  n m .

I

heot

,/,//7r, = pores

F igu re  6  .  Ge1  to  g las  s  t rans  f  o rma t i c ' n  :  sh r i nk ing  and  dec rease

o f  p o r o s i t Y .

I n  c a s e  o f  o r g a n i c s  i n c l u d e d  i n  t h e  g e l ,  t h e  i n o r g a n i c  n e t w o r k

has  e i t he r  t o  be  w id .ened  o r  t he  po res  have  to  be  smar  l e r  o r  t hey

a r e  l a c k i n g  c o m p l e t e l y  ( f i g u r e  7 i ) .  I n  t h e  l a t t e r  c a s e ,  s h r i n k a g e

shourd ,  c rec rease  subs tan t i a l  l y  o r  r  i n  o the r  words  ,  t he  ma te r ia l s

should .  reach the i r  f  ina l  dens i ty  a t  cornpar ing Iy  lower  tör t -pera-

tu res  compared  to  the  " i no rgan icn  Tg '

gloss
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F i g u r e  7 .  L a c k  o f  s u b s t a n t i a l

* o ä i f i e d  g l a s s  s t r u c t u r e s  i f
d e n s i f i c a t i o n  i n  o r g a n i " ? t I Y

p o r e s  a r e  f i l l e d  b Y  o r g a n i c s '

f }  n o  d e n s i f i c o t i o n

po lymer izo t ion

s h o r t  o r g a n i c  g r o u p i n g s ,  e . g .  c o v a l e n t l y  l i n k e d  t o  t h e  i n o r -

g a n i c  n e t w o r l c  a r e  r e s t r i c t e d  i n  t h e i r  " d i s t r i b u t i o n "  t o  t h e

h o s t  s i  a t o m .  L o n g e r  c h a i n s  c a n  b e  " d , i s t r i b u t e d "  w i t h i n  t h e

i n o r g a n i c  n e t w o r k  o r  c a n  b e  c r o s s l i n k e d  o n e  t o  a n o t h e r '  i f

r e a c t i v e  I i g a n d s  a r e  p r e s e n t .  P o l y m e r i z a b l e  g r o u p i n g s  c a n  b e

u s e d  f o r  b e i n g  c r o s s l i n k e d  w i t h  o r g a n i c  m o n o m e r s -  s o m e  e x a m p l e s

f o r  c r o s s l i n k i n g  a r e  g i v e n  i n  e q u a t i o n s  ( 6 )  t o  ( B )  '

r l
-T i  -  o  - s i

r l I
<---1,/\,f\/\/Si - 0 -Ti - 0

v r l
( 6 )

:

I
I

- T i - o
I

:
|  lHz-  s i - (
I  0 r  I' . / l

! - s i - o - T i -/ 1 1
o r\

9Ht
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R O
l l

o-si-0-si -0
ö  \ z

c
/ \

Hf cH2

R O
l l

o-si-o-si-o
t (
o )

c. / \
Hjc CH2

R'00c
I

-c-:
H3C CH2

polymerizofion
cotolyst_-+

A

R : gtycol gror"p crrtoinng orgonic rodicol

R'=CH3; C2HaoH

- :  _%kooc-

= - . . . .
r l l-Z r -O-S i -0 -S i  -=  r  I  I
r  I  I  - - d , - o - s i  t o - z r -

I  potymerizot ion
+ (T, rodicot)
:

|  |  |  ) --Z r -0 -S i -0 -S i - (
I  r  t _ 1 -  |  |  |

) -  s i -  o  -s i  -o  -z r  -

\ _
,/_ \

:

O f  c o u r s e ,  p r o p e r  r e a c t i o n  c o n d i t i o n s  h a v e  t o  b e  c h o s e n .  T h e

p r o c e s s i n g  s t e p s  f o r  s o I - g e I  s y n t h e s i s  a n d  o r g a n i c  r e a c t i o n  c a n

b e  s e p a r a t e d  f r o m  e a c h  o t h e r  a n d  m o u l d a b l e  i n t e r m e d i a t e s  - 9 u t  b e

s y n L h e s i z e d , .  T h e  q u r i n g  o f  s o l i d s  c a n  b e  a c h i e v e d  e i t h e r  b y

i n o r g a n i c  c o n d e n s a t i o n ,  p o l y m e r i s a t i o n ,  P o l y a d d i t i o n ,  o r  b y

o r g a n i c  p o l y c o n d e n s a t i o n .  I " l u l t i f u n c t i o n a l  s t r u c t u r e s  c a n  b e

o b t a i n e d ,  a s  s h o w n  i n  f i g u r e  8 .

Hfo ,G:
? o
) t

0-si-o-Ti-0
t r
o 0

( 7 )

( 8 )



- Si ,A,4'/ CH _C,HZ

I  d * o H
o
I

- S|,A,z\/ 0C0 CH -

t l
O H ,

F i g u r e  B .  a t  d :
c :  s t r e n g t h e n i t t g

n e t r v o r k  f o r m e r s ;
c o m p o n e n t .

b

1 6

I
I

- s i  -

b  :  h y d r o p h i l  i c  c o m p o n e n t  ;

T h e  g l y c o l  f u n c t i o n  i n  t h i s  c a s e  h a s

e p o x y  c o m p o u n c l  ( e q u a t i o n  ( 9 )  ) ,  s i n c e

t o  b e  s Y n t h e s i z e d  f r o m  a n

a l i p h a t i c  a l c o h o l  i c  a r o u P s

OR
I

- SiunzrZ + H20
o

r e a c t  i n  t r a n s e s t e r f i c a t i o n

a c c o r c l i n g  t o  e q u a t i o n  (  1 0  )  '

-!L* fro,r*,.,H* ( e )

(  1 o  )

r e a c t i o n  t o  n e w s i l i c i c  a c i d  e s t e r s

I
CHOHCH2OH + R0 -Sin"n

r l
CHOH-CHz- 0-Si '^ ' / \ ' ' \  + HOR .

I

The  reac t i on  has  to  be  ca r r i ed  ou t  under  ccc  cond i t i ons  s ince

r ing  open ing  takes  p lace  w i th  wa te r  and  ca ta l ys t  add i t i on  to

the  reac t i ng  sys tem.  These  examp les  show,  tha t  va r i ous  chemica l

reac t i ons  can  be  ca r r i ed  ou t  bu t  t hey  cove r  on l y  a  t i ny  aspec t '

o f  t h e  a l m o s t  u n l i m i t e d  s p e c t r u m  o f  p o s s i b i f i t i e s '
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3 .  l 4 a t e r i a l s

3  . 1 .  G e n e r a l  q o n s i d e r a t i o n s

I n  t h e  f o l l o w i n g  c h a p t e r s ,  m a t e r i a l  d e v e l o p m e n t s  w i l l  b e  p r e -

s  e n t e d  .  T h e s e  d e v e l o p r n e l t s  a r e  a l t  . s y s t e m  
o r i e n t a t e d  '  t h a t  m e a n s

t h e y  [ a v e  b e e n  d e v e l o p e d  f o r  s p e c i a l  a p P l i c a t i o n  p u r p o s e s '

T h e r e f o r e ,  i t  i s  s c m e w h a t  d i f f i c u l t  t o  d r a w  g e n e r a l  c o n c l u s i o n s

F r : r t h e n o t e n t i a l f c r o t h e r f i e l d s . I n t h e c o n c l u s i o n s , t h e
l -  \ J l -  r - l l v  t / -  

-

a t t e m p t  i s  m a d e  t o  s u m m a r i z e  t h e  a p p l i c a - ' i o n  o f  t h i s  t y p e  o t

m a t e r i a r s  ,  w h  i c h  c a n  b e  c o n s i c e r e c l  a s  o r g a n i c a l t y  m o d ' i f  i e d

c  e r a m i c  s  ( O R M O C E n s  )  .

') ') P o r o u s  m a  t e r r a r  s

and,  the

r t i e s .  I f

w a I I  o f

s  a  c o n -

I s  c a n

T h e  i n c o r p o r a t i o n  o f  o r g a n i c s  i n t o  t h e  s o l - g e l  p r o c e s s

i n o r g a n i c  n e t r v o r k  c a n  l e a d .  t o  v a r j o u s  c h a n g e s  o f  p r o p e
I

h y d r o p h o b i c  g r o u p s  a r e  u s e d ,  t h e y l  c a n  c o v e r  t h e  i n n e r

t h e  p o r e s  a n d  t h u s  c r e a t e  h y d r o p h o b i c i t y  ( f i g u r e  9 )  '  A

s e q u e n c e ,  m a c r o s c o p i c  P r o p e r t i e s  o f  t h e  p o r o u s  m a t e r i a

c h a n g e ,  t o o

- \  / o
/

- 0
- /

A l -  0 H " ' A - 8

S i  -  O H . .
/  

- o
/ ' O

o n  p o r e  w a l l  P r o P e r t i e s '

B
I

A
a
a

H
o
I
S i

A :  h y d r o P h i t i c
B :  h y d r o p h o b i c
ends  o f  the
m o l e c u l e  A  -  BB

I
A
a
a

l a

e t ]
tr\ 

/

l-l

n
/ u ^

L.l
l l

0
I

AI

f i g u r e  9 E f f e c t  o f  b i P o l a r  m o l e c u l e s
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i n  f i g u r e  1 0  -
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F  i g u r e  1  0  .  G e  l a t  i o n  ,
g " l =  d e P e n d i n g  o n  H C I

d e n s a t i o n .

I
I

T h e r e b y ,  d € s p i t e  h i g h  c o n t e n t  o f  a  n e t w o r k  m o d i f i e r  w h i c h  s h o u l d

I e a d ,  t o  l o w e r  s p e c i f i C  s u r f a c e  a r e a s '  t h e  s p e c i f i c  s u r f a c e  a r e a

i n c r e a s e s ,  c a u s e d  b y  i n c r e a s i n g  h y d r o p h o b i c i t y  '  T h i s  i n c r e a s e

can  be  i n te rp re ted  by  the  c lec reas ing  i n te rac t i on  be tween  the

r e s i c l u a r  w a t e r  i n  t h e  p o r e s  a n d  t h e  p o r e  w a l r s ,  t h u s  i n c r e a s i n g

t h e  c o n t a c t  a n g l e  a n d .  d e c r e a s i n g  i n t e r f a c e  t e n s i o n s '

T h e  i n f r u e n c e  o f  t h e  c a t a r y s t  c o n c e n t r a t i o n  ( i l c r )  o n  s ' ' r f a c e  a n d

d e n s i t y  s h o w s  t h e  s a m e  t e n d . e n c y  f o r  ( C H : )  S i O 3  
1 2 /  

S L O Z  a n d  S i O z  '

The  hyd rophob ic i t y  causes  an  add i t i ona r  e f  f ec t :  The  v ra te r  vapour

a d s o r p t i o n  i s  r e d u c e d  d r a s t i c a l l y ,  ä s  s h o w n  i n  f i g u r e  1 1 '  T h a t

m i g h t  b e  v e r y  i m p o r t a n t  f o r  v a r i o u s  a p p r i c a t i o n s  o f  p o r c u s  m a t e -

r i a l s .

B E T  s u r f  a c e  a n d  d ' e n s i t i e  s  o f  d i  f  f  e r e n t

c o n c e n t r a t i o n  d u r i n g  h y d r o l y s i s  a n d  c o n -

A s  i n d i c a t e d ,  ä R i n o  g r o u p s  r e o u c e

b e  u s e d  f o r  a d d i t i o n a l  a d s o r P t i o n

f i g u r e  L 2 ,  t h e  C O Z  a d s o r P t i o n  c a n

hydrophobic  i tY

e f  f e c t s  ,  t o o  .

be  i n f l uenced

a n d  t h e Y  c a n

A s  s h o w n  i n

r ema rk abi- Y .

cH! Sio3/2/s ioz ,"
6 0 : t 0 ,

I

<-.r p
|  , ,  S io ,
I
i *,'
I  t - , +
l 1
l 1

l 1
t /

l 1

t L '
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F i g u r e  1 1 .  w a t e r  v a p o r  r o o m  t e m p e r a t u r e .  a b s o r p t i o n  i s o t h e r m s  o n

t w o  d i f f e r e n r  g e r s ;  r  =  a m i n o  g t o Y P  : o t t ; i ; i ; ;  
g e l  ( h y d r o p h i r i c )

r r  =  m e t h y l  g r o u p  t o ' ' t a i n i n g  g ä r  ( h y d r o p h o b i c ) '

F ig t t
m o d  i
(  am)
4 0  / 6
a  1 I '

re  l ^2 .  Adso rp t i on  i so the rms  o f  CO^  on

f i e d  a d s o r b e n t s :  7 0 , , l " t . u o ' x  f o r m 6 r  S

r a t i o  t * " f " t l :  3 0 : 7 0 t  5 0 '  5 q : 5 0 ;  1 0 '

0 ,  4 0  S i o ,  a n d '  6 0  C H : s . L o Z / z  ( m o I a r ) ;

b e t w e e n  Z 6 O  a n d  3 0 0  r n / g '

d i f f e r e n t  n e t w o r k .  -
iO- ,  t "  network  mod ' i  f  ie :* ö 6 t i ö t  

o ,  L o o  t  s i o t ;
s p e c i f i c  s u r f a c e  a r e a s

310 m2/g
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0  ^ / /

, t  l )X

f,,,/totoo
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rn  ou r  i nves t i ga t i ons  the  adso rp t i on  behav iou r  o f  coz  as  a  func -

t i on  o f  o rgan ic  mod i f i ca t i on  i n  po rous  s ioz  sys te rns  was  measur -

ed  .  F  i gu re  L2  shows  the  compar i son  o f  t h ree j  adso rben ts  '  syn -

thes i zed .  under  equar  reac t i on  cond i t i ons  (hyd ro l ys i s  and  con -

6 e n s a r i o n  o f  s  i  ( o c 2 H 5 )  4  ,  c H 3 - s i  ( o c 2 H 5 )  3  a n d '  N H z  ( c H z )  l - s i  
( o c z H s )  r

(am)  i n  50  vo l .g  an rön  w i th  o_  t  N  HCI  and  s to i ch iomet r i c  amoun t

o f w a t e r ) . T l . r e i n f l u e n c e o f t h e m o d i f i c a t i o n o n a d s o r p t i o n b e -

hav io r  i s  obv ious .  The  ex t reme h igh  road  a t  l ow  coz  va rues  can

be  a t t r i bu ted  to  a  weak  d ipo le -d ipo re  i n te rac t i on  be tween  the

am j . nog roup  and  CO Z  ,  
t he  re la t i ve l y  h igh  l oad  o f  CH 3  

g roup  con -

ta in ing  adso rben ts  to  a  hyd rophob ic  i n te rac t i on  '  The  examp le

demons t ra tes  the  i n f l uence  o f  s t ruc tu ra r  changes  o f  i no rgan ic

po lymers  by  o rgan ic  mod i f i ca t i on  on  se lec ted  p rope r t i es  '  A  che -

m ica l  hea t  pumP $ /as  deve loped '  by  use  o f  two  d i f f e ren t  t ypes  o f

a d s o r b e n t s  w i t h  c o z  t 3 3 1 .  F i g u r e  1 3  s h o w s  a  g r a n u r a r  c o z  a d s o r -

b e n t .

I
rn  add i t i on  to  th i s ,  am ino  g roup  cbn ta in ing  ma te r ia l s  a re  use -

fu l  f o r  reve rs ib le  ac id  ad ' so rp t i on  f rom aqueous  med ia  and  fo r

enzyme immobi l i  zaLion [  34 ] '

F i g u r e  1 3 -  C O Z  a d s o r b e n t
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Ano the r  poss ib i l i t y  f o r  app l i ca t i on  o f  po rous  ma te r ia l s  i s  t he

f i e ld  o f  ab ras i ves .  Fo r  spec ia l  app l i ca t i ons  l i ke  cosmet i c

t rea tmen t  o r  t he rap ies  o f  t he  human  sk in  i t ' i s  necessa ry  to  use

so f te r  ab ras i ves  o r  ab ras i ves  w i th  l im i ted ,  e f fec t i veness  i n

orCer  to  avo id  hur t  .  l , lo reover ,  these mater ia ls  have to  be ab-

so lu te ly  f ree f rom tox ic  or  i r r i ta t ing components .  For  the la t -

t e r  r e a s o n ,  s i l i c a  o r  s i l i c o n e s  a r e  v e r y  s u i t a b l e ,  b u t  s i l i -

c o n e s  a s  a b r a s i v e s  a r e  t o o  s o f t ,  w h i l e  s i l i c a s  f o r  s k i n  t h e r a p y

i  n  gener  a l  are  too hard .  The d .eve lopment  o f  mixed po lymer  s  ba s  -
')-

e d  o n  t s i o n l n -  a n d  t  ( c g : )  
Z S  L o 2 f 2 -  ,  h o w e v e r ,  s h o u l d .  I e a d  t o  m a -

t e r i a l s ,  w i t h  s u i t a b l e  p r o p e r t i e s .  F i g u r e  L 4  s h o w s  t h e  i n f l u e n c e

o f  compos i t i on  on  the  ab ras i ve  p rope r t i es  on  the  ma te r ia l  (ab ra -

s i ve  number  co r responden ts  to  the  number  o f  unc rashed  g ra ins

a f t e r  a n  a b r a s i v e  t e s t  d e s c r i b e d  i n  [ 3 5 ] )  -

30 /.0 50 60

(CH3)zsiO content (wt.-%)

t-
CJ

E
l
c
o, 70
' a

o
t-

-o

F igu re  14  .  Ab ras ion  behav io r
p e n d i n g  o n  c o m p o s i t i o n .

o f  a  ( C H g  )  , S  
i O  /  S O  Z  

c o n d e n s a t e  d e -
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T h e  m a t e r i a l i s  used  in  an  acne  o in tment a s  s h o w n  i n  f i g u r e  1 5 '

r i g u r e l 5 . C o m m e r c i a l l y a v a i l a b l e a c n e o i n t m e n t .

These  few  examp les  demons t ra te  the  va r ia t i on  o f  poss ib i r i t i es

o f  i no rgan ic -o rgan ic  po rous  m ic rocompos i te  ma te r ia rs -  An  i n te r -

e s t i n g p o t e n t i a l f o r f u r t h e r d e v e l o p m e n t s i s

c a r r i e r s  f o r  e n z y m e s

t a i l o r e d  a d s o r b e n t s

g a s  s e n s o r s

p o r o u s  c o a t i n g s

m e m b r a n e s  [ 3 6 ' 3 7 ] '

I " lembranes can

fo r  improv ing

a n d  c e l l s

f o r  s o l v e n t  s t r i P P i n g

b e s y n t h e s i z e d i n a b i p h a s i c s y s t e m t 3 5 ] a n d u s e d

f i l t r a t i o n  P r o c e s s e s  ' , --{
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3 . 2 .  T h e r m o p l a s t i c  r n a t e r i a l s

Inorgan ic  po lymers  wi th  " thermoplast ic "  pro fer t ies  in  a  common

s ense d .o  not  ex is t .  Grass shows a h igh temperature  
"  thermoprast i -

c i ty , , ,  wh ich is  based on bond,  c leavage by temperature  and thus

read ing  to  a  so f ten ing .  The rmopras t i c i t y  o f  o rgan ic  po l ymers  i s

based on mechanisms not  incrud, ing bond.  c reavage -  The quest ion

ar ises ,  whether  thermoplast ic  oRI" ioCERs can be synthe s tzed '  A

p re requ i remen t ,  t he re fo re ,  i n  ana logy  to  o rgan ic  po l ymers  i s  t o

keep  the  th ree -d imens iona r  c ross l i nk ing  r im i ted  and  i n  add i t i on

t o  t h i s ,  t o  k e e p  t h e  m o r e c u l a r  s i z e  r e r a t i v e r y  r o w -  F o r  c o n t r o r r -

i n g  t h e  c r o s s  l i n k i n g ,  "  I i n e a r i z i n g "  c o m p o n e n t s  '  €  '  g  '  t h e  R r S  i =

o r  R ' R , , S i =  v r i t h  R  C 6 H 5 ,  R '  =  a l k y l ,  R "  =  v i n y l  a r e  n e c e s s a r y '

R ,  R , , s i =  i s  u s e d  i n  s i r i c o n e  c h e m i s t r y  f o r  r e a c t i v e  c r o s s l i n k i . g ,

too  .

I n  f i g u r e  1 6  ,  t h e  i n f l u e n c e  o f

i n  a  d i a g r a m  -

o n  p r o P e r t i e s  i s  s h o w n

R r S i  =

( I I I )

e l q s t i c  ( d e P e n d i n g  o n
d e g r e e  o  v i n Y l

P o l Y m e r i z o t i o n  )

compos i t ion

I

M e 0 ,
( r )

R ' R " S i
(  I I  )

P h o t o -  o r
the rmo curob le

r e g i m e s  i n  t h e  s y s t e m  M e t O / R ' R " S i = R z S r =

b r i t t t e

F i g u r e  1 6 .  P r o P e f . t Y
( M ä  :  S i ,  t i ,  Z t l .

t h e r m o P t o s t i c
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Th is  d iag ram can  on l y  show tendenc ies .  The  exac t  p rope r t i es

c lepend  on  the  spec ia l  reac t i on  cond i t i ons  r  €Spec ia l I y  on  the

d e g r e e  o f  t h e  v i n y l  r e a c t i o n  ( e q u a t i o n s  ( 1 1 i  a n d  ( 1 2 )  )  .

=S i -CH=CHz +  CH3-? t=  ->  =S i -CH2-CH2-CH2-? i=  (1 f1
a

ön ,  cH=c I { ,  cH :  cH=cH,

=S i -C r r=CH,  +  H rC=CH-S i=  = i : - au ' -CH=CH-CHr - i t =  (12 )
ö " ,  c H 3  c H 3  c H 3

s b y

v a -

Composi t ions in  the thermo-  or  photocurab le  reg ime can be p

pa red  w i th  the rmop las t i c  o r  h igh  tempera tu re  (up  to  300  oC)

me l t i ng  p rope r t i es  and  cu red  to  non - the rmop las t i c  so l i ds  by

hea t  t rea tmen t ,  based .  on  a  the rmo ipduced  rad . i ca l  reac t i on

a c c o r d i n g  t o  e g u a t i o n  ( 1 1 )  o r  ( 1 2 ) l  o t ,  ä t  l o r v e r  t e m p e r a t u r e

u s e  o f  a  p r o p e r  p h o t o i n i t i a t o r .  B a s e d  o n  t h i s  c o m p o s i t i o n ,

r i ous  t ypes  o f  ma te r i a l s  had  been  deve loped , .

r e -

A d h e  s  i v e  s

Ac lhes i ve  g roups  w i th  h igh  reac t i v i t y  t o  hyd roxy la teC  su r faces

c a n  b e  s y n t h e s i z e d  f r o m  ( C e H S )  Z S i C 1 2 ,  m e t h y l v i n y l - S i C 1 2  a n d

s i ( o n ) a  ( o r  T i ( o n ) a )  t 1 3 , 3 8 1 .

@ . p
o

t l
s i -  o  - T i -
r l

/ , \  0
,//
I

si- Ol-i
l -
0

S i
,/ \ |

- o  o - s i - 0 -
I
98

F i g u r e  ! 7 .  R e a c t i v e  a d h e s i v e .
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The react iv i ty  is  based on the res idua l  OR and oH groups in  the

compos i te ,  wh ich  can  be  con t ro l l ed  by  ca ta l ys t  ( t t+ )  concen t ra -

t ion c lur ing synthes is  and moni tored by IR spect roscopy -  The

adhes ive  can  be  used  as  a  ho t  me l t  f o r  g lass  con ta ine r  sea l i ng

oE t  a f  t e r  ad .d i t i on  o f  an  pho to in i t i a to r  r  äs  a  sea l  t o  g lass  ,

where the UV cur i rg  process occurs  by  rad ia t ion through the

g lass  .  The  sea l  shows  a  un ique  mo is tu re  res i s tance  t  3  9  I  compared

w i th  o rgan ic  po l ymers  based  ho t  me l t s  -

P r o t e c t i v e  c o a t i n q s

B a s  e d  o n  t h e s e  f  i n d . i n g s  ,  a  p r o t e c t i v e  c o a t i n g  s y s t e m  f o r  m e d i e -

v a l  s t a i n e c l  g l a s s e s  h a s  b e e n  d e v e l o p e d .  T h i s  s y s t e m  i s  d e s r i b e d

i n  t  1 4 I  .  I t  a d h e r e s  t o  g l a s s e s  a n d  c o r r o d e d  g l a s s e s  a n d ,  i n  o r d ' e r

t o  s t o p  H Z O  d . i f  f u s i o n ,  a  m e c h a n i c a l  b a r r i e r  s y s t e m  i s  i n c l u d e d

i n t o  t h e  c o a t i n g  ( m i c a  o r  g l a s s  f l a k e s ,  f i g u r e  1 8 )  .

c 0 v ? f

c o o t i n g
g l o s s

F igu re  1  B  .  Co rnpac t  p ro tec t i ve  sys tem ( t w o  l a y e r s )

T h e  d i f f u s i o n  b a r r i e r  c a n  b e

the  re f rac t i ve  i ndex  to  m ica

b y  a d a p t i o n  o f

llllllil
m i c o

m a d e  "  i n v i s  i b l e  "

o r  g l a s s .



s i ,  T i ,  z y ,  o r  A I  o x i d e  n e t w o r k s  s h o w  i n t e r e s t i n g  s u r f a c e  p r o -

p e r t i e s  i f  c r o s s r i n k e d  w i t h  p r o p e r l  o . g a n i c  c o m p o n e n t s  t 3 2 , 4 r , 4 2 f '

U s e f u l  b a s i c  c o m p o s i t i o n s  a r e  t r " r e O I ) x l t S i O Z l y / t s i o 3 / Z R f ,  ( x  - -

0 . 0 5  0 - 3 ;  y  =  0 . 0 5  } ' L i  z  =  0 ' 4  0 ' 7 )  '  w i t h  M e  =  T i '  z t  '

A I ,  B ,  S r ,  and  R  =  epoxy r  i l € thac roY l ,  p ropy l  o r  v iny l ,  as  examp-

les .  These  coa t i ngs  have  to  be  p repa red  by  the  ccc  p rocess  fo r

ach iev ing  h igh  op t i ca l  qua l i t i es .  They  show un ique  su r face  ha rd -

nesses .  The  modu lus  o f  e las t i c i t y  can  be  adap ted  to  the  sub -

s t ra te  by  cu r ing  tempera tu res  (50  to  150  oC;  Iow  tempera tu re

cu r ing  w i th  me thac roy l  g roup ings  by  use  o f  pho to in i t i a to rs  i s

p o s s i b l e ) .  T h e  h a r d n e s s  d e p e n d s  o n  t h e  M e O ,  a n d  i n c r e a s e s  w i t h

S i

p e r a t u r e  c u r i n g ,  P l a s t i c s  c a n  b e  c o a t e d  a n d  t h e i r  s u r f a e e s  c a n

be  improved  remarkab ly .  Depend ing  on  comPos i t i on '  t he  coa t i ngs

shorv  ha rdness  comb ined  w i th  co r ros ion  p ro tec t i on ,  f raw  hear ing

e f fec ts  on  g rass  ( s t reng then ing )  and  good  adhes ion  to  va r ious

subs t ra tes .  They  a re  o r  can  be  used  fo r

2 6

E  l e c t r o n i c  m a t e r i a l s

Die rec t r i c  coa t i ngs  fo r  e rec t ron i c  app r i ca t i ons  a re  ano the r

e x a m p l e  f o r  a n  a p P l i c a t i o n  o f  t h i s  s y s t e m  t 4 0 l '  D u e  t o  t h e

un ique  e lec t r i c  p rope r t i es  I  e '  *  2 .3  '  su r face  res i s t i v i t y

t o 1 6 n l  t h e  m a t e r i a r  c a n  b e  u s e d  f o r  m e t a r  s u b s t r a t e  c o a t i n g

i n  m e t a l  c o r e  c i r c u i t  b o a r d s .  o t h e r  a p p l i c a t i o n s  a r e :

p r o t e c t i v e  c o a t i n g s  f o r  c o r r o s i o n  s e n s i t i v e  s u b s t r a t e s

d i f f u s i o n  b a r r i e r  i n  m i c r o e l e c t r o n i c s

ho t  me l t  f o r  va r i ous  PurPoses  '

3  . 3  .  H a r d  c o a t i n q s

hard  coat ings  f  o r  a I I  t ypes  o f  p las t i cs  l i ke  PC,  n ryY PVC '

P E T ,  P V B ,  P E ,  F P ,  a n d '  o t h e r s
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cor ros ion  P ro tec t i ve  and  ha rd

A l ,  C u ,  A g ,  A u  ( P r o t e c t i o n  o f

mechan ica l  P ro tec t i on  o f  h igh

coa t ings  on  meta ls

m e t a l l i z e d  g l a s s  '

pe r fo rmance  meta l

l i k e  b r a s s

p l a s t i c s ' ;

s u r f a c e s  )

m e c h a n i c a l  p r o t e c t i o n  o f  p a p e r ,  w o o d t  w a x

mechan ica l  p ro tec t i on  o f  e rec t ron i c  c i r cu i t  bo rd  mas te r  co -

p i e s  o r  o t h e r  e l e c t r o n i c  P a r t s

o u t d o o r  a p p l i c a t i o n s  f o r  g l a s s e s  o r  p l a s t i c s

m a t r i c e s  f o r  h o s t  m o l e c u l e s  ( t r a n s i t i o n  m e t a l s )

d . e c o r a t i v e  c o a t i n g s  w i t h  d y e s  i n c l u d e d

h i g h l Y  a n t i a b r a s i v e  c o a t i n g s  w

T h e  m u l t i c o m p o n e n t  s y s t e r n  a l l o w s

"  f  u n c t i o n s "  I i k e  h y c l r o p h i l i c i t y  (

r i o u s  o t h e r s .

Th is  comprehens ive  su rvey  shows  the  ac l van tage  o f  t hese  t ypes  o f

m i c r o c o m p o s i t e s  :  , , r n o r g a n i c , '  a n d  " o r g a n i c "  f u n c t i o n  c a n  b e  u s e d

t o  c r e a t e  n e w  o r  t a i l o r e d .  m a t e r i a l  p r o p e r t i e s '

D u e  t o  t h e  h i q h  r e r a x a t i . o n  a b i r i t y  a n d  t h e  r o w  s h r i n k a g e  (  5

1 0  v o l .  - t )  ,  b u l k  m a t e r i a . l s  c a n  b e  p r e p a r e d  a s  s h o w n  b y  t h e  d e v e -

r o p m e n t  o f  c o n t a c t  r e n s  m a t e r i a r s  w i t h  i n t r i n s i c  h y d r o p h i r i c i t y '

g o o d .  m e c h a n i c a l  s t r e n g t h  a n d  O Z  P e r m e a b i l i t y  ( s e e  f i g u r e  8 )

t 4 3 1 .  F i g u r e s  1 9  ( p a g e  2 8 )  t o  2 0  ( p a g e  2 9 1  s h o w  e x a m P l e s  f o r

h a r d  c o a t i n g  a P P l i c a t i o n s '

T a b l e  1  s h o w s

q l a s s  I e n s e s .

t h e p r o p e r t i e s o f m a t e r i a l s d e v e l o p e d ' f o r e y e

i t f r  f  i  l l  er  s  inc luded -

I

I
tb  incorPora te  add i t iona l

a n t i  f o g g i n g  e f f e c t )  a n d  v a -



T a b l e  1 Scratch and abrac l ing
compos i t i on  (mo Ie - t )
S i O r :  3 0

2 8

t e s t s  o f  d i f f e r e n t  c o a t i n g s
,  

-M"O2  
:  20 ;  ePoxYs  i l ane :  50  ;

Coat ings and PolYmers

T e s t CR 3 9 PMMA Coat ing 1

( u n c o a t e d )  ( u n c o a t e d )

1 2

t 2  1 3

4 *

1 5 * *

1 0 2 0  3 0

1 . 5

1 . 2 *

6 * *

5 0
A (  l o a d  i n  9 )

( h a z e  i n  ? )

( 2 0 0  r e v . )

( h a z e  i n  t )

1
2
3

A

B

C

v i cke rs  d iamond  sc ra tch  tes t :  d iamond  load  o f  t he  f i r s t

v i s i b l e  s c r a t c h  ( b Y  m i c r o s c o P e )

tabe r  ab rac le r :  haze  a f te r  ab ras ing

s p e c i a l  a b r a s i o n  t e s t  w i t h  a b r a s i v e  p o w d e r s :  h a z e  a f t e r

a b r a d i n g .

Z r - c o n t a i n i n g  )
T i - c o n t a i n i n g  )
A l - c o n t a i n i n g  )

coat ings I

' (  d iamond powder and
* *  bo ron  ca rb ide  Powder

a s  a b r a s i v e s

I

F i g u r e  1 9
I

ffiffi

S c r a t c h  r e s i s t a n t  c o a t e d  a r t i c l e s  '
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F i g u r e  2 0 .  C o a t e d  e y e  g l a s s  l e n s

F o r  t h e  e y e  g l a s s  c o a t i n g ,  a  f u l l y  a u t o m i z e d  p r o c e s s  h a s  b e e n

d e v e l o p e d  ( s p i n - o n  t e c h n i q u e ,  f i g u r e  z 1 - l  .

F i g u r e  2 L .  A u t o m a t e d  e y e  g l a s s  l e n s  p r o d u c t i o n  l i n e

3  . 4  .  F u n c t i o n a l  m a t e r i a l s

I n  t h i s  g roup ,  ma . te r i a l s  w i th  ve ry  spec ia l  f unc t i ons  . i " *d "= -

c r i b e d , .  A s  m e n t i o n e d  a b o v e ,  b y  i n c o r p o r a t i o n  o f  s p e c i a l  o r g a n i c

( o r  i n o r g a n i c  f u n c t i o n s )  s p e c i a l  p r o p e r t i e s  c a n  b e  a c h i e v e d .
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S e n s o r s

c o m p o s i t e  m a t e r i a l s  o n  t h e  b a s i s  o f  S i o 2 / s i o  3 / 2 ( C H z )  t x n  r / s t o 3 / 2

p ropy |  can  be  syn thes i zed .  by  ccc  so l -ge l  t echn iques  t44 l '  These

mate r ia l s  a re  ab le  to  i nco rpo ra te  reve rs ib l y  uP  to  40  w t ' t  soz

by  comp lex  fo rma t ion ,  äs  p roved  by  IR '  App t i ed  as  coa t i ngs  on  an

in te rd ig i t a ted  capac i tance  d ,ev i ce ,  t he  sys tem can  be  used  as  a

soz  senso r  w i th  h igh  sens i t i v i t y  and  se lec t i v i t y -  The  mechan ism

i  s  the change o f  the permi t t iv i ty  constant  by  the soz com'p lex

fo rma t ion .  o the r  deve lopmen ts  show tha t  ana logeous ly  ma te r ia l s

f o r  s e n s o r i n g  c o ,  N H : ,  N O *  c a n  b e  s y n t h e s i z e d .  F i g u r e  2 2  s h o w s

t h e  s t r u c t u r e  o f  a  S O Z  c h i P .

F igu re  22  .  SOZ ch ip  w i th  an  i n te rd ig i t a ted  s t ruc tu re  '

C a t a l v s t s

The  inco rpo ra t i on  o f  Rh-comp lexes  i n to  a  so I -9e I  de r i ved  S iO2

porous  ma t r  i x  reads  to  new mate r ia l s  t  4  5 I  w i th  a  h igh  po ten t ' i a1

fo r  new ca ta lY t i c  aPP l i ca t i on .

B iochemica l  compound im[ ,eb i l i " i t c o a t i n q  s
. _ - <

a m i n o ,  a n i -

s u r f a c e s .

a n t i b o d i e s ,

The incorporat ion

l i no r  o r  a ldehYde

They  can  be  used

of  organofunct iona l  grouPs l ike

leads  to  ma te r ia l s  w i th  reac t i ve

for immobi l izat ion of  enzymes or



3 1

e .  g .  f o r  i m m u n o l o g i c a l  a s s a y s .  A  T 3 - R I A  b a s e d  o n  a  c o a t e d  t u b e

s y s t e m  h a s  b e e n  C e v e l o p e d  t 1 7 l  w i t h  g o o d  p e r f o r m a n c e s .  T h e  a c -

t i ve  coa t ing  con ta ined  a ldehyd ,e  g roups  fo r  d i rec t  coup l  i ng  o f

T  3  a n t i b o c l i e s  b y  a  S c h  L f  f  b a s e  r e a c t i o n .

I o n  c o n d u c t i v e  s o l i d  s t a t e  e l e c t r o l y t e s

T h e  a d . v a n t a g e  o f  t h e s e  t y p e s  o f  m a t e r i a l  i s  t h e  s t r u c t u r a l  s t a -

b i l i s a t i o n  e f f e c t  o f  t h e  i n o r g a n i c  b a c k b o n e  i n  c o m b i n a t i o n  w i t h

p r o p e r t i e s  o f  p o l r m e r i c  s o l i d  s t a t e  e l e c t r o l y t e s  ( f l e x i b l e '

t h i c k  f i l m  t e c h n i q u e s )  a n d  t h e  p o s s i b i l i t y  f o r  u s i n g  s o l - g e l

t e c h n i q u e s  f o r  t h i n  f i l m  c o a t i n g s  .  F i r s t  r e s u l t s  t  4  5  I  s h o w  t h a t

c r o o d  c o n d u c t i v i t i e s  c a n  b e  a c h i e v e d  -

3 . 5 .  R e i n f  o r c e n i e n t  o f  P o I Y m e r s

I

S  o I - g e I  t e c h n i g u e s  m a y  b e  u s  e d  f  o r l  b , u i l d i n g  u p  i n t e r p e n e t r a t i n g

n e t w o r k s  b y  s i m u l t a n e o u s  o r  c o n s e c u t i v e  s y n t h e s i s  o f  b o t h  t y p e s

o f  n e t w o r k s .  A s  a n  e x a m p l e ,  a n  a m o r p h o u s  - o - T i - o - T i - o -  c o n t a i n -

i n g  i n t e r p e n e t r a t i n g  n e t r v o r k  w a s  s y n t h e s i z e d .  b y  u s e  o f  a n  e t h y l

v i n y l  a c e t a t e  c o p o l y m e r  c i i s s o l v e d  i n  t o l u e n e  a s  l i q u i d  p h a s e .

T i  ( O R )  ,  w a s  a d . d . e d  s  l o w l y ,  h y d r o l y s i s  a n d  c o n d e n s a t i o n  w e r e  c a l : -
.t

r i e d .  o u t  t h r o u g h  a  H Z O  v a p o r  p r e s s u : r e  c o n t r o l l e d  a t m o s p h e r e .

T h e  r e s u l t i n g  i n s o l u b l e  p o l y m e r  e x h : L b i t s  a  h i g h  s c r a t c h  r e s i -

s t a n c e  i n  t h e  d . i a m o n d  s c r a t c h  t e s t .  D i a m o n d  l o a d s  o f  u p  t o  2 0  g

( V i c k e r s  d i a m o n d )  d . o  n o t  r e s u l t  i n  ' ' . r i s i b l e  s c r a t c h e s  ( m i c r o s -

c o p e  o b s e r v a t i o n )  .

T h e  u n i t  s i z e  i n  t h i s  c a s e  i s  i n  t h e  n a n o m e t e r  r a n g e  '  T h i s

e x a m p l e  s h o w s  t h e  p o t e n t i a l  f o r  t h e  g e n e r a t i o n  o f  n e w  t y p e s  o f

p o l y m e r s .
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3 . 6 .  I n o r q a n i c - o r g a n i c  p r o c e s s i n q

so l -ge1  techno log ies  somet imes  r  äs  a l ready  d i scussed  i n  the

in t roduc t i on ,  su f fe r  f rom a  l ack  o f  adequa te  reac t i on  con t ro r -

Complex format ion can be a  he lp fu l  mean to  overcome these

probrems.  comprex format ion o f  aruminum a lkox ides wi th  excess

o f  e thy lace tonace ta te  l eads  to  po l ymer i c  comp lexes  w i th  l ow

mo lecu la r  we igh ts  (  f i gu re  231  [  30  ]  '

O H

OH

( ' \  T i r T i r T i r T
\ \,ro'.\ ,u'\ru'-\ )/o..,.

jnt Al Al Al At

f /'.., / ',,. / ",. / ',,.^/
t , - /  0  o  0  o' - l l t l

H H H H

F i g u r e  2 3

L :  E A A  -  o n i o n
I
I

I " lode l  fo r  the s t ruc ture  o f  IA I  (oH )  2EAA]  5  '

The s t ruc ture  moder  is  based on var ious methods (FTrR'  I \ I I ' IR '

TGA)  ,  Depend ing  on  reac t i on  cond i t i ons ,  t hese  comp lexes  can  be

used  fo r  coa t i ngs  (pe r fec t  coa t i ngs  o f  A12O3 up  to  L  pm th i ck -

n e s s ) ,  a n d  t h e y  h a v e  a  p o t e n t i a l  f o r  n a n o  p a r t i c l e  p r e p a r a t i o n

147) t  o r  f o r  f i be r  d raw ing .  These  me thods  can  be  used  fo r  Z t  '

t o o  [ 3 1 ] .

C o n c l u s i o n s

As  d i scussed  w i th in  the  genera l  cons ide ra t i ons  and  shown  on

seve ra l  examp les ,  i no rgan ic -o rgan ic  m ic rocompos i tes  o f fe r  a

w ide  spec t rum o f  poss ib i l i t i es  fo r  ma te r i a l  deve lopme" :?  The

ma in  rou te  fo r  t hg  syn thes i s  o f  t he  i no rgan ic  un i t  i s  t he  so l -

ge l  p rocess .  Th i s  technn ique  a l l ows  to  ta i l o r  t he  p rope l t i es

in  a  w ide  range .  one  has  to  take  i n to  cons ide ra t i on ,  t ha t  t he
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sol -ge l  chemis t ry  is  in f luenced remarkab ly  by  the in t roduct ion

o f  o rgan ic  g roup ings ,  and  p rocess ing  and ,  mou ld ing  i s  i n f l uenc -

€d ,  t oo .  Th i s  means ,  t ha t  f o r  ne \ ^ r  compos i t i öns  new chemica l

p rocesses  have  to  be  deve loped .  Due  to  the  numerous  va r ia t i ons

addi t iona l ly  prov ided by the organ ic  chemis t ry ,  the number  o f

p o s s i b i l i t i e s  i n c r e a s e s  a l m o s t  i n f i n i t e l y .  T h e  f e w  e x a n p l e s

deve loped up to  now prove the h igh potent ia l  o f  these new mate-

r i a l s  f o r  ve ry  spec ia l  app l i ca t i ons  i nc lud ing  h igh  techno lo -

g i e s  .  T o  e x p l o i t  t h i s  p o t e n t i a l ,  a  l o t  o f  e f f o r t  i s  r e q u i r e d

f r o m  c h e m i s t s  a n d  m a t e r i a l  s c i e n t i s t s ,  a n d  a s  o n e  c a n  s e e  n o $ / ,

t h i s  i s  a t  i t s  v e r y  b e g i n n i n g .

5 .  L i t e r a t u r e

t 1 l

t 2 l

t 3 l

t 4 l

t s l

i 6 l

G o t t a r d i  ,
A m s t e r d a m ,

S c h o l z e ,  H
Amste rdam,

V . ,  € d . ,  J .  N o n - C r y s t .  S o l i d s  4 B  ( 1 9 8 2 )
N o r t h - H o l l a n d  P h y s i c s  P u b l i s h e r s .

Z a r z y c k i  ,  2 . ,  € d . ,  J .  N o n - C r y s t .
A m s t e r d a m ,  N o r t h - H o l l a n d  P h y s i c s

I v l a c k e n z L e ,  J .  D . ,  U l r i c h ,  D .
c e s s i n g  o f  A d . ' , z a n c e d  C e r a m i c s
1 9 8 8 .

S o l i d s  6 3  ( 1 9 8 4 ) .
P u b l i s E E r s .

S o l i d s  8 2  ( 1 9 8 6 )
P u b l i s h E s .

R .  ,  e d s .  ,  U l t r a s t r u c t u r e  P r o -
J o h n  W i l e y  &  S o n s ,  N e w  Y o r k ,

.  r  € d . ,  J .  N o n - C r y s t .
Nor th -Ho I Iand  PhvsH-cs

S a k k a ,  S . ,  € d . ,  J .  N o n - C r y s t .  S o I i d s  1 0 0  ( 1 9 8 8 )
A m s t e r d a m ,  N o r t h  H o l l a n d  F t  y s i c s  P u b l f H e r s .

H e n c h ,  H .  L . ,  U l r i c h ,  D .  R . ,  e d s . ,  P r o c e e d i n g s  o f  t h e
I n t e r n a t i o n a l  C o n g r e s s  o n  S c i e n c e  o f  C e r a m i c  C h e m i c a l
P r o c e s s i n g .  J r l h n  W i l e y  &  S o n s ,  N e w  Y o r k ,  1 9 8 6 .

t 7 )

t 8 l

i e l

B r i n k e r ,  C .  J .  ,  C l a r k ,  D .  E .  ,  U l r i c h ,  D .  R .  ,  e d s  -  ,  l " l a t
R e s .  S o c .  S y m p .  P r o c . 3 2  ( 1 9 8 4 )  .

B r i n k e r ,  C .  J . ,  C l a r k ,  D .  E . ,  U l r i c h r  D .  R . ,  e d s - ,  M a t
R e s .  S o c .  S y m p .  P r o c . 7 3  ( 1 9 8 6 ) .

P r o c e e d i n g s  o f  t h e  f n t e r n a t i o n a l  C o n g r e s s  B e t t e r
T h r o u g h  C h e r n i - c t r y  I I I  .  A p r i l  1 9  8  8  ,  R e n o / N e v a d a  '
p r i n t )  .  .

D i s l i c h  ,  H .  , '  I n :  G l a s s :  S c i e n c e  a n d  T e c h n o l o g y '
P r o c e s s i n g  I t  A c a d e m i c  P r e s s ,  N e w  Y o r k ,  1 9 8 4 r  2 5

C e r  amic  s
U S A  (  i N

V o I  .  2 .
1 .

t 1 0 l
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t 1 1 ]  D i s l i c h ,  H . ,  I D :  P r o c e e d i n g ?  o f  } h "  
E u r o p e a n  I ' { e e t i n g  I n o r -

g a n i c  C o a t i n g s  o n  G l a s s .  U i i v e r s i t y  L ' A q u i l a '  1 9 8 8 '  1 1 3 '

t 1 2 l  W a n g ,  S . - H . ,  C a m p b e l l f  C ' r  H e n c h  ' - - L '  i ' '  I n :  U l t r a s t r u c t u r e

p r o c e s s i n g  o f  A d ; a n c e d  c e x a m i c s .  r " l a c k e n  z i e ,  J  -  D .  ,  u r r i c h  '

D " R . r e d s - r J o h n W i t e y & S o n s ' N e w Y o r k t l g B B ' 1 4 5 '

t 1 3 l S c h m i d ' t r H . r S c h o l z e r H ' ' T ü n k e r ' G " J ' N o n - C r y s t ' S o l i d s
8 o  ( 1 9 8 6 )  5 5 7 .

t 1 4 l  T ü n k e r ,  G - ,  P a t z e l t ,  H ' ,  S c h m i d t '  H ' '  S c h o l z e '  H "  G I a s -

t e c h n -  B e r .  5 9  ( 1 9 8 6 )  2 7 2 '

t 1 5 l  S c h m i d t ,  H - '  s c h o L z e ,  H '
s i c s ,  V o l .  6 :  A e r o g e l s '

,  I r :  S P r i n g e r  P r o c e e d i n g s  i n  P h Y -

b d . ;  J .  F r i ö t < e ,  H € i d e l b e r g ,  1 9 8 6 '

4 9 .

[ 1 6 ]  N o I I ,  W . ,  c h e m i e  u n d  T e c h n o l o g i e  d e r  s i t i c o n e '  2 '  A u f I ' '

I ' i e i n h e i m ,  V e r l '  C h e m i e  1 9 6 8 '

t  1 7  I  S c h m i d t ,  H .  e t  -  a I .  ,  P r o c  ,  R a d ' i o i m m u n o a s s a y  a n d  r e l a t e d  p r o -

c e d . u r e s  i n  m e d i c i n e  L g B z .  I A E A ,  V i e n n a  1 9 8 2 ,  1 1 1 '

t l B l  S c h m i d t ,  H . ,  J .  b l o n - c r y s t .  s o l i d s  1 0 q  ( 1 9 8 8 )  5 1 '

I

t 1 9 l  A e l i o n ,  R . ,  L o e b e l ,  A ' ,  E i r i t i t t '  F "  J '  A m e r '  C h e m '  S o c  '  1 2

( 1 9 5 0 )  5 7 0 5 .

t  2 0 I  B r i n k e r ,  J . C .  ,  K e e f  e r l  K  ' D  '  r  S c h a e f  e r '  D ' W '  '  A s h l e y '  C ' S '  '

J .  n o n - ö r y s t .  S o l i d s  4 8  ( 1 9 8 2 )  4 7 '

t 2 1 ] S c h a e f e r r D . W . r K e e f e r r I ( . D . t M a t . R e S ' S O c ' S y m p ' P r O c '
7 3  ( 1 9 8 6 )  2 7 7 -

1 2 2 ]  B r i n k e r ,  J . C . ,  K e e f e r ,  K . D . ,  S c h a e f e t ,  D ' W ' 7  A s s i n k '  R ' 4 "

K a y ,  8 . D . ,  A s h l e y l  C . S . 1  J .  N o n - C r y s t .  S o l i d s  6 3  ( 1 9 8 4 )  4 5 .

t 2 3 l  E n g e l h a r d t r  V - G . r  A l t e n b u r g ' W : . l  f o e b b e l '  
D "  W i e k e r '  w ' 2 "

Z .  A n o r g .  A l I g .  C h e m '  4 1 8  ( 1 9 7 3 )  4 3  '

l 2 4 l K a y r B - D . r A s s i n k l R ' A ' l M a t ' R e s ' S o c ' S y m p ' ? 2 ( 1 9 8 4 ) 3 0 1 '

1 2 5 ]  K l e m p e r e r ,  W . G ' ,  M a n i z '  V ' V ' t  l ' l i I l a r '  D ' 1 1 ' '  M a t '  R e s '  S o c '

S y m P :  P r o c .  7 3  ( 1 9 8 6 )  3 '

t 2 6 ]  S c h m i . c t ,  H . ,  K a i S e r ,  A . ,  G l a s t e c h n .  B e r .  5 4  ( 1 9 8 1 )  3 3 8 .

t 2 7 ) s c h m i d t r H - r K a i s e r r A ' , R u d o l p h ' M ' ' L e n t z ' A " I n :
S c i e n c e  o f  C " t i * i "  ö n e m i c a t  p r b c e s s i n g  '  H e n c h  '  L  '  L '  '

u l r i c h r  D .  R . r  e d . s . r  , l O h n  w i l e y  &  s o n s r  N e w  Y o r k t  L g 8 6 t  B T '

t  2 B  I  S c h m i d t ,  H .  ,  s c h o  L z e ,  H .  ' '  K a i s e r  ,  A '  ,  J  '  N o n - c r y s t ' '  s o l i d s

6 3  ( 1 9 8 4 )  1 .

L 2 9 l  L i v a g e ,  J  - , I ' 4 a t .  R e s .  S o c .  S y m P .  P r o c .  7 3 .  ( 1 9 8 6 )  
- t ' l - 7 '
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t 3 0 l  N a ß ,  R - ,  S c h m i c l t t
t i o n a l  C o n f e r e n c e
O c t o b e r  1 2  L 4 ,

t 3 2 )

t 3 3 l

t 3 4 l

t  3 s  l

i 3 6 l

t 3 7 l

t 3 8 l

t  3 e  l

i 4 0 l

t 4 1 l

L 4 2 )

H . ,  I n :  P r o c e e d i n g s  o f  t h e  2 n d  I n t e r n a -

o n  C e r a m i c  P o w d . e r  P r o c e s s i n g  S c i e n c e  t

1 9 8 8 ,  B e r c h t e s g a d e n '  F R G  ( i n  p r i n t )  '

t 3 1 l  R i n n ,  G . ,  s c h m i d . t ,  H . ,  r n :  P r o c e e d i n g s  o f  t h e  F i r s t  I n t e r -

na t i ona l  con fe rence  on  ce ramic  Powd .e r  P rocess i tg  sc ience '

November  !987  ,  Or landO,  F lo r i d .a  '  usA ,  Ad ' vances  i n  ce ramics

(  i n  p r i n t )  .

s c h m i d t ,  H . ,  s e i f e r l i n g ,  8 . ,  M a t .  R e s .  s O C .  s y m p .  P r o c  '  7 3

( 1 9 8 6 )  7 3 9 .

S c h m i d . t ,  H .  ,  S t r u t z ,  J .  ,  G e r r i t s e n ,  H ' - G '  ,  I t l ü h l m a n n  '  H  '  t

G e r .  O f f e n .  3 5  1 8  7 3 8 , 1 9 8 6 '

K a i s e r ,  A . ,  S c h m i d t ,  H . ,  H a s e n f r a L z - S c h r e i e r ,  H ' ,  K u l b e '

K . D . ,  C h e m . - I n g . - T e c h .  5 6  ( 1 9 8 4 )  6 5 2 '

S c h m i d t ,  H . ,  K a i s e r '  A . ,  P ä t z e l t ,  H ' t  S c h o L z e t  H ' '  J '

P h v q ' i  o u e  4 3  ( 1 9 8 2 )  ,  C o I I '  C 9 ,  S u p p l '  1 2 '  2 7 5 '
r  r r J  e

K a i s e r ,  A . ,  s c h m i d , t ,  H . 2  J .  N o n - c r y s t -  s o l i d s  6 3  ( r 9 8 4 )  2 6 I '

K a i s e r ,  A . ,  S c h m i d t ,  H . ,  B ö t t n e r ,  H . '  J '  l ' l e m b r '  S c i '  2 2

(  l e 8 s )  2 s 7 .  
I

S c h m i d t ,  H . ,  P h i f i p p ,  G . ,  P ä C z e l t ,  H ' ,  S c h o L z e ' H ' '

C o l l e c t e d  P a p e r s ,  V ä f .  I I ,  X I V .  I n t I .  C o n g r .  o n  G l a s s ,

1 9 8 6  ,  4 2 9 .

S c h m i d t ,  H . ,  J .  A d . h e s i o n , 2 2  ( 1 9 8 7 )  ' 1 7 '

S c h m i d t , H . , D V S - B e r i c h t e 1 1 0 ( 1 9 8 8 ) 5 4 '

s c h m i d t ,  H . . I " l a t .  R e s .  s o c .  s y m p .  P r o c . 3 2  ( 1 9 8 4 )  3 2 7 '

S c h m i d t ,  H . ,  S e i f e r l i n g ,  B : ,  P h i I i p p ,  G . ,  D c i c h m a n n ,  K ' ,

r n :  u r t r a s t r u c t u r e  p r o c e s s i n g  o f  e ä v a n c e d  c e r a m i c s ,  l " l a c k e n -

z L e ,  J .  D  .  ,  U l r i c h ,  D .  R .  ,  e c i s .  ,  J o h n  w i l e y  &  s o n s ,  N e w  Y o r k  '

1 9 8 8 ,  6 5 1 .

t 4 3 ]  P h i r i p p ,  G . ,  S c h m i d t ' ,  H .  I  J .  N o n - C r y s t .  S o l : - c l s  6 3  ( 1 9 8 4 )

26r  .

t 4 4 l  H u t t e r ,  F .  ,  H a a s ,  K ' H '  {  S c h m i d t  '  H  '  '  I n :  P r o c e e d i n g s  o f

2 n d .  I n t e r n a t i o n a l  l , l e e t i n g  o n  C h e m i c a l  S e n s o r s  '  A u c o u t u r i e r  '

J .  - L .  e t  ä I  -  ,  e d ' s .  ,  B o r d e a u x  t  1 9 8 6  '  4 4 3  '

t 4 5 l  s c h u b e r t ,  u . ,  R o s e ,  K . ,  s c h m i d . t ,  H . ,  J .  N o n - c r y s t '  s o l i d s

1 0 5  ( 1 9 8 8 )  1 5 5 -

t 4 6 l  R a v a i n e ,  D - '  S e m i n e i ,  A ' '  C h a r b o u i l l o t '

J .  l l o n - ö r y s t -  S o l i d s  B Z  ( 1 9 8 6 )  2 L 0 '

t 4 7 l  S c h m i d t ,  H - ,  R i n n ,  G ' ,  N a ß ,  R ' '  S P o r n '

o f  t h e  I n t e r n a t i o n a l  C o n g r e s s  o n  B e t t e r

C h e m i s t r y  I I I ,  A p r i l  1 9 8 8 ,  R € n o / N e v a d ' a ,

Y .  I  V i n . u t - t ! 1  1 1  . ,

D , ,  I n :  P r o c e e d i n g s
C e r a m i c s  T h r o u g h
U S A  (  i n  p r i n t )  -


