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Abstract

Copolymerization of tetraethoxysilane (TEOS) and dimethyl(diethoxy)silane (DMDEOS) was studied by means of the29Si NMR spectro-
scopy and ab initio quantum chemical calculations.29Si NMR spectra of reaction mixtures of TEOS and DMDEOS were effectively
measured by a slightly modified DEPT experiment, in which the pulse sequence is divided into two parts and all pulses on protons are
replaced by selective pulses. Quantum chemical ab initio calculation of structures and29Si NMR chemical shifts of some reaction products
were used in signal assignment. The assignment of the signals to corresponding structure units is not yet unambiguous; however, a
semiquantitative analysis of relations in the reaction mixture of TEOS and DMDEOS could be done. Although the reactivity of the DMDEOS
monomer is much higher in comparison with TEOS, the arising gel is not strictly phase separated and copolymerization of both monomers
occurs. In the first stages of the process, resulting oligomers are composed of 70% of DMDEOS structure units. In the final stages of
polycondensation, domains of the TEOS structure units are formed, which can act as linking units between cyclic oligomers.q 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Copolymerizations of different types of alkoxysilane and
alkyl(alkoxy)silane monomers are industrially important
reactions for obtaining the hybrid inorganic–organic mate-
rials [1–3]. It is well known that the steric and inductive
effects of various substituents affect the reactivity of mono-
mer dramatically [4,5], e.g. the reactivity of methyl-
(triethoxy)silane or vinyl(triethoxy)silane is much higher
than the reactivity of tetraethoxysilane (TEOS) [6].
However, recent studies did not confirm formation of
phase-separated systems, rather statistic copolymerization
is assumed [1–3].29Si NMR spectrometry is used with
great advantage for the study of kinetics and mechanism
of polycondensation of alkoxysilanes. By using polarization
transfer from the neighboring spin–spin coupled proton to
29Si nucleus, many problems following from very long long-
itudinal relaxation timeT1(

29Si), low sensitivity and nega-
tive NOE of 29Si are overcome. Thus, INEPT and DEPT
techniques made it possible to perform many detailed

studies of kinetics and mechanism of polycondensation of
alkoxysilanes [7–11], and also two-dimensional (2D) corre-
lation experiments (2D29Si–29Si INEPT DQF COSY) [12]
with natural isotopic abundance of29Si (4.5%). In this way,
the connectivity of siloxane chains and the structure of
products originating in the reaction were described.29Si
NMR spectroscopy together with SAXS made it possible
to describe the kinetics and mechanism of the acid-cata-
lyzed polycondensation of TEOS and tetramethoxysilane
(TMOS) as well as the structure of small building units
[6,13–15]. However, similar studies of copolymerization
of alkoxysilanes and alkyl(alkoxy)silanes, comparable to
the aforementioned detailed studies of homopolycondensa-
tion of TEOS or TMOS describing the early stages of the
reaction, were not performed. Owing to that fact, the struc-
ture of small structure units forming during the early stages
of copolymerization is not yet known.

The aim of the present work was: (i) to find optimum para-
meters of NMR experiment (DEPT), which can be used for the
observation of polycondensation of mixture of TEOS and
dimethyl(diethoxy)silane (DMDEOS), a system with large
difference in coupling constantsJ(1H–29Si); (ii) to describe the
structure of primary building units of the gel using ab initio
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calculations of optimal geometries and corresponding values
of 29Si NMR chemical shifts; (iii) to evaluate the extent of self-
condensation, copolymerization, and cyclization in a mixture
of TEOS and DMDEOS considering the cyclic products as a
possible basis for formation of small building units in siloxane
materials.

2. Experimental

2.1. Materials

The reaction mixtures (0.6 ml) were prepared by adding
distilled water and concentrated HCl (HCl content 34%
w/w) to a mixture of TEOS and DMDEOS (TEOS—
Synthesia Kolin, Czech Rep.; DMDEOS—Wacker-Chemie
GmbH., Germany), ethanol (Merck, Germany, 0.1% w/w
water) and 0.1 ml deuterated ethanol (Merck, Germany,
99.6% D). The total composition of reaction mixtures in
mole ratios was: (a) DMDEOS/H2O/EtOH/HCl � 1/0.5/
4.5/0.003; (b) TEOS/DMDEOS/H2O/EtOH/HCl� 0.5/0.5/
0.75/4.5/0.003.

2.2. 29Si NMR spectroscopy

29Si NMR spectra were measured in 5 mm glass tubes
using a NMR spectrometer Bruker DPX 300 at the
frequency of 50.6 MHz with an internal deuterium lock.
The modified DEPT pulse sequence was used to increase
the sensitivity of measurement. (For detailed analysis,
description and optimization of experimental parameters,
see later.) The number of data points was 32 K, relaxation
delay 5 s, temperature 300 K and the number of FID accu-
mulations was 16–128. An external standard, hexamethyl-
disiloxane (HMDS) was used for calibration of29Si scale,
the chemical shift of29Si having the value of 6 ppm referred
as tetramethylsilane (TMS).

2.3. Ab initio calculation of molecular structures and29Si
NMR chemical shifts

The calculations were run on SGI workstations using
gaussian 94 program package [16]. Molecular geometries

were completely optimized either at the Hartree–Fock or
DFT (B3LYP functional [17]) levels, the basis set being
of 6-31G(d) quality. The gauge-including atomic orbitals
(GIAO) [18,19] method was employed to calculate the abso-
lute shielding constants (s , in ppm) for TMS, DMDEOS
and TEOS structure units. Subtraction gave the calculated
chemical shift (d , in ppm) of the structures relative to TMS.
The basis sets of 6-31G(d) and 6-3111 G(2d,p) quality
were used in the computation of the29Si SCF-NMR shifts.

3. NMR method-optimization of the DEPT pulse
sequence

Although the DEPT pulse sequence is a well-known
NMR technique [20–22], its parameters have to be adjusted
for optimum performance. For that purpose, coherence
evolution for the studied system should be analyzed. Stan-
dard DEPT pulse sequence consists of five pulses and three
delays: 908(1H)-t-1808 (1H), 908(29Si)-t-u 8(1H), 180(29Si)-
t-acquisition (29Si), broad-band (BB) decoupling (1H). The
final polarization state of a general multispin systemInS
immediately before acquisition and BB1H decoupling,
expressed by the density matrix in the product operator
representation, is [23]:

s � nSX sin2n pJt sinu cosn21u; �1�
whereSX represents spin operator of heteronucleus (29Si), J
is heteronuclear coupling constant (1H–29Si),n is number of
coupled proton spins andt is close to 1/(2J). Listing only
the sin terms, the evolution during the sequence can be
expressed:

nIZ !
90y�I �

nIX!t n2IXSZ sinpJt !90x�S� n2IXSY

� sinpJt!t n2nIXSX;Y�IZ�n21 sinn pJt!u n2nSX;Y�IZ�n

� sinn pJt sinu cosn21 u!t nSX sin2n pJt

� sinu cosn21 u;

whereSX;Y meansSX or SY for n even or odd, respectively.
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From Eq. (1) it is clear that an optimum signal enhancement
is achieved ift is set to 1/(2J) and variable pulseu to the
following value:

uopt � arcsin
1
n

� ��1=2�
: �2�

The problems in setting up optimum parameters follow
directly from the difference of the spin systems of TEOS and
DMDEOS. The latter is a complexI6I 04I 006S spin system
consisting of six methyl protons with2JIS � 7.2 Hz, four
ethoxy protons with3JI 0S� 2:9 Hz and six methyl protons
with 3JI 0I 00 � 7:0 Hz (cf. Scheme 1). For molecule of TEOS,
the spin system is simpler,I 08I 0012S, while the coupling

constants are the same [24] (cf. Scheme 1). For optimum
signal enhancement, the delays in DEPT experiment should
be set equal to 1/(2J). However, the studied system contains
at least two structure units with two different heteronuclearJ
couplings. During the first minutes of polycondensation,
almost all ethoxy groups of DMDEOS are completely
hydrolyzed, and the polarization transfer delayt has to be
adjusted to the value corresponding to the spin–spin inter-
action of methyl protons with silicon nuclei (coupling
constant2JIS � 7.2 Hz). Some ethoxy groups of TEOS are
also hydrolyzed, but complete hydrolysis is not probable,
owing to low water content in the reaction mixture; at least
one or two ethoxy groups are still present. For this case, the
transfer delayt should be set to the value corresponding to
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Fig. 1. Theoretical dependencies of signal intensities on polarization transfer timet for –Si(CH3)2–O– groups (dashed line) and TEOS (thick solid line) and
experimental data obtained for TEOS (pointsX).

Fig. 2. DEPT pulse sequence with all1H selective pulses (DANTE). In the first part, e.g. methyl protons of DMDEOS units are selectively excited and
polarization transfer time is equalt (1)� 69.6 ms (2JIS� 7.2 Hz), in the second part, protons of –CH2O– groups of TEOS are excited and polarization transfer
time t (2) � 172 ms corresponds to the coupling constant3JIS� 2.9 Hz.



the heteronuclear coupling constant3JI 0S � 2.9 Hz. From
this it follows that to apply the standard DEPT pulse
sequence for obtaining29Si NMR spectra of a mixture of
those monomers, some intermediate value oft delays
should be used. However, as mentioned earlier, the
calculated expression of the density matrix operator (1) is
dominant only if the delays are close to the 1/(2J). If this
condition is violated, additional observable terms appear
due to incomplete defocusing during the second multiple-
quantum period of the DEPT pulse sequence [25]. The spin
density is then described by the following expression:

s � nSX sin2 pJt sinu�cos2 pJt 1 sin2 pJt cosu�n21
; �3�

provided allI spins are equivalent, i.e. the homonuclear spin
coupling can be ignored. In our case for the TEOS units,
however, also homonuclear couplings (2JI 0I 00 � 7.0 Hz) must
be taken into account as they are of the same order of
magnitude as the heteronuclear long-range couplings,
which are used for coherence transfer. As homonuclear
couplings are active during the first two delays, the general-
ized form of Eq. (3) contains the multiplicative factor
cos 2pJIIt [26,27].

s �
X
n

SX sin2 pJInSt sinu
Y
m±n

cos2pJInIm
t
ÿ
cos2 pJInSt

1 sin2 pJInSt cosu
�n21

: �4�
It follows from Eq. (4), that due to the strong dependence

on the homonuclear coupling constant, optimum signal
enhancement cannot be achieved by setting the delayt
according to the heteronuclear coupling constant. A similar
expression of density matrix was derived for the case of
spins with different heteronuclear couplings [25], e.g. in
DMDEOS. However, the second heteronuclear coupling

constant3JI 0S� 2.9 Hz can be ignored, as nearly all ethoxy
groups of DMDEOS monomer are hydrolyzed during the
reaction. Thus, it is possible to assume that the second
heteronuclear coupling constant does not affect signal
enhancement of the units arising from DMDEOS during
hydrolysis and condensation and the density operator (1)
describes signal intensity.

In Fig. 1 the theoretical dependencies of signal intensity
on the polarization transfer timet are shown. The depen-
dencies of –Si(CH3)2O– groups, formed during the fast
hydrolysis of DMDEOS, and for TEOS were calculated
according to Eqs. (1) and (4), respectively. Experimental
data obtained for TEOS are in a good accord with the theo-
retical curve. These experimental data were obtained by
applying standard DEPT pulse sequence with variable
mixing pulseu � 20.78. From this figure it follows that it
is impossible to find the optimum polarization transfer time
and retain high signal enhancement if the standard DEPT
pulse sequence is applied to the mixture of TEOS and
DMDEOS.

As a result of these findings, the DEPT pulse sequence
was slightly modified. The experiment was divided into two
parts as shown in Fig. 2. All pulses on protons were replaced
by selective pulses and the DANTE method was used to
generate selective1H pulses. The DANTE train consisted
of 100 hard pulses (0.8ms) spaced by 80ms for a 908 1H
pulse. Owing to the large difference in chemical shifts of
signals, which were selectively, excited (ca. 740 Hz), the
selectivity of the pulses could be restricted to a possible
minimum. Thus, the length of the selective pulse was suffi-
ciently short not to affect the coherence evolution consider-
ably. In the first half of this experiment, only methyl protons
of DMDEOS units are selectively excited. The delayt(1)�
69.6 ms corresponds to the anti-phase coherence evolution
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Fig. 3. The theoretical dependence (solid line) and experimental data (pointsX) of signal intensity on polarization transfer timet for Si(OCH2CH3)4 groups of
TEOS. Selective DEPT pulse sequence was used.



of the heteronuclear coupling constant2JIS � 7.2 Hz. Only
signals arising from DMDEOS units are detected during the
first acquisition. After relaxation delay, the second part of
the sequence starts by changing frequency offset of1H
radio-frequency field from methyl resonance (0.013 ppm)
to ethoxy resonance (3.755 ppm). Next, the protons of
–CH2–O–Si–groups of TEOS units are selectively excited.
The delay t (2) � 172 ms correspond to the coupling
constant of3JIS � 2.9 Hz. During the second acquisition,
29Si signals corresponding to TEOS structure units are
detected. Both FIDs can (but need not) be stored in the
same buffer memory and, after finishing the experiment,
processed into one spectrum where both the types of signals
are presented. Owing to the short repetition delay (5 s) and
alternative accumulation of both FIDs, the obtained data are
only slightly time-averaged and distorted. The simplifica-
tion of the coherence evolution sequence and, consequently,
the simplification of the resulting density matrix operator is
the main advantage of selective excitation of protons in the
selective DEPT sequence. In this way, all passiveI spins
relate toSspin as well as to the activeIk spin as heterospins
and multiplicative factor cos 2pJIIt in Eq. (4) vanishes. The
optimum signal enhancement now depends only on the
heteronuclear coupling constant. The theoretical depen-
dence of signal intensity of TEOS on polarization transfer
time and experimental data for selective DEPT pulse
sequence are shown in Fig. 3 (cf. Fig. 1.) Maximum signal

intensity is achieved at 172 ms, which correspond directly to
the heteronuclear coupling constant3JIS� 2.9 Hz. Another
advantage of this selective DEPT pulse sequence is the
possibility of setting up the length of variable pulse directly
for the measured spin subsystem according Eq. (2). In this
case, the first variable pulseu (1) had the length 248, which
corresponds to six methyl protons in DMDEOS units. The
second pulseu (2) � 308 was optimized for four ethoxy
protons in arising TEOS units because hydrolysis and
condensation of two ethoxy groups of TEOS units in later
stages of the reaction are very probable. Now the intensity
of signals can be standardized according to Eq. (1) and used
for quantitative evaluation.

4. Results and discussion

4.1. Polycondensation of DMDEOS

Polycondensation of DMDEOS was studied mainly for
simplification of signal assignment of29Si NMR spectra of
the reaction mixture containing DMDEOS and TEOS. Poly-
condensation of TEOS under the same or similar reaction
conditions was studied in our previous works [10,11] and is
also described in the literature [3,4,6,12–14].

It is generally accepted that in alkoxysilanes, the increas-
ing density of positive charge on silicon atom, which

J. Brus, J. Dybal / Polymer 40 (1999) 6933–6945 6937

Fig. 4. 29Si NMR spectrum (A) and its expanded part (B) of the DMDEOS reaction mixture after 30 min.



induces paramagnetic shielding, causes a “high-field” shift
of its 29Si NMR signals [6,24]. The signals of29Si in cyclic
products of condensation, in contrast to linear ones, show a
“low-field” shift because the cyclization reduces the
–O–Si–O– valence angles and, consequently, the density
of positive charge on silicon atom. For a similar reason, it is
possible to differentiate between the29Si atoms in various
linear oligomers up to the hexamer [6]. A similar relation is
valid in many other cases because the changes in local
charge density around the29Si nucleus are reflected mainly
by the paramagnetic component of chemical shielding
tensor, whereas the diamagnetic component mostly remains
constant. However, this is not a rule and it is possible to find
many deviations [24], especially in the range of chemical
shifts from 20 to220 ppm. Therefore, ab initio quantum-
chemical calculations of29Si chemical shifts were used as
an aid for assignment of some signals.

As hydrolysis of DMDEOS is very rapid, we expected the
presence of two groups of signals (in the range from213 to
214 ppm) corresponding to the end units containing
hydroxy and ethoxy groups. These presumptions were in
accord with experimental data as can be seen in Fig. 4.
However, according to literature [12], signals in the range
from 213.25 to 213.44 ppm correspond to dimers or
ending units of linear oligomers, where ethoxy groups
were not hydrolyzed. Then signals at213.94 to
214.03 ppm would correspond to the end units, which
contain hydroxy substituents. This contradicts the afore-
mentioned rule of induction of paramagnetic shielding by
increasing the density of positive charge on silicon atom.
Owing to the fact that the effective electronegativity of
oxygen atom is lower in the more ionic OH bond than in
the ethoxy one, it is clear, that the substitution of ethoxy by
hydroxy group leads to a decrease in the density of positive
charge on silicon atom (in agreement with quantum chemi-
cal calculation; see Table 1), which should cause a low-field
shift [6]. This presumption is quite valid for29Si NMR
signals of monomers and oligomer products of hydrolysis
of TEOS and TMOS [3,4,6,10–14].29Si NMR signals of
units containing hydroxy groups are a low-field shifted
from signals of those containing ethoxy groups. Quantum
chemical calculations of the29Si NMR chemical shifts indi-
cate that the aforementioned rule is valid also in the case of
DMDEOS. Calculated chemical shifts for two different

structures of DMDEOS together with corresponding
experimental data are given in Table 1. On the basis of
these calculations and comparisons, we assigned signals at
about213.25 to213.44 ppm to the end groups containing
hydroxy groups, contrary to the data from the literature [12].
A good agreement of the calculated results with the experi-
mental data, should be noted. This justifies utilization of
chemical shift calculations as a useful tool for signal assign-
ment. Complete29Si NMR signal assignment is presented in
Table 2.

It should be also noted that in the region from213.9 to
214.2 ppm,13C satellites, i.e. signals arising from splitting
of central signal by13C–29Si spin–spin interaction, appear.
These13C satellites are apparent for the signal of cyclic
tetramer where the coupling constant1J13C–29Si �
^75.39 Hz could be determined (see Fig. 5). It is in good
agreement with the value of this coupling constant for
DMDEOS reported in literature [24] (1J13C–29Si� 273 Hz).
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Table 1
Comparison of calculated and experimental29Si NMR chemical shifts (ppm, TMS) of nonhydrolyzed dimer DMDEOS (1) EtO–Si*(CH3)2–O–Si*(CH3)2–OEt
and partially hydrolyzed dimer DMDEOS (2) HO–Si*(CH3)2–O–Si*(CH3)2–OEt (calculated Mulliken charges on silicon atoms are shown in brackets)

Ab initio method Experimental data

HF/6-31G(d)//HF/6-31G(d) B3LYP/6-31G(d)//B3LYP/6-31G(d) HF/6-3111 G(2d,p)//B3LYP/6-31G(d)

1 Si (–OEt) 210.0 (1.42) 210.8 (0.98) 213.8 (2.43) 213.9
2 Si (–OEt) 27.9 (1.42) 28.5 (1.00) 212.8 (2.30) 213.9

Si (–OH) 26.7 (1.37) 26.1 (0.96) 210.6 (2.15) 213.3

Table 2
Chemical shifts (d) of signals29Si of structure units relative to TMS

d ppm Structure unita

24.76 HO–Si*– (CH3)2–OEt D0
25.31 (CH3)2–Si*– (OEt)2 D0
29.10 – (Si*(CH3)2–O)3 cyclic trimer D2-H
213.25 HO–Si*(CH3)2–O–dimer D1-H
213.38 HO–Si*(CH3)2–O–trimer D1-H
213.41 HO–Si*(CH3)2–O–tetramer D1-H
213.44 HO–Si*(CH3)2–O– higher

oligomers
D1-H

213.94 EtO–Si*(CH3)2–O– dimer D1-H
214.03 EtO–Si*(CH3)2–O– trimer D1-H
219.44 – (Si*(CH3)2–O)4 cyclic

tetramer
D2-H

221.76 HO–Si(CH3)2–O–Si*(CH3)2–
O–Si(CH3)2–OH trimer

D2-H

221.81 – (Si*(CH3)2–O)5 cyclic
pentamer

D2-H

221.92 HO–Si(CH3)2–O–Si*(CH3)2–
O– tetramer and higher
oligomers

D2-H

222.10 HO–Si(CH3)2–O–Si– (CH3)2–
O–Si*(CH3)2–O– pentamer
and higher oligomers

D2-H

a Si*: observed29Si.



4.2. Polycondensation of a DMDEOS–TEOS mixture

The presence of species originating from copolymeriza-
tion of TEOS and DMDEOS considerably complicates the
interpretation of29Si NMR spectra (cf. Figs. 6 and 7). It is
impossible to definitely assign all29Si NMR signals to
corresponding structure units. By applying the aforemen-
tioned semiempirical rule and with the help of ab initio
calculations of chemical shifts, it is possible to carry out
some assumptions and to assign regions of signals to groups
of corresponding species. According to the literature data
[1], copolymerization of the TEOS and DMDEOS units
causes a low-field shift of29Si NMR signals of the TEOS
and DMDEOS structure units. In the case of the low-field
shift of signals of DMDEOS units, the changes in charge
density on silicon atoms of the DMDEOS apparently affect
not only the paramagnetic component of chemical shielding
tensor but also the diamagnetic one, for which a high-field
shift, due to the presence of TEOS unit in their close vicin-
ity, would be expected. To be more sure in assigning the
signals of formed oligomers, ab initio calculations of29Si
NMR chemical shifts, which proved to be very valuable in
the previous case, were performed. Quantum-chemical
calculations do not allow an analysis of the problem of
dia- and paramagnetic terms, as they are mere approxima-
tions based on a first-order perturbation approach. The
results of the calculations using a large basis set for three
structures of cyclic tetramers are shown in Fig. 8. We chose
the cyclic tetramers for these calculations, as they can be a
basis for formation of primary building units. In addition,

cyclic tetramer of DMDEOS is unambiguously detected by
the signal at219.44 ppm. A tentative signal assignment to
the corresponding species was made by comparing the
experimental data with the calculated values using
differences in29Si NMR shifts found for DMDEOS cyclic
tetramers with various chemical structures. Although the
calculated chemical shifts exhibit slight systematic devia-
tions from the experimentally determined values, the low-
field shifts of signals of DMDEOS units in rings containing
TEOS unit is quite obvious. We assigned the29Si NMR
signals in this region to DMDEOS and TEOS units in
these structures. Thus, signals in the region from216.0 to
219.2 ppm correspond to DMDEOS units, which are built
in cyclic tetramers containing one to three TEOS units.
These corresponding TEOS units resonate in the region
from 293.4 to294.6 ppm. Our suggestions are shown in
Fig. 8. The values of chemical shift in brackets correspond
to the signals detected in29Si NMR spectra. Complete signal
assignment of copolymers is listed in Table 3. Signal assign-
ments of homopolymers DMDEOS and TEOS are given in
Table 2 and in the literature [6,10,14,28]. The signals
ranging from221.2 to222.2 ppm correspond to the inner
units of DMDEOS homopolymers or to longer sequences of
these units. Three well-resolved signals in this region corre-
spond to middle units of trimer, tetramer and pentamer (cf.
Table 2). We assume that signals at ca.221.2 ppm indicate
longer sequences of DMDEOS units, the distance of which
from a TEOS unit in oligomer chain is much larger because
their chemical shifts are only slightly affected by copoly-
merization. Unresolved signals in the region from219.5 to
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Fig. 5. 29Si NMR spectrum (A) and its expanded part (B) of the DMDEOS reaction mixture after 2000 min.
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Fig. 6. 29Si NMR spectrum of DMDEOS species (A) and TEOS species (B) of the DMDEOS1 TEOS reaction mixture after 5300 min.



220.8 ppm indicate the presence of inner DMDEOS units
as products of TEOS and DMDEOS copolymerization.
These DMDEOS units are in close proximity with TEOS
unit with chemical shift at ca.295.0 to296.0 ppm. Three
signals at ca.213 ppm indicate the end chain units of
DMDEOS homopolymer or their longer sequences (D1H).
The DMDEOS units of copolymers (D1C) that are very
close to a TEOS unit are indicated by signals in the region
from 211.2 to 212.5 ppm. Their position also reflects
different extent of hydrolysis of TEOS structure units;
however, an accurate assignment could not be performed.
Differently hydrolyzed TEOS end units of copolymer are
indicated by signals at about285.2 and286.4 ppm.

The earlier presented signal assignment made it possible
to evaluate the reactivities of both monomers as well as
arising products of self-condensation and copolymerization.
The time dependence shown in Fig. 9 proves that the
DMDEOS is highly reactive compared with the TEOS
under the same conditions. Monomeric DMDEOS disap-
peared within 60 min while TEOS and its hydroxy derivates
were found in the reaction mixture even after five days of
reaction. High reactivity of DMDEOS is displayed by rapid
formation and subsequent consumption of its dimers and
short homopolymers during condensation as indicated by
the time dependence of the signals of the corresponding

end units (D1-H) (Fig. 9). In contrast, similar structure
units of TEOS (Q1-H) arise much more slowly and their
content in the reaction mixture is constant in later stages of
the reaction. As follows also from Fig. 9, the process of
copolymerization of TEOS with DMDEOS is little slower
compared with self-condensation of DMDEOS. During the
first steps of the reaction, when reaction mixture contains
both TEOS and DMDEOS monomers (0–60 min), the
dimers of HO–Si(CH3)2–O–Si(OEt)3 and HO–Si(CH3)2–
O–Si– (OEt)2–OH (D1C–Q1C) are the products of poly-
condensation. After consumption of the monomer
DMDEOS, the dimer DMDEOS (D1H–D1H) becomes the
most reactive component of the reaction mixture and react-
ing with monomer TEOS and also with the TEOS end unit
of the dimer (D1C–Q1C). The resulting formation of tetra-
mers (D1C–Q2C–D2C–D1C) can explain the decreasing
content of end units Q1-C and the increase in units D1-C.
From this also follows that the reactivity of TEOS unit
grows considerably by its copolymerization with
DMDEOS. The time dependencies presented in Fig. 10
also indicate that the arising copolymer is mainly formed
by DMDEOS units. After five days of reaction, inner parts
of the copolymers are composed of 60% of DMDEOS struc-
ture units (D2-C) and 40% of TEOS units (Q2-C). However,
a much larger difference is observed in the composition of
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Fig. 7. 29Si NMR spectrum of DMDEOS species of the DMDEOS1 TEOS reaction mixture after 300 min.



the ends of copolymer molecules. They are formed only by
14% of TEOS units (Q1-C), while the remaining 86% of end
units are made by DMDEOS units (D1-C). This suggests
that, due to higher functionality, TEOS end units (Q1-C) are
preferred during subsequent condensation. From the know-
ledge of the content of inner and end chain units, it is pos-
sible to determine the number-average polymerization
degree,Pn, of copolymers and homopolymers of TEOS
and DMDEOS. If cyclization reactions are not taken into
account, the number-average polymerization degrees of
copolymers are 7.8, 5.6 and 2.3 for the copolymer, and

the corresponding DMDEOS and TEOS homopolymers,
respectively. This shows that the copolymerization of
DMDEOS with TEOS is more advantageous compared
with the self-condensation of TEOS or DMDEOS.
However, as the extent of cyclization reactions in alkoxysi-
lane polycondensation is large, the aforementioned results
have to be corrected. (The content of inner units of cyclic
oligomers was not included into this calculation.) As we
were not able to determine the content of cyclic units of
TEOS (Q2-H), the number-average polymerization degree
was recalculated only for the copolymer (Pn � 4:4) and
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Fig. 8. Optimized geometries of three structures of DMDEOS cyclic tetramers calculated at the HF/6-31G(d) level.29Si NMR chemical shifts were calculated
with the 6-3111 G(2d,p) basis set, values in brackets show experimental data for the signals in29Si NMR spectra assigned to corresponding Si atoms.

Fig. 9. Time dependencies of the relative concentration of DMDEOS end chain units of homopolymer D1H (X) and copolymer D1C (×) and TEOS end chain
units of homopolymer Q1H (1) and copolymer Q1C (–).



J. Brus, J. Dybal / Polymer 40 (1999) 6933–6945 6943

Table 3
Chemical shifts (d) of signals29Si of structure units relative to TMS

d ppm Structure unita

26.62 –O–Si*(CH3)2–O–Si– (OEt)2–O–Si*– (CH3)2–
cyclic timer

D2-C

211.72 HO–Si*(CH3)2–O–Si– (OEt)3,

HO–Si*(CH3)2–O–Si– (OEt)2–OH
D1-C

211.97 HO–Si*(CH3)2–O–Si– (OEt)2–O–Si–, D1-C
212.32 HO–Si*(CH3)2–O–Si(CH3)2–Si– (OEt)2–O–Si–, D1-C
213.02 …etc.… D1-C
216.54 D2-C

217.39 D2-C

217.86 D2-C

Table 3 (continued)

d ppm Structure unita

218.19 D2-C

218.85
219.9 to HO–Si(CH3)2–O–Si*(CH3)2–Si– (OEt)2–O–Si–
220.9 –O–Si(CH3)2–O–Si*(CH3)2–Si– (OEt)2–O–Si– D2-C

– (OEt)2–O–Si–O–Si*(CH3)2–Si– (OEt)2–
O…etc.…

285.55 to
285.81

HO– (OEt)2–O–Si*–O–Si(CH3)2–OH,
HO– (OEt)2–O–Si*–O–Si(CH3)2–O–

Q1-C

286.29 to
286.75

(OEt)3–O–Si*–O–Si(CH3)2–OH,
(OEt)3–O–Si*–O–Si(CH3)2–O–

Q1-C

293.79
293.99 Cyclic tetramers
294.34 Observed silicon atom originating from TEOS Q2-C
294.65
294.80
295.2 to –O–Si(CH3)2–O– (OEt)2–O–Si*–O–Si(CH3)2–OH
296.1 –O–Si(CH3)2–O– (OEt)2–O–Si*–O–Si(CH3)2–O– Q2-C

–O–Si(CH3)2–O– (OEt)2–O–Si*–O– Si– (OEt)2–
O…etc.…

a Si*: observed29Si.

Fig. 10. Time dependencies of the relative concentration of DMDEOS inner chain units of homopolymer D2H (X) and copolymer D2C (×) and TEOS end
chain units of homopolymer Q2H (1) and copolymer Q2C (–).



DMDEOS homopolymer (Pn � 3:8). The time dependence
of relative concentrations of TEOS and DMDEOS structure
units in homopolymers, copolymers and monomers
DMDEOS a TEOS (D11 D2, Q11 Q2) is shown in Fig.
11. It is clear that, due to higher reactivity, the first step of
reaction of TEOS and DMDEOS mixture is a very fast self-
condensation of DMDEOS during which mainly dimers and
short oligomers are formed. At the same time, a little slower
copolymerization of TEOS a DMDEOS occurs. Owing to
copolymerization of DMDEOS homopolymers with copoly-
mers, 80% of DMDEOS units are built in the copolymers
and only 20% of DMDEOS units form homopolymers after
five days of reaction. At the same time, 9% of TEOS units
are not yet condensed, 54% of TEOS units form dimers and
a small amount of short oligomers due to self-condensation,
and only 37% of TEOS units are included in the copoly-
mers. The copolymers are thus formed by 30% of TEOS and
70% of DMDEOS structure units. As the ends of copolymer
chains are formed mainly by DMDEOS units, they could
copolymerize with TEOS units in the later reaction stages.
However, it cannot be excluded and it seems to be very
probable that during the final stages of reaction small
domains composed only from TEOS structure units can
arise. It is also necessary to note that, cyclization is a signif-
icant process during polycondensation of alkoxysilanes, and
after five days of reaction, almost 30% of both the types of
structure units (DMDEOS and TEOS) are involved in cycli-
zation products (trimers, tetramers and pentamers). We
assume that these cyclic products can form small building
units of the arising gel, the small oligomer chains containing
only TEOS being possible links. This mechanism is appar-
ently complicated by a cleavage of cyclic trimers at the later
reaction phases. This interesting phenomenon has not been
observed with TEOS [28,29]. The presence of small amount
of DMDEOS monomer indicates hydrolysis of siloxane
bonds and cleavage of some oligomers. This fact can play
a very important role in the formation of small building

units and finally of siloxane materials giving the possibility
of forming the most advantageous building units and
arrangements of the material.

5. Conclusion

Using a modified DEPT sequence (the original experi-
ment was divided into two parts and all pulses on protons
were replaced by selective pulses) enabled us to obtain
quantitative29Si NMR spectra of the reaction mixture of
TEOS and DMDEOS during their polycondensation.

Quantum chemical ab initio calculation of structures and
29Si NMR chemical shifts of some products proved very
useful and helpful for signal assignment. Our calculations
show that the ab initio calculations of chemical shifts at the
Hartree–Fock or DFT levels provide results, which are
close to experimental data even for relatively large mole-
cules and large atoms such as silicon. From the trends of29Si
NMR chemical shifts, it was possible to make signal assign-
ment with adequate certainty. Although the assignment of
every individual signal to the corresponding structure unit is
not yet unambiguous, a semiquantitative analysis of rela-
tions in the reaction mixture of TEOS and DMDEOS
could be done. From this analysis it follows that although
the reactivity of the DMDEOS monomer is much higher in
comparison with TEOS, the arising gel is not strictly phase
separated and copolymerization of both monomers occurs.
In the first stages of the process, the resulting oligomers are
composed of 70% of DMDEOS structure units. From this it
follows that at the final stages of polycondensation, we can
assume the formation of domains of TEOS structure units.
As the cyclization is a significant process in polycondensa-
tion of alkoxysilanes, we suggest, that these TEOS domains
or oligomers can act as the linking units between the cyclic
oligomers.
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Fig. 11. Time dependencies of the relative concentration of TEOS and DMDEOS structure units in homopolymers, copolymers and monomers: (W) TEOS
monomer, (–) DMDEOS homopolymer, (×) DMDEOS copolymer, (1) TEOS homopolymer and (A) TEOS copolymer.
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