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25i NMR spectrometry has been used to determine the number molecular weight distribut
polymerization degrees of a system of oligomers formed in the sol-gel polycondensation of
ethoxysilane (TEOS). On the basis of identification of the oligomers, monitoring of the concent
changes during the initial phase of the sol-gel polycondensation, and from the deviations ok
between the experimentally determined number molecular weight distribution of polymerizatio
grees and the Flory—Stockmayer model it has been proved that cyclization represents a sig
process in the acid-catalyzed polycondensation with substoichiometric amount of water (ra
amounts TEOS/kD = 1 : 1). The cyclization becomes important at the moment when the rea
mixture contains increased amounts of the linear tetramer and pentamer. The cyclization pi
form a basis for formation of polycyclic, highly condensed building units whose gradual aggrec
produces the gel.

Key words: Sol-gel; Polymerization degree, mole fraction distribution’®8j NMR DEPT.

Polycondensation of alkoxysilanes, mostly tetraethoxysilane (TEOS) and me
triethoxysilane (MTEOS) is applied, inter alia, to stone consolidation in the techc
of monument conservation. The initial phase of polycondensation is important fc
character of the gel formed. In literature considerable space has been given tc
catalyzed sol-gel polycondensation of alkoxysilane taking place with an ovel
chiometric amount of wat&®. At such conditions a rapid and complete hydroly
takes place at first. During the subsequent polycondensation, formation of small, |
condensed building units of 0.7 nm magnitude was observed: they contain 8-10 :
atoms and their stepwise aggregation forms & géle magnitude of these units at tf
point of gelation is about 5 nm and agrees well with the magnitude of the pri
particles forming the solid gel (which varies from 3 to 6 nm); from the primary |
ticles the secondary particles of 10-30 nm magnitude are formed which can be
by the electron microscopy. The formation of cyclic structures was also confirfne
by X-ray diffraction on a gel of Si{prepared by the polycondensation of MTEOS.
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The content of water in reaction mixture is decisive for the hydrolysis degree
hence, subsequently for the rate and degree of the polycondensation. It is, the
likely that it affects also the mechanism of formation of the gel and its final prope
There exist different opinions as to the extent of the cyclization reactions taking
during a polycondensation with substoichiometric amount of water in the reaction
ture, the prevailing one stating that decreasing water content in the reaction m
decreases the proportion of cyclization reactidRsA comparison of the polyconden
sation kinetics of tetramethoxysilane (TMOS) in methanol with the statistical kir
model also showed that the reactions do not correspond to a statistically randon
condensation but are affected by steric and/or inductive etfécts

The aim of the present work was: to identify the individual polycondensation
ducts by means dPSi NMR spectrometry and determine the number molecular we
distribution of polymerization degrees and the number average polymerization d
to decide, on the basis of comparison of experimental data with theoretical pred
of the Flory—Stockmayer modé| whether the cyclization is a significant process a
in the acid-catalyzed polycondensation proceeding in the presence of low water ¢
(TEOS/H,0O =1 : 1) or rather linear chains are formed, which is just the case exp
at the low water contett!3

EXPERIMENTAL

The reaction mixture (3.2 ml) was prepared by adding distilled water and hydrochloric acic
water content 65.0% v/v) to a mixture of tetraethoxysilane (TEOS; Synthesia Kolin, Czech Rep
ethanol (distilled; water content 2.50% v/v), and 0.5 ml deuteriated ethanol (Merck; 99.6% D;
content 2.50% v/v). The molar ratios of components in reaction mixture: TEOS#H1 : 1,
TEOS/HCI = 1 : 0.03, TEOS/EtOH = 1 : 4.5. The TEOS concentration was 2.02"nthd pH
value of reaction mixture was 1.0.

The 2°Si NMR spectra of the mixture were measured in 10 mm closed glass cells using
NMR spectrometer Bruker AM 400 at the frequence of 75.9 MHz with internal deuterium stab
tion and pulse sequence DEPT (Péf5'41§ to increase the selectivity: the number of scanned po
32 K, mixing pulsed = 24, the value oft = 142 ms (which corresponds do= 3.5 Hz, the coupling
constant obtained by us for Si-O—C-H belhg 2.9 Hz), the number of accumulation FID was 3
temperature 303 K, the relaxation delay 10 s. The external standard HMDS was used for cali
of the 2°Si scale, the chemical shift 8YSi having the value of 6 ppm referred to TMS.

RESULTS AND DISCUSSION

Application of?°Si NMR spectrometry to a study of polycondensation of alkoxysila
faces serious problems which complicate the experiment. The main problem lies
low sensitivity of?°Si nuclei given by the low negative gyromagnetic ratio {0.5412 . 19

rad T* s1) and low natural occurrence of tRSi isotope in nature (4.7%). In additio
to that, the negative value of gyromagnetic ratio causes a negative nuclear Ovel
effect, which can result in a distinct decrease of intensity or complete disappear
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signals. Hence, in order to obtain high-quality, quantitatively interpretd8leNMR
spectra one must distinctly increase the number of FID accumulations, which
regard to the long relaxation times488i atoms) very much increases the time necess
for obtaining one spectrum. This is very inconvenient in the case of a dynamic sy
and the data obtained are markedly distorted. However, these problems are avoi
using the DEPT pulse sequené®!4-18yvhich makes use of the transfer of polarizati
from the adjacent hydrogen atom; moreover, thef38ieNMR spectra obtained do nc
show the broad silicon signal due to the glass of the cell.

In the range from —70 ppm to —120 ppm in A8 NMR spectra we can observe
number of signals corresponding to a relatively high abundané®bifn the hydro-
lyzed and condensed products. The formal designations of individual types of st
rally bonded?°Si atoms starts from the scheme(lQ), where Q means the
tetrafunctional structural units, denotes the number of siloxane bonds, hrahdr
stand for the numbers of OH and OR groups, respectively, bound to the given Si

Figure 1 presents a typic&lSi NMR spectrum. The individual signals in the ove
view spectra were assigned to the basic types of structurally B8&natoms h,r).
After expanding the regions of these signals it is possible to observe a number |
ther signals in them whose occurrence is due to the presence of structural units
ing in magnitude and shape of the molecules in which these units are contained (F
In this way it is possible to differentiate between the structurally bée®idatoms
having the same formal denotation but differing in their close neighbourhood
hence, in their chemical shifts. It is possible to differentiate between the cyclic
linear polycondensation products and individual oligomers from dimer to heXHine
For instance, the value of chemical shift of the structurally bé®idatom G(0,3) lies
in the interval from —88.80 ppm to —89.03 ppm, the chemical shift of signal of this .

Q1(03)
Q"04) 1 0%02)
2 ’
otaz @ (0_,2)‘
cyclic ‘ cyclic  linear
Q%1.3) trimer \ L\J
st g e s Mo nse) LMW
15 80 -85 90 -9
ppm

Fe. 1
Overview?°Si NMR spectrum of the reaction mixture after 180 min
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in the dimer (which has no OH group) having the value of —88.87 ppm. The vall
chemical shift is also changed by lengthening of the molecule. Thus the chemica
of structurally bound®Si atom of @(0,3) type in higher oligomers has the value

—89.03 ppm. The observed changes in values of chemical shifts of structural ut
TEOS oligomers agree well with the literature dathich, however, concern the rea
tion mixtures starting from TMOS. Similar changes in values of chemical shifts ce
observed also in the structurally bouf#&i atoms (0,2), on the basis of which it i
possible to identify the individual oligomers (trimers, tetramers, and pentamers).
of all it is possible to differentiate between the structurally bd38datoms in cyclic
and linear molecules. Generally it is true that the increasing density of positive ¢
at the silicon atom which induces paramagnetic shielding will cause a change

chemical shifts toward more negative values. The signals of structurally B&sinc
atoms of cyclic products of condensation — in contrast to the linear ones — show
positive values of chemical shift because the cyclization reduces the O-Si—O vz
angles and, hence, the density of positive charge at giliBamticularly with the cyclic
trimers is this reduction of valence angle distinct. Therefore the chemical shift of «
turally bound?°si atom G(0,2) of cyclic trimer has a markedly more positive val
than is the value of chemical shift of identically bodf8i atoms in the cyclic tetrame
or pentamer. For similar reasons it is possible to differentiate between the struct
bound?°Si atoms &(0,2) in various linear oligomers.

The interpretation o?°Si NMR spectra measured is supported by literati
data-2#518 the assignment of the signals corresponding to individual oligomers ir
expanded spectra made use (because of the lack of data on TEOS) of the®aha
concerning the oligomers formed by polycondensation of TMOS. The values obt
are summarized in Table I.

Q%0.2)
\

linear trimer

cyclic tetramer

linear tetramer

cyclic pentamer .
linear pentamer

A N Rt Ve VYA

-94.0 -945 -950 -955 -96.0 -96.5 -97.0 -97.5
ppm

Fic. 2
Expanded part of°Si NMR spectrum from Fig. 1. The region shown corresponds to structul
bound?°Si atoms of &0,2) type
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In this context it should be noted that the application of pulse sequence DE
restricted only to monitoring of the presence of such structurally bound silicon a
which have at least one bond to ethoxyl group. Hence it is impossible to identify
hydrolyzed products and a structurally bol#i8i atom (0,0). With respect to the
low water content in the reaction mixture and relatively short time of monitoring o
polycondensation process, however, formation of such products is highly unlikely.
presumption is confirmed by the absence of the structural units containing more
one hydroxyl group and by the absence of more highly condensed structural unit
Q? which can still be determined by this method. Hence the DEPT sequence u
only suitable for monitoring of the initial phase of the polycondensation with low w
content.

At first, for quantitative evaluation of the polycondensation course, the relative i
sities of signalsk,, were standardized according to the equation

Ey = n[y(*H)/y(?°Si)] sin 6 cog™16 sin (), (1)

TaBLE |
Chemical shiftsp, of signals of°Si in individual structural units against TM&%Si) in TMS = 0 ppm)

5 ppm  G(h,r) Structural unit witi?°Si aton?
-79.010 d@3) HO-Si—(OEt)

-82.01 0,4 Si-(OEty

-86.27  G(1,2) dimer HOSI(OEt)—O-Si(OEt}

-86.37 3(1,2) higher linear polymer HCBH{OEt)p-O-Si(OEt)-O-Si—
-87.91  4(0,2) cyclic trimer —Bi(OEt)p—O)—

-88.87  (0,3) dimer Si(OEt)s—O-Si(OEt)R

-88.80  (0,3) dimer HO-Si(OE)-O-Si(OEtk

-89.03 3(0,3) higher linear polymer Si(OEt)z-O-Si(OEt)}-O-Si—
-95.16  4(0,2) cyclic tetramer Ki(OEt)—O)—

—95.41  (0,2) cyclic pentamer Si{(OEt)—O)—

-96.20 3(0,2) linear trimer Si(OE#)-O-Si(OEt»-O-Si—(OE®
-96.38 3(0,2) linear tetramer Si(OEHO—Si(OEt))—O-Si—(OEf
-96.53 3(0,2) linear pentamer [Si(OBEHO-SIi(OEH)],Si(OEL),

@ The structurally bound®Si atom is printed in bold letters.
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in whichn is the number ofH atoms at the adjacent carbon atgh) andy(*°Si) are

values of the respective gyromagnetic raids the variable pulse angléjs the coupling

constant'tH-?°Si andrt is the time of polarization transfer. Then the calculated val
were treated graphically as time dependences of mole fraction of the structural
Q%(h,r) and are presented in Figs 3-6.

Basic information on behaviour of the system can be obtained by comparin
experimentally found values of mole fraction of the bodfgi atoms Qwith the
kinetic model whose detailed description can be found if#8#€ This model starts
from the presumption that the whole sol—gel process can be described by the |
equations

1q

L L 1 1
0 100 200 300 400 t min 500

Fic. 3
Time dependence of mole fractiog) of structurally bound®si atoms:0 Q°, m Q', e @

0.6 T T

[ ¥
0 100 200 300 400 500

t, min
Fc. 4

Time dependence of mole fractiog) (of structurally bound®Si atoms: Q°(0,4), ¢ Q°%1,3). Theo-

retical kinetic models: - - - Q%0,4), Q(,3)
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d[SIOR]/d = -k [SIOR][H,0] — 1/%,[SIOH][SIOR] , ©

d[SIOH)/dt = k[SIOR][H,0] — 1/&_JSIOH][SIOR] — k., [SIOHJ?, 3)
d[SIOSi]/dt = kg, [SIOH]2 + k_JSIOH][SIOR] , @
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Time dependence of mole fractiog) (of structurally bound®Si atoms:e Q%(0,3),m Q%(1,2). Theo-
retical kinetic models: - - - QY(0,3),

0.4
q

0.3
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0

Fic. 6

Q'(1,2)

400 t, min

500

Time dependence of mole fraction) (of structurally bound?®Si atoms:e Q20,2) in cyclic plus
linear oligomersm Q%0,2) in linear oligomersd Q%0,2) in cyclic oligomers; - - . theoretical
kinetic model 3(0,2)
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wherek;, is the hydrolysis rate constamt,is rate constant of the condensation rele
ing alcohol, and,,, is rate constant of the condensation releasing water. Furtherm
is presumed that the chemical reactivities of all the products of condensation ar
drolysis are the same.

The calculation of rate constants starts from highly simplifying consider&tidn:
They are based on the presumption that the reactivity of hydroxyl and ethoxyl g
is the same throughout the reaction time and the sol—gel polycondensation itself
divided into two separable phases. In the first several minutes the hydrolysis
place which is then followed by polycondensation. This presumption allows us tc
culate the hydrolysis rate const&pfrom a very short time interval at the beginning
the process using Eg2)(in which the second term concerning the condensatio
neglected. The condensation rate conskgytan be calculated similarly by neglectir
hydrolysis in later phases of the reaction, i.e., by eliminating the first term fron2)Eq
Knowing the rate constamt, we can calculate the constdgq, from Eq. @). It must
be admitted that the calculations are loaded with a certain error, since different |
vities of hydroxyl and ethoxyl groups in various structural units make themselves
The rate constants gradually decreased with increasing reaction time. Table Il pr
the total average values of rate constants.

A quantitative evaluation of the polycondensation of TEOS can be carried ol
comparing the rate constants determined for the polycondensation of our syster
the literature dafd'’ concerning the polycondensation of TMOS, as it is showr
Table Il. From this comparison it follows that at the given conditions the initial rat
condensation of TEOS is comparable with that of TMOS.

The theoretical time dependences of mole fractions of selec{bg)®f structurally
bound?°Si atoms were calculated on the basis of a procedure described in lit€ra
and are presented in Figs 4-6. Our experimental rate constants were adopted
calculation. It was observ@®’1’that the real system shows a behaviour consider:

TasLE Il
Hydrolysis k) and condensatiork{, k.,) rate constants of alkoxysilanes

Alkoxysilane
Constant
dm® mol* min™
TEOS T™MOS TMOSP
kn 0.13 0.19 0.20
Kea . 1C° 15+ 0.5 2.1+ 0.1 1.0
Key - 10° 10.7+ 0.5 4.2+0.1 6.0

2 Ref10 b Refl’.
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different from the theoretical presumptions. As it follows from Figs 3—-6 our obse
tions agree well with the literature data. Deviations in the behaviour of real sy
from the model ideas can be explained with high probability by the different reac
of the hydrolysis products and oligomers affected by steric and inductive &tfetls
For answering the question whether small, cyclic, highly condensed building

are formed or linear polycondensation is preferred, it is necessary to evaluate the
of the cyclization reaction during the polycondensation and compare the proportic
individual oligomers with the model ideas about distribution of polymerization deg
in the reaction mixture. The interpretation ¥8i NMR spectra showed that linez
products are formed in the reaction mixture first, and only later the cyclic mole
begin to be formed. Their proportion in the reaction mixture gradually increases
finally the mole fraction of structurally bound unitd(Q2) in cyclic oligomers exceed:
the mole fraction of similarly bound units in linear oligomers (Fig. 6). For the purj
of evaluation of the extent of cyclization, we defined the cyclization degree whi
equal to the relation of amount of cyclic products and amount of all oligomers at
cyclization (i.e. trimers and higher oligomers). From the results it follows that the
clization degree increases with time and the ratio reaches almost 0.30 at the enc
experiment. During the polycondensation the molar concentration of cyclic tetr
continuously increases, whereas that of the linear tetramer remains almost cc
(Fig. 7). The trimer tends relatively little to the cyclization because of the deform:
of bond angles in the three-membered cycle. Therefrom it is obvious that the sh
cyclization increases as the polycondensation proceeds. The changes of molar c
trations of all the oligomers in the reaction mixture are depicted in the time dej
ences in Fig. 8.

0.20 T T T T
¢, mol 1

0.15

0.10

500

t, min

Fe. 7
Time dependence of molar concentration of oligomérscyclic trimer, m linear trimer,0 cyclic
tetramer,e linear tetramer
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For evaluation of behaviour of a real system we can adopt the comparison
mole fraction distribution of polymerization degree determined with the Flory—St
mayer modéf, even though the basic presumptions of the Flory—Stockmayer m
(viz. that the functional groups have the same reactivities independent of the mag
of oligomer and no cyclization takes place) are not fulfilled. For comparing the
state of system with the Flory—Stockmayer model, we deliberately selected such
ment of the polycondensation when the condensation dpdnae the value of 0.35 (the
value can be calculatéftom experimental data from Ep)J.

4
p=(Y saf (5)
=1

Here g, stands for the molefraction of structural units Qcorresponds to the numbe
of the siloxane bonds at the given Si atom, fasdhe functionality of monomer (i.e., 4).
Figures 9 and 10 represent graphically the theoretical and measured mole fr
distributions of polymerization degree for a given degree of condensatiard(35)
and functionality of monomer (2 or 4). From the differences seen in the figures i
lows that the reactivities of monomer and oligomer are different, and the polycot
sation does not proceed statistically randomly. A distinctly lower content of mon
in the reaction mixture as compared with the expected one, and, on the other h
higher content of dimers, trimers, and tetramers confirm the fact that at the giver
ditions the monomer is substantially more reactive than the other oligomers whic
formed relatively easily and rapidly but their subsequent condensation is rete
These differences cannot be explained by reduced functionality of the monomer «

1
¢, mol It
0.8

0.6

0.4

0.2

t, min 500

Fc. 8

Time dependence of molar concentration of oligomgrsnonomer,m dimer, ® trimer, A tetramer,
0 pentamer
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since the deviations from the theoretical model are distinct with the functionality e
to 4 as well as the selected functionality of 2 which can also be presumed at the
composition of the mixture (i.e., ratio of amounts TEOS/water = 1:1).

It is possible to calculat&the real number average polymerization degfeg,, of
all the oligomers from the measured mole fraction distribution of polymerization
gree using the equation:

0.5 : . ; . 1 :
S
0.4 | _

03 | i

0.2

0.1

Fic. 9
Mole fraction distribution of polymerization degree at the condensation degree of 0.35 (colum
compared with the Flory—Stockmayer model at the chosen functionality of 2 and the same cor
tion degree (curve and points)

0.5 . , , T , \ , T
S

BN |

0.3 \ B

0.2 4

Fic. 10
Mole fraction distribution of polymerization degree at the condensation degree of 0.35 (colum
compared with the Flory—Stockmayer model at the chosen functionality of 4 and the same cor
tion degree (curve and points)
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in,exp: Z Xiyi ’ (6)

wherey; is the mole fraction of the oligomer with the polymerization degre®lore-
over it is possible to calculdfethe theoretical number average polymerization deg
X, for the given condensation degree from Eg. (

X, = (1 pfr2) (7

On the basis of comparison of values of the real and the theoretical number a
polymerization degree, .,,= 2.85 andX, = 3.33, it can be stated that the growth
size of oligomers ceases after some time and they preferably undergo the cycli:
This result agrees with the fact that no oligomers higher than pentamers were fo
the mixture.

CONCLUSION

The polycondensation of TEOS in acid medium with substoichiometric contel
water does not proceed statistically randomly and the reactivity differences betwe
individual products of hydrolysis and condensation are considerable.

From the magnitude of proportion of cyclic products of polycondensation, the
sence of higher oligomers, the comparison of experimentally found distribution of |
merization degrees with the Flory—Stockmayer model, and from the comparisi
theoretical and experimental number average polymerization degrees it follows tl
the given conditions, the polycondensation reactions of TEOS involve high propol
of the cyclization whose importance increases in later phases of polycondensatior
the mixture predominantly contains the linear tetramers and pentamers. It wa:
firmed that the cyclization is a dominant process which takes place during the s
polycondensation with low water content in the reaction mixture where it woul
possible to presume a low extent of the cyclization reactions and a higher ext
formation of linear chains. It can be expected that in a real medium, when the t
lysis and polycondensation mainly proceed by action of humidity from atmospl
short linear oligomers will be formed in the reaction mixture first (and these will
dominantly undergo the cyclization), whereas in later phases — with increasing
content in the system — the cyclic products formed will be interconnected and will
highly condensed primary building units similar to those described in the case of
condensation of TEOS in the presence of excess Wwatee glassy product formed wil
then be formed rather by small aggregated units than by a polymeric network
entanglements of linear chains, which is presumed by some ddthors
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