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Les r 6 s u l t a t s  exp6rimentaux obtenus par d i f fus ion  Raman basse frgquenee e t  thermo- 
porom6trie sur  l a  s t r u c t u r e  d1a6rogels pr6par6s en mil ieu basique sont pr6sentbs. Les 
dimensions cks u n i t &  tex tura les  -ou b i l l e s -  e t  des mesopores sont  dzterminbs. Les r6- 
s u l t a t s  sont  en accord avec une s t r u c t u r e  f r a c t a l e  uniquement dans l e s  un i tbs  textura- 
l e s .  

Abstract 

Experimental r e s u l t s  on the  s t r u c t u r e  of base-catalysed aerogels  obtained from low 
frequency Raman s c a t t e r i n g  and thermoporometry a r e  presented. The s i z e  of t e x t u r a l  
u n i t s  or beads and of mesopores a r e  determined. These r e s u l t s  a r e  i n  agreement with a  
f r a c t a l  s t r u c t u r e  only i n  the t ex tura l  u n i t s .  

From very low frequency Raman s c a t t e r i n g  two pr inc ipa l  informations on heterogeneous 
mate r ia l s  can be extracted : (1) the  s i z e  of the  heterogenei t ies ,  (2) the  densi ty of vibra- 
t i o n a l  s t a t e s  which depends on the  mater ial  s t ruc ture .  The l i g h t  i s  sca t te red  from the vi- 
brat ionslocal ized on the  surface of the he te rogene i t i es [  13. The frequency of the  surface 
v ibra t ions  depends on the  s i z e  and on the  shape of t h e  heterogenei t ies .  I n  the  case of sphe- 
r i c a l  heterogenei t ies  a  maximum of Raman s c a t t e r i n g  r e l a t e d  t o  the  surface v ibra t ions  occurs 
a t  the frequency urn, [l] : 

wmax= 0.8 vo/ 2a (1) 

v  i s  the sound v e l o c i t y  i n  the  heterogeneity and a  the rad ius  of the  heterogenei t ies  

It has been shownr2 t h a t  the  Stokes Raman i n t e n s i t y  I(@) sca t te red  from a f r a c t a l  a t  
the frequency w i s  given d y  t h e  following equation : 

Ilw) /ln(w) + g d  w 2 d+ ;ID a-i (o) 
(2) 

D .  
When the s c a t t e r i n g  from the  d i f f e r e n t  points  i n  a  f r a c t a l  volume R 1s  incoherent 

R i s  the  l o c a l i z a t i o n  length of the  f r a c t a l  v i b r a t i o n  of frequency w 
g(w) is  dens i ty  of v i b r a t i o n a l  s t a t e s ,  D the  f r a c t a l  dimension, T t h e  f rac ton  dimensionality, 
d+ the  super loca l iza t ion  exponent, which is  such t h a t  the  f rac ton  wave funct ion decays a s p ] :  

r )  N exp - ard* (3) 2 t h e  case of coherent s c a t t e r i n g  i t  would be found L4.51 : - 4 

I(w)/&l(w) + d6< a 2d+d /D w-d w- 1  
g (w) (4) 

Defining the  reduced i n t e n s i t y  a s  Ired (w) = I(W) .wIE(w) + 1 1 
the  f o l l o w k g  power-law is  obtained : 

Using the  r e l a t i o n  of g(w) versus @ f o r  a  f r a c t a l  [ 6 ]  : 
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the  Raman exponentv i s  : 

i n  the  case of incoherent s c a t t e r i n g  . And : 

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

Thermoporometry i s  a thermal method [7,8] f o r  determining the  pore rad ius ,  t h e  porous 
volume and t h e  s p e c i f i c  surface.  This method analyses the conditionsof the  s o l i d i f i c a t i o n  of 
a condensate sa tura t ing  the  porous mater ial .  It has been shown t o  be a powerful method t o  
charac te r i se  t h e  porous tex ture  of wet gels[9] . However t h i s  technique can be extended t o  the 
study of aerogels  i f  the  preparat ion conditions of the  samples a r e  c a r e f u l l y  chosen. 

Low frequency Raman s c a t t e r i n g  and thermoporometry a r e  two complementary techniques f o r  
t e x t u r a l  and s t r u c t u r a l  s tud ies  of porous mate r ia l s  l i k e  s i l i ca -aeroge ls .  

The s i l ica-aerogels  samples were obtained from Airglass  (Staffenstorp,  Sweden). They 
were prepared by base catalyzed hydrolysis  and condensation of tetramethoxysilane i n  methanol 
i n  presence of ammoniac. The solvent  was removed under hypercr i t i ca l  condit ions.  The dens i ty  
of the samples varied from 0.075 t o  0.25. The experimental configurat ion t o  observe t h e  Raman 
s c a t t e r i n g  was conventional. The incident  l i g h t  was emitted from an argon l a s e r .  Various l i n e s  
were used 4545, 4880 and 5145 A'. The power of the  l a s e r  var ied between 100 and 300 mw. A 
Jobin-Yvon UlOOO spectrograph and a photon counting system were used t o  analyse the  s c a t t e r e d  
l i g h t .  

For thermoporometry the  f i l l i n g  of aerogels  pores by the  condensate l i q u i d  induces a 
c a p i l l a r y  s t r a i n  proportionnal t o  the  sur face  tension between t h e  l iqu id  and the  skeleton of 
the  aerogel ,  and a p t  t o  destroy t h e  f r a g i l e  t ex ture  of the  sample. I n  our case the  condensate 
used f o r  thermoporometry is  water, l i q u i d  with a s t rong sur face  tension. To avoid the  tex ture  
of aerogels  t o  co l lapse  the  following procedure has been re ta ined  : 
a) The aerogel  sample i s  kept  i n  vaporous ethanol during 20 hours, and then f i l l e d  with l iqu id  
ethanol. Ethanol has a low surface tension. 
b) The ethanol i s  slowly exchanged with water,  by using ethanol-water mixture of increasing 
water concentrat ion i n  order t o  r a i s e  slowly the  surface tension u n t i l  t o  completely f i l l  the 
sample with pure water. 

I n  f i g u r e  1 the Raman s c a t t e r i n g  I(U)$(U) + ]]at  t h e  f o o t  of t h e  Rayleigh l i n e  is shown 
f o r  the f o u r  aerogels  samples. The maximum r e l a t e d  t o  t h e  s i z e  of t h e  building-blocks o r  t h e  
diameter 2a of the  beads s h i f t s  towardsthe Rayleigh l i n e  when t h e  dens i ty  increases.  Using the  
equation ( lg  and choosing a sound v e l o c i t y  VO = 4000 m/s, the  diameters of the  beads a r e  de- 
duced and given i n  table-1. The chosen sound v e l o c i t y  i n  the  beads is  j u s t i f i e d  by t h e  den- 
s i t y  i n  t h e  beads which i s  c lose  t o  1.8 a s  determined by Walrafen e t  al.[10]. 

The f i g u r e  2 shows t h e  logarithm of the  reduced i n t e n s i t y  versus u . The p l o t s  a r e  l ine-  
a r  between approximately 30 cm and 200 -1 . The slopes a r e  c l o s e  t o  1 f o r  the  d i f f e r e n t  
aerogels. 

From theore t ica l  considerat ions [11] , the  poss ib le  values of d4 a r e  l imited : 

1< cl+< 1.3 

On the  o ther  hand SAXS measurements ind ica te  t h a t  t h e  s tudied aerogels  a r e  f r a c t a l  on 
lengths smaller than 100 A' with a f r a c t a l  dimension D z I . 9  . Comparispn with t h e  Raman 
~ c a t t e r i n g  measurements ( t a b l e  1) and a l s o  with t h e  e lec t ron  microscopy L12,13]leads t o  a 
f r a c t a l  s t r u c t u r e  i n s i d e  t h e  beads o r  building blocks. 

From equations ( 6 ) ,  i t  i s  obtained 

0.85 < 2 < 1 
i f  the Raman s c a t t e r i n g  i s  incoherent 1131 and 

1.45< d< 2 
i f  the  Raman s c a t t e r i n g  is  coherent. 

Our measurements do not  allow t o  decide i f  the  Raman s c a t t e r i n g  i s  coherent o r  incohe- 
r e n t .  However we can assume t h a t  i n  the  aerogels  t h e  disorder  destroys t h e  coherence of the  
f r a c t a l  v ibra t ions .  I n e l a s t i c  neutron s c a t t e r i n g  would bring the  so lu t ion  of t h i s  problem. I n  
the  case of epoxy-resins and DGEBA comparison beetween Raman s c a t t e r i n g  and i n e l a s t i c  neutron 
s c a t t e r i n g  showed t h a t ' t h e  Raman s c a t t e r i n g  i s  incoherent 1141 . 

Figure 3 shows t h e  pore s i z e  d i s t r i b u t i o n  curves f o r  the  four  aerogel samples, obtained 
from thermoporometry measurements. The r e s u l t  a r e  co l lec ted  i n  t a b l e  1. The pore diameters 
correspond t o  the  maximum of the pore s i z e  d i s t r i b u t i o n  curve. 



Table 1 

s 10 13 20 215 
Ramon s h i f t  (cm- ) 

Density of 
aerogel 

0.075 

0.1 

0.2 

0.25 

Figure 1 - Low frequency Raman spectra  f o r  Figure 2 - Log-log p l o t  of the  reduced 
base catalyzed aerogels  of d i f f e r e n t  i n t e n s i t y  versus w 
d e n s i t i e s  p 

The thermoporometry measurements allowed us  t o  determine t h e  c h a r a c t e r i s t i c s  of the  
mesopores. Comparison between the  aerogel dens i ty  and the  mesoporous volume ind ica tes tha t  t h e  
macroporous volume (diameter of pores l a r g e r  than 1000 A') i s  dominant. 

Comparison between Raman s c a t t e r i n g  and thermoporometry ( t a b l e  I )  i s  i n t e r e s t i n g .  The 
r a t i o  of the  s i z e  of mesopore over the s i z e  of beads v a r i e s  from 2 t o  3 when the  dens i ty  of 
the  aerogel  increases.  The r a t i o  of the number of beads over the  number of pores i n  the meso- 
s t r u c t u r e  goes from 3 to 6. The dens i ty  of t h e  mesopores s t r u c t u r e  (without macropores) i s  
equal tow0.3. The apparent dens i ty  of the  aerogels  i s  mainly dependent only on the  macropo- 
rous volume. 

The meso-structure would be s imilar  t o  a non f r a c t a l  disordered cubic network i n  which 
a u n i t  edge would be b u i l t  with th ree  or  four  beads. The f r a c t a l  s t r u c t u r e  e x i s t s  only i n  the  
beads or  bui lding blocks. 

Diameter of 
beads 2 a 

As 

53 ? 5 

61 ? 5  

85 " 
82 ' 5 

Diameter of 
mesopores 

A 

100 + 5 

140 " 
246 9 2  

2 5 4 2  12 

Mesoporous 
Volume per lg,, 
of matter(cm2) 

1.45 

1.64 

2.23 

2.52 
A 



REVUE DE PHYSIQUE APPLIQUEE 

Figure 3 - Pore size distribution as determinedfrom thermoporometry 
A: p = 0.075, B,ip = 0.1, C: p = 0.2, D: p = 0.25 
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