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ABSTRACT

Aerogels produced by hypercritioal drying of gels from

hydrolysis of TMOS in various pH conditions and subjected to a

densification process were studied by SAXS using LURE synchrotron

facility. The evaluation of scattering data combined with BET mess

urements leads to a model of aerogels consisting of a light den-

sity matrix in which meso-and macro-pores are embedded. No frac-

tal features we observed for the gels, the Porod's limit having

an exponent n=4. This could mean that either these aerogels are

not fractals or that the SAXS method suffers from an inherent am

biguity for fractal dimension D=3.

Key-words: Aerogels; SAXS; TMOS.
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1 INTRODUCTION

Recent renewed interest in silica aerogels is linked

with the role played by these materials in the synthesis of

glasses from gels.

To avoid cracking of gels during drying, which is due

to the action of capillary forces, hypercritical evacuation can

be advantageously used (1) . Monolithic aerogels produced in this

way represent an intermediate stage in the synthesis of glasses

by the gel route. As the subsequent curing and consolidation

stages which lead to homogeneisation depend closely on the ini-

tial texture of the material, structural characteristics of

aerogels are of prime importance.

From a more fundamental standpoint it was claimed

that some gels may be considered as fractal objects (2) and

various physico-chemical methods are currently used to try to

prove or disprove this point (3) (4) (5) (6). Small-angle scatte-

ring of X-rays (SAXS) is a choice method for studying the struc-

ture of this type .of materials in the 1-100 nm range ; it was

proposed as a tool for solving fractal features (7) (8).

2 SAXS METHOD

In order to determine structure-related geometrical

parameters, one can start from the hypothesis that aerogels can

be approximately described by a "two-electronic density" model

in which p is the electronic density of the matrix and p = o

corresponds to the empty (air-filled)pores.

If one of the phases occupies a low volume fraction,

the structure can usually be described as a diluted system of

"particles" which can be either material particles or voids.

If the system is composed of identical particles (monodispersed)

the intensity of X-rays scattered at low angles follows Guinier's

law (9) ;

Kq) - H pe
2v2 exp (- \ R2 q2)
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where I(q) is the SAXS intensity at low angles as a function

of the modulus of the scattering vector q = 47i(sin f)/A , 20

being the scattering angle, X the X-ray wavelength, N the

number of particles (or voids) of volume v and RG the (elec-

tronic) radius of gyration of the particles. RQ can be deter-

mined from SAXS measurements on a relative scale.

For a polydispersed system a weighted average radius

of gyration < Rn >„ is obtained from the relation:

< V z • \«X "i pi' I < pi (2)

where p. is the fraction of particles of volume v. with a

gyration radius R. ; R is heavily weighted towards larger

particles.

For non-diluted (dense) particle*systems, Guinier's

law is still approximately obeyed in a rather wide angular do-

main but the intensity curve may show a maximum. For such sys-

tems a R_ value can also be determined from eq. (1) but, in

this case, it is an "apparent" radius of gyration, R , usually

lower than that of the diluted system. The apparent radius of

gyration is a geometrical parameter which may be useful to in-

dicate, by comparison, variations or tendencies associated with

the average sizes of the particles.

Other parameters can be determined from SAXS experi-

ments on "two density" systems.

For a system of two phases of volume fraction $ and

I-* if the measurements are made in relative units, a correla-

tion volume V and the area of the interface between the two

phases per unit volume S/V may be obtained from .he following

relations :

Vc . Ko) (3)
•> 2 " ft

and 1 .
& . çj *fr oo

'y'
1t<J) ( I - $) Qo
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In these equations Qo is the "integrated intensity"
CO

(5) Qo =[ I (q) q2 dq
' o

and 1(0) the extrapolated scattered intensity at zero angle,

both of these measured on the same relative scale. For diluted '

systems V is an average particle volume. For dense systemsc
of particles, V is a geometrical parameter which can be qua-

litatively associated with the average volume. This parameter is

closer to the average volume when the volume fraction occupied

by the particle tends to zero.
4

For a two-density system the expression I(q) q
tends, for high q values, towards a constant p in a wide q

range :

(6) l i m Kq)q
q->-oo

This is the Porod's law which holds if the interface

is smooth.

If the surface exhibits "fractal" features, the classical sur-

face area has an ambiguous meaning. For this type of surfaces

Porod's law becomes :

(7) lim
q->-oo

[KW'» cte

where D is the dimensionality of the fractal surface. D = 2

corresponds to classical (2-dimensional) surfaces. Several

humid gels were shown to exhibit interfaces having fractal

properties with 2 < D < 3 . (10) (11).

From equation (4), which is valid for any value

of d>, the specific interface S/V may be determined from SAXS

experiments if 4> is known. Inversely, if S/V can be determined

by an independent (e.g. BET) method SAXS experiments permit

the fraction 4» and the density of the scattering phases to

be measured.
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3 PREPARATION OF THE SAMPLES

Silica gels were prepared from solutions of tetra-

mothoxysilane (TMOS) (FLUKA) dissolved in methanol ; the com-

position varied between 20 and 70 volume per cent of TMOS.

To these solutions 4 moles of bidistilled H_0 per mole of

TMOS was added for all TMOS concentrations prepared.

The pH of water was modified by the addition either

of 0.01 N HN0- or 0101 N NH40H. After a few minutes of vigorous

stirring, the solutions were transferred into pyrex tubes and

maintained at 50°C until gelification was completed, which usual-

ly occurred in a few hours. The tubes were stored at this tempe-

rature until the wet gel separated from the walls which allowed

them to be removed without breaking.

The gels were then dried hypercritically in an auto-

clave with an equipment and procedure similar to that previously

described (12). The amount of methanol added permitted the pres-

sure of about 160 bar at 300°C to be reached. The rate of heating

was about 4°C/min. The aerogel rods obtained in this way were ty

pically 1.5 cm. in diameter and 17 cm. in length. From these rods

discs of a few millimetres thickness were cut using a high preci-

sion (Meyer Burger) diamond saw.

Some of the samples were thermally treated at 1080°C

in air for varying lengths of time to densify them. The apparent

density, d, of the sample was measured with a Hg volumeter or

by determining the ratio of the aerogel weight to its geometrical

volume.

The BET specific surface S of the samples was de-

termined on particles of a few mm volume using a MICROMERITICS

equipment.

The thickness t of the samples used in SAXS experi-

ments was close to the optimum value t =1/dn where ji is the

X-ray absorption factor and d apparent density, t was 0.2 mm

to 1 mm depending on the density of the sample. The surfaces of

untreated samples were as received from diamond saw cutting.

The densified samples were polished on both faces.
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4 EXPERIMENTAL

The SAXS experiments were carried out using synchrotron

radiation at LURE (Orsay), France). The X-ray source (DCI posi-

tron storage ring) and an appropriated collimation provide a

very intense monochromatic beam with point-like cross-section.

This type of collimation allowed SAXS data to be obtained from

the aerogels in<a. short time and without the necessity of mathe-

matical desmearing (for slit height and width). This is essential

to improve the accuracy of the experimental results in order to

test possible fractal behaviour.

The white beam from the storage ring is monochroma-

tized by a double crystal monochromator of Si tuned for 3 Kev
o

(\= 1.55 A). Two sets of slits define the beam cross section

and diminish the parasitic scattering. A one-dimensional posi-

tion-sensitive detector was used to record the scattered X-Ray

intensity from the plate-shaped aerogel samples.

The parasitic scattering from air and slits was sub-

tracted from the experimental SAXS intensity using standard

methods. All SAXS curves were determined on a relative scale'.

5 RESULTS

The experimental results were classified into three

groups which correspond to : a) aerogels prepared from neutral

solutions of different TMOS content ; b) aerogels of 50% TMOS

content produced under different pH conditions ; and c) neutral

aerogels with 50% TMOS content heat-treated at 1080°C for in-

creasing lengths of time.

Figures 1a,b,c show as an example the experimental

SAXS curves of group b) which correspond respectively to aero-

gels obtained from neutral (N), acid (A) and basic (B) solutions.

All these curves, as well as those of groups a) and c), exhibit

maxima on the low angle side. Such maxima are generally observed

for very dense particle systems and correspond to strong devia-

tions from Guinier'e Law at very small scattering angles.
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Figurei, 2a,b and c correspond respectively to the

three groups defined above; they were plotted in Log I(q) vs.

log q scale in order to detect .eventual fractal behaviour. It .

can be seen that every plot is non-linear within the whole q

domain. This implies that neither equation (6) nor- (7) apply.

These equations correspond to asymptotic behaviours

which are obviously not verified for the aerogels in the q
° -1 °-1

domain comprised between 0.005 A and 0.06 A . Therefore

additional SAXS experiments were carried out, placing the po-

sition-sensitive detector at a shorter distance from the sample.

These new SAXS curves are shown in Figs. 3a, 3b and 3c, in
°-1log I(q) vs. log q scale, for the extended q range 0.06 A°-1to 0.25 A . They complete Figs. 2a, b and c respectively.

It can be seen that all the SAXS plots of Figs. 3

tend towards a linear behaviour indicated by the dashed straight

lines with a slope equal to - 4 . This seems to prove that Porod's

law is obeyed in each case when the q range is sufficiently

extended. The slope -4 implies the absence of fractal features

for the interface surfaces and allows the equation (4) to be

used to estimate the specific area of the (smooth) interfaces.
' The SAXS curves were also plotted on a log I (q)vs.

2
q scale, in order to verify the extent of validity of Guinier's

law (equation (1). These plots are presented in Figs. 4a, b and c

.for sample groups a,b and c respectively. Linear regions within

a more or less extended q domain, depending on the sample,

can be observed in every plot of Figs. 4a, b and c. The linear

portions of thesa plots were used to calculate the apparent

average radius of gyration R of the "particles" in every
a

sample. The values of R are assembled in Table la, b, c.
a 3 • *v

For one of the aerogels of group c (d=1.16g/cm ) two values

of R were obtained which correspond to the two slopes of the

straight lines in the plot of Fig. 4c. This suggests a particle

size distribution of bimodal type for this particular aerogel.
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The integrated intensity Qo was determined by

numerical integration of scattered intensity. 1(0) and P

were estimated from the curves of Figs.4. Using these values

arid equations (3) and (4) ihe values of V and (S/V) * (I-*)

were obtained. They are shown in Table I, together with the

value of the surface area of the interface per unit mass

S' = S/Vd determined by BET.

From these values the parameter K = i> (I-*) was

obtained which fixes the fractions of the two co-existing phases

1 + Y 1 - 4 K

6 DISCUSSION

The essential problem is' the assignment of the res-

pective densities to the co-existing phases which leaves two

possibilities : (Fig.5a,b).

a) The solid "particles" of the system form the fraction i> of

density p the remaining fraction 1 - $ then corresponds to

air-filled pores of zero density..

b) The "particles" detected by scattering effects are pores

occupying the fraction $ , the remaining fraction 1 - f of

density a1 corresponding to the solid matrix.

' If the parameter K ^ 0.2 5 one can distinguish the

major from the minor phase and p t p' .

If d is the apparent density of the sample

and p 1 -

Table II a shows the values of p and p' calculated from

the preceding data for group a ) , it can be seen that as K < 0.25

the concept of minor and major phases has a meaning and that p'

valuer, show a monotonous trend with % TEOS while p values

a vary disordedly



CBPF-NK-014/86
- 8 -

The surprisingly low values of p1 are close to Uhose recently

estimated by MULDER et al. from electron microscopic observa-

tions (13) Fig. (6) shows the evolution of p' as a function of

the apparent density d.

Structural model

The model of the texture of these aerogels (Fig.7a)

can be visualised as a sponge formed by a light matrix material
o

containing essentially closed micropores in 5-10 A range, which

reduce its apparent skeletal density to the small observed value
P '•

This matrix contains meso- and macropores which

give rise to scattering effects observed in SAXS experiments

and the surface of which is measured by BET.

The evaluation of data of series* b) (Table lib)

shows that, while for aerogels formed in neutral or acid con-

ditions a model based on a light matrix p1 seems correct ;

for gels formed in basic conditions a model with a higher den-

sity (p= 1.68) seems preferable (Fig. 7b).

This is consistent with the E.M. observations that basic gels

are formed of particles which are almost fully polymerized and

the skeletal density of which should approach more closely the

density of solid silica : ( p = 2.2 g cm ).
s

Behaviour during sintering

During sintering micropores are first eliminated by

polycondensation reactions of the type

" Si - OH + HO - Si = > = Si - O - Si E + H,0
or . •

= Si - OH + RO - Si = > = Si - O - Si = + ROH

involving residual OH and OR groups. This corresponds to the

first stage of sirftering dominated by diffusion mechanism (14)

and should result in a progressive increase !.r. the matrix

density p'. In a second phase meso- and macropores would be

eliminated by coalescence and densification by viscous flow.
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It is interesting to follow the trends shown- by

the "geometrical" parameters R and V . In order to have

comparable parameters a correlation gyration radius R* was

obtained from V assuming the volume V spherical. R and

R1 are used to characterize the size of meso- and macropores.a
The data for differeot series are contained in

Tables la,b,c)
Series a) shows that both R and R1 decrease regularly

a a

and become closer when TMOS concentration increases. This trend

means that the size of the mesopores decreases and that they

become more spherical when density increases.

Series c) shows that for 0.35 <d<0.82 R decreases
cl

while R* is rather stable. This could correspond to a sphero-a
disation of pores during sintering combined with a coalescence

effect leading to a bimodal distribution'for d = 1.16.

Series b) shows that according to pH mesopores are

roughly of similar size but that their shape is more regular

for acid gels than for basic ones ( R closer to R 1).
a a

Fractal features

The rather surprising fact that Porod's law is

obeyed in all cases :

I(q) .qn > Cte with n = 4 means that the

fractal dimension is D = 2 i.e. that these aerogels are indeed

not fractals at all.

It is possible that the texture of these aerogeis

does not fulfil the self-similarity conditions required in

fractal objects.

It is also possible that the SAXS method suffers

from an inherent ambiguity. It has been claimed recently (15)

that eg.7. should only be applicable to cases with 2<D<3 and

that for the limiting value D=3 and D=2 the relation reduces

to Porod's law If this is true, SAXS method would be incapable
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of distinguishing between a classic (smooth) interface and

a fractal surface with D=3. This point will be studied in

more detail.

CONCLUSION

Pigh precision small-angle X-ray-diffraction spectra

of aerogels were obtained using a synchrotron radiation facility.

The results combined with BET measurements lead to a textural

model which consists of an extremely light matrix (̂  0.3-0.4g/cm )

containing large air-filled meso-and macropores which produce

the scattering observed.

Surprisingly, all experiments show that Porod's law

limit is closely obeyed. This means that either these aerogels

are not fractals or that the SAXS method itself suffers from

an inherent ambiguity for the limiting fractal dimension

D = 3
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FIGURE CAPTIONS

Fig. 1 : Smoothed SAXS intensities as functions of the module

of the scattering vector corresponding to aerogels prepared

from solutions containing 50% vol. of TMOS under different

conditions : a) Neutral

b) Acid

c) Basic

°-1Fig. 2 : Smoothed SAXS intensity (a.u.) as functions of q (A )

in log-log scale.

a) Samples prepared under neutral conditions and with

different TMOS content (indicated in the figure in % vol).

b) Samples corresponding to 50% of TMOS content prepared

under neutral (N), acide (A) and basic (B) conditions.

c) Neutral samples with 50% of TMOS content after isothermic

heat-treatments at 1080*C for the times indicated in the

figure (hours).

°—1Fig.3 : SAXS intensities (a.u.) as functions of q(A ) in log-log

scale corresponding to high q values in conditions equivalent to

those of Fig.2. The dashed straight lines have a slope -4.

a) Various TMOS contents (% vol).

b) Different solution conditions : neutral (N), acid (A)

and basic (B).

c) Increasing heat-treatment times at 1080°C (hours).

Fig.4 : Guinier's plots of the three sets of samples.

a) Various TMOS contents (% vol).

b) Different solution conditions: neutral (N), acid (A)

and basic (B).

c) Increasing heat-treatment times at 1080"c (hours)

Fig.5 : Models of scattering "particles" (schematic)

a) dense particles (p) ;

b) pores in a low-density matix (p'). The models have the

same apparent density and interface.

Fig. 6 : Matrix density p1 vs apparent density d of SiO,

aerogels with different TMOS %.

X : results of Mulder and al(13).

*i£L__Z_! Models of aerogels
a) acid- b) baiic-catnlyscd.
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Table la : Neutral gels, influence of TMOS %

TMOS d S'

Vol % (g/cm3) (m2/g)

Vc

106A3

Ra 0
<ra2/cm3)

30
40

50

70

0.23

0.29

0.35

0.52

656
383

339

'496

1.01

0.632

0.348

0.151

90
64

40

27

48
41

34

25.5

1128

939

895

1137

Table Ib: Influence of conditions of catalysis

Catalysis
(m2/g) 106A3 (A)

(1-*)

B
A

N

0.16

0.41

0.35

426

277

339

0.337

0.475

0.348

46
38

40

33

37

34

792
644

895

Table let Sintering behaviour

Time

at 1080°

(h)

d

(g/cm3)

S'

0.348

0.304

0.511

0.357

1.137

A
40

39

39

32

40-78

(A

34

32

38

34
50

m^/cm"*)

0
0.25
0.50
0.75
1.00

0.35
0.39

.0.45
0.82
1.12

§
rt

a
<6
ft
<p

n

895
958
352
631
377
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Table l i a

Density calculation for neutral aerogels with different TMOS %

% TMOS

30

40

50

70

K

0.134

0.118

0.133

0.227

• •

0. 158

0.137

0.158

0.348

1-* .

0.842

0.863

0.842

0.652

p 3
(g/crn )

1.45

2.19

2.21

1.49

p l 3
(g/cm-5)

0.273

0.334

0.415

0.798

Table lib

Density calculation for 50% TMOS aerogels according to

the type of catalysis

type of

catalysis

B

A

N

0

0

0

K

.086

.176

.133

0 .

0.

0 .

*

095

228

158

0

0

0

1 - *

.905

.772

.842

P

(g/cmJ)

1,

1,

2.

.68

.80

,21

P1

(g/cnn

0.176

0.531

0.415
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