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The 2°Si NMR spectroscopy was employed in the assessment of polyacrylate effects on the
course of acid-catalyzed polycondensation of tetraethoxysilane. The DEPT pulse sequence
was used to achieve the sensitivity enhancement required for obtaining qualitatively and
quantitatively interpreted 2°Si NMR spectra. Assessment of changes in concentration of
reaction products during polycondensation and comparison of mole distribution of chain
molecules of reaction systems, which contain different amounts of polyacrylate, has shown
that polyacrylate affects polycondensation reactions considerably. The presence of poly-
acrylate slows up hydrolysis and condensation reactions significantly, and it enhances
formation of cyclic products. By this method oligomer distribution changes in the reaction
system significantly and the degree of condensation in siloxane gel increases. It is clear
that polyacrylate does not act as a single filler, but it changes a structure of siloxane network

as well.

Introduction

To achieve suitable properties of the resulting prod-
uct, organic monomers or polymers can be introduced
into the siloxane network formed by alkoxysilane poly-
condensation. For these purposes various types of
polymers were used, e.g., poly(dimethylsiloxane),1?2
polyimides,® or polyacrylates.* Some polymers can be
bounded chemically into a siloxane network due to a
presence of hydrolyzable groups.®> A new type of in-
organic—organic hybrid materials based on combina-
tions of alkoxysilanes and polyacrylates formed by sol—
gel processes finds application also in preserving proc-
esses, as agents for stone reinforcing.6~12 The copolymer
of methylacrylate and ethyl methacrylate is the most
widely used polyacrylate for these purposes (Paraloid
B 72, Rohm & Hass). Out of the alkoxysilanes, tetra-
ethoxysilane (TEOS), methyltriethoxysilane (MTEOS),
and methyltrimethoxysilane (MTMOS) are used.

Despite the fact that these materials are used quite
frequently, the mechanism of hybrid inorganic—organic
gel formation has not been described sufficiently so far.
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The data in the literature®13.14 suggest that the nature,
appearance, and structure of the resulting solid products
strongly depend on the general composition of the
reaction mixture and on the type of alkoxysilane and
catalyst employed for polycondensation. Transparent,
glasslike products can be obtained only by acid-
catalyzed polycondensation of a mixture of TEOS with
polyacrylate,®13 and it is obvious that polyacrylates
containing hydrolyzable alkoxysilane functional groups,
which allow covalent bonding between the organic
polymer chains and the silica matrix, provide single-
phase materials.> If basic catalyst was employed, e.g.,
morfoline,® or polycondensation of MTMOS and poly-
acrylate mixture were not catalyzed at all, the resulting
products have a nonhomogeneous structure and are
opaque.5* When the structure of these products was
studied in detail,®4 it was found that nonhomogeneous
material includes spherical-shaped silica particles, hav-
ing a diameter of 15—100 um, while polyacrylate is to
be found in the space between these particles. Mechan-
ical qualities of such a material are impaired consider-
ably. Moreover, it was discovered that the presence of
polyacrylate increased the degree of condensation and
cross-linking of a siloxane network. Reasons for this
situation were explained by the fact that after the
gelation point of mixture, polyacrylate supported alkoxy-
silane polycondensation.®

Presently we can see an effort for the generation of
hybrid inorganic—organic materials having the suitable
properties. These materials were named as CERAM-
ERs or ORMOCERSs (organically modified ceramics).1®
Despite the fact that many studies were devoted to
alkoxysilane polycondensation,16-2% the effects of acry-
late polymer to TEOS polycondensation has not been
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Table 1. Composition of Reaction Mixtures (Contents of
Low Molecular Reaction Components Expressed by
Molar Ratio and Contents of Polyacrylate Expressed in
Weight Percentage w)

molar ratio W

7 (20 °C) TEOS?® TEOS/ TEOS/ TEOS/ (polyacrylate)
no. [mPas] HO HCI® CyHsOH® C4HgO, [wt %]

1 1.35 1/1  1/0.03 1/1.55 1/1.11 0
2 1.73 /1 1/0.03 1/1.55 1/1.09 1¢
3 331 1/1  1/0.03 1/1.55 1/0.81 4¢
4 1.55 1/1  1/0.03 1/1.55 1/1.09 1f
5 2.23 /1 1/0.03 1/1.55 1/0.81 4f

a TEOS, tetraethoxysilane, 99.8 wt %, Synthesia Kolin, Czech
Rep. ? HCI, hydrochloric acid, 35.0 wt % p.a., Lachema Brno, Czech
Rep. ¢ C,HsOH, ethanol 99.8 wt % p.a., Merck, Germany. 9 C4HgO,,
dioxane, 99.8% p.a., Lachema Brno, Czech Rep. ¢ Copolymer of
ethyl methacrylate (70 mol %) and methylacrylate (30 mol %).
Weight-average molecular weight 66.6 x 10%. Number-average
molecular weight 29.7 x 103 (produced by Rohm & Hass, Phila-
delphia). f Copolymer of methyl methacrylate (50%) and butyl
acrylate (50%). Weight-average molecular weight 30.9 x 103
Number-average molecular weight 7.9 x 108 (produced by VUSPL
Pardubice, Czech Rep.).

described sufficiently. It has been observed that during
polycondensation of TEOS and poly(dimethylsiloxane)
(PDMS), the self-condensation reaction of TEOS was
predominant rather then copolymerization between
PDMS and TEOS. As the reaction time increased,
copolymerization between TEOS and PDMS was pro-
moted. Furthermore it was found, that PDMS chains
was broken into shorter chains under acid condition and
with increasing temperature copolymerization between
TEOS and PDMS became more extensive.2 During
polycondensation TEOS and N-[3-(triethoxysilyl)propyl]-
2,4-dinitrophenylamine (TDP) a small extent of co-
polymerization was observed. The copolymerization
proceeds in such a way that cross-linking occurred only
among the TEOS-derived species and the TDP derived
species remained as linear units.?”

In our work we studied the effects of polyacrylate on
the course of acid-catalyzed polycondensation of TEOS.
Our aim was to specify the effects of polyacrylate on the
kinetics and on the mechanism of formation of the
products of TEOS polycondensation during the initial
phases of the sol—gel process. To study TEOS polycon-
densation, 2°Si NMR spectrometry was employed.

Experimental Section

Composition of Reaction Mixtures. To assess the effects
of polyacrylate on the polycondensation course, five reaction
mixtures were prepared, which contained different amounts
and types of polymer. The exact composition of reaction
mixtures is given in Table 1. Each of these mixtures contained

(16) Pouxviel, J. C.; Boilot, J. P.; Beloeil, J. C.; Lallemand, J. Y. J.
Non-Cryst. Solids 1987, 89, 345.

(17) Devreux, F.; Boilot, J. P.; Chaput, F.; Lecomte, A. Phys. Rev.
1990, A41 (12), 6901.

(18) Pouxviel, J. C.; Boilot, J. P. J. Non-Cryst. Solids 1987, 94, 374.

(19) Vega, A. J.; Scherer, G. W. J. Non-Cryst. Solids 1989, 111, 153.

(20) Brunet, F.; Cabane, B.; Dubois, M.; Perly, B. J. Phys. Chem.
1991, 95, 945.

(21) Brunet, F.; Cabane, B. J. Non-Cryst. Solids 1993, 163, 211.

(22) Assink, R. A.; Kay, B. D. J. Non-Cryst. Solids 1988, 107, 35.

(23) Kay, B. D.; Assink, R. A. J. Non-Cryst. Solids 1988, 104, 112.

(24) Brus, J.; Karhan, J.; Kotlik, P. Coll. Czech. Chem. Comun.
1996, 61, 691.

(25) Fyfe, C. A.; Aroca, P. P. Chem. Mater. 1995, 7, 1800.

(26) Lux, P.; Brunet, F.; Desvaux, H.; Virlet, J. Magn. Reson. Chem.
1993, 31, 623.

(27) Kim, J.; Plawsky, J. L; Van Wagenen, E.; Korenovski, G. M.
Chem. Mater. 1993, 5, 1118.

Brus and Kotlik

Q'(0,3)

Q%0,4)
| Q'(1,2)
Q0.2

cycl. trimer

Q%0.2) cycl.

Q°(1,3)

l Q%0,2) fin.
Q%(1,1) ‘

w Hmww,wmwmﬂw VLW

l
M.W‘L «»MAM,WJ ‘wawmpwuwj ‘mewjv

, .
fo & —90 b

(ppm}
Figure 1. 2°Si NMR spectrum of the reaction mixture no. 2
(1 wt % of polyacrylate) obtained after 180 min by using DEPT
sequence with transfer time 142 ms and 6 pulse angle 24°.
Relaxation delay 10 s, number of transitions 32. The values
of chemical shift are given in ppm relative to TMS.

0.5 mL of deuterium dioxane-ds (Merck, 99.5% D), which is
needed for field stabilization during the measurement of NMR
spectra. The final pH value of the mixture is 1.0, and the
concentration of TEOS was always 2.03 mol dm=3. The total
volume of the mixture is 3.8 mL. The application of an
ethanol—dioxane mixed solvent was necessary to obtain a
perfect mixture and sufficient level of homogenization of all
components of the reaction mixture.

Parameters of NMR Experiments. 2°Si NMR spectra of
mixtures were obtained at 75.9 MHz on Bruker AM 400
spectrometer with a 10 mm broad-band probe with an internal
deuterium stabilization. The DEPT pulse sequence was used
for the sensitivity enhancement.20-22.24.28-30

Experimental conditions: number of data point 32K, vari-
able pulse angle 6 = 24°, transfer time 7 = 142 ms, number of
scans 32, temperature 303 K, and recycle delay 10 s.

Results and Discussion

The 2°Si NMR spectra were evaluated in both quality
and quantity. The typical 2°Si NMR spectrum is given
in Figure 1. In description of 2°Si NMR spectra, the
Q"(i,j) notation was used, where Q indicates a four-
function structural unit and i, j, and n respectively
correspond to the number of —OH, —OC,Hs, and silox-
ane functional groups bonded on the silicon atom. The
main groups of resonance were easily assigned accord-
ing to their chemical shift. The fact that many signals
were described by the same symbols results from the
situation where the chemical shift of Si atom does not
depend only on the number of —OH, —OC;Hs, and
—0Si= groups bonded to the Si atom, but it is also
affected by the length, size, and shape of the molecule
in which the Si atom is situated.20-2224 |nterpretation
of 2°Si NMR spectra is based on data given in the
literature,19-21.24 gand chemical shifts of individual Si
species are listed in Table 2.

Quantitative evaluation of polycondensation course
is based on the values of integral intensity of signals,
which had been corrected according to

Eq = mly("H)ly(**si)] x
sin 6 cos™ " 0 sin(*Jy, grr) cos(CIy r) (1)

Equation 1 describes the relative intensity enhancement
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Table 2. Chemical Shifts of Species Q"(i,j) in the TEOS/C;Hs0H/C4HgO2/H,0 Mixture (Values Given in ppm with Respect

to TMS)
J (ppm) species Q"(i,j) structural unit?
—79.05 Q°(1,3) monomer HO-Si*—(OEt)3
—82.02 Q°(0,4) monomer Si*—(OEt),
-86.27 QY(1,2) dimer HO-Si*(OEt),—0—Si(OEt)3
—86.36 Q(1,2) higher linears HO—Si*(OEt),—O—[Si(OEt);]n»—O—Si—(OEt)3s°
—87.95 Q?(0,2) cycl trimer —[Si*(OEt),—0]5—
—88.90 Q%(0,3) dimer Si*(OEt)3—O—Si*(OEt)s
-88.81 Q%(0,3) dimer HO—Si(OEt),—O—Si*(OEt)3
—89.07 Q%(0,3) higher linears Si*(OEt)3—[0O—Si(OEt)2]n—O—Si*(OEt)s°
-92.78 Q%(1,1) lin trimer Si(OEt)3—0—Si*(OH)(OEt)—O—Si—(OEt)3
—95.21 Q?(0,2) cycl tetramer —(Si*(OEt),—0)4—
—95.45 Q?(0,2) cycl pentamer —(Si*(OEt),—0)s—
-96.19 Q%(0,2) lin trimer HO—Si(OEt),—0—Si*(OEt),—O0—Si—(OEt)s
—96.26 Q2(0,2) lin trimer Si(OEt)3—0—Si*(OEt),—O—Si—(OEt)3
—96.35 1st Q3(0,2) in linear chainsP Si(OEt);—0— —Si*(OEt),—[0—Si(OEt);]n»—O—Si(OEt)s¢
—96.43 2nd Q2(0,2) in linear chainsP Si(OEt);—0—Si(OEt),—0—Si*(OEt), —[O—Si(OEt),]n—O— Si(OEt)s°

a Sj*: observed 2°Si. P Meant symmetrically from both ends of the chains. ¢n > 1.
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Figure 2. Time dependence of concentration of =SiOEt

groups. (x) mixture no. 1, (M) mixture no. 2, (®) mixture no.
3.

Eq of signals of 2°Si atoms, in which m is number of 1H
atoms coupled to 2°Si, y(*H) and y (?°Si) are the values
of gyromagnetic ratio, 6 is a variable pulse angle, 3Jy s
is the coupling constant 'H—29Si, 3Jy y is coupling
constant IH—'H, and 7 is the polarization transfer
time.2126 Further on the results obtained were put into
diagrams as time dependencies of relative concentration
of Q"(i,j) species and concentration of =SiOH and
=SiOC,Hs groups. The effects of the presence of poly-
acrylate on the rate of formation and quantity of
individual species Q"(i,j) as well as on the rate of
formation and quantity of individual products of TEOS
polycondensation were demonstrated on these depend-
encies.

In the first part of the evaluation of experimental
results we studied the effects of polyacrylate on TEOS
polycondensation Kinetics. Overall information about
the course of hydrolysis and condensation of individual
reaction mixtures provide time dependencies of concen-
tration of =SiOC,Hs and =SiOH groups, which are
shown in Figures 2 and 3. These time dependencies are
shown only for mixtures 1—3, because the second two
time dependencies for mixtures 4 and 5 are very similar.
As it results from these dependencies, the effects of
polyacrylate vary in time considerably. We suppose that
in the initial phase of hydrolysis, when the mixture
contains a relatively high amount of water, the effect
of the presence of polyacrylate is negligible and cannot
be followed up by the method employed. This conclusion
results from a comparison of changes in the concentra-
tion of =SiOC;Hs5 groups during the first 5—10 min of
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Figure 3. Time dependence of concentration of =SiOH
groups. (x) mixture no. 1, (M) mixture no. 2, (®) mixture no.
3.

polycondensation, in which the course of time depend-
encies is almost identical in all cases (cf. Figure 2).
However, a considerably increased concentration of
=SiOH groups in mixtures containing polyacrylate (cf.
Figure 3) can be seen during this time interval. As the
initial decrease of the concentration of =SiOC,Hs groups
was identical in all cases, it seems that polyacrylate
macromolecules prevent to subsequent condensation of
existing hydrolysis products (silanols), which are ac-
cumulated in the mixture temporarily. Intensive slow-
ing effect of polyacrylate on the TEOS hydrolysis occurs
in later phases of the reaction. It can be documented
by a relatively rapid decrease of =SiOH groups in the
mixtures containing polyacrylate. The most intensive
decrease of concentration of =SiOH groups occurred in
the mixture with higher viscosity containing the highest
amount of polyacrylate with higher molecular weight.

We can suppose that the presence of polyacrylate
prevents both hydrolysis of alkoxy groups and the
following condensation of silanol groups. At the begin-
ning of the reaction we cannot observe the slowing of
the hydrolysis because of the relatively high amount of
water. By hydrolysis retardation, if compared with the
initial phase, a relatively high decrease of the concen-
tration of =SiOH groups can be explained in the
mixtures containing polyacrylate. The formation of new
=SiOH groups is suppressed, while amount of existing
hydroxyl groups is reduced continuously during the
condensation reaction. At the same time the condensa-
tion reactions are retarded, and that is why the total
concentration of =SiOH groups in the mixture contain-
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Table 3. Momentary Values of the Alcohol-Producing Condensation Rate Constants k¢, Calculated for Reaction Mixture

Nos. 1-5
time [min]
no. 20 45 60 90 110 135 160 195 230 270 305
1 3.00 2.18 2.00 1.51 1.41 1.31 1.22 1.03 0.87 0.78 0.71
2 Kea/1073 2.24 1.74 1.40 1.15 1.07 0.90 0.86 0.67 0.71 0.62 0.55
3 [dm3mol~tmin~1] 1.80 1.06 0.90 0.76 0.65 0.54 0.49 0.42 0.41 0.36 0.33
4 2.25 1.80 1.51 1.20 1.15 0.94 0.90 0.75 0.70 0.65 0.60
5 1.95 1.30 1.15 0.97 0.85 0.70 0.65 0.50 0.59 0.48 0.41
Table 4. Momentary Values of the Water-Producing Condensation Rate Constants kqy Calculated for Reaction Mixture
Nos. 1-5
time [min]
no. 20 45 60 90 110 135 160 195 230 270 305
1 18.0 4.50 3.50 3.40 3.10 2.85 2.50 241 2.50 2.35 2.24
2 Kew/1073 17.0 3.62 3.28 2.71 2.31 2.30 2.10 1.85 1.59 1.23 1.34
3 [dm3mol~1min~1 16.0 6.05 4.09 2.85 2.13 1.80 1.80 1.75 1.35 0.95 0.80
4 17.0 3.71 3.35 2.87 2.61 2.52 2.26 1.98 1.75 1.48 1.37
5 16.0 5.00 3.89 2.75 2.26 2.15 2.02 1.76 1.49 1.22 1.12

ing polyacrylate is higher than that in a mixture without
polyacrylate. We can conclude that polyacrylate exhib-
its retarding effects on both hydrolysis and polyconden-
sation, while retardation of hydrolysis becomes signifi-
cant at the moment when water content in the mixture
was reduced.

As for quantitative evaluation, the retarding effect of
polyacrylate on polycondensation of silanol groups can
be assessed by a comparison of the rate constants of
condensation reactions. These rate constants can be
calculated by the following kinetic equations:

d[SiOR]/dt = —k, [SIOR][H,0] —
1/2k_,[SIOH][SIOR] (2)

d[SiOH]/dt = k,[SIOR][H,0] —
11k [SIOH][SIOR] — k,,[SIOH]? (3)

d[SiOSi}/dt = k,,[SIOH]? + k_[SIOH][SIOR] (4)

on the condition that the reactivity of hydroxyl and
ethoxyl groups is the constant during the polyconden-
sation, and hydrolysis and condensation, in which water
as well as ethanol are released, occur in the course of
the sol—gel process.?2=2% Then k;, is the hydrolysis rate
constant, K¢, is the alcohol-producing condensation rate
constant, and kg is the water-producing condensation
rate constant. Methods of rate constant calculations
and detailed description of kinetic model are given in
refs 21-23.

As there are not sufficient data for calculation of the
hydrolysis rate constant, the value given here should
be considered approximate. A ky hydrolysis rate con-
stant was calculated for all five reaction mixtures, and
it is approximately ki, > 0.13 dm® mol~! min—t. When
condensation rate constants were calculated, the great
deflection from the theoretical assumption saying that
the reactivity of all polycondensation products is con-
stant during the entire process became evident. As
given in Tables 3 and 4, momentary values of rate
constants k¢, and k¢ decrease during polycondensation
and that fact is closely related to inductive and steric
effects. At very low pH values (below isoelectric point,
pH < 2.0) an electrophilic mechanism is supposed in
both hydrolysis and condensation. Under these condi-
tions silanol groups are protonated?® and we can sup-
pose that the oxide atom of the hydroxyl group acts as

a reaction center. A mechanism of condensation, in
which ethanol is released, can be described by

=Si—O—H + H —> =Si—0—H &
H

CRRRNY

N S N =si—o—si=

=S—o\r P7s= —> =si—g—si= + C,HsOH )
H "=CjH, H
+ +

=si—0—8i= —» =Si—0—Si= +H 0

As a negative inductive effect of function groups de-
creases in the series —I(—OH) > —I(—0OCyHs) >
—I(—O—Si=), it is obvious that the substitution of
C2Hs0— by a hydroxyl group leads to an increase in the
density of positive charge in the Si atom and by way
also to an increase of negative charge in oxide atom,
which is then more susceptible to electrophilic conden-
sation. On the other hand, substitution of C,HsO— or
—OH groups by siloxane leads to a decrease in the
density of the positive charge in the Si atom and to a
decrease of negative charge in oxide atom. The result
is that this atom is less susceptible to electrophilic
attack. It results from the above given facts that
reactivity of species decreases in the series Q% > Q! >
Q? and species containing OH— groups are more reac-
tive. From this reason it is not very useful to specify
mean values of rate constants. However, from values
listed in Tables 2 and 3 we can state that with
increasing content of polyacrylate, with increasing of
viscosity of solution, and with increasing of molecular
weight of polyacrylate the values of condensation Kinetic
constant decrease.

To assess the general rate of polycondensation, it is
better to compare the time dependencies of the degree
of condensation in the individual reaction mixtures. The
condensation degree p is defined'” by

p= Y na,/f (®)

where g, is the relative concentration of species Q", n
is the number of siloxane bonds available in the given
structural unit, and f is the connectivity of the monomer
(f =4 for TEOS). It results from a comparison of these
dependencies (cf. Figure 4) and from values of dp/d log
t (0.122, 0.107, 0.095, 0.115, and 0.101 for reaction
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mixtures 1—5, respectively) that the total rate of poly-
condensation decreases with increasing polyacrylate
content, viscosity of solution, and molecular weight of
polymer. This retardation is caused by the presence of
large polyacrylate molecules in the mixture, which limit
the mobility of siloxane molecules (cf. Figure 5).

The presence of polyacrylate in the reaction mixture
affects not only the polycondensation rate but also the
extent of reactions. As follows from Figure 6, the time
dependence of the relative concentration of species Q!
in the mixtures containing polyacrylate is constant after
a certain time break point of reaction. This is probably
caused by the fact that the mutual condensation of
dimers and higher oligomers is suppressed in these
mixtures and condensation preferably occurs among
monomers and dimers or monomers and other oligo-
mers, during which Q! species are not consumed. At
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the same time the rate of dimer formation must cor-
respond to the rate of cyclization reactions.

To assess the extent of cyclization reactions during
the TEOS polycondensation, we have to follow up the
content of 2°Si atoms of Q2 type within in both linear
and cyclic oligomers during the polycondensation proc-
ess. The extent of cyclization, &, can be defined by a
ratio of concentration of Q2 species linked in cyclic and
linear molecules according to

&= Qcyc|2/Q|in2 9)

The time dependence of & is given in Figure 7.

It was shown that with increasing content of poly-
acrylate in the mixture, the extent of cyclization reac-
tions increases, while the decrease of concentration of
Q2 species linked within linear molecules (cf. Figure 8)
is given just by this cyclization, as formation of more
condensed Q3 species was not found. This phenomenon
is directly associated with the mobility of the molecules,
which undergo cyclization more easily in an environ-
ment where their mobility is limited. This reaction is
more probable to occur, rather than mutual condensa-
tion resulting in prolongation of the linear chain. The
higher extent of cyclization reactions explains the
phenomenon, which was described in ref 6, which
mentioned the situation in which a higher degree of
condensation and cross-linking had been discovered in
solid products, which had been generated by poly-
condensation of the alkoxysilane mixture in the pres-
ence of polyacrylate, if compared with the products
having been generated without the presence of poly-
mers.
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Figure 9. Comparison of mole fraction distributions of chain
molecules for the reaction mixtures with the constant degree
of condensation p = 0.29.

Polyacrylate effects on distribution of individual oli-
gomers in the mixture can be assessed by determination
of the mole fraction distribution of chain molecules. The
mole fraction distribution of chain molecules has to be
determined at the chosen constant degree of condensa-
tion. By this method time as parameter as well as
differences in polycondensation rate can be eliminated.
In our case we chose the highest possible degree of
condensation that could be reached in reaction mixture
no. 3, i.e., p=0.29. It results from a comparison of the
mole fraction distribution, shown in Figure 9, that the
presence of polyacrylate reduces the content of pentam-
ers in the mixture considerably. As follows from the
mole ratio of cyclic and linear oligomers in the individual
oligomer fractions (see Table 5), the low content of
pentamers in the mixture is caused by cyclization of
trimers and tetramers, resulting in a limitation of
further chain prolongation. An absence of cyclic pen-
tamers in mixture no. 3, containing the highest amount
of polyacrylate with higher molecular weight can be
explained by the fact that the mixture generally con-
tains only a very low amount of linear pentamers, by
cyclization of which cyclic pentamers are formed. Its
quantity is then below the detection limit.

Higher range of cyclization reactions also affects
number average of degree of polymerization, which was
calculated from the given mole fraction distributions of
chain molecules, according to

>_<n = zxiyi (10)

where x; is the mole fraction of oligomer having poly-
merization degree y;. To keep a constant condensation
degree in all five mixtures under reaction, a reduction
of the average chain length resulting from values of X,
(2.31, 2.19, 2.08, 2.25, and 2.15 for reaction mixtures
1-5, respectively) has to be compensated for by a
relative increase of their cyclization, as the condensation
degree increases during cyclization, without changing
the chain length (cf. Figure 10).

Conclusion

It was proved by the experiments made that the
presence of polyacrylate in the mixture affects both
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Figure 10. The dependence of number average of degree of
polymerization X on viscosity of solution at the constant degree
of condensation p = 0.29.

Table 5. Molar Ratio of Cyclic and Linear Oligomers in
Each Oligomer Fraction (Degree of Condensation of
Reaction Mixture p = 0.29)

trimer tetramer pentamer

no. cyclic linear cyclic linear cyclic linear

0.12 0.88 0.54 0.46 0.16 0.84
0.18 0.82 0.65 0.35 0.26 0.74
0.47 0.53 0.71 0.29 0.0 1.00
0.16 0.84 0.61 0.39 0.20 0.80
0.27 0.73 0.68 0.32 0.30 0.70
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polycondensation Kinetics and the abundance of indi-
vidual oligomers in the reaction mixture. It is obvious
that in the environment where polyacrylate macromol-
ecules are present, the total polycondensation rate is
reduced. In initial phases the polyacrylate effect on
hydrolysis is very small, but later on, with decreasing
water content in a mixture, it can be seen as a consider-
able reduction of its rate. The presence of polyacrylate
in the mixture also affects the course of the condensa-
tion reaction considerably. Large polyacrylate macro-
molecules probably reduce the condensation rate, as
they prevent mutual collisions between various siloxane
molecules, in which their reaction takes place as well
as prolongation of their chains. That is why intra-
molecular cyclization reactions are preferred to pro-
longation of linear chains. By this way, the presence
of polyacrylate in the mixture can increase the degree
of condensation and cross-linking of the network in a
solid product. It is obvious that polyacrylate does not
act only as an inert filler of siloxane gel, but it directly
affects the structure of the siloxane network created. It
is important that the above-described phenomena di-
rectly depend on viscosity of solutions.

Further on it was shown that steric and inductive
effects under the given conditions affect the reactivity
of the products resulting from hydrolysis and polycon-
densation. These effects are so intensive that a con-
siderable decrease of momentary rate constants of
condensation, k¢; and K.y, does not make it possible to
specify mean value or effective rate constants.
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