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Abstract 

Silica aerogels are considered to be of great promise for use in transparent thermal insulation systems in solar 
architecture. The optical transparency of these highly porous materials is influenced by the reaction parameters upon 
preparation and the precursor used. Previously it was shown that the specific extinction due to bulk scattering decreases both 
with increasing macroscopic density and increasing pH-value of the sol-gel starting solution. Recently, it was also found 
that within the measurement accuracy the light scattering intensity of the aerogel bulk equals the extrapolated small-angle 
X-ray scattering intensity towards scattering angle zero if both types of measurement are performed with respect to an 
absolute scale. In the meantime, ultra small-angle X-ray scattering measurements have been performed in order to close the 
gap in momentum space between light and conventional small-angle X-ray scattering. As a result it can be stated that the 
nearly isotropic (Rayleigh) scattering is caused by the same nanostructural inhomogeneities of the aerogel network which 
lead to the characteristic small-angle scattering pattern. As a consequence, the amount of isotropically scattered light and 
thus the optical extinction can be directly related to a quantity called the correlation volume. For a variety of silica aerogels, 
it is shown how the latter depends on the nanostructural features of the gel network, such as average particle size, 
interparticle arrangement, pore diameter and an ordering parameter, which accounts for concentration effects. 

1. Introduction 

Aerogels are sol-gel-derived,  supercritically dried 
materials with extraordinary properties resulting from 
their highly porous nanostructure [1]. In addition, 
silica aerogels are transparent in the visible region 
which makes them promising materials for transpar- 
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ent thermal insulation in solar architecture [2,3]. The 
use of monolithic aerogels in superinsulating win- 
dows, however, requires a considerable improvement 
of  the transparency. 

Since the absorption of silica is negligible in the 
visible range, the extinction of light results solely 
from scatterivg.. '!~vo different sources of  light scat- 
tering (LS) ia aerogels have been found [4]: scatter- 
ing due to micrometer-size imperfections of  the ex- 
ternal aerogel surface, which is the reason for the 
slightly fuzzy appearance of objects viewed through 
a piece of  aerogel [5], and scattering from the 
nanoporous aerogel network. Since the inhomo- 
geneities of  the aerogel network are much smaller 
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than the light wavelengths, nearly isotropic light 
(Rayleigh) scattering is expected and observed. This 
bulk scattering, I a, was shown to vary drastically 
upon the silica content and catalyst concentration of 
the sol-gel starting solution for series of one- or 
two-step reacted tetramethoxy silane (TMOS) aero- 
gels [6]. The highest transparency has been achieved 
for strongly base-catalyzed aerogels having a density 
of about 200 kg /m  3 [6-8]. Aerogels prepared from 
aqueous sodium silicate (waterglass) solutions, which 
have been assigned for use in large-scale commercial 
applications because of the cheap, non-flammable 
and non-hazardous precursor, show a hemispherical 
transmittance in the visible range of only 50-60% 
for a 20 mm thick granular layer [9]. 

Recently we showed that the optical transparency 
can be correlated to the structural build-up of the gel 
network as derived from small-angle X-ray scatter- 
ing (SAXS) measurements [10]. This statement was 
deduced from the equality of I B and the extrapolated 
zero-angle SAXS intensity Ix(O--* 0). To corrobo- 
rate this hypothesis, ultra small-angle X-ray scatter- 
ing (USAXS) experiments have been performed to 
close the gap in scattering vector between LS and 
conventional SAXS. 

2. Theory 

To be able to compare LS and SAXS curves both 
intensities have to be reduced to the same scale. 
Generally, the intensity measured in a scattering 
experiment is given by (see, for example, Ref. [11]) 

d *  d ~  
I ( q )  = IoTV~--~ A aQw = f d / 2 '  (1) 

where I 0 is the incident intensity, T is the sample 
transmission, V is the illuminated volume, A 12 and 
w are the solid angle and sensitivity of the detector, 
respectively, and q = (4r r /A)s in(0/2)  is the scat- 
tering vector, with A being the wavelength used and 
0 the scattering angle. The volume-specific scatter- 
ing cross-section 

d.,~ ~ sin qr 
= <t~2>fo 4~rr2y(r)  qr dr = (62>Vc(q) 

dg2 

(2) 

depends on the mean square fluctuation (MSF) of the 
scattering length density ( 3 2) = ( (3 ( r )  - ( 3 ))2 ) 
and the integral over the correlation function, y(r) ,  
which contains the information of the geometric 
build-up of the sample. It is hereby assumed that the 
samples under investigation are statistically isotropic, 
i.e., y ( r ) =  y(r) ,  and the scattering pattern is radi- 
ally symmetric (I(0,  q~) = I(0)). The polarization 
factor (1 + cos 2 0 ) / 2  approaches unity in the case 
of small-angle scattering; in other cases, only the 
component of scattered light perpendicular to the 
scattering plane is considered. In the following, the 
integral term is abbreviated by Vc(q), i.e., a q-de- 
pendent volume in which coherent scattering takes 
place. 

In the case of X-ray scattering (X), ( t~x 2 ) is given 
by the product of the square of the classical electron 
radius, r e, and the MSF in electron density (r/x 2 ). 
For a two-phase media system with a zero-density 
pore space such as aerogels, the MSF can be written 
a s  

( ~ )  r2( z> = [ ZNA 12 
= ~ *lx ~re--~v Ps ] , (3) 

with ZN g being the number of electrons per mole, 
M v the molar mass and Ps the mass density of the 
aerogel backbone. For light scattering in the 
Rayleigh-Gans approximation [12], a similar rela- 
tionship is obtained: 

q.r 2 

(6L2) = -~T(r/2), (4) 

where (r/L 2) denotes the MSF of the dielectric con- 
stant. For a two-phase media system (r/L 2 ) can be 
calculated from 

( ' 0 2 > = 6 ( e s - e ) 2 + ( 1 - 6 ) ( , ~ - l )  2, (4a) 

with e s being the dielectric constant and ~b = P/Ps 
the volume fraction of the solid phase, p is the 
apparent macroscopic density of the aerogel. The 
average dielectric constant of the porous medium, e, 
can be obtained from the Clausius-Mosotti relation 
using the values for non-porous vitreous silica [13]: 

e - 1  e s - 1  p 6 v - 1  
N a =  e + 2  ~bes+2 pv e v + 2 '  (4b) 
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where a denotes the molecular polarizability and N 
the number density of dipoles; Pv = 2190 k g / m  3 
and ev = 2.13 are the values for non-porous vitreous 
silica. Using Eq. (4b), th and e s in Eq. (4a) can be 
replaced by P/Pv and ~v. 

The optical extinction, E, is related to the differ- 
ential cross-section and the measured light scattering 
cross-section via 

d ~  1 + cos2(O) 
E =  f4.~ d-~ (q)  2 d,O; (5a) 

an auxiliary extinction, E *, can be calculated from 

1 + cos2 (0 )  
E * = f  IL(q) dO. (5b) 

2 " 4  'rr 

The ratio, f = E*/E, contains all (unknown) experi- 
mental parameters (see Eq. (1)). By determination of 
the extinction, E, for instance from a measurement 
of the directional-directional transmission of the 
sample (Tdd = e -ca, with sample thickness, d) and 
calculation of the auxiliary extinction, E*, from the 
scattered intensity, IL(q), measured in arbitrary units, 
it is thus possible to obtain the correlation volume of 
the sample: 

VC,L(q) 
1 d ~  L . 1 E /L(q)  

(6L 2) d ~ ( q ) =  (g~)  E---* " 

Using the invariant 

2 d Z  g 
Q = 1 q 

~o 

(6) 

d / 2 = 2 w Z ( 6 x  2) (7) 

together with Eq. (2), the X-ray scattering intensity 
can also be reduced to a q-dependent correlation 
volume, 

2,rr 2 d ~  
Vc,x (q) ~ -  d O ( q  ) , (8) 

even if Ix( q ) is measured in arbitrary units. 

3. Exper imenta l  

3.1. Sample preparation 

To study the influence of the nanostructure on the 
optical extinction, the following samples have been 

investigated: silica aerogels, having almost constant 
apparent density but being differently catalyzed, were 
prepared by hydrolysis and condensation of tetram- 
ethoxysilane (TMOS) with a stoichiometric amount 
of water [14]. The target density of the gel was 
adjusted by an additional amount of methanol; am- 
monia was used as a catalyst. The catalyst concentra- 
tion is written as a pseudo pH-value, i.e., pH = 14 - 
Iog[NHaOH]. A waterglass gel was prepared by re- 
placing TMOS by the equivalent amount of sodium 
silicate solution; water and sulphuric acid were used 
as excess solvent and catalyst, respectively. In addi- 
tion, a Na-doped TMOS gel was produced by adding 
0.1 mol% NaeSO 4 to the TMOS starting solution. 
The sample designation reads as follows: X -  Y/Z, 
where X stands for the precursor (T is TMOS, T * is 
Na-doped TMOS and W is waterglass), Y gives the 
pH-value and Z the macroscopic target density in 
kg /m 3. After about 1 week of aging, all gels were 
supercritically dried with respect to methanol; the 
aqueous solvent of the W-gel was exchanged for 
methanol prior to drying. Shrinking of all samples 
during aging and drying led to a final macroscopic 
density of about 200 k g / m  3. Granular materials 
having comparable densities have also been investi- 
gated: SiO2-aerogel granules provided by BASF, 
Ludwigshafen, Germany, which are also prepared 
from waterglass, and granules prepared from a con- 
densed silica precursor via a two-step reaction at 
Lawrence Livermore National Laboratory (LLNL) 
[15]. 

3.2. Experimental 

A polar nephelometer was employed to probe the 
angular distribution of the scattered light intensity. A 
chopped and polarized He-Ne laser beam was used 
as a light source (A = 633 nm); the scattered inten- 
sity was detected with a photomultiplier mounted on 
a goniometer. The accessible range of q was 0.001- 
0.02 nm -1. For a detailed description of corrections 
due to the experimental arrangement and the sample 
geometry, see Ref. [13]; the experimental set-up for 
separating surface and bulk scattering contributions 
is given in Ref. [4]. A commercial double-beam 
spectrometer (Perkin-Elmer Lambda 9) was em- 
ployed to determine the optical extinction via trans- 
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mission measurements in the wavelength range from 
200 to 800 nm [8]. 

SAXS measurements were carried out with a 
Kratky camera ( K C L C / 2 )  mounted on a desktop 
X-ray generator (Philips PW1830 /40)  with a Cu 
anode (AK, ~ = 0.154 nm). A one-dimensional posi- 
tion-sensitive detector (Raytech) with 70 ixm resolu- 
tion was used to register the scattering profile at a 
distance of 245 mm from the sample position. A 
pinhole primary beam profile (0.08 × 0.5 mm e) was 
used in order to neglect slit smearing corrections. 
Owing to the strong scattering power of aerogels, the 
measurement time could be limited to about to 3 - 4  
h. With this equipment, a range of q from 0.07 to 4 
nm-1 could be covered. 

Further SAXS measurements were performed at 
the JUSIFA beam line [16] of  the storage ring DORIS 
III at H A S Y L A B / D E S Y  (Hamburg) using point 
collimation (0.5 × 0.5 mm2), an X-ray wavelength 
of 0.15 nm and two different sample-detector  dis- 
tances (935 and 3635 mm); thus a range of q from 
0.08 to 6 nm-1 was covered. The high intensity of  
the incident synchrotron radiation as well as the use 
of a two-dimensional position-sensitive detector (0.8 
× 0.8 mm 2 pixel size) resulted in excellent signal- 
to-noise ratios within short measurement times. 

Ultra small-angle X-ray scattering measurements 
were also performed at HASYLAB using the beam- 
line BW4 [17]. Owing to the small pixel size of the 
2D detector (0.4 × 0.4 mm2), the accessible range of 
q is 0 .01-0.7  n m -  1 at a wavelength of 0.14 nm and 
a sample-detector  distance of 12.45 m. 

For all X-ray scattering measurements, thin slices 
of  about 1 mm thickness were cut in order to guaran- 
tee a defined scattering volume. A monitor counter 
was used to eliminate temporal fluctuations of the 
primary beam intensities. The final calibration was 
performed by measuring a reference sample (glassy 
carbon) with a known scattering cross-section. 
Therefore, USAXS and SAXS intensities could be 
independently reduced to volume-specific cross-sec- 
tions before the invariant of  the composed scattering 
curve was calculated. 

4. Results 

Fig.  1 r e p r e s e n t s  the r e d u c e d  X - r a y  
(SAXS,USAXS) scattering intensities of  three one- 
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Fig. 1. Volume-specific SAXS and USAXS cross-sections as a 
function of the momentum transfer for the three differently cat- 
alyzed TMOS aerogels of similar macroscopic density ( p = 230 
kg m-3). A perfect agreement of both type of measurements is 
obtained in the overlap range (q = 0.08-0.7 rim- 1 ). For a better 
visibility, only every fourth datapoint of the USAXS data below 
q = 0.04 rim- 1 and every sixth above q = 0.04 nm- i are shown, 
respectively. 

step reacted aerogel specimens catalysed at pH = 9, 
11 and 13. An excellent agreement between both 
types of measurement can be observed in the overlap 
regime. The light scattering curves of  these samples 
are depicted in Fig. 2. The two contributions, I s and 
Ia,  are shown for sample T-13 /150 .  Using the scat- 
tering function of a statistical two-phase system [18], 
both parts can be fitted well, each with a different 
correlation length, and the surface contribution can 
easily be subtracted. To normalize the remaining 
bulk scattering, I B, via Eq. (6), the respective bulk 
extinction, EB, has to be determined. Since the 
surface inhomogeneities are much larger than the 
light wavelength used, the extinction, Es,  due to 
surface scattering is nearly wavelength-independent 
[4,6-9]. The measured extinction, E, can thus be 
written as 

E(A)  = EB(633 nm)(633  n m / A )  4 + E s. (9)  

This relationship is shown in Fig. 3. For the determi- 
nation of EB* via Eq. 5(b) an error of  about 20% 
can be estimated; this is due to the incompletely 
measurable angular range leading to errors upon 
extrapolation ( ' thin platelet '  geometry, gap between 
0 = 75 ° and 105 ° [4]). Together with experimental 
errors of  about 5 - 1 0 %  from the extinction measure- 



244 A. Emmerling et al. /Journal of Non-Crystalline Solids 185 (1995) 240-248 

100 

,~ .  10 

1 

0.1 

, i , I ' ' ' ' I ' I =, T - 0 9 / 1 5 0  

] o T - 1 1 / 1 5 0  

I v T - 1 3 / 1 5 0  

A & A A A A A  A A ~. & A I A ,In. A A 

O O O O O  OOOOOOOOO ° ° ° °  

- ........... 7 ~  . . . . .  -,-~--~- ........ 

I s - ~ 

50 100 150 

0 (0) 

Fig. 2. Light scattering intensities of the three TMOS aerogel 
samples of Fig. 1. Two contributions can be observed: nearly 
isotropic scattering from the nanostructured aerogel bulk, I n, 
( -  - - ) ,  and an increasing scattering, I s, towards smallest scatter- 
ing angles due to micrometer-size inhomogeneities of the external 
aerogel surface ( - - - - - - )  [4]. Employing a statistical two-phase 
media model [18] for both contributions, a separation can be 
achieved which is shown for sample T-13/150. The lack of data 
for scattering angles 0 = 75-105 ° is due to the measurement 
geometry [4]. 

ment, the accuracy of the normalization of LS 
amounts to about 30%. The error in the SAXS data 
due to calibration via the invariant Q is about 2-4%; 
thanks to the qa-weighting, errors due to extrapola- 
tion can be neglected. 

The combined LS and (U)SAXS curves for this 
pH series is represented in Fig. 4. A satisfactory 
agreement between VC, L(q) and Vc,x(q) can be ob- 
served in the overlap region. The increase of VC,L(q) 
and Vc, x(q) towards smallest scattering vectors is 
not sample-specific but depends on what part of the 
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Fig. 3. Wavelength dependence of the optical extinction coeffi- 
cient, E. The bulk scattering, EB, shows the typical A -4 decay 
(Rayleigh scattering) ( - - - ) ,  whereas the surface contribution, 
Es, is nearly independent of wavelength ( - -  - -  - - )  [7,8]. 

external surface is illuminated; fluctuations up to a 
factor of five have been found [4]. Table 1 contains 
the extinction, E B, and the correlation volumes, 
VC, L(0) and Vc,x(0); the structural parameters are 
referred to in the Discussion section. 

The SAXS profiles, Vc,x(q), of the monolithic 
waterglass aerogel, the two granular aerogels and, 
for comparison, the T-13/150 sample are depicted 
in Fig. 5. Although all specimens are of comparable 
density, strong differences can be in observed in 
Vc,x(q~ 0), which is proportional to the optical 
extinction, E B (see Table 1). The two-step-reacted 
granular aerogel is nearly as transparent as the opti- 
mum TMOS aerogel, whereas the monolithic water- 
glass sample exhibit a 30 times larger extinction 

Table 1 
Macroscopic density, p, mean fluctuation square, "02, optical bulk extinction, EB, at A = 633 nm, LS and SAXS-derived correlation 
volumes, Vc,L(0) and Vc,x(0), respectively, particle radius, R, and cluster size, ~, fractal dimension, D, and packing ratio, p, for the SiO 2 
aerogels investigated 

Sample p r/~ E n Vc.L(0) V~.x(0) R ~: D p 
(kg m -  3) (m-  1) (nm 3) (nm 3 ) (nm) (rim) 

T-9/150 220 0.117 155 1719 1517 3.20 15.7 2.22 
T-11/150 230 0.122 63.9 682 451 2.13 15.0 2.24 
T * -11/150 240 0.126 198 2043 2094 3.4 19.4 2.25 
T-13/150 234 0.123 6.97 73 32 0.96 8.4 2.02 
W-5/200 220 0.117 190 2099 1784 2.28 13.7 2.33 
BASF 200 0.107 65 503 816 1.93 11.9 2.30 
LLNL 240 0.126 22.1 227 251 0.83 12.0 2.38 

0.08 
0.35 
0.14 
0.45 
0 
0.04 
0.26 
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Fig. 4. Reduced LS, SAXS and USAXS intensities represented by 
Vc(q) of three one-step-reacted TMOS aerogels with comparable 
apparent density ( p --- 230 k g / m  3) but different catalyst concen- 
tration. A satisfactory agreement between the light scattering 
intensity of the aerogel bulk and the X-ray intensity towards small 
scattering vectors is observed. The error bars of about 30% reflect 
the uncertainty due to the normalization procedure for LS; the 
statistical errors of the SAXS data are less then 1%. The intensity 
increase at smallest scattering vectors, q, is due to light scattering 
from large inhomogeneities at the external aerogel surface; the 
bulk scattering intensity can be regarded as nearly isotropic [4]. 
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Fig. 6. SAXS correlation volumes of the TMOS aerogels T- 11/150 
and T*-11//150; the latter has been doped with 0.1 mol% sodium 
sulphate. This obviously led to an enlargement of the size parame- 
ters and therefore to increased forward scattering and optical 
extinction. 

TMOS aerogel. Introducing sodium obviously leads 
to a decreased transparency. 

5. Discussion 

compared with the optimum TMOS aerogel. Fig. 6 
contains the correlation volumes of the Na-doped 
T*-9/200 sample and the corresponding undoped 
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Fig. 5. Combined SAXS and USAXS correlation volumes of two 
aerogel granular materials, provided by BASF AG and LLNL, as 
well as a monolithic waterglass aerogel and the optimum transpar- 
ent TMOS aerogel T-13/150. Although all aerogels are of compa- 
rable density, strongly different zero-angle scattering intensities 
can be observed which give rise to the large differences in 
transparency. 

The correspondence between reduced light and 
small-angle X-ray scattering data shows that both 
types of scattering take place at the same inhomo- 
geneities of the aerogel network, described by the 
normalized correlation function, y(r) .  As a conse- 
quence, the optical extinction can directly be related 
to the quantities of the nanostructure as determined 
by (U)SAXS. According to the hierarchical build-up 
of the aerogel network, Vc(q) can be written as 

Vc( q) = Vo~( q)S( q)P( q ), (10) 

if monodisperse building blocks are assumed, with 
V 0 being the volume of a primary particle. Because 
of polydispersity, no oscillations of the scattered 
intensity are observed in the limiting Porod regime; 
the q-4 decay indicates smooth inner surfaces for all 
samples investigated. Therefore, a Debye function is 
suitable to approximate the particle form-factor: 

2 P(q ,R)= l+--~--q R ) (11) 

The constant V~--/3 was chosen to let P(q, R) 
correspond to the form-factor of a perfect sphere at 
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large scattering vectors (P¢x 4 . 5 ( q R )  - 4 ) ;  R can then 
be regarded as a sphere radius. During the sol-gel 
process, the primary particles aggregate forming 
branched clusters, which are generally characterized 
by the mass fractal dimension, D [19]. D describes 
how the cluster mass scales with the cluster size 
(M ct ~o) and depends on the process for cluster 
growth [20]. The fractal behaviour is limited to the 
range between cluster size, ~, and particle radius, R, 
which extends over one order of magnitude in length 
scale for medium-density aerogels (100-200 kg/m3). 
Though the fractal concept should not be overem- 
phasized for such aerogels, the scaling of the cluster 
mass shows up in the structure factor, S(q), which 
can be calculated starting off with a correlation 
function consisting of a power-law term and an 
exponential cut-off length to account for a limited 
maximum cluster size (T(r)~rO-3exp(--r/~)) 
[21]: 

0 

.-~" ~(q) 

i i i 
1/~ I/R 

scat ter ing vec to r  

(b) V ¢  ~ q-4 \ 

I I 
1/~ 1/R 

scat ter ing vec tor  

Fig. 7. (a) Schematic diagrams of the particle form-factor, P(qR), 
the structure factor, S(q, R, ~, D), and the concentration factor, 
qb(qL). (b) The correlation volume Ve(q) ot ~(q)S(q)P(q), which 
is typical for an aerogel [21]. The different structural features of 
the gel network (continuum-cluster-particle) show up at the 
corresponding scattering vectors. 

S(q, R, ~, D) 

DF(D-1)( 1 ) (1-D)/2 

×sin[ (D - 1) t a n - ' ( q ~ ) ] ,  (12) 

where F denotes the gamma-function. While S(q) 
shows a broad crossover from the 'fractal' regime 
(S(~ -1 < q < R - 1 ) ~ q  -°)  to the constant value 
(S(0) = F(D + 1)(¢/R) o) at smallest scattering vec- 
tors, for most of the base-catalyzed aerogels a sharp 
crossover and even a decrease in scattered intensity 
towards scattering angle zero is observed. This be- 
haviour can be ascribed to concentration effects, i.e., 
close packing of nearly monodisperse clusters; the 
maximum might then be interpreted as a Bragg peak 
of the spacing between neighbouring clusters. A first 
approximation is to treat the clusters as hard spheres 
which leads to a concentration factor of 

q~(q, L, p)  = 1 / (1  +8p~)(qL)), (13) 

with O(qL) being the scattering amplitude of a 
perfect sphere with radius L [22]. In the case of 
monodispersity, p is the packing ratio, i.e., the parti- 
cle volume over the average volume available per 
particle. Although the clusters have an open structure 
and can partially penetrate each other, ~ (q )  is suffi- 

v (o) = 

and 

cient to fit the data. The single structure functions 
are depicted schematically in Fig. 7 together with the 
resulting scattering function, V~(q). The results of 
fitting Eq. (10) to the experimental data are given in 
Table 1. 

If isotropic light scattering occurs (I  L = constant), 
E is simply proportional to VC, L(0): 

E B = (4 'B'3/ /A4)( 'O2L>Vc,L(0),  (14) 

which can be written according to the hierachical 
structure model as 

4"rr F( D + 1) 
= ~DR3-O (15a) 

Vc(0) 3 1 + 8p 

Using ~b = ( P / P s )  = M / V  ot ( ¢/R)n/(¢/R) 3 = 
(¢/R)n-3, two different forms of Eq. (15a) can be 
given: 

4"n F(D + 1) 
g3~ D/(D-3) (15b) 

3 1 + 8 p  

4"rr F(D + 1) 
vc(o) 3 1 + 8p  :36 (15c) 

Thus it can be concluded which structural parameters 
should be altered to effectively improve the optical 
transparency: at a given macroscopic density, the 
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primary particle diameter, R, must be made small; 
the average cluster size, s c, will then automatically 
decrease and vice versa (Eqs. (15b) and (15c)). 
Fixing the particle size and changing the density by 
the cluster size leads to a p-2 behaviour of the 
zero-angle correlation volume for D ~- 2, and thus to 
a p-1 behaviour of the bulk extinction (Eq. (14)), 
since the MSF of the dielectric constant is propor- 
tional to p for low densities (Eq. 4(a)). At constant 
particle size and density, a reduction of D from 2.1 
(reaction-limited aggregation) to 1.7 (diffusion- 
limited growth) will decrease the forward scattered 
intensity (Eq. (14b)); the corresponding change in 
the exponent of 4' from 2.3 to 1.4 will be more 
important the smaller the relative density. In addi- 
tion, diffusion-limited growth seems to cause a 
semi-ordered state in the cluster packing, similar to 
that what has previously been observed for the ag- 
gregation of polysterene spheres by Carpineti and 
Giglio [23]. In this case the concentration factor, ~ ,  
develops which further decreases Vc(0). 

The strong dependence of the extinction on parti- 
cle and cluster sizes can be recognized for the pH 
variation (Fig. 4). Increasing the catalyst concentra- 
tion decreases both size parameters. The reason for 
the low extinction of the two-step reacted granules is 
mainly due to the small particle size of the precon- 
densed silica precursor obtained in the first reaction 
step. During the second step only aggregation and no 
growth of these primary particles takes place. At a 
constant density, a small particle size necessarily 
leads to a small average cluster size, diminishing 
both Vc(0) and E B. Although the primary particles 
of this material are smaller than that of the pH13- 
TMOS aerogel, it shows a higher Vc(0). This results 
from the difference in fractal dimension, D. 

On the other hand, waterglass systems consist of 
comparatively large particles and big clusters, caus- 
ing a deteriorated transparency. Since waterglass 
contains a considerable amount of sodium ions, one 
TMOS aerogel (T-11/150) has been doped with 
Na2SO 4 in order to check whether the presence of 
sodium might be responsible for the formation of 
enlarged particle (and thus cluster) diameters. Aston- 
ishingly, addition of only 0.1 mol% Na2SO 4 is 
sufficient to mcrease the size parameters by a factor 
of about three and increases the extinction by one 
and a half orders of magnitude. 

6. Conclusions 

It can be explicitly shown for a variety of silica 
aerogels that light and X-ray scattering can be de- 
scribed by the same correlation function. It is there- 
fore possible to relate the optical extinction to the 
nanostructural build-up of the aerogel network and to 
decide which structural parameters must be changed 
to obtain highly transparent materials. At given den- 
sity: (i) the particle (and thus the cluster) diameters 
has to be kept small and (ii) a diffusion-limited 
growth process should be adjusted by suitable chem- 
ical conditions. This can be achieved by high con- 
centrations of basic catalyst in the starting solution 
of one-step-reacted TMOS aerogels, or by employing 
a two-step reaction. The reduced transparency of 
waterglass systems was found to result from large 
particle and cluster sizes. This seems to be due to the 
presence of sodium ions as shown by adding sodium 
to TMOS solutions. At the moment it is not clear 
what role the sodium actually plays and which reac- 
tion steps are influenced by it. SAXS investigations 
of the structural development during the respective 
sol-gel processes might give further evidence. 
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