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The polycondensation of tetraethoxysilane (TEOS) catalyzed with dibutylbis[1-oxo(dodecyl)oxy]
nane (dibutyltin dilaurate, DBTDL) has been investigated with the helpt @nd?°Si NMR spectro-

metry and quasi elastic light scattering (QELS). It has been found that in contrast to the
catalyzed polycondensation the siloxane chain grows in linear and branched way, the propor
cyclization reactions being slight. The rate of chain growth is relatively high, which is indicate
the impossibility to detect the presence of shorter oligomers in the reaction mixture by m&is
NMR. The found rate constant of polycondensation of TEOS catalyzed with DBTRL=i§.052

dm® min"t mol™X. From the determined condensation degree at the gelation point (0.20-0.35) a
ratio of consumed amount of ethoxysilane units to the consumed amount of monomer at the ¢
point (0.49-0.69) it follows that the gel is predominantly formed by cross-linking of branched m
molecules, the reaction mixture containing no distinct proportions of polycyclic and highly conde
structural units. The density of network of the gel formed is relatively low, which was prove
2935i CP/MAS NMR spectra of the solid gels. Investigation of QELS of the reaction mixture shi
that the relatively large particles, microgels, were formed practically immediately after the re:
had started. The presence of such particles in the reaction mixture of acid catalyzed polyconde
of TEOS was not proved.

Key words: Sol-gel polycondensation; Tetraethoxysilane; Dibutylbis[1-oxo(dodecyl)oxy]stann
NMR, H, 2°si, 2°Sj CP/MAS; QELS.

Recently, the sol-gel polycondensation of alkoxysilanes has been increasingly <
mainly for the fact that in this relatively easily controlled way it is possible to prepare
pure siliceous materials of suitable properties (the so-called CERAMERS or ORMO
at current temperatures

The course of acid catalyzed polycondensation of alkoxysfzhasd the structure
of the oligomers formexf are described in literature relatively well. It is stated tt
cyclization reactions play a considerable role in such catalyzed polycondensat
produce highly condensed, polycyclic structural units whose aggregation forni.a
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However, not only acids (most frequently HCI) are used as catalysts of the polyco
sation of alkoxysilanes. Also adopted are aqueous am#dtva sodium hydroxide,
which act as basic catalysts of the polycondensation, or some organometallics,
act as neutral catalydfs® However, the base catalyzed polycondensation does
usually produce transparent glassy materials, leading to turbid, opaque or even pc
product insteati*? (formed by colloidal or precipitated siliceous particles). This nat
of products is due to the nucleophilic mechanism of the polyconden<atom the
other hand, in the presence of organometallic catalyst the polycondensation of a
silanes produces materials of glassy appearance similar to those formed in aci
lyzed polycondensation. The most frequently adopted organometallic catalyst c
polycondensation of alkoxysilanes is dibutylbis[1-oxo(dodecyl)oxy]stannane (ser
vial name dibutyltin dilaurate, DBTDEY15 a compound traditionally used for cros
linking siloxane rubbers with terminal hydroxyl groups by the reaction w
tetraethoxysilane (TEOBY?. where the application of DBTDL to the polycondens
tion of alkoxysilanes alone has obviously been derived from. Although the applic
of DBTDL to cross-linking of siloxane rubber is relatively common, the mechanisi
its catalytic action is not precisely known. The course itself of such catalyzed pol
densation of alkoxysilanes has not been described in literature even though it
decisive effect on the structure of siloxane network and hence on resulting physic
mechanical properties of the glassy siloxane material.

The aim of this work was to follow the course of polycondensation of TEOS «
lyzed with DBTDL, find the degree of condensation of the system and cross-linkil
the point of gelation, evaluate the extent of cyclization reactions, try to sugge:
mechanism of catalytic action of DBTDL, and determine the rate constants of sc
process. In the context of our previous papee want to compare the polycondens
tion course catalyzed with DBTDL with that in the acid catalyzed sol—gel process

EXPERIMENTAL

The polycondensation course of the individual reaction mixtures was monitored with the Relp
and?°Si NMR spectrometry and quasi elastic light scattering (QELS). The structure of resulting
was evaluated with the help 8%Si CP/MAS NMR spectrometry. The reaction mixture for thie
and?°Si NMR experiments was prepared by mixing TEOS (Si@,; Synthesia Kolin, Czech Re:
public) with a solution composed of the respective amounts of deuteriated acetong,Q@D
Merck, Germany; 99.5% D) and deuterium oxide@D Merck, Germany; 99.5% D), and final ac
ding DBTDL (C;,Hg40,4Sn; Synthesia Kolin, Czech Republic). Precise composition of the rea
mixtures is given in Table I. The volume of reaction mixtures was adjusted to the magnitude
tubes adopted,e. always 3.2 ml for thé®Si NMR experiments and 1.3 ml for thel NMR experi-
ments. The TEOS concentration was 2.02 mot3dm

The monitoring of QELS was realized with a reaction mixture prepared similarly as No. 2 in Te
the deuteriated acetone and deuterium oxide were replaced by normal acgkty@ §@.; 0.5 wt.%
water) and distilled water. For comparison with the course of acid catalyzed polycondensatic
also measured QELS in the reaction mixture containing hydrochloric acid (HCI with 65.0
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water) instead of DBTDL as the catalyst, using the molar ratios of TEOS : H@D :: K;H;O =
1:0.03:1:3.6.

The reaction mixtures used for preparation of gels for investigation of structure of solid prc
after the gelation point by means ¥8i CP/MAS NMR spectrometry were the same as those U
for the QELS experiments.

Parameters of measurements of NMR spectra and QEh&2°Si NMR spectra of the mixtures
were measured in closed 10 mm glass tubes using a Bruker AM 400 FT NMR spectrometer
frequency of 75.9 MHz with internal deuterium stabilization. The DEPT pulse sequence was a
to increase the sensitivity. Number of data points 32K, mixing pulse24,17 = 142 ms, number of
FID accumulations 32, repetition delay 5 s, temperature 303 K.?%Biescale was calibrated with
hexamethyldisiloxane (HMDS) as the standard. The chemical stifSofn HMDS is 6 ppm against
tetramethylsilane (TMS).

The 'H NMR spectra were measured in closed 5 mm glass tubes with the above-mention
paratus at the frequency of 400.1 MHz. The number of FID accumulations was 8, temperature
repetition delay 5 s. ThéH scale was calibrated with internal TMS where the chemical shifHof
has the value of 0 ppm.

The2°Si CP/MAS NMR spectra were measured in closed 7 mm ZrO cells with a Bruker DS
FT NMR spectrometer at the frequency of 39.75 MHz. The number of data points 6K, repe
delay 15 s, contact time 5 ms, number of FID accumulations 640 and 4 800 for the products p
by acid catalyzed and DBTDL catalyzed processes, respectively?®Shecale was calibrated with
the help of external Qg standard.

The QELS measurements were carried out with an apparatus constructed at the Institute of
molecular Chemistry, Academy of Sciences of the Czech Republic. The wavelength of radiat
the laser employed was 514.5 nm, time of duration of one experiment was 30 s, temperature
The scattering angle was 45, 60, 90, and®°120

RESULTS AND DISCUSSION

The investigation of polycondensation of TEOS catalyzed with DBTDL with the |
of 2°Si NMR started from our findings given in the previous p&pgealing with the
course of acid catalyzed polycondensation of TEOS and optimizing the paramet
295i NMR spectra measurements with DEPT pulse sequence and carrying ou
qualitative and quantitative interpretation. However, in contrast to the acid cata
system, it was almost impossible to follow the course of polycondensation of T
catalyzed with DBTDL by means éSi NMR spectrometry. No signals except for tt
single one due to the TEOS monomer could be found in the spectra. During the
tion, we only monitored the intensity decrease of the signal of structurally B88inc
in TEOS with the chemical shift value of —82.01 ppm (Fig. 1). An automatic treatt
of sets of?°Si NMR spectra of the individual reaction mixtures allowed a quantita
monitoring of the concentration decrease of the monomer during the polyconden
(Fig. 2). At the same time it was possible to determine the amount of the mor
consumed at the gelation point (Table I).

As the gel is formed relatively quicklg.g.80 min after preparing the mixture (se
No. 4 mixture), it is certain that a relatively fast reaction takes place in the systen
fact that it was impossible to follow the formation of any other structural units con

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Catalyzed Polycondensation of Tetraethoxysilane 445

ing more than one Si atom can probably be explained by a rapid formation of rela
large formations approaching to a solid in their properties. Most probably the
microgels in which there occurs a very fast transversal, spin—spin relaxation pr
during NMR spectral measurements at the given conditions. Due to that the mag
tion change in the sample after the radiofrequency pulse vanishes sooner than it
detected by the induction coils of the probe. This explanation is supported by the
opalescence observed in the reaction mixture during the reaction course which inc
the presence of particles able of scattering visible light. This opalescence was ob
almost immediately after preparing the reaction mixture. Also any reduction of

TaBLE |
Initial composition of reaction mixtures, values of consumed amounts of ethoxysilane group
consumed monomer at the point of gelatigntheir ratio, and the attained degree of condensatior
The content of individual components in mixtures is expressed in molar ratios

_ Molar rati . .
Mixture olar ratios C,H:0S- TEOS C,H:OSi—/ t

g
mole % mole % TEOS min P

TEOS/DO TEOS/DBTDI® TEOS/GDEO

1 1/0.8 1/0.03 1/3.6 22 45 0.49 250 0.22
2 11 1/0.03 1/3.6 24 48 0.50 150 0.24
3 1/15 1/0.03 1/3.6 30 58 0.52 130 0.3C
4 1/2 1/0.03 1/3.6 35 69 0.51 110 0.35
5 1/0.8 1/0.05 1/3.6 20 40 0.50 80 0.20
6 11 1/0.015 1/3.6 24 45 0.53 210 0.24

2DBTDL dibutyltin dilaurate.

T 121

60 min E

\ ()

295i NMR spectra of reaction mixture No. :

79 _80 81 -8 -83 -84 -85 -85 (Table 1) measured at various reactio
ppm times
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catalyst and water amounts in the reaction mixtueeJowering of the polycondensa
tion rate, did not enable us to follow anything else than the TEOS decrease.
Examining the composition of system by meandtbNMR spectrometry, we founc
that relatively soon were formed linear and branched chains of macromolecules
cross-linking and entanglement led to the gel. ApplicatioAdFbNMR spectrometry
makes it possible to determine the content of ethoxysilane groups in TEOS at
siloxane polymers as well as the content of ethoxyl groups corresponding to the e
released (Figs 3 and 4). The {HH,OSE group is characterized by a quartet with t
chemical shift values of 3.829, 3.811, 3.794, and 3.776 ppm and coupling col
2J(H,H) = 7 Hz (-CH-), and by a triplet 1.205, 1.118, 1.171 ppm (5CHhe mole-
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Time dependence of molar concentration of TEOS in reaction mixtures 1-6 (TaleNg. 1, O
No. 2,m No. 3,00 No. 4,e No. 5,00 No. 6

Fo. 3 i M J
IH NMR spectrum in the region of resonance / /U‘J‘vﬁ
of —CH,— groups in reaction mixture No. 2———-—"""" —~7

T T T
after 108 min of reaction 4.1 4.0 3.9 3.8 3.7 3.6 3.5ppm3.4
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cule of released ethanol GEH,OD is characterized by a quartet 3.598, 3.580, 3.5
3.545 ppm (-CH-) and a triplet 1.151, 1.133, 1.116 ppm (<LHFor the purpose of
guantitative monitoring of the polycondensation course we chose the signals gf -
groups which are well separated. Their comparison enables one to follow the de
of ethoxysilane groups during the polycondensation. It was proved that the ratio o
of integral intensities of signals of —GH protons in the CECH,OSiE group and in
CH;CH,OD molecule to the integral intensity of the reference signal offZbtons
of residual acetone, which does not take part in the reaction, is constant throughe
process. Thus.g.in reaction mixture No. 2 the average value of this ratio was 0.C
during the whole period of monitoring of the polycondensation course, the vall
standard deviation (which represents a measure of accuracy of maintaifihdIbR
signal in all the —CH- groups) beings,, ; = £0.0002 (or expressed in per cen
+0.88%). Therefrom it is obvious that the signals given represent all the proto
—CH,— groups and that no losses of signal occur during the polycondensation anc
tion. Hence the evaluation given describes quantitatively accurately the course of <
process. With regard to the fact that in #38i NMR spectra no signals were foun
which would indicate hydrolysis products (the latter most probably condense ver
to give macromolecules and microgels), it is obvious that the decreas
CH;CH,OSE groups corresponds with the formation=8i—-O—S& bonds. Therefrom
it follows that the decrease of ethoxysilane groups also directly corresponds f
degree of condensation in the system. Table | gives the values of the consumed
of ethoxysilane groups and the condensation degree attained at the point of gela
The values of Table | indicate that the gel is probably formed by linking of |
branched siloxane molecules, and it has a nature of relatively thin polymeric netw:
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Time dependence of molar fraction of gEH,OSiE groups in reaction mixtures 1-6 (Table 14:

No. 1,0 No. 2,m No. 3,00 No. 4,e No. 5,00 No. 6
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compared with the gel produced by the acid catalyzed polycondensation. An imp
finding, too, is the fact that the condensation degree of system found by us at the
of gelation (0.22-0.35) is substantially lower than that given irf-f&fsr the reaction
mixture at the point of gelation in acid catalyzed polycondensation (0.81). The

value was explainéd by a formation of primary highly condensed polycyclic buildil
units containing eight to ten Si atoms which form a gel only later. On the basis ¢
results obtained it can be presumed that the polycondensation of TEOS catalyze
DBTDL is not accompanied by any significant cyclization reactions and, hence, fc
tion of the polycyclic building units mentioned, as it is the case in acid catalyzed

condensation of TEOS. The above-mentioned presumptions were confirme
comparing thé’Si CP/MAS NMR spectra of the solid products formed by the polyc
densation of TEOS catalyzed with HCI and DBTDL (Fig. 5). For quantitative ev
ation of content of individual structurally bour@Si atoms in solid samples it wa
necessary to determine the dependence of signal intensity on the contact time val
standardize the integral intensities obtained according to this dependence. In s
that, the values given are of orientational nature only. From the spectra it followe
the gel prepared by the polycondensation catalyzed with DBTDL is both qualitat
and quantitatively different, containing a substantially higher amount of linear str
ral units than the gel prepared by the acid catalyzed process. The product of D
catalyzed polycondensation exhibits the ratio of structural unHQA@3/Q* =

1.6/2/1.6/1 (condensation degnee 0.53), whereas the product of acid catalyzed
cess only contains three structural units whose ratio"i®%®%Q* = 0/1/5.2/3 (con-
densation degrep = 0.80), which very well corresponds to literature &&tarhe

structure of gel is also markedly different from those after base catalyzed polyco
sation (@/QYQ%Q* = 5/5/5/18) and noncatalyzed polycondensation of TE
(QYQ%Q3%Q* = 14/15/23/33, ret?). It is very important that the gel prepared by t

osi- C,Hs0 0si-
HO-Sj-OSi- C,H50-5i-0Si- C,H50-Si-0Si-
osi- osi- osi-
osi- cho osi-
o -sio-srosi- 250 ~SI0-Si-OSi-
! i 2Ag0—pi= .
HO-Si-0Si- OSi ‘ osi

[ C,H50
OSi-

-90 -100 -110 ppm _g‘o _160 ‘ _11‘0 ppm
FGc. 5
25 CP/MAS NMR spectra of solid gels. Left — spectrum of gel from acid catalyzed polycond

tion, right — spectrum of gel from polycondensation of TEOS catalyzed with DBTDL
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polycondensation catalyzed by DBTDL contains only ethoxyl groups and, on the
hand, the gel prepared by the acid catalyzed process contains only hydroxyl ¢
(cf. Fig. 5). This confirms our presumption that products of hydrolysis conde
very fast and the decrease of concentration ofCHJOSIiE corresponds with the
formation of =Si-O-Sg& bonds. It must be mentioned, however, that the value:
Table | concern the presumed state of system at the point of gelation, where
structure of solid gel prepared by the polycondensation of mixture No. 2 was determ
with respect to the big time demands of the experiment — in the time intend&l-17t,,
hence distinctly after the point of gelation. (Q stands for the four-functional structura
and the index denotes the number of siloxane bonds to the given Si atom.)

From the'H and?°Si NMR spectra it also follows that the degree of condensatio
the system and the density of network at the point of gelation slightly increase
increasing water content in the reaction mixture. These values are, on the other
independent of the DBTDL content in the mixture. Therefrom it is obvious
DBTDL does not operate as a cross-linking agent (which would be chemically bou
the network being formed) in the polycondensation course but it acts as a cata
initiator of the polycondensation of TEOS. Literature presents several suggestic
mechanism of the role of DBTDL in cross-linking of siloxane rubbers with term
hydroxyl groups, some of them presuming incorporation of DBTDL directly into
network being formed®2® In the context of the above-mentioned findings we consi
the mechanism suggested by Weip be the most acceptable: it presumes the hyc
lysis of DBTDL as the first step releasing lauric acid. The hydrolysate formed r¢
with TEOS, and ethanol is set free. The compound formed involvesSheO-Sk
bond which is supposed to be easily cleaved in silanolysis by the hydroxyl termir
siloxane rubber to form theSi—O-S& bond with regeneration of the catalytically a
tive compound — hydroxydibutyltin laurate.

In the case of homopolycondensation of TEOS, however, the situation can be <
to a certain extent only. When looking for the mechanism of catalytic actio
DBTDL, one must start from the findings following from tFiSi NMR experiments
and the fact that no hydrolysis products from TEOS nor formation of any oligomer
polycondensation intermediates could be revealed by°8ieNMR spectra, wherea:s
these compounds were unambiguously proved in both acid and base catalyzed p
densations at comparable condititis

The absence of hydrolysis products can be interpreted either by the absence of
lysis in the polycondensation (no hydrolysis product are formed at all), or the h
lysis product are formed and are so unstable at the given conditienthéy are
condensed very fast) that their actual concentration is very low. With regard to th
that at certain conditions (low water content) the hydrolysis products need not &
tectable by?°Si NMR spectrometry even in acid catalyzed polycondengativa are
inclined to accept the latter interpretation above. The absence and nondetectab
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polycondensation intermediates is obviously connected with the process mech
itself and with its high speed. However, thtand?°Si NMR experiments showed thg
the overall decrease of neither the monomer nor ethoxysilane groups is distinct
rupt. Therefrom it follows that the proper very fast hydrolysis and condensation
occurs near the DBTDL molecules which, due to their bulkiness, are substantiall
mobile than the proton catalyst in the acid catalyzed polycondensation. That, obvi
is why the oligomers formed are immediately and constantly introduced into the
tion of polymer growth, which results in the absence of shorter oligomers (dir
trimers, ...) from the reaction mixture.

Although the above-mentioned experiments do not enable one to precisely follo
mechanism of catalytic action of DBTDL in the polycondensation, one can pre:
that the hydrolysis of DBTDL is the first step. The compounds formed react ir
subsequent step with a TEOS molecule to form=28a—O-S& bond. In contrast to
cross-linking of siloxane rubbers, however, silanolysis cannot be the next step sin
reaction mixture contains no hydroxysilanes. But the hydrolysis oE8re-O-S¢
bond sets free HO-Si(QHs);, and this compound must undergo fast condensa
since its signal is absent from tFSi NMR spectra. We presume that condensatior
realized by silanolysis of anothe&Sn—O-SE bond in analogy to cross-linking o
siloxane rubbers. Since no oligomers were identified either, we presume that the
mediate formed reacts practically immediately with #8n—OH group formed to re:
generate theSn—O-Sk bond. This group can now be hydrolyzed and the hydroly:
produced will react with anotheiSn—O-SE group with concomitant chain lengthenin
or branching, or it will react with the hydroxysilane set free, again with concom
chain lengthening. Rapid repetition of these steps will result in formation and grow
the polymer. With increasing magnitude of oligomers their mobility decreases, an
growing chain will always be localized near the organometallic compound. If we
mitted that both functional groups of DBTDL could participate in the reaction, ther
hydrolysis and the condensation would take place at random either at one or at th
=Sn—0O-SE bond. This would considerably shorten the necessary life time of hydr
silane molecule between its formation and subsequent condensation. The mecl
suggested is presented in the Scheme 1.

As TEOS is a four-functional monomer, it is certain that also the central par
molecules will take part in the reactions of polymer growth with concomitant branc
and cross-linking. However, from the comparison?¥i CP/MAS NMR spectra it
followed that the extent of such condensation and branching was smaller when
pared with the acid catalyzed process.

The above-mentioned mechanism is supported by monitoring the broad signal
region of 10.5 ppm (which is due to the relatively mobile proton of carboxylic grou
lauric acid) and another broad signal about 3.0 ppm (due to a hydroxyl proton, prc
in the =Sn—-OH group) in théH NMR spectrum. The spectrum was measured wit
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mixture obtained by washing the solid gel with hexadeuterioacetone. This gel wa
pared from reaction mixture No. 2 containing no deuteriated solvents but only 1
and acetone.

(e}
R OCR' R OSI(OCoHg)s
s’ + 2Si(OCaHg)s + 2H0 —  sn_ + 2CyHsOH + 2 HOCR’
R OCR R 0Si(OC,H5)3 ‘(‘)
Il
(e}
(C2H5)3SiOSi(OCoH5)3
‘ 4 <
R /OS|(OCZH5)3 R\ /03|(0C2H5)3 R_OH
N /S HOSI(OC2H5)3 N
R KyOSi(OCZH5)3 R > OH R 0Si(OC5H5)3
H20 Si(0CHs)s N
CoH50H
R /OSi(OczHS)z*O*Si(OCzH5)3
_ ;Sn\ — etc.
R 0OSi(OC2oH5)3
/7 R = CH3(CH2)3*, R = CH3(CH2)10*
H>0
ScHEME 1

With regard to the observed signal of carboxylic proton and the fact that no
formed while employing the catalytic effects of lauric acid alone, it is likely that la
acid does not take part in the polycondensation process or its effect is negligible

Starting from the above-mentioned considerations about the mechanism of pol
densation of TEOS catalyzed with DBTDL, we can — in the first approximation
considering the catalyst influence — describe the polycondensation course by tt
lowing summary equation:

N SiOGHs),+ (- 1) HO -
~ (CH:0)sSI[OSIOGHs),], 0Si(0GHs)s + (0~ 2) GHsOH . (&)

For the formation of a polymer with high polymerization degree the equation ce
simplified to the form:

N Si(OGHs)s + N H,0 — —[OSI(OGH),]i— + 21 CoHsOH . ®

The basic step of polycondensation during the growth and formation of polymer:
then can be described as follows:

Si(OCH;), + H,O - —[OSi(OGH5),]- + 2 CGHsOH . ©
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The last equationQ) can be considered valid also in such cases where the hydrc
of ethoxyl groups will also take place at the end of the growing chain and the co
sation will occur between two hydroxyl groups. At the same time, also in such a
where the catalytic action of DBTDL is involved in the reaction. This kinetic model
be simplified by neglecting the initial hydrolysis of DBTDL in the calculation of r.
constants. If the role of DBTDL in the polycondensation of TEOS is viewed as he
geneous catalysis, then the polycondensation kinetics can be described by Eq. (

—d[Si(OGH.))/dt = KDBTDL][SI(OC,Hs)][H ,0] 1)

As the DBTDL content can be considered constant throughout the polycondens
the process given is transformed formally into a second order reaction with the
constantk’ expressed ak' = kiIDBTDL]. The polycondensation kinetics is then d
scribed by the following expression:

—d[Si(OGHs))/dt = K[SI(OC,Hs)][H 0] . @

Analytical solution of this differential equation for the individual mixtures gave
values of the polycondensation rate constantsThe values of rate constants we
calculated by the method of the initial rates determined from the'iréMR spec-
trum measured after the start of reaction. Table Il presents the valuesko#igk’
rate constants obtained.

In order to confirm the above-mentioned presumptions about fast formation of
romolecules and microgels, we carried out QELS measurements in a system in w
polycondensation of TEOS catalyzed with DBTDL took place. This also enabled
estimate the magnitude of scattering particles, and using the time dependence
magnitude we could follow the polycondensation course till the gelation time.

TasLE Il
Rate constant& andk’' calculated for polycondensation of reaction mixtures and average
constantk

Mixture No. k, dm® min mol? K, dn® min* mol*
1 0.0521 2.9%0.03 . 10°
2 0.0505 2.9% 0.01.10°
3 0.0517 2.98 0.05 . 10°
4 0.0525 2.92 0.05 . 10°
5 0.0539 5.49 0.06 . 10°
6 0.0525 1.9% 0.05 . 10°

Average 0.052% 0.0012
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It must be emphasized here that, in contrast to the measurements of classic:
scattering, only the QELS measurements can provide an estimate (at least in the
of magnitude) of magnitude of the scattering particles whose mass concentrat
unknown and — in addition to it — keeps changing. But not even the QELS mes
ments can provide exact values of the hydrodynamic radius of the scattering pat
and the values obtained are orientational only. That is why we carried the QELS
urement in a system containing hydrochloric acid as the catalyst of polycondensaf
TEOS, which provided data for mutual comparisons.

The shapes of correlation lines given in Figs 6 and 7 show perceptible differ
following from different magnitudes of the particles and their population in the sys
The distribution curves in Figs 8 and 9 then express these differences by the d
ence of intensity of the scattered radiation on the hydrodynamic radius of partic
this way it was confirmed that there are almost no scattering particles present
acid catalyzed system, the hydrodynamic radius of the particles found being about 1

Fic. 6 x k « -
Correlation curve measured for res.3s - x « ,(M < 1
action mixture TEOS/HO/C;H;O/HCI LS oo L oo
after 30 days of reactiond ex- 034 X
perimental values,] regression.
Dependence of intensity of scattered

light © on hydrodynamic radius ofj 33 £ ‘ ‘ ‘ ]
scattering particle (in nm) -1.7 -0.7 0.3 13 jogr 23

0.25 J T B

0.20 |

0.15 |

0.10 |

Fic. 7
Correlation curve measured for reactich®
mixture TEOS/HO/C;HsO/DBTDL
after 20 min of reactionil ex- L y

. . 0.00 £ ‘ ‘ ‘ ! w
perimental values,] regression -2 -1 0 1 2 jogr 3
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contrast to this, the system containing DBTDL as the catalyst shows two main re
the values of maxima lying in the intervals of 3—-100 and 50-1 000 nm. The value
maxima gradually increases with time (Fig. 10). We presume that the value of h
dynamic radius of the first maximum corresponds with the magnitude of the pri
particles formed. The presence of the second maximum is not fully understoo
is obviously connected with the presence of bigger structures in the system (&
gates of the particles formed, solvates and associates). As our measureme
came less and less exact and certain with time, and the scattering of the
obtained increased very much, the largest safely determined hydrodynamic 1
of particle before the point of gelation corresponding to the region of the first
tribution maximum is about 35 nm.

These experiments have confirmed a fast formation of relatively large particles c
the polycondensation of TEOS catalyzed with DBTDL and proved that scattering
ticles are practically absent from the system containing HCI as the catalyst.

0020 7I T T L
do/dr
0.016 .
0.012 q
0.008 |- .
0.004 |- § _F'G' 8. C
Differential distribution of hydrody-
namic radiusr (nm) calculated from
0.000 |- ) ‘ ¢ _] correlation curve in Fig. 6
-2.0 -1.0 0 1 2 ogr 3
06 [ T T T |
do/dr
05 1
0.4 |- 1
0.3 .
0.2 .
01 + 4 FG. 9
Differential distribution of hydrody-
0.0 | ‘ o-| Namic radiusr (nm) calculated from
-1.5 -0.5 0.5 15 25 logr 3.5 correlation curve in Fig. 7
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Catalyzed Polycondensation of Tetraethoxysilane 455

Table Ill presents a summary of some values indicating and confirming the m
difference in the mechanisms of polycondensation of TEOS catalyzed with DBTL
HCI.

On the basis of the experiments carried out it is possible to draw the follo
conclusions:

1. The course, mechanism and kinetics of polycondensation of TEOS catalyzet
DBTDL are distinctly different from those of TEOS polycondensation catalyzed
hydrochloric acid. With respect to the condensation degree attained and the r:
ethoxysilane groups consumed to the monomer consumed at the point of gelatic
obvious that the dominant process in the polycondensation of TEOS catalyzec
DBTDL is the linear growth and branching of the polymeric chain and hence, in
trast to the acid catalyzed process, the cyclization reactions occur to a slight

TasLe Il
Values characterizing differences in mechanism of polycondensation of TEOS determined fol
tion mixtures of the following composition ratios: TEOS/DBTDL (or HCHOACHO =
1/0.03/1/3.6

Catalyst p? p(s)\ QYQYQ% Q% ty p®
DBTDL 0.24 0.53 1.6/1/1.6/1 150 min 1.75
HCI 0.81 0.80 0/1/5.2/3 40 days 1.94

@p Condensation degree at the point of gelation determined by meaHsanid 2°Si NMR spectro-
metry; ® p(s) condensation degree of solid gels determined by meafiSioEP/MAS NMR spectro-
metry; ¢ structure of solid gels determined by mean$%si CP/MAS NMR spectrometry! gelation
time of the mixture® p (g cnT>) density of solid gel® refs"23,

06 [ T T T T T =
do/dr

0.5
0.4

0.3

Fic. 10 02
Differential distribution of hydrody-
namic radiug (nm) calculated from -1 [
correlation curve measured for mix-
ture  TEOS/HO/C;H,0/DBTDL %0
after 100 min of reaction ' ' ' ’ ‘ ° log r
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456 Brus, Kotlik, Karhan:

only. The gel produced is built by entaglements and cross-linking of relatively |
macromolecules.

2. The rapid formation of relatively large particles in the reaction mixture was
firmed by QELS measurements which also proved the absence of scattering pa
from the reaction mixture containing HCl as the catalyst.

REFERENCES
1. Baboneau F.: New J. Cheti8, 1065 (1994).
2. Pouxviel J. C., Boilot J. P., Beloeil J. C., Lallemand J. Y.: J. Non-Cryst. R8jd345 (1987).
3. Brunet F., Cabane B., Dubois M., Perly B.: J. Phys. Cl®&m945 (1991).
4. Brunet F., Cabane B.: J. Non-Cryst. Solid3 211 (1993).
5. Lux P., Brunet F., Desvaux H., Virlet J.: J. Magn. Reson. CI3dm623 (1993).
6. Sanchez J.: J. Non-Cryst. Solits7, 289 (1994).
7. Devreux F., Boilot J. P., Chaput F., Lecomte A.: Phys. Rev1,/6901 (1990).
8. Vega A. J., Scherer G. W.: J. Non-Cryst. Solid4, 153 (1989).
9. Jae Chul Ro, In Jae Chung: J. Non-Cryst. SR 8 (1991).
10. Dahmouche K., Boukenter A., Bovier C., Dumas J., Duval E., Serughetti J.: J. Non-Cryst. .

147, 251 (1992).

11. Chang S. Y., Ring T. A.: J. Non-Cryst. Solib47, 56 (1992).

12. Pope E. J. A., Mackenzie J. D.: J. Non-Cryst. Sdigs185 (1986).

13. El Bakali I., El Rhess E., Rousselot C., Mercier R., Mercier M. F.: Can. J. Ciera612
(1992).

14. Wheeler G.Proceedings of the 5th International Congress on Deterioratioistohe, Torufi
1989 p. 607. Nicolas Copernicus University Press, Torufi 1989.

15. Wacker Chemie: U.S. 3 955 988.

16. Larson J. H.Proceedings of the 4th International Congress on Deterioration and Preserve
of Stone Objects, Louisville, Kentucky 1982 L. Gauri and J. A. Gwin, Eds), p. 219. Th
University of Louisville, Louisville 1982.

17. Fey K. C., Frieberg A. L., Price J. G. (Dow Corning Corp.): U.S. 4 874 431; Chem. Ab3tr.
137612 (1990).

18. Smith R. A. (General Electric Corp.): Ger. 3 206 474, Sep. 9, 1982; Chem. #&s179909
(1983).

19. Hechtl W., Garhammer A (Wacker Chemie): Eur. 50 358, Ap. 28, 1982; Chem. BBst
111138 (1982).

20. Smith R. A. (General Electric Corp.): U.S. 3 957 704, May 18, 1976; Chem. Bbs$4481
(1976).

21. Fierens P., Vandendunghen G., Segers W., van Elsuwe R.: React. Kinet. Catd, LeéS.
(1978).

22. Brus J., Karhan J., Kotlik P.: Collect. Czech. Chem. Comin691 (1996).

23. Malier L., Devreux F., Chaput F., Boilot J. P., Axelos M. A. V.: J. Non-Cryst. StHds 686
(1992).

24. Kelts L. W., Effinger N. J., Melpolder S. M.: J. Non-Cryst. SoB8s 353 (1986).

25. Severnyi V. V., Minasyan R. M.: Sb. Nauch. Tra8, 112 (1980).

26. Severnyi V. V., Minasyan R. M., Makarenko T. A., Bizyukova N. M.: Vysokomol. Soedin.
18, 1276 (1976).

27. van der Weij F. W.: Macromol. Cherh81, 2541 (1980).

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



