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ABSTRACT The hydrolysis and polycondensation reactions involving alkoxysilane groups have been studied 
in bulk using model compounds prepared from an isocyanate-functionalized prepolymer and (7-aminopropy1)- 
triethoxysilane. The molecular weight evolution and the appearance of the different condensed species are 
followed by T3i NMR and size exclusion chromatography (SEC). Peak assignments of the '%i NMR 
experiments were determined by comparing two acid-catalyzed reactions. If hydrolysis is fast, the condensation 
reaction occurs a t  a upper rate a t  the first time and slower rate after. During the same reaction, the gel time 
is determined by dynamic mechanical measurements and by the appearance of insoluble fractions in different 
solvents. The scaling exponent for the variation of G' and G" with frequency at  the gel point is A = 0.63 
f 0.02, in agreement with the percolation theory. The extent of the reaction may be calculated from NMR 
and SEC results. The experimental conversion at  gelation is found equal to 0.50, whereas the predicted value 
is 0.33. This difference can be explained by substitution effects and by intramolecular reactions. 

Introduction 
The hydrolysis and condensation reactions of alkoxy- 

silanes, specifically tetraethoxysilane and tetramethoxy- 
silane, lead to the formation of an oxide network, suggesting 
a possible way to form glass and ceramic materials. More 
recently, investigations on this kind of chemistry were 
focused on the use of silicon alkoxides and of alkoxysilane- 
terminated organic monomers or macromonomers M-Si- 
(0R)a for different applications such as coupling agents 
for compites,ll2 coatings,3 electrolytes,4 or adhesives.5 

Alkoxysilane groups react by way of a two-stage mech- 
a n i ~ m . ~ . ~  The first stage is hydrolysis, which can be written 
as 

H+ 

OH- 
Si-OR + H20 - Si-OH + R-OH (1) 

The second reaction is condensation, of which there are 
two kinds: 

Water-producing condensation 

H+ 

OH- 
Si-OH + HO-Si - Si-0-Si + H20 (2) 

Alcohol-producing condensation 

H+ 
Si(0R) + (H0)-Si - Si-0-Si + R-OH (3) 

OH- 

Reactions of tetraalkoxysilanes or trialkoxysilane- 
terminated macromonomers are similar and give siloxane 
-Si-&Si- bonds. These compounds can also be useful as 
models to study the chemistry and the polymeric param- 
eters controlling the processing of such materials. 

These reactions can occur in either basic or acidic 
mediums. The reaction conditions influence the relative 
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rates of the two-stage reactions and the chemistry of the 
sol-gel process. Different comparisons have been done in 
the literature between the acid- or base-catalyzed gels. It 
seems that the gel process is homogeneous in the case of 
an acid-catalyzed reaction and heterogeneous (colloidal) 
in the case of a base-catalyzed reaction. These two 
processes lead to a lightly cross-linked polymer in the first 
case and to densely cross-linked particles in the second 
case.7-10 

The water concentration also affects the polymer 
structure and the gel formation." The hydrolysis ratio 
and the nature of the catalyst are the most important 
parameters in the silicon tetraalkoxide sol-gel process. 
However, other parameters such as concentration,12 nature 
of the solvent,'3 and temperaturel4 can also play a decisive 
role in the kinetics and the choice of the reaction pathway. 

Chemistry has to be related to the rheological changes 
occurring during the thermoset process. The hydrolysis 
and condensation of silane-terminated organic monomers 
or macromonomers lead to insoluble polymers and network 
formations. When a homogeneous thermoset system cures, 
two principal structural transitions may occur: gelation 
and vitrification. Gelation marks the transition from a 
liquid to a rubbery state, since the cross-linked network 
has elastic properties not present in the low-molecular- 
weight, linear or branched prepolymers. Vitrification 
involves a transition from the liquid or rubbery state into 
the glassy state as a consequence of an increase in mo- 
lecular weight before gelation or an increase in cross-link 
density after gelation; more precisely, it involves a loss of 
free volume as molecular weight and cross-linking density 
increase. It is important to describe the gelation phe- 
nomenon from a technological and a theoretical point of 
view. There are two general classes of polymerization 
models that are applicable to the gelation of alkoxysilanes: 
the random branching network modells and percolation 

simulations.16 A recent paper' reviews the experimental 
evidence which suggests that the gelation of alkoxides can 
be modeled using analyses developed for organic conden- 
sation polymerization. The conversion at the gel point is 
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Table I 
Characteristics of the Different Monomers Used 

monomers formulas molecular weight melting point ( O C )  suppliers 
a- hydroxy-w-methylpoly(ethy1ene oxide) (PEOl) CH3(0CH2CH2),0H 350 -a Aldrich 
a,o-dihydroxypoly(ethy1ene oxide) (PE02) HO(CH20CH2),0H 400 8 Aldrich 
isophorone diisocyanate (IPDI) 222 Aldrich 

(y-aminopropy1)triethoxysilane (y-APS) NHz(CH2)3Si(OCzH5)3 221 
(yaminopropy1)dimethylethoxysilane (y-APDMES) NHz(CH~)~S~(CH~)~(OC~H~) 162 

Aldrich 
Petrarch 

especially well predicted using the recursive solution of 
random branching model assuming some ring formation 
or substitution  effect^.^ 

A substitution factor r has been introduced which 
modifies the reactivity of functional groups depending on 
how many of the functional groups have been condensed. 
The consequences of the substitution effect have been 
averaged into one factor. Generally, r is less than 1 
meaning that the reactivity decreases with condensation. 
This r factor is an adjustable parameter in the recursive 
model. In the case of the tetraalkoxysilane monomer, for 
no ring formation or substitution effects (r = l), i.e. the 
ideal assumptions of the Flory-Stockmayer model, the 
conversion at gelation, Xgel, is 1/3; but Xgel = 0.412 if r = 
0.5 and %gel = 0.454 if r = 0.1. 

Cyclization can also modify the conversion at the gel 
point. If r = 1 and 36% of the condensation reactions 
that occur are intramolecular reactions, the maximum 
effective conversion would be 0.32 and the reactive liquid 
could never reach the critical conversion for gelation. If 
r = 0.5, then only 18% of the reactions needs to be ring 
forming to prevent the sol for gelling, and for r = 0.1, only 
10% is needed to prevent gelation. So, for a given r value, 
the difference between the experimental conversion and 
the predicted gelation conversion, Xgel, can be explained 
by cyclization.’ 

The Flory-Stockmayer mean-field theory and percola- 
tion models both provide scaling relations for the diver- 
gence of static prcperties, such as the weight average 
molecular weight, M,, or the zero shear rate viscosity, TO, 
of the polymeric species a t  the gelation threshold. But 
from a general point of view, the mean-field theory 
correctly predicts the conversion at the gel point but 
percolation models can describe better the approach to 
the critical phenomena.16 Considerations of the dynamics 
near the critical gelation point have led to predictions for 
the frequency dependence of the complex shear modulus 

G*(w) = G’(w) + iG”(w) 
where G’(o) and G”(o) are the storage and loss shear 
moduli, respectively. More precisely, a t  the gel point, G’ 
and G” are scaled with frequency as 

G’ cc G” Q: uA 

The predicted values from percolation theory is A = 
0.67.” Experimentally, the observed scaling at  the gel 
point is A = 0.70 f 0.05 for epoxy amino systems,18 0.5- 
0.69 for polyurethanes depending on the  author^^^^^^ and 
the stoichiometric ratio,20and 0.72 f 0.02 for a tetraethoxy- 
silane system catalyzed by an acid.21 If the percolation 
theory has been quite successful in predicting the static 
properties (such as the distributions of molar masses and 
sizes) of branched polymers near the gel point, the 
dynamics of each system prior the gel point are not 
completely understood at present. What is needed is a 
quasi “universaln theory which is capable of predicting 
the entire frequency dependence of viscoelastic response 

for a particular system, taking into account the function- 
ality, the stoichiometric ratio, the sol and gelcompositions, 
and the growth of polymeric clusters (fractals). A general 
rheological definition of the gel point is written as 

G”/G’ = tan (A7r/2) 
A being the common exponent of the power laws at  the 
gel point. This equation, as a consequence of power-law 
behavior, falls out directly from the decades old Kramer- 
Kronig formula. 

For polyurethanes based on a diol and a polyfunctional 
isocyanate a t  stoichiometric conditions, the authors found 
A = 0.5. Under nonstoichiometric conditions, especially 
when the amount of cross-linker is deficient, with respect 
to the stoichiometry, NCO/OH < 1, they found A = 2/3. 
This evolution from A = 0.5 to 0.67 is explained by two 
types of behaviors, Zimm-like and Rouse-like for the 
relaxation time of a macromolecule approaching infinite 
dimensions, depending on ita environment and especially 
the number of discrete macromolecules at the gel point 
(when this number increases, Aincreases). Martin et a1.p 
in an approach based upon the self-similar connectivity 
of branched molecules and upon a scaling theory of frac- 
tal correlations, proposed that the exponent values limits 
are 0.67-1. 

The aim of this work is to investigate the hydrolysis and 
condensation reactions of alkoxysilanes. For that we use 
two types of silane-terminated macromonomers: (i) a two- 
end silane-terminated macromonomer with an alkoxysi- 
lane functionality, fw = 2. (Hydrolysis and condensation 
reactions were investigated by size exclusion chromatog- 
raphy analysis. Two-end silaneterminated m_acromono- 
mers with higher alkoxysilane functionality, fw = 6, will 
be also used in the aim to prepare networks); (ii) a 
preponderantly single-end silane-terminated macromono- 
mer, the synthesis of which is described in a previous 
papersz2 (Alkoxysilane functionalities are fn = 3.6 and fw 
= 4. The advancement of the reaction was determined by 
29Si NMR spectroscopy and size exclusion chromatogra- 
phy. The gel time was observed by dynamic mechanical 
measurements and insoluble fraction measurements. In 
addition, the scaling at the gel point was measured.) 
Experimental Section 

Starting Reagents. The formulas, molecular weights, and 
suppliers of the different materials are listed in Table I. The 
various products were used as received. The monoalcohol and 
macrodiol were degassed at 60 O C  for 48 h before use. The 
catalysts used are trifluoromethanesulfonic acid (triflic acid), 
CF3S03H, and hydrochloric acid, HCl. 

Characterization. The analyses of the soluble producta were 
made on a Waters chromatograph equipped with a 6000A pump, 
U6K injector, double detector (UV at X = 254 nm), and differential 
refractometer (R401). The eluants used were tetrahydrofuran 
(THF) or chloroform (CHC13), and the separation was carried 
out using four 1 styragel columns (105 A + 104 A + IO3 A + 5 x 
102 A) with an elution rate of 1.5-mL/min. The approximate 
average molecular weights (Mn, M,) were calculated using a 
polystyrene calibration. 
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W i  NMR spectra were taken with a Bruker AC 200 spec- 
trometer at 39.7 MHz in deuteriochloroform CDCll solvent and 
with tetramethylsilane (TMS) as the internal reference. A Rheo- 
metrics dynamical analyzer (RDA 700) was used for performing 
dynamic mechanical measurements. The reactive mixture was 
placed between the 25-mm-diameter parallel disks of the rhe- 
ometer. At regular time intervals, the reactions were examined 
in the frequency sweep mode. The chosen temperature was 40 
"C and was held constant. The strain amplitude was held 
constant at 1% for the entire study. 

Macromonomer Synthesis. (i) Q,W silane-terminated mac- 
romonomers were prepared via a two-step reaction, which is 
resumed in Figure 1. A macrodiol(1 mol) was reacted with 2 mol 
of isophorone diisocyanate (IPDI) in order to have a stoichio- 
metric ratio NCO/OH = 2. The reaction is performed in bulk 
at 80 "C for 4 h under vacuum. The product prepared above was 
dissolved in tetrahydrofuran mol for 100 mL) and was 
immediately combined with the organosilane using a stoichio- 
metric ratio NCO/NHz = 1. The organosilane is added dropwise 
to prevent a too fast reaction. The mixture was stirred at room 
temperature for 1 h. The solvent was removed under a rotating 
evaporator a t  40 "C for 15 h. The characteristics of these a,w 
silane-terminated macromonomers are reported in Table 11. 
During the first step of the synthesis, there is chain extension 
resultingin a distribution of molecular weighta. But all the chains 
are terminated exclusively by ethoxysilane groups, with no dead 
product and with a unique value of functionality of 2 when (y- 
aminopropy1)dimethylethoxysilane (y- APDMES) is used and of 
6 with (y-aminopropy1)triethoxysilane (y-APS),as shownin Table 
11. 

(ii) The single-end silane-terminated macromonomer was also 
prepared by a two-step reaction described in a previous paper.22 
Diisocyanate IPDI is reacted with monofunctional PEOl with a 
stoichiometric ratio NCO/OH = 2 at  80 "C for 24 h, in bulk, 
without catalyst and under vacuum. Size exclusion chromatog 
raphy (SEC) of the materials allows us to determine the molar 
fraction of residual diisocyanate, equal in this case to 0.17 mol. 
This value, lower than the most probable one, 0.25, has been 
explained by the different reactivities of the isocyanate groups.22 
The product prepared above was dissolved in tetrahydrofuran 

mol for 100 mL) and was immediately combined with the 
organosilane with a stoichiometric ratio NCO/NH2 = 1. The 
mixture was stirred at  room temperature for 1 h. An infrared 
spectrum of the products showed no unreacted isocyanate and 
thus a complete reaction. The solvent was removed under a 
rotating evaporator for 15 ha t  40 "C. Using the previous resulta,22 
the following weight distribution was determined for the reaction 
product, named PEOl macromonomer, based on (y-aminopro- 
pyl) triethoxysilane: 

YAPS-IPDI-TAPS: 0.17 mol with a functionality of 
ethoxysilane groups equal to 6 

PEO1-IPDI-TAPS: 0.66 mol with a functionality of 
ethoxysilane groups equal to 3 

PEO1-IPDI-PEO1: 0.17 mol with a functionality equal to 0 

The characteristics of this system are reported in Table 11. The 
number aver e functionality f n  and the functionality average 
functionality? were calculated to be 3.6 and 4, respectively. 

All the synthesized macromonomew were colorless and trans- 
parent. The last system will be useful for studying hydrolysis 
and condensation reactions. The PEO1-IPDI-PEO1 species, 
which does not bear reactive groups, is a dead product, but will 
serve as an internal reference. 

We will indifferently use below the terms macromonomer or 
monomer to designate the products prepared as explained above. 

Nomenclature. The nomenclature that was developed can 
be illustrated by the example shown below: PEOl cf = 4) where 
PEO indicates the type of oligomer used and 1 represents th_e 
functionality in hydroxy groups of thitoligomer, followed by f, 
the functionality average functionality f w  of the macromonomer. 

I .  synthesis of prepolymer functionalized isocyanate 

O = C = N - ~ -  N=C=O + 0-O-H + o=c=N-O-N-C-OO 
I II 

H O  

2. synthesis of alkoxy-silane terminated macromonomer 

(oC2H5)3Si(CH2)3-N-C-N- 0 - N - C - O - ~  
I II I I I1 

H O H  H O  

Figure 1. Synthesis of a silane-terminated macromonomer. 

Results and Discussion 

Reactions of a,o Silane-Terminated Macromono- 
mer8 (& = 2). Reactions of a,w silane-terminated mac- 
romonomers have been investigated in order to s tudy  the 
reactivities of alkoxysilane groups. Reactions take place 
at 40 O C ,  in bulk, with 3 mol of H20 to 1 mol of silane, 
HzO/Si = 3. Without any  catalyst, no reaction occurs, 
even after several days. Trifluoromethanesulfonic acid 
(triflic acid, C F B S O ~ H )  or hydrochloric acid (HC1) has been 
used in order to have a catalyst ratio H+/Si = 0.05. 

Examples of the chromatograms obtained for the system 
based on yAPDMESIPE02 cf = 2) with triflic acid as the 
catalyst at different reaction times are shown in Figure 2. 
The disappearance of the hydrolyzed or partially hydro- 
lyzed macromonomer is very fast  and occurs simulta- 
neously with the appearance of an unresolved peak 
corresponding to products of higher molecular weight. The 
position of this peak varies with reaction time, but the 
reaction is too rapid to  permit us to follow precisely ita 
molecular weight evolution. For the linear homopolym- 
erization of P E 0 2  cf = 2), the number average degree of 
polymerization En is calculated by  the ratio E, = M$ 
MO where Un represents the number average molecular 
weight of the polymer (determined by  SEC in our case) 
and MO is the mean molecular weight of the constitution 
repeating unit (Mn = 793 g/mol). 

After 15 min, the degree of polymerization E, is higher 
than 200. As expected in the case of a difunctional 
monomer, gelation was not observed; even after 1 week, 
t h e  formed product was still soluble in THF and CHCls. 

In the case of a polycondensation reaction, in the 
presence of a catalyst and thus a first-order kinetics mech- 
anism, the relation between z,, the number average 
degree of polymerization, the extent of reaction ( x ) ,  and 
the reaction time ( t )  is given by16 

- 
(4) 

where CO is the initial concentration in alkoxysilane groups 
and k is the condensation rate constant. 

In Figure 3, the evolution of the number average degree 
of polymerization, g,, is plotted. The curve of m, as 
a function of t ime indicates a polycondensation mecha- 
nism, and the slope of this curve gives us a value of k equal 
to 0.16 mol-' kg s-l. Th i s  value is only approximative 

DP, = - = C,kt+  1 
l-x 
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Table I1 
Characteristics of Alkoxysilane-Terminated Macromonomers 

macromonomer composition (mol) notation M t h  M n  R W  I, f O R  

793 1309 1494 1.14 f,, = 3.6 
7, = 4 

PEO1-IPDI-YAPS (1-1-1) PEOl cf = 4) 

PE02-IPDI-yAPDMES (1-2-2) 
PE02-IPDI-rAPS (1-2-2) 

PE02 cf = 2) 
PE02 cf = 6) 

I I I 
15 2 0  2 5  

te ( m i n )  

Figure 2. SEC chromatograms at different reaction times for 
the system PE02 cf = 2) at T = 40 "C (HZO/Si = 3 and H+/Si 
= 0.05) with CHCIB as the solvent. 

10 20 
t.(min 1 

Figure 3. Evolution of DP versus time for the system PE02 
(f = 2) at T = 40 "C (HzO/& = 3 and H+/Si = 0.05). 

because of different imprecisions for the e,, determi- 
nation (polydisperse macromonomer, polystyrene cali- 
bration), but its means that the reaction is very fast at  low 
temperature. 

For PE02 cf = 61, the disappearance of the hydrolyzed 
or partially hydrolyzed macromonomer is quasi instan- 
taneous, as shown in Figure 4. Instantaneously, we also 
noticed the formation of_ a polymer of high molecular 
weight (Mn > 400000, Mw/Mn = 2.6 expressed in PS 
standards) corresponding to a high degree of polymeri- 
zation. Insoluble fractions in CHC13 were produced after 

,-.. 
1170 990 1776 1.7 fw = 2 
1290 1505 2604 1.7 fw = 6 

60 m i n  

90 m i r l  

- 
U - 

2 0  m i n  

//--l-----.-n- 1 5  m i n  

15 2 0  2 5  

tg ( m i n )  

Figure 4. SEC chr_omatograms at different reaction times for 
the system PE02 cf = 6) at T = 40 O C  (HZO/Si = 3 and H+/Si 
= 0.05) with CHC13 as the solvent. 

10 min of reaction. After 15 min, all the macromonomer 
has reacted. For a,u silane-terminated macromonomers, 
PE02 cf = 2) and PE02 cf = 61, we obtain a similar 
behavior: the disappearance of the totally or partially 
hydrolyzed macromonomer is very fast; in the same time, 
after a few minutes of reactions, a polymer of high mo- 
lecular weight appears. 

For the PE02 cf = 2) system, chain extension is the only 
reaction possible. Therefore, we can say that the con- 
densation reaction rate for the silanol group of T-APDMES 
is in the range 0.10-0.20 mol-' kg s-l. 

For the PE02 cf = 6) system, the second and then the 
third silanol groups may react with the same or lower 
condensation rates but lead to a rapid gelation. To increase 
the gelation time and in order to estimate the different 
hydrolysis and condensation rates, we are now going to 
study the reactions of-alkoxysilane groups on a compound 
with a functionality fw higher than 2 but lower than 6. 

Reactions of the T, = 4 System. Evolution of the 
Reaction As Determined by 29Si NMR Spectroscopy. 
Hydrolysis and condensation experiments were also per- 
formed at 40 OC, in bulk, with 3 mol of H2O to 1 mol of 
silane and a catalyst ratio H+/Si = 0.05. At  different 
reaction times, about 3 g of the samples was extracted and 
dissolved in CDC13 (3 g) and the 29Si NMR spectrum 
examined immediately after. For each sample, the reaction 
time was defined as the time interval between the initial 
addition of the acid and water to the reactive system and 
the addition of the solvent CDCl3. The 29Si NMR spedrum 
of the alkoxysilane-terminated macromonomer PEOl cf 
= 4) is shown in Figure 5. The resonance at  -45 ppm 
corresponds to a silicon atom directly coordinated to three 
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Table I11 
Indexation of %i NMR Peaks 

species formulas nomenclature 6 (ppm)22 

I 1 I 1 I 

- 40 -50 - 60 - 7 0  

8 PPm 

Figure 5. 29Si NMR spectrum of alkoxysilane-terminated mac- 
romonomer PEOl cf = 4) in deuteriochloroform CDCl3. 

Q: A 

I I I , I I 

-40 -50  -60 - 7 0  

6 PPm 

Figure 6. 29Si NMR spectra at different reaction times for the 
system PEOl cf = 4) at T = 40 "C (H20/Si = 3 and H+/Si = 0.05) 
with HC1 as the catalyst. 
ethoxysilane groups and one methylene carbon: 

CH2-Si-( OEt) 
The NMR spectra evolve quickly when a catalyst is used. 

Figure 6 shows representative spectra for the case when 
HC1 is used as the catalyst. At the initial hydrolysis stage, 
corresponding to a reaction time as previously defined, t 
= 5 min, the relative intensity of the peak of starting 
material (6 = -45 ppm with respect to TMS) decreased 
rapidly. The intensity of the hydrolyzed monomer species 
(6 = -40 ppm and probably 6 = -44 ppm) increased at the 
same rate. The spectra were not quantified because the 
signal to noise ratio is too low in this case. 

The chemical shifts are functions of the state of alkoxy- 
silane polymerization. Peak assignments of the silicon 
atom depend on the next-to-nearest neighbor of the silicon 
atom being observed. With this approach, the degree of 
hydrolysis and condensation of a given silicon species can 
be determined. Since the hydroxide is more electron 
withdrawing than the ethoxide, the peaks to higher field 
are attributed to the hydrolyzed species; the more Si- 
(0Et)S is hydrolyzed, the higher field it resonates. It was 
possible to observe all the intermediate hydrolyzed species 
corresponding to different degrees of hydrolysis such as 

CH,-Si-(OEt),,(OH), with x < 3 
Condensation of the hydrolysis products (eqs 2 and 3) 

results in an upfield, lower ppm shift of 29Si NMR 

nonhydrolyzed 
monomer 

hydrolyzed monomeric 
species 

hydrolyzed and partially 
hydrolyzed dimers 

hydrolyzed and partially 
hydrolyzed trimers 

hydrolyzed and partially 
hydrolyzed tetramers 

CH2Si (OEt) 3 &a0 -45 

CH2Si(OH)S Bo3 -40 

-44 CHzSi(OEt)2(0H) Qo' 
OH 61' -48 
I 
I 

OH 

OH 61' -50 
I 
I 

OEl 

OH 62 -56.5 
I 
I 
I 

I 
I 
I 

I 
I 
I 
I 

CH&3OSI 

CH2SfOSI 

CH2SIOSI 

0 

SI 

OEt 

CH280SI 

0 

SI 
SI 

0 

CH2BOSI 

0 

SI 

QzO -58 

Q3O -64 

resonances. It was possible to identify the chemical shifts 
by comparing them to the numerous identifications found 
in the l i t e r a t u r e , l ~ ~ ~ - ~ ~  mainly those given by Nishiyama 
et aL23 These authors have studied the hydrolysis and 
the condensation of (y(methacry1oxy)propyl)triethoxysi- 
lane (yMPTS) by I3C and 29Si NMR spectroscopy. The 
chemical shifts corresponding to different degrees of 
condensation (dimer, one siloxane bond; trimer, two si- 
loxane bonds; tetramer, three siloxane bonds) have been 
identified. For each condensation species, different de- 
grees of hydrolysis are visible, as we will see later. The 
nomenclature used here is QzY, where 2 represents the 
number of siloxane bonds and Y the number of hydroxyl 
groups on a given silicon atom. 

In agreement with previous resu1ta,28*29 for a typical acid- 
catalyzed sol-gel system, the disappearance of the monomer 
by hydrolysis is essentially complete in less than 3 min 
and the condensation already started. This time is 
comparable to the time required to prepare the sample 
and recorda spectrum. In that case, the hydrolysis reaction 
was too rapid to allow us to observe the evolution of all 
the intermediate hydrolyzed species corresponding to 
different degrees of hydrolysis. One type of hydrolyzed 
monomer species Q03 is observed at -40 ppm and most 
likely corresponds to a probably completely hydrolyzed 
species, as shown in Table 111. Another resonance which 
is very weak is detected at -44 ppm and corresponds to 
the Qo1 species. 

If the hydrolysis stage is very short, condensation takes 
more time. When triflic acid was used as the catalyst, we 
were not able to observe the hydrolysis reaction. The other 
peaks observed in Figure 7, and corresponding to different 
degrees of condensation, will be discussed now. 

After a reaction time of 10 min (Figure 71, no more 
residual monomer (-45 ppm) and no more hydrolyzed mon- 
omeric product (-40 ppm) are visible. On the basis of the 
previous Table I11 shows assignments for a silicon 
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II A 

-40 - 50  -60 - 7 0  

6 PPm 

Figure 7. 2BSi NMR spectra at different reaction times for the 
system PEOl cf = 4) at T = 40 "C (H20/Si = 3 and H+/Si = 0.05) 
with CFsSOSH as the catalyst. 
atom in different environments. (i) Peaks at -48 ppm are 
attributed to a silicon atom with one siloxane bond cor- 
responding to the dimer species with different degrees of 
hydrolysis, as defined in Table I11 and assigned to Q12 
(hydrolyzed dimer) and Qll (partially hydrolyzed dimer) 
peaks by refering to previous results.23 (ii) At  -58 ppm, 
the peaks observed are assigned this time to a silicon atom 
with two siloxane bonds corresponding to the trimer species 
Qz' and Qz0 with different degrees of hydrolysis, (iii) A 
broad resonance is observed at -68 ppm: this resonance 
is assigned to a silicon atom with three siloxane bonds and 
corresponding to the tetramer species &so. The width of 
this resonance can be explained by a lower mobility of 
these species compared to the others. 

Depending on polymerization time, the relative areas 
of the different peaks on the 29Si NMR spectrum for 
hydrolyzed or nonhydrolyzed i-mers are shown in Figure 
dand are representative of the main mechanisms of hy- 
drolysis and condensation. The monomer hydrolysis is 
instantaneous, as we have seen earlier. We are not able 
to evaluate the degree of hydrolysis on each chain end, 
but the percentage of residual alkoxysilane groups can be 
estimated by the relative intensities of the Qz0 and 
species. After 10 min, the areas of the Qz0 and Q1' species, 
respectively, are equal to 25% and 8% of the total area. 

80 

60 

0 4  - I 
0 60 120 

t (min) 
Figure 8. Relative intensities of the 2gSi atom of yAPS at T = 
40 "C (H20/Si = 3 and H+/Si = 0.05): (0) dimer Q1; (A) trimer 
Qz; (0) tetramer 63. 

So, the percentage of nonhydrolyzed alkoxysilane groups 
is equal to 33:3-11%. The appearance of the condensate 
dimer species was as fast as the disappearance rate of the 
hydrolyzed product. The dimer species then decreased 
rapidly with an increase in trimer species, and finally, the 
peak attributable to the tetramer increased with a decrease 
in the trimer peaks. These results, presented in Figure 8, 
are partially complete because we have no indication about 
the disappearance of the starting material and hydrolyzed 
monomeric products, except that they occur rapidly. 

Evolution of the Reaction As Determined by SEC. 
As the functionality of our monomer is higher than 2, ge- 
lation can occur. The gel point is defined as the conversion 
at which the weight average molecular weight Mw diverges 
and an infinite network begins to be formed which is 
insoluble in any solvent. Therefore, SEC is a suitable 
method to determine the gel time and the monomer 
conversion at the gel point during the same experiment. 
After a given time at an isothermal curing temperature 
(Ti = 40 "C), 0.1-g samples are dissolved in 10 mL of THF 
or CHC13. The solution is filtered through a Millipore 
membrane (0.2 rm) and gelation is taken as the point 
when the filter becomes plugged. The solution is analyzed 
by SEC to obtain the variations of molar mass as a function 
of time. Examples of the chromatograms obtained for 
the studied system at different reaction times are shown 
in Figure 9 for both solvents. 

In THF as the solvent, we observed only one peak at t e  
= 21.9 min at different reaction times. This peak has the 
same elution time as the initial silane-terminated mono- 
mer. Keep in mind that after 10 min of reaction, no 
residual monomer was visible in the 29Si NMR spectra 
(Figure 7); we were obliged to attribute this peak to the 
dimer and to conclude that the elution times for the non- 
hydrolyzed or hydrolyzed monomer and the dimer are the 
same. As time increased, the intensity of this peak 
decreased, while no more products of higher molecular 
weight were visible. However, in this cese, insoluble 
fractions were produced after 20 min at 40 "C. On the 
contrary, in chloroform as the solvent, several peaks are 
observed. The peak at  te = 25.1 min is attributed to the 
dimer for the same reasons as discussed previously (no 
more residual monomer visible in the NMR spectra). The 
unresolved peak at lower elution times ( t  = 22 min) can 
be attributed to trimers and oligomers. The height of this 
peak decreases with time, but ita position does not change 
and corresponds to a degree of polymerization equal to 
about 3-4. After 10 min of reaction, a new peak at t e  = 
15 min was noticed, corresponding to a product of high 



Macromolecules, Vol. 25, No. 17, 1992 Organic-Inorganic Hybrid Materials 4315 

I I 

15 25 35 

te ( m i n )  

2 4 0  m i n  

120 m i n  

30 m i n  

1 5  m i n  

10 m i n  

5 m i n  

2 m i n  

I I 1 

15 25 35 

te ( m i n )  

Figure 9. SEC chromatograms at different reaction times for the system PEOl cf = 4) at T = 40 " C  (H20/Si = 3 and H+/Si = 0.05) 
with (a, left) THF and (b, right) CHCb as the solvents. 

molecular weight (Mn > 50 OOO expressed in PS standards). 
As in the preceding case, insoluble fractions were observed 
after 20 min. 

The combination of the SEC and NMR results permits 
us to discuss the mechanisms of the polymerization. The 
information on the molecular weight evolution obtained 
by SEC with THF as the solvent is not complete. We can 
state that products of higher molecular weight are not 
apparent because they have the same refractive index as 
the solvent (THF). In the case of CHCl3, the molecular 
weight evolution looks like that obtained for a,w silane- 
terminated macromonomers: (i) immediate disappearance 
of monomer and instantaneously appearance of the dimer 
species; (ii) appearance of trimers and tetramers a t  slower 
rates; (iii) appearance of high-molecular-weight species 
just before and after the gelation phenomenon, After the 
gel point, we have only the chromatogram of the soluble 
fraction. 

Finally, the molecular weight evolution looks like a 
classical polycondensation reaction, with some proper 
characteristics. During the initial stages of polymeriza- 
tion, we have chain extension, corresponding to the 
appearance of the dimer and trimer species as we can see 
in Figure 10. As the reaction time increases, the appear- 
ance of the product of high molecular weight (Mn > 50 OOO) 
corresponds to the appearance of the tetramer species, 
observed at t = 20 min just before the gelation. The 
disappearance of the dimer can be characterized using the 

0 Y 0 60 im 180 240 300 

t (min) 
Figure 10. Dimer conversion vs reaction time at T = 40 "C 
(HzO/Si = 3 and H+/Si = 0.05): (0) solvent THF; (0) solvent 
CHC13; (w) ?3i NMR data. 

NMR and SEC results. In the case of SEC we must take 
into account the height of the peak y of the dead product 
PEO1-IPDI-PEO1. This species, which does not bear 
reactive groups, has the same elution time as the dimer 
and its concentration stays constant during the entire 
reaction. So, the disappearance of the dimer is given by 
the following equation: 

(5) x = 1 - (h, -Y ) l (h , -Y )  
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Figure 11. Loss factor tan b at five angular frequences (2.5,7.9,25,79,250 rad/s) for the monomer PEOl 
= 3 and H+/Si = 0.05). 

= 4) at T = 40 “C (H*O/Si 

with ht being the height of the dimer peak at t. And for 
NMR spectroscopy 

x = 1 - (1) Jcn, (6) 
with I being the area of the peak at -48 ppm. 

The conversion of the dimer as calculated by both 
methods is plotted as a function of time in Figure 10. We 
observed a good agreement between the SEC and NMR 
experiments. This result fits our hypothesis and confirms 
our choice of the assignments of the SEC peaks. 

Gelation. Insoluble fractions in THF and CHCl3 were 
obtained after 20 min. We also determined the gel point 
by dynamic mechanical measurements. The evolution of 
our system was followed starting immediately after mixing 
and proceeding through the macroscopic gel point, cor- 
responding to the appearance of insoluble fractions. 

It has been suggested that for some polymers,3l G’ is 
equal to G” at the gel point, regardless of the frequency. 
Our data show the crossover of G’ and G” after the 
macroscopic gel point. The G’ and GI’ crossover shows 
some frequency dependence (tcwtl increases with an 
increase in frequency), although the dependence may be 
ambiguous. The process of gelation is demonstrated in 
Figure 11, where the loss tangent tan 6 = G”/G’ is shown 
as a function of time for five frequencies ranging from 2.5 
to 250 Hz. One single crossing point of the five curves 
exists at tan 6 - 2 f 0.2. Such observations were made 
by several a~thors . l ’ -~~ These authors claim from theo- 
retical arguments that this crossover point is the gel point, 
but the values for tan 6 depend on the system. This 
crossover point, considered to be the gel point, is located 
at t = 23 f 3 min in our case and coincides with the time 
determined by the appearance of insolubles in THF and 
CHCl3. The viscoelastic component may be calculated 

with the following equation: 

G”/G’ = tan 6 = tan (A7r/2) (7) 
with tan 6 being the value at  the crossing point and A the 
scaling exponent. The values found for A are between 
0.68 and 0.65 for t = 23 f 3 min. In order to calculate A 
more precisely, the variations in log G’ and log G” against 
log w are represented in Figure 12a,b for several mea- 
surement times near the gelation critical point. The slopes 
of these lines yield the value of A, the viscoelastic exponent 
at the gel point, as follows: 

G’ a G” a wA (8) 
for the frequency dependence of the moduli. 
As noted in the Introduction, values of Anear the critical 

gelation point are predicted by various theories. In our 
case, we found A = 0.63 f 0.02. This value is in good 
agreement with the percolation theory and previously 
measured values for epoxy r e s i n ~ , ~ ~ J * ~ ~ , ~ ~  polyurethanes 
(PU) ,19720 and polyesters.33 The results are not consistent 
with predictions by the Flory-Stockmayer mean-field 
theory (A = l)lS nor with experimental work for the cross- 
linking of PDMS with an excess of the cross-linking agent 
(A = 0.5).31v34 As we have said in the Introduction, for PU 
at stoichiometric conditions, Muller et aLZo found A = 0.5, 
but when agiven amount of zero functional polyether a,w- 
dimethyl ether (not involved in the urethane reaction) is 
introduced, they have A = 0.67. To explain these resulta, 
they consider that the response of the “infinite” macro- 
molecule, specifically its distribution of relaxation times, 
will depend upon its environment. In our case, we also 
have zero functional dead oligomers, PEO1-IPDI-PEO1 
(17% by mole). 
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Figure 12. log plot of (a, top) G' and (b, bottom) G" against 
measurement frequencies at times of 20,23, and 26 min from the 
bottom to the top. 

However, this viscoelastic method is suitable for de- 
termining gel times and we can consider that the gelation 
time occurs after 20-23 min of reaction in our system. 

We can now calculate the conversion degree of reactive 
groups at  the gel point, using the relative areas of the 
dimer, trimer, and tetramer peaks determined by 29Si 
NMR spectroscopy. 

Assuming that (i) we have no more reactive monomer 
and (ii) the areas of the peaks at -48 (Qd, -58 (Q2), and 
-68 ppm (63) (see Figure 7) are proportional to the number 
of silicon atoms with one, two, and three siloxane bonds, 
we can calculate the conversion degree, x ,  with the following 
equation: 

[dimer] + 2[trimerl + 3[tetramerl 
3 (9) 

where [i-mer] is the concentration of the i-mer species at 
t .  

In Figure 13, x is plotted as a function of time. At the 
first reaction stages, the conversion increases at a very 
fast rate from 0 to 0.35 due to the fast formation of the 
dimer. At 40 "C the gel time, tgel, is equal to 20-23 min 
and the conversion is about 50%. If we consider the ho- 
mopolymerization of the prepolymer bearing fw reactive 
groups, we can calculate %gel, the conversion at the point 

x ( t )  = 

gei:35 

(10) 

In our case, the weight average functionality, 7w, of the 
initial reactive oligomer is equal to 4, so the theoretical 
conversion at  gelation is equal to 0.33. 

..y 
0.0 i!l I 

0 60 120 

t (min) 
Figure 13. Reactive group conversion versus reaction time. 

The difference between the theoretical and experimental 
conversion at the gel point can be explained by a 
substitution factor, r, of less than 1 and by cyclization 
reactions. This point will be discussed later. 

Discussion 
The kinetics of sol-gel reactions can be formulated at 

different levels. The simplest kinetics model considers 
only the concentrations of the various functional groups 
(alkoxy, silanol, and siloxane Si-0-Si), without reference 
to how they are distributed about the various silicon atoms. 
So, only three types of reactions are necessary to formulate 
the functional group rate equations: 

kh 

Si-OR + H20 - - Si-OH + R-OH (11) 

kw 
Si-OH + Si-OH - Si-0-Si + H20 (12) 

ka 
Si-OR + Si-OH - Si-0-Si + R-OH (13) 

These reactions are referred as the hydrolysis (h), water- 
producing condensation (w), and alcohol-producing con- 
densation (a). 

Hydrolysis Reaction (Case of ?, = 4 Macromono- 
mer PEOl). When CF3S03H is used as the catalyst, the 
hydrolysis reactions were too fast to allow us to observe 
all of the intermediate hydrolyzed species, corresponding 
to Bo1, Qo2 and QO3 species. 

When HC1 is used as the catalyst, the signal to noise 
ratio is too poor to estimate the area of the peaks. The 
starting reactant completely disappeared before mea- 
surements could be made. The following hydrolysis 
reactions are possible: 

&02 + H20 - a3 + R-OH (16) 

We will assume that the hydrolysis reactions are not 
balanced. On the basis of a second-order hydrolysis 
kinetics, only a lower limit for the hydrolysis rate constant 
k h  of the Qo0 species can be calculated. The correspond- 
ing rate expression for the reactions of the functional 
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groups can be written as 

(17) 

where k h  is the hydrolysis rate constant, [QoO] is the 
concentration of the Qo0 monomer species (mol/kg), and 
[H201 is the water concentration (mol/kg). At  the 
beginning of the reaction, the water concentration is [HzOIo 
= 3[QooIo. 

In the limiting case where the overall condensation is 
negligible with respect to the hydrolysis rate, we can write 

(18) 

After 5 min of reaction, no more Qo0 specie is apparent 
(ratio NMR signal to noise is too weak), so we can estimate 
the value of [Qo0It in the range 0.01 [Q~ol~-0.05[Q~ol~. The 
resolution of this equation (17) gives us limiting values of 
kh: 

k h  > 3 X mol-' kg s-' for [&:I, = O . O 1 [ Q ~ l o  

k h  > 6 X mol-' kg s-' for [&:I, = 0.05[Q:l0 

This k h  value is greater or in the same order than that 
obtained by Assink et  aLZ8 (kh = 6.10-3 mol-' L s-l) for 
TEOS-HC1-catalyzed reactions. 

Condensation Reaction. From the results of the 
condensation of the PE02 cf = 2) macromonomer, the 
condensation reaction rate k has been estimated equal to 
0.16 mol-' kg s-'. This k value, determined by assuming 
a second-order kinetics law (eq 4) represents the conden- 
sation rate for the silanol group of monofunctional silane 
coupling agent yAPDMES. The NMR results for the 
PEOl cf = 4) macromonomer indicate that the peak 
intensities for the dimer and trimer species reach a 
maximum concentration during the initial hours of re- 
action, as shown in Figure 8. The time taken to reach the 
maximum concentration increases with the degree of 
polymerization: the reactivity of residual silanol groups 
depends on the degree of polymerization, in agreement 
with preceding results. 

With triflic acid as the catalyst, after 10 min of reaction, 
the species Q12, Qll, Q21, Q20, and Q3O are present, where 
Q1' is always weak and Q2O does not change very much 
with time. At this time, there are no more reactions 
involving Qo and no more hydrolyzed monomeric species 
are apparent. So, we can conclude that the hydrolysis 
reactions are terminated but also that condensation 
reactions such as follows were accomplished: 

k w  

Q t  + Q: - 2Q12 + H20 (19) 

The reaction rate for the condensation of unreacted 
monomers is as stated above. However, the condensation 
rate for species with one siloxane bond is reduced by a 
value equal to the substitution factor r. The condensation 
rate for species with two siloxane bonds is reduced by a 
factor r2. This corrective parameter modifies the reactivity 
of condensed species in proportion to the degree of 
condensation, in agreement with previous suggestions.7 

Therefore, we can write the set of equations 

rzk ,  

(22) Q12 + QI2 - 2Q2' + H20 

rzk,  
Q~~ + Q1' - 2Q2' + ROH (24) 

r2ka 

(27) Q,2 + Q1' - 2Q2' + ROH 

Q2' + Q: - 2Q: + ROH (32) 

The Q2O species concentration does not change very much 
with time, so we can deduce that k, is small compared to 
k,, in agreement witheq 27, and we will neglect the alcohol- 
producing condensation. The 61' species concentration 
is low in comparison to the Q12 species concentration, so 
reactions involving Q1' will not be taken into account for 
the kinetics calculation. With these hypotheses, the 
reactions that we will be considered are those given by eqs 
22, 28, and 31. 

The corresponding rate expressions for the functional 
group reactions can be written as 

(33) --- d[X1 - 8r2k,[XI2 + 2r3k,[XYl 
dt  

(34) 
d[Yl - = 8r2k,[XI2 - 2r4k,[Y12 dt 

X = Qi Y =Qpl Z=Q: 

We determined the values of r and k, that best fit the 
experimental data by numeric calculation. r was deter- 
mined to be 0.26 and k, is found equal to 0.06 mol-' kg 
s-l. The value of k, is relatively large, compared with the 
values found in the literature (k, = 10-4 mol-' L 9-1) for 
acid-catalyzed systems.28 However, the experimental 
conditions are different, notably the nature and the 
concentration of the acid catalyst. Our value of k , i son  
the same order as the value determined for the difunc- 
tional macromonomer PE02 cf = 2) using experimental 
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Figure 14. Model structure of ceramers proposed by Wilkes et 
a l . 3 6  

results concerning the increase in E,. These results 
confirm our hypothesis: a water-producing condensation 
reaction dominates in our particular case, and the reaction 
of the first silanol group is very fast. 

The polymerization process is controlled by the reac- 
tivity of the functional groups and depends on how many 
of these functional groups have been condensed. The 
catalyst also has an important role. 

The model by Bailey et ala7 predicts, in the case of the 
TEOS monomer, for no ring formation or substitution 
effects (r  = 1) that the conversion at gelation, X g e l ,  will be 
0.33; but x g e l  = 0.412 if r = 0.5, X g e l  = 0.454 if r = 0.1 and 
for r - 0, Xgel  + 0.5. 

In our case, for r = 0.26, the conversion at gelation is 
equal to 0.5. The difference between the experimental 
conversion ( X g e l =  0.50) and the predicted conversion ( X g e l  - 0.43) can be explained. 

(i) The r and k values have been calculated with the 
results of the second and the third silanol condensation. 
As we adjust r to fit the long time data, the model that we 
used does not integrate the short time data, correspond- 
ingto the condensation of the first silanol group. However, 
the condensation rate of the silanol group provided from 
the monofunctional silane agent has been estimated to be 
0.1M.20 mol-' kgs-', and its appears that the first reacting 
silanol group provided from the trifunctional silane agent 
yAPS has about the same reactivity (k, = 0.06 mol-l kg 
s-l). Therefore, for the beginning of the reaction, we can 
estimate that the r value that we calculated by our kinetics 
model is in agreement with experimental results and this 
confirms our choice of the kinetics model. 

(ii) The difference with experimental results may be 
ascribed to the presence of intramolecular cycles. The 
percentage of cyclization may be estimated by subtracting 
the predicted conversion (0.43 for r = 0.26) from the 
experimental conversion and dividing by the experimental 
c~nversion.~ We can deduce that approximately 14 % of 
the experimental conversion is due to cyclization reactions. 

(iii) A highly schematic model of such hybrid materials 
has been proposed by Wilkeset al.36 This model structure 
is represented in Figure 14. The crowded areas represent 
the condensed species while the coiled interconnecting 
lines represent the oligomeric species. Dynamic mechan- 
ical analysis of polymerized PEOl (fw = 4) fii, represented 
in Figure 15, presents two relaxations, a small one at low 
temperature and a broad transition between 0 and 100 OC ,  
characterized of a two-phase material. The broadness of 
the loss dispersion peak is representative of the distribution 
of relaxation times of the PEO segments. On the other 
hand, SAXS measurements on the final material have 

0.3 

.. . 
a 

0.2 h 
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T (OCI 
Figure 15. Dynamic mechanical spectrum of the PEOl cf = 4) 
film. 

shown a scattering peak, given a correlation distance (2-3 
nm), characteristic of a heterogeneous material. 

As the final material is heterogeneous, the phase 
separation process can occur before gelation. The model 
structure given in Figure 14 illustrates that local silicate- 
rich microdomains may exist. These Si-0 domains relax 
at  high temperature, in the broad relaxation observed in 
Figure 15, or at  higher temperature for pure silicate 
domains. So, as the phase separation occurs a t  the same 
time, some rich Si-0 rich domains vitrify. Though 
vitrification does not necessarily terminate the chemical 
cross-linking, the diffusion limitation is so great that 
additional reaction in a vitrified material can be generally 
ignored.37 

Once vitrified, large-scale molecular motions are not 
possible in this system; therefore, reactive sites can no 
longer come together and the chemical cross-linking 
reaction is effectively quenched.% 

In our case, for the PEOl (f, = 4) macromonomer, as 
the reaction occurs, the three-dimensional glassy network 
is established and the transition temperature of the 
network (Tg = 40-50 "C) reaches the curing temperature 
(2' = 40 "C), and hence vitrification occurs. As we can see 
in Figure 15, at  the gel time, the extent of reaction is about 
50%. After 12 h at  40 "C, the conversion degree is equal 
to 70%. The extent of reaction is limited by gelation and 
by vitrification as we will see in a later publication.38 

The r factor we have estimated is an adjustable 
parameter taking into account not only the kinetics 
substitution effects but also the effects due to phase 
separation and vitrification. We can say that the sub- 
stitution effects are increased by these phenomenon. 
Dynamic X-ray measurements should be performed to 
determine the beginning of the phase separation process. 

have obtained similar results in the case 
of phenyltrimethoxysilyl-terminated polystyrene mac- 
romonomers. Reactions were performed in bulk at 70 "C. 
After hydrolysis and condensation of these macromono- 
mers, a linear polymer with a s,, equal to 4 was formed 
and remained soluble in THF. The DSi NMR spectrum 
of the polymer indicates that two different types of 
condensed species are present: 60 % of dimer species and 
40 % of trimer species. The experimental silanol conver- 
sion may be calculated by eq 9 and is found to be about 
0.53. The theoretical conversion, determined by eq 10 is 

Long et 
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equal to 0.5. So, gelation was never reached and these 
resultsz7 confirm that it is not the gelation process which 
decelerates the cross-linking process but the vitrification. 

As discussed before, the recursive solution of random 
branching allows substitution effects on the kinetics and 
permits the calculation of the substitution factor r. 
Although the kinetic-recursive model is not exact in 
predicting the molecular weight evolution versus conver- 
sion and does not take into account the structural 
transformations occurring during polymerization, its re- 
sults provide a basis for understanding future works. 
Conclusions 

The mechanisms of hydrolysis and condensation reac- 
tions of alkoxysilane-terminated macromonomers were 
investigated by both 29Si NMR and SEC measurements. 
The condensation reactions are catalyzed by H+, as hy- 
drolysis reactions. 

The reactivity of functional groups in an fw = 4 system 
depends on how many of the functional groups have been 
condensed. By examining the molecular weight evolution 
and the appearance of the different condensed species, we 
observed a decrease in the condensation rate constants of 
silanol groups with an increase in the degree of conden- 
sation. 

The value of the lower limit of the hydrolysis rate is 
calculated, as the values of the condensation rate and 
substitution factor, using a simple kinetics model. 

The gel time was determined by the appearance of 
insoluble fractions and by dynamic mechanical experi- 
ments. The scaling exponent A is found to be 0.63, which 
is in agreement with the percolation theory. The extent 
of reaction may be calculated from these results. The 
conversion at  gelation is 0.50; the theoretical conversion 
at  gelation is found to be 0.33. Substitution effects (non- 
equal reactivity of all the silanol groups) and intramo- 
lecular reactions may explain these differences. Substi- 
tution effects are increased by phase separation and 
vitrification. The substitution factor, r ,  is an adjustable 
parameter taking into account not only the kinetics 
substitution effects but also the effects due to structural 
transformations. 

The characterization of these organic-inorganic hybrid 
materials is in progress in our laboratory. The results 
about the morphology will soon be published. 
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